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Summary

Low threshold spiking interneurons (LTSIs) and cholinergic interneurons are subtypes of
striatal neurons that play an important role in modulation of final striatal output. This thesis
describes an in vitro electrophysiological investigation of the mutual control of LTSIs and
cholinergic interneurons. Moreover, this thesis describes the effects of three classes of
opiate receptors agonists on LTSIs and cholinergic interneurons were investigated.
Experiments were carried out using transgenic NPY-GFP mice or transgenic ChR2-EYFP-
SOM-IRES-Cre mice. Whole-cell, perforated-whole cell and cell-attached recordings were

obtained from mice brain slices maintained in vitro.

Our data report the presence of both GABAergic and cholinergic tones controlling LTSIs.
Endogenous acetylcholine modulates LTSIs both directly and indirectly. The main direct
effect of endogenous acetylcholine is inhibition of LTSIs through muscarinic cholinergic
receptors. On the other hand, the main indirect effect of endogenous acetylcholine is
activation of LTSIs. Moreover, endogenous acetylcholine inhibits the GABAergic

transmission on LTSIs.

Furthermore, blue light- activation of LTSIs depolarized the cholinergic interneurons. This
depolarization was only blocked by NO synthase inhibitor (L-NAME; 100 uM). These results
indicate that the LTSIs exert a main stimulatory effect on the cholinergic interneurons
mediated by nitric oxide through s-GMP independent mechanism.

Regarding the opioidergic control of LTSIs and cholinergic interneurons, our data report that
0 receptor agonist (DPDPE; 1 uM) and k receptor agonist (U-50488 hydrochloride; 10 pM)
strongly inhibit LTSIs and cholinergic interneurons. Moreover, DPDPE inhibits GABAergic
transmission on LTSIs but U-50488 does not affect the GABAergic transmission on LTSIs.

Furthermore, p receptor agonist (DAMGO; 1 uM) has dual effect on LTSIs. The dual effect
persisted in the presence of TTX. When GABA,, nicotinic and muscarinic receptors were
blocked in presence of TTX, DAMGO always inhibited LTSIs. DAMGO also inhibited the

GABAergic transmission on LTSIs.

These results cast the light on striatal microcircuitry related to LTSIs and cholinergic

interneurons.
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The basal ganglia comprise a group of subcortical interconnected nuclei situated at the base
of the forebrain. In humans, many disorders are associated with malfunction of the basal
ganglia such as Parkinson's disease, Tourette's syndrome, Huntington’s disease, attention-
deficit disorder, obsessive-compulsive disorder, schizophrenia, and addictions. Observation
of these conditions highlighted the importance of studying the physiology of the basal
ganglia (Redgrave, 2007; Heinz Steiner & Kuei Y Tseng, 2010).

Furthermore, the striatum is largest nucleus and main input structure of the basal ganglia.
This thesis reports on an experimental investigation into the mutual interaction between two
striatal interneurons. These interneurons are the low threshold spiking interneurons (LTSIs)
and the cholinergic interneurons. Moreover, we investigated the effects of different subtypes
of opiate peptides on the activity of LTSIs. The general introduction provides background
information on the basal ganglia, with particular focus on the striatum and its neurons. It then
describes what was known about the role of three transmitters (acetylcholine, NO and
opioids) in the striatum. This information aims at giving a clear picture about the topics of this

research.

1.1 The Basal Ganglia

In this section, | will first present a brief general description of the anatomy, physiology, and
function of the basal ganglia. Then, the striatum and striatal interneurons will be discussed

in more details.

1.1.1 Anatomy of the basal ganglia

Anatomically, the basal ganglia are consisting of four main nuclei: the striatum, globus
pallidus, substantia nigra, and subthalamic nucleus (Figure 1.1). The striatum is divided into:
the ventral striatum and the dorsal striatum (neostriatum). The globus pallidus (or pallidum)
is divided into three functional parts: pars externa (GPe) , pars interna (GPi), and the ventral
pallidum (VP)(Gerfen & Wilson, 1996). Finally, the substantia nigra consists of pars
compacta (SNc) and pars reticulata (SNr) (Garrett E Alexander, DelLong, & Crutcher, 1992;
Kandel, Schwartz, & Jessell, 2000).
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http://cti.itc.virginia.edu/~psyc220/kalat/JK246 fig8.15.basal_ganglia.jpg

Figure 1.1: Anatomical organization of the basal ganglia.

The basal ganglia are subcortical nuclei consisting of: (1) the striatum which is divided into
ventral and dorsal striatum. In primates, the internal capsule divides the dorsal striatum into
caudate and putamen nuclei, (2) globus pallidus, (3) substantia nigra, and (4) subthalamic
nucleus.

(Adapted from: http://cti.itc.virginia.edu/~psyc220/kalat/JK246.fig8.15.basal_ganglia.jpg)

1.1.2 Physiology of the basal ganglia (Figure 1.2)

The basal ganglia have two input nuclei and two output nuclei. The striatum represents the
first and main input nucleus of the basal ganglia. The striatum receives glutamatergic inputs
from most regions of the cerebral cortex, limbic system, and brainstem (Voorn,
Vanderschuren, Groenewegen, Robbins, & Pennartz, 2004). Moreover, the striatum receives
dopaminergic inputs from SNc and serotonergic inputs from the raphe nuclei in the
midbrain(Yelnik, 2002). The subthalamic nucleus (STN) is the second input nucleus. It
receives major inputs from cortical and sub-cortical areas (thalamus and brainstem).
Additionally, STN receives modulatory dopaminergic, serotoninergic and cholinergic inputs
(Mena-Segovia, Bolam, & Magill, 2004; Mouroux & Feger, 1993)
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On the other hand, the internal globus pallidus (GPi) represents the first output nucleus in
the basal ganglia. The GPi receives excitatory glutamatergic input from the STN and
inhibitory GABAergic afferents from the striatum and GPe. This GPi sends powerful
inhibitory impulses to the brainstem and the thalamus (Mena-Segovia et al., 2004). The
substantia nigra pars reticulate (SNr) is second output structure of the basal ganglia. The
SNr receives inputs from the other nuclei of the basal ganglia then it sends strong inhibitory
outputs to the thalamus and brainstem (G. Chevalier & J. Deniau, 1990; G. Chevalier & J. M.
Deniau, 1990).

Signals are processed in the basal ganglia through two main pathways: the direct pathway
and the indirect pathway. Activation of these two pathways has opposite effects on the

output target structures in the thalamus (Knierim, 1997).

The direct pathway begins in the striatum with neurons that send inhibitory output to the GPi.
The GPi neurons also send inhibitory signals to the thalamic neurons. When the direct
pathway striatal neurons fire, they inhibit the GPi neurons leading to release of the inhibition
of the thalamic neurons (i.e. disinhibition of the thalamic neurons), allowing the thalamic
neurons to activate the cortex. On the other hand, the indirect pathway begins with another
group of striatal neurons that send inhibitory outputs to the external segment of the globus
pallidus (GPe). When the GPe neurons fire they inhibit the subthalamic nucleus. The
subthalamic nucleus sends excitatory output to the the GPi. Thus, when the indirect pathway
neurons are active, they will inhibit the GPe neurons. Thus, the subthalamic nucleus will be

active leading to activation of the GPi, thereby inhibiting the motor cortex (Knierim, 1997).

Thus the direct and indirect pathways act differentially to modulate the inhibitory outflow from
the basal ganglia output nuclei. The activation of the direct pathway facilitates the motor
movement through disinhibition of the inhibitory effect of GPiI/SNr. On the other hand,
activation of the indirect pathway will act to suppress any unwanted sequence of movement
(Mink & Thach, 1993). A balance between the activity of the direct and indirect pathways is

important for the basal ganglia to function normally.

It also worth mentioning that the basal ganglia projections to the thalamus project back to the
striatum and STN (Kimura, Minamimoto, Matsumoto, & Hori, 2004; Smith, Beyan, Shink, &
Bolam, 1998). Similarly, basal ganglia projections to the brainstem send indirect inputs to the

striatum through the midline and intralaminar nuclei of the thalamus (Fadila, 2004).
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SNr/GPi

Y

Brainstem

spinal cora OUtput or feedback

Figure 1.2: Basal ganglia input and output structures

The basal ganglia input nuclei; the striatum and the subthalamic nucleus (STN) receive
glutamatergic inputs from the cortex and the thalamus. They also receive modulatory inputs from
the SNc and raphe nuclei. The striatum projects to the SNr and GPi output nuclei. The output
nuclei project back to the thalamus and the cortex. The blue box include the nuclei of the basa
ganglia .Red arrows; glutamatergic projections. Blue arrows; GABAergic projections. Yellow
arrows; dopaminergic projections. Adapted from (J. Tepper, Abercrombie, & Bolam, 2007)

1.1.3 Functions of the basal ganglia

The basal ganglia are implicated in many important functions including; motor, sensory,
limbic (reward) , and cognitive (associative) functions (Redgrave, 2007; H. Steiner & K. Y.
Tseng, 2010). It was originally proposed that basal ganglia process cortical information for
these different functions through segregated parallel circuits including motor, sensory, limbic
(reward), and cognitive (associative) ones (G. E. Alexander & Crutcher, 1990). Now, it is
believed that there is integration between these parallel functional circuits inside the basal

ganglia (Figure 1.3) (Clarke, Bevan, Cozzari, Hartman, & Bolam, 1997; Draganski et al.,
2008; Redgrave, 2007).
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Striatum

Pallidum/nigra

Thalamus

Figure 1.3: A proposed model of the basal ganglia processing of information.

The connections between the functional territories in cerebral cortex, the basal ganglia and the

thalamus occur mainly through parallel segregated loops. Adapted from (Redgrave, 2007).

1.1.3.1 Motor function of the basal ganglia

The pioneering work of Delong (1971) showed that activity in the basal ganglia is correlated
with movement (DeLong, 1971). Since then research was carried out to identify the nature of
motor signals coded by the basal ganglia.

It is believed that the basal ganglia gate the execution of automatic motor programs mainly
through suppression of the inappropriate motor acts during the execution of specific
movement. This motor function of the basal ganglia can be easily understood through the

action selection property of the basal ganglia (Redgrave, 2007).
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1.1.3.2 Cognitive function of the basal ganglia

Beside the motor function, the basal ganglia play an important role in the selection between
different cognitive and emotional programs stored in the cerebral cortex. Moreover, the basal
ganglia are involved in reinforcement learning. Furthermore, in humans, the basal ganglia

are necessarily involved in some tasks of implicit memory (Wolfram Schultz, 2006).

1.1.3.3 Reward function of the basal ganglia

Rewards are any stimuli or events characterized by: (1) generation of approach or
consummatory behaviour, (2) an increase in the probability of certain behaviour to occur
(learning or positive reinforcement), and (3) induction of subjective feelings of pleasure and
hedonia (W Schultz, 2007). Rewards can be classified into primary and secondary rewards.
Primary rewards include stimuli or events necessary for the survival of species, such as
feeding, drinking, and reproduction, while, secondary rewards usually drive their value from

primary rewards such as money (M. R. Delgado, 2007).

The basal ganglia play a fundamental role in reward processing in the brain. The basal
ganglia act initially to integrate the sensory information with reward value, and memory.
Then, the basal ganglia incorporate this information with cognition which helps in developing
a motor plan. Finally, the basal ganglia provide the motor control to execute target behaviour
(M. R. Delgado, 2007).

Several nuclei of the basal ganglia share in reward processing such as the striatum
especially ventral striatum, substantia nigra and ventral pallidum. Reward processing in the
basal ganglia is fundamental for learning about selection of appropriate action and habit
formation (M. R. Delgado, 2007; W. Schultz, 2000).

On the other hand, drugs of abuse act to hijack the reward system in the brain by mimicking
natural reward stimuli (Koob & Le Moal, 2008). These drugs stimulate neuronal pathways
responsible for natural reward then progressively the drugs act to alter the function of these
pathways (Everitt & Robbins, 2005; Hyman, Malenka, & Nestler, 2006; Kelley & Berridge,
2002).
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1.2 The striatum

As mentioned before, the striatum is main input nucleus of the basal ganglia. The striatum is
involved in many aspects of learning, such as habit formation (Jog, Kubota, Connolly,
Hillegaart, & Graybiel, 1999), skill learning (Poldrack, Prabhakaran, Seger, & Gabrieli, 1999),
and reward-related learning (O’'Doherty, 2004). Therefore, it was postulated that striatum
integrate cognition, motor control, and motivation information. In the following section, an
overview on the striatum will be given. This overview will include the anatomy, the

compartments of the striatum and the role of the striatum in the reward processing.

1. 2.1 Organization of the striatum

As stated earlier, the striatum has two main subdivisions: the dorsal and ventral striatum
(Figure 4). In primates, the dorsal striatum consists of the caudate and the putamen which
are separated by the internal capsule. In rodents there is no clear separation between these
two nuclei (H. Steiner & K. Y. Tseng, 2010). Although the presence of these anatomical

differences but functional organization is nearly identical between rodents and primates.

The dorsal striatum can be further divided into the dorsomedial striatum which receives
innervations mainly from the cortical association areas (Goldman & Nauta, 1977; A.
McGeorge & R. Faull, 1989), and, the dorsolateral striatum which receives innervations from
sensorimotor cortex (Ktnzle, 1975; A. J. McGeorge & R. L. M. Faull, 1989).

On the other hand, the ventral striatum consists of the nucleus accumbens, which is
composed of core and shell regions. The core region resembles the dorsal striatum, while
the shell region resembles the amygdale (Zahm, 2000). Recently, studies proved that ventral
striatum does not only include the nucleus accumbens but it extend more dorsally and
caudally into the ventral parts of caudate and putamen nuclei (M. R. Delgado, 2007;
Gottfried & Haber, 2011; Packard & Knowlton, 2002). The ventral striatum is innervated with
glutamatergic afferents from frontal cortex and limbic regions (J. S. Brog, A. Salyapongse, A.
Y. Deutch, & D. S. Zahm, 1993), and dopaminergic afferents from the ventral tegmental area
(Fields, Hjelmstad, Margolis, & Nicola, 2007).
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1. 2.2 Striatal patch/matrix compartments

Although the striatum appears uniform under the light microscope ; however, developmental
studies proved that striatum is composed of two compartments ; the patch (or striosome)
and matrix compartments (Figure 1.4) (A. M. Graybiel & Ragsdale, 1978). This patch/matrix
organization was confirmed by staining with neurochemical markers such as

acetylcholinesterase and immunohistochemical studies such as opiate receptor binding.

Patches represent 10% of total volume of striatum. The striatal patches are characterized by
rich p-opioid receptor binding, substance P staining, and poor staining for cholinergic
markers. On the other hand, the matrix is characterized by dense acetylcholinesterase and
cholineacetyltransferase staining (A. Graybiel, Baughman, & Eckenstein, 1986),and

immunoreactivity for calbindin and somatostatin (Charles R Gerfen, 1992).

Striatal
Patches
Dorsal
Striatum
Striatum
Ventral
Striatum

Figure 1.4: Organization of the striatum.

Coronal section of rat forebrain. Left hemisphere: anatomical divisions of the striatum include:
dorsal; dorsolateral (dark pink), dorsomedial (moderate pink), and ventral (light pink) striatum. The
core of the nucleus accumbens is shown as a black circle. Right hemisphere shows patch/matrix
compartments of the striatum: striatal patches (pink) where dense p-opioid receptor binding exists.
Adapted from (Kreitzer, 2009).
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1.2.3 Role of striatum in reward processing

It was proved through studies across species with different methodologies that the striatum
plays an important role in reward function in the brain. Studies on rodents have shown that
the ventral striatum, especially the nucleus accumbens, is involved in reward processing. On
the other hand, the dorsal striatum plays an essential role in learning and updating of reward
actions. Lesions in the rat ventral striatum are associated with deficits in approach behavior,
while, lesions in the rat dorsal striatum are associated with failure of reward consumption
(Apicella, Scarnati, Ljungberg, & Schultz, 1992; O’'Doherty, 2004; Tricomi, Delgado, & Fiez,
2004).

Moreover, studies in primates suggested that striatal neurons respond to the anticipation and
delivery of rewards(Paul Apicella et al., 1992; Kawagoe, Takikawa, & Hikosaka, 1998). It
was found that the striatal neurons fired more vigorously with preferred rewards (Hassani,
Cromwell, & Schultz, 2001). Moreover, the activity of striatal neurons is modulated with
different magnitudes of reward (Cromwell & Schultz, 2003). Furthermore, self-administration
of cocaine in rats was associated with increased DA release in both dorsal and ventral
striatum (Di Chiara & Imperato, 1988).

Furthermore, electrophysiological recordings showed that the dopaminergic neurons fire
after the delivery of unexpected rewards. After learning, these neurons fire to the earliest
predictor of rewards (e.g., a light). Moreover, when an unpredicted reward fails to occur,
dopaminergic neurons decrease in firing. These results suggest that dopaminergic neurons
play a role in coding for prediction errors during affective learning (Wolfram Schultz, Dayan,
& Montague, 1997). In humans, prediction errors were associated with increased activity in
the dorsal and ventral striatum (McClure, Berns, & Montague, 2003; Pagnoni, Zink,
Montague, & Berns, 2002).

From another prospective; neuroimaging studies in human reported an increase DA release
in the dorsal and the ventral striatum with food rewards. In one study, food was able to
increase the DA in the dorsal striatum of hungry participants (Volkow et al., 2002). By using
functional magnetic resonance imaging (fMRI) in studying the human brain’s reward circuit
and addiction, Breiter and colleagues showed that injections of cocaine in cocaine addicts

led to activation of the ventral striatum correlated to the feelings of craving, while the dorsal
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striatum was activated after drug injection in correlation to the feelings of the rush(Breiter et
al., 1997).

Now, it is suggested that the striatum plays an essential role not only in reward processing,
but also in aversive processing (Breiter et al., 1997; Jensen et al., 2003; Seymour et al.,
2004).

Striatum consists of many types of neurons. These neurons process information inside the
striatum. In the following section, an introduction on different striatal neurons will be
presented. The physiology of each type of the striatal neurons will be discussed. This aims

at explaining the background related to this research project.

1.3 Striatal neurons

Striatal neurons can be divided into two main categories: the projection neurons and the

striatal interneurons.

1.3. 1 Projection neurons (medium spiny neurons ;MSNS)

MSNs represent 95% of striatal neurons. MSNs are GABAergic neurons that receive
glutamatergic innervations from cortex and thalamus (Kemp & Powell, 1971). MSNs also
receive dopaminergic innervations from the midbrain (Smith, Bennett, Bolam, Parent, &
Sadikot, 1994).

Electrophysiological properties of MSNs

Electrophysiological properties of the MSNs include: relatively hyperpolarized resting
membrane potential and a low input resistance (Kita, Kita, & Kitai, 1984). MSNs are
characterized by many potassium conductances that lead to their unique pattern of firing
(Nisenbaum & Wilson, 1995) (Figure 1.5).

Page | 26



Figure 1.5: Electrophysiological properties of striatal MSNs

The MSNs responses to depolarizing and hyperpolarizing currents show that the MSNs exhibit
hyperpolarized resting membrane potential, low input resistance, and slow depolarization.
Adapted from (Kreitzer, 2009).

Many studies noted that striatal MSNs exhibit fluctuations in the membrane potential
between hyperpolarized state —90 to =70 mV and depolarized state —60 to 40 mV (C. J.
Wilson & Groves, 1981). This condition is known as Up and Down states which arise as a
result of the intrinsic MSNs membrane properties(Mahon et al., 2006).

Divisions of striatal MSNs

The MSNs are divided into two main populations that differ in their connections and

neurochemistry (Figure 1.6):

a. Striatonigral (direct-pathway) neurons which directly project to the basal
ganglia output nuclei in the internal pallidum (GPi) or the substantia nigra pars
reticulata (SNr). Besides GABA, the direct pathway MSNs contains substance P
(SP) and dynorphin (DYN). Moreover, The direct-pathway MSNs express
dopamine D1 and muscarinic M4 receptors (Ince, Ciliax, & Levey, 1997; Longsta,
2000). Activation of the direct pathway neurons inhibits the GABAergic output of
GPi and SNr to the thalamus. This increases the thalamocortical activity which

facilities movement(Kandel et al., 2000; Longsta, 2000).
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b. Striatopallidal (indirect-pathway) neurons which project to the external pallidum
(GPe) then to the STN. STN activates the inhibitory GABAergic neurons in the GPi
and SNr. The indirect pathway neurons contain GABA and enkephalin (ENK) as
neurotransmitters. These MSNs express D2 dopamine and adenosine A2A
receptors(Charles R Gerfen, 1992). Activation of this pathway results in decreased
firing of thalamic neurons which inhibits movement (Kandel et al., 2000; Longstaff,
2000).

However, it was discovered that the neurons of the direct pathway send collaterals to the
GPe. Thus the direct pathway neurons also contribute to the indirect pathway system
(Parent et al., 2000) (Figure 1.6).

Recently, optogenetics were used for direct activation of MSNs of direct and indirect
pathway in vivo. It was found that bilateral activation of MSNs of indirect pathway increased
freezing and bradykinesia. On the other hand, excitation of MSNs of direct pathway

decreased freezing and enhanced locomotor initiation (Kravitz et al., 2010).

Direct pathway

Corticostriatal

inputs GPe GPi SNr

(glutamate)

GABA

Indirect pathway

Dz

AoA

Figure 1.6: The striatonigral (direct) and striatopallidal (indirect) pathways.

Direct and indirect pathways neurons receive glutamatergic inputs from cortex and the thalamus.
Striatonigral neurons express D1 receptor, substance P (SP) and dynorphin (DYN). Then these
neurons project to the GPi, SNr and GPe. On the other hand, striatopallidal neurons express D2
receptor, A2A receptor, and enkephalin (ENK). These neurons project to the GPe. Adapted from (H.
Steiner & K. Y. Tseng, 2010).
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Regarding patch/matrix compartments, it was found that MSNs in the matrix receive
innervations from cortex and thalamus (Sadikot, Parent, Smith, & Bolam, 1992).The matrix
MSNs send outputs to the SNr and the GP (C. R. Gerfen, 1992). While, patches MSNs
receive inputs mainly from limbic and frontal cortex (Kincaid & Wilson, 1996).

Neuromodulation of projection neurons

Striatal MSNs are sensitive to numerous neuromodulators such as dopamine and
acetylcholine. Dopamine activation of D1 receptors reduces MSNs excitability. However, if
the MSNs are in the Up state, D1 receptors activation facilitates their firing (Lacey, Mercuri,
& North, 1990; Uchimura & North, 1990). On the other hand, D2 receptor activation
decreases MSN firing (Hernandez-L6pez et al., 2000).

Furthermore, Acetylcholine activates M1 receptors expressed by striatal MSNs(Yan, Flores-
Hernandez, & Surmeier, 2001). Stimulation of M1 receptors shifts striatonigral MSNs
membrane potential to more hyperpolarized state (Akins, Surmeier, & Kitai, 1990). On the
contrary, M1 receptor activation in the striatopallidal MSNs increases MSNs excitability and

spiking (Shen, Hamilton, Nathanson, & Surmeier, 2005).

1.3. 2 Striatal interneurons.

Striatal interneurons represent a minority (4%) of striatal neurons. These interneurons
receive glutamatergic afferents from cortex and thalamus. The output of these interneurons
is mainly directed to MSNs and other interneurons. Thus these interneurons form
microcircuits that modulate final striatal output (J. M. Tepper & Bolam, 2004). These
interneurons are now in the focus of many electrophysiological studies that are trying to
explore their physiological characteristics as well as the action of different neurotransmitters

on their function.
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1.3.2.1 Nitrergic low-threshold spiking interneurons (LTSIs)

LTSIs represent a subtype of striatal interneurons. LTSIs are considered the second largest
cell in the striatum (Kawaguchi, 1993). The LTSIs express many neurotransmitters (i.e.
GABA, somatostatin, NPY, and NO) in the striatum (Kawaguchi, Wilson, Augood, & Emson,
1995). These transmitters play an important role in controlling of striatal excitability.

Striatal LTSIs receive glutamatergic afferents from the cortex (Kawaguchi, 1993)and
dopaminergic afferents from substantia nigra (Yoshiyuki Kubota et al., 1988). Also, LTSIs
receive inputs from other striatal interneurons as FS and cholinergic interneurons (Bevan,
Booth, Eaton, & Bolam, 1998).

Electrophysiological properties of LTSIs

LTSIs are one of tonically active neurons (TANs) which are characterized by being
spontaneously active. These LTSIs are characterized by the presence of a low threshold
Ca”™ spikes, hence their name (LTS) (D. Centonze et al., 2002). LTSIs are also
characterized by a resting membrane potential of -56.4 + 15.7 mV , long duration action
potential (1.0 £ 0.41 ms at half amplitude), and a very high input resistance ( 638 + 245 MQ)
(D. Centonze et al., 2002) (Figure 1.7). Furthermore, LTSIs exhibit different firing patterns
such as regular, irregular or burst firing with ability of spontaneous transition between them
(Beatty, Sullivan, Morikawa, & Wilson, 2012).

Previously, studies on striatal LTSIs were limited due to their small numbers and their
undistinguishable morphology under microscopy (Kawaguchi, 1993; Y. Kubota & Kawaguchi,
2000). This problem was solved through developing of transgenic mice in which a
humanized Renilla GFP (hrGFP) is expressed under the control of NPY promoter. This
allowed easy identification of the LTSIs under fluorescent microscope (J. G. Partridge et al.,
2009).
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Figure 1.7: Electrophyiological properties of LTSIs.

LTSIs are spontaneously active neurons which are characterized by presence of a low threshold
ca* spikes, high input resistance, and long duration action potential. Adapted from (J. A. Beatty, M.
A. Sullivan, H. Morikawa, & C. J. Wilson, 2012).

Neuromodulation of LTSIs

Neuromodulation of LTS interneurons by other neurotransmitters has not been well
characterized. However, it is known that LTSIs express D5, M1 and M2 receptors(Ariano &
Kenny, 1989; Rivera et al.,, 2002). It was found that D1-receptor agonists are able to
depolarize LTSIs (D. Centonze et al., 2002).

Role of LTSIs in modulation striatal function

The LTSIs act primarily through modulation of striatal microcircuits. An earlier study reported
that LTSIs make limited number of synapses with striatal MSNs cells (J. M. Tepper & Bolam,
2004). Moreover, using paired recording from LTSIs and MSNs, Koos and colleagues (1999)
found that LTSIs exert an inhibitory effect on MSNs. This inhibitory effect was mediated by
GABA (Koo0s & Tepper, 1999).

Somatostatin, secreted by the LTSIs, modulates the excitability of striatal projection neurons.

It was reported that somatostatin modifies the firing pattern of MSNs through modulation of
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MSNs Ca*? activated K* currents (Galarraga et al., 2007). Somatostatin also regulates the
effectiveness of lateral inhibitory synaptic connections among MSNs. While, NPY share in
the regulation of dopamine release in the striatum (Lopez-Huerta, Tecuapetla, Guzman,
Bargas, & Galarraga, 2008).

LTSIs are considered to be the only known source for NO in the striatum. NO is an important
neuromodulator for many neurotransmitters. It was shown that NO mediate different forms
of synaptic plasticity, including short and long-term changes in the excitatory and inhibitory
synaptic transmission (Susswein, Katzoff, Miller, & Hurwitz, 2004). More details about the

role of NO in the striatum will be discussed later in this chapter.

1. 3.2.2 Cholinergic neurons:

Cholinergic interneurons represent 1-3% of striatal neurons. Cholinergic interneurons are
characterized by a large cell body of 20-50 um diameter with long aspiny dendrites
(Kawaguchi, 1992) and large dense axonal collaterals with large terminal fields (J. Bolam,
1984). These criteria account for the high expression of ACh markers in the striatum(Butcher
& Woolf, 1984) . Moreover, The dense axonal arbors may play an important role through
volume transmission (Kods & Tepper, 2002). It was reported that the dendrites of cholinergic
neurons are widely distributed in the patch and matrix compartments in the striatum,
whereas the dense axonal terminals are restricted to the matrix where they mainly target the
MSNs (Kawaguchi et al., 1995).

Electrophysiological properties of cholinergic interneurons

Electrophysiologically, cholinergic interneurons are characterized by a resting potential of
-62 + 2.7 mV and high input resistance (Kawaguchi, 1993). There is a period of after
hyperpolarization following each spike (Kawaguchi, 1992) (Figure 1.8).

Cholinergic interneurons are one of the tonically active neurons (TANS) in the striatum that
fire at the rate of 2-10Hz (Bennett, Callaway, & Wilson, 2000). They act as autonomous
pacemakers that fire spontaneously both in vivo and in vitro. Blocking of synaptic
transmission does not stop the cholinergic spontaneous firing (Bennett et al., 2000). The

firing rate of cholinergic interneurons widely differs ; however , it can be classified into three
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main categories: an irregular single spiking, a rhythmic single spiking, and a rhythmic
bursting pattern (F. M. Zhou, Wilson, & Dani, 2002). Bennett and his colleagues reported the
ionic mechanism of the rhythmic single spiking pattern. It was found that the spontaneous
firing occur as a result of a depolarization by a subthreshold Na* current followed by long
after-hyperpolarization (AHP) due to activation of Ca** dependant K* current (Bennett et al.,
2000).There are two factors that regulate the basal level of cholinergic signalling: the
negative feedback via inhibitory muscarinic autoreceptors and the high levels of
acetylcholinesterase, which restrict the cholinergic signalling both temporally and spatially
within the striatum. However, the pacemaking activity of cholinergic neurons provides
enough ACh levels to tonically activate muscarinic and nicotinic receptors in the striatum
(Benarroch, 2012).

Furthermore, it was shown that cholinergic interneurons usually fire in burst-pause pattern
during motor learning and reward-related behaviours (Paul Apicella, 2007).

Figure 1.8: Electrophysiological properties of cholinergic interneurons.

Cholinergic interneurons responses to different depolarizing and hyperpolarizing currents show that
these interneurons are characterized by spontaneous activity and broad spike with long spike after

hyperpolarization. Adapted from (Kreitzer, 2009).

Neuromodulation of cholinergic interneurons (tablel)

Anatomical studies proved that cholinergic interneurons receive more inputs from the
thalamus compared to the cortex (S. Lapper & Bolam, 1992). Thus, the thalamostriatal

pathway plays an important role in modulation of cholinergic interneurons activity.
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Cholinergic interneurons receive inhibitory inputs from striatal MSNs (J. P. Bolam et al.,
1986). Stimulation of muscarinic M2 and M4 receptors decrease the excitability of
cholinergic interneurons (P. Calabresi et al, 1998). Moreover, M2 receptors act
presynaptically to regulate ACh release (Hersch, Gutekunst, Rees, Heilman, & Levey, 1994).

Dopaminergic neuromodulation of cholinergic interneurons occur through activation D2 and
D5 receptors. Activation of D5 receptor increase the excitability of cholinergic interneurons
by increasing the cAMP (T. Aosaki, Kiuchi, & Kawaguchi, 1998). On the other hand,
activation of D2 receptors decrease cholinergic interneurons excitability through inhibition of
voltage-sensitive Na* channels (Maurice et al., 2004). Finally, serotonin act on 5-HT2C, 5-HT6

& 5HT7to stimulate cholinergic interneurons (C. Blomeley & Bracci, 2005).

Table 1.1: The neuromodulation of cholinergic interneurons

Source Neurotransmitter Receptor Effect

Cortex Glutamate AMPA & NMDA Fast activation

Thalamus Glutamate AMPA & NMDA Fast activation

FS interneurons GABA GABA, Fast inhibition
GABA GABA, Fast inhibition

MSN Substance P Neurokinin-1 Excitatory

Cholinergic . Decrease of ACh

_ Acetylcholine M2/M4 autoreceptors

interneurons release

Inhibition of tonic

D2 firing
Inhibition of ACh
Dopaminergic _ release.
Dopamine
afferent
Depolarization and
D5 increase of ACh
release.
_ 5-HT2C, 5-HT6 _
Dorsal raphe Serotonin Excitatory
&5HT7
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TAN pause response

In the in vivo studies, extracellular unit recording discriminate between two types of neurons
in the striatum; the phasically active neurons (PANs) and the tonically active neurons (TANS)
(Aosaki, Kimura, & Graybiel, 1995). The PANs are usually silent neurons; however their
firing is only related to behavioural stimulation. The MSNs and most of GABAergic
interneurons represent this category inside the striatum. On the other hand, TANs are
characterized by autonomous activity. Moreover, antidromic stimulation of the globus
pallidus does not affect TANs which indicate that these neurons are interneurons.
Cholinergic interneurons and LTSIs belong to this category (Aosaki et al., 1995; Beatty et al.,
2012).

For many years, in vivo studies focused on cholinergic interneurons as the main TANSs inside
the striatum. In this section we will review the TAN response in vivo taking in consideration

that TANS include both the cholinergic interneurons and LTSIs.

It was found that the firing of TANs is not related to body movement per se; however, TANs
seem to respond to sensory stimulation associated with reward (Kimura, Rajkowski, &
Evarts, 1984). During sensorimotor acquisition, TANs develop a conditioned response (TAN
pause response) that consists of an initial activation followed by a pause then a rebound
activation (Figure 1.9) (Toshihiko Aosaki et al., 1994). Histological studies suggest that TANs
that respond to any conditional stimulus are widely distributed in the striatum (A. M. Graybiel,
Aosaki, Flaherty, & Kimura, 1994). Apicella reported that TANs response reflect the
detection of the stimulus, the motor control and recognition of a specific behavioural value
(Paul Apicella, 2007). It is now clear that TANs are key players in the selection of
appropriate response to any environmental stimulus. Moreover, the TAN pause response is
associated with an effect on dopamine release in the striatum. During the initial activation
phase of cholinergic interneurons the dopamine levels drop in the striatum. On the other
hand, during pause phase the dopamine levels increase (Toshihiko Aosaki, Miura, Suzuki,
Nishimura, & Masuda, 2010).
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Figure 1.9: TAN pause response to salient stimuli.

Schematic drawings of TAN pause response. Salient stimulus elicits an initial excitation then a
pause followed by rebound excitation. This response is associated with subsequent burst discharge

of dopaminergic neurons in the SN. Adapted from (Toshihiko Aosaki et al., 2010).

Cellular mechanisms underlying TAN pause response

A salient stimulus usually causes an initial firing then transient cessation of tonic activity of

TAN followed by rebound activation.

A. Initial excitation phase

In vivo studies reported that postsynaptic potentials associated with TAN pause response
consist of an initial excitatory postsynaptic potential (EPSP) followed by GABAergic inhibitory
component (IPSP). Application of glutamate blocker CNQX stopped not only the initial
excitatory EPSP but also the subsequent GABAergic IPSP. This prove that the GABA

component occur through a disynaptic mechanism (Toshihiko Aosaki et al., 2010).

Page | 36




B. Pause phase

In vivo recordings from the striatum showed the subthreshold and suprathreshold
depolarizations of TANs led to subsequent afterhyperpolarization (AHP) (Reynolds, Hyland,
& Wickens, 2004). The duration and amplitude of the AHP are directly proportional to the
depolarization level. This process is thought to happen through GABA and dopamine D2
activation (Toshihiko Aosaki et al., 2010).

C. Rebound excitation phase

The pause of TANSs firing is followed by a resumption of spontaneous firing that occur
through activation of the Ih and the Na* currents (Toshihiko Aosaki et al., 2010).

Physiological significance of TAN pause response

TAN pause response act as a time window for synaptic plasticity in the striatum (Miura,
Saino-Saito, Masuda, Kobayashi, & Aosaki, 2007). Studies showed that the pause response
is closely related to any conditional stimulus that predicts reward (Waelti, Dickinson, &
Schultz, 2001). Beside the unpredicted conditional stimuli, TAN also responds to unexpected
noxious stimuli (Ravel, Legallet, & Apicella, 1999). In this case, the pause response to
noxious stimulus differs from the response to unpredicted reward (Zhou et al., 2002). Both
types of TAN pause response indicate that TANs mainly respond to salient stimuli either it is
rewarding or noxious. The response of TAN showed habituation if the stimulus was
presented separately from process of learning (Sardo, Ravel, Legallet, & Apicella, 2000).
Moreover, TAN pause response depend on the predictability so TAN respond to unpredicted
stimulus. Once the stimulus become predicted , there is minimal or no response of TAN
(Zhou et al., 2002).

1. 3.2.3 NPY- Neurogliaform interneurons:

Recently it was proved that LTS interneurons are not the only cells expressing NPY in the
striatum. The NPY-neurogliaform (NPY-NGF) interneurons represent another subtype of
NPY - interneurons which resemble electrophysiologically and morphologically the NPY

GABAergic interneurons in cortex and hippocampus (O. Ibafiez-Sandoval et al., 2011).
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NGF interneurons are characterized by their bright appearance with fluorescence imaging. In
vitro electrophysiological recordings show that NPY-NGF interneurons are characterized by
lower input resistance than LTSIs. The NGF resting membrane potential ranges between -95
to -79 mV, which is more hyperpolarized than that of LTS interneurons. NGF interneurons
are not spontaneously active. They are also characterized by a long action potential. Finally,
when a depolarizing current is injected the NGF fire regularly (O. Ibafiez-Sandoval et al.,
2011) (Figure 1.10).
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Figure 1.10: Electrophysiological properties of NPY-NGF interneurons.

The NPY-NGF responses to different depolarizing and hyperpolarizing currents show that the
NPY-NGF interneuron are characterized by hyperpolarized membrane potential and low input

resistance. Adapted from (O. Ibafiez-Sandoval et al., 2011).

NGF interneurons have large highly dense axonal branches which suggests that NGF form
several synaptic connections with the surrounding. The recorded synaptic currents showed
that the NPY-NGF interneurons exert a powerful feedforward inhibitory effect on MSNs
(Osvaldo Ibafiez-Sandoval et al., 2011).

1. 3.2.4 Fast spiking interneurons (FSIs):

FS interneurons are also known as parvalbumin-positive neurons. They are more distributed
in the dorsal striatum. Electrophysiologically, FSIs are characterized by hyperpolarized

resting potential, low input resistance, short duration action potential and high-frequency
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firing hence named FS interneurons (Figure 1.11). There are many gap junctions that are
present between FS which increase their level of activity (Kawaguchi, 1993). FSIs mainly
target MSNs.

FSls are modulated through excitatory inputs from cortex (Lapper, Smith, Sadikot, Parent, &
Bolam, 1992) and thalamus (Sidibe & Smith, 1999). In contrast, FSIs receive inhibitory

innervations from other striatal interneurons (Chang & Kita, 1992), and some neurons in the

globus pallidus (Bevan et al., 1998).
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Figure 1.11: Electrophysiological properties of FS interneurons

The FSls responses to different depolarizing and hyperpolarizing currents show that FSI show

rapid firing pattern with low input. Adapted from (Kreitzer, 2009).

Regarding neuromodulation of FSIs, Dopamine excites FSls via activation of D5 receptor
activation and inhibition of D2 receptors on the GABAergic afferents innervating FSls
(Bracci, Centonze, Bernardi, & Calabresi, 2002). Furthermore, ACh stimulate the FSls by

activation of FS nicotinic receptors (F. M. Zhou et al., 2002).

1. 3.2.5 Calretinin Interneurons

Calretinin (CR)-expressing interneurons are medium sized neurons which constitute about
0.8% of neurons in the rodent striatum (V. V. Rymar, R. Sasseville, K. C. Luk, & A. F.

Sadikot, 2004). Interestingly, the percentage of CR" neurons is higher in primates including
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humans (Wu & Parent, 2000). We do not have a lot of information about neurophysiology of
the calretinin interneurons as there is no recording of these cells in vitro, and no way to

identify them from in vivo recordings (H. Steiner & K. Y. Tseng, 2010).

1.4 Highlights on some Kkey neurotransmitters

involved in modulation of striatal function :

There are many neurotransmitters that modulate the striatal function; however, we will cast
the light on the neurotransmitters related to this research which include: acetylcholine, opiate
peptides and nitric oxide.

1.4.1 Acetylcholine

ACh pathways have become interesting to study within the context of reward as these

pathways interact with the main brain areas regions involved in reward processing.

Sources of acetylcholine and cholinergic receptors

In the brain, the cholinergic system consists of two main parts: the interneuronal system in
which interneurons are the source of acetylcholine; and the projection neuronal system
which is composed of many nuclei in the forebrain. These nuclei provide a source of ACh
through their axons that extend between different brain regions. The striatum is richly
innervated by the cholinergic system that suggests that ACh exert a big influence on the
basal ganglia function (Toshihiko Aosaki et al., 2010).

Cholinergic receptors are classified into two main categories: the nicotinic and the
muscarinic receptors. Muscarinic receptors are subdivided into M1-like receptors (M1, M3,
and M5) and M2-like receptors (M2 and M4). The primary effect of M1-like receptors is
depolarization and increased neuronal excitability via inhibition of several K* currents
(Benarroch, 2012).The M2-like receptors main effects are presynaptic inhibition of Ca*?
channels, involved in exocytosis, and postsynaptic inhibition via activation of K* channels.

These receptors act as inhibitory autoreceptors in the cholinergic interneurons and
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presynaptic inhibitory receptor in glutamatergic corticostriatal and dopaminergic nigrostriatal

terminals (Benarroch, 2012).

On the other hand, the nicotinic receptors (nAChR) are ligand-gated channels that elicit fast
excitatory effects both presynaptically and postsynaptically (Benarroch, 2012). The nicotinic
receptors (NAChRSs) can be classified into three main types based on their physiology and
pharmacology: the muscle nAChRs that are present at the neuromuscular junction, and two
types of neuronal nAChRs that are present in the CNS (F. M. Zhou et al., 2002).The wide
distribution of cholinergic nicotinic receptors has been associated with many effects of ACh

on arousal, fatigue, sleep, attention and central processing of pain (Dani, Ji, & Zhou, 2001).

Role of Acetylcholine in the striatum

The cholinergic receptors are widely distributed in the striatum. The excitatory M1 and the
inhibitory M4 receptors are expressed in the MSNs. Moreover, the inhibitory M2/M4 and the
excitatory nAChRs are expressed in presynaptic glutamatergic and dopaminergic terminals
(Oldenburg & Ding, 2011).

Electrophysiological recordings in the striatum showed that GABAergic interneurons are
depolarized by nicotinic agonists that increase their action potential dependant GABA
release (Koos & Tepper, 2002). Furthermore, the cholinergic activity was found to play an
essential role in regulation of DA release (F.-M. Zhou, Liang, & Dani, 2001).

Despite of the tonic release of ACh in the striatum, the widely distributed
acetylcholinesterase (Rymar, Sasseville, Luk, & Sadikot, 2004) rapidly degrades ACh. This
minimize the desensitization of NAChRs(TOSHIHIKO Aosaki et al., 1995; F. M. Zhou et al.,
2002).

The primary effect of ACh on MSNs is depolarization via M1 receptors, which inhibit the K*
currents that maintain these neurons in a silent (“down”) state. This facilitation occurs
primarily on MSNs of the indirect pathway (Shen et al., 2007). M1 receptor activation also
inhibits L-type channels which prevent influx of Ca*? that activates K* channels responsible
for afterhyperpolarization. Postsynaptic M1 receptors also modulate NMDA receptor-

mediated responses, thus facilitating the “up” state of MSNs (Calabresi, Centonze, Gubellini,
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Pisani, & Bernardi, 2000). In contrast, activation of postsynaptic M4 receptors results in

inhibition of MSNs, particularly in those of the direct pathway (Oldenburg & Ding, 2011).

Moreover, ACh indirectly affects MSNs via presynaptic modulation of neurotransmitter
release from cortical, nigral, and local afferents. ACh, acting via presynaptic M2/M4
receptors, elicits a tonic inhibition of corticostriatal glutamatergic drive on MSNs. Whereas
tonically released ACh, via M2/M4 receptors, inhibits dopamine release, ACh can also
trigger dopamine release via activation of presynaptic nAChRs at nigrostriatal terminals
(Narushima et al., 2007; Oldenburg & Ding, 2011; Z. Wang et al., 2006).

ACh also affects GABA release from terminals of fast spiking inhibitory interneurons. It was
reported that ACh can activate nicotinic receptors on FSls leading to their depolarization with
increased GABA release. On the other hand, ACh can activate the presynaptic M4
muscarinic receptors in FSls will be activated leading to decreased GABA release. So the
dual effect of ACh on the FSls act on different time scale to modify the striatal output (Kods
& Tepper, 2002; F. M. Zhou et al., 2002). The following table summarize the modulation of

ACh of striatal function.

Table 1.2: ACh modulation of striatal function

M1-like (Gg/11) M2-like (M2/M4)(Gl/o) Nicotinic a432
Excitatory (primaril Inhibitory( primarily on Not expressed in
Effect on MSNs o y(p Y . y(p Y P
on indirect pathway) the direct pathway) MSNs
Effect on corticostriatal N Presynaptic inhibition Triggers glutamate
o]
afferent of glutamate release release
Effect on nigrostriatal Presynaptic inhibition
No Fast release of DA
afferent of DA release
Effect on cholinergic Inhibitory
No Not expressed
neurons autoreceptors
Effect on fast spiking . Increase GABA
_ No Inhibits GABA release
interneurons release.
Effect on NPY- Increase GABA
somatostatin neurons release

Page | 42




1.4.2 Opioid peptides
Opioid peptides and opioid receptors

The opioid receptors can be classified into three main groups: u, & and k types. There is also
evidence that subtypes of these receptors might exist. These receptors represent targets for
different opioid peptides. These opioid receptors act intracellularly through coupling with
guanine nucleotide binding proteins (Gi or G,) to inhibit adenylate cyclase (Bruijnzeel, 2009).

Furthermore, there are three main types of opioid peptides: B-endorphin, enkephalins and
dynorphins that activate y, & and k respectively. It was found that B-endorphin stimulates
brain reward function. Moreover, B-endorphin has a potent analgesic effect (Amalric, Cline,
Martinez, Bloom, & Koob, 1987; L. F. Tseng, Loh, & Li, 1976; Van Ree, Smyth, & Colpaert,
1979). Moreover, enkephalins are suggested to enhance reward processing in the brain and
to mediate pro-inflammatory phase during an immunoresponse (lgnatov, Kovalenko,
Andreev, & Titov, 1981; Phillips & LePiane, 1982; Salzet & Tasiemski, 2001). Finally,
dynorphins are derived from a precursor known as prodynorphin. It was found that
prodynorphin is expressed in the ventral and dorsal striatum (Di Benedetto et al., 2004). A

summary of opioid receptors and their ligands is presented in the following table.

Table 1.3: Opioid receptors and ligands

Antagonists
Receptor Endogenous | Exogenous
type Ligands Ligands Non-selective Selective
. Morphine
I B-Endorphin CTOP
DAMGO
. DPDPE Naloxone SDM25N
e} Enkephalins _ _
Deltrophin Naltrexone hydrochloride
U50488H Nalmefene Nor-binal-
K Dynorphins U69593 torphimine
E 2078 (nor-BNI)
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Opioid peptides act either presynaptically or postsynaptically. Postsynaptically, opioids
usually inhibit neurons, while, the presynaptic actions of opioids mainly inhibit the release of
the neurotransmitters. The effect of an opioid in any brain area will depend on its action at
the presynaptic sites on both excitatory and inhibitory neurons, plus its postsynaptic effects
(Reisine & Bell, 1993).

Role of opioid system in the striatum

In the striatum, opioid peptides were found as one of the important neurotransmitters that
share in modulation of striatal function. The opioid peptide dynorphin A was found in direct
pathway MSNSs, whilst enkephalin was found in the indirect pathway (Lee, Kaneko, Taki, &
Mizuno, 1997). Also, studies on the striatum proved that it contains the three subfamilies of
opioid receptors (M, 0, K). In situ localization studies indicated that y, & and k receptors
present in both striatopallidal and striatonigral neurons. p receptors are specially located in
the striatal patches, while & receptors were found on the surface of cholinergic interneurons
(H. Wang & Pickel, 2001).

Some studies reported that K receptors in the striatum are synthesized in the ventral
tegmental area (VTA) and substantia nigra (SN). Then k receptors are transported to the
striatum. Moreover, K receptors in striatum modulate the dopamine release (Britt &
McGehee, 2008). Furthermore, high levels of k receptors RNA were found in the shell of
nucleus accumbens and the dorsal striatum (Meng et al., 1993; Simonin et al., 1995; Yasuda
et al.,, 1993; F. M. Zhou et al., 2002).

The opioid system in the striatum plays a crucial role in reward processing through mediating
hedonic evaluation of natural rewards. Although, many studies focused on the nucleus
accumbens role in processing of reward, evidences indicate that the dorsal striatum plays a

vital role in brain reward system (P. Apicella, Ljungberg, Scarnati, & Schultz, 1991).

The opioidergic modulation of striatal function is still poorly understood. Jiang and North,
1992 showed that opioids presynaptic inhibit the corticostriate excitatory synaptic inputs. In
their study, opioids p- and O-receptors selective agonists inhibited the excitatory
postsynaptic potential presynaptically, while, d-selective agonists decreased the inhibitory
synaptic potential. They also reported that d-selective agonists inhibit a small subpopulation
of striatal cells (most probably cholinergic interneurons) (Z. G. Jiang & R. A. North, 1992).
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In another group of studies, it was found that stimulation of y and & receptors present on
cholinergic interneurons in the NAcc, inhibits the release of ACh from these neurons, thus
decreasing the ACh levels (Dourmap, Clero, & Costentin, 1997; Lapchak, Araujo, & Collier,
1989).

From another prospective, behavioural studies proved that injections of p or & but not k
agonists stimulate feeding in the NAc (Baldo & Kelley, 2007; Bodnar, 2004). Moreover, some
studies reported the presence of a hedonic hotspot in the shell of the NAc in which a dense
presence of u receptors. Stimulation of y receptors in the hedonic hotspot increases the food
“liking”. On the other hand, stimulation of a the surrounding region of this hotspot increase
the food intake with no effect on the food “liking” (Berridge, 2000; Pecifia, Smith, & Berridge,
2006). Moreover, some studies showed NAc mediates the reinforcing properties of opiates
(David & Cazala, 1994). On the other hand, intra-NAc microinjections of the k receptor
agonist produced aversive effects in lab animals (Bals-Kubik, Ableitner, Herz, &
Shippenberg, 1993). Interestingly, Braida et al. (2008) reported that very small doses of k
receptor agonists can induce some reinforcement while high doses of k receptor agonists
cause negative mood states. Moreover, it was found that, small doses of k receptor agonists
decrease morphine rewarding properties in rodents (Bolanos, Garmsen, Clair, & McDougall,
1996). Moreover, k receptor antagonists increase the dopamine release in the striatum
(Beardsley, Howard, Shelton, & Carroll, 2005).

It worth mentioning that opioid system in the striatum not only shares in opiate
reinforcement, but also in the reinforcing effects of non-opioid drugs which include cocaine,
nicotine, and alcohol. These non-opioid drugs may lead to an increase of the local
endogenous opioids (Le Merrer, Becker, Befort, & Kieffer, 2009).Moreover, opioids play an
important role in pain sensation. It was proposed that patients with lesions in the striatum

experience a decrease in pain sensitivity (Starr et al., 2011).

1.4.3 Nitric oxide

Nitric oxide (NO) is a gaseous neurotransmitter that plays a crucial role in different
physiological and pathological conditions in the peripheral and central nervous system
(Boehning & Snyder, 2003; Bredt, 2003; Garthwaite, 2008). In the nervous system, NO is
synthesized by the neuronal nitric oxide synthase (nNOS) (Alderton, Cooper, & Knowles,
2001; Garthwaite, 2008). This enzyme is expressed in moderate levels in the basal ganglia
nuclei (Bredt & Snyder, 1990; Vincent, 1994). LTSIs are the only known source of NO in the
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striatum (Kawaguchi, 1997; Yoshiyuki Kubota, Mikawa, & Kawaguchi, 1993; J. M. Tepper &
Bolam, 2004).

There are many intracellular signal transduction pathways for NO transmission inside
neurons. The most well-known signal transduction pathway is through activation of the
soluble guanylyl cyclase (sGC) signaling cascade (Garthwaite, 2008; Murad, 2006). Besides
the cGMP cascade, some studies demonstrated that NO can act intracellularly through non-
cGMP mechanisms such as facilitation of calcium release from intracellular calcium stores in
striatal neurons (HORN et al., 2002; Meini et al., 2000).Moreover, NO may alter NMDA and
GABA, receptor function, and potassium, calcium, chloride, and non-selective ion channels

via direct and indirect mechanisms (Ahern, Klyachko, & Jackson, 2002).

Electrophysiological studies showed that NO interneurons are activated by corticostriatal
afferents (Berretta, Parthasarathy, & Graybiel, 1997; Kawaguchi, 1993). It was found that
these interneurons express NMDA, AMPA and metabotropic glutamate receptors (Gracy &
Pickel, 1997; Kawaguchi, 1997; Kawaguchi et al., 1995) and receive asymmetric glutamater-
gic inputs from the frontal cortex (Salin, Kerkerian-Le Goff, & Epelbaum, 1990; Vuillet,
Kerkerian, Kachidian, Bosler, & Nieoullon, 1989).

In situ hybridization studies done in rodents showed that NO interneurons express low levels
of D1 dopamine receptor mRNA (Le Moine, Normand, & Bloch, 1991). They also express D5
receptor protein (Diego Centonze et al., 2003; Rivera et al., 2002). Accordingly, electrical
and chemical stimulation of the SN and systemic administration of the D1/5 receptor
agonists increased striatal NO efflux. These facilitatory effects decreased by administration
of D2 receptor agonist (Liu, Liu, Gao, & Li, 2005; Sammut, Bray, & West, 2007; Sammut et
al., 2006). Thus dopamine can modulate NO synthesis and NO interneuron activity via direct

stimulation of D1-and D2-like receptors.

Several in vivo studies on rats showed that striatal levels of nitrite(Ohta et al., 1994), cGMP
(Globus, Prado, & Busto, 1995) and L-citrulline (Ohta et al.,, 1994) are maintained in a
steady-state which is sensitive to changes in NOS activity. These levels “tonic” NO and
cGMP play an important signalling role in the striatum. On the other hand, stimulation of NO
interneurons is associated with “phasic” release of NO which can be excitatory or inhibitory

effects to other striatal neurons (Galati et al., 2008).
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Role of NO is the striatum

It was proved that endogenous and exogenous NO facilitates the release of several
neurotransmitters in the striatum including glutamate, DA, and acetylcholine (ACh) (Janos P
Kiss, 2000; Helmut Prast & Philippu, 2001; West, Galloway, & Grace, 2002).

NO can act to facilitate glutamate transmission through different mechanisms that include:
(1) inhibition of glutamate reuptake (Lonart & Johnson, 1994; Sakire Pogun, Valina Dawson,
& Michael J Kuhar, 1994; Taskiran, Kutay, & Pogun, 2003) and (2) facilitation of glutamate
release via a calcium-independent mechanism (Meffert, Premack, & Schulman, 1994).
Additionally, intrastriatal cGMP infusion increases extracellular glutamate via an unknown
mechanism (Guevara-Guzman, Emson, & Kendrick, 1994; M. Kraus & Prast, 2002). Thus,
these studies indicate that NO facilitation of glutamate transmission is a widespread and

highly conserved mechanism involved in the nitrergic modulation of synaptic transmission.

Furthermore, it was reported that NO facilitates DA efflux in vitro (Chaparro-Huerta, Beas-
Zarate, Guerrero, & Feria-Velasco, 1997; Liang & Kaufman, 1998; Zhu & Luo, 1992)and in
vivo (Spatz et al., 1995; Strasser, McCarron, Ishii, Stanimirovic, & Spatz, 1994; A. R. West &
M. P. Galloway, 1997; West et al., 2002). This facilitation occurs either through a glutamate
receptor-dependent mechanism (Nakahara, Yokoo, Yoshida, Tanaka, & Shigemori, 1994;
Rocchitta et al., 2004; A. West & M. Galloway, 1997; West & Galloway, 1996; West et al.,
2002) or inhibition of the DA transporter (Janos P Kiss, Zsilla, & Vizi, 2004; Sakire Pogun et
al., 1994).

Studies done on both awake and anesthetized rats demonstrated that low and moderate
concentrations of NO generators (diethylamine/NO, SNAP, or 3-morpholinosydnonimine
(SIN-1)) facilitated the release of ACh in the nucleus accumbens (M. M. Kraus & Prast,
2001; H Prast, Fischer, Werner, Werner-Felmayer, & Philippu, 1995; H Prast, Tran, Fischer,
& Philippu, 1998). At higher concentrations, local infusion of diethylamine/NO decreased the
release rate of ACh via a GABA, receptor-dependent mechanism (H Prast et al., 1998).
Further work showed that the sGC-cGMP signalling pathway is critically involved in the
modulation of ACh efflux by NO (Guevara-Guzman et al., 1994; M. Kraus & Prast, 2002; H
Prast et al.,, 1998). Moreover, it was reported that NO increases the firing cholinergic

interneurons in the striatum (Centonze et al., 2001).
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Studies on parkinsonian patients suggest that NO system plays a key role in the
pathophysiology of Parkinson disease (Blanchet et al., 1999; Bredt & Snyder, 1990; Gupta et
al., 2014; Pavon, Martin, Mendialdua, & Moratalla, 2006). Some studies reported an
increase in the concentration of NO metabolites (Molina et al., 1996; Qureshi et al., 1995),
NNOS overexpression in neutrophils (Gatto et al., 2000), and cGMP concentrations in the
plasma and cerebrospinal fluid (Brodacki et al., 2011; Chalimoniuk & Stépiefi, 2004; Navarro
et al., 1998). On the other hand, post-mortem studies in PD patients reported a decrease in
NNOS mMRNA expression (Eve et al.,, 1998). Moreover, a decrease in the cGMP

concentrations in the plasma and CSF was reported (Belmaker et al., 1978).

In animal models, contradicted findings were also reported. 6-OHDA-lesioned rats
demonstrated an increase in the nNOS protein in the striatum (F. E. Padovan-Neto,
Echeverry, Chiavegatto, & Del-Bel, 2011). Similarly, rotenone (He et al., 2003) or
manganese chloride (Ponzoni, Guimarées, Del Bel, & Garcia-Cairasco, 2000) administration
to rats significantly increased the number of NADPH-d/nNOS-positive cells/fibres and the

NOS activity in the striatum.

Moreover, it was reported that administration of the ODQ (sGC inhibitor) to 6-OHDA-
lesioned rats attenuated the increase of cGMP levels in the striatum, the excessive abnormal
firing of striatal medium spiny neurons and the increased metabolic activity of the
subthalamic nucleus (STN). Furthermore, ODQ decreased akinesia in 6-OHDA-lesioned rats
and in MPTP-treated mice (Tseng et al., 2011).

On the other hand, a decrease in the level of nNOS protein and the number of nNOS-
immuno-positive intrastriatal fibres in the striatum of 6-OHDA-lesioned rats was reported
(Sancesario et al., 2004). Furthermore, it was reported that nNOS-immunoreactive cells

were unchanged in MPTP-treated mice (Muramatsu et al., 2002).

Better understanding of the role of NO-cGMP pathway in PD will help in the development of

new therapies aiming to restore motor function.

However, NOS inhibitors represent a newly potential pharmacological approach for
counteracting L-DOPA induced dyskinesia (LIDs). Many behavioural studies demonstrated
that NOS inhibitors can counteract LIDs. Moreover, Anti-dyskinetic effects of NOS inhibitors
have been well characterized in preclinical investigations in rodents (Del-Bel, Eduardo
Padovan-Neto, Raisman-Vozari, & Lazzarini, 2011; Novaretti, Padovan-Neto, Tumas, Da-
Silva, & Del Bel, 2010; F. Padovan-Neto, Echeverry, Tumas, & Del-Bel, 2009; F. E.
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Padovan-Neto et al., 2011; F. E. Padovan-Neto et al., 2013; Takuma et al., 2012)and non-

human primate (Yuste et al., 2012). These processes in human remain to be proved.

1.5 Aim of this study

The primary aim of this project is to explore the role of the LTSIs in modification of the
striatal microcircuitry. The LTSIs express many important neurotransmitters (i.e. GABA,
somatostatin, NPY, and NO) in the striatum (Kawaguchi et al., 1995). Moreover, LTSIs are

one of the tonically active neurons of the striatum.

Previously, studies on striatal LTSIs were limited due to their small numbers and the their
undistinguishable morphology under microscopy (Kawaguchi, 1993; Y. Kubota & Kawaguchi,
2000). This problem was solved through developing transgenic mice in which a humanized
Renilla GFP (hrGFP) is expressed under the control of NPY promotor can be used for easy

identification of the LTSIs under fluorescent microscope (J. G. Partridge et al., 2009).

The mutual interaction between the LTSIs and the cholinergic interneurons in the striatum
has not been studied before in details. It was reported that acetylcholine can stimulate LTSIs
through nicotinic activation (Luo, Janssen, Partridge, &Vicini, 2013).Being both tonically
active make the understanding of how these two neurons tunes the action of each other an
interesting point of research. Furthermore, the optogenetic revolution in the recent years
allowed the targeted stimulation of neurons that provide more physiological alternative to the
pharmacological application. Using transgenic mice strain in which ChR2 is only expressed
on somatostatin positive cells, we were able to study the effect of activation of LTSIs on

cholinergic interneurons.

Moreover, we further sought to investigate the role of opiate peptides in modulation of the
activity of the LTSIs directly and indirectly through modification of the activity of the
cholinergic interneurons and the GABAergic transmission on LTSIs. Opioids are present in
the striatum. Dynorphin is expressed by the striatonigral MSNs, while encephalin is
expressed by the striatopallidal MSNs (Charles R Gerfen, 1992; Gertler, Chan, & Surmeier,
2008). These opiate peptides play an essential role in reward and drug abuse. Linking the

effect of opiate peptides on LTSIs to the mutual interaction between LTSIs and cholinergic
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interneurons is expected to deepen our understanding of the microcircuitry inside the

striatum. Figure (1.12) details the primary circuits to be investigated.

Cholinergic interneurons
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Figure (1.12): Principle circuits of investigation.

The aims of this research project include: (1) investigation of the cholinergic modulation of LTSIs
(directly and on GABAergic transmission on LTSIs) (chapter 3; CH3) (2) investigation of nitrergic
modulation of cholinergic interneurons (chapter 4; CH4), and (3) investigation of the effect of opiates

peptides on and cholinergic interneurons, LTSIs and GABA transmission on LTSIs (chapter 5; CH5).
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Chapter Two: Materials & Methods
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2.1 Animals:

The experiments were carried out using two colonies of transgenic mice. The first colony is a
hemizygous transgenic NPY-GFP mice colony in which a humanized Renilla Green
Fluorescent Protein (hrGFP, Stratagene) is expressed under control of neuropeptide Y
(NPY) promoter. These mice were obtained through insertion of GFP (hrGFP, Stratagene)
sequence into the start of the transitional site of the neuropeptide Y (NPY) gene (Stock
006417, Jackson Laboratory, USA). This colony was bred by crossing between the
hemizygous BAC-NPY transgenic males mice and wild-type (CD57) females. In these
animals NPY positive interneurons in brain are marked with GFP. In the striatum, NPY
positive cells include LTSIs and neurogliaform interneurons. The age of the NPY-GFP mice

ranged between 16 and 32 days.

The second transgenic mice colony is a heterozygous transgenic ChR2-EYFP-SOM-IRES-
Cre mice colony. These mice obtained by crossing between homozygous SOM-IRES-Cre
mice (Stock 013044, Jackson Laboratory, USA) and a homozygous ChR2 (H134R)-EYFP
mice (Stock 024109, Jackson Laboratory, USA). The SOM-IRES-Cre (or Sst-IRES-Cre)
mouse genome is characterized by the presence of Cre recombinase in the 3' untranslated
region (after the translational termination site) of the somatostatin locus. In this case, the
endogenous somatostatin promoter will direct Cre expression in these mice. Thus, Cre

recombinase activity will be observed in somatostatin positive neurons.

On the other hand, the ChR2 (H134R)-EYFP mice are characterized by the expression of
ChR2 (H134R)-EYFP protein. The ChR2 (H134R) is activated by blue light allowing Na* ions
entry to the cell. The Na* entry leads to depolarization and action potentials (Madisen et al.,
2012). The resulting offspring of breeding of homozygous SOM-IRES-Cre mice and
homozygous ChR2 (H134R)-EYFP mice are characterized by the expression of the ChR2
(H134R)-EYFP fusion protein in the somatostatin positive neurons. When ChR2 (H134R)-
SOM expressing cells are exposed to light (450 - 490 nm), these cells will be firing due to the
reversible photo-stimulation of ChR2 protein. The age of these mice ranged from 21 and 35

days.

All animals were bred and housed in the Biological Services Facility, University of Sheffield.
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2.2 Slice preparation:

For all experiments, mice (P16-32 for NPY-GFP & P21-35 for ChR2-EYFP-SOM-IRES-Cre)
of both sexes were used for optimal neuronal viability and identification. Mice were deeply
anesthetized with inhaled isoflurane then perfused transcardialLy with 5-10 ml of
oxygenated ice cold modified HEPES artificial CSF (aCSF) solution containing (in mM ) : 92
NacCl, 2.5 KCI, 1.2 NaH,PO, , 30 NaHCO3 , 20 HEPES, 25 Glucose, 5 sodium ascorbate, 2
Thiourea, 3 sodium pyruvate, 10 MgS0O,.7H,0 , 0.5 CaCl,.2H,0 at pH7.4. The animals were
subsequently killed by decapitation.

After the perfusion, we quickly removed the brain from the skull and dissected on ice. Using
a vibroslicer (Camden instruments), the sagittal brain slices (250 pym thick) were prepared.
Slices were immediately transferred to a storage chamber which contains the modified
HEPES ACSF that is continuously bubbled with a carbogen mixture of 95% O, and 5% CO,
gas. The slices were kept at 35 °C for 15 minutes then temperature was lowered to 24 °C till
the end of experiment. The slices were left for at least 1 hour to equilibrate before

electrophysiological recording.

During recording, slices were placed in a recording chamber. Slices were continuously
superfused with oxygenated standard aCSF containing (in mM): 124 NacCl, 2.5 KCI, 1.2
NaH,PO,, 24 NaHCO;, 5 HEPES, 12.5 Glucose, 2 MgS0,.7H,0, and 2 CaCl,.2H,0O at

pH7.4 (flow rate 1.5 -2ml/min) at room temperature.

2.3 Slice visualization and optogenetic stimulation

Slices were visualized using an infrared/differential interface contrast microscopy by a 40x
water-immersion objective. For special visualization of the NPY-positive cells in the NPY-
GFP mice, we used epifluorescence with a standard GFP filter coupled with a mercury lamp
(Olympus U-RFL-T)
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For optogenetic visualization & stimulation we used a High power blue LED driver (DC2100,
ThorLabs). Visualization of the cells was carried out using constant current mode which
provides a constant non-modulated LED current. The stimulation was carried out using the
external mode which allows controlling of the DC2100 by an external signal. 2, 5 & 10
seconds pulses were applied for stimulation of slices obtained from the ChR2-EYFP-SOM-
IRES-Cre positive mice.

2.4 Electrophysiological recording

GFP-positive neurons in striatum are LTSIs and NGFIs. LTSIs were initially identified by
being less bright than NGF with epifluorescence. Then, their identity was confirmed by
examining membrane potential characteristics during recording (Kawaguchi, 1993).
Cholinergic interneurons were identified by their big size compared to the other striatal
neurons. Their identity was confirmed by examining distinctive electrophysiological
properties.

The current-clamp recordings were carried out in bridge mode using NPI BA-1S bridge
amplifier. Patch pipettes (3-6MQ) were prepared by pulling borosilicate glass tubes with a

PC-10 puller (Narishige group).

In the whole cell and the cell attached recordings, the patch pipettes were filled with an
intracellular solution containing in (mM): 120 K- gluconate, 20 KCI, 2 MgCl,, 12 HEPES, 0.4
Na-GTP and 4 Na*-ATP, 0.04 EGTA. The intracellular solution was adjusted to pH 7.3 with
KOH. Before each experiment, both the offset and the capacitance of the pipette tip were

compensated out.

For whole cell recordings, the tip of the patching pipettes was placed on the soma of the
neuron then by applying suction a seal with resistance of at least 1GQ was formed. After
forming the seal, whole-cell configuration was attained by applying another gentle brief

suction.
Cell-attached recordings were obtained with similar procedure but the membrane was not

ruptured. In these conditions, we were able to detect spontaneous spikes of LTSIs as rapid

biphasic deflections of the recorded potential.
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For perforated whole-cell recordings, 3 mg of amphotericin B were dissolved in 50 pl DMSO
to get 60 mg/ml stock solution. Then 20 pl of the stock solution were added to 5 ml of
intracellular solution to reach a final concentration of 240 pg/ml. The tips of the patching
pipettes were filled with amphotericin B-free intracellular solution to help the seal formation.
Once a gigaohm seal is obtained, the cell is left for 10-15 minutes to allow the amphotericin
B pores to be formed. The perforation was usually complete within 15 minutes from the seal
formation. The full perforation was confirmed the action potential was >50 mV and the
electrode resistance was < 50 MQ. Amphotericin B is known to be a light sensitive chemical,
so the whole procedure was carried in darkness to minimize the exposure of the drug to the
light.

During testing the GABAergic IPSPs, we used high chloride intracellular solution in which
equimolar KCI substituted K-Gluconate. GABA, receptors are ligand-gated ion channel
receptors. Once GABA binds to the receptor, it will lead to opening of ion channel that allow
the in movement of CI ions from extracellular fluid to the intracellular fluid. Using high CI
intracellular solution set the CI reversal potential near to zero. This will increase the
amplitude of the IPSPs at the negative membrane potentials that are suitable for whole-cell
recording. Moreover, High CI intracellular solution proved to increase the decay time of
GABAergic IPSPs. Thus the GABA signals will be amplified leading to easier study of these
events (Gallagher, Higashi, & Nishi, 1978; Houston et al., 2009).

For the evoked IPSPs we applied an electrical stimulation by placing one pole in a glass
electrode (0 MQ) filled with aCSF near the recorded cell in order to stimulate the local
GABAergic fibers. The second pole was connected to the ground electrode. The intensity of
the electrical stimulation was around 100 pA — 1000 pA, the duration ranged between 100
ps- 1000 ps and the interval between the two stimulations was 200 ms. During the recording
of the spontaneous and evoked IPSPs, the cell membrane potential was kept constant at
-80 mV through the whole experiment by injecting negative current into the cell. Whenever,
the applied drug depolarized or hyperpolarized the cell, the amount of the injected negative

current was adjusted to keep the membrane potential at -80 mV.
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2.4 Drugs

All drugs were prepared from dissolved stock solutions. Drugs were applied by adding the
appropriate amount to the superfusing solution. Drugs usually reached the slice within 4-5

minutes from application through a gravity system.

The following drugs were used: atropine sulfate (20 uM; muscarinic acetylcholine receptor
antagonist, Sigma) , nicotine (1 uM; to cause desensitization of nicotinic receptors (Britt &
McGehee, 2008), Sigma) , mecamylamine hydrochloride (10 uM ; non-competitive nicotinic
acetylcholine receptor antagonist, Cambridge Bioscience) . Moreover, picrotoxin (100 pM;
GABA, receptor antagonist, Tocris) & (-)-bicuculline methiodide (25 uM; GABA, receptor
antagonist, Tocris) were used to block GABA, receptors. D-AP5 (10 uM; competitive NMDA
antagonist, Tocris) and NBQX (10 pM; selective AMPA receptor antagonist, Tocris) were
used to block the glutamate receptors by blocking ionotropic glutamate receptors.

For optogenetics experiments we used the following drugs: ODQ (10 uM; selective inhibitor
of NO-sensitive guanylyl cyclase, Tocris), cyclosomatostatin (1 pM; Non-selective
somatostatin (sst) receptor antagonist, Tocris), PD 160170 (20 uM; selective neuropeptide
Y1, Y2 and Y5 receptors (Ki > 10 uM), Tocris) and L-NAME hydrochloride (100 uM; NO
synthase inhibitor, Cayman chemical company).

Moreover, opioid agonists that were used are: DAMGO (1 uM; selective - receptor agonist,
Tocris), DPDPE (1 pM; selective ©- receptor agonist, Tocris), and U50488H (10 uM;
selective k-receptor agonist, Tocris). While, opioid antagonists used were CTOP (1 pM;
selective p- receptor antagonist, Tocris), SDM25N hydrochloride (1 pM; selective - receptor
agonist, Tocris), GNTI dihydrochloride (1 pM; potent k opioid receptor antagonist, Tocris)

and naloxone hydrochloride (10 uM; non selective opioid antagonist, Tocris).

Finally, we used tetrodotoxin citrate (TTX) (1 pM; selective sodium channel blocker, Tocris)
to block the action potentials and Amphotericin B (Sigma) was used as a pore forming agent

for perforated patch recordings.
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2.5 Data analysis

Data were acquired using Signal (2.9) software and a micro 1401 data acquisition unit (CED,
Cambridge, UK). Off-line data analysis was done with Signal, spike 2, Origin Pro8 (Origin
lab), and Microsoft Excel. Figure preparation was done with Adobe Photoshop and lllustrator
(Adobe Systems).

We tested the neurons electrophysiological properties in absence of any drug. We used
neurons with clear and stable properties i.e. stable resting Vm; average amplitude of APs;
low noise; and constant input resistance. When input resistance altered by more than 25%

(not due to drug application), the cell was discarded.

The first 10 minutes after application of any drug were excluded from the analysis of the
experiments to ensure that the drug reached the desired concentrations around the tissue.

Spontaneous and evoked GABAergic activity was recorded in the presence of NBQX (10
MM) and D-APV (10 pM) to isolate inhibitory synaptic responses through minimizing of the
excitatory effect of glutamate by blocking ionotropic glutamate receptors.

2.6 Statistical analysis

The effect of different drugs was assessed through comparing the firing frequency, inter
spike interval (ISl), and membrane potential before and after the application of each ligand.
The firing frequency (Hz) was measured by dividing the number of spikes in single frame by
the duration of the frame (in seconds).Inter spike interval (ISIs) was defined as the time

between the peak of one spike and the peak of the successive one.

In the experiments in which the IPSPs were tested; paired-pulse ratio (PPR) was calculated
as 2" IPSP/1% IPSP. Because the PPR ratios are not normally distributed, Mann—Whitney U
test was used to test significance of change. Mann-Whitney U test is one of the
nonparametric tests of the null hypothesis. Mann-Whitney U test is used for statistical

comparison of two samples from the same population against an alternative hypothesis.
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In the experiments of the spontaneous GABAergic activity, cumulative frequency and

amplitude were calculated in both the control and after drug application.

When testing across a group of neurons, mean responses for each condition in a single
neuron were calculated and then normalized against the control mean for that neuron to

produce a figure for effect of drug in each state.
The mean value was calculated for the neurons in which significant effects were observed.

All results are expressed as mean + SD. Student’s unpaired t-test was used for statistical

comparisons (unless otherwise stated). Statistical significance was determined if p<0.05.
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Chapter Three: Cholinergic control of
LTSI activity
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3.1 Abstract

Striatal output is modified by many neurotransmitters released by local interneurons or
axons of other projection neurons. Cholinergic interneurons and nitrergic interneurons
represent the only known spontaneously active neurons inside the striatum. The effect of
endogenously released acetylcholine in the striatum on LTSIs was not studied before. Using
transgenic mice in which NPY-expressing neurons are marked with a green fluorescent
protein (GFP), the effects of blocking the cholinergic receptors on LTSI activity was studied.
Blocking of cholinergic muscarinic receptor using atropine sulfate (20 uM) led to activation of
the LTSIs in control and in TTX solutions. On the other hand, blocking of cholinergic nicotinic
receptors using either mecamylamine hydrochloride (10 uM) or nicotine (1 puM) caused

inhibition of the LTSIs in control and in the presence of TTX.

When both cholinergic receptor blockers (muscarinic and nicotinic) were applied
simultaneously, we observed an inhibition of LTSIs in control solution and stimulation in the
presence of TTX. Moreover, the presence of GABAergic tone on LTSIs was investigated and
we found that GABA, blockers caused a significant depolarization of the LTSIs in control and
in TTX.

Furthermore, the cholinergic modulation of the GABAergic transmission on LTSIs was
investigated. Our data demonstrate inhibition of spontaneous and evoked GABAergic IPSPs
by mecamylamine. On the other hand, there was a facilitation of these GABAergic IPSPs
with atropine. In presence of both the nicotinic and the muscarinic receptor blockers,

GABAergic transmission was facilitated.

It was concluded that acetylcholine modulate the LTSI activity directly and indirectly. The
dominant direct effect of the acetylcholine is inhibitory on LTSIs (through muscarinic
receptors). While, indirectly the dominant effect of acetylcholine will be stimulatory through
inhibition of the GABAergic transmission on LTSIs. This data helps in understanding the

effects of two prominent tones (the GABAergic and the cholinergic) on LTSIs activity.
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3.2 Introduction

LTSIs and cholinergic interneurons have been reported to be spontaneously active in acute
striatal slices .These two types of interneurons also represent the TANs in the striatum
(Beatty et al., 2012; Bennett & Wilson, 1999; Dehorter et al., 2009; Gittis, Nelson, Thwin,
Palop, & Kreitzer, 2010; Osvaldo Ibafiez-Sandoval et al., 2011; John G Partridge et al.,
2009; F. M. Zhou et al., 2002) .

Due to characteristic morphological properties, many studies were focused on cholinergic
interneurons in-vitro. Cholinergic interneurons are considered to be the main source of
acetylcholine in the striatum (Graybiel et al., 1994; S. M. Hersch, C. Gutekunst, H. Rees, C.
J. Heilman, & A. |. Levey, 1994; Weiner, Levey, & Brann, 1990). Cholinergic interneurons
are characterized by large somas and extensive axonal branching (C. Wilson, Chang, &
Kitai, 1990), making them well positioned to exert strong cholinergic influence that locally
control the dynamics of striatal network.

On the other hand, the studies carried out on LTSIs were limited for a long time due to their
small number and absence of distinctive morphological properties. Recently, many strains of
transgenic animals in which LTSIs can be easily identified were developed. This gave the
opportunity to study the role of LTSIs in modification of striatal network.

The cholinergic modulation of the LTSI activity was not studied in details previously.
However, it was reported that acetylcholine can stimulate LTSIs through nicotinic activation
(Luo, Janssen, Partridge, & Vicini, 2013). Furthermore, direct application of nicotinic agonists
has been reported to generate inward currents or depolarize certain classes of striatal
interneurons (De Rover, Lodder, Kits, Schoffelmeer, & Brussaard, 2002; English et al., 2012;
Kods & Tepper, 2002).

Moreover, activation of cholinergic interneurons has been shown to increase synaptic GABA
input to MSNs through modulation of GABAergic interneurons (De Rover et al., 2002;
English et al., 2012; Sullivan, Chen, & Morikawa, 2008; Witten et al., 2010). In this study we

aimed to study the effects of endogenously released acetylcholine on the LTSI activity.

Furthermore, recently it was reported the presence of tonic GABAergic inhibition in MSNs
(Ade, Janssen, Ortinski, & Vicini, 2008; Janssen, Ade, Fu, & Vicini, 2009; Santhakumar,
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Jones, & Mody, 2010). These studies have confirmed that tonic GABAergic conductance,
mediated by high-affinity GABA, receptors, regulates MSN excitability. There is evidence
that suggests that MSN GABAergic tonic conductance may have cholinergic origin (English
et al., 2012; Osvaldo Ibafiez-Sandoval et al., 2011).

Thus we also aimed to investigate the presence of a GABAergic tone affecting the LTSI

activity. Moreover, we investigated if cholinergic interneurons play a role in the regulation of

the GABAergic transmission on LTSIs.
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3.3 Results

3.3.1 Electrophysiological identification of striatal low-threshold
spiking interneurons

A total 77 BAC-NPY mice (both males & females) aged 25 + 5 days were used in these

experiments. Current-clamp recordings were obtained from 91 striatal GFP-LTSIs neurons;

90 of these recordings were whole-cell and 1 recording was a cell-attached recording.

Examining the slices under the epifluroscence microscopy revealed the presence of GPF-

positive cells in the cortex and to a lesser extent in the striatum. GFP positive cells are either
LTSIs or NGF. LTSIs differed from NGF cells by having less bright fluorescent (O. Ibafiez-
Sandoval et al., 2011) (Figure 3.1.A). They are also characterized by their medium size and

few dendritic branches.

During whole cell recordings, LTSIs were identified by their distinctive electrophysiological

properties which included (Figure 3.1):
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Spontaneous firing activity of LTSIs without any stimulation in 82/82 of LTSIs.

Average spontaneous firing frequency was 5.1 + 1.1 Hz.

Different patterns of spontaneous firings (regular, irregular and burst firing) with

ability to shift spontaneously between them (Beatty et al., 2012) (Figure 3.1B).

Relatively depolarized membrane potential (Kawaguchi, 1993). Average membrane
potential in absence of any injected current was -55 + 3.2 mV. However, some
LTSIs exhibited fluctuations in membrane potential as previously reported (O.

Ibafiez-Sandoval et al., 2011).

Presence of low-threshold spikes which can be seen either in response to
depolarizing current injections or as a rebound after injection of a pulse of

hyperpolarizing current (J. G. Partridge et al., 2009) (Figure 3.1C).

High input resistance (> 500MQ).



In cell-attached recordings, we were able to detect spikes as biphasic deflections of
potential. This spikes showed variable patterns of spontaneous firing as in whole-cell
recordings (Figure 3.1D).
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Figure 3.1: Typical microscopic and electrophysiological properties of normal
LTSI

A. An image of a sagittal brain slice from NPY-GFP expressing BAC transgenic mice. In the
striatum, GFP-positive neurons are either LTSIs or NGFls. . Calibration bars: 200 um (left panel),
50 um (right panel) and 20 um 567 (inset). B. Normal spontaneous firing of LTSI in a whole-cell

recording (example for regular pattern). C. Low-threshold ca” spikes in response to negative

current injections. D. Biphasic spikes in LTSI during a cell-attached recording (regular and burst

3.3.2 Effects of blocking nicotinic and/or muscarinic receptors on
LTSI activity:

First of all we were interested in investigating the effects of endogenously released
acetylcholine in the striatum on the LTSI activity. Thus, selective nicotinic and/ or muscarinic
receptor antagonists were applied to achieve this goal.

Atropine sulfate (20 uM) was used as a blocker for the muscarinic cholinergic receptors in
the same concentration used in previous studies on striatal neurons (Pakhotin & Bracci,
2007). On the other hand, mecamylamine hydrochloride (10 uM) and nicotine (1 uM) were
used to selectively block the nicotinic cholinergic receptors. Mecamylamine was used in the
same concentration reported in other studies on striatal neurons (Salamone et al., 2014).
Moreover, it has been shown that nicotine at low concentrations (1 pM) causes
desensitization of the nicotinic receptors (Britt & McGehee, 2008). This desensitization of
nicotinic receptors is similar to what occurs inside the body during nicotine addiction.
However, nicotine preferentially desensitize non-a7 nicotinic receptors specially a4p2
receptors (Giniatullin, Nistri, & Yakel, 2005).

In the first group of experiments, mecamylamine (10 uM) was applied to investigate the
effects of blocking the nicotinic receptors on LTSIs. In 7/7 experiments, mecamylamine
caused significant (p<0.05) hyperpolarization of the LTSIs associated with significant
(p<0.05) decrease in their spontaneous firing (Figure 3.2A). The inter spike interval (ISI) for
individual neurons was significantly (p<0.05) increased (Figure 3.2D). The inhibitory effects

of mecamylamine were reversed upon wash out of the drug (n = 7). In one cell-attached
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recording, application of nicotine (1 pM) caused an obvious decrease in the firing activity of
the LTSI (Figure 3.2C).

Using a similar protocol, atropine (20 uM) was applied to block the muscarinic receptors. In
6/9 experiments atropine led to a depolarization accompanied by a significant (p<0.05)
increase in spontaneously firing frequency of LTSIs (Figure 3.2B). The ISI for individual
neurons was significantly (p<0.05) decreased in these experiments (Figure 3.2D). The
effects of atropine were reversed by washing out (n = 6). Application of 20 puM atropine in
one cell attached recording caused a marked increase in the firing activity of the LTSI that
was reversed upon washout (Figure 3.2C).

From these data, it was concluded that the nicotinic effect of ACh on LTSIs is stimulatory.
On the other hand, the muscarinic effect of ACh on LTSIs is inhibitory.
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Figure 3.2: Effects of the nicotinic and muscarinic receptor blockers on LTSI activity.

A. Application of mecamylamine (20 uM) caused reversible significant (p<0.05) hyperpolarization of LTSI with
significant decrease in the spontaneous firing. B. Applications of atropine (10 pM) caused significant (p<0.05)
reversible depolarization of LTSI. The effect was reversed by washout. C. A cell- attached recording of LTSI
showed a decrease of the spontaneous firing of LTSI with nicotine (1 uM) and an increase of the spontaneous
firing with atropine (10 uM). These effects were reversed by washout. D. ISI increased significantly (p<0.05)
with nicotinic blockers (n = 7) and decreased significantly (p<0.05) with muscarinic blockers (n = 6). E.

Average change of membrane potentials with nicotinic receptor blockers and muscarinic receptor blocker.
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Under physiological conditions acetylcholine act on both nicotinic and muscarinic receptors
simultaneously. Thus the effects of blocking both the nicotinic and muscarinic receptors were
tested. In 5/5 experiments mecamylamine and atropine caused hyperpolarization and
significant (p<0.05) decrease in the firing frequency of the LTSIs (Figure 3.3A). Moreover,
application of nicotine (1 uM) and atropine (20 uM) caused significant (p<0.05) decrease of
the spontaneous firing of the LTSIs with hyperpolarization of their membrane potential in
7/11 LTSIs (Figure 3.3B).

It was concluded that blocking of both types of cholinergic receptors have a significant

(p<0.05) inhibitory effects on LTSI activity in control solution. This suggests that, in control

solution, the stimulatory effect of acetylcholine is more dominant than its inhibitory effect.
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Figure 3.3: Simultaneous blocking of cholinergic nicotinic and muscarinic

receptors inhibited LTSI activity.

A. Application mecamylamine and atropine inhibited a LTSI. B. Nicotine and atropine caused a
hyperpolarization and significant (p<0.05) decrease in LTSI spontaneous firing. C. Average change in
the frequency of firing of LTSIs in control solution and after application of cholinergic receptor blockers
in individual neurons. D. ISl significantly (p<0.05) increased with cholinergic receptor blockers

compared to normal.
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3.3.3 Effects of blocking GABA, receptors on LTSI activity:

It was reported that there is a tonic GABA release that modulate the MSN activity in the
striatum. This tone is mediated through GABA, receptors (Ade et al., 2008). As GABA is
abundantly present in the striatum, it is expected that GABA tone can modulate the activity

of other striatal neurons as well. Thus the effects of GABA on the LTSI activity were tested.

Therefore, GABA, receptor blockers (picrotoxin and bicuculline) were used to block of the
effects of tonic GABA release on LTSIs. Both drugs were used in the same concentrated

reported previously in other studies on striatal neurons (Jiang & North, 1991).

In control solution, application of picrotoxin (100 pM) resulted in significant (p<0.05)
reversible depolarization of the LTSIs with significant (p<0.05) increase in the spontaneous
activity in 5/5 experiments (Figure 3.4A). The effects of picrotoxin were reversed during the
washout (n = 5). Similar results were obtained when bicuculline (25 puM) was applied in 4/4

experiments.

TTX (1 uM) was used in another group of experiments to block the action potential
dependent release of neurotransmitters (Ade et al., 2008). It was observed that picrotoxin
led to significant (p<0.05) reversible depolarization of the LTSIs in 14/15 experiments (Figure
3.4B).

These experiments show that LTSIs are under tonic control of GABA. This tonic effect is

mediated through GABA, receptors. GABA is present in the extracellular environment even

when spikes are blocked, presumably as a result of spike-independent vesicular release.
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Figure 3.4: Blocking GABAA receptors stimulates LTSIs.

A. Application of picrotoxin (100 pM) in control solution caused significant (p<0.05)
reversible depolarization of LTSI with significant (p<0.05) increase in the LTSI spontaneous

activity. B. In presence of TTX, picrotoxin caused significant (p<0.05) depolarization of
another LTSI.
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3.3.4 Direct effects of acetylcholine on LTSI activity:

The cholinergic modulation of LTSIs could be both direct and indirect. The direct effects
include the action of acetylcholine on the muscarinic and nicotinic receptors on LTSIs cell
membrane. On the other hand, the indirect effects may be mediated through other key
modulators of the LTSI activity. In the first part of this study, the direct and indirect effects of

acetylcholine on LTSIs were studied together in hormal solution.

Accordingly, the next step was to investigate the direct effects of acetylcholine on LTSIs.
This was possible by using TTX (1 uM) and GABA, receptor blockers to isolate the LTSIs

from any synaptic effects.

It was found that application of mecamylamine (10 pM) caused significant (p<0.05)
reversible hyperpolarization in 3/4 experiments (Figure 3.5A). Application of atropine (10 pM)
caused significant (p<0.05) reversible depolarization in 4/4 experiments (Figure 3.5B). When
both nicotinic and muscarinic receptor blockers were applied simultaneously significant
(p<0.05) depolarization in 3/4 LTSIs was observed (Figure 3.5C).

These experiments suggest that there is an endogenous cholinergic tone that modulates the
LTSI activity all the time. In the presence of TTX, it is expected decreased levels of ACh that
can also affect the balance between the muscarinic and nicotinic receptors. Thus, in the
presence of TTX and GABA, receptor blockers, the direct muscarinic effects become the

more dominant than the nicotinic effects of acetylcholine.
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Figure 3.5: Effects of blocking nicotinic and/or muscarinic receptors on LTSI

activity in presence of TTX and GABAA, receptor blockers.

A. Application of mecamylamine (20 pM) in presence of TTX and picrotoxin caused significant
(p<0.05) reversible hyperpolarization of a LTSI. B. Application of atropine (10 uM) in presence of
TTX and picrotoxin caused significant (p<0.05) reversible depolarization of another LTSI. C.
Application of mecamylamine and atropine together caused significant (p<0.05) depolarization of
a LTSI. D. The average change in the membrane potential of LTSIs in the presence of

mecamylamine (n= 3), atropine (n=4) and both mecamylamine and atropine (n=3).
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3.3.5 Effects of cholinergic receptor blockers on GABAergic

transmission on LTSIs :

From previous data, it was concluded that LTSI activity is affected by a tonic release of
acetylcholine and GABA. The next step in our project was to study the effects of
acetylcholine on the GABAergic neurotransmission on LTSI activity. This was done by
testing the effects of cholinergic receptor blockers on spontaneous and evoked GABAergic
IPSPs.

These experiments were carried out in the presence of glutamate receptor blockers D-AP5
(10 uM; competitive NMDA receptor antagonist) and NBQX (10 uM; selective AMPA
receptor antagonist) to block the excitatory effects of glutamate on the LTSIs (John G
Partridge et al., 2009).

In the first group of experiments, the effects of atropine (20 uM) on the spontaneous and
evoked GABAergic IPSPs were investigated. It was found that atropine significantly (p<0.05)
increased the spontaneous GABAergic events in 4/4 experiments (Figure 3. 6A). There was
a significant (p<0.05) increase in the frequency of events; however, the amplitude of
spontaneous events was not significantly changed (Figure 3.6B). Then the effects of
atropine on the evoked GABAergic IPSPs were tested. Atropine significantly (p<0.05)
increased the evoked GABAergic IPSPs in 3/5 experiments (Figure 3.6C). Using Mann—
Whitney U test, the paired pulse ratio before and after atropine was compared and a
significant (p<0.05) decrease in the paired pulse ratio was reported (n=3) (Figure 3.6C).

Using a similar protocol, the effects of mecamylamine (20 uM) were tested. Mecamylamine
caused significant (p<0.05) decrease in the spontaneous activity in 3/3 experiments (Figure
3.6.E). The frequency of the spontaneous events was significantly (p<0.05) decreased. On
the other hand, the amplitude of the spontaneous events was not significantly changed with
mecamylamine (Figure 3.6D). Moreover, mecamylamine significantly (p<0.05) decreased
the evoked GABAergic IPSPs in 4/4 experiments (Figure 3.6F). However, there was no

significant change in the paired pulse ratio with mecamylamine (Figure 3.6F).
These results suggest that ACh tends to facilitate the GABAergic transmission on LTSIs

through the cholinergic nicotinic receptors. On the other hand, ACh tends to decrease the

GABAergic transmission on LTSIs through the cholinergic muscarinic receptors.
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Figure 3.6: Effects of the cholinergic receptor blockers on GABAergic activity
of LTSIs.

A. Atropine significantly (p<0.05) increased the spontaneous GABAergic events on LTSI. B. atropine
increased the frequency of spontaneous GABAergic events; however, there was no significant
change in the average amplitude of the events. C. Atropine significantly (p<0.05) increased the
evoked GABAergic IPSPs. C. A diagram showing the average of normalized 1% peak amplitude
before and after atropine. Also, the paired pulse ratio (PPR) was significantly (p<0.05) decreased
with atropine. D. Mecamylamine significantly (p<0.05) decreased the spontaneous GABAergic
events on LTSI. E. Mecamylamine significantly (p<0.05) decreased the frequency of spontaneous
GABAergic events (p<0.05); however, there was no significant change in the average amplitude of
the events. F. Mecamylamine significantly (p<0.05) decreased the evoked GABAergic IPSPs. The
average of normalized 1* peak before and after mecamylamine. Moreover, paired pulse ratio (PPR)
was not significantly changed with mecamylamine.

In another group of experiments, the effects of simultaneous application of muscarinic and
nicotinic receptor blockers on the GABAergic activity were examined. It was noted that
application of atropine (20 uM) and mecamylamine (10 uM) caused significant (p<0.05)
increase in the spontaneous GABAergic activity in 3/4 cells (Figure 3.7A). Cholinergic
receptor blockers significantly (p<0.05) increased the frequency of spontaneous GABAergic
activity but they did not significantly affect the amplitude of the events (Figure 3.7B). The
cholinergic receptor blockers also significantly (p<0.05) increased the evoked GABAergic
IPSPs in 3/4 cells (Figure 3.7.C). Using Mann—Whitney U test, the PPR was significantly
(p<0.05) increased with cholinergic receptor blockers (n=3) (Figure 3.7C).

These results show that the facilitatory effects of atropine on GABAergic transmission on
LTSIs are larger than the inhibitory effects of mecamylamine. Thus, the net effects of

cholinergic modulation of GABAergic transmission on LTSIs are inhibitory.
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Figure 3.7: Blocking of cholinergic receptor increases spontaneous and
evoked GABAergic events on LTSIs.

A. Atropine and mecamylamine together led to significant (p<0.05) increased the spontaneous
GABAergic events in a LTSI. B. Cholinergic blockers significantly (p<0.05) increased the
frequency of spontaneous events, however, cholinergic blockers did not affect the amplitude of
the spontaneous GABAergic events. C. Atropine and mecamylamine significantly (p<0.05)
increased the evoked GABAergic IPSPs in another LTSI. E. Two diagrams; the first shows the
average of normalized 1* peak before and after cholinergic blockers. The second one shows
that PPR significantly increased with cholinergic blockers.
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3.4 Discussion

The data of this study provide insight into the cholinergic control of LTSIs. This study
demonstrates that LTSIs exhibit muscarinic and nicotinic responses. These responses are
due to a complex interplay of direct effects of acetylcholine (acting on both muscarinic and
nicotinic receptors) on LTSIs and indirect effects of the same receptors on GABA release.

Although cholinergic interneurons represent the main source of acetylcholine in the striatum,
acetylcholine also comes from the projection axons from the forebrain (Toshihiko Aosaki et
al., 2010). Using the ACh antagonists should block the effect of ACh in the striatum

regardless the source.

It was found that blocking of cholinergic nicotinic receptors had inhibitory effects on LTSIs in
control solution and in the presence of both TTX and GABA4 receptor blockers. On the other
hand, blocking of the cholinergic muscarinic receptors had stimulatory effects on LTSIs in

control solution and in presence of TTX and GABA, receptor blockers.

When the cholinergic nicotinic and muscarinic receptors were blocked simultaneously, we
observed that LTSIs were inhibited. However, in the presence of TTX and GABA, receptor

blockers, LTSIs were activated after blocking of the cholinergic receptors.

To investigate the underlying mechanisms for this dual effect of acetylcholine, we
investigated the role of another neurotransmitter in the striatum; GABA. We reported the
presence of a tonic effect of GABA on LTSIs. Application of GABA, receptor blockers in

control solution and in TTX led to significant (p<0.05) depolarization of the LTSIs.

Furthmore, we investigated the cholinergic modulation of the GABAergic transmission on
LTSIs. It was reported previously that activation of cholinergic interneurons indirectly
increases release of GABA release from GABAergic interneurons (De Rover et al., 2002;
English et al., 2012; Sullivan et al., 2008; Witten et al., 2010). Luo and his colleagues (2013)
showed that this increase is mediated through the nicotinic receptors. Moreover, they
suggested that NPY-NFG and TH® interneurons are the main source of tonic GABA
affecting the MSNs (Luo et al., 2013).

Through a series of experiments, we found that application of cholinergic nicotinic receptor
blockers decreased the GABAergic spontaneous IPSPs frequency but not the amplitude.
Moreover nicotinic blockers decreased the evoked IPSPs. This agrees with previous data by

Luo and colleagues that reported an excitatory effects of nicotinic agonists on LTSIs

Page | 79



mediated by GABA, receptors (Luo et al., 2013). On the other hand, application of the
cholinergic muscarinic receptor blockers increased the frequency of the sIPSPs but not their
amplitude. Also, muscarinic receptor blockers increased the evoked GABAergic IPSPs.

Application of muscarinic and nicotinic receptor blockers simultaneously increased the
frequency of sIPSPs but not the amplitude of these events. Cholinergic receptor blockers
also increased the evoked GABAergic IPSPs.

From these results, we can conclude that the main effects of acetylcholine on GABAergic
neurotransmission on LTSIs is the inhibitory effects mediated through the muscarinic

receptors.

Our data suggests that LTSIs are under the control of tonic release of GABA and
acetylcholine. These tones inhibit LTSIs and persist even in the absence of action-potential

release of these transmitters.

When the full network is functioning, the effects of ACh on LTSIs become more complex.
ACh can potentially modify many players in the network through the nicotinic and muscarinic

receptors. These players can modify the LTSIs activity directly and indirectly.

Thus under control conditions, acetylcholine exerts a direct inhibitory effect on LTSIs and
indirect stimulatory effect on the same neurons through modulation of striatal network
specially the GABAergic transmission. The net balance between the direct and indirect
effects of ACh on LTSIs tends to be stimulatory. This stimulatory effect mediated mainly

through inhibition of GABAergic transmission on LTSIs that will lead to disinhibition of LTSIs.

The following diagram demonstrates the direct and indirect effects of acetylcholine on LTSIs.
Furthermore, the implications of the data presented in this chapter on the overall basal
ganglia function and pathology will be fully explored in the final discussion chapter of this

thesis.
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Figure 3.8: Direct and indirect effects of acetylcholine on LTSI activity.

A. Direct effects of acetylcholine on LTSIs mediated through nicotinic and muscarinic
cholinergic receptors.

B. Indirect effects of acetylcholine on LTSIs are mainly mediated through modulation of the
GABAergic transmission through nicotinic and muscarinic cholinergic receptors.

C. The net effect of acetylcholine on LTSI activity occurs due to the balance between both
direct and indirect effects of ACh.
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Chapter Four: LTSI modulation of

cholinergic interneurons activity.

Page | 82



4.1 Abstract

LTSIs are known to express the largest variety of neurotransmitters in the striatum. These
transmitters include: GABA, NO, NPY and somatostatin. Each of these transmitters is
reported to play an important role in modification of striatal function. On the other hand, we
reported a strong cholinergic control of LTSI activity in-vitro. This study aims at studying how
LTSIs can modulate the function of the cholinergic interneurons.

Using transgenic ChR2-EYFP-SOM-IRES-Cre mice, we were able to use blue light to
selectively stimulate the LTSIs expressing somatostatin in the striatum. Whole-cell
recordings of the cholinergic interneurons were carried out during the optogenetic stimulation
of the LTSIs. It was observed that activation of LTSIs led to reversible depolarization of the
cholinergic interneurons. This depolarization was not blocked by ODQ (10 uM; selective
inhibitor of NO-sensitive guanylyl cyclase), cyclosomatostatin (1 pM; Non-selective
somatostatin (sst) receptor antagonist), PD 160170 (20 uM; selective neuropeptide Y1, Y2
and Y5 receptors (Ki > 10 uM). However, the depolarization was completely blocked by L-
NAME (100 pM; NO synthase inhibitor).

These results indicate that the LTSIs exert a main stimulatory effect on the cholinergic
interneurons. This stimulatory effect is mediated by nitric oxide. The mechanism underlying

the NO effect on cholinergic interneurons is through s-GMP independent mechanism.

The results of this study provide an insight into the interaction between LTSIs and

cholinergic interneurons in the striatum.
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4.2 Introduction

Optogenetics is the combination of genetics and optics that enable the control of specific
events within a defined population of cells in the living tissue. Optogenetics represent a
promising revolution that will enable us to study how neurons operate individually and as
members of networks (Deisseroth, 2011).

Introducing light-responsive proteins into brain cells of living animals allowed neuroscientists
to control neurons activity by turning them on or off with unprecedented precision. This
approach also provided the opportunity to investigate the structure and function of neural
networks. Optogenetics began with the discovery of the light activated cation channel
channel-rhodopsin2 and the light activated chloride pump Halorhodopsin (NphR) (Zhang et
al., 2007).

When ChR2 is activated with blue light (Amax 470nm), it acts as an inwardly rectifying cation
channel causing depolarization of the cells. On the other hand, activation of NphR by yellow
light (Amax 580nm) acts as hyperpolarizing Cl-pump that lead to hyperpolarization of the
cells (Figure 4.1). These two light-responsive proteins form an ideal pair for the activation
and inactivation of different neurons. Using different promoters and molecular biology
methods , ChR2 and NphR can be selectively expressed in certain neurons in the brain
(Fenno, Yizhar, & Deisseroth, 2011).

Blue light Yellow light

ChR2

NpHR
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Figure 4.1 : Schematic diagram of the action of ChR2 and NphR on a neuron.

Blue light opens the ChR2, increasing intracellular cations ( mostly Na* and low levels of Ca*?)
turning the neuron ‘on’. On the other hand, yellow light introduces chloride ions into the cells
leading to turning the neuron ‘off’. Adapted from (Zhang, Aravanis, Adamantidis, de Lecea, &
Deisseroth, 2007).

In this study we used transgenic ChR2-EYFP-SOM-IRES-Cre mice. In these mice, ChR2
was expressed in SOM expressing neurons in the striatum. As LTSIs are the only know
source of somatostatin in the striatum (Mufioz-Manchado et al., 2014) , application of blue

light allowed selective stimulation the LTSIs.

In the previous part of the research project we studied the cholinergic modulation of LTSIs.
To complete the picture about the mutual interaction between the two TANs in the striatum
(LTSIs and cholinergic interneurons), we decided to study the effects of optical activation of

LTSIs on cholinergic interneurons.

LTSIs are known to express a wide variety of neurotransmitters that include: GABA, NO,
NPY and somatostatin. However, little is known about the effects of these transmitters on the

cholinergic interneurons.

A previous study suggests that LTSIs may be responsible for the recurrent inhibition in the
cholinergic interneurons (Sullivan et al., 2008). In vivo microdialysis study reported that NO
is involved in the control of release of ACh in the striatum (Guevara-Guzman et al., 1994) but
the data related to this issue seems to be conflicting. Although, some studies reported that
NO donors increased the striatal ACh release (Guevara-Guzman et al., 1994; H Prast et al.,
1995; Helmut Prast & Philippu, 2001; H Prast et al., 1998), which was mediated partially by
enhancing glutamate release. Many NO donors could not trigger the release of ACh in the
striatum in the presence of glutamate receptors antagonists (H Prast et al., 1998; Sandor,
Brassai, Pliskas, & Lendvai, 1995). Moreover, other studies reported that that endogenous
NO decreased NMDA-induced ACh release (Ikemoto, 2007). However, it was reported that
NO donors are capable of depolarizing the cholinergic interneurons through a c-GMP

mechanism (Centonze et al., 2001).
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This study aims at using the optogenetic stimulation of LTSIs. Understanding the mutual
interaction between cholinergic interneurons and LTS interneurons will help in understanding
more about the dynamics of the striatal network and how these spontaneously active

neurons tunes the striatal output and basal ganglia functioning.
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4.3 Results

4.3.1 Confirmation of ChR2 expression and experimental

configuration :

The main aim of this study was to investigate LTSI modulation of cholinergic interneurons.
Previously the effects of NO on cholinergic interneurons have been studied. However, this
was done using NO donors (Centonze et al., 2001).

In our study, instead of NO donors, we tried to elicit NO release by stimulating LTSIs with
light. Optical stimulation represents another alternative to the pharmacological

activation/inhibition.

Examining the slices under the epifluorescence microscope revealed the presence of EYFP-
positive cells in the cortex and to a lesser extent in the striatum. EYFP positive cells in the
striatum are expected to be only LTSIs (Galarraga et al., 2007). The EYFP was more

localized in the cell membrane of the cells than the cell cytoplasm (Figure 4.2A)

To confirm the selective expression of ChR2 on SOM positive neurons we recorded from

EYFP positive cells and EYFP negative cells.

Different neuronal types were identified by their distinctive electrophysiological properties.
We observed the following:

1. All EYFP- positive cells had the typical electrophysiological properties of LTSIs.

2. Some of the EYFP- negative cells showed the electrophysiological properties of LTSIs.
This agrees with the fact that ChR2 was expressed by SOM positive cells and it is known
that 85% of the LTSIs express somatostatin. However, LTSIs are the only striatal neurons

that express somatostatin (Mufioz-Manchado et al., 2014).

3. Light stimulation of EYFP-positive cells exhibited light-evoked depolarization associated
with generation of action potential when depolarization reached the threshold (Figure 4.2B).
A train of blue light pulses of different durations was applied to produce action potentials.

With light- activation more than 10 s, the cells usually enter in a depolarization block.

4. The EYFP- negative cells did not respond to light included MSNs, FSls, cholinergic

interneurons and NGF interneurons (Figure 4.2C).
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Figure 4.2: striatal neurons response to optogenetic stimulation.

A. Sagittal slices from ChR2-EYFP-SOM-IRES-Cre mouse shows that the fluorescence was

localized in the SOM cells in the cortex and striatum. Calibration bars: 660 150 um (left panel),

60 um (right panel) and 25 um (inset) B. The response of EYFP- positive LTSIs to optical

stimulation. C. Response of EYFP- negative striatal neurons to optical stimulation.
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4.3.2 Electrophysiological properties of cholinergic

interneurons.

A 10 s blue- light stimulation of LTSIs was used to elicit the release of different transmitters
from LTSIs. On the other hand, the effects of blue-light stimulation on cholinergic
interneurons were examined. The light stimulation was repeated every 3 minutes to avoid

desensitization of the NO receptors (Bellamy, 2000).
A total 11 ChR2-EYFP-SOM-IRES-Cre mice (both males and females) aged 28 + 6 days

were used in these experiments. Current-clamp recordings were obtained from 14 striatal

cholinergic interneurons. We had 11 whole-cells, 3 cell-attached recordings.

During whole cell recordings, cholinergic interneurons were identified by their very large size
relative to the other striatal neurons. This identification of cholinergic interneurons was
confirmed after patching by their distinctive electrophysiological properties that include
(Bennett et al., 2000) (Figure 4.3):

i. Spontaneous firing activity without any stimulation.

i Average membrane potential in absence of any injected current was -62 £ 2.7
mV.

iii. Presence of after hyperpolarization (AHP) following a burst of spikes.

iv. Input resistance ranged around 143 + 41MQ.
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Figure 4.3: Electrophysiological properties of cholinergic interneurons.

A. Cholinergic interneurons electrophysiological properties include spontaneous firing. B.
Electrophysiological properties of cholinergic interneurons; hyperpolarized membrane

potential, after hyperpolarization and the depolarization sag.

Page | 90



4.3.3 Effects of optogenetic stimulation of LTSIs on

cholinergic interneurons:

Application of blue light for 10 seconds with 3 minutes intervals caused robust
depolarisations of the cholinergic interneurons with a marked increase in their firing
frequency. The response of the cholinergic interneurons to photo-stimulation of LTSIs
developed in average 27.3 £ 15.2 ms after the blue light was turned on. Moreover, the light-

induced activation decayed 250 — 2500 ms after termination of photo-stimulation.

LTSIs are known to express several neurotransmitters that could potentially be responsible
for the depolarization of cholinergic interneurons, including somatostatin, NPY and NO
(Beatty et al., 2012).

In order to test the involvement of NO, we first tested the involvement of NO through sGC
pathway. We used ODQ that was reported to block the depolarization of cholinergic
interneurons induced by NO donors (Centonze et al., 2001). However, in our experiments,
ODAQ failed to affect light-induced depolarization in 3/3 cholinergic interneurons.

Adding cyclosomatostatin (1 pM; Non-selective somatostatin receptor antagonist), PD
160170 (20 uM; neuropeptide Y1, Y2 and Y5 receptors blocker) and ODQ (10 uM; selective
GC inhibitor) together, did not block the light-induced depolarization of the cholinergic

interneurons in 4/4 experiments (Figure 4.4).

These results show that LTSIs exert a stimulatory effect on cholinergic interneurons. This
stimulatory effect is not mediated through somatostatin or NPY. Moreover, the stimulatory
effect of LTSIs on cholinergic interneurons not mediated through NO acting through sGC

dependent mechanism.
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Figure 4.4: Optogenetic stimulation of LTSIs stimulated the cholinergic interneurons.

A. Whole cell recording from a cholinergic interneurons shows that light stimulation of slices from
ChR2-EYFP-SOM-IRES-Cre mouse caused marked reversible depolarization with marked increase
in the firing rate of the cholinergic interneurons. The light-induced depolarization was not blocked by
ODQ, cyclosomatostatin or PD160170. B. diagrams that represent the average number of spikes in
3 cycles before, during and after light stimulation in control solution (left) and in presence of ODQ,
cyclosomatostatin and PD 160170. C. A cell attached recording from a striatal cholinergic
interneuron shows the effect of blue light stimulation in control solution (left) and in presence of
ODQ, cyclosomatostatin and PD 160170. D. diagrams that represent the average number of spikes
in 3 cycles of photo-stimulation before, during and after light stimulation in control solution (left) and
in presence of ODQ, cyclosomatostatin and PD 160170.

In another group of experiments, the NO synthase inhibitor L-NAME hydrochloride (100 pM)
was applied in the same concentration used in other studies in the striatum (Hartung,
Threlfell, & Cragg, 2011). L-NAME completely blocked the light-induced depolarization of the

cholinergic interneurons in 4/4 experiments (Figure 4.5 A and C).

These results suggest that NO mediate the stimulatory effects of LTSIs on cholinergic

interneurons through a sGC independent mechanism.
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Figure 4.5: L-Name blocks the light-induced depolarization of cholinergic

interneurons

A. A whole cell recording from a cholinergic interneuron shows that L-NAME completely
blocked the stimulatory effect of LTSIs stimulation. B. A diagram shows the average number of
spikes before, during and after blue light stimulation under control conditions (left) or in
presence of L-NAME (3 cycles in each condition). C. Another example of whole cell recording
of cholinergic interneurons in control solution (left) and with L-NAME (3 cycles in each case).
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4.4 Discussion

The data of this study provide insight into the LTSI modulation of the cholinergic
interneurons. Our data indicate that LTSI activation has strong excitatory effects on
cholinergic interneurons. This light-induced excitation is mediated by NO released from the
activated LTSIs. Moreover, our results show that the effects of nitric oxide do not depend on

activation of GC pathways.

Using optogenetics, blue light was used to specifically activate the LTSIs expressing
somatostatin. This activation of LTSIs is expected to be associated with the release of many

neurotransmitters expressed by these interneurons.

In our study light-induced depolarization were not blocked by ODQ (selective inhibitor of NO-
sensitive guanylyl cyclase), cyclosomatostatin (Non-selective somatostatin receptor
antagonist) or PD 160170 (selective neuropeptide Y1, Y2 and Y5 receptors blocker).
However, the depolarization was completely blocked by L-NAME hydrochloride. These
results demonstrate that endogenous NO released from LTSIs acts to stimulate the
cholinergic interneurons through CG-independent mechanisms. This is consistent with
results reported from Hartung and colleagues who reported an increase in the dopamine
release in the nucleus accumbens with NO donors. The stimulatory effects of NO donors
were not blocked by ODQ. NO effects were mediated through CG-independent mechanisms
(Hartung et al., 2011).

On the other hand, Centonze and colleagues reported an activation of the cholinergic
interneurons by NO donors (Centonze et al.,, 2001). They provide evidence that the
stimulatory effects of NO donors on cholinergic interneurons are mediated through a CG-
dependent mechanisms that was completely blocked by ODQ (Centonze et al., 2001).
However, this study used a pharmacological approach through application of NO donors in

to the brain slices.

Blue-light activation of LTSIs is expected to cause release of many transmitters released by
these neurons. These transmitters act through different families of receptors to modify the
cholinergic interneurons activity directly and indirectly. However, in our study the main
reported effect of the light activation of LTSIs seems to be through NO release. These

results cannot exclude the role of other transmitters released by LTSIs. More experiments
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need to be done to reach a final conclusion about the role of other neurotransmitters

released by LTSIs.

This information deepens our understanding about the mutual control of LTSIs and
cholinergic interneurons. Moreover, the implications of these results on the overall basal
ganglia function and pathology will be fully explored in the final discussion chapter of this
thesis.
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Chapter Five: opioidergic control of
cholinergic and low threshold spiking
Interneurons in the striatum
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5.1 Abstract

Opioid receptors and their ligands encephalin and dynorphin play an important role in the
striatum. Opioids are involved in the processing of reward and drug addiction. Opioids are
also expected to play an important role in modifying the final striatal output. This study aimed
at studying the opioidergic control of cholinergic interneurons and LTSIs. Both interneurons
represent the TANs in the striatum. TANs are proved to play an essential role in reward

processing.

Using transgenic mice in which NPY-expressing neurons are marked with green fluorescent
protein (GFP), we investigated the effects of DPDPE (a & receptor agonist) and (-)-U-50488
hydrochloride (a k receptor agonist) on cholinergic interneurons. We also studied the effects
of DAMGO (a u receptor agonist), DPDPE (a & receptor agonist) and (-)-U-50488

hydrochloride (a k receptor agonist) on LTSIs activity.

DPDPE (1 pM) and (-)-U-50488 hydrochloride (10 pM) caused significant (p<0.05)

decreased in the spontaneous firing of cholinergic interneurons.

On the other hand, DAMGO (1 uM) produced hyperpolarizing effects in 73% of LTSIs and
depolarizing effects in 6% of LTSIs tested when applied in control solution. We investigated
the cause of this DAMGO-induce depolarization in a subpopulation of LTSIs. The dual
effects of DAMGO persisted in the presence of tetrodotoxin (TTX), a sodium channel blocker.
However, when GABA,, nicotinic & muscarinic receptors were additionally blocked, DAMGO
effects on LTSIs were always hyperpolarizing. It was also found that DAMGO decreased the
GABAergic transmission on LTSIs. These finding suggest that p-receptor agonists affect
LTSIs both directly (exerting inhibitory effects) and indirectly through inhibition of GABA and

acetylcholine release.

Moreover, DPDPE (1 uM) significantly (p<0.05) hyperpolarized 100% of tested LTSIs tested
in control solution and in TTX. Also, DPDPE (1 pM) decreased the GABAergic transmission
on LTSIs. Furthermore, (-)-U-50488 hydrochloride (20 pM) inhibited 100% of tested LTSIs in
control and TTX solution. However, (-)-U-50488 hydrochloride did not cause any significant

change in the GABAergic transmission on LTSIs.
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These results provide insight into the effects of different opioid peptides on striatal
microcircuits through modifying the LTSIs, cholinergic interneurons and GABAergic

transmission.
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5.2 Introduction

The striatum consists of two distinct neurochemical compartments : patch and matrix
(Lovinger, 2010). Striatal patches are characterized by rich p-opioid receptor binding,
substance P staining, and poor staining for cholinergic markers. On the other hand, The
matrix is characterized by dense acetylcholinesterase and choline acetyltransferase
staining(A. Graybiel, Baughman, & Eckenstein, 1986), and immunoreactivity for calbindin
and somatostatin ( Gerfen, 1992). Striatal interneurons represent about 5% of total striatal
neurons. However, these interneurons play an important role in modifying the final striatal
output. Out of these interneurons cholinergic interneurons and LTSIs are in the focus of this

study.

On the other hand, opioids are present in the striatum. It was found that dynorphin is
expressed by the striatonigral MSNs, while encephalin was expressed by the striatopallidal
MSNs (Gerfen, 1992; Gertler et al., 2008). The locally released opioids have been in the
focus of many studies (C. P. Blomeley & Bracci, 2011; Z. Jiang & R. North, 1992; Ma et al.,
2012).

Jiang & North (1992) reported that p and d opioid receptors agonists presynaptically inhibit
glutamatergic afferents to MSNs. Moreover, they reported that the presence of a
subpopulation of striatal neurons, most probably interneurons, that are inhibited by a &
receptor agonist, whereas | receptor agonists were ineffective (Jiang & North 1992).
Furthermore, it was reported that postsynaptic opioid receptor activation, most probably u
receptors, inhibited MSNs through inhibition of the high-voltage activated calcium currents
(Stefani, Surmeier, & Bernardi, 1994).

Moreover, studies suggested that activation of p receptor leads to inhibition of glutamatergic
innervations in patch and matrix compartments, while p receptor inhibition of GABAergic
terminals was observed in the patches only (Miura et al., 2007). Moreover, paired recordings
from striatal MSNs showed that endogenously released opioids decrease the inputs from

cortex , through presynaptic activation of p receptors (C. P. Blomeley & Bracci, 2011).

Moreover, a role of endogenously released enkephalin in regulation of cholinergic
transmission, through L receptor activation was reported (Lendvai, Sandor, & Sandor, 1992).
Furthermore, anatomical studies showed that axonal terminals expressing enkephalin form
symmetrical synapses on the soma and dendrites of cholinergic interneurons (Martone,

Armstrong, Young, & Groves, 1992). Moreover, it was demonstrated that opioids decrease
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the release of ACh in the striatum (Arenas, Alberch, Arroyos, & Marsal, 1990; Maritza
Jabourian et al.,, 2005). Recently, it was shown that p receptor agonists inhibited the
cholinergic interneurons (Ponterio et al., 2013).

More information about the modulation of striatal microcircuit by opioids is still needed.
Previous study reported the inhibitory effect of enkephalin on MSNs and cholinergic
interneurons. Moreover, the modulation of p agonists on of glutamatergic inputs was studied.
On the other hand, we do not have any information about the effects of opiate peptides on
other striatal interneurons. Also, the effects of opioids on GABAergic transmission on striatal
interneurons are unknown. Understanding the opioidergic modulation of striatal interneurons,
especially LTSIs, will provide important information about effect of opiates on the final striatal
output.

Using transgenic mice in which LTSIs can be identified through a GFP attached to the NPY
promoter, we studied the effects of DPDPE (a & receptor agonist) and (-)-U-50488
hydrochloride (a k receptor agonist) on cholinergic interneuron activity. Moreover, the effects
of DAMGO (a u receptor agonist), DPDPE (a & receptor agonist) and (-)-U-50488
hydrochloride (a k receptor agonist) on LTSIs activity were investigated. We also studied the
indirect effects of opioids on LTSIs mediated through modulation of the GABAergic

transmission on LTSIs.
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5.3 Results

A total 127 BAC-NPY mice (both males & females) aged 23 = 8 days were used in these
experiments. Current-clamp recordings were obtained from 141 striatal GFP-LTSIs neurons;
97 of these recordings are whole cell recordings, 28 perforated-patch recordings and 16 cell-

attached recordings.

5.3.2.1 Effects of & and k opioid receptor agonists on the
cholinergic interneurons activity :

In chapter 3 and 4 we described the mutual interaction between the cholinergic and LTSIs
interneurons. Our results showed that cholinergic interneurons exert a strong modulatory
effect on LTSIs that can be detected even in the presence of TTX. On the other hand, strong
photo-stimulation of LTSIs was needed to detect the light-induced depolarization of the

cholinergic interneurons.

In order to add to the picture of how TANs contribute to the striatal network, we decided to
study the effects of opiate peptides on cholinergic interneurons before studying the effects of
opiates on LTSIs. Since the effects of u receptor agonists on cholinergic interneurons has
been described before (Ponterio et al., 2013), we only studied the effect of & and k on

cholinergic interneurons.

5.3.1.1 Effects of d receptor agonist on cholinergic interneuron activity in

control solution:

Blomely and Bracci (2005) reported that cholinergic interneurons exhibit a rapid rundown of
their properties when recorded with whole-cell recording techniques (C. Blomeley & Bracci,
2005). Hence we used amphotericin perforated- patch technique to test the effects of

opiates on cholinergic interneurons.

DPDPE (1 pM) was used as a d receptor agonist. This concentration is similar to that used

in previous studies on the basal ganglia neurons (Ogura & Kita, 2000).

In control solution, it was found that 7/7 cells, DPDPE led to significant decrease of the

spontaneous firing activity the cholinergic interneurons associated with hyperpolarization of
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the membrane potential (Figure 5.1A). The effects of DPDPE were partially reversed by
applying specific d receptor antagonist (SDM25aN; 1 uM) (n = 4) or by washout (n = 3). The
recovery was more observed in the membrane potential changes. Average change in
membrane potential with DPDPE was - 4.4 mV = 2.8 mV. Average recovery with SDM25N
was 2.3 £ 1.4 mV while average recovery by washout was 2.6 + 0.8 mV.

This data suggests that ® receptor agonists exert a powerful inhibitory effect on cholinergic

interneurons.
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Figure 5.1: DPDPE (1 pM) inhibits cholinergic interneurons.

A.DPDPE (1 pM) significantly (p<0.05) decreased cholinergic interneuron spontaneous activity
and caused hyperpolarization in membrane potential. B. Effect of DPDPE on firing frequency in

individual cholinergic interneurons (n =7).
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5.3.1.2 Effects of k receptor agonist on cholinergic interneuron activity in

control solution:

As a K receptor agonist, U50488H (10 uM) was used in the same concentration used in
previous studies on in-vitro brain slices (Muller, Hallermann, & Swandulla, 1999). Using
amphotericin perforated- patch technique, U50488H cause a significant (p<0.05) decrease in
the spontaneous firing activity associated with hyperpolarization of the membrane potential
of cholinergic interneurons in 6/7 (Figure 5.2A). The effects of U50488H were partially
reversed by applying specific k receptor antagonist (GNTI dihydrocholride; 1 uM) (n = 3) or
by washout (n = 3). Moreover, average change in membrane potential with U50488H was -
3.9 £ 2.2 mV. Similar to DPDPE, the recovery with U50488H was more observed in the
changes in the membrane potential. The average of membrane potential recovery with GNTI
dihydrocholride was 4.2 £+ 1.2 mV, while the average of membrane potential recovery by

washout was 3.8 + 1.5 mV.
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Figure 5.2: k -receptor agonist (U500488H; 10 uM) inhibits cholinergic
interneurons.

A.U500488H (10 uM) reversibly blocked cholinergic interneuron spontaneous activity and caused
hyperpolarization in membrane potential (perforated- patch recording). B. Effect of U50488H on

firing frequency in individual cholinergic interneurons (n = 6).
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5.3.2  Effects of p, & and Kk receptor agonists on LTSI activity:

After investigating the effects of & and k opioid receptor agonists on cholinergic interneurons,

we studied the effects of y, & and k agonists on LTSI activity.
5.3.2.1 Effects of preceptor agonist (DAMGO) on LTSI activity :

53211 Effects of p receptor agonist on LTSI activity in control

solution :

In the first group of experiments, 1 yM DAMGO (U receptor agonist) was applied in the
same concentration used in previous studies on striatal neurons (Barral, Mendoza,
Galarraga, & Bargas, 2003). In 8/12 whole-cell recordings, DAMGO caused a significant (p <
0.05) decrease in the firing frequency which caused complete cessation of spontaneous
firing activity in the cells (Figure 5.3A). On the other hand, in 1/12 experiment, DAMGO
caused a significant (p<0.05) depolarization of the LTSI (Figure 5.3C). In the remaining 3/12
experiments, there were no significant change in spontaneous firing or the membrane
potential. The effects of DAMGO peaked 11.5 + 4.6 min after start of the application. The
effects of DAMGO were partially reversed by wash (n = 5) or by applying the p-receptor
selective antagonist CTOP (1 uM) (n = 2) or p-receptor non selective antagonist naloxone
(10 uM) (n = 2). The average of firing frequency in control was 3.3 + 2.3. With DAMGO the
average of firing frequency was 1.3 £ 0.9. After recovery, the average of firing frequency was
2.6 = 1.4 with washout, 1.7 + 0.3 with CTOP and 1.9 + 0.9 with naloxone.

To confirm these results, cell-attached configuration was used to minimize the interference
with cell internal milieu caused by whole cell recordings. In 3/3 experiments it was found that
DAMGO significantly (p<0.05) decreased the firing frequency. A representative example of

DAMGO effect is shown in (Figure 5.3).

These results show that DAMGO exerts dual effects on LTSIs in control solution.
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Figure 5.3: Dual effects of DAMGO on the LTSI activity in control solution

A.DAMGO (1 uM) reversibly blocked LTSI spontaneous activity and caused hyperpolarization in
membrane potential (whole-cell recording). B. A cell-attached recording from an LTSI showing
reversible depression of DAMGO on spontaneous activity which was reversed by washout. C. In
1/12 DAMGO led to significant (p<0.05) reversible depolarization. D. Effect of DAMGO on firing
frequency in individual LTSIs (n = 12).
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5.3.2.1.2 Effects of preceptor agonist on LTSI activity in TTX:

In the next group of experiments, the effects of DAMGO on LTSIs in presence of TTX were
examined. In 1/7 whole cell recordings, it was observed that DAMGO led to a
hyperpolarization of LTSIs membrane potential (Figure 5.4A). On the other hand, in 6/7
experiments, DAMGO application was associated with a depolarization in LTSIs membrane
potential (Figure 5.4B). The effects of DAMGO were patrtially reversed by wash out (n = 4) or
application of CTOP (n = 2). The average change of membrane potential during
depolarization was 3.3 £ 1.3. On the other hand, the average change of membrane potential
after recovery was -1.2 + 0.9 during washout and -1 + 0.5 with CTOP.

To confirm these results perforated patch technique was used to minimize the intracellular
dialysis of the cells. In 4/8 perforated patch recordings, DAMGO caused significant (p<0.05)
hyperpolarization of the LTSIs membrane potential. The average change of membrane
potential with DAMGO was -3.4 £ 0.6. After recovery the average of change in membrane
potential was 1.6 + 0.8 with washout (n = 2) and 1.8 + 0.4 with CTOP (n = 2). On the other
hand, in 4/8 DAMGO led to significant (p<0.05) depolarization of the LTSI membrane
potential. The average change of membrane potential was 3.9 £ 3.6 with DAMGO. After
recovery the average of change of membrane potential was 2.5 + 1.9 with washout ( n= 2)
and 2.1 = 1.3 with CTOP ( n = 2)( Figure 5.4).

These results confirm the presence of dual effect of DAMGO on LTSIs. The dual effect is

more obvious in presence of TTX.
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Figure 5.4: Dual effects of DAMGO on the LTSI activity in TTX

A.DAMGO (1 uM) significantly hyperpolarized LTSIs membrane potential in a LTSI. B. In another
LTSI DAMGO caused significant depolarization. C. The average change of the membrane
potential in both the depolarization and hyperpolarization states of LTSIs with DAMGO (whole cell
recordings). D. The average change of the membrane potential in both the depolarization and
hyperpolarization states of LTSIs with DAMGO (perforated patch whole cell recordings).

5.3.2.1.3 Effects of p receptor agonist on LTSI activity in presence of
cholinergic receptor blockers:

In chapter 3, it was reported that LTSIs are under the control of a cholinergic tone and
GABAergic tone. Moreover, Ponterio and his colleagues reported that cholinergic
interneurons are strongly inhibited by p receptor agonists (Ponterio et al., 2013). Due to
these reasons, the cholinergic interneurons and GABAergic transmission were considered
as potential candidates to mediate part of the indirect effects of DAMGO on LTSIs.
Understanding the mechanisms involved in these indirect effects were expected to help us in
explaining the dual effects of DAMGO on LTSIs.
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Accordingly, in one group of experiments, DAMGO was applied in the presence of 1 pM
nicotine and 10 uM atropine in control solution. In 5/6 whole cell recordings, DAMGO (1 uM)
led to significant (p<0.05) decrease in the firing activity of the LTSIs. This effect was
accompanied by hyperpolarization of the membrane potential and was reversed by applying
u-receptor selective antagonist (CTOP; 1 uM) (Figure 5.5A). On the other hand, in 1/ 6
DAMGO application led to significant (p<0.05) depolarization of the LTSIs (Figure 5.5B).

For further confirmation of these results, cell- attached recordings and perforated patch
technique were used. In perforated patch recordings, 4/6 experiments showed significant
(p<0.05) hyperpolarization of the LTSIs with significant decrease in their spontaneous firing,
while in 2/6 DAMGO led to significant (p<0.05) depolarization of the LTSIs. In 1/2 cell
attached recordings DAMGO led to significant (p<0.05) decrease of the spontaneous firing
of LTSIs, while, in 1/2 there was no significant change in the firing activity of LTSIs (Figure
5.5C).

It was concluded that blocking of cholinergic receptors did not stop the dual effect of
DAMGO on LTSIs in control solution.
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Figure 5.5: Dual effects of DAMGO on the LTSI activity in presence of

cholinergic receptors blockers

A.DAMGO (1 pM) significantly hyperpolarized a LTSI membrane potential (n = 9) B. A whole cell
recording, DAMGO caused significant depolarization of LTSIs (n = 3) C. A cell attached recording
shows that DAMGO significantly decreased the spontaneous firing activity of LTSIs (1/2 cells). D.
The average change of the membrane potential of LTSIs in presence of DAMGO and cholinergic
blockers s (n =11).
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53214 Effects of p receptor agonist (DAMGO) on GABAergic
transmission on LTSIs

As we know that tonic GABA exerts a strong influence on LTSIs. Therefore, the effects of
DAMGO on the GABAergic transmission on LTSIs were studied. In the first group of
experiments, DAMGO effects on the evoked GABAergic IPSPs in the presence of glutamate
blockers were investigated. In 2/4 experiments, DAMGO led to significant (p < 0.05)
decrease in the evoked GABAergic IPSPs (Figure 5.6 A&B). In the other 2 experiments,
DAMGO did not cause any significant change in the IPSPs.

However, we reported in chapter three that GABAergic transmission on LTSIs is modified by
the acetylcholine. According to our results, atropine increases the GABAergic transmission
while mecamylamine decreases the GABAergic transmission. Thus, in another group of
experiments, DAMGO effects on the GABAergic IPSPs in presence of both glutamate
receptor blockers and cholinergic receptors blockers were tested. In 2/6 experiments, it was
observed that DAMGO led to significant (p<0.05) decrease in the GABAergic IPSPs (Figure
5.6 C&D). In the other 4/6 experiments, DAMGO did not cause any significant change in the
GABAergic IPSPs.

This data shows that DAMGO can significantly inhibit the GABAergic transmission on LTSIs
in 50% of experiments. However, when cholinergic blockers are added, DAMGO can only

inhibit 33% of experiments.
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Figure 5.6: DAMGO inhibits the GABAergic transmission on LTSIs.

A.DAMGO (1 pM) significantly (p<0.05) decreased GABAergic IPSPs in presence of glutamate
blockers. B. A diagram shows that DAMGO caused significant decrease in the 1% peak (n = 2) C.
In presence of cholinergic receptor blockers and glutamate receptor blockers, DAMGO caused
significant (p<0.05) decrease in the IPSPs. D. A diagram shows that DAMGO caused significant
decrease in the 1% peak (n = 2).

5.3.2.15 Direct effects of u receptor agonist on LTSI activity :

From previous data reported in chapter 3, it was concluded that there is tonic GABA and
acetylcholine release affecting LTSI activity. Thus, to test the direct effects of DAMGO on
LTSIs we had to isolate the LTSIs from the effects of both the cholinergic and GABAergic
tones. Thus, in the first group, DAMGO was applied in presence of picrotoxin (100 uM) and
TTX. In 3/5 experiments DAMGO led to significant (p<0.05) hyperpolarization of LTSIs
(Figure 5.7A). On the other hand, in 2/5 experiments DAMGO caused significant (p<0.05)
depolarization of the LTSIs (Figure 5.7A).
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In the second group of experiments, DAMGO was applied in presence of TTX, GABAA
receptors blocker (picrotoxin, 100 uM) and cholinergic receptors blockers; mecamylamine
(10 pM) and atropine (20 pM). It was found that in 6/8 experiments DAMGO led to
significant (p<0.05) hyperpolarization of the LTSIs while in 2/8 there were no significant
changes in the membrane potential (Figure 5.7C&D).

We conclude that the direct effect of DAMGO on LTSIs after blocking of GABergic and

cholinergic tones is inhibitory.
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Figure 5.7: Direct effects of DAMGO on LTSIs

A. Dual effects of DAMGO persist in presence of TTX and pricrotxin B. average change of
membrane potential with DAMGO in presence of TTX and picrotoxin. C. In presence of TTX,
picrotoxin& cholinergic receptor blockers DAMGO inhibited LTSI. D. The changes of the
membrane potential in individual cells with DAMGO in presence of TTX, picrotoxin, atropine &

mecamylamine) (n= 6).

5.3.2.2 Effects of & receptor agonists on the LTSI activity:

5.3.2.2.1 Effects of & receptor agonist on LTSI activity in control & TTX
solution :

In the next group of experiments, DPDPE (1 uM) was used to detect the effect of & receptor
agonists on LTSIs activity. It was observed that DPDPE significantly (p<0.05) inhibited 9/9
LTSIs in whole-cell recordings. DPDPE significantly decreased the spontaneous firing
activity of LTSIs and completely stopped the firing of some of these LTSIs (n = 7). This was
accompanied by hyperpolarization of the membrane potential. The time between start of
application of DPDPE and its maximum effect was on average 27.8 = 11.3 min. Moreover,
the inhibitory effect of DPDPE was partially reversed by wash (n = 7) or by applying &-
receptor antagonist either SDM25aN (1 uM) (n = 2) (Figure 5.8 A, B).

In the presence of TTX, DPDPE led to significant (p<0.05) hyperpolarization in 5/7 whole cell
recordings. In the remaining 2/7 cells, no significant change in the membrane potential was

observed (Figure 5.8C).

This data shows that DPDPE exerts strong inhibitory effect on LTSIs directly and indirectly.
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Figure 5.8: DPDPE (1 pM) inhibits LTSIs activity.

A.DPDPE (1 pM) significantly (p<0.05) decreased LTSI spontaneous activity and caused
hyperpolarization of the membrane potential (whole-cell recording). The effect on membrane
potential was partially reversed by applying SDM25N (1 pM). B. Effect of DPDPE on firing
frequency in individual LTSIs (n =7). C. In presence of TTX, DPDPE significantly (p<0.05)
hyperpolarized another LTSI (n = 5)
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5.3.2.2.2 Effects of & receptor agonist on LTSI activity in presence on
cholinergic receptor blockers :

After testing the effects of DPDPE on LTSIs in control solution, we studied the effects of
DPDPE on LTSIs in the presence of cholinergic receptor blockers (nicotine & atropine). In
3/4 whole-cell recordings, application of DPDPE (1 uM) in the presence of nicotine (1 pM)
and atropine (10 uM) led to significant (p<0.05) inhibition of LTSIs (Figure 5.9A). This
inhibition was reversed by applying SDM25N (1 pM) (n = 3). The inhibition was also
observed during a cell-attached recording (n = 2) (Figure 5.9 B).

These results suggest that the inhibitory effects of DPDPE on LTSIs are not mediated
through ACh.
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Figure 5.9: DPDPE (1 uM) inhibits LTSIs in presence of cholinergic receptors blockers.

A.DPDPE (1 pM) significantly (p<0.05) decreased LTSI spontaneous activity and caused
hyperpolarization in membrane potential. The effect on membrane potential was partially reversed by
applying SDM25aN (1 uM) (n = 3). B. Effects of DPDPE on spontaneous firing in a cell attached
configuration. C. The average change of ISI with DPDPE in presence of cholinergic receptors blockers.

5.3.2.2.3 Effects of & receptor agonist (DPDPE) on GABAergic transmission
on LTSIs

Then, the effects of DPDPE on evoked GABAergic IPSPs were studied. It was observed that
in 4/5 experiments, DPDPE led to significant (p<0.05) inhibition of the evoked GABAergic

IPSPs. Using Mann—-Whitney U test, no significant change in the PPR was observed (Figure
5.10).

It was concluded that DPDPE significantly decrease the GABAergic transmission on
LTSIs in 80% of experiments.
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Figure 5.10: DPDPE (1 pM) inhibits the evoked GABAergic IPSPs on LTSIs.

A.DPDPE (1 uM) significantly (p<0.05) decreased the evoked GABAergic IPSPs in presence of
glutamate blockers in a LTSI. B. A diagram shows the average change in the 1% peak of GABAergic
IPSPs with DPDPE (left). Another diagram shows that there is no significant change in the PPR
before and after DPDPE application (Mann- Whitney U test) (left).

Page | 119




5.3.2.3 Effects of k receptor agonists on LTSI activity :

53231 Effects of k receptor agonist on LTSI activity in control & TTX

solution :

As a k- receptor agonist, we used U50488H (10 pM). In 11/12 of whole-cell recordings,
U50488H significantly decreased the spontaneous firing activity of LTSIs. The time between
start of U50488H application till reaching its maximum effect was on average 18.9 + 6.1 min.
6) or by

naloxone (20 uM) (n = 5). The average of firing frequency in control was 4 + 2.7. With

The inhibitory effects of U50488H were partially reversed upon washout (n

U50488H, the average of firing frequency was 2.5 + 1.6. After recovery, the average of firing
frequency was 1.5 + 0.8 with washout and 1.1 + 0.7 with naloxone. U50488H was able to
completely stop the firing activity of some of these LTSIs (n = 6). In one experiment the

changes in LTSI after application of U50488H were insignificant (Figure 5.11 A).

To confirm these results, we carried out cell-attached experiments. It was found that
U50488H caused significant reversible decrease in the firing frequency in 5/6 LTSIs
(p<0.05). In the remaining experiment the changes in LTSI activity after application Of
U50488H were insignificant (Figure 5.11B).

In the presence of TTX, U50488H caused significant (p<0.05) hyperpolarization in 6/7 whole
cell recordings (Figure 5.11D). The effects were partially reversed by washout (n = 3) or by
naloxone (20 uM) (n= 2). The average change in membrane potential was - 4.1 + 1.3 with
U50488H. After recovery the average change in membrane potential was 1.2 + 0.9 with
washout and 1.5 £ 0.4 with naloxone.

It was concluded that U50488H exerts a strong inhibitory effect on LTSIs both directly and

indirectly.
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Figure 5.11: U500488H (10 uM) inhibits LTSIs.

A.U500488H (10 pM) reversibly blocked a LTSI spontaneous activity and caused
hyperpolarization in membrane potential. The effect was partially reversed by washout. B. A cell-
attached recording from a LTSI shows that U50488H application caused reversible depression of
spontaneous activity that was partially reversed with wash. C. Effects of U50488H on firing
frequency in individual LTSIs (n = 7). D. U500488H (10 uM) significantly (p<0.05) inhibited
another LTSI in presence of TTX.
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5.3.2.3.2 Effects of k receptor agonist on LTSI activity in presence on
cholinergic receptor blockers :

Then, we tested the effects of U50488H on LTSIs in control solution in presence of
cholinergic receptors blockers (nicotine & atropine). It was found that, in 4/5 whole-cell
recordings, U50488H was still significantly (p<0.05) decreasing the spontaneous firing of
LTSIs after blocking of nicotinic and muscarinic receptors (Figure 5.12A). The effect was
partially reversed by GNTI dihydrocholride (1 uM) (n = 3). A similar inhibitory response was
seen in 2/3 cell-attached recordings (p<0.05) (Figure 5.12B).

This data shows that the inhibitory effects of U50488H on LTSIs are not mediated through a
decrease in ACh.
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Figure 5.12: U500488H inhibits LTSIs in presence of cholinergic receptor blockers.

A.U50488H (10 uM) significantly (p<0.05) inhibited a LTSI in presence of cholinergic receptors
blockers. B. A cell-attached recording shows inhibition of another LTSI with U5048H in the
presence of cholinergic receptor blockers. C. Average change in the ISl in presence of cholinergic
blockers only (left) and in presence cholinergic blockers + U50488H (right).

5.3.2.3.3 Effects of k receptor agonist on GABAergic transmission on
LTSIs:

Then the effects of U50488H (10 uM) on the GABAergic transmission on LTSIs were tested.
In 4/4 experiments, U50488H did not cause any significant change in the evoked GABAergic
IPSPs (Figure 5.13).

This data suggests that U50488H does not modulate the GABAergic transmission on LTSIs.
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Figure 5.13: U50488H has no effect on the evoked GABAergic IPSPs on LTSIs.

A. U50488H (10 uM) did not cause any significant change in the evoked GABAergic IPSPs in
presence of glutamate blockers. B. The average change in the 1* evoked GABAergic IPSPs with
U50488H.
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5.4 Discussion:

This study aimed at investigating the effects of activation of different opiate receptors

agonists (4, 6 and K) on cholinergic interneurons and LTSI activity.

In the first part, we studied the effects of opiate receptor agonists on cholinergic
interneurons. Cholinergic interneurons represent a potential candidate to mediate the effects
of opioids on LTSIs. In the previous chapter, we reported the presence of a cholinergic tone
that exerts a powerful modulatory effect on LTSIs through muscarinic and nicotinic
receptors. Furthermore, ACh can affect the LTSIs through modulation of the GABAergic

transmission on LTSIs.

Moreover, many studies reported relevant results that include : (1) it was found that y and
receptors activation on cholinergic interneurons in the NAcc, leads to inhibition of ACh
release (Dourmap et al., 1997; Lapchak et al., 1989), (2) cholinergic interneurons act as
mediators for the inhibitory effect of opioids on the dopaminergic terminals in the nucleus
accumbens(Britt & McGehee, 2008), (3) it was reported that cholinergic interneurons present
in the limbic / prefrontal territory of the dorsal striatum express the mRNA and protein of u
opioid receptors. The functional expression of pu receptors follows a diurnal variation
(Jabourian et al., 2005), (4) many evidences support that nicotinic and opioid systems
interact specially in nicotine addiction .It was proved through studies that acute injections of
nicotine in vivo enhance the release of opioids endogenously (Davenport, Houdi, & Van
Loon, 1990; Dhatt et al., 1995). Moreover, chronic nicotine administration increases u
receptors expression in striatum of female rats (Wewers, Dhatt, Snively, & Tejwani, 1999).
(5) it was reported that MSN collaterals and cholinergic terminals are closely related that
suggest close interactions between the cholinergic and opioidergic systems (A. M. Graybiel,
Pickel, Joh, Reis, & Ragsdale, 1981) , (6) Furthermore, the release of ACh release is
decreased after activation of D2 receptors or p opioid receptors (DeBoer, Heeringa, &
Abercrombie, 1996; M Jabourian et al., 2004), and (7) p receptor agonist causes a powerful

inhibition of cholinergic interneurons (Ponterio et al., 2013).
It was found that both DPDPE (& receptor agonist) and U50488H (k receptor agonist)

inhibited cholinergic interneurons in control solution. We concluded that the three classes of

opiate receptor agonists exert strong inhibitory effects on cholinergic interneurons.
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Then we studied the effects of opioid receptor agonists on LTSIs. In the first group of
experiments the effects of DAMGO (selective p-receptor agonist) on the LTSIs were
investigated. In control solution, it was found that DAMGO led to significant inhibition of the
LTSIs in 73% of experiments. However, in about 6% of the experiments, DAMGO led to
depolarization of the LTSIs. In the presence of TTX, DAMGO caused a depolarization in two
thirds of tested LTSIs. On the other hand, one third of LTSIs were hyperpolarized with
DAMGO.

We hypothesized that this dual effect of DAMGO on LTSIs could be due to different
mechanisms through which DAMGO affects LTSI activity directly and indirectly. The indirect
effects of DAMGO could be mediated by cholinergic interneurons and GABA transmission
on LTSIs.

In the presence of cholinergic receptor blockers only, it was observed that DAMGO has dual
effects on LTSIs. We also found that DAMGO significantly decreased the GABAergic
transmission on LTSIs in 50 % of experiments. When the cholinergic receptors were
blocked, DAMGO had a significant inhibitory effect on the GABAergic transmission in only
one third of experiments.

In the presence of TTX, we examined the effects of DAMGO after blocking of the GABAergic
tone. It was found that DAMGO was still able to cause both depolarization (50% of
experiments) and hyperpolarization (50% of experiments) of the LTSI. However, when
cholinergic blockers were added to GABA, blocker and TTX, DAMGO caused inhibition in
100% of the experiments.

These results suggest that DAMGO exert direct inhibitory effects on LTSIs. However, it also
inhibits the cholinergic interneurons and GABA transmission on LTSI. According to the final
balance between these direct and indirect effects of DAMGO, it could lead to either an

inhibition or activation (through release of inhibition) of the LTSIs.

In the second group of experiments, we tested the effects of DPDPE (selective &-receptor
agonist) on LTSIs. DPDPE caused inhibition of LTSIs in both control solution and in TTX in
100% of experiments. Furthermore, DPDPE inhibited evoked GABAergic IPSPs on LTSIs in
80% of tested LTSIs.
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In the third group of experiments, we tested the effects of U50488H (selective k-receptor
agonist) on LTSIs. U50488H inhibited LTSIs in both control and in presence of TTX in 100%
of experiments. However, U50488H did not affect the GABAergic transmission on LTSIs.

We conclude that & and k agonist main effect on LTSIs is inhibition. This inhibitory effect is
mediated both directly and indirectly mainly through inhibition of the cholinergic transmission.
Moreover, it seems that d agonists have a weak inhibitory effect on GABAergic transmission
on LTSIs. On the other hand, k agonists have no significant effect on GABAergic

transmission.

Moreover, it was observed that the inhibitory effect of opioid receptor agonists developed
gradually and lasted for a long time. Full recovery of LTSIs did not happen in any experiment
either by washout or applying the selective antagonists. This long action time may be due to
triggering of slow cellular responses in the LTSIs by opioids. It was previously reported that
K, & and K opioid receptor agonists produce long term depression (LTD) of excitatory inputs
in the dorsal striatum (Atwood, Kupferschmidt, & Lovinger, 2014). This LTD can give a
possible explanation for long-term effect of drugs of abuse on neuronal activity.

These results improve our understanding of the modulatory role of opiates on the striatal
microcircuit. The implications of the experimental findings in this chapter on the basal
ganglia function and pathology will be fully explored in the final discussion chapter of this

thesis.
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Chapter Six: General discussion
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In this chapter, the main findings of this study will be summarized. Also, | will throw light on
the expected implications of these results on our understanding of the basal ganglia function.
Moreover, the technical limitations will be discussed. Finally, suggestions for the future work

will be mentioned.

6.1 The mutual interaction between LTSIs and cholinergic

interneurons

In the chapter 3 and 4 of this thesis, we examined the mutual interaction between cholinergic
interneurons and LTSIs. Understanding this interaction will definitely deepen our

understanding about the functionality of striatal network.

LTSIs and cholinergic interneurons are the only known TANs inside the striatum. In-vivo
studies reported an important role played by TANs in reward processing through TAN pause
response (Aosaki, 1994). However, In-vivo studies were always interpreted on the basis that
cholinergic interneurons are the TANs in the striatum.

Our results provide an overview of the relationship between cholinergic interneurons and
LTSIs in-vitro. This data prove that LTSIs are under a cholinergic control that modulates their
activity directly through muscarinic and nicotinic receptor on LTSIs and indirectly through
modification of the GABAergic transmission on LTSIs. Moreover, our results shows that
there is a cholinergic and GABAergic tones that keep the LTSIs under control even with
absence of action- potential released transmitters. On the other hand, LTSIs exert a

stimulatory effect on cholinergic interneurons through NO (Figure 6.1).

Our results provide an overview of the interaction between LTSIs and cholinergic
interneurons in-vitro. This data provide strong evidence that LTSIs are under a cholinergic
control that modulates their activity directly through muscarinic and nicotinic receptor on
LTSIs and indirectly through modification of the GABAergic transmission on LTSIs.
Moreover, our results shows that there is a cholinergic and GABAergic tones that keep the
LTSIs under control even with absence of action- potential released transmitters. On the
other hand, LTSIs exert a stimulatory effect on cholinergic interneurons through NO (Figure
6.1).

Page | 128



The initial activation of cholinergic interneurons tends to activate LTSIs. LTSIs can activate
the cholinergic interneurons through NO. However, LTSIs secrete other neurotransmitters
that are mainly inhibitory such as GABA and somatostatin. Moreover, activation of this part
of the striatal network is expected to affect the activity of other players in the striatal network.
Thus, the initial activation of cholinergic interneurons by LTSIs cannot establish a positive
forward feedback loop between the two interneurons. It is expected that the initial activation
of cholinergic interneurons will eventually result in inhibition of the cholinergic interneurons at

some point. This inhibitor effect could be mediated by LTSIs or other players in the network.

These finding can be linked to the TANs pause response. TANs respond to stimuli
associated with behavioural value (reward). It is believed that TANS play an important role in
the selection of appropriate response to any environmental stimuli (Paul Apicella, 2007). The
response of TANs consists of three phases: initial activation, inhibition and rebound
activation (Toshihiko Aosaki et al., 1994). It was noted that during TANs activation, the
dopamine levels decrease dramatically (Toshihiko Aosaki et al., 2010). From our results we
showed how LTSIs and cholinergic interneurons activate each other. This means that once
one or both of these two cells are activate by salient stimulus, the positive feedback loop
between the two cells will be activated leading to potentiating their response. By other
words, salient stimuli will trigger the release of more acetylcholine and NO in the striatum.

This increase will lead to decreased dopamine release.

NO is known a role in synaptic plasticity (Susswein et al., 2004). Moreover, TAN pause
response act as a time window for synaptic plasticity in the striatum (Miura et al., 2007).
LTSIs are expected to be involved in the response to salient stimuli either directly or
indirectly through activated cholinergic interneurons. We can assume that LTSIs activation
during response in reward will not only share in the immediate response to the
environmental stimuli but also it will share in the learning and memory aspects through NO

on synaptic plasticity.
Moreover, by being closely working together, LTSIs and cholinergic interneurons will act as
fine tuners for the striatal output through the many transmitters released by the two cells that

include: NO, acetylcholine, GABA, NPY and somatostatin.

Although this study focused on the direct mutual interaction between cholinergic

interneurons and LTSIs, the role of other players of striatal network cannot be ignored. In

Page | 129



each state when the activity of the cholinergic or the LTSIs interneurons will be modified this

will be reflected on the activity of the other neurons in the striatal microcircuitry.

ACh

++ Cholinergic
interneuron

Nicotinic receptors

Muscarinic receptors

¢

A

@ GABA, receptors
® Nitric oxide

+

activation

- inhibition

Figure 6.1: Schematic diagram explains the mutual control between cholinergic

interneurons and LTSIs

The diagram summarizes the main findings in this study about the mutual interaction between
cholinergic interneurons and LTSIs. The cholinergic interneurons modulate LTSIs through ACh both
directly and indirectly. Directly ACh can activate LTSIs through nicotinic receptors or inhibit LTSIs
through muscarinic receptors. Indirectly, ACh can increase GABA release from GABA terminals
through nicotinic action leading to inhibition of LTSIs. On the other hand, ACh can inhibit GABA
release through muscarinic action (dominant effect). On the other hand, LTSIs release NO that

activates cholinergic interneurons.

Page | 130



6.2 The effects of opiate peptides on cholinergic

Interneuron and LTSI activity.

In the second part of this study, we investigated the effects of different opioid peptides on the
LTSI activity.

Our results show that different types of opiate peptides exert a direct inhibitory effect on the
LTSIs. Moreover, u and & receptor agonists exert inhibitory effects on both the cholinergic
interneurons and GABAergic transmission on LTSIs. While k receptor agonist inhibited the
cholinergic interneurons but it did not significantly affect the GABAergic transmission (Figure
6.2).

Although being mainly inhibitory in action, we reported that p receptor agonist can lead to an
activation of the LTSIs through disinhibiting the inhibitory inputs from GABAergic and
cholinergic interneurons. This stimulatory effect of p receptor agonist is greater in TTX than
in control solution. In TTX, LTSIs are isolated from the synaptic influence of the surrounding
neurons. However, even with blocking the action potential — dependant release of
neurotransmitters, we reported that LTSIs are still under the control of a tonic release of ACh
and GABA. In this condition, it seems that DAMGO inhibitory effect on the GABAergic and
cholinergic tone is stronger than the direct inhibitory effect on LTSIs. This can explain the
higher possibility of LTSIs depolarization with DAMGO.

Generally, the opioidergic control of LTSIs (either through activation or inhibition) is expected
to modulate the levels of the neurotransmitters released by these neurons. LTSIs are known
to be the only source for NO in striatum. NO inhibits glutamate transporters leading to an
increase in extracellular glutamate concentrations (Taskiran et al., 2003). Moreover, it
increases glutamate release in the dorsal striatum and nucleus accumbens (Lonart &
Johnson, 1994; S. Pogun, V. Dawson, & M. J. Kuhar, 1994; Taskiran et al., 2003). Also, NO
increase the firing rate of cholinergic interneurons that will increase acetylcholine levels in

the striatum.

Another transmitter released by LTSIs is GABA. GABA decrease expected to affect activity
of other striatal neurons especially the MSNs. GABA released by LTSIs mediates feed-
forward inhibition of MSNs (Koos & Tepper, 1999). So, the change in the GABA levels is
expected to affect MSNs activity.
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Moreover, somatostatin is released by LTSIs. Somatostatin modulates the firing pattern of
MSNs (Galarraga et al., 2007; Vilchis et al., 2002), and the effectiveness of lateral synaptic
connections between them (Lopez-Huerta et al., 2008). This means that when opioids inhibit
the LTSIs, the excitability of MSNs will increase due to decreased levels of somatostatin.

So, from clinical point of view, drugs of abuse could inhibit LTSIs leading to an increase in
MSNs activity due to decreased GABA and somatostatin levels. This can explain the motor

side effects associated with intake with these drugs.

Finally, opioids can modulate the levels of NPY, which is released by the LTSIs. NPY proved
to increase dopamine overflow through activation of NPY-Y, receptor subtype (Adewale,
Macarthur, & Westfall, 2007).

Cholinergic
interneuron

@ Nicotinic receptors
A Muscarinicreceptors

@ GABA, receptors

QO ureceptors
<> & receptors

B Kreceptors
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Figure 6.2: Schematic diagram explain the opioidergic control of cholinergic

interneurons and LTSIs

The diagram summarizes the modulation of cholinergic interneurons activity and LTSIs activity
through different subtypes of opiates. W -opioid receptor agonists inhibit both cholinergic
interneurons and LTSIs directly. Moreover, u opioid receptor agonists inhibit the GABAergic
transmission on LTSIs. The net effect of u -opioid receptor agonists on LTSIs will depend on the
balance between their direct and indirect effects. & receptor agonists inhibit both cholinergic
interneurons and LTSIs. Moreover, & receptor agonists inhibit the GABAergic transmission on
LTSIs. Finally, k receptor agonists inhibit the cholinergic interneurons and LTSIs. However, we

couldn’t find any significant effect of k receptor agonists on GABAergic transmission on LTSlIs.

6.3 Technical considerations

The main focus of my research project was to study the interaction between LTSIs and
cholinergic interneurons. Also | investigated the effects of different opiate peptides on the
activity of cholinergic and LTS interneurons.

To approach this complex research field, | have used several electrophysiological
approaches. For instance, | successfully used conventional whole cell patch clamp
recordings. | also used the perforated cell patch clamp technique and cell-attached patch
clamp recordings. Moreover, | used single patch clamp recordings together with electrical

activation of axons to study the presynaptic inhibition and activation.

The main technique utilised in this study was whole cell recordings of neurons. Whole-cell
recordings provide electrical access to the cell cytosome, allowing direct recording of the
internal electrophysiological state (Hamill, Marty, Neher, Sakmann, & Sigworth, 1981;
Sakmann & Neher, 1984). Whole-cell recordings are characterized by providing accurate
measurements of cell electrophysiological properties. However, this comes at the expense of
disruption of the cell internal milieu by the dialysis of the internal pipette solution into the
neuron (Sakmann & Neher, 1984). Therefore, it is essential to closely monitoring the neuron
state throughout the experiments, discarding neurons when their electrophysiological

properties are altered (e.g. input resistance and spike intensity)
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Moreover, perforated whole-cell patch technique was also used in this study. Perforated
whole-cell patch is a powerful electrophysiological approach that allows recording the
membrane potential of a neuron without interfering with its intracellular milieu. Amphotericin
was used as a pore forming agent. Pores in the membrane are usually formed within 15
minutes from the approaching the cell (Rae, Cooper, Gates, & Watsky, 1991). Amphotericin
is light sensitive, thus all precautions were taken to avoid light either during the preparation
of the drug or during the patching process. It was challenging to carry the whole procedure

in darkness taking in consideration all health and safety measures.

Furthermore, we used cell- attached technique. This approach is useful in studying the
extracellular activity of the cell without interfering with the cell intracellular milieu. LTSIs and
cholinergic interneurons are spontaneously active cells which make cell- attached recording

a powerful tool to study the effects of different ligands on their activity.

Generally, the patch-clamp technique is suitable for investigating the molecular mechanisms
of receptors. The advantages of the patch-clamp method include: (a) Any pharmacological
agent can be easily applied either in the bath or in the pipette), in the desired concentrations,
(b) several chemical agents can be tested either together on in sequence; and (c) different
concentrations of pharmacological agents can be tested on the same membrane patch, thus
enabling the generation of dose-response curves. Moreover, the mechanisms underlying
the opening of different ion channels can be easily tested pharmacologically (Blanton, Turco,
& Kriegstein, 1989; Grantyn & Kettenmann, 1992; Sakmann & Neher, 1984).

The main restriction of the patch-clamp method is the necessity to use fresh brain slices.
This process of the preparation of these slices includes many factors that need to be
adjusted. These factors include the preparation of suitable solutions to keep the slices,
adjusted PH and osmolarity, good oxygenation of used solutions and suitable temperature
for slices. Moreover, with patch-clamp technique cell is exposed to "run-down" due to
diffusion of cell constituents into the pipette. This process of run-down is minimized in
perforated —patch and cell-attached recordings (Blanton, Turco, & Kriegstein, 1989; Grantyn
& Kettenmann, 1992; Sakmann & Neher, 1984).

Although in-vivo studies provide the opportunity to study brain regions in their intact state,
however, there are many disadvantages of in vivo preparations. It is relatively difficult to
study the mechanisms of drug action in vivo. Moreover, the presence of anaesthetics could

affect the normal electrophysiological responses to drugs and transmitters. Finally, it is
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sometimes difficult to identify the drug concentrations at the neurons under study accurately
(Blanton, Turco, & Kriegstein, 1989; Grantyn & Kettenmann, 1992; Sakmann & Neher,
1984).

From another prospective, part of this research project was carried out using optogenetics.
The optogenetic revolution of the last years has provided a promising approach in the field of
electrophysiology. Stimulation of neurons though optogenetics has many advantages over
traditional electrical stimulation. Optogenetic stimulation allows greater numbers of neurons
to be stimulated simultaneously. Also, optogenetics ensure specific stimulation of cells that

express light-responsive proteins (Fields, 2007).

In this research project, the effects of activation of LTSIs on the cholinergic interneurons
were studied through optogenetics. Two colonies of transgenic mice (SOM-IRES-Cre mice
and ChR2 (H134R)-EYFP mice) were crossed together to get a heterozygous transgenic
ChR2-EYFP-SOM-IRES-Cre mice colony.

Although optogenetics represent a promising tool for electrophysiology, many improvements
are still needed that include: 1.) Transfection methods; the molecular biology construction of
rhodopsins is challenging due to the presence of several variety of vectors and promoters
that have to be screened. On the other hand, the construction of transgenic animals is a time
consuming process that need breeding of several generations before obtaining the desired
offsprings. 2.) Improvement of the light sensitivity of ChR2 and NphR is important for
experiments on the mammalian brain because of its the low transmittance. 3.) Improvement
of light emission diodes (LED’s) for better spatial resolution. An alternate approach is to
design of arrays of micro light pipes that provide sufficient for light stimulation on brain in the

submillimeter range (Zhang et al., 2010).

6.4 Future experimental work

The results of this thesis raise a number of important questions that need to be addressed in

future series of experiments.
For example, it will be interesting to study the conductances and intracellular mechanisms

underlying the different reported findings. Moreover, it is also recommended to study of the

distribution of the different types of cholinergic receptors (muscarinic, nicotinic) and opioid
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receptors (4, 6, and k) on different striatal neurons. Immunohistochemical studies represent

the best technique to achieve this goal.

Furthermore, a lot of information about the striatal microcircuits could be obtained using
optogenetics. Breeding of different colonies of mice with different distribution of ChR2 and
NphR on different neurons will provide an important approach to study the interaction
between different striatal neurons. ChAT-Cre mice strain would allow us to study many
interactions between cholinergic interneurons and other striatal neurons specially MSNs.

The optogenetic method can provide new opportunities to analyse neural networks.

In-vivo recordings are also potential approach. It was previously reported that during slow-
wave activity (SWA), cholinergic interneurons, and some LTSIs were tonically active. Each
interneuron type exhibited distinct responses to cortical stimulation in vivo (Sharott et al.,
2012). Using optogenetics mice in which specific expression of ChR2 and NphR on the
cholinergic and/or LTSIs will give more information about the behaviour of these cells in
relation to the each other and in relation to other striatal neurons.

Finally mathematical modelling is a powerful tool that can use different pieces of information
together to predict the way the network will behave in different conditions. Results of this
thesis add information that can be used during the construction of models of the striatal
network. Having in-vivo and in-vitro electrophysiological recording for the TANs with using
the optogenetic activation and inhibition will provide important data that will help in building a
model that can predict the response of striatal network to different stimuli in normal and
pathological conditions. Computational experiments based on such models of cholinergic
and nitrergic transmission could predict important information about: (a) time binding of
acetylcholine to different cholinergic receptors; (b) open probability of the different receptors;
and (c) single receptor conductance. Moreover, the data provided in chapter 5 on opiate
receptors could be used to construct a model for synaptic transmission of opioids during

normal processing of reward and in cases of drug abuse.
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6.5 Concluding remarks

Although there have been many developments in the field of BG research over the past 20
years. However, a lot of information about the functionality of the different parts of BG is still

missing.

This thesis cast the light on different novel interactions affecting striatal network. Also, this
thesis highlights the role of many neurotransmitters such as acetylcholine, GABA, NO and
opiate peptides in modulation of striatal neurons. Furthermore, this thesis provides clear

directions for future experimental work in this field.

Unveiling more details about the processing of information through BG network will provide

new insights for the treatment of disease states affecting this part of the brain.

Page | 137



References

Ade, K. K., Janssen, M. J., Ortinski, P. I., & Vicini, S. (2008). Differential tonic GABA conductances in
striatal medium spiny neurons. The Journal of neuroscience, 28(5), 1185-1197.

Adewale, A. S., Macarthur, H., & Westfall, T. C. (2007). NeuropeptideY-inducedenhancement of the
evokedrelease of newlysynthesizeddopamine in ratstriatum: Mediation by Y2 receptors.
Neuropharmacology, 52(6), 1396-1402.

Ahern, G. P., Klyachko, V. A., & Jackson, M. B. (2002). cGMP and S-nitrosylation: two routes for
modulation of neuronal excitability by NO. Trends in neurosciences, 25(10), 510-517.

Akins, P. T., Surmeier, D. J., & Kitai, S. (1990). Muscarinic modulation of a transient K+ conductance
in rat neostriatal neurons.

Alderton, W., Cooper, C., & Knowles, R. (2001). Nitric oxide synthases: structure, function and
inhibition. Biochem. J, 357, 593-615.

Alexander, G. E., & Crutcher, M. D. (1990). Functional architecture of basal ganglia circuits: neural
substrates of parallel processing. Trends in neurosciences, 13(7), 266-271.

Alexander, G. E., DeLong, M. R., & Crutcher, M. D. (1992). Do cortical and basal ganglionic motor
areas use “motor programs” to control movement? Behavioral and Brain Sciences, 15(04),
656-665.

Amalric, M., Cline, E. J., Martinez, J. L., Jr., Bloom, F. E., & Koob, G. F. (1987). Rewarding properties of
beta-endorphin as measured by conditioned place preference. Psychopharmacology (Berl),
91(1), 14-19.

Aosaki, T., Kimura, M., & Graybiel, A. (1995). Temporal and spatial characteristics of tonically active
neurons of the primate's striatum. Journal of Neurophysiology, 73(3), 1234-1252.

Aosaki, T., Kiuchi, K., & Kawaguchi, Y. (1998). Dopamine D1-like receptor activation excites rat
striatal large aspiny neurons in vitro. The Journal of Neuroscience, 18(14), 5180-5190.

Aosaki, T., Miura, M., Suzuki, T., Nishimura, K., & Masuda, M. (2010). Acetylcholine—dopamine
balance hypothesis in the striatum: An update. Geriatrics & gerontology international,
10(s1), S148-5157.

Aosaki, T., Tsubokawa, H., Ishida, A., Watanabe, K., Graybiel, A. M., & Kimura, M. (1994). Responses
of tonically active neurons in the primate's striatum undergo systematic changes during
behavioral sensorimotor conditioning. The Journal of neuroscience, 14(6), 3969-3984.

Apicella, P. (2007). Leading tonically active neurons of the striatum from reward detection to context
recognition. Trends in neurosciences, 30(6), 299-306.

Apicella, P., Ljungberg, T., Scarnati, E., & Schultz, W. (1991). Responses to reward in monkey dorsal
and ventral striatum. Experimental Brain Research, 85(3), 491-500.

Apicella, P., Scarnati, E., Ljungberg, T., & Schultz, W. (1992). Neuronal activity in monkey striatum
related to the expectation of predictable environmental events. Journal of Neurophysiology,
68(3), 945-960.

Arenas, E., Alberch, J., Arroyos, R. S., & Marsal, J. (1990). Effect of opioids on acetylcholine release
evoked by K+ or glutamic acid from rat neostriatal slices. Brain research, 523(1), 51-56.

Ariano, M. A., & Kenny, S. L. (1989). Striatal muscarinic receptors are associated with substance P
and somatostatin containing neurons. Brain research, 497(1), 51-58.

Atwood, B. K., Kupferschmidt, D. A., & Lovinger, D. M. (2014). Opioids induce dissociable forms of
long-term depression of excitatory inputs to the dorsal striatum. Nat Neurosci, 17(4), 540-
548. d0i:10.1038/nn.3652

Page | 138



Baldo, B. A., & Kelley, A. E. (2007). Discrete neurochemical coding of distinguishable motivational
processes: insights from nucleus accumbens control of feeding. Psychopharmacology,
191(3), 439-459.

Bals-Kubik, R., Ableitner, A., Herz, A., & Shippenberg, T. S. (1993). Neuroanatomical sites mediating
the motivational effects of opioids as mapped by the conditioned place preference paradigm
in rats. Journal of Pharmacology and Experimental Therapeutics, 264(1), 489-495.

Barral, J., Mendoza, E., Galarraga, E., & Bargas, J. (2003). The presynaptic modulation of
corticostriatal afferents by [mu]-opioids is mediated by K+ conductances. European journal
of pharmacology, 462(1-3), 91-98.

Beardsley, P. M., Howard, J. L., Shelton, K. L., & Carroll, F. I. (2005). Differential effects of the novel
kappa opioid receptor antagonist, JDTic, on reinstatement of cocaine-seeking induced by
footshock stressors vs cocaine primes and its antidepressant-like effects in rats.
Psychopharmacology, 183(1), 118-126.

Beatty, J. A., Sullivan, M. A., Morikawa, H., & Wilson, C. J. (2012). Complex autonomous firing
patterns of striatal low-threshold spike interneurons. Journal of Neurophysiology, 108(3),
771-781.

Belmaker, R., Ebstein, R., Biederman, J., Stern, R., Berman, M., & Van Praag, H. (1978). The effect of
L-dopa and propranolol on human CSF cyclic nucleotides. Psychopharmacology, 58(3), 307-
310.

Benarroch, E. E. (2012). Effects of acetylcholine in the striatum Recent insights and therapeutic
implications. Neurology, 79(3), 274-281.

Benko, R., Antwi, A., & Bartho, L. (2012). The putative somatostatin antagonist cyclo-somatostatin
has opioid agonist effects in gastrointestinal preparations. Life sciences, 90(19), 728-732.

Bennett, B. D., Callaway, J. C., & Wilson, C. J. (2000). Intrinsic membrane properties underlying
spontaneous tonic firing in neostriatal cholinergic interneurons. The Journal of neuroscience,
20(22), 8493-8503.

Bennett, B. D., & Wilson, C. J. (1999). Spontaneous activity of neostriatal cholinergic interneurons in
vitro. The Journal of neuroscience, 19(13), 5586-5596.

Berretta, S., Parthasarathy, H. B., & Graybiel, A. M. (1997). Local release of GABAergic inhibition in
the motor cortex induces immediate-early gene expression in indirect pathway neurons of
the striatum. The Journal of neuroscience, 17(12), 4752-4763.

Berridge, K. C. (2000). Opioid site in nucleus accumbens shell mediates eating and hedonic ‘liking’ for
food: map based on microinjection Fos plumes. Brain research, 863(1-2), 71-86.

Bevan, M. D,, Booth, P. A, Eaton, S. A, & Bolam, J. P. (1998). Selective innervation of neostriatal
interneurons by a subclass of neuron in the globus pallidus of the rat. The Journal of
neuroscience, 18(22), 9438-9452.

Blanchet, P., Konitsiotis, S., Whittemore, E., Zhou, Z., Woodward, R., & Chase, T. (1999). Differing
effects of N-methyl-D-aspartate receptor subtype selective antagonists on dyskinesias in
levodopa-treated 1-methyl-4-phenyl-tetrahydropyridine monkeys. Journal of Pharmacology
and Experimental Therapeutics, 290(3), 1034-1040.

Blanton, M. G., Turco, J. J. L., & Kriegstein, A. R. (1989). Whole cell recording from neurons in slices
of reptilian and mammalian cerebral cortex. Journal of neuroscience methods, 30(3), 203-
210.

Blomeley, C., & Bracci, E. (2005). Excitatory effects of serotonin on rat striatal cholinergic
interneurones. The Journal of physiology, 569(3), 715-721.

Blomeley, C. P., & Bracci, E. (2011). Opioidergic interactions between striatal projection neurons. The
Journal of neuroscience, 31(38), 13346-13356

Bodnar, R. J. (2004). Endogenous opioids and feeding behavior: a 30-year historical perspective.
Peptides, 25(4), 697-725.

Page | 139



Boehning, D., & Snyder, S. H. (2003). Novel neural modulators. Annual review of neuroscience, 26(1),
105-131.

Bolam, J. (1984). Synapses of identified neurons in the neostriatum. Paper presented at the Ciba
Foundation Symposium 107-Functions of the Basal Ganglia.

Bolam, J., Wainer, B., & Smith, A. (1984). Characterization of cholinergic neurons in the rat
neostriatum. A combination of choline acetyltransferase immunocytochemistry, Golgi-
impregnation and electron microscopy. Neuroscience, 12(3), 711-718.

Bolam, J. P., Ingham, C. A., Izzo, P. N., Levey, A. I., Rye, D. B., Smith, A. D., & Wainer, B. H. (1986).
Substance P-containing terminals in synaptic contact with cholinergic neurons in the
neostriatum and basal forebrain: a double immunocytochemical study in the rat. Brain
research, 397(2), 279-289.

Bolanos, C. A., Garmsen, G. M., Clair, M. A., & McDougall, S. A. (1996). Effects of the [kappa]-opioid
receptor agonist U-50,488 on morphine-induced place preference conditioning in the
developing rat. European journal of pharmacology, 317(1), 1-8.

Bracci, E., Centonze, D., Bernardi, G., & Calabresi, P. (2002). Dopamine excites fast-spiking
interneurons in the striatum. Journal of Neurophysiology, 87(4), 2190-2194.

Bredt, D. S. (2003). Nitric oxide signaling in brain: potentiating the gain with YC-1. Molecular
pharmacology, 63(6), 1206-1208.

Bredt, D. S., & Snyder, S. H. (1990). Isolation of nitric oxide synthetase, a calmodulin-requiring
enzyme. Proceedings of the National Academy of Sciences, 87(2), 682-685.

Breiter, H. C., Gollub, R. L., Weisskoff, R. M., Kennedy, D. N., Makris, N., Berke, J. D., . . . Riorden, J. P.
(1997). Acute effects of cocaine on human brain activity and emotion. Neuron, 19(3), 591-
611.

Britt, J. P., & McGehee, D. S. (2008). Presynaptic opioid and nicotinic receptor modulation of
dopamine overflow in the nucleus accumbens. The Journal of Neuroscience, 28(7), 1672-
1681.

Brodacki, B., Chalimoniuk, M., Wesotowska, J., Staszewski, J., Chrapusta, S. J., Stepien, A., & Langfort,
J. (2011). cGMP level in idiopathic Parkinson’s disease patients with and without
cardiovascular disease—A pilot study. Parkinsonism & related disorders, 17(9), 689-692.

Brog, J. S., Salyapongse, A., Deutch, A. Y., & Zahm, D. S. (1993). The patterns of afferent innervation
of the core and shell in the "accumbens" part of the rat ventral striatum:
immunohistochemical detection of retrogradely transported fluoro-gold. The Journal of
comparative neurology, 338(2), 255-278.

Bruijnzeel, A. W. (2009). kappa-Opioid receptor signaling and brain reward function. Brain research
reviews, 62(1), 127-146.

Butcher, L. L., & Woolf, N. J. (1984). Histochemical distribution of acetylcholinesterase in the central
nervous system: clues to the localization of cholinergic neurons. Handbook of chemical
neuroanatomy, 3(Part IlI), 1-50.

Bymaster, F. P., Heath, I., Hendrix, J. C., & Shannon, H. E. (1993). Comparative behavioral and
neurochemical activities of cholinergic antagonists in rats. Journal of Pharmacology and
Experimental Therapeutics, 267(1), 16-24.

Calabresi, P., Centonze, D., Gubellini, P., Pisani, A., & Bernardi, G. (2000). Acetylcholine-mediated
modulation of striatal function. Trends in neurosciences, 23(3), 120-126.

Calabresi, P., Centonze, D., Pisani, A., Sancesario, G., North, R. A., & Bernardi, G. (1998). Muscarinic
IPSPs in rat striatal cholinergic interneurones. The Journal of physiology, 510(2), 421-427.

Centonze, D., Bracci, E., Pisani, A., Gubellini, P., Bernardi, G., & Calabresi, P. (2002). Activation of
dopamine D1-like receptors excites LTS interneurons of the striatum. European Journal of
Neuroscience, 15(12), 2049-2052.

Page | 140



Centonze, D., Grande, C., Saulle, E., Martin, A. B., Gubellini, P., Pavdn, N., . . . Calabresi, P. (2003).
Distinct roles of D1 and D5 dopamine receptors in motor activity and striatal synaptic
plasticity. The Journal of neuroscience, 23(24), 8506-8512.

Centonze, D., Pisani, A., Bonsi, P., Giacomini, P., Bernardi, G., & Calabresi, P. (2001). Stimulation of
nitric oxide-cGMP pathway excites striatal cholinergic interneurons via protein kinase G
activation. The Journal of neuroscience, 21(4), 1393-1400.

Chalimoniuk, M. g., & Stépiefi, A. (2004). Influence of the therapy with pergolide mesylate plus L-
DOPA and with L-DOPA alone on serum cGMP level in PD patients. Pol J Pharmacol, 56(5),
647-650.

Chang, H. T., & Kita, H. (1992). Interneurons in the rat striatum: relationships between parvalbumin
neurons and cholinergic neurons. Brain research, 574(1), 307-311.

Chaparro-Huerta, V., Beas-Zarate, C., Guerrero, M. U., & Feria-Velasco, A. (1997). Nitric oxide
involvement in regulating the dopamine transport in the striatal region of rat brain.
Neurochemistry international, 31(4), 607-616.

Chevalier, G., & Deniau, J. (1990). Disinhibition as a basic process in the expression of striatal
functions. Trends in neurosciences, 13(7), 277-280.

Clarke, N., Bevan, M., Cozzari, C., Hartman, B., & Bolam, J. (1997). Glutamate-enriched cholinergic
synaptic terminals in the entopeduncular nucleus and subthalamic nucleus of the rat.
Neuroscience, 81(2), 371-385.

Colquhoun, L. M., & Patrick, J. W. (1996). Pharmacology of neuronal nicotinic acetylcholine receptor
subtypes. Advances in pharmacology (San Diego, Calif.), 39, 191-220.

Cromwell, H. C., & Schultz, W. (2003). Effects of expectations for different reward magnitudes on
neuronal activity in primate striatum. Journal of Neurophysiology, 89(5), 2823-2838.

Dani, J. A, Ji, D., & Zhou, F.-M. (2001). Synaptic plasticity and nicotine addiction. Neuron, 31(3), 349-
352.

Davenport, K. E., Houdi, A. A, & Van Loon, G. R. (1990). Nicotine protects against mu-opioid receptor
antagonism by beta-funaltrexamine: evidence for nicotine-induced release of endogenous
opioids in brain. Neurosci Lett, 113(1), 40-46. doi: 0304-3940(90)90491-Q [pii]

David, V., & Cazala, P. (1994). A comparative study of self-administration of morphine into the
amygdala and the ventral tegmental area in mice. Behavioural brain research, 65(2), 205-
211.

De Rover, M., Lodder, J. C., Kits, K. S., Schoffelmeer, A. N., & Brussaard, A. B. (2002). Cholinergic
modulation of nucleus accumbens medium spiny neurons. European Journal of
Neuroscience, 16(12), 2279-2290.

DeBoer, P., Heeringa, M. J., & Abercrombie, E. D. (1996). Spontaneous release of acetylcholine in
striatum is preferentially regulated by inhibitory dopamine D 2 receptors. European journal
of pharmacology, 317(2), 257-262.

Dehorter, N., Guigoni, C., Lopez, C., Hirsch, J., Eusebio, A., Ben-Ari, Y., & Hammond, C. (2009).
Dopamine-deprived striatal GABAergic interneurons burst and generate repetitive gigantic
IPSCs in medium spiny neurons. The Journal of neuroscience, 29(24), 7776-7787.

Deisseroth, K. (2011). Optogenetics. Nature methods, 8(1), 26-29.

Del-Bel, E., Eduardo Padovan-Neto, F., Raisman-Vozari, R., & Lazzarini, M. (2011). Role of nitric oxide
in motor control: implications for Parkinson's disease pathophysiology and treatment.
Current pharmaceutical design, 17(5), 471-488.

Del Bel, E. A., Guimaraes, F. S., Berm{idez-Echeverry, M., Gomes, M. Z., Schiaveto-de-Souza, A.,
Padovan-Neto, F. E., ... & de Paula-Souza, D. (2005). Role of nitric oxide on motor behavior.
Cellular and molecular neurobiology, 25(2), 371-392.

Delgado, M. R. (2007). Reward-Related Responses in the Human Striatum. Annals of the New York
Academy of Sciences, 1104(1), 70-88.

Page | 141



Delong, M. (1971). Activity of pallidal neurons during movement. Journal of Neurophysiology, 34(3),
414-427.

Delong, M., & Wichmann, T. (2009). Update on models of basal ganglia function and dysfunction.
Parkinsonism & related disorders, 15, S237-5240.

Dhatt, R. K., Gudehithlu, K. P., Wemlinger, T. A., Tejwani, G. A., Neff, N. H., & Hadjiconstantinou, M.
(1995). Preproenkephalin mRNA and Methioninea€@Enkephalin Content Are Increased in
Mouse Striatum After Treatment with Nicotine. Journal of neurochemistry, 64(4), 1878-1883.

Di Benedetto, M., D'Addario, C., Collins, S., Izenwasser, S., Candeletti, S., & Romualdi, P. (2004). Role
of serotonin on cocaine-mediated effects on prodynorphin gene expression in the rat brain.
Journal of Molecular Neuroscience, 22(3), 213-222.

Di Chiara, G., & Imperato, A. (1988). Drugs abused by humans preferentially increase synaptic
dopamine concentrations in the mesolimbic system of freely moving rats. Proceedings of the
National Academy of Sciences, 85(14), 5274-5278.

Difiglia, M., Pasik, P., & Pasik, T. (1982). A Golgi and ultrastructural study of the monkey globus
pallidus. Journal of Comparative Neurology, 212(1), 53-75.

Ding, J. B., Guzman, J. N., Peterson, J. D., Goldberg, J. A., & Surmeier, D. J. (2010). Thalamic gating of
corticostriatal signaling by cholinergic interneurons. Neuron, 67(2), 294-307.

Dourmap, N., Clero, E., & Costentin, J. (1997). Involvement of cholinergic neurons in the release of
dopamine elicited by stimulation of [mu]-opioid receptors in striatum. Brain research,
749(2), 295-300.

Draganski, B., Kherif, F., Kloppel, S., Cook, P. A., Alexander, D. C., Parker, G. J., . . . Frackowiak, R. S.
(2008). Evidence for segregated and integrative connectivity patterns in the human basal
ganglia. The Journal of neuroscience, 28(28), 7143-7152.

English, D. F., Ibanez-Sandoval, O., Stark, E., Tecuapetla, F., Buzsaki, G., Deisseroth, K., . . . Koos, T.
(2012). GABAergic circuits mediate the reinforcement-related signals of striatal cholinergic
interneurons. Nature neuroscience, 15(1), 123-130.

Eve, D. J., Nisbet, A. P., Kingsbury, A. E., Hewson, E. L., Daniel, S. E., Lees, A. ., ... Foster, O. J. (1998).
Basal ganglia neuronal nitric oxide synthase mRNA expression in Parkinson's disease.
Molecular brain research, 63(1), 62-71.

Everitt, B. J., & Robbins, T. W. (2005). Neural systems of reinforcement for drug addiction: from
actions to habits to compulsion. Nature neuroscience, 8(11), 1481-1489.

Everitt, B. J., Belin, D., Economidou, D., Pelloux, Y., Dalley, J. W., & Robbins, T. W. (2008). Neural
mechanisms underlying the vulnerability to develop compulsive drug-seeking habits and
addiction. Philosophical Transactions of the Royal Society of London B: Biological Sciences,
363(1507), 3125-3135.

Everitt, B. J., & Robbins, T. W. (1997). Central cholinergic systems and cognition. Annual review of
psychology, 48(1), 649-684.

Fadila, H.-B. (2004). conditional associative learning: a multidisciplinary approach’. UNIVERSITE
CLAUDE BERNARD-LYON 1.

Fenno, L., Yizhar, O., & Deisseroth, K. (2011). The development and application of optogenetics.
Annual review of neuroscience, 34, 389-412.

Fields, H. L., Hjelmstad, G. O., Margolis, E. B., & Nicola, S. M. (2007). Ventral tegmental area neurons
in learned appetitive behavior and positive reinforcement. Annu. Rev. Neurosci., 30, 289-
316.

Fink-Jensen, A., Fedorova, I., Wortwein, G., Woldbye, D. P., Rasmussen, T., Thomsen, M., . ..
Yamada, M. (2003). Role for M5 muscarinic acetylcholine receptors in cocaine addiction.
Journal of neuroscience research, 74(1), 91-96.

French, S., Ritson, G., Hidaka, S., & Totterdell, S. (2005). Nucleus accumbens nitric oxide
immunoreactive interneurons receive nitric oxide and ventral subicular afferents in rats.
Neuroscience, 135(1), 121-131.

Page | 142



Frye, G. D., & Breese, G. R. (1982). GABAergic modulation of ethanol-induced motor impairment.
Journal of Pharmacology and Experimental Therapeutics, 223(3), 750-756.

Galarraga, E., Vilchis, C., Tkatch, T., Salgado, H., Tecuapetla, F., Perez-Rosello, T., . . . Bargas, J. (2007).
Somatostatinergic modulation of firing pattern and calcium-activated potassium currents in
medium spiny neostriatal neurons. Neuroscience, 146(2), 537-554.

Galati, S., D'angelo, V., Scarnati, E., Stanzione, P., Martorana, A., Procopio, T, . .. Stefani, A. (2008).
In vivo electrophysiology of dopamine-denervated striatum: Focus on the nitric oxide/cGMP
signaling pathway. Synapse, 62(6), 409-420.

Gallagher, J., Higashi, H., & Nishi, S. (1978). Characterization and ionic basis of GABA-induced
depolarizations recorded in vitro from cat primary afferent neurones. The Journal of
physiology, 275(1), 263-282.

Garthwaite, J. (2008). Concepts of neural nitric oxide-mediated transmission. European Journal of
Neuroscience, 27(11), 2783-2802.

Gatto, E. M., Riobd, N. A., Carreras, M. C., Cherfiavsky, A., Rubio, A., Satz, M. L., & Poderoso, J. J.
(2000). Overexpression of neutrophil neuronal nitric oxide synthase in Parkinson's disease.
Nitric Oxide, 4(5), 534-539.

Gerfen, C. R. (1992). The neostriatal mosaic: multiple levels of compartmental organization Advances
in Neuroscience and Schizophrenia (pp. 43-59): Springer.

Gerfen, C. R., & Wilson, C. J. (1996). Chapter Il The basal ganglia. Handbook of chemical
neuroanatomy, 12, 371-468.

Gerfen, C. R. (1984). The neostriatal mosaic: compartmentalization of corticostriatal input and
striatonigral output systems.

Gertler, T. S., Chan, C. S., & Surmeier, D. J. (2008). Dichotomous anatomical properties of adult
striatal medium spiny neurons. The Journal of neuroscience, 28(43), 10814-10824.

Giniatullin, R., Nistri, A., & Yakel, J. L. (2005). Desensitization of nicotinic ACh receptors: shaping
cholinergic signaling. Trends Neurosci, 28(7), 371-378. doi:10.1016/j.tins.2005.04.009

Girod, R., Crabtree, G., Ernstrom, G., RAMIREZ-LATORRE, J., McGehee, D., Turner, J., & Role, L.
(1999). Heteromeric Complexes of a5 and/or a7 Subunits: Effects of Calcium and Potential
Role in Nicotine-Induced Presynaptic Facilitation. Annals of the New York Academy of
Sciences, 868(1), 578-590.

Gittis, A. H., Nelson, A. B., Thwin, M. T., Palop, J. J., & Kreitzer, A. C. (2010). Distinct roles of
GABAergic interneurons in the regulation of striatal output pathways. The Journal of
neuroscience, 30(6), 2223-2234.

Givens, B. S., & Breese, G. R. (1990). Site-specific enhancement of gamma-aminobutyric acid-
mediated inhibition of neural activity by ethanol in the rat medial septal area. Journal of
Pharmacology and Experimental Therapeutics, 254(2), 528-538.

Globus, M. Y.-T., Prado, R., & Busto, R. (1995). Ischemia-induced changes in extracellular levels of
striatal cyclic GMP: role of nitric oxide. Neuroreport, 6(14), 1909-1912.

Goldman, P. S., & Nauta, W. J. (1977). An intricately patterned prefronto-caudate projection in the
rhesus monkey. Journal of Comparative Neurology, 171(3), 369-385.

Gottfried, J. A., & Haber, S. N. (2011). Neuroanatomy of Reward: A View from the Ventral Striatum.

Gracy, K. N., & Pickel, V. M. (1997). Ultrastructural localization and comparative distribution of nitric
oxide synthase and N-methyl-D-aspartate receptors in the shell of the rat nucleus
accumbens. Brain research, 747(2), 259-272.

Grantyn, R., & Kettenmann, H. (1992). Practical electrophysiological methods: a guide for in vitro
studies in vertebrate neurobiology: Wiley-Liss.

Graveland, G., & DiFiglia, M. (1985). The frequency and distribution of medium-sized neurons with
indented nuclei in the primate and rodent neostriatum. Brain research, 327(1), 307-311.

Page | 143



Graybiel, A., Baughman, R., & Eckenstein, F. (1986). Cholinergic neuropil of the striatum observes
striosomal boundaries.

Graybiel, A. M., Aosaki, T., Flaherty, A. W., & Kimura, M. (1994). The basal ganglia and adaptive
motor control. Science, 265(5180), 1826-1831.

Graybiel, A. M., Pickel, V. M., Joh, T. H., Reis, D. J., & Ragsdale, C. W. (1981). Direct demonstration of
a correspondence between the dopamine islands and acetylcholinesterase patches in the
developing striatum. Proceedings of the National Academy of Sciences, 78(9), 5871-5875.

Graybiel, A. M., & Ragsdale, C. W. (1978). Histochemically distinct compartments in the striatum of
human, monkeys, and cat demonstrated by acetylthiocholinesterase staining. Proceedings of
the National Academy of Sciences, 75(11), 5723-5726.

Graybiel, A. M. (2009, September). Neurochemically specified subsystems in the basal ganglia. In
Functions of the basal ganglia, Ciba Foundation Symposium (Vol. 107, pp. 114-144).

Guevara-Guzman, R., Emson, P. C., & Kendrick, K. M. (1994). Modulation of in vivo striatal
transmitter release by nitric oxide and cyclic GMP. Journal of neurochemistry, 62(2), 807-
810.

Gupta, S. P,, Yadav, S., Singhal, N. K., Tiwari, M. N., Mishra, S. K., & Singh, M. P. (2014). Does
restraining nitric oxide biosynthesis rescue from toxins-induced parkinsonism and sporadic
Parkinson's disease? Molecular neurobiology, 49(1), 262-275.

Hamill, O. P., Marty, A., Neher, E., Sakmann, B., & Sigworth, F. (1981). Improved patch-clamp
techniques for high-resolution current recording from cells and cell-free membrane patches.
Pfliigers Archiv, 391(2), 85-100.

Hartung, H., Threlfell, S., & Cragg, S. J. (2011). Nitric oxide donors enhance the frequency
dependence of dopamine release in nucleus accumbens. Neuropsychopharmacology, 36(9),
1811-1822.

Hassani, O. K., Cromwell, H. C., & Schultz, W. (2001). Influence of expectation of different rewards on
behavior-related neuronal activity in the striatum. Journal of Neurophysiology, 85(6), 2477-
2489.

Hawkins, K. N., Knapp, R. J., Lui, G. K., Gulya, K., Kazmierski, W., Wan, Y., ... Yamamura, H. I. (1989).
[3H]-[HD-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2]([3H] CTOP), a potent and highly selective
peptide for mu opioid receptors in rat brain. Journal of Pharmacology and Experimental
Therapeutics, 248(1), 73-80.

He, Y., Imam, S. Z., Dong, Z., Jankovic, J., Ali, S. F., Appel, S. H., & Le, W. (2003). Role of nitric oxide in
rotenone-induced nigro-striatal injury. Journal of neurochemistry, 86(6), 1338-1345.
Hernandez-Lépez, S., Tkatch, T., Perez-Garci, E., Galarraga, E., Bargas, J., Hamm, H., & Surmeier, D. J.
(2000). D2 dopamine receptors in striatal medium spiny neurons reduce L-Type Ca2+
currents and excitability via a novel PLCB1-IP3—calcineurin-signaling cascade. The Journal of

neuroscience, 20(24), 8987-8995.

Hersch, S. M., Gutekunst, C.-A., Rees, H., Heilman, C. J., & Levey, A. . (1994). Distribution of m1-m4
muscarinic receptor proteins in the rat striatum: light and electron microscopic
immunocytochemistry using subtype-specific antibodies. The Journal of neuroscience, 14(5),
3351-3363.

Hidaka, S., & Totterdell, S. (2001). Ultrastructural features of the nitric oxide synthase-containing
interneurons in the nucleus accumbens and their relationship with tyrosine hydroxylase-
containing terminals. Journal of Comparative Neurology, 431(2), 139-154.

HORN, T. F., WOLF, G., DUFFY, S., WEISS, S., KEILHOFF, G., & MacVICAR, B. A. (2002). Nitric oxide
promotes intracellular calcium release from mitochondria in striatal neurons. The FASEB
journal, 16(12), 1611-1622.

Houston, C. M., Bright, D. P., Sivilotti, L. G., Beato, M., & Smart, T. G. (2009). Intracellular chloride
ions regulate the time course of GABA-mediated inhibitory synaptic transmission. The
Journal of neuroscience, 29(33), 10416-10423.

Page | 144



Hyman, S. E., Malenka, R. C., & Nestler, E. J. (2006). Neural mechanisms of addiction: the role of
reward-related learning and memory. Annu. Rev. Neurosci., 29, 565-598.

Ibafiez-Sandoval, O., Tecuapetla, F., Unal, B., Shah, F., Koas, T., & Tepper, J. M. (2011). A Novel
Functionally Distinct Subtype of Striatal Neuropeptide Y Interneuron. The Journal of
Neuroscience, 31(46), 16757-16769.

Ichikawa, J., Chung, Y. C,, Li, Z., Dai, J., & Meltzer, H. Y. (2002). Cholinergic modulation of basal and
amphetamine-induced dopamine release in rat medial prefrontal cortex and nucleus
accumbens. Brain research, 958(1), 176-184.

Ignatov, I. D., Kovalenko, V. S., Andreev, B. V., & Titov, M. |. (1981). Effect of leu-and met-
enkephalins on the brain's reinforcement systems)]. Biull Eksp Biol Med journal, 92(7), 33.

Ikemoto, S. (2007). Dopamine reward circuitry: two projection systems from the ventral midbrain to
the nucleus accumbens—olfactory tubercle complex. Brain research reviews, 56(1), 27-78.

Ince, E., Ciliax, B. J., & Levey, A. I. (1997). Differential expression of D1 and D2 dopamine and m4
muscarinic acetylcholine receptor proteins in identified striatonigral neurons. Synapse,
27(4), 357-366.

Ito, R., Dalley, J. W., Robbins, T. W., & Everitt, B. J. (2002). Dopamine release in the dorsal striatum
during cocaine-seeking behavior under the control of a drug-associated cue. The Journal of
neuroscience, 22(14), 6247-6253.

Jabourian, M., Bourgoin, S., Perez, S., Godeheu, G., Glowinski, J., & Kemel, M.-L. (2004). u opioid
control of the N-methyl-d-aspartate-evoked release of [3 h]-acetylcholine in the limbic
territory of the rat striatum in vitro: diurnal variations and implication of a dopamine link.
Neuroscience, 123(3), 733-742.

Jabourian, M., Venance, L., Bourgoin, S., Ozon, S., Pérez, S., Godeheu, G., . .. Kemel, M. L. (2005).
Functional mu opioid receptors are expressed in cholinergic interneurons of the rat dorsal
striatum: territorial specificity and diurnal variation. European Journal of Neuroscience,
21(12), 3301-3309.

Janssen, M. J., Ade, K. K., Fu, Z., & Vicini, S. (2009). Dopamine modulation of GABA tonic
conductance in striatal output neurons. The Journal of neuroscience, 29(16), 5116-5126.

Jensen, J., McIntosh, A. R., Crawley, A. P., Mikulis, D. J., Remington, G., & Kapur, S. (2003). Direct
activation of the ventral striatum in anticipation of aversive stimuli. Neuron, 40(6), 1251-
1257.

Janssen, M., Yasuda, R. P., & Vicini, S. (2011). GABAA receptor B3 subunit expression regulates tonic
current in developing striatopallidal medium spiny neurons. Frontiers in cellular
neuroscience, 5, 15.

Jiang, Z., & North, R. (1991). Membrane properties and synaptic responses of rat striatal neurones in
vitro. The Journal of physiology, 443(1), 533-553.

Jiang, Z., & North, R. (1992). Pre-and postsynaptic inhibition by opioids in rat striatum. The Journal of
neuroscience, 12(1), 356-361.

Jog, M. S., Kubota, Y., Connolly, C. I., Hillegaart, V., & Graybiel, A. M. (1999). Building neural
representations of habits. Science, 286(5445), 1745-1749.

Kaila, K., Lamsa, K., Smirnov, S., Taira, T., & Voipio, J. (1997). Long-lasting GABA-mediated
depolarization evoked by high-frequency stimulation in pyramidal neurons of rat
hippocampal slice is attributable to a network-driven, bicarbonate-dependent K+ transient.
The Journal of neuroscience, 17(20), 7662-7672.

Kandel, E. R., Schwartz, J. H., & Jessell, T. M. (2000). Principles of neural science (Vol. 4): McGraw-Hill
New York.

Kawagoe, R., Takikawa, Y., & Hikosaka, O. (1998). Expectation of reward modulates cognitive signals
in the basal ganglia. Nature neuroscience, 1(5), 411-416.

Page | 145



Kawaguchi, Y. (1992). Large aspiny cells in the matrix of the rat neostriatum in vitro: physiological
identification, relation to the compartments and excitatory postsynaptic currents. Journal of
Neurophysiology, 67(6), 1669-1682.

Kawaguchi, Y. (1993). Physiological, morphological, and histochemical characterization of three
classes of interneurons in rat neostriatum. The Journal of neuroscience, 13(11), 4908-4923.

Kawaguchi, Y. (1997). Neostriatal cell subtypes and their functional roles. Neuroscience research,
27(1), 1-8.

Kawaguchi, Y., Wilson, C. J., Augood, S. J., & Emson, P. C. (1995). Striatal interneurones: chemical,
physiological and morphological characterization. Trends in neurosciences, 18(12), 527-535.

Kelley, A. E., & Berridge, K. C. (2002). The neuroscience of natural rewards: relevance to addictive
drugs. The Journal of neuroscience, 22(9), 3306-3311.

Kemp, J. M., & Powell, T. (1971). The structure of the caudate nucleus of the cat: light and electron
microscopy. Philosophical Transactions of the Royal Society of London B: Biological Sciences,
262(845), 383-401.

Kimura, M., Minamimoto, T., Matsumoto, N., & Hori, Y. (2004). Monitoring and switching of cortico-
basal ganglia loop functions by the thalamo-striatal system. Neuroscience research, 48(4),
355-360.

Kimura, M., Rajkowski, J., & Evarts, E. (1984). Tonically discharging putamen neurons exhibit set-
dependent responses. Proceedings of the National Academy of Sciences, 81(15), 4998-5001.

Kincaid, A. E., & Wilson, C. J. (1996). Corticostriatal innervation of the patch and matrix in the rat
neostriatum. The Journal of comparative neurology, 374(4), 578-592.

Kiss, J. P. (2000). Role of nitric oxide in the regulation of monoaminergic neurotransmission. Brain
research bulletin, 52(6), 459-466.

Kiss, J. P., Zsilla, G., & Vizi, E. S. (2004). Inhibitory effect of nitric oxide on dopamine transporters:
interneuronal communication without receptors. Neurochemistry international, 45(4), 485-
489.

Kita, T., Kita, H., & Kitai, S. (1984). Passive electrical membrane properties of rat neostriatal neurons
in an in vitro slice preparation. Brain research, 300(1), 129-139.

Knierim, J. (1997). Neuroscience Online Chapter 4: Basal Ganglia.

Koob, G. F., & Le Moal, M. (2008). Addiction and the brain antireward system. Annu. Rev. Psychol.,
59, 29-53.

Koos, T., & Tepper, J. M. (1999). Inhibitory control of neostriatal projection neurons by GABAergic
interneurons. Nature neuroscience, 2, 467-472.

Kods, T., & Tepper, J. M. (1999). Inhibitory control of neostriatal projection neurons by GABAergic
interneurons. Nature neuroscience, 2(5), 467-472.

Kods, T., & Tepper, J. M. (2002). Dual cholinergic control of fast-spiking interneurons in the
neostriatum. The Journal of neuroscience, 22(2), 529-535.

Kraus, M., & Prast, H. (2002). Involvement of nitric oxide, cyclic GMP and phosphodiesterase 5 in
excitatory amino acid and GABA release in the nucleus accumbens evoked by activation of
the hippocampal fimbria. Neuroscience, 112(2), 331-343.

Kraus, M. M., & Prast, H. (2001). The nitric oxide system modulates the in vivo release of
acetylcholine in the nucleus accumbens induced by stimulation of the hippocampal
fornix/fimbria-projection. European Journal of Neuroscience, 14(7), 1105-1112.

Kravitz, A. V., Freeze, B. S., Parker, P. R, Kay, K., Thwin, M. T., Deisseroth, K., & Kreitzer, A. C. (2010).
Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia
circuitry. Nature, 466(7306), 622-626.

Kreitzer, A. C. (2009). Physiology and pharmacology of striatal neurons. Annual review of
neuroscience, 32, 127-147.

Page | 146



Kubota, Y., Inagaki, S., Kito, S., Shimada, S., Okayama, T., Hatanaka, H., . . . Tohyama, M. (1988).
Neuropeptide Y-immunoreactive neurons receive synaptic inputs from dopaminergic axon
terminals in the rat neostriatum. Brain research, 458(2), 389-393.

Kubota, Y., & Kawaguchi, Y. (2000). Dependence of GABAergic synaptic areas on the interneuron
type and target size. The Journal of Neuroscience, 20(1), 375-386.

Kubota, Y., Mikawa, S., & Kawaguchi, Y. (1993). Neostriatal GABAergic interneurones contain NOS,
calretinin or parvalbumin. Neuroreport, 5(3), 205-208.

Kunzle, H. (1975). Bilateral projections from precentral motor cortex to the putamen and other parts
of the basal ganglia. An autoradiographic study inMacaca fascicularis. Brain research, 88(2),
195-209.

Lacey, M., Mercuri, N., & North, R. (1990). Actions of cocaine on rat dopaminergic neurones in vitro.
British journal of pharmacology, 99(4), 731-735.

Lapchak, P. A,, Araujo, D. M., & Collier, B. (1989). Regulation of endogenous acetylcholine release
from mammalian brain slices by opiate receptors: hippocampus, striatum and cerebral
cortex of guinea-pig and rat. Neuroscience, 31(2), 313-325.

Lapper, S., & Bolam, J. (1992). Input from the frontal cortex and the parafascicular nucleus to
cholinergic interneurons in the dorsal striatum of the rat. Neuroscience, 51(3), 533-545.

Lapper, S. R., Smith, Y., Sadikot, A. F., Parent, A., & Bolam, J. P. (1992). Cortical input to parvalbumin-
immunoreactive neurones in the putamen of the squirrel monkey. Brain research, 580(1),
215-224,

Le Merrer, J., Becker, J. A. J., Befort, K., & Kieffer, B. L. (2009). Reward processing by the opioid
system in the brain. Physiological reviews, 89(4), 1379-1412.

Le Moine, C., Normand, E., & Bloch, B. (1991). Phenotypical characterization of the rat striatal
neurons expressing the D1 dopamine receptor gene. Proceedings of the National Academy
of Sciences, 88(10), 4205-4209.

Lee, T., Kaneko, T., Taki, K., & Mizuno, N. (1997). Preprodynorphin-, preproenkephalin-, and
preprotachykinin-expressing neurons in the rat neostriatum: an analysis by
immunocytochemistry and retrograde tracing. The Journal of comparative neurology, 386(2),
229-244,

Lendvai, B., Sandor, N., & Sandor, A. (1992). Influence of selective opiate antagonists on striatal
acetylcholine and dopamine release. Acta Physiologica Hungarica, 81(1), 19-28.

Liang, L. P., & Kaufman, S. (1998). The regulation of dopamine release from striatum slices by
tetrahydrobiopterin and L-arginine-derived nitric oxide. Brain research, 800(2), 181-186.

Liu, C.-N., Liu, X., Gao, D., & Li, S. (2005). Effects of SNP, GLU and GABA on the neuronal activity of
striatum nucleus in rats. Pharmacological research, 51(6), 547-551.

Lonart, G., & Johnson, K. M. (1994). Inhibitory effects of nitric oxide on the uptake of [3H] dopamine
and [3H] glutamate by striatal synaptosomes. Journal of neurochemistry, 63(6), 2108-2117.

Longstaff, A. (2000). Instant notes. Neuroscience. New York: Springer-Verlag, 76-77.

Lopez-Huerta, V. G., Tecuapetla, F., Guzman, J. N., Bargas, J., & Galarraga, E. (2008). Presynaptic
modulation by somatostatin in the neostriatum. Neurochemical research, 33(8), 1452-1458.

Lovinger, D. M. (2010). Neurotransmitter roles in synaptic modulation, plasticity and learning in the
dorsal striatum. Neuropharmacology, 58(7), 951-961.

Luo, R,, Janssen, M. J., Partridge, J. G., & Vicini, S. (2013). Direct and GABA-mediated indirect effects
of nicotinic ACh receptor agonists on striatal neurones. The Journal of physiology, 591(1),
203-217.

Ma, Y.-Y., Cepeda, C., Chatta, P., Franklin, L., Evans, C. J., & Levine, M. S. (2012). Regional and cell-
type-specific effects of DAMGO on striatal D1 and D2 dopamine receptor-expressing
medium-sized spiny neurons. ASN neuro, 4(2), AN20110063.

Page | 147



Madisen, L., Mao, T., Koch, H., Zhuo, J. M., Berenyi, A., Fujisawa, S . . . ,.Zeng, H. (2012). A toolbox of
Cre-dependent optogenetic transgenic mice for light-induced activation and silencing. Nat
Neurosci, 15(5), 793-802. doi:10.1038/nn.3078 .

Mahon, S., Vautrelle, N., Pezard, L., Slaght, S. J., Deniau, J.-M., Chouvet, G., & Charpier, S. (2006).
Distinct patterns of striatal medium spiny neuron activity during the natural sleep—wake
cycle. The Journal of neuroscience, 26(48), 12587-12595.

Mark, G. P., Shabani, S., Dobbs, L. K., & Hansen, S. T. (2011). Cholinergic modulation of mesolimbic
dopamine function and reward. Physiology & behavior, 104(1), 76-81.

Martone, M. E., Armstrong, D. M., Young, S. J., & Groves, P. M. (1992). Ultrastructural examination
of enkephalin and substance P input to cholinergic neurons within the rat neostriatum. Brain
research, 594(2), 253-262.

Mansvelder, H. D., & McGehee, D. S. (2002). Cellular and synaptic mechanisms of nicotine addiction.
Journal of neurobiology, 53(4), 606-617.

Maurice, N., Mercer, J., Chan, C. S., Hernandez-Lopez, S., Held, J., Tkatch, T., & Surmeier, D. J. (2004).
D2 dopamine receptor-mediated modulation of voltage-dependent Na+ channels reduces
autonomous activity in striatal cholinergic interneurons. The Journal of Neuroscience, 24(46),
10289-10301.

McClure, S. M., Berns, G. S., & Montague, P. R. (2003). Temporal prediction errors in a passive
learning task activate human striatum. Neuron, 38(2), 339-346.

McGeorge, A., & Faull, R. (1989). The organization of the projection from the cerebral cortex to the
striatum in the rat. Neuroscience, 29(3), 503-537.

Meffert, M. K., Premack, B. A., & Schulman, H. (1994). Nitric oxide stimulates Ca 2+-independent
synaptic vesicle release. Neuron, 12(6), 1235-1244.

Meini, A., Benocci, A., Frosini, M., Sgaragli, G., Pessina, G., Aldinucci, C., . . . Palmi, M. (2000). Nitric
oxide modulation of interleukin-1B-evoked intracellular Ca2+ release in human astrocytoma
U-373 MG cells and brain striatal slices. The Journal of neuroscience, 20(24), 8980-8986.

Mena-Segovia, J., Bolam, J. P., & Magill, P. J. (2004). Pedunculopontine nucleus and basal ganglia:
distant relatives or part of the same family? Trends in neurosciences, 27(10), 585-588.

Meng, F., Xie, G. X., Thompson, R. C., Mansour, A., Goldstein, A., Watson, S. J., & Akil, H. (1993).
Cloning and pharmacological characterization of a rat kappa opioid receptor. Proceedings of
the National Academy of Sciences, 90(21), 9954.

Miller, G. (2006). Optogenetics. Shining new light on neural circuits. Science (New York, NY),
314(5806), 1674-1676.

Mink, J. W., & Thach, W. T. (1993). Basal ganglia intrinsic circuits and their role in behavior. Current
opinion in neurobiology, 3(6), 950-957.

Mink, J. W. (1996). The basal ganglia: focused selection and inhibition of competing motor programs.
Progress in neurobiology, 50(4), 381-425.

Miura, M., Saino-Saito, S., Masuda, M., Kobayashi, K., & Aosaki, T. (2007). Compartment-specific
modulation of GABAergic synaptic transmission by p-opioid receptor in the mouse striatum
with green fluorescent protein-expressing dopamine islands. The Journal of neuroscience,
27(36), 9721-9728.

Molina, J., Jiménez-liménez, F., Navarro, J., Vargas, C., Gomez, P., Benito-Ledn, J., . . . Arenas, J.
(1996). Cerebrospinal fluid nitrate levels in patients with Parkinson's disease. Acta
neurologica scandinavica, 93(2-3), 123-126.

Mouroux, M., & Feger, J. (1993). Evidence that the parafascicular projection to the subthalamic
nucleus is glutamatergic. Neuroreport, 4(6), 613-615.

Mufioz-Manchado, A. B., Foldi, C., Szydlowski, S., Sjulson, L., Farries, M., Wilson, C., . . . Hjerling-
Leffler, J. (2014). Novel Striatal GABAergic Interneuron Populations Labeled in the
S5HT3aEGFP Mouse. Cereb Cortex. doi:10.1093/cercor/bhul79.

Page | 148



Midller, W., Hallermann, S., & Swandulla, D. (1999). Opioidergic modulation of voltage-activated K+
currents in magnocellular neurons of the supraoptic nucleus in rat. Journal of
neurophysiology, 81(4), 1617-1625.

Murad, F. (2006). Nitric oxide and cyclic GMP in cell signaling and drug development. New England
Journal of Medicine, 355(19), 2003-2011.

Muramatsu, Y., Kurosaki, R., Mikami, T., Michimata, M., Matsubara, M., Imai, Y., . . . Araki, T. (2002).
Therapeutic effect of neuronal nitric oxide synthase inhibitor (7-nitroindazole) against MPTP
neurotoxicity in mice. Metabolic brain disease, 17(3), 169-182.

Nagel, G., Szellas, T., Huhn, W., Kateriya, S., Adeishvili, N., Berthold, P., ... & Bamberg, E. (2003).
Channelrhodopsin-2, a directly light-gated cation-selective membrane channel. Proceedings
of the National Academy of Sciences, 100(24), 13940-13945.

Nakahara, K., Yokoo, H., Yoshida, M., Tanaka, M., & Shigemori, M. (1994). [Effect of nitric oxide on
central dopaminergic neurons]. No to shinkei= Brain and nerve, 46(12), 1147-1153.

Narushima, M., Uchigashima, M., Fukaya, M., Matsui, M., Manabe, T., Hashimoto, K., . . . Kano, M.
(2007). Tonic enhancement of endocannabinoid-mediated retrograde suppression of
inhibition by cholinergic interneuron activity in the striatum. The Journal of neuroscience,
27(3), 496-506.

Navarro, J. A,, Jiménez-liménez, F. J., Molina, J. A., Benito-Ledn, J., Cisneros, E., Gasalla, T., . ..
Arenas, J. n. (1998). Cerebrospinal fluid cyclic guanosine 3' 5 monophosphate levels in
Parkinson's disease. Journal of the neurological sciences, 155(1), 92-94.

Nisenbaum, E. S., & Wilson, C. J. (1995). Potassium currents responsible for inward and outward
rectification in rat neostriatal spiny projection neurons. The Journal of neuroscience, 15(6),
4449-4463.

Novaretti, N., Padovan-Neto, F., Tumas, V., Da-Silva, C., & Del Bel, E. (2010). Lack of tolerance for the
anti-dyskinetic effects of 7-nitroindazole, a neuronal nitric oxide synthase inhibitor, in rats.
Brazilian Journal of Medical and Biological Research, 43(11), 1047-1053.

O’Doherty, J. P. (2004). Reward representations and reward-related learning in the human brain:
insights from neuroimaging. Current opinion in neurobiology, 14(6), 769-776.

Ogura, M., & Kita, H. (2000). Dynorphin exerts both postsynaptic and presynaptic effects in the
globus pallidus of the rat. Journal of Neurophysiology, 83(6), 3366-3376.

Ohta, K., Shimazu, K., Komatsumoto, S., Araki, N., Shibata, M., & Fukuuchi, Y. (1994). Modification of
striatal arginine and citrulline metabolism by nitric oxide synthase inhibitors. Neuroreport,
5(7), 766-768.

Oldenburg, I. A., & Ding, J. B. (2011). Cholinergic modulation of synaptic integration and dendritic
excitability in the striatum. Current opinion in neurobiology, 21(3), 425-432.

Packard, M. G., & Knowlton, B. J. (2002). Learning and memory functions of the basal ganglia. Annual
review of neuroscience, 25(1), 563-593.

Padovan-Neto, F., Echeverry, M., Tumas, V., & Del-Bel, E. (2009). Nitric oxide synthase inhibition
attenuates L-DOPA-induced dyskinesias in a rodent model of Parkinson's disease.
Neuroscience, 159(3), 927-935.

Padovan-Neto, F. E., Echeverry, M. B., Chiavegatto, S., & Del-Bel, E. (2011). Nitric oxide synthase
inhibitor improves de novo and long-term L-DOPA-induced dyskinesia in hemiparkinsonian
rats. Frontiers in systems neuroscience, 5.

Padovan-Neto, F. E., Ferreira, N. R., de Oliveira-Tavares, D., de Aguiar, D., da Silva, C. A., Raisman-
Vozari, R., & Del Bel, E. (2013). Anti-dyskinetic effect of the neuronal nitric oxide synthase
inhibitor is linked to decrease of FosB/DeltaFosB expression. Neuroscience letters, 541, 126-
131.

Pagnoni, G., Zink, C. F., Montague, P. R., & Berns, G. S. (2002). Activity in human ventral striatum
locked to errors of reward prediction. Nature neuroscience, 5(2), 97-98.

Page | 149



Pakhotin, P., & Bracci, E. (2007). Cholinergic interneurons control the excitatory input to the
striatum. The Journal of neuroscience, 27(2), 391-400.

Parent, A., Sato, F., Wu, Y., Gauthier, J., Lévesque, M., & Parent, M. (2000). Organization of the basal
ganglia: the importance of axonal collateralization. Trends in neurosciences, 23, S20-S27.

Partridge, J. G., Janssen, M. J., Chou, D. Y., Abe, K., Zukowska, Z., & Vicini, S. (2009). Excitatory and
inhibitory synapses in neuropeptide Y—Expressing striatal interneurons. Journal of
Neurophysiology, 102(5), 3038-3045.

Pavon, N., Martin, A. B., Mendialdua, A., & Moratalla, R. (2006). ERK phosphorylation and FosB
expression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice.
Biological psychiatry, 59(1), 64-74.

Pecifa, S., Smith, K. S., & Berridge, K. C. (2006). Hedonic hot spots in the brain. The Neuroscientist,
12(6), 500-511.

Phillips, A. G., & LePiane, F. G. (1982). Reward produced by microinjection of (D-Ala2),Met5-
enkephalinamide into the ventral tegmental area. Behav Brain Res, 5(2), 225-229. doi: 0166-
4328(82)90057-2 [pii]

Pogun, S., Dawson, V., & Kuhar, M. J. (1994). Nitric oxide inhibits 3H-glutamate transport in
synaptosomes. Synapse, 18(1), 21-26.

Poldrack, R. A., Prabhakaran, V., Seger, C. A., & Gabrieli, J. D. (1999). Striatal activation during
acquisition of a cognitive skill. Neuropsychology, 13(4), 564.

Ponterio, G., Tassone, A., Sciamanna, G., Riahi, E., Vanni, V., Bonsi, P., & Pisani, A. (2013). Powerful
inhibitory action of mu opioid receptors (MOR) on cholinergic interneuron excitability in the
dorsal striatum. Neuropharmacology, 75, 78-85.

Ponzoni, S., Guimaraes, F. S., Del Bel, E. A., & Garcia-Cairasco, N. (2000). Behavioral effects of intra-
nigral microinjections of manganese chloride: interaction with nitric oxide. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 24(2), 307-325.

Prast, H., Fischer, H., Werner, E., Werner-Felmayer, G., & Philippu, A. (1995). Nitric oxide modulates
the release of acetylcholine in the ventral striatum of the freely moving rat. Naunyn-
Schmiedeberg's archives of pharmacology, 352(1), 67-73.

Prast, H., & Philippu, A. (2001). Nitric oxide as modulator of neuronal function. Progress in
neurobiology, 64(1), 51-68.

Prast, H., Tran, M., Fischer, H., & Philippu, A. (1998). Nitric Oxide-Induced Release of Acetylcholine in
the Nucleus Accumbens: Role of Cyclic GMP, Glutamate, and GABA. Journal of
neurochemistry, 71(1), 266-273.

Qureshi, G., Baig, S., Bednar, ., Sodersten, P., Forsberg, G., & Siden, A. (1995). Increased
cerebrospinal fluid concentration of nitrite in Parkinson's disease. Neuroreport, 6(12), 1642-
1644.

Rae, J., Cooper, K., Gates, P., & Watsky, M. (1991). Low access resistance perforated patch
recordings using amphotericin B. Journal of neuroscience methods, 37(1), 15-26.

Ranaldi, R., & Woolverton, W. L. (2002). Self-administration of cocaine: scopolamine combinations
by rhesus monkeys. Psychopharmacology, 161(4), 442-448.

Rasmussen, T., Sauerberg, P., Nielsen, E. B., Swedberg, M. D., Thomsen, C., Sheardown, M. J., ... &
Fink-Jensen, A. (2000). Muscarinic receptor agonists decrease cocaine self-administration
rates in drug-naive mice. European journal of pharmacology, 402(3), 241-246.

Ravel, S., Legallet, E., & Apicella, P. (1999). Tonically active neurons in the monkey striatum do not
preferentially respond to appetitive stimuli. Experimental brain research, 128(4), 531-534.

Ravel, S., Sardo, P., Legallet, E., & Apicella, P. (2001). Reward unpredictability inside and outside of a
task context as a determinant of the responses of tonically active neurons in the monkey
striatum. The Journal of neuroscience, 21(15), 5730-5739.

Redgrave, P. (2007). Basal ganglia. Scholarpedia, 2(6), 1825.

Page | 150



Redgrave, P., Vautrelle, N., & Reynolds, J. N. J. (2011). Functional properties of the basal ganglia's re-
entrant loop architecture: selection and reinforcement. Neuroscience, 198, 138-151.

Reisine, T., & Bell, G. I. (1993). Molecular biology of opioid receptors. Trends in neurosciences,
16(12), 506-510.

Reynolds, J. N., Hyland, B. I., & Wickens, J. R. (2004). Modulation of an afterhyperpolarization by the
substantia nigra induces pauses in the tonic firing of striatal cholinergic interneurons. The
Journal of neuroscience, 24(44), 9870-9877.

Rivera, A., Alberti, |., Martin, A. B., Narvéez, J. A., De La Calle, A., & Moratalla, R. (2002). Molecular
phenotype of rat striatal neurons expressing the dopamine D5 receptor subtype. European
Journal of Neuroscience, 16(11), 2049-2058.

Rocchitta, G., Migheli, R., Mura, M. P., Esposito, G., Desole, M. S., Miele, E., . . . Serra, P. A. (2004).
Signalling pathways in the nitric oxide donor-induced dopamine release in the striatum of
freely moving rats: evidence that exogenous nitric oxide promotes Ca 2+ entry through
store-operated channels. Brain research, 1023(2), 243-252.

Rymar, V. V., Sasseville, R., Luk, K. C., & Sadikot, A. F. (2004). Neurogenesis and stereological
morphometry of calretinin-immunoreactive GABAergic interneurons of the neostriatum. The
Journal of comparative neurology, 469(3), 325-339.

Sadikot, A. F., Parent, A., Smith, Y., & Bolam, J. P. (1992). Efferent connections of the centromedian
and parafascicular thalamic nuclei in the squirrel monkey: a light and electron microscopic
study of the thalamostriatal projection in relation to striatal heterogeneity. The Journal of
comparative neurology, 320(2), 228-242.

Sakmann, B., & Neher, E. (1984). Patch clamp techniques for studying ionic channels in excitable
membranes. Annual review of physiology, 46(1), 455-472.

Salamone, A., Zappettini, S., Grilli, M., Olivero, G., Agostinho, P., Tomé, A. R,, . .. Marchi, M. (2014).
Prolonged nicotine exposure down-regulates presynaptic NMDA receptors in dopaminergic
terminals of the rat nucleus accumbens. Neuropharmacology, 79, 488-497.

Salin, P., Kerkerian-Le Goff, L., & Epelbaum, J. (1990). Somatostatin-immunoreactive neurons in the
rat striatum: effects of corticostriatal and nigrostriatal dopaminergic lesions. Brain research,
521(1), 23-32.

Salzet, M., & Tasiemski, A. (2001). Involvement of pro-enkephalin-derived peptides in immunity. Dev
Comp Immunol, 25(3), 177-185. doi: S0145-305X(00)00047-1 [pii]

Sammut, S., Bray, K. E., & West, A. R. (2007). Dopamine D2 receptor-dependent modulation of
striatal NO synthase activity. Psychopharmacology, 191(3), 793-803.

Sammut, S., Dec, A., Mitchell, D., Linardakis, J., Ortiguela, M., & West, A. R. (2006). Phasic
dopaminergic transmission increases NO efflux in the rat dorsal striatum via a neuronal NOS
and a dopamine D1/5 receptor-dependent mechanism. Neuropsychopharmacology, 31(3),
493-505.

Sancesario, G., Giorgi, M., D'Angelo, V., Modica, A., Martorana, A., Morello, M., .. . Bernardi, G.
(2004). Down-regulation of nitrergic transmission in the rat striatum after chronic
nigrostriatal deafferentation. European Journal of Neuroscience, 20(4), 989-1000.

Sandor, N. T., Brassai, A., Pliskas, A., & Lendvai, B. (1995). Role of nitric oxide in modulating
neurotransmitter release from rat striatum. Brain research bulletin, 36(5), 483-486.

Santhakumar, V., Jones, R., & Mody, I. (2010). Developmental regulation and neuroprotective effects
of striatal tonic GABA A currents. Neuroscience, 167(3), 644-655.

Sardo, P., Ravel, S., Legallet, E., & Apicella, P. (2000). Influence of the predicted time of stimuli
eliciting movements on responses of tonically active neurons in the monkey striatum.
European Journal of Neuroscience, 12(5), 1801-1816.

Schultz, W. (2000). Multiple reward signals in the brain. Nature Reviews Neuroscience, 1(3), 199-208.

Schultz, W. (2006). Behavioral theories and the neurophysiology of reward. Annu. Rev. Psychol., 57,
87-115.

Page | 151



Schultz, W. (2007). Reward. Scholarpedia. doi: doi::10.4249/scholarpedia.1652

Schultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of prediction and reward.
Science, 275(5306), 1593-1599.

Segovia, G., Porras, A., & Mora, F. (1994). Effects of a nitric oxide donor on glutamate and GABA
release in striatum and hippocampus of the conscious rat. Neuroreport, 5(15), 1937-1940.

Seymour, B., O'Doherty, J. P., Dayan, P., Koltzenburg, M., Jones, A. K., Dolan, R. J., . .. Frackowiak, R.
S. (2004). Temporal difference models describe higher-order learning in humans. Nature,
429(6992), 664-667.

Sharott, A., Doig, N. M., Mallet, N., & Magill, P. J. (2012). Relationships between the firing of
identified striatal interneurons and spontaneous and driven cortical activities in vivo. The
Journal of Neuroscience, 32(38), 13221-13236.

Shen, W., Hamilton, S. E., Nathanson, N. M., & Surmeier, D. J. (2005). Cholinergic suppression of
KCNQ channel currents enhances excitability of striatal medium spiny neurons. The Journal
of neuroscience, 25(32), 7449-7458.

Shen, W., Tian, X., Day, M., Ulrich, S., Tkatch, T., Nathanson, N. M., & Surmeier, D. J. (2007).
Cholinergic modulation of Kir2 channels selectively elevates dendritic excitability in
striatopallidal neurons. Nature neuroscience, 10(11), 1458-1466.

Sidibe, M., & Smith, Y. (1999). Thalamic inputs to striatal interneurons in monkeys: synaptic
organization and co-localization of calcium binding proteins. Neuroscience, 89(4), 1189-
1208.

Simonin, F., Gaveriaux-Ruff, C., Befort, K., Matthes, H., Lannes, B., Micheletti, G., . . . Kieffer, B.
(1995). kappa-Opioid receptor in humans: cDNA and genomic cloning, chromosomal
assignment, functional expression, pharmacology, and expression pattern in the central
nervous system. Proceedings of the National Academy of Sciences, 92(15), 7006.

Smith, Y., Bennett, B., Bolam, J., Parent, A., & Sadikot, A. (1994). Synaptic relationships between
dopaminergic afferents and cortical or thalamic input in the sensorimotor territory of the
striatum in monkey. Journal of Comparative Neurology, 344(1), 1-19.

Smith, Y., Beyan, M., Shink, E., & Bolam, J. (1998). Microcircuitry of the direct and indirect pathways
of the basal ganglia. NEUROSCIENCE-OXFORD-, 86, 353-388.

Soéderpalm, B., Ericson, M., Olausson, P., Blomqvist, O., & Engel, J. A. (2000). Nicotinic mechanisms
involved in the dopamine activating and reinforcing properties of ethanol. Behavioural brain
research, 113(1), 85-96.

Spatz, M., Yasuma, Y., Strasser, A., Kawai, N., Stanimirovic, D., & McCarron, R. (1995). Modulation of
striatal dopamine release in cerebral ischemia byL-arginine. Neurochemical research, 20(4),
491-496.

Starr, C. J., Sawaki, L., Wittenberg, G. F., Burdette, J. H., Oshiro, Y., Quevedo, A. S., . .. Coghill, R. C.
(2011). The contribution of the putamen to sensory aspects of pain: insights from structural
connectivity and brain lesions. Brain, 134(7), 1987-2004.

Stefani, A., Surmeier, D., & Bernardi, G. (1994). Opioids decrease high-voltage activated calcium
currents in acutely dissociated neostriatal neurons. Brain research, 642(1), 339-343.

Steiner, H., & Tseng, K. Y. (2010). Handbook of basal ganglia structure and function: a decade of
progress (Vol. 24): Academic Press.

Strasser, A., McCarron, R. M., Ishii, H., Stanimirovic, D., & Spatz, M. (1994). L-arginine induces
dopamine release from the striatum in vivo. Neuroreport, 5(17), 2298-2300.

Sullivan, M. A,, Chen, H., & Morikawa, H. (2008). Recurrent inhibitory network among striatal
cholinergic interneurons. The Journal of Neuroscience, 28(35), 8682-8690.

Susswein, A. J., Katzoff, A., Miller, N., & Hurwitz, I. (2004). Nitric oxide and memory. The
Neuroscientist, 10(2), 153-162.

Page | 152



Takuma, K., Tanaka, T., Takahashi, T., Hiramatsu, N., Ota, Y., Ago, Y., & Matsuda, T. (2012). Neuronal
nitric oxide synthase inhibition attenuates the development of L-DOPA-induced dyskinesia in
hemi-Parkinsonian rats. European journal of pharmacology, 683(1), 166-173.

Taskiran, D., Kutay, F. Z., & Pogun, S. (2003). Effect of carbon monoxide on dopamine and glutamate
uptake and cGMP levels in rat brain. Neuropsychopharmacology, 28(6), 1176-1181.

Tepper, J., Abercrombie, E., & Bolam, J. (2007). Basal ganglia macrocircuits. Progress in brain
research, 160, 3-7.

Tepper, J. M., & Bolam, J. P. (2004). Functional diversity and specificity of neostriatal interneurons.
Current opinion in neurobiology, 14(6), 685-692.

Tricomi, E. M., Delgado, M. R., & Fiez, J. A. (2004). Modulation of caudate activity by action
contingency. Neuron, 41(2), 281-292

Tseng, K. Y., Caballero, A., Dec, A., Cass, D. K., Simak, N., Sunu, E., . .. Park, D. J. (2011). Inhibition of
striatal soluble guanylyl cyclase-cGMP signaling reverses basal ganglia dysfunction and
akinesia in experimental parkinsonism. PloS one, 6(11), e27187.

Tseng, L. F., Loh, H. H., & Li, C. H. (1976). Beta-endorphin as a potent analgesic by intravenous
injection.

Uchimura, N., & North, R. A. (1990). Actions of cocaine on rat nucleus accumbens neurones in vitro.
British journal of pharmacology, 99(4), 736.

Van Ree, J. M., Smyth, D. G., & Colpaert, F. C. (1979). Dependence creating properties of lipotropin
C-fragment ([betal-endorphin): Evidence for its internal control of behavior. Life sciences,
24(6), 495-502.

Vilchis, C., Bargas, J., Perez-Rosello, T., Salgado, H., & Galarraga, E. (2002). Somatostatin modulates
Ca2+ currents in neostriatal neurons. Neuroscience, 109(3), 555-567.

Vincent, S. R. (1994). Nitric oxide: a radical neurotransmitter in the central nervous system. Progress
in neurobiology, 42(1), 129-160.

Volkow, N. D., Wang, G. J., Fowler, J. S., Logan, J., Jayne, M., Franceschi, D., . .. Ding, Y. S. (2002).
“Nonhedonic” food motivation in humans involves dopamine in the dorsal striatum and
methylphenidate amplifies this effect. Synapse, 44(3), 175-180.

Voorn, P., Vanderschuren, L. J., Groenewegen, H. J., Robbins, T. W., & Pennartz, C. M. (2004). Putting
a spin on the dorsal-ventral divide of the striatum. Trends in neurosciences, 27(8), 468-474.

Vuillet, J., Kerkerian, L., Kachidian, P., Bosler, O., & Nieoullon, A. (1989). Ultrastructural correlates of
functional relationships between nigral dopaminergic or cortical afferent fibers and
neuropeptide Y-containing neurons in the rat striatum. Neuroscience letters, 100(1), 99-104.

Waelti, P., Dickinson, A., & Schultz, W. (2001). Dopamine responses comply with basic assumptions
of formal learning theory. Nature, 412(6842), 43-48.

Wang, H., & Pickel, V. M. (2001). Preferential Cytoplasmic Localization of §-Opioid Receptors in Rat
Striatal Patches: Comparison with Plasmalemmal pu-Opioid Receptors The Journal of
Neuroscience, 21(9), 3242-3250.

Wang, Z., Kai, L., Day, M., Ronesi, J., Yin, H. H., Ding, J., . . . Surmeier, D. J. (2006). Dopaminergic
control of corticostriatal long-term synaptic depression in medium spiny neurons is
mediated by cholinergic interneurons. Neuron, 50(3), 443-452.

Weiner, D. M., Levey, A. |., & Brann, M. R. (1990). Expression of muscarinic acetylcholine and
dopamine receptor mRNAs in rat basal ganglia. Proceedings of the National Academy of
Sciences, 87(18), 7050-7054.

West, A., & Galloway, M. (1997). Endogenous nitric oxide facilitates striatal dopamine and glutamate
efflux in vivo: role of ionotropic glutamate receptor-dependent mechanisms.
Neuropharmacology, 36(11), 1571-1581.

West, A. R., & Galloway, M. P. (1996). Intrastriatal Infusion of (+)-S-Nitroso-N-Acetylpenicillamine
Releases Vesicular Dopamine via an lonotropic Glutamate Receptor-Mediated Mechanism:

Page | 153



An In Vivo Microdialysis Study in Chloral Hydrate-Anesthetized Rats. Journal of
neurochemistry, 66(5), 1971-1980.

West, A. R., & Galloway, M. P. (1997). Inhibition of glutamate reuptake potentiates endogenous
nitric oxide-facilitated dopamine efflux in the rat striatum: an in vivo microdialysis study.
Neuroscience letters, 230(1), 21-24.

West, A. R., Galloway, M. P., & Grace, A. A. (2002). Regulation of striatal dopamine
neurotransmission by nitric oxide: effector pathways and signaling mechanisms. Synapse,
44(4), 227-245.

Wewers, M. E., Dhatt, R. K., Snively, T. A., & Tejwani, G. A. (1999). The effect of chronic
administration of nicotine on antinociception, opioid receptor binding and met-enkelphalin
levels in rats. Brain research, 822(1-2), 107-113.

Wielgosz-collin, G., Duflos, M., Pinson, P., Le baut, G., Renard, P., Bennejean, C,, ... Boulanger, M.
(2002). 8-Amino-5-nitro-6-phenoxyquinolines: potential non-peptidic neuropeptide Y
receptor ligands. Journal of enzyme inhibition and medicinal chemistry, 17(6), 449-453.

Wilson, C., Chang, H., & Kitai, S. (1990). Firing patterns and synaptic potentials of identified giant
aspiny interneurons in the rat neostriatum. The Journal of neuroscience, 10(2), 508-519.

Wilson, C. J., & Groves, P. M. (1981). Spontaneous firing patterns of identified spiny neurons in the
rat neostriatum. Brain research, 220(1), 67-80.

Witten, I. B., Lin, S.-C., Brodsky, M., Prakash, R., Diester, I., Anikeeva, P., . . . Deisseroth, K. (2010).
Cholinergic interneurons control local circuit activity and cocaine conditioning. Science,
330(6011), 1677-1681.

Wu, Y., & Parent, A. (2000). Striatal interneurons expressing calretinin, parvalbumin or NADPH-
diaphorase: a comparative study in the rat, monkey and human. Brain research, 863(1-2),
182-191.

Yan, Z., Flores-Hernandez, J., & Surmeier, D. (2001). Coordinated expression of muscarinic receptor
messenger RNAs in striatal medium spiny neurons. Neuroscience, 103(4), 1017-1024.

Yasuda, K., Raynor, K., Kong, H., Breder, C. D., Takeda, J., Reisine, T., & Bell, G. I. (1993). Cloning and
functional comparison of kappa and delta opioid receptors from mouse brain. Proceedings of
the National Academy of Sciences, 90(14), 6736.

Yelnik, J. (2002). Functional anatomy of the basal ganglia. Movement disorders, 17(S3), S15-S21.

Yuste, J., Echeverry, M., Ros-Bernal, F., Gomez, A., Ros, C., Campuzano, C., ... Herrero, M. (2012). 7-
Nitroindazole down-regulates dopamine/DARPP-32 signaling in neostriatal neurons in a rat
model of Parkinson's disease. Neuropharmacology, 63(7), 1258-1267.

Zahm, D. S. (2000). An integrative neuroanatomical perspective on some subcortical substrates of
adaptive responding with emphasis on the nucleus accumbens. Neuroscience &
Biobehavioral Reviews, 24(1), 85-105.

Zhang, F., Aravanis, A. M., Adamantidis, A., de Lecea, L., & Deisseroth, K. (2007). Circuit-breakers:
optical technologies for probing neural signals and systems. Nature Reviews Neuroscience,
8(8), 577-581.

Zhang, F., Wang, L.-P., Brauner, M., Liewald, J. F., Kay, K., Watzke, N., . .. Gottschalk, A. (2007).
Multimodal fast optical interrogation of neural circuitry. Nature, 446(7136), 633-639.

Zhou, F.-M,, Liang, Y., & Dani, J. A. (2001). Endogenous nicotinic cholinergic activity regulates
dopamine release in the striatum. Nature neuroscience, 4(12), 1224-1229.

Zhou, F. M., Wilson, C. J., & Dani, J. A. (2002). Cholinergic interneuron characteristics and nicotinic
properties in the striatum. Journal of neurobiology, 53(4), 590-605.

Zhu, X. Z., & Luo, L. G. (1992). Effect of nitroprusside (nitric oxide) on endogenous dopamine release
from rat striatal slices. Journal of neurochemistry, 59(3), 932-935.

Page | 154





