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The basal ganglia are the key circuitry controlling movement and reward behavior. Both
locomotion and reward-related behavior are also modified by dopaminergic input from the
substantia nigra and the ventral tegmental area (VTA). If the basal ganglia are severed by
lesion or in disease, such as in Parkinson’s disease, the affected individuals suffer from severe
motor impairments and often of affective and reward-related symptoms. The subthalamic
nucleus (STN) is a glutamatergic key area of the basal ganglia and a common target for deep
brain stimulation in Parkinson’s disease to alleviate motor symptoms. The STN serves not
only motoric, but also limbic and cognitive functions, which is often attributed to a tripartite
anatomical subdivision. However, the functional output of both VTA and STN may rely more
on intermingled subpopulations than on a strictly anatomical subdivision. In this doctoral thesis,
the role of subpopulations within and associated with the basal ganglia is addressed from both
a genetic and a behavioral angle. The identification of a genetically defined subpopulation
within the STN, co-expressing Paired-like homeodomain transcription factor 2 (Pitx2) and
Vesicular glutamate transport 2 (Vglut2), made it possible to conditionally reduce glutamatergic
transmission from this subgroup of neurons and to investigate its influence on locomotion
and motivational behavior, giving interesting insights into the mechanisms possibly underlying
deep brain stimulation therapy and its side-effects. We address the strong influence of the
Pitx2-Vglut2 subpopulation on movement, as well as the more subtle changes in reward-related
behavior and the impact of the alterations on the reward-related dopaminergic circuitry. We
also further elucidate the genetic composition of the STN by finding new markers for putative
STN subpopulations, thereby opening up new possibilities to target those cells genetically and
optogenetically. This will help in future to examine both STN development, function in the
adult central nervous system and defects caused by specific deletion. Eventually identifying
and characterizing subpopulations of the STN can contribute to the optimization of deep brain
stimulation and help to reduce its side-effects, or even open up possibilities for genetic or
optogenetic therapy approaches.
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 “It is simply this:  
 Do not tire.  
 Never lose interest.  
 Never grow indifferent. 
 Lose your invaluable curiosity and you let yourself die.  
 It's as simple as that.”  
 
 Tove Jansson, 1989 
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Introduction 

As living beings, humans and mice alike, we need to process information of 
our environment and select our actions carefully according to this  
information. A major part of this goal selection and implementation happens 
in the basal ganglia circuit. There can be discerned three large functions in 
all basal ganglia structures: I) motoric execution, II) selection of action and 
III) the motivational aspect governing action selection. Those correspond to 
motoric, associative and limbic areas of each of the basal ganglia structures. 
The subthalamic nucleus is the key control structure within the basal ganglia 
where motor, associative and limbic functions are processed in close  
vicinity. Therefore, studying its role within the circuitry can shed light on a 
multitude of psychomotor illnesses and their treatments. 

1. The basal ganglia 
The basal ganglia (BG) are the brain’s crucial circuitry to control directed 
movement and psychomotor behavior (Alexander et al., 1990).  Psychomo-
tor behavior can be defined as carrying out a motor program matching a task 
or situation (Harrow, 1972), thus integrating motor execution and cognitive 
and limbic assessment of a situation in order to produce a matching behav-
ioral outcome.  

Both in humans and in rodents, the BG comprise of several subcortical 
nuclei located at the base of the forebrain, which are involved in processing 
information from virtually all cortical areas (Donoghue & Herkenham, 
1986). They link large parts of the cerebral cortex to the motor cortex and 
subsequently the upper motor neurons shaping voluntary movement. The BG 
are also sending projections to central reward-related areas, integrating  
cognition, reward behavior and motor behavior (Parent & Hazrati, 1995b). 
This organizational model is called the cortico-BG-thalamo-cortical loop. 
The classical BG structures compose a network comprising the striatum, 
globus pallidus internal (GPi) and external segment (GPe) (named  
entopeduncular nucleus and globus pallidus, respectively, in rodents) and the 
substantia nigra pars reticulata (SNr) (Parent & Hazrati, 1995a). The BG are 
closely connected to two associated structures, the substantia nigra pars 
compacta (SNc), and the subthalamic nucleus (STN) (Parent & Hazrati, 
1995b). All BG-guided behaviors are modified by dopaminergic input, 
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foremost from the SNc and also the ventral tegmental area (VTA) (Parent & 
Hazrati, 1995a). The BG exert a multitude of functions (Tremblay et al., 
2015) including the control of voluntary movement, and influence emotional 
(O'Donnell et al., 1997) and cognitive behaviors (Stocco et al., 2010). If the 
BG are severed by lesion or in disease, such as in Parkinson’s disease (PD), 
the affected individuals suffer from severe motor impairments.  There have 
also been reported a multitude of affective symptoms and reward-related 
functions that can be disturbed simultaneously (Chaudhuri & Schapira, 
2009). 

1.1 The motor circuit of the basal ganglia 
Within the cortico-BG-thalamo-cortical circuit, the striatonigral and  
striatopallidal pathways are generally acknowledged as the motor loop of the 
BG. In this circuit, the striatum receives glutamatergic inputs from the  
cerebral cortex, which is then processed through two parallel pathways, the 
direct and the indirect pathway (Fig. 1). From there, signals are forwarded 
through the same output station, formed by SNr and GPi, sequentially passed 
on to thalamus and the upper motor neurons in primary and premotor cortex 
and to the brainstem in order to control and modify voluntary movement 
(Alexander et al., 1986). Both pathways are named by their output  
structures. The direct or striatonigral pathway forwards information directly 
from the cortex via the striatum to the SNr, from where the projections go to 
the thalamus. The indirect pathway in contrast relays the signals from the 
striatum via the GPe and the STN to the SNr and GPi. From both pathways 
information is integrated in the GPi / SNr complex and forwarded to the 
thalamus. The thalamus in turn projects back to the motorcortical areas for a 
motor program to be executed (Alexander et al., 1986). 

Signals processed through the direct (striatonigral) pathway promote 
movement, whereas signals from the indirect (striatopallidal) pathway  
attenuate movement. A balance between the pathways is fundamental for 
voluntary movement to occur in a directed and undisturbed manner. A  
disruption of this balance results in hyperkinetic or hypokinetic movements, 
as they occur for instance in Huntington’s disease or PD (Barbeau, 1976).  

The output structures of the BG, the SNr and GPi/EP, exert tonic inhibi-
tion on the ventromedial thalamus, which in turn projects to the motor  
cortex. Hence, only if this inhibition is relieved, the upper motor neurons can 
be excited (Deniau & Chevalier, 1985). This disinhibition is provided by the 
direct pathway. In the direct pathway, glutamatergic transmission from  
cortical afferents excites the inhibitory medium spiney neurons (MSNs) in 
the striatum, which in turn inhibit the neurons of the GPi. Transient inhibi-
tion of the neurons in the GPi temporally relieves the tonic inhibition of the 
GPi on thalamic neurons.  
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MSNs are sensitive to the dopaminergic inputs from the SNc. They carry 
two types of dopamine receptors: type 1 (D1R) and type 2 (D2R) (Gerfen, 
1992). Striatal neurons of the direct pathway express D1R, which allows 
dopamine (DA) to contribute to movement facilitation by contributing to the 
activation of inhibitory MSNs projecting onto the GPi / SNr complex.  

MSNs carrying D2R constitute the indirect pathway and project from the 
striatum to the GPe. The GPe is, like the GPi, a tonically inhibitory structure, 
suppressing neuronal activity in the STN. The STN in turn is a glutamatergic 
excitatory structure that receives excitatory input from the cerebral cortex. 
When inhibition to the STN is reduced, the STN sends excitatory signals to 
the GPi, counteracting the disinhibition by the direct pathway. Thus, tonic 
inhibition onto the ventral tier of the thalamus is restored and movement is 
suppressed (Cui et al., 2013).  

In short, DA facilitates movement by supporting neurotransmission 
through the direct pathway, while simultaneously inhibiting the indirect 
pathway. Lack of DA thus impedes initiation of movement, like in PD. 

 

 

Figure 1: The basal ganglia motor loop, depicting the direct pathway in blue, the 
indirect pathway in orange and the dopaminergic input in green. Efferents marked 
with “transient” are transiently active, while those marked with “tonic” are tonically 
active until inhibited by signals from preceding structures. +: excitatory input,  
-: inhibitory input. D1R: Dopamine receptor D1; D2R: Dopamine receptor D2; GPe: 
globus pallidus externa; GPi: globus pallidus interna; SNc: substantia nigra pars 
compacta; SNr: substantia nigra pars reticulata; STN: subthalamic nucleus. Modified 
after Neuroscience, Fifth Edition Edited by Purves D., Augustine G.J., Fitzpatrick 
D., Hall W.C., LaMantia A.S., and White L.E., published by Sinauer Associates, 
2012. 
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1.2 Parkinson’s disease 
PD is one of the most common neurodegenerative diseases, currently affect-
ing an estimated 10 million people worldwide (Parkinson’s Disease Founda-
tion, 2015). Apart from the socioeconomic burden such a frequent and 
chronic disease imposes on society, the personal suffering of the patients and 
their relatives make research on PD and PD therapy much-needed.  

The clinical manifestation of PD can be summarized in the cardinal  
symptoms: I) bradykinesia or slowness of movement; II) akinesia or inability 
to initiate movement; III) rigidity; and IV) tremor (Weintraub et al., 2008), 
of which tremor might be the most obvious one, but akinesia is often  
perceived as the most debilitating one. In addition to the gait and speech 
problems arising from progressing loss of motor control, patients often suffer 
from non-motor problems. Cognitive and affective disturbances include  
enhanced impulsiveness (Weintraub, 2008), depression (Cohen et al., 2015), 
anxiety (Weintraub et al., 2015) and dementia (Hindle et al., 2015). 

There are two types of PD, the sporadic or idiopatic form, in which  
disease arises spontaneously at old age (Klein & Schlossmacher, 2007), and 
the rare, familial form, in which genetic mutations cause a much earlier  
onset of disease (Polymeropoulos et al., 1996; Kitada et al., 1998; Valente et 
al., 2004; Zimprich et al., 2004).  

The physiological cause of the disease is the progressive loss of DA  
neurons in the SNc and thus decreased levels of DA in the striatum, which 
causes the ensuing structures to signal aberrantly. The STN and the GPi are 
thought to be strongly affected by the faulty signaling and therefore either by 
entering an abnormal synchrony (as described by the “Firing pattern model”) 
or generating an imbalance between the direct and the indirect pathway (as 
described by the “Firing rate model”) (Nambu & Tachibana, 2014). 

In the “Firing rate model”, PD symptoms are described as a result of an 
imbalance between the direct and indirect pathways. The loss of DA leads to 
a weakening of the direct, movement-promoting pathway, whereas the indi-
rect, movement-suppressing pathway is strengthened by the lack of inhibi-
tion through D2R-mediated signaling (DeLong, 1990; Mallet et al., 2006).  

In the “Firing pattern model”, which by now has mainly replaced the  
“Firing rate model”, the neurons of GPe, STN and GPi are thought to enter a 
state of abnormal synchrony, with oscillations at frequencies of 4-9Hz 
(tremor) and 10-30Hz (β-oscillations). These oscillations might disturb the 
normal firing patterns of the indirect pathway and the BG output structures, 
consequently leading to an impairment of movement (Eusebio & Brown, 
2009). 

Whereas the cause of PD, the progressive loss of DA neurons selectively 
in the SNc, is well-known, the reason for this loss is largely unknown. Theo-
ries involve oxidative stress from intensive DA metabolism (Masoud et al., 
2015), mitochondrial dysfunction (Vives-Bauza et al., 2010; Ryan et al., 
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2015), aggregate formation (Gallegos et al., 2015) and even local inflamma-
tion involving microglia (McGeer et al., 1988; Allen Reish & Standaert, 
2015). It is most likely that the disease arises from a complex interplay of 
both environmental factors and genetic predisposition.  

The most common therapy for PD is still DA replacement by L-3,4-
dihydroxy-phenylalanine (levodopa, L-Dopa) (Miyasaki et al., 2002). In 
most patients it is effective in restoring DA levels by using the enzymatic 
machinery of the remaining DA neurons to convert the pre-drug into DA that 
can then be released from their terminals (LeWitt, 2015). However, this is 
just a treatment to manage the symptoms, while progressive DA cell loss 
continues. After prolonged use, L-Dopa tends to become ineffective and 
patients suffer from motor fluctuations and dyskinesias, the so called on-off 
syndrome (Obeso et al., 2000). Once those become too debilitating, patients 
previously responding well to L-Dopa treatment have a good chance to be 
successfully treated by electrical stimulation of for example the STN, a 
treatment known as deep brain stimulation (DBS) (Charles et al., 2002). 

1.2.1 Animal models for Parkinson’s disease 
In addition to several mouse lines modelling the rare genetic variants of PD, 
such as mice overexpressing human α-synuclein (Masliah et al., 2000) or 
mice with a mutation in the Pink (Kitada et al., 2007) or parkin gene 

(Goldberg et al., 2003), pharmacological models have proven useful to PD-
related research. The main models in use are the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model (Burns et al., 1983), which is mostly ap-
plied in primates, but also applicable in rodents, and the 6-hydroxydopamine 
(6-OHDA) model in rodents. Both models employ substances that selective-
ly ablate DA neurons either by blocking ATP production in DA neurons 
(MPTP) (Przedborski et al., 2000) or by blocking the respiratory chain in 
mitochondria (6-OHDA) (Glinka et al., 1997) and possibly also by support-
ing microglia inflammation by enhancing the production of reactive oxygen 
species (Rodriguez-Pallares et al., 2007) (6-OHDA).  

In rodents, the 6-OHDA lesion is mostly done unilaterally, to avoid  
unnecessary suffering and to have an intrinsic control within each animal. 
The success of the lesion is easy to measure in vivo by rotation behavior and 
confirmed by staining for TH to visualize the extent of the loss of dopamin-
ergic neurons (Dunnett & Lelos, 2010). 

1.3 The limbic circuit of the basal ganglia 
Limbic processing allows us to integrate stimuli from the outside world with 
previous experiences and thereby to create a motivational value for the  
selection of behavioral responses. This gives a retrospective valence to our 
actions and shapes multiple brain circuits, involving structures such as hip-
pocampus, amygdala, VTA, various cortical areas and the BG in order to 
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classify a cue as aversive or rewarding (O'Donnell et al., 1997; Schultz, 
1998; Tye et al., 2008; Tan et al., 2012). Valence can be defined as a posi-
tive or negative value that is assigned to each stimulus, like a plus or minus 
algebraic sign, in order to either reinforce or weaken a behavioral response 
(Joffily & Coricelli, 2013). Within the BG, the task of assigning a valence to 
a stimulus is carried out by the limbic loop. Its organization principally  
follows the same pattern as the motor loop, integrating signals from the  
cortex, projecting to the BG and via the thalamus back to the cortex.  
However, the connections are made through anatomically defined parts of 
the BG structures (Tremblay et al., 2015) (Fig. 2).  

 

 

Figure 2: The basal ganglia limbic loop (orange), superimposed on the motor loop 
(grey). The motor, cognitive and limbic loops of the BG use the same main struc-
tures, but are projecting to different areas within them. ACC: anterior cingulate 
cortex; Amy: amygdala; D STN: dorsal subthalamic nucleus; GPe: globus pallidus 
externa; GPi: globus pallidus interna; Hipp: hippocampus; MD Th.: medial dorsal 
thalamus; M STN: subthalamic nucleus medial tip; NAc: nucleus accumbens; OFC: 
orbitofrontal cortex; SNc: substantia nigra pars compacta; SNr: substantia nigra pars 
reticulata; TC: temporal cortex; VL + VA Th.: ventrolateral and ventral anterior 
thalamus; v. Pallidum: ventral pallidum; VTA: ventral tegmental area.  
Modified after Neuroscience, Fifth Edition Edited by Purves D., Augustine G.J., 
Fitzpatrick D., Hall W.C., LaMantia A.S., and White L.E., published by Sinauer 
Associates, 2012. 

In the limbic loop, the amygdala, hippocampus and orbitofrontal and anterior 
cingulate cortices send excitatory afferents to the ventral striatum (also 
termed nucleus accumbens, NAc) (Carlezon & Thomas, 2009), as opposed 
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to the motor loop, where motor, premotor and somatosensory cortices send 
afferents mainly to the dorsal part of the striatum (Alexander et al., 1986; 
Alexander et al., 1990). Furthermore, the NAc receives dopaminergic  
afferents from the VTA, the central structure of reward processing (Schultz 
et al., 1997; Schultz, 1998). The NAc in turn projects to the ventral  
pallidum. As in the dorsal striatum, this connection mainly consists of  
GABAergic MSNs both of the D1R and the D2R type (Meredith, 1999). 
Projections from the ventral pallidum reach the mediodorsal nucleus of the 
thalamus, from where the limbic loop connects back to the cortex (O'Donnell 
et al., 1997). The STN stands in close crosstalk with the pallidal complex 
(Carter & Fibiger, 1978; Kita & Kitai, 1987) and with the limbic areas of the 
cortex (Groenewegen & Berendse, 1990) and thus is able to contribute to 
computing signals involving reward (Parent & Hazrati, 1995b).  

1.3.1 Impulsivity 
Though PD is mainly characterized by its movement impairments, many 
patients additionally suffer from cognitive and affective disturbances. One 
major group of them are impulse control disorders (ICDs) (Callesen et al., 
2013). Among the ICDs seen in PD patients are compulsive gambling,  
hypersexuality, punding and medication overuse (Weintraub & Potenza, 
2006; Weintraub et al., 2013). It is thought that these impairments are a 
combined effect of the loss of dopaminergic innervation in the dorsal  
striatum, whilst the ventral striatum remains relatively intact. This causes an 
internal imbalance between both systems, which is believed to be enhanced 
by the DA replacement therapy that successfully recovers the lack of DA in 
the dorsal striatum, while the ventral striatum might get “overdosed” (Cools, 
2006; Rowe et al., 2008). ICDs are not only a common feature of PD, but 
also a known complication in deep brain stimulation (DBS) of the STN 
(Romito et al., 2002; Witjas et al., 2005; Smeding et al., 2007), a surgical 
method to alleviate PD motor symptoms (further discussed below).  

Impulsive behavior can be defined as acting prematurely and without 
foresight. In humans, it can be readily measured by e.g. go/nogo tasks 
(Winstanley et al., 2006). In the go/nogo task, a test subject learns to execute 
a particular response when presented with a “go” signal and to withhold the 
response, when presented with a “nogo” signal prior to or simultaneously 
with the “go” signal. The success of withholding a response is used to meas-
ure the level of impulsive action (Winstanley et al., 2006). Though the 
go/nogo task has been used in rodents (Anker et al., 2009; Oakeshott et al., 
2013), it is rather complex to learn, because it uses two signals that need to 
be learned. Therefore, the delay discounting task is more frequently used to 
assess impulse control in rodents. It is proposed to be simpler to learn, as it 
uses only one signal (Winstanley et al., 2005). 
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1.3.2 Delay discounting 
Increased impulsivity is one of the neuropsychiatric aspects of PD (Callesen 
et al., 2013). The delay discounting (DD) task was developed to investigate 
the underlying mechanisms empirically. In contrary to self-report question-
naires commonly used in clinical assessment and tests such as the go/nogo 
task DD does not rely on verbal communication and uses only one signal, 
making it a more straight forward method to examine impulsivity in rodents.  

One trait of impulsivity, common between humans and rodents, is the  
intolerance to a delay of an expected reward. In the DD task, the animal is 
presented the possibility to choose between a smaller reward, which is  
delivered immediately, and a larger, but delayed reward (Winstanley et al., 
2006). If the expected reward upon an action is delayed for too long, the 
perceived benefit from carrying out the action is decreasing (Ainslie, 1975). 
Thus, DD measures a decision-making process rather than an impulsive  
action (Winstanley et al., 2006). Increased impulsive choice in the DD task 
is defined as preferring the small immediate reward over the large delayed 
reward at an earlier time point to the control subjects. The time span  
perceived as “too long” can vary between individuals, but it tends to be  
decreased after a lesion of the STN (Winstanley et al., 2005). 

2. The subthalamic nucleus 
With approximately 20 000 neurons in rats and 560 000 neurons in humans 
(Hardman et al., 2002), the STN is the smallest component of the BG, but 
nevertheless a crucial relay station in the shaping of directed movement and 
also limbic behaviors. Being the only glutamatergic structure within the BG, 
the STN is exerting powerful excitatory action onto the output structures of 
the BG, namely the SNr / GPi complex. Lesions of the STN in healthy indi-
viduals lead to ballisms, violent involuntary and uncontrolled movements of 
the limbs contralaterally to the lesion (Whittier & Mettler, 1949), while  
lesion of the STN in PD patients can alleviate their hypokinetic symptoms 
(Bergman et al., 1990). 

Anatomically, the STN is located bilaterally ventral of the thalamus and is 
part of the deep structures expressing Vesicular glutamate transporter 2 
(Vglut2) (Hisano, 2003; Barroso-Chinea et al., 2007). In both rodents and 
humans, the STN can be roughly subdivided into three functional regions: 
motoric, limbic and associative territory (Benarroch, 2008), which in turn 
receive and distribute connections to different structures of the BG and their 
associated structures.  
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Figure 3: The subdivision of the STN (also known as the tripartite model of the 
STN) into the dorsal motor area (blue), the ventrolateral area (green), comprising 
cognitive and oculomotor functions; and the medial limbic tip (orange). In accord-
ance with the BG subcircuits, motoric cortical areas project to the motor part of the 
STN, cognitive and oculomotor areas project to the cognitive part and limbic cortical 
areas project to the limbic tip. The efferents from the STN are organized likewise 
(see paragraphs below). GPe: globus pallidus externa; GPi: globus pallidus interna; 
SNr: substantia nigra pars reticulata; STN: subthalamic nucleus. Modified after 
(Benarroch, 2008).  

2.1 Afferents to the subthalamic nucleus 
The main excitatory input to the STN comes from the GPe and the motor 
cortex, pre-motor cortex and the supplementary motor area (Nambu & 
Tachibana, 2014), but afferents exist from virually all cortical areas (Parent 
& Hazrati, 1995b). Those cortical afferents are sometimes termed the  
hyperdirect pathway, as they bypass the striatum (Nambu et al., 1996; Bosch 
et al., 2012). Due to the intrinsic organization of the STN, afferents from 
motoric cortical areas project mainly to the dorsomedial portion of the STN, 
whereas limbic cortical areas project to the ventromedial tip (Groenewegen 
& Berendse, 1990) (Fig. 3). The main inhibitory influence comes from the 
GPe, embedding the STN into the indirect pathway of the BG (Carter & 
Fibiger, 1978). It also receives afferents from the centro-median parafascicu-
lar complex of the thalamus, the brain stem, the SNc and SNr and dorsal 
raphe as well as the pedunculopontine nucleus (Parent & Hazrati, 1995b).  

2.2 Efferents from the subthalamic nucleus 
The STN projects heavily to both GPi / SNr, the BGs main output areas, and 
the GPe, the STNs main input areas (Kita & Kitai, 1987). In addition, there 
are widespread connections to additional structures of the BG circuitry, such 
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as the SNc and the striatum, but also to cortex, the pedunculuopontine  
nucleus and the reticular formation (Jackson & Crossman, 1981a; b; Nakano 
et al., 1990; Smith et al., 1990). 

As mentioned above, the STN is roughly organized into different territo-
ries. This is reflected in the projection pattern from the STN to its target 
structures. Tracer studies showed that neurons which are located laterally 
within the STN project strongly to GPe and GPi and are thus concerned 
mainly with motor execution, while those located at the medial tip, also 
called the limbic tip, project to the ventral pallidum and are involved in  
limbic processing (Groenewegen & Berendse, 1990; Parent & Hazrati, 
1995b; Benarroch, 2008) (Fig. 3). Neurons from the limbic tip of the STN 
also project to the VTA, one of the major limbic relays of the mammalian 
brain, from where they influence limbic behavior via the mesolimbic path-
way to the ventral striatum / NAc (Groenewegen & Berendse, 1990). 

2.3 Development of the STN 
BG organization is relatively conserved among species, including humans, 
non-human primates and rodents and there is evidence that the circuit’s  
developmental mechanisms might likewise be conserved (Reiner, 2002). 
Thus, rodent studies on STN development and circuitry formation can shed 
light on the genetic mechanisms behind the development of the STN and the 
maintenance of the mature structure also in humans.  

The subdivision of the STN neuronal connections into motoric, limbic 
and associative loops arises early in development. The future STN neurons 
are born in the ventricular zone from where they migrate out to their final 
location in the adult, ventrolateral to the thalamus. There the neurons settle 
in a timely and spatially coordinated manner from lateral to medial (Philips 
et al., 2005).  

2.3.1. Birth and migration of subthalamic neurons 
STN neurons are first formed in the retromammillary region of the 
prosomere four in the basal plate of the diencephalon (Altman & Bayer, 
1986; Jiao et al., 2000). In rodents, they first appear at embryonic day (E) 
12, but the majority of them, more than 60%, are born between E14 and E15 
(Altman & Bayer, 1979). Over the next two days, migration towards a more 
lateral and dorsal position occurs. Prospective STN neurons cross the fiber 
tracts of the cerebral peduncle and settle first most rostrally and dorsally, 
while later born neurons settle successively more caudally and ventrally 
(Altman & Bayer, 1979). This pattern of migration is roughly reflected in the 
later functional subdivision of the STN (Fig. 4) (Hamani et al., 2004; Philips 
et al., 2005). 
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Figure 4: Migration of prospective STN neurons. The future STN neurons form 
at the ventral part of the ventricular zone in the ventral thalamic area. They migrate 
out from the ventricular zone towards their lateral destination in 3 waves: The first 
(1st) wave starts from a more dorsal location within the ventral thalamic area and 
forms the future motor area (blue) of the STN. The second (2nd) wave starts from a 
medial location and forms the cognitive part (green). In the third (3rd) wave the  
future limbic medial tip of the STN is formed from the neurons migrating out from 
the most ventral part of the ventral thalamic area (orange). 3V: third ventricle; VZ: 
ventricular zone; STN: subthalamic nucleus. 

2.3.2. Transcription factors known to be involved in STN development 
Transcription factors are DNA sequence-specific binding proteins regulating 
gene expression as a response to inner and outer stimuli or during develop-
ment. They shape the nuclei in the brain by turning on and off gene expres-
sion in a timely and spatially regulated manner, thus creating the boundaries 
between structures and determining the cell fates (Spitz & Furlong, 2012). 

Among the transcription factors known to be involved in STN develop-
ment in rodents are Forkhead box transcription factor P1 (FOXP1),  
Paired-like homeodomain transcription factor 2 (PITX2) and Lim-type 
homeodomain transcription factor 1 (LMX1). 

The Foxp1 gene is switched on at E13.5 and its expression remains 
throughout E14, but is absent in mature STN neurons (Ferland et al., 2003; 
Tamura et al., 2004). FOXP1 is present in STN neurons at the same time as 
PITX2 and LMX1, which are further described below. It is likely that those 
factors belong to a common developmental transcription factor network  
governing STN development. 

In rodents, PITX2 is an early transcription factor essential for normal  
development of the ventrolateral thalamic neuroepithelium and defining 
putative STN neurons (Martin et al., 2004). PITX2 is the first known deter-
minant of the developing STN neurons in the mouse brain. In mice, the Pitx2 
gene is switched on at E14 and its expression is maintained in the adult and 
mature STN (Martin et al., 2002). In mice lacking Pitx2 expression putative 
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STN neurons proliferate, but fail to migrate and differentiate (Martin et al., 
2004). Apart from STN development, PITX2 is a crucial factor in pituitary 
gland, craniofacial, eye, visceral, limb and heart development. Humans with 
a deletion of Pitx2 often suffer from eye and tooth malformations (Amendt 
et al., 2000), whereas Pitx2-null mutant mice die of heart failure in 
midgestation (Martin et al., 2004). Thus, a conditional knock-out strategy is 
necessary in order to study STN function and related behaviors in the adult 
mouse.  

The Lmx1 gene is switched on isochronally with Pitx2 (Smidt et al., 
2000). LMX1b and PITX2 co-localize to the same neurons during STN  
development and are thought to exert a combinatorial action on their down-
stream targets (Asbreuk et al., 2002).  

3. Genetic markers of the STN 
In order to study the diversity of neuronal populations within a structure and 
consequently to study each of their specific contribution on the structures’ 
output one must be able to identify and target each subpopulation. Genetic 
markers are a valuable tool, allowing the specific visualization and targeting 
of genetically defined groups of cells. So far, few markers are known for the 
STN.  

Expression of the Vglut2 gene can be used as a marker for STN neurons, 
since the STN is expressing Vglut2 at high levels in the adult mouse 
(Wallén-Mackenzie et al., 2009). Vglut2, however, has a widespread expres-
sion pattern throughout the brain (Fremeau et al., 2001; Kaneko & Fujiyama, 
2002; Wallén-Mackenzie et al., 2009) and markers with a more restricted 
pattern of expression are needed. So far, the only well-described one of them 
is Pitx2. 

4. Deep brain stimulation 
DBS is a neurosurgical treatment in which a pacemaker-like electrode  
(implantable pulse generator or IPG) is implanted into the STN, globus  
pallidus or thalamus (Kringelbach et al., 2007). This has proven to alleviate 
symptoms of multiple diseases, such as the motor impairments in PD (STN; 
(Krack et al., 2003)), essential tremor (thalamus; (Rehncrona et al., 2003)), 
but also depression / dystonia (NAc: (Vidailhet et al., 2005); GP: (Vidailhet 
et al., 2005)) and obsessive-compulsive disorder (internal capsule; (Nuttin et 
al., 2003)).  

Electrical stimulation by DBS is directly influencing neuronal activity and 
its effect is reversible, i.e. it vanishes when the stimulation is turned off. 
Thus, it is one of the few invasive neurosurgical therapies in use that allow 



 27

direct study of its effect in both animal models and human patients. Since it 
was first used in the nineties (Benabid, 2003) DBS has become a widely 
used therapy for patients that do not respond to levodopa therapy anymore 
due to the wearing-off effect (Hely et al., 2005) or debilitating on-off phases 
(Shoulson et al., 1975). It has successfully replaced former ablative thera-
pies, in which the STN (subthalamotomy) or the GP (pallidotomy) were 
surgically removed (Scott et al., 1970; Bergman et al., 1990; Laitinen et al., 
1992; Iravani et al., 2005). 

4.1 Opposing theories on the mechanism of action of deep brain 
stimulation 
Excitation versus inhibition is a long-standing debate in the field of research 
trying to illuminate the mechanism of action by which STN DBS alleviates 
motor symptoms in PD patients (Vitek, 2002). In earlier studies using  
electrical stimulation, evidence can be found suggesting that the STN is  
activated by DBS. One example is a study by Hashimoto and colleagues 
from 2003, in which they observe increased mean discharge rates in the GPi, 
when the STN is stimulated in a DBS-like manner (Hashimoto et al., 2003). 
Microdialysis studies in rats describe a significant increase in extracellular 
glutamate in the EP and SNr of rats (Windels et al., 2000). In humans, fMRI 
studies have been carried out during on and off periods of stimulation that, 
too, suggest an activation of STN signaling (Hershey et al., 2003). 

The theory of an STN inhibition finds support in previous lesion studies, 
where a similar effect can be achieved by ablating STN neurons (Bergman et 
al., 1990). Furthermore, several electrophysiological studies and microdialy-
sis experiments support the inhibition theory (Benazzouz et al., 1995; 
Beurrier et al., 2001; Tai et al., 2003). Some of the above-named electro-
physiology studies suffer from the drawback, though, that they record activi-
ty in the STN precisely after cessation of the electrical stimulation in order to 
avoid artefacts, which raises the question of what happens during the  
stimulation.  

Alternatively to excitation or inhibition, theories have been postulated 
that the main effect of DBS is not involving the output from the STN to the 
GPi / SNr complex at all. Pazo et al., 2010, for instance, suggest that the 
major benefit from DBS comes from an increase of DA in the striatum (Pazo 
et al., 2010). 

Other studies find DBS of the STN itself ineffective, whereas indirect 
stimulation via cortical afferents to the STN produced tonic firing in the 
STN and improved motor symptoms in 6-OHDA lesioned hemiparkinsonian 
mice (Gradinaru et al., 2009). There is also evidence from pallidal stimula-
tion experiments that the stimulation might not act through the nucleus at all, 
but rather through fibers that are stimulated en passant (Ranck, 1975; 
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McIntyre & Grill, 2000). A similar mode of action could be true for STN 
stimulation. 

Whether or not it acts to inhibit or excite the STN neurons themselves, 
there is some evidence that STN DBS can suppress the abnormal synchrony 
of STN and GP at the β-frequency level (Eusebio et al., 2011). Even though 
the exact mechanism of its action remains unclear there is undoubtedly a 
benefit for PD patients in undergoing DBS surgery (Deuschl et al., 2006; 
Weaver et al., 2009; Williams et al., 2010).  

4.2 DBS side-effects 
The side-effects seen in patients treated with STN DBS have drawn vivid 
attention to the multitude of functions the STN is involved in. These range 
from cognitive impairments, such as working memory decline and decreased 
verbal fluency (Saint-Cyr et al., 2000; Dujardin et al., 2001) over emotional 
impairment (Volkmann et al., 2001; Kleiner-Fisman et al., 2003) to ICDs, as 
described above. The detrimental effects of DBS on impulse control, 
cognitive ability and mood are believed to be dependent on variations in 
electrode placement. (York et al., 2009; Eisenstein et al., 2014; Jahanshahi 
et al., 2015). For example, the further one of the stimulation electrodes is 
placed towards the ventromedial tip of the STN, the higher the chance that 
the afferents to the ventral pallidum are stimulated and thus the limbic circuit 
is influenced, causing ICD-like symptoms (Rodriguez-Oroz et al., 2011).  

4.3 Challenging the classical subdivision of the STN 
As described above, the STN is generally thought to be a tripartite structure 
divided into a dorsomedial motoric, a ventrolateral associative and a ventro-
medial limbic area (Yelnik & Percheron, 1979; Benarroch, 2008). However, 
as recently described in the midbrain (Li et al., 2013) other structures associ-
ated with the BG and consequently, their functional output, may rely more 
on intermingled subpopulations than on a strictly anatomical subdivision. 
With the increasing attention to subpopulations of neurons within brain 
structures, this view has been challenged also for the STN (Keuken et al., 
2012; Alkemade & Forstmann, 2014). 

5. Glutamate 
From the first observation that glutamate, when injected into the brain or the 
carotid arteries, caused convulsion, speculations arose that glutamate might 
act as a neurotransmitter in the brain (Hayashi, 1954). First proof of gluta-
mate being able to alter neuronal firing was established by Curtis et al. in 
1961 (Curtis et al., 1961) and a decade later glutamate was proven to be a 
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naturally occurring neurotransmitter in the vertebrate central nervous system 
(Biscoe et al., 1977). By now, it is established that glutamate is the major 
excitatory neurotransmitter in all vertebrates, including humans. It is  
involved in almost all aspects of brain function, including cognition, emotion 
and movement (Fonnum, 1984; Moriyama & Yamamoto, 2004).  

5.1 Glutamate release and reuptake 
Since glutamate is also an ubiquitous amino acid, it cannot act as a neuro-
transmitter in a coordinated manner unless it is packaged into vesicles and 
transported to the presynaptic terminal, where it then can be released upon 
an incoming action potential (Shigeri et al., 2004). When released from the 
presynaptic neuron, glutamate can bind to both post- and presynaptic recep-
tors (Platt, 2007). Glutamate receptors are found among both general groups 
of receptors, G-protein-coupled receptors (metabotropic glutamate receptors 
or mGluRs) and ligand-gated ion channels (AMPA, NMDA and kainate 
receptors) (Dingledine et al., 1999; Platt, 2007). To avoid glutamatergic  
excitotoxicity, glutamate needs to be cleared from the synaptic cleft immedi-
ately after the signal has reached the ensuing cell (Lewerenz & Maher, 
2015). To ensure a quick termination of the fast glutamatergic signal  
glutamate is cleared from the synaptic cleft by reuptake through excitatory 
amino acid transporters into both pre- and postsynaptic sites and into glia 
cells (Auger & Attwell, 2000; Danbolt, 2001).  

5.2 Vesicular glutamate transporters 
Even though glutamate has been recognized as a neurotransmitter since the 
seventies, the transporters loading it into synaptic vesicles were long  
unknown. Brain-specific Na+-dependent inorganic phosphate transporter 
(BNPI) was first discovered to take up inorganic phosphate over the plasma 
membrane with the help of Na+ ions (Ni et al., 1994). Later, it became clear, 
that this molecule was able to actively transport glutamate into vesicles 
(Bellocchio et al., 2000; Takamori et al., 2000). BNPI was consequently 
termed Vesicular glutamate transporter 1 (VGLUT1). Thus, the first reliable 
marker for glutamate-releasing neurons was available. It soon followed the 
discovery of two additional VGLUTs: VGLUT2, formerly known as  
"differentiation-associated Na+-dependent inorganic phosphate transporter" 
(DNPI) (Herzog et al., 2001), and VGLUT3 (Fremeau et al., 2002; Gras et 
al., 2002; Schafer et al., 2002), all of which show disparate expression  
patterns in the CNS of adult mice.  

5.2.1 Spatiotemporal expression of the Vgluts 
Since the VGLUT1 and VGLUT2 proteins are each necessary and sufficient 
for efficient packing of glutamate into synaptic vesicles, they can serve as 
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markers for glutamatergic neurons. This was confirmed by in situ hybridiza-
tion and immunohistochemical analyses which showed mRNA and protein 
localizations, respectively. In the CNS of adult mice expression of both 
Vgluts is restricted to distinct areas and show a largely complementary  
expression pattern (Hisano et al., 2000; Fremeau et al., 2001; Kaneko & 
Fujiyama, 2002; Nakamura et al., 2005). In some areas, such as the hippo-
campus, cerebellum and cortex, Vglut1 and Vglut2 expression co-localize 
(Hisano et al., 2002; Nakamura et al., 2005) (for an extensive review, see (El 
Mestikawy et al., 2011; Trudeau et al., 2014)). 

During CNS development, the Vglut2 gene is the first Vglut to be  
expressed in the mouse brain. It reaches its expression peak around birth and 
is postnatally restricted to deep structures, such as the thalamus and the STN, 
and to brainstem and spinal cord, with little expression remaining in the 
forebrain (El Mestikawy et al., 2011). Vglut1 becomes strongly upregulated 
soon after birth. In the adult brain, it is then found in forebrain and  
cerebellum. Thus, Vglut1 and Vglut2 can be used as reliable markers for 
glutamatergic neurons. In contrast, the third member of the Vglut family 
shows a rather wide-spread expression that also includes aminergic neurons, 
such as serotonergic and cholinergic neurons (Gras et al., 2002; Schafer et 
al., 2002). 

mRNA and protein can be localized within the same compartment of the 
cell, for instance, if a protein acts in the cell body or if the cell is of a rather 
compact shape. The VGLUTs, however, are synaptic proteins and can thus 
be localized far away from the cell body (Fig. 5). Vglut2 mRNA is mostly 
localized to subcortical structures, as described above. Its protein product, in 
contrast, is found in axon terminals in the thalamus and hypothalamus, the 
cortex, the striatum and the molecular and granular layers of the cerebellum 
(Fremeau et al., 2001; Herzog et al., 2001; Kaneko & Fujiyama, 2002). 

 

Figure 5: mRNA and protein distribution in different cell types. Signals from in 
situ hybridization (mRNA depicted in red) and immunohistochemistry (protein  
depicted in green) can overlap, when mRNA and protein product are located in the 
same compartment of the cell (A). Synaptic proteins in neurons, however, can be 
located very distant from the site of mRNA expression since the processes of a  
neuron can project to areas of the brain located far from the cell body (B).  



 31

6. Reward circuits and signaling 
The ability of an organism to adapt to changes in its environment by  
acquiring or extinguishing a certain behavior is ensuring survival. One of the  
crucial mechanisms to achieve this behavioral adaptation is reward signal-
ing. Reward can be defined as positive value of an object or action (Adinoff, 
2004). The function of reward is to draw attention and initiate goal-directed 
behavior. It induces an emotional state known as pleasure to ascribe positive 
valence to an object or action, which serves as reinforcement to induce  
learning and consequently to maintain beneficial behaviors (Schultz, 1997; 
Lane et al., 1999).  

The brain reward system consists of two major pathways: DA neurons  
located in the VTA project to the NAc and olfactory tubercle and to the  
prefrontal cortex (PFC), termed the mesolimbic and the mesocortical path-
way, respectively. Those circuits are highly involved in reward-associated 
learning and motivational behavior to obtain a reward and consumption 
(Ikemoto & Bonci, 2014). Furthermore, the DA neurons of the reward  
system are involved in anticipation of reward (Schultz et al., 1997; Hart et 
al., 2015) and thus have an influence on action planning. 

6.1. The ventral tegmental area (VTA) 
The VTA (Fig. 6), and particularly its dopaminergic neurons, constitute one 
of the core structures of the brain reward system in both humans and rodents. 
Besides being the origin of the two main reward pathways (Ikemoto & 
Bonci, 2014), the VTA has strong reciprocal connection with the NAc and 
the PFC. It receives direct inputs from other reward-related structures, such 
as the lateral habenula, and has a multitude of indirect connections with for 
instance the basolateral amygdala (BLA) and the ventral subiculum (Sesack 
& Grace, 2010).  
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Figure 6: The ventral tegmental area. The VTA consist of several nuclei (depicted 
in color) located in the midbrain, medially to the SNr and ventrally to the aqueduct. 
Left: overview of Bregma -3.40. Right: close-up onto the VTA. RLi: rostral linear 
nucleus (yellow); IF: interfascicular nucleus (green); PBP: parabrachial pigmented 
nucleus (red); PIF: parainterfascicular nucleus (blue); PN: paranigral nucleus  
(purple); PAG: periaqueductal grey; Ml: medial lemniscus; SNr: substantia nigra 
pars reticulata; HIPP: hippocampus; Cx: cortex. Modified after (Paxinos G., 
Franklin, K., 2000)

The VTA is more and more appreciated to be a highly heterogeneous struc-
ture. It contains subpopulations of dopaminergic, GABAergic and glutama-
tergic neurons, as well as neurons that release a combination of those neuro-
transmitters (Trudeau et al., 2014). This allows the VTA to contribute to a 
multitude of functions and integrate them with reward behavior. VTA  
neurons become activated upon delivery of an unexpected reward, but also 
upon expectation of a reward. When a stimulus is repeatedly paired with 
delivery of a reward, the occurrence of the DA signal shifts in time from the 
delivery of the reward to the presentation of the reward-predicting cue 
(Schultz et al., 1997; Hart et al., 2015), providing the basis for reward-
prediction and error evaluation (Schultz et al., 1997; Sugrue et al., 2005; 
Hart et al., 2015). Thus, besides being a core structure of reward processing, 
the VTA processes signals involved in spatial learning (Martig & Mizumori, 
2011) and decision making (Saddoris et al., 2015), but also in stress 
(Nikulina et al., 2014), fear (Abraham et al., 2014) and food consumption 
(Meye & Adan, 2014). 

Even among the dopaminergic neurons of the VTA alone a considerable 
heterogeneity is observed. VTA dopaminergic neurons express tyrosine  
hydroxylase (TH) or dopamine transporter (DAT) or a combination of both 
as it has been described in reporter studies (Lindeberg et al., 2004; Ekstrand 
et al., 2007; Trudeau et al., 2014). Some of the dopaminergic neurons of the 
VTA are also capable of releasing glutamate (Wallén-Mackenzie et al., 
2010; Trudeau et al., 2014). 
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6.2 The nucleus accumbens (NAc) 
The NAc is part of the ventral striatum. It can be anatomically divided into 
NAc core, making up the central part of the NAc, located next to the anterior 
commissure and the shell that surrounds the core at its ventral and medial 
part. The shell is continuous with the olfactory tubercle, in rodents anatomi-
cally distinguishable by being located below the medial forebrain bundle 
(Fig. 7). 

 
 
 
 
 
 

Figure 7: Schematic representation of the Str 
and NAc. Overview of Bregma 1.1. DStr: dorsal 
striatum (blue); NAcC: nucleus accumbens core 
(red); NAcSh: nucleus accumbens shell (green); 
Ot: olfactory tubercle (yellow); LV: lateral ven-
tricle; cc: corpus callosum; aca: anterior commis-
sure. Medial forebrain bundle depicted in grey. 
Modified after (Paxinos G., Franklin, K., 2000). 
The border between DStr and NAcSh was drawn 
according to (Becerra et al., 2011). 

The NAc receives dopaminergic projections from the VTA and the SNc, and 
glutamatergic projections from the medial and lateral PFC, the ventral  
subiculum of the hippocampus and the BLA. The dopaminergic inputs  
convey the actual reward-related information, as discussed above, while the 
cortical areas convey information to integrate reward behavior with goal-
directed behavior by providing the necessary contextual information (Ito et 
al., 2008; Gruber et al., 2009) and cognitive behavioral control (Kalivas et 
al., 2005; Ishikawa et al., 2008). 

6.3. Dopamine-glutamate co-release 
In 1977, the first notion that DA neurons might be capable of signaling with 
a second neurotransmitter arose, because the stimulation of SNc DA neurons 
produced excitatory postsynaptic potentials consisting of not only a slow 
excitatory event in the post-synaptic cells as expected by purely dopaminer-
gic transmission, but also a fast component, suggesting glutamatergic release 
(Kocsis & Kitai, 1977). The potential capacity of DA neurons to release 
glutamate was then further described by immunohistochemic (Ottersen & 
Storm-Mathisen, 1984) and in vitro cell-culture studies (Sulzer et al., 1998; 
Joyce & Rayport, 2000). However, first evidence of definitive co-release in 



 34 

vivo was first possible after the discovery of the VGLUTs (Chuhma et al., 
2004; Lavin et al., 2005; Hnasko et al., 2010). 

DA neurons are mostly identified by their expression of TH or DAT. 
They serve as reliable markers of DA neurons, because TH is the rate-
limiting enzyme of DA synthesis and DAT is the transporter taking up DA 
back into the synaptic terminal to terminate the DA signal (Elsworth & Roth, 
1997; Trudeau et al., 2014). Expression of Vglut2 together with TH in  
subpopulations of the VTA has been shown by multiple studies (Kawano et 
al., 2006; Yamaguchi et al., 2007; Dal Bo et al., 2008). In a conditional and 
targeted deletion of Vglut2 from DAT-expressing cells, employing a DAT-
Cre mouse line (Ekstrand et al., 2007) and a mouse line in which exons 4 to 
6 of the Vglut2 gene are flanked by loxP sites (Wallén-Mackenzie et al., 
2006), it has been shown that those neurons are of crucial importance for the 
psychostimulant action of drugs of abuse (Birgner et al., 2010). Lack of  
glutamate co-transmission leads to a blunted response to DA-releasing drugs 
(Birgner et al., 2010; Hnasko et al., 2010) and an increase in seeking for 
both natural and drug rewards (Alsio et al., 2011). Further functions of  
glutamate co-release from DA neurons may be the facilitation of axonal 
growth and survival during CNS development (Schmitz et al., 2009; Fortin 
et al., 2012), and its synergistic effects on the filling of the vesicles with DA 
by vesicle acidification (Hnasko et al., 2010). 

Today, it is known that it is a common phenomenon that one neuron uses 
more than one neurotransmitter. DA-glutamate co-transmission (Chuhma et 
al., 2004; Hnasko et al., 2010; Fortin et al., 2012; Trudeau et al., 2014), as 
well as the co-transmission of glutamate and serotonine (Varga et al., 2009) 
and glutamate and acetylcholine (Frahm et al., 2015), among others, have 
been described.  

6.4. The STN in reward  
Although it has been mostly implicated in motor control, the STN has been 
found to be profoundly involved in reward processing. Initial evidence was 
gained from STN lesion experiments in which the responses to food and 
drugs were altered, resulting in an increased response to food reward and a 
decrease in the response to drugs of abuse (Baunez et al., 2002; Baunez et 
al., 2005).   

The STN seems to be involved in each major part of reward processing: 
the discrimination between rewarding and aversive (Breysse et al., 2015), 
reward prediction, the determination of reward magnitude and the delay of 
its delivery (Espinosa-Parrilla et al., 2013). Expectation and detection of a 
reward, and even its magnitude, is encoded in the STN, as it has been shown 
in rats by in vivo extracellular recordings during a lever-pressing paradigm 
(Lardeux et al., 2009) and by instrumental and Pavlovian tasks in monkeys 



 35

(Espinosa-Parrilla et al., 2013). At least in rodents, this may be reliant on 
specific subpopulations (Breysse et al., 2015). 

In humans, similar results have been gained by analyzing the outcome of 
STN DBS, as discussed above, or by peri-surgery electrophysiological  
recordings (Kuhn et al., 2005).  

7. Optogenetics 
Optogenetics is a recently established and now frequently used technique to 
control neuronal activity by artificially expressing light-activated ion  
channels in the membrane of subsets of neurons in order to control their 
firing pattern (Williams & Deisseroth, 2013). This technique instantly allows 
the turning on or off of neuronal firing and altering of firing patterns in a 
desired way whilst studying the behavioral outcome in an awake and  
behaving animal.  

It is longstanding knowledge that some microorganisms express ion 
channels on their cell membrane that allow them to detect light, generate a 
light-activated ion flux through the channel and thus to move towards the 
light (Oesterhelt & Stoeckenius, 1971). In optogenetics, these channels have 
now been developed into a tool to control neuronal activity by exposure to 
light of a defined wave length. The most well-known is possibly  
channelrhodopsin (ChR), a light activated sodium channel that allows influx 
of Na+ into the nerve cell and thus can elicit an action potential (Zemelman 
et al., 2002). Shortly after, the light-activated chloride channel halorhodop-
sin, originally discovered in archaebacteria (Matsuno-Yagi & Mukohata, 
1977), came into use in optogenetic control of neuronal activity (Fig. 8). 
Since then, many channels have been discovered and optimized for their 
different biophysical properties and for the use with different wave lengths 
(Klapoetke et al., 2014).  
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Figure 8: Optogenetic control of neuronal firing. While through electrical stimu-
lation (left) all neurons and processes in vicinity of the electrode are excited,  
optogenetic targeting allows a much more specific excitation of selected populations 
(middle and right). Light stimulation excites (middle) or inhibits (right) selectively 
the neurons expressing light stimulated sodium channels (middle) or chloride pumps 
(right), while other neurons in the vicinity remain unaffected. Only the channels 
within reach of the light beam (dark blue, orange) will open. Modified after 
(Deisseroth, 2011). 

Optogenetic tools can either be expressed genetically, by breeding a mouse 
line carrying the gene for e.g. ChR (with a stop cassette flanked by loxP 
sites) with a mouse line carrying Cre recombinase in order to express ChR in 
the desired cells. Alternatively, a virus carrying the floxed ChR2 can be  
injected locally into a specific brain area by stereotactic surgery. The viral 
injection approach involves a double floxed inverted open reading frame 
strategy (Fig. 9). In both approaches, a Cre-mediated recombination occurs 
that causes the inverted opsin-encoding region to be turned into the function-
al orientation, allowing translation into a functional protein (Zemelman et 
al., 2002). The genetic approach has the advantage that invasive stereotactic 
surgery and cell death caused by the virus load can be avoided. The virus-
injection approach has the advantage that even if Cre is expressed in  
multiple areas of the brain, the viral vector can be locally targeted to a  
specific area. Stereotactic surgery is time intensive and puts considerable 
strain on the animal, though, and expression takes approximately three 
weeks to come to its full.  
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Figure 9: Floxed inverted open reading frame strategy for the expression of 
optogenetic tools in a Cre-lox recombination approach. The virus carries a  
construct with an inverted gene for the light activated channel that is flanked by 
double lox sites (left). If this construct is expressed in a cell that also expresses Cre, 
the gene flanked by double lox sites (loxP (black) and lox2722 (white)) is excised 
and turned back into a sense direction (right) and the channel proteins can be  
expressed (indicated by the green color).  ChR2: channelrhodopsin 2; Cre: Cre  
recombinase; EF-1α: human elongation factor 1α promotor; eYFP: enhanced yellow 
fluorescent protein; ITR: inverted terminal repeat sequence; polyA: poly-A  
sequence; WPRE: Woodchuck hepatitis virus posttranscriptional response element 

Since the expression of channelrhodopsin is Cre-dependant and the light-
sensitive channel is coupled to a reporter gene, such as eYFP (Fig. 9),  
expression can be readily detected after injection. Once switched on the  
expression of the construct is spread over the entire neuron, visualizing both 
cell body, axons and dendritic tree. Thus, the reporter can simultaneously be 
used as a tracer for the Cre-expressing neurons.   

8. Materials and Methods 
8.1 Animals 
The Vglut2f/f;Pitx2-Cre mouse line was produced by breeding the Pitx2-Cre 
transgenic (tg) mice (Martin et al., 2004) to Vglut2f/f (Wallén-Mackenzie et 
al., 2006) mice. This generated knock-out (cKO) mice (Vglut2f/f;Pitx2-
Cretg/wt, also termed Cre+) and control mice either carrying the floxed Vglut2 
allele, but no Cre (Vglut2f/f;Pitx2-Crewt/wt, also termed Cre-) (Fig. 10) or a 
wildtype Vglut2 allele, but Cre (Vglut2wt/wt;Pitx2-Cretg/wt, also termed Cre-
positive controls). In order to ensure the comparability of cKO and control 
mice (Crusio, 2004) and to exclude any effect of the background of the lines 
in use (Wolfer et al., 2002), only littermates were used in each experiment.  

 

Figure 10: Conditional Cre-mediated knock-out strategy to obtain Vglut2-Pitx2 
control and cKO mice. A: When no Cre recombinase is expressed, the Vglut2 gene 
remains intact. B: When Cre recombinase is present in the same cell exon 4, 5 and 6 
are excised from the Vglut2 gene. Modified after (Wallén-Mackenzie et al., 2006). 
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8.2 Locomotor assays 

8.2.1 Rotarod 
The rotarod (IITC Life Sciences, Woodland Hills, CA) is a standard test to 
assess crude motor skills in rodents. The mice were placed facing forward on 
drums of 5 cm diameter. The drums were then set into motion counter-
directional to the mouse, so the mouse was forced to walk forward at the 
speed of the drum. The speed was successively increased in a linear manner 
from 0 rpm to 45 rpm over the time course of 1 min. (Carter et al., 1999). 
When the mouse was not able to keep up with the speed of the drum, it fell 
off the drum onto a seesaw lever 15 cm below, switching off the rotation and 
saving data on speed, distance walked and time spent walking for each  
animal.   

8.2.2 Reserpine-induced catalepsy 
Basal and reserpine-attenuated locomotion was assessed in automated  
locomotion detector boxes (Locoboxes; Kungsbacka Reglerteknik AB). 
Movement was detected by two sets of light beams placed chess board-like 
in two planes. Spontaneous locomotion was defined as two consecutive  
photo beam interruptions in the same direction. Each mouse was habituated 
to the novel environment for 150 min. for two consecutive days. On the third 
day, baseline locomotion was recorded for 30 min. Subsequently, a single 
dose of 2mg/kg reserpine diluted in sterile saline was administered intraperi-
toneally and locomotion was monitored for the following 120 min. The mice 
were sacrificed immediately after the end of the trial. 

8.3 Rearing analysis 
Rearing analysis was carried out in a transparent 55x55x22cm open field 
arena under video recording. The mice were each placed in the center of the 
arena and allowed to explore freely for 15 min. Latency to first occurrence, 
frequency and duration of rearing were scored manually from the recording 
using AniTracker Software by an observer blind to the genotype of each 
subject. Rearing behavior was divided into three subtypes: wall rearing, 
where the mouse takes support with its front legs against the wall, seated 
rearing, where the mouse takes support against the floor by its tail while 
rearing, and free rearing, where the mouse supports its weight on its hind 
legs only (Fig. 11). The data was divided into 3 5-min. intervals and  
analyzed by t-test. 
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Figure 11: Subtypes of rearing. For more extensive characterization rearing  
behavior was subdivided into three subtypes: wall rearing, in which the mouse uses 
its front legs to support itself against the boundary of the arena, seated rearing, in 
which the mouse supports its weight on bent hind legs and the tail base, and free 
rearing, in which the mouse supports its weight on its stretched hind legs only. 

8.4 Limbic-cognitive behavior 

8.4.1 Delay discounting 
Operant self-administration (SA) chambers (15.9 cm × 14.0 cm × 12.7 cm; 
Med Associates, St. Albans, VT) were used to carry out testing for impulsive 
behavior (Fig. 12A). The operant chamber was enclosed in a wooden box 
and equipped with a fan to provide airflow and to mask exterior sounds. 
Each chamber was endowed with two feeders. Each feeder consisted of a 
shallow food receptacle at the bottom and a feeder light above to provide the 
visual cue. The reinforcement (20mg sucrose pellets, 5TUL TestDiet) was 
delivered upon head entry into the feeder, registered by a photo sensor. The 
SA chambers were dimly illuminated throughout the entire session by a 
house light positioned opposite to the feeders in order to not mask the light 
cue.  

Preparation 
The mice were food-restricted for two days prior to behavioral assessment 
(3g standard rodent chow (R3; Lactamin/Lantmännen) / mouse / day) to 
enhance their motivation to explore the chambers in search for food. The 
food restriction was maintained throughout the trial, while the weight of 
each mouse was monitored by individual weighing, to maintain no less than 
90% of each animal’s body weight before food restriction.  

Experimental procedure  
At the start, mice were habituated to the chambers for one day, followed by 
training their ability to obtain food from the feeder (training step one, days 
2–5). Once the mice were able to stably collect 30 sugar pellets from the 
feeder within 30 min., the animals were promoted to training step two (days 
6–15), where a preference to one feeder was established. Ultimately, during 
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training step three (days 16–26) the mice learned to make a choice between 
one feeder delivering a large amount of pellets, whereas the other delivers 
less (Fig. 12C). The training phase was immediately followed by testing 
(days 27–42) (Fig. 12 D), an extinction phase, where no head entry delivered 
any sugar pellets (days 43–46), reinstatement of the initial preference (day 
47), and reversal (days 48 and 49) (Fig. 12 E). The habituation and testing 
steps assess impulsivity (Gerfen, 1992; Cui et al., 2013) whereas the  
extinction, reinstatement, and reversal steps assess cognitive flexibility 
through task learning and relearning (Fig. 12E).  

Each mouse underwent one session per day. During all trial days, the 
mice were left in the SA chambers until 30 sugar pellets were obtained or 
until trial time ended. Trial time was limited to 30min. for days 1–32 and 
43–49, to 40min. for days 33–36, and to 45min. for days 37–42.   

 
 

 

Figure 12: The delay discounting (DD) paradigm. A: Self-administration  
chamber. B: Schedule for each session of the DD decision making task. C-D: The 
mice underwent one DD session per day for 49 consecutive days. Each block (grey 
boxes) was carried out for the number of consecutive days stated on the time line 
below. C: Habituation and training. D: Assessment of impulsivity by DD. The task 
is carried out with the same delay for two consecutive days at each delay (0-120s). 
Data for the days with the same delay were pooled and represent a mean to reduce 
errors caused by variation of the environment. E: Assessment of task learning and 
cognitive flexibility by extinction, reinstatement and reversal. d: day; Extinct.:  
extinction; Hab.: habituation; Rev.1: reversal day 1; Rev.2: reversal day 2; RI: rein-
statement; s: seconds. 
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8.4.2 Sugar self-administration 
Consummatory and motivational behavior was assessed through sugar SA in 
SA boxes (Med Associates, St. Albans, VT) equipped similarly as described 
above (Fig. 12A). In brief, each chamber was fitted with two identical feed-
ers with light cues and a photo beam detector over the food receptacle.  
Opposite to the feeders a house light was installed to illuminate the chamber 
during the test. Additionally, the chamber was equipped with a sound device.  

Preparation 
As described above for the delay discounting paradigm, the mice were food 
restricted two days prior to trial begin to (3g standard rodent chow (R3;  
Lactamin/Lantmännen) / mouse / day). Also, the weight of each mouse was 
monitored to ensure no weight loss exceeding 90% of the starting body 
weight. 

 

Figure 13: Sugar self-administration. The mice underwent one self-administration 
session per day for 24 consecutive days. Each block (grey boxes) was carried out for 
the number of consecutive days stated on the time line below. A: Habituation and 
training. B: Assesament of consumption and motivation behavior. C: Testing of task 
learning and cognitive flexibility. d: day; Extinct.: extinction; FR1: fixed ratio 1; 
FR2: fixed ratio 2; FR5: fixed ratio 5; Hab.: habituation; PR: progressive ratio; 
Rev.1: reversal day 1; Rev.2: reversal day 2; RI 1: reinstatement 1 (30 pellets limit); 
RI 2: reinstatement 2 (30 min. limit); s: seconds. 

Experimental procedure 
The mice were trained to obtain sugar pellets by head entry on a fixed ratio 
(FR) 1 schedule (one pellet per head entry, max. 30 pellets). Upon each  
correct action a light cue at the feeder at which the pellet was obtained and 
three beep tones were delivered as a confirmation of success. Once 30 pellets 
could be obtained stably for three days in sequence the mice were tested on 
FR1. Subsequently, the mice were given one day at FR2 (1 pellet per 2 head 
entries) to adjust to the new situation, where multiple head entries were  
required to obtain a reward. Thereafter the mice were subjected to a FR5  
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(1 pellet per 5 head entries) and to a progressive ratio (PR) schedule for 5 
and 3 days, respectively, to assess their behavior when a higher level of  
motivation to obtain the reward demanded. During the PR schedule the 
amount of head entries per pellet was raised with +3 after each obtained 
pellet. Similar to the delay discounting paradigm, the mice were tested for 
their learning and flexibility skills by subsequent days of extinction,  
reinstatement and reversal (Fig. 13).  

Each mouse was subjected to one operant session per day.  As previously 
described the mice were allowed to habituate to the novel environment for 
one session before beginning the training (Fig. 13A). During all trial days, 
the mice were left in the SA chambers until 30 sugar pellets were obtained 
(FR1, FR2, reinstatement and reversal) or until trial time ended (FR5 and 
PR, as well as extinction). Trial time was limited to 30min. for FR1, FR2 
reinstatement, extinction and reversal, to 40min. for FR5, and to 90min.  

8.5 Optogenetic injections 
For stereotactic injection of the virus (AAV9-ChR2-EYFP-DIO (UNC  
Vector Core); diluted to conc. 1 × 1012 in sterile saline) Pitx2-Cre–
expressing littermate mice (controls, Vglut2wt/wt;Pitx2-Cretg/wt and cKO, 
Vglut2f/f;Pitx2-Cretg/wt) were anesthetized with isofluorane (0.5–2%, adjusted 
during surgery for maintenance of easy breathing) and mounted into a  
stereotactic frame (Stoelting, Wood Dale, IL) (Fig. 14A). Injections of 750nl 
virus-containing / site were made at two dorsal-ventral (DV) levels at  
Bregma −1.90 anterior-posterior (AP), −1.70 medial-lateral (ML), −4.75 and  
–4.25 DV at a speed of 100nl/min. Between each injection the needle was 
left in place  for 10 min. to ensure virus absorption into the tissue (Fig. 14B).  

Postoperatively the mice received analgesic treatment with subcutaneous 
buprenorphine twice within 24h and were housed in ventilated cages for the 
following three days with easier access to food and water than in standard 
housing conditions. The mice were sacrificed after three weeks for electro-
physiological and histological evaluation (Fig. 14C). 
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Figure 14: Stereotactic delivery of the virus solution to the STN. The mice  
underwent stereotactic surgery as depicted in A: The skull was fixed in a stereotactic 
frame and adjusted to a horizontal position in relation of Bregma to Lambda. The 
nose was inserted into a face mask, through which an isoflurane-air mixture was 
delivered to mouth and nose (blue arrow). The syringe was attached to a motorized 
pump that delivered the virus solution continuously at a defined rate of 100nl/min. 
without manual manipulation (green arrow). B: The virus was delivered at two DV 
coordinates: -4.75 and -4.25, from where the virus was allowed to spread (upper 
panel, virus solution depicted in green). Schematic position of the needle within the 
STN from a coronal view (lower panel). C: ChR expression in the STN as indicted 
by YFP localized to the STN. The expression of ChR is localized to the cell  
membrane (inlay).  

8.6 In situ hybridization  

8.6.1 Embryo tissue preparation 
Each pregnant female was anesthetized with isoflurane and euthanized by 
cervical dislocation. The uterus was removed and placed in ice cold 1x 
phosphate-buffered saline (PBS), where uterus tissue and chorion were  
removed. The embryo in the amniotic sac was transferred into fresh RNase-
free 1x PBS in order to avoid RNase contamination from the gut and fur 
during removal of the uterus. The chorion was removed, the head was sepa-
rated and placed in 4% formaldehyde (FA) in 1x PBS. After 4h incubation at 
room temperature (RT), the tissue was washed in 1x PBS and placed in 30% 
sucrose in water over night. The tissue was then frozen in cryomedium and 
stored at -80ᵒC until sectioning. 

All solutions used were RNase-free by use of Diethyldicarbonate (DEPC) 
and autoclaving. Tools and surfaces were kept RNase-free with RNAse away 
(Molecular BioProducts, San Diego, CA). 
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8.6.2 Oligonucleotide probe amplification 
The Riboprobe® T7 transcription system kit (Promega, Stockholm) was 
used to reverse transcribe single-stranded RNA oligoprobes from T7  
plasmids carrying the probe sequence. Digoxigenin-labeled (DIG-) dUTP 
nucleotides were incorporated into the oligonucleotides (DIG RNA labeling 
mix, Roche, Mannheim) to allow detection by anti-DIG-FAB fragments 
(Roche, Mannheim). 100ng of plasmid were used for each reverse transcrip-
tion and the PCR product was cleaned by column separation (Illustra 
ProbeQuant G-50 micro columns, GE healthcare, Hammersmith).  

8.6.3 In situ hybridization 
In situ hybridization was performed on 20µm cryo sections of embryonic 
mouse brains at E14.6, E16.5 and E17.5. The sections were air dried at room 
temperature and post fixed in 4% FA. Subsequently slides were washed in 
1x PBS and acetylated in 10mM triethanolamine, 0.25% acetic anhydride in 
water, pH adjusted with concentrated HCl. After acetylation the sections 
were permeabilized in 1% Triton X 100 (Sigma Aldrich, Steinheim) in  
1x PBS, washed in 1x PBS and prehybridized in 50% formamide ; 5x SSC; 
5x Denhard’s (Life Technologies, Stockholm); 500ug/ml salmon sperm 
DNA (Invitrogen, Life Technologies, Stockholm); 50ug/ml yeast RNA 
(Sigma Aldrich, Steinheim) in a humified chamber at 55ᵒC or 65ᵒC. DIG-
labelled RNA probes were diluted to 1ng/µl in prehybridization buffer and 
denatured at 80ᵒC. The slides were incubated in a humified chamber over 
night at 55ᵒC or 65ᵒC with the denatured RNA probes. The following day the 
slides were washed in 5x saline-sodium citrate buffer (SSC) and incubated in 
0.2x SSC at 55ᵒC or 65ᵒC for 1h. The slides were then transferred to 0.2x 
SSC at RT to acclimatize the tissue and washed with 1x Tris-buffered saline 
(TBS). To avoid unwanted antibody interactions, the slides were blocked 
with 0.1M maleic acid in 1x TBS. To allow detection of probe binding,  
anti-DIG-FAB fragments (Roche, Mannheim) were diluted in the blocking 
solution and incubated at 4ᵒC over night. For colorimetric staining, the slides 
were briefly equilibrated in buffer B3 (0.1M Tris, 0.15M NaCl) and  
subsequently the enzyme substrate (4.5 µl/ml nitro-blue tetrazolium (NBT, 
Roche, Mannheim); 3.5 µl/ml 5-bromo-4-chloro-3’-indolyl phosphate 
(BCIP, Roche, Mannheim); 0.24 µl/ml levamisole (Life Technologies, 
Stockholm)) was added. The staining was stopped by washing in water. 

All solutions used were adjusted to pH 7.4 and were RNase-free by use of 
DEPC and autoclaving. Tools and surfaces were kept RNase-free with 
RNAse away (Molecular BioProducts, San Diego, CA). 
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Study I 

Aim 
To identify the function of the Vglut2-expressing subpopulations of the VTA 
in reward and cognitive behaviors. 

Results and Discussion 
Recently, three distinct subpopulations of VTA neurons have been described 
to express Vglut2 (Li et al., 2013). Two of them are considered to have the 
capability of releasing both glutamate, as defined by the expression of 
Vglut2, and DA, as defined by the expression of TH and DAT, the crucial 
factors of DA synthesis and reuptake (Trudeau et al., 2014). One subpopula-
tion co-expresses Vglut2, TH and DAT (TH-Vglut2 class I neurons). The 
second subpopulation co-expresses Vglut2 and TH, but lacks expression of 
DAT (TH-Vglut2 class II neurons) (Li et al., 2013). The third Vglut2 express-
ing subpopulation expresses neither TH nor DAT (Vglut2-only neurons). 
Both Vglut2 and TH become expressed in the VTA neurons from E11 
(Zetterstrom et al., 1997; Birgner et al., 2010). This could indicate that the 
neurons which are Vglut2-only in the adult mouse VTA have had a history of 
transient TH promotor activation during development. 

In Study I, Vglut2-expression is selectively disrupted in all TH  
co-expressing neurons and Vglut2-only neurons by crossing a TH-Cre mouse 
line to a mouse line carrying a floxed Vglut2 gene. In contrast to using a 
DAT-Cre line (Birgner et al., 2010; Hnasko et al., 2010; Alsio et al., 2011; 
Fortin et al., 2012) this allows impairing glutamatergic transmission in the 
VTA in a broader manner.  

Vglut2f/f;TH-Cre cKO mice show impaired spatial memory in the radial 
eight-arm maze and alterations in the oscillation pattern of the CA3 region of 
the hippocampus, while motoric and limbic functions remain undisturbed. 
As opposed to the Vglut2-DAT co-expressing neurons, which guide reward-
related functions (Birgner et al., 2010; Hnasko et al., 2010; Alsio et al., 
2011; Fortin et al., 2012) this implicates a specific role for TH permanently 
or transiently expressing neurons of the VTA in cognition. 
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Study II 

Aim 
To decipher the circuit function of the Pitx2-Vglut2 co-expressing  
subpopulation of the STN in basal ganglia-related behaviors. 

Results and Discussion 
The STN is a major hub in the BG integrating information from the different 
loops and from outside the BG. It is also the main clinical target for surgical 
treatment of PD by DBS, though the mechanisms behind DBS still remain 
unknown. The STN has a multitude of efferents and afferents, as described 
above, that are anatomically well-characterized. But still, little is known 
about subtypes of neurons within the STN. 

 
In a previous study from our lab, the strong expression of vglut2 mRNA in 
the STN could be confirmed (Wallén-Mackenzie et al., 2009). Since the 
STN is known to be a hub of BG function, this kindled our interest in how 
this Vglut2-expressing population shapes the connections and output of the 
STN. In the present study, we characterized the expression of Vgluts 1, 2 and 
3 in the STN in the wild-type mouse by single-cell RT-PCR and  
confirmed Vglut2 as the predominant subtype. Moreover, we identified a 
novel subpopulation of STN neurons co-expressing Vglut2 and Pitx2.    
Subsequently, we conditionally targeted Vglut2 expression in this  
subpopulation by employing the Cre/LoxP system (Martin et al., 2004; 
Wallén-Mackenzie et al., 2009) and thereby reduced Vglut2 expression by 
40% specifically in the STN. Because of its highly restricted expression, the 
Pitx2 promoter was selected to drive Cre expression, producing a targeted 
STN lesion of a more specific kind than pharmacological (Kohler & 
Schwarcz, 1983). Single-cell RT-PCR was used to confirm the knock-out 
and brought to light that most, but not all STN neurons use VGLUT2. Even 
though it is the predominant form of VGLUT in the STN, there are neurons 
that express Vglut1 or both Vglut1 and Vglut2. Some, but not all of the 
Vglut2-positive neurons, in the STN also express Pitx2, one of the main  
factors in STN development. In total, the conditional knockout (cKO)  
approach lead to a 40% reduction in Vglut2 expression and to a shift among 
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the remaining Vglut2-expressing cells towards lower expression levels. A 
strong decrease in glutamatergic transmission from the STN to the EP and 
the SNr, its major direct target structures and at the same time the main out-
put structures of the BG, was confirmed by electrophysiological recordings 
with electrical and optical stimulation. This serves both as a proof of princi-
ple that the signaling of Vglut2-Pitx2 neurons shape the neural response in 
the EP and SNr and also that this response can be specifically modified by 
optogenetic targeting. 

The behavioral outcome of the deletion was consistent with the classical 
BG model: decreasing the signaling from the STN facilitated movement. In 
an open field setting and multiple other behavioral tests, Vglut2-Pitx2 cKO 
mice displayed hyperlocomotion and decreased latency in the initiation of 
movement, while preserving normal gait and balance, as measured by the 
rotarod, the balance beam and treadmill gait analysis.  

In contrary to global STN lesions and DBS, cognitive and affective abili-
ties such as spatial cognition, social function and level of impulsivity  
remained largely undisturbed. In the DD paradigm for instance, cKOs  
performed similarly to control mice, besides omitting to choose more often. 
This was in agreement with the results obtained from the baited radial arm 
maze, where the cKO mice were able to find the food as fast and reliably as 
their control littermates, but refrained from consuming the reward. 

Because of the extensive projections the STN has within the BG, we  
assessed if the cKO caused alterations in the DA system. Autoradiographic 
histology confirmed normal levels of DA receptors D1R and D2R in the 
dorsal striatum. Concurrently, GBR12783-induced and reserpine-suppressed 
locomotion were unaltered in cKO mice. However, reduced DA clearance 
and lower DAT levels as found by high-speed in vivo chronoamperometry 
(FAST) lead to prolonged DA exposure in the synaptic cleft, which will be 
discussed further in study IV. 

 
We conclude that the STN consists of not only one population of glutama-
tergic neurons as previously thought, but of several subpopulations, all of 
which are likely to have their own characteristics contributing to the func-
tion of the STN within the basal ganglia circuitry. We studied one of these 
presumptive populations, the Vglut2-Pitx2 co-expressing cells, and found the 
conditional knock-out of it to facilitate movement, as measured by an  
increase in locomotion and a decrease in the latency to initiate a movement. 
This supports the inhibitory theory of DBS, mimicking the effects of STN 
lesions or DBS, but with fewer side effects. Moreover, it alters  
dopamine signaling in the interconnected structures, such as the dorsal  
striatum, implicating the subpopulations involvement in several modalities 
of BG behaviors.  
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Also, the Vglut2-Pitx2 co-expressing subpopulation is distributed 
throughout the entire STN, crossing the borders of the classical division of 
the STN into motoric, limbic and associative areas. This further implicates a 
role of this subpopulation in several functions of the STN and opens the 
question of how to access other possible subpopulations with distinct  
functions. 
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Study III 

Aim 
To clarify the concept of genuine hyperlocomotion and discern it from lack 
of habituation. 

Results and Discussion 
Following publication II, Konsolaki and Skaliora questioned our analysis of 
locomotor behavior in the Vglut2-Pitx2 mice (Konsolaki & Skaliora, 2015). 
They expressed their doubts about how far a lack of habituation was influ-
encing the hyperlocomotion seen in Vglut2-Pitx2 cKO mice and to which 
extend this was masked by our representation of the locomotion of the mice 
pooled as total locomotion over the course of a session (Schweizer et al., 
2014). This is a valid question, because lack of habituation as, for example a 
consequence of memory impairment (Sanderson et al., 2010), might also 
cause the mice to not rest, but maintain exploration behavior. It was there-
fore necessary to assess the time course of each session by breaking up the 
total time into short time intervals.  

By re-analyzing the locomotion data gained from open field spontaneous 
locomotion we discussed the concept of hyperlocomotion and habituation 
based on the results from publication II. The data was published in more 
detail as an answer to the letter by Konsolaki and Skaliora (PNAS, 2015), 
where the concept of genuine hyperlocomotion as opposed to a lack of  
habituation was discussed. According to this concept, habituation requires 
the decline in locomotion over time as a novel arena becomes familiar to the 
mice. Genuine hyperlocomotion is given, when the general level of locomo-
tion of the cKO group stays over the level of the control group at all time 
points, but both groups show a decline in locomotion over time when  
compared to themselves.  In agreement with this concept, the deletion of 
Vglut2 in the Pitx2-expressing cells of the STN caused genuine hyperloco-
motion.  
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Study IV 

Aim 
To shed light on the role of the Vglut2-Pitx2 co-expressing subpopulation in 
reward behavior and to pinpoint its influence on dopamine signaling within 
the BG network. 

Results and Discussion 
As described above, the BG are critical regulators of multiple behavioral 
computations central to reward processing and reward-related decision  
making (Parent & Hazrati, 1995b; Winstanley et al., 2005). The STN is a 
central hub within the BG, where locomotor, associative and limbic  
information are processed in close vicinity (Rodriguez-Oroz et al., 2011).  

Not only does it project to the SNr and EP, the major output complex of 
the BG, and the ventral pallidum, it also projects to a multitude of other  
dopaminergic and reward-regulating areas, including the SNc, the VTA and 
BLA (Hachem-Delaunay et al., 2015). As described in study II, the  
reduction of Vglut2 in the STN leads to a reduced tendency to consume the  
obtained rewards both in the baited radial arm maze and in the DD  
paradigm. Also, the cKO mice show reduced levels of DAT and a reduced 
ability to clear DA from the synaptic cleft (Schweizer et al., 2014). Thus, we 
sought to further analyze their reward processing at the behavioral and  
molecular level.  

In addition to increased locomotion, Vglut2-Pitx2 cKO mice showed  
increased vertical activity in the open field. Rearing is generally considered 
to be an exploratory and motivational behavior. When characterizing three 
subtypes of rearing, wall rearing, seated rearing and free rearing, the 
amounts of time spent on seated and free rearing were increased in Vglut2-
Pitx2 cKO mice. Considering that wall rearing is the most common type of 
rearing and most coupled to exploratory behavior, the other two rearing 
types could be more reflective of an increased motivational behavior.  
Consequently, we sought to further analyze motivational and reward-related 
behavior in Vglut2-Pitx2 cKO mice. When subjected to an operant sugar 
self-administration paradigm, cKO mice displayed decreased sucrose  
consumption, while task learning and flexibility remained unchanged. As 
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described above, motivational and reward-related behaviors are tightly 
linked to the DA state of the BG system. Thus, in the present study we 
examined the dopaminergic system within the NAc in more detail. In Study 
II, we found substantial alterations in DA release and reuptake. Here, we 
furthermore find increased ligand binding to D2R in NAc shell and core 
and to D3R in the shell region.  This corresponds to findings made in  
6-OHDA denervation and DBS studies (St-Hilaire et al., 2005; Carcenac et 
al., 2015). 

Taken together, these results likely couple the altered reward behavior 
making Vglut2-Pitx2 cKO mice less keen on collecting both fatty 
(Schweizer et al., 2014) and sugary reward, while preserving task-learning, 
to alterations in dopamine system at both the pre- and postsynaptic level. In 
this context, it is interesting that some theories about DBS are not emphasiz-
ing on the modification of the output from the STN to the GPi / SNr complex 
as therapeutic, but rather that the benefit from DBS might come from an 
increase of DA in the striatum (Pazo et al., 2010). 

Additionally, dynorphin peptides were significantly upregulated in the 
NAc of the cKO. Dynorphin is usually expressed in D1R expressing MSNs 
of the direct pathway, also speaking for an alteration in the DA system of 
Vglut2-Pitx2 mice. However, tracing analysis revealed no STN efferents of 
the Vglut2-Pitx2 subpopulation projecting to the NAc directly, or to other 
reward related areas, such as to the VTA, SNc or BLA. It is thus likely that 
these responses are mediated via the EP and SNr. Functionally, this may be 
due to an indirect effect of the deletion via other pathways or a developmen-
tal disturbance by the lack of glutamatergic transmission further downstream 
in the circuit. We hypothesized that this is a consequence of developmental 
alterations in the composition of subpopulations in the STN. 3D analysis of 
the anatomical cellular structure of the STN revealed a profound alteration in 
shape and cell number of the STN of cKO mice, as well as an alteration of 
the cell morphology. 

We conclude that the level of expression of Vglut2 in the STN is vital for 
STN morphology and that a reduction in Vglut2 expression decreases the 
interest in palatable food. 
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Study V 

Aim 
To identify new markers for putative STN subpopulations in order to allow 
the specific genetic targeting of novel STN subpopulations. 

Results and Discussion 
The STN was long perceived as a rather homogenous, purely glutamatergic 
structure (Yelnik & Percheron, 1979). However, this view has recently been 
challenged (Arcos et al., 2003; Levesque & Parent, 2005). Furthermore, the 
subdivision of the STN into anatomically distinct and separated motoric, 
limbic and associative areas (Benarroch, 2008) might not be as clear-cut as 
previously thought (Keuken et al., 2012; Alkemade & Forstmann, 2014). In 
study II and IV, we showed that Vglut2-Pitx2 neurons are dispersed over the 
entire STN, and they are likely involved in both motoric and limbic func-
tions, as well as in the anatomical shaping of the STN. There is an increasing 
need for the more complete mapping of STN subpopulations in the adult 
STN and during STN development in order to allow further characterization 
of STN-related behaviors by in vivo manipulations, such as by genetic or 
optogenetic targeting. In study V, we describe other potential STN-specific 
markers by in situ hybridization, which in turn could serve to identify new 
functional subpopulations of the STN. Several new genes, such as Glutamate 
Receptor, Ionotropic AMPA 1 (Gria1), Forkhead box transcription factor A1 
(FoxA1) and Calbindin 2 (Calb2) are expressed in the STN in the adult and 
at embryonic days 14.5 and 16.5 as measured by their mRNA. Of those, 
FoxA1, Lmx1a and Lmx1b are known to play a role in BG development 
(Ferri et al., 2007; Domanskyi et al., 2014), whereas Gria1 and Calb2 so 
far never have been described in context of the STN. Interestingly, another 
family member of the Gria family, Gria2, is associated with food reward 
behavior (Mead et al., 2005) and Calb2 is a known regulator of neuronal 
excitability (Westerink et al., 2012). Of all of the above the Calb2 shows the 
most restricted expression pattern, with strong expression in the STN at all 
stages. It has therefore a strong potential to be used in a similar conditional 
knock-out strategy as Pitx2.  
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As currently Pitx2, both FoxP1 and Lmx1 could also serve as potential 
STN markers. FoxP1 is switched on prior to both Pitx2 and Lmx1 (Ferland et 
al., 2003) and could thus be used for an earlier deletion of putative STN 
neurons.  
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Concluding remarks 

In this doctoral thesis, the role of the STN within and associated with the 
basal ganglia circuitry has been addressed from both a genetic and a  
behavioral angle. The identification of a genetically defined subpopulation 
within the STN, co-expressing Pitx2 and Vglut2, made it possible to  
conditionally reduce VGLUT2-mediated transmission from this subgroup of  
neurons and thus to investigate its impact on shaping locomotion and  
motivational behavior. This gives interesting insights into the mechanisms 
possibly underlying DBS therapy and its side-effects. As a follow up, we 
address the more subtle changes in reward-related behavior and the impact 
of the alterations on the reward-related dopaminergic circuitry caused by a 
reduction of Vglut2 in the STN. We also further decode the genetic  
composition of the STN by finding new markers for putative STN  
subpopulations. We thereby open up new possibilities to target those cells 
genetically and optogenetically. This will help in future to examine STN 
development, STN function in the adult CNS and defects to basal ganglia-
related behaviors caused by specific deletions. Eventually identifying and 
characterizing subpopulations of the STN can contribute to the optimization 
of DBS and help to reduce its side-effects, or even open up possibilities for 
genetic or optogenetic therapy approaches. 
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