
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2014

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1019

Motion and Emotion

Functional In Vivo Analyses of the Mouse Basal
Ganglia

EMMA ARVIDSSON

ISSN 1651-6206
ISBN 978-91-554-9006-5
urn:nbn:se:uu:diva-229910



Dissertation presented at Uppsala University to be publicly examined in B42, BMC,
Husargatan, 3, 751 24 Uppsala, Friday, 3 October 2014 at 09:15 for the degree of Doctor of
Philosophy (Faculty of Medicine). The examination will be conducted in English. Faculty
examiner: Assoc. Prof. Cecilia Flores ( McGill University, Department of Psychiatry).

Abstract
Arvidsson, E. 2014. Motion and Emotion. Functional In Vivo Analyses of the Mouse Basal
Ganglia. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1019. 78 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9006-5.

A major challenge in the field of neuroscience is to link behavior with specific neuronal
circuitries and cellular events. One way of facing this challenge is to identify unique cellular
markers and thus have the ability to, through various mouse genetics tools, mimic, manipulate
and control various aspects of neuronal activity to decipher their correlation to behavior. The
Vesicular Glutamate Transporter 2 (VGLUT2) packages glutamate into presynaptic vesicles for
axonal terminal release. In this thesis, VGLUT2 was used to specifically target cell populations
within the basal ganglia of mice with the purpose of investigating its connectivity, function and
involvement in behavior. The motor and limbic loops of the basal ganglia are important for
processing of voluntary movement and emotions. During such physiological events, dopamine
plays a central role in modulating the activity of these systems.

The brain reward system is mainly formed by dopamine projections from the ventral
tegmental area (VTA) to the ventral striatum. Certain dopamine neurons within the VTA exhibit
the ability to co-release dopamine and glutamate. In paper I, glutamate and dopamine co-release
was targeted and our results demonstrate that the absence of VGLUT2 in dopamine neurons
leads to perturbations of reward consumption and reward-associated memory, probably due to
reduced DA release observed in the striatum as detected by in vivo chronoamperometry.

In papers II and IV, VGLUT2 in a specific subpopulation within the subthalamic nucleus
(STN) was identified and targeted. Based on the described role of the STN in movement control,
we hypothesized that the mice would be hyperlocomotive. As shown in paper II, this was indeed
the case. In paper IV, a putative reward-related phenotype was approached and we could show
reduced operant-self administration of sugar and altered dopamine release levels suggesting a
role for the STN in reward processes.

In paper III, we investigated and identified age- and sex-dimorphisms in dopamine kinetics
in the dorsal striatum of one of the most commonly used mouse lines worldwide, the C57/Bl6J.
Our results point to the importance of taking these dimorphisms into account when utilizing the
C57/Bl6J strain as model for neurological and neuropsychiatric disorders.
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Att vara stark är inte att aldrig falla, 
att alltid veta att alltid kunna 
Att vara stark är inte att alltid orka skratta, 
att hoppa högst eller att vilja mest 
Att vara stark är att se livet som det är 
Att falla till botten, slå sig hårt  
och alltid komma igen 
Att vara stark är att våga hoppas  
när ens tro är som svagast 
Att vara stark är att se ljuset i mörkret 
Och kämpa för att nå dit 
 
- Marie Fredriksson Anthony, 1986  
 

 
Till mina föräldrar 
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Subthalamic nucleus STN 
Tyrosine hydroxylase TH 
Ventral tegmental area VTA 
Vesicular monoamine transporter VMAT 
Vesicular glutamate transporter VGLUT 
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Introduction 

In our daily lives we constantly encounter positive (rewarding) and 
negative (aversive) stimuli in our surroundings. An ultimate challenge 
for our brains is to evaluate this input and subsequently to coordinate 
our physiology into adequate and goal-directed behavioral outputs. To 
scientifically understand and approach these complex events, we need 
to know more about the correlation between neuronal communication 
within the brain and the behavior such communication results in. The 
basal ganglia and the limbic system serve as two key neuronal net-
works that function much in parallel to regulate our voluntary move-
ments and our emotions, features of importance for motivated and 
goal-directed behavior. This thesis focuses on neuronal populations 
within the basal ganglia and limbic system that use dopamine and glu-
tamate in their communication and which have been implicated in 
regulating various aspects of motion and emotion. The purpose of my 
thesis work is to further the current understanding of these networks in 
order to provide novel information that may advance current therapeu-
tical approaches to disorders of the basal ganglia and limbic system, 
including Parkinson´s disease and dependence to natural rewards and 
drugs of abuse.  

Motion: The basal ganglia motor loop 
“We see in order to move; we move in order to see.”  William Gibson 
 
Motor regions in the cerebral cortex and brainstem contain upper motor neu-
rons, responsible for initiating and maintaining movement by controlling the 
activity of local circuits and lower motor neurons of the brainstem and spinal 
cord innervating muscles 1. An additional series of structures important for 
motor control are the basal ganglia that regulate the initiation and termina-
tion of voluntary movement by affecting the activity of the upper motor neu-
rons. 

Anatomically, the basal ganglia consist of the striatum, globus pallidus 
(GP) and the substantia nigra pars reticulata (SNr). In primates, the GP is 



 12 

subdivided into the external (GPe) and the internal segment (GPi), while in 
mice, the GPi is known as the entopeduncular nucleus (EP) 2. Two additional 
structures strongly associated with the basal ganglia are the substantia nigra 
pars compacta (SNc) and the subthalamic nucleus (STN) 3 (Figure 1). To-
gether, these structures link most areas of the cerebral cortex with upper 
motor neurons in the primary motor and premotor cortex and brainstem. The 
neurons within this loop modulate their activity in anticipation of and during 
movement, and their effect on upper motor neurons is necessary for the nor-
mal course of voluntary movements 4, 5. 

In the classical model of the basal ganglia circuitry, two parallel and sepa-
rated neural circuits connect the input structure of the basal ganglia, the stria-
tum, to the output structures, the GP and the SNr 6-8. One of these parallel 
circuits is known as the direct (or striatonigral) pathway (Figure 1) and this 
circuitry is commonly said to facilitate movements adaptive for the present 
task. The striatal input neurons of the direct pathway are GABAergic medi-
um spiny neurons (MSNs) predominantly expressing the dopamine receptor 
1 (D1R) and which monosynaptically project from the striatum to the GPi 
and SNr. The GABA neurons of the GPi are tonically active, hence continu-
ously inhibiting the thalamus from activating the frontal cortex from initiat-
ing movement. However, with a decision to move, the striatal MSNs be-
comes activated by glutamatergic projections from the cortex and DArgic 
projections from the SNc. The induced inhibitory activity of the MSNs then 
disinhibits their GABAergic target neurons in the GPi, which in turn relieves 
the inhibition of the thalamus. Thalamus can then activate the frontal cortex 
and the planned movement will be initiated.  

Parallel to the direct pathway, which primarily acts to facilitate move-
ment, is the indirect (or striatopallidal) pathway of the basal ganglia (Figure 
1). In this pathway, the input striatal MSNs predominantly expresses the DA 
receptor 2 (D2R). In the indirect pathway, the MSNs project from the stria-
tum to the GPe. Similar to the GPi of the direct pathway, the GPe is also 
tonically inhibitory. Activation of the GPe thereby suppresses the activity of 
the subthalamic nucleus (STN), which is the main target area of the GPe. 
However, when the STN receives excitatory transmission from the cerebral 
cortex and decreased tonic inhibition from the GPe (much in the same way 
as occurs simultaneously in the direct pathway), the STN is relieved from the 
tonic inhibition and becomes activated. As will be discussed further below, 
the STN is an excitatory structure using glutamate as its neurotransmitter. 
Activation of the STN thus counteracts the disinhibition of the GPi caused 
by the direct pathway 9-19. Thus, the indirect pathway will repress motor pro-
grams that might interfere with the execution of a selected program. In this 
way, the STN maintains the balance between the direct and indirect pathway 
20. These two pathways are believed to create a dynamic balance exerting 
opposing but coordinated actions in the control of movement. The basal 
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ganglia are also involved in cognitive and affective, or limbic, processes as 
will be discussed in the “Emotion” section below.  
 

 
Figure 1. Voluntary movement - The direct and indirect motor pathways through the 
basal ganglia. According to the classical basal ganglia model, the direct pathway 
facilitates movement by acting via D1R-expressing MSNs and the GPi, while the 
indirect pathway opposes the direct pathway through D2R-expressing MSNs and 
control over the STN by the GPe as described in the text.  

Dopamine (DA) 
In 1958, Arvid Carlsson and colleagues published the identification of do-
pamine (DA) as a neurotransmitter 21. The structural organization of DA cell 
groups within the brain were originally identified and localized using the 
Flack-Hillarp histoflourescence method. DA cells are localized in the dien-
cephalon (part of the forebrain), mesencephalon (midbrain), in the retina and 
the olfactory bulb 22, 23. The most prominent DA area resides in the ventral 
part of the midbrain containing about 75% of all DA neurons of the brain. 
This correlates to approximately 450,000 in humans while about 10-25,000 
in rodents 24, 25. DA neurons in the midbrain are located in the ventral teg-
mental area (VTA) (also known as A10; importantly; the A10 also contains 
additional midline structures, see further below), substantia pars compacta 
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(SNc) (A9) and the retrorubral field (A8) (Figure 2). Depending on the pro-
jections, the DA system is further subdivided into three different pathways: 
the mesocortical pathway (VTA to the prefrontal cortex, PFC), the meso-
limbic pathway (VTA to the ventral striatum and additional limbic struc-
tures) and the nigrostrial pathway (SNc to the dorsal striatum) 26-33. Despite 
relatively few in numbers, the DA neurons are important for normal brain 
function. Dysfunctional DA signaling is implicated in many different disor-
ders including Parkinson´s disease, substance dependence, schizophrenia and 
other psychiatric disorders 34.  

DA synthesis and metabolism 
Together with noradrenalin and adrenalin, DA is a monoamine transmitter 
belonging to the catecholamine family. All catecholamines are derived from 
the same precursor, tyrosine, which via the enzyme tyrosine hydroxylase 
(TH) is converted into levodopa (L-dopa). L-dopa is subsequently catalyzed 
by dopa-decarboxylase into the biologically active catecholamine, DA 35. 
The first step in the biosynthesis of DA is rate-limiting, as the activity of the 
TH is regulated by protein phosphorylation, stimulated by several intracellu-
lar signals. For example, as an action potential rises, calcium channels will 
open and increase the ion influx, which will activate second messengers that 
in turn activates protein kinases. The protein kinases will then phosphorylate 
TH to stimulate catecholamine synthesis 35. 

DA is synthesized in the cytoplasm of the presynaptic terminal and is 
loaded into synaptic vesicles via the vesicular monoamine transporter 
(VMAT2) 36. Once released, the DA acts on pre and post-synaptic G-protein-
coupled receptors. The most abundant DA receptors in the brain are the D1R 
and the D2R 37. These two subgroups exert opposing intracellular effects 
such that D1R activates G-proteins that subsequently activate adenylyl 
cyclase and thereby increase 3´´-5´cyclic adenosine phosphate (cAMP), 
whereas D2R activation inhibits cAMP by activating G-proteins that inhibit 
adenyl cyclase 37.  

The signaling action of DA is terminated by the reuptake of DA into the 
nerve terminals or surrounding glia cells by the DA transporter (DAT). DA 
uptake can be modeled with Michaellis-Menten kinetics and is a slow event 
compared to the release. The half-life of DA is estimated to be 25-40 ms 38. 
The activity of DAT is dependent on an electrochemical gradient across the 
cell membrane established by Na+/K+-ATPases, where the co-transport of 
two Na+-ions and one Cl- -ion is necessary to transport each DA molecule 39, 

40. During normal conditions, DAT transports DA from the extracellular 
space back into the neuron 41. However, if the internal concentration of free 
cytoplasmic DA and Na+-ions is too high in close vicinity to the transporter, 
DAT can mediate reverse transport of DA out of the DA neuron. This kind 
of reverse transport is one of the mechanisms behind amphetamine-induced 
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DA release 41. Two major enzymes are involved in the catabolism of DA, the 
monoamine oxidase (MAO) and the catechol O-methyltransferase (COMT) 
42.  

DA neurotransmission 
The DA neuron is either hyperpolarized or display either of two different 
types of firing patterns, a tonic and single spike firing at 2-10 Hz or a phasic 
firing with bursts of two-six action potentials at 15-30 Hz 43, 44. The basal 
extracellular DA concentration of 5-20 nM, somewhat depending on the 
target area, is thought to arise from the spontaneous and tonic firing mode 45-

47. In response to various stimuli, phasic firing can cause DA concentrations 
as high as 1-5 µM in the striatum 48, 49. Further, phasic activity of DA neu-
rons of the midbrain is sufficient to drive behavioral conditioning while tonic 
activity cannot. This shift in activity can take place because a baseline activi-
ty within the DA neurons creates a pacemaker conductance, switching the 
membrane potential from a hyperpolarized state to a more depolarized 
threshold, which can then be modulated up or down 44, 50, 51. The majority of 
DA neurons, both in anesthetized 44, 52 and awake animals 53, are hyperpolar-
ized, meaning in a non-firing state 54. The remaining proportion of DA neu-
rons fire spontaneously and this shift in firing patterns is due to different 
afferent drive onto the DA neuron. 

In the striatum, presynaptic DA terminals form small symmetric synapses 
containing so called pleomorphic flattened synaptic vesicles onto dendritic 
spine heads and shafts. However, the fraction of axonal varicosities that have 
synaptic membrane specialization is in reality rather low 55-57. Hence, it has 
been proposed that DA neurons, in addition to synaptic release sites, also 
possess non-synaptic, or asynaptic, release sites 55, 58-60. Furthermore, DA 
neurons are also known to release DA from their somatodendritic compart-
ment, which results in activation of somatodendritic auto-receptors 61-63. The 
auto-receptors (mainly D2R-expressing) regulate the firing pattern of the 
neurons and can affect their afferent input 31. 
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Figure 2. Schematic overview of the location of midbrain DA neurons and their 
projections in the rodent brain. DA neurons in the midbrain are primarily located in 
the VTA (A10) and SNc (A9). Depending on projections, the DA system is further 
subdivided into three different pathways: the mesocortical, nigrostriatal and meso-
limbic pathway. This figure was modified by Dr. Karin Nordenankar from the origi-
nal drawing in Acta Physiologica Scandinavica Supplementum (1971) 367:1-48: 
Stereotaxic mapping of the monoamine pathways in the rat brain, by Ungerstedt, U. 

Parkinson’s disease - a basal ganglia disorder 
Based on the described role of the basal ganglia in regulation of voluntary 
movement, it is evident that faulty signaling in the circuitry causes a failure 
in the initiation of movement. Parkinson´s disease (PD), one of the most 
common neurodegenerative diseases, affects about 3% of the population 
over the age of 65 years 64. Advanced age and the male sex are two major 
risk factors for developing PD as shown by epidemiological studies 65, 66. 
Large-scale meta-analysis studies propose that at any specific time frame, 
about twice as many men as women suffer from PD 67. In rare cases, atypical 
familiar genetic mutations can cause PD, however the majority of the cases 
are of unknown cause and are termed sporadic or idiopathic PD 68.  

Clinically, PD is characterized by motor symptoms such as bradykinesia - 
difficulty in initiating movement, akinesia - inability to initiate movement, 
rigidity, tremor at rest, gait disturbances and problems producing speech 64. 
However, PD patients also suffer from non-motor symptoms, such as cogni-
tive and affective alterations including fatigue, states of impulsivity, depres-
sion, anxiety and dementia 64, 69, 70. The initial pathology behind PD is pre-
dominantly loss of DA neurons within the SNc and consequently loss of DA 
input onto the striatum. As a result, the various structures that are dependent 
on normal striatal signaling for their function will signal aberrantly. The 
excitatory neurons of the STN are among those neurons that will be affected 
and their dysregulation is believed to be strongly involved in generating the 
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movement disabilities of the disorder 71. The putative pathological substrates 
behind the loss of DA neurons in the SNc are many 64, including mitochon-
drial dysfunction 72, 73, excessive production of radical oxygen species 74, 
formation of protein aggregates, known as Lewy bodies, of α-synuclein and 
ubiquitin within the DA neurons, and microglia inflammation 75. In sum-
mary, PD is a complicated neurodegenerative motor disease presenting clini-
cal symptoms of an aetiology that most likely is comprised of complex inter-
actions between various genetic and environmental factors as well as factors 
like sex and age 64, 68, 69.  

Two models for describing motor deficiency in Parkinson’s 
disease 
Two models are commonly used to explain the motor symptoms of PD 76. 
The first one is known as the “Firing rate model” and is based on the belief 
that the loss of nigrostriatal DA will reduce the excitation of the MSNS with-
in the striatum (direct pathway) projecting to the GPi, and decrease the inhi-
bition on the MSNs projecting to the GPe (indirect pathway). These changes 
are believed to increase the average firing rate of the GPi and SNr neurons 
and consequently induce decreased thalamic and cortical neuronal activity, 
thus causing bradykinesia. However, electrophysiological studies upon 
treatment with the DA neuron toxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) in monkeys demonstrated an absence of increase 
in GPi activity 77-79. Instead, data from animal models of PD as well as pa-
tients have revealed oscillatory and synchronized activity in the GPe, GPi 
and STN 76, 77, 80. The frequency bands include the tremor (4–9 Hz) and 𝛽 
(10–30 Hz) bands. The 𝛽-band oscillation may be a primary cause of akine-
sia, since the pharmacological treatment of akinesia effectively suppresses 
the 𝛽-band oscillation. Recent studies also reported 𝛽-band-synchronized 
activity in glutamatergic neurons of the STN of patients with PD 81 and a 
correlation between this type of oscillations and freezing behavior 82. These 
observations support a second model known as the “Firing pattern model”. 
This model, which proposes that changes in the firing pattern could disturb 
the information-processing through the basal ganglia, has now largely re-
placed the “Firing rate model” 80. 

Levodopa-based treatments of Parkinson’s disease  
In 1938, L-dopa decarboxylase was discovered as the enzyme that synthesiz-
es DA from its precursor L-dopa. In 1957, DA was shown to occur in the 
brain 83, 84 and shortly after, DA was shown to be found present in the basal 
ganglia 85. Next, the discovery of the localization of DA in the striatal com-
plex together with studies performed in drug-naïve and reserpine-treated 
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animals suggested DA to be involved in "extrapyramidal control” 85 and 
"reserpine parkinsonism" 86. Following these discoveries, a study in 1960 of 
postmortem brains of patients with motor disorders, including PD, was initi-
ated demonstrating a severe striatal DA deficit specifically in brains from 
patients with PD 87. These findings furnished a rational basis for the concept 
of "DA replacement therapy" using the DA precursor L-dopa. In 1961, the 
first successful clinical trial with intravenous L-dopa treatment was carried 
out 88. Two years later, the DA deficit in the SNc of parkinsonian brains was 
discovered, pinpointing the nigrostriatal DA pathway in the human brain 89. 
These results were later confirmed in rats and monkeys 23, 90, 91. Today, the 
concept of DA replacement with L-dopa is well accepted 92. Clinically, most 
PD patients initially respond well to L-dopa treatment. However, after a few 
years on L-dopa medication, about 40% of the patients exhibit a decline in 
positive effects and instead start to suffer from L-dopa-induced dyskinesia 92.  

Glutamate and the Vesicular Glutamate Transporters 
(VGLUTs) 
Glutamate is the most common neurotransmitter in the brain, about 50-70% 
of all brain synapses release glutamate. Glutamate plays an important role in 
fast synaptic transmission and is probably involved in most features of nor-
mal brain function 20, 93, 94. Although glutamate has been known to be a neu-
rotransmitter for almost 40 years 94, the molecules responsible for its 
transport into synaptic vesicles remained for a long time undiscovered. Not 
until year 2000, a protein previously identified for mediating Na+-dependent 
uptake of inorganic phosphate across the plasma membrane was discovered 
to transport glutamate into synaptic vesicles; it was named Vesicular Gluta-
mate Transporter 1 (VGLUT1) 95-100. Shortly after, a second transporter was 
identified, and named Vesicular Glutamate Transporter 2 (VGLUT2) 100-104. 
The VGLUT1 and VGLUT2 proteins, which are localized in asymmetrical 
synapses, have been shown to be necessary and sufficient for efficient glu-
tamate packaging and subsequent release. Both VGLUT1 and VGLUT2 are 
considered reliable markers for glutamatergic neurons. A third member of 
the VGLUT family, VGLUT3 105, has also been identified, however this 
VGLUT is not selectively expressed in glutamatergic neurons but is also 
found in aminergic neurons such as serotonergic and cholinergic neurons 105-

108.  All three members of the VGLUT family belong to the solute carrier 
family 17 (SLC17) and are also named SLC17A7 (VGLUT1), SLC17A6 
(VGLUT2) and SLC17A8 (VGLUT3) 109. The three isoforms are highly 
homologous in the membrane spanning domains (90%), whereas the N- and 
C-terminal regions share less homology 110.  The VGLUTs functions are 
evolutionary conserved and isoforms can be identified in many different 
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organisms from different branches of the phylogenetic tree i.e., zebra fish 111, 
fruit fly 112 and frog 113.  

Spatial and temporal expression patterns of VGLUTs in the brain 
VGLUT1 and VGLUT2 show a complementary expression pattern on both 
mRNA and protein levels in the adult mammalian brain, as shown by in situ 
hybridization and immunohistochemistry analyses 102, 114-116. The differential 
expression appears to correlate with the ability of release 117. VGLUT1-
expressing synapses display a low probability of release, while VGLUT2-
expressing synapses show high release probability 102, 104. VGLUT1 mRNA 
is mainly found in cerebellar and cerebral cortex as well as hippocampus 
while VGLUT2 is mostly found in deeper brain regions including several 
thalamic and hypothalamic structures, midbrain and additional brainstem 
structures, including certain respiratory centers of the medulla oblongata 102, 

114-116. VGLUT1 protein is localized in the olfactory tubercle, layer I-III of 
the neocortex, piriform and entorhinal cortex, dentate gyrus, subiculum and 
hippocampus. VGLUT2 protein is found in the olfactory bulb, layer IV and 
VI of the neocortex, striatum and the granular layer of the dentate gyrus. 
Both proteins are also found in the cerebellum and in the brain stem 102, 114-

116. Co-existence of VGLUT1 and VGLUT2 isoforms within axonal termi-
nals has been detected in some areas, including the hippocampus, cortex and 
cerebellum mossy fibers 115, 118-120. 

Temporally, VGLUT1 mRNA and protein can be detected shortly after 
birth, peaking after 2 weeks 102. VGLUT2 mRNA and protein can be detect-
ed already during embryonic development and peaks around birth after 
which the expression declines in regions where it will not be expressed in the 
adult brain 102, 121-123. 

The glutamatergic subthalamic nucleus - a therapeutic target in 
Parkinson´s disease  
Located ventrally of thalamus, the bilaterally distributed subthalamic nuclei 
are part of the glutamatergic deep structure complex which mainly expresses 
VGLUT2 124, 125. Anatomically, the STN, which as discussed above is an 
important part of the indirect pathway through the basal ganglia motor loop, 
can be subdivided into different territories that correspond to the different 
functions of the basal ganglia (Figure 3). The motor, oculomotor, associa-
tive and limbic territories each have different connectivity and target areas 
include the GPi/EP and SNr 126, 127 as discussed above, but also to the PFC 
and the NAc 128.  

High-Frequency Stimulation (HFS) of deeply located brain structures, a 
method also specified as Deep Brain Stimulation (DBS), is today used as 
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effective therapeutics for PD and other neurological disorders. Most basal 
ganglia structures, as well as the thalamus, have been explored as targets for 
DBS, however, the STN is now the most commonly used target for DBS 129, 

130. The history of DBS began in the 1980’s when Miller and DeLong 
showed that the STN displayed abnormal hyperactivity in non-human pri-
mates treated with MPTP 131. This was the first evidence that abnormal STN 
activity could be responsible for the motor symptoms such as bradykinesia in 
patients with PD and thus formed the groundwork for the current STN relat-
ed research in the PD field. Another study demonstrated that a lesion of the 
STN effectively alleviated MPTP-induced motor alterations in non-human 
primates 132, and a third study reported that radiofrequency lesions of the 
STN improved motor functions of MPTP-treated monkeys 133. The latter also 
described that chronic L-dopa treatment was not necessary upon DBS treat-
ment as symptoms were sufficiently relieved. Based on these findings, elec-
trical DBS-stimulation, which is adjustable to individual patients demands, 
was implemented in the clinic 130. One early case report described improve-
ments of akinesia upon STN-DBS in a patient with advanced PD 134 and in a 
small series of three patients with advanced PD, bilateral STN-DBS resulted 
in reduced akinesia, rigidity and reduced need for L-dopa therapy.  

Today, several pre-clinical STN-DBS studies have been carried out and 
STN-DBS is widely accepted as an effective therapeutic treatment for pa-
tients with advanced PD 129. Although clinically successful, the neurophysio-
logical mechanisms underlying the beneficial motor effects are still unclear. 
Some studies suggest that electrical stimulation causes a hyperexcitation of 
the STN 135, whereas others find the opposite 136, 137. Additional studies 
points out the possibility that electrical stimulation activates neighboring 
white-matter structures 138 or affecting the fibers coming directly from the 
cortex 139. Other suggestions include the activation of efferent fibers 140, 
changes of oscillatory activity 141 and/or decoupling STN-GPi oscillations 
142. 

Electrical stimulation of the STN have also been shown to decrease im-
pulsive choices and affect attention, working memory and motivation 143. 
Based on these findings, it has been suggested that STN dysfunction is in-
volved in mediating the “dysexecutive symptoms” observed as extra-motor 
effects in PD 144. Both experimental and clinical observations suggest that 
the STN not only is involved in regulating movement but also regulating 
motivation 145-147 and the response to incentive cues and reward 148-150. 
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Figure 3. Functional subdivisions of the subthalamic nucleus. The STN is subdivid-
ed into one large dorsolateral motor territory, a medial limbic territory and a ven-
tromedial associative territory. This figure was modified from the original drawing 
which appeared in Neurology (2008) Feb 11; 1991-1995: Subthalamic nucleus and 
its connections: Anatomic substrate for the network effects of deep brain stimula-
tion, by Benarroch, E.E. 

Emotion: The limbic loop 
“Your emotions are the slaves to your thoughts, and you are the slave to 
your emotions”.  Elizabeth Gilbert  

Emotions are believed to be a biological strategy for us to integrate previous 
experiences withholding specific stimulus, and conveying a motivational 
value to those stimulus in order to organize an appropriate behavioral re-
sponse 151, 152. Evolution has created many “winning strategies”, all of which 
share the same vital ability, which is the power to distinguish between ad-
vantageous and disadvantageous stimuli 153. Several brain structures includ-
ing the amygdala 154, VTA 155, 156, hypothalamus 157, 158, hippocampus, orbito-
frontal, anterior cingulate and temporal cortex 159 are implicated in both posi-
tive and negative valence processing. Together these structures form a loop, 
a limbic cortico-striato-pallidal-thalamocortical loop 160, 161, which in many 
aspects reminds of the motor loop described above containing structures of 
the basal ganglia, however the exact anatomical substrates differ between the 
loops (Figure 4). During normal conditions, the limbic loop can process and 
regulate emotional information passing through the brain to support naturally 
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rewarding and motivated behaviors, and suppress actions expected to have a 
negative outcome 4.  

 
 
Figure 4. Comparison of the motor and limbic loops. To the left, the classical motor 
loop of the basal ganglia is shown; to the right, the limbic loop is shown. Only direct 
pathways are illustrated.  

Reward, the brain reward system and reward-prediction error 
The term “reward” is commonly described as the definition of a positive 
value that an individual ascribes to behavior, object or a physical state 162. 
Rewards have three basic functions: First, they can activate approach and 
consummatory behavior and thus they serve as goals for voluntary behaviors 
(goal-directed behaviors). Second, rewards can have positive reinforcing 
effects, meaning that they increase the frequency and/or intensity of a behav-
ior with which they have been coupled or paired; by preventing extinction, 
this aspect is important for maintaining learned behavior. Third, rewards can 
induce emotions also known as the subjective term “feelings of pleasure” or  
“hedonia” and entail positive valence 163. The term valence is used when 
describing emotions, and it is defined as the intrinsic attractiveness (positive 
valence) or averseness (negative valence) of an event, object, or situation 164. 

Neuronal circuits of importance for reward processing are commonly re-
ferred to as the “brain reward system”. Central to this system are the meso-
limbic and mesocortical DA pathways originating in the VTA 165. These 
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systems are important for reward-associative learning, seeking and consump-
tion, and will be further discussed below.  

VTA DA neurons are known to become activated and release DA upon 
presentation of an unexpected reward. In addition, VTA DA neurons have 
been shown to become activated by the expectation of reward, for example 
by the presentation of reward-predicting cues 166. This was first shown in 
primates by Schultz and colleagues in the now classical experiments that 
demonstrated high DA neuron activity upon presentation of an unexpected 
reward, in this case a fruit juice. Upon repeated pairing of the reward with a 
cue that appeared prior to reward delivery and thus predicted delivery of the 
reward, they could show that the cue alone gave rise to higher DA neuron 
activity than the reward itself 167. Based on these and subsequent findings, 
VTA DA neurons have for a long time been considered to play a central role 
in reward-prediction error 155, 163, 166, 168, which forms the basis for reward-
driven learning. Reward-prediction error can be viewed as “the acquisition 
of predictions of outcomes, for example reward” 163. All outcomes different 
than the predicted one will change the behavior such that the difference be-
tween the prediction and the outcome, the “error”, becomes smaller and 
smaller until the prediction-error is nil, meaning when the outcome is per-
fectly predicted and thus no further learning will occur. Surgue and col-
leagues have proposed an “actor-director-critic model” to explain the re-
ward-based learning process (Figure 5). The VTA, acting as the “critic”, 
will provide the ventral striatum, “the director”, with the “error-signal” 
based on the prediction, so that the “director” can communicate with the 
dorsal striatum, “the actor”, what behavioral response to choose, best suita-
ble for that specific cue169.  

The VTA and the striatum are key areas of the brain reward system. They 
are also central to this thesis work and will be discussed in some detail be-
low. 
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Figure 5. “Actor-director-critic model” for the reward-based learning process. In 
this model, the VTA plays an important role as the “critic”; the ventral striatum as 
the “director”; and the dorsal striatum as the “actor”. This figure was modified from 
the original drawing in Brain Research (2013) May 20;1511:73-92: Optogenetic 
dissection of neural circuits underlying emotional valence and motivated behaviors, 
by Nieh et al. 

The striatum  
The striatum is a large subcortical forebrain structure associated with a wide 
range of behavioral processes ranging from motor functions to goal-directed 
behaviors 170. Cognitive, limbic and motor systems are structurally organized 
into different subareas within the striatum 152. Anatomically, the striatum is 
commonly subdivided into two parts, the dorsal striatum (aka caudate puta-
men) and the ventral striatum (aka the nucleus accumbens, NAc). About 
95% of the cells within the striatum are GABAergic MSNs and approximate-
ly 1-3% cholinergic interneurons 171-174. MSNs are further subdivided into 
two subclasses based on their expression of DA receptors and project targets. 
As described above, MSNs expressing the D1R are commonly referred to as 
part of the direct pathway while MSNs expressing the D2R belong to the 
indirect pathway 7, 175, 176. As a consequence, DA release into the striatum can 
exert opposite effects on MSNs; exciting D1R and inhibiting D2R-
expressing MSNs. However, this characterization is most obvious anatomi-
cally 177-179 whereas electrophysiological studies in the dorsal striatum tend 
to show that one cell can express both subtype families 54. The same features 
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seem to be true also for the MSNs of the ventral striatum 180, 181. In general, 
the D2R are expressed on NAc neurons projecting to the ventral pallidum 
and not on those innervating the midbrain, whereas D1R are expressed on 
both cell populations 182-184. 

The ventral striatum  
The NAc is part of the ventral aspect of the striatum and is a critical region, 
in which projections coming from the limbic regions interface with the mo-
tor system to regulate appropriate goal-directed behaviors 170, 185-188. The 
NAc receives DArgic input mainly from the SNc and VTA and also substan-
tial excitatory input mostly from the cerebral cortex. The NAc projects to the 
ventral pallidum, which innervates the mediodorsal and other thalamic sub-
regions, and hence complete the cortico-striato-pallidal-thalamocortical loop 
160, 161. Anatomically, the NAc can be subdivided into two regions: the NAc 
core (NAcC) which is the central portion just beneath the dorsal striatum, 
surrounding the anterior commissure, and the NAc shell (NAcS), which 
builds up the most ventral and medial part of the NAc 54. The boundaries 
between the NAcC and NAcS differ somewhat along the rostrocaudal axis. 
Both the NAcC and NAcS share the same cellular characteristics as the dor-
sal striatum, thus the majority of neurons are typical MSNs 189, and the re-
minding cell populations are local interneurons, including cholinergic and 
GABAergic cells 190. Even though sharing many cellular features, the NAcC 
and NAcS differ in their morphology, neurochemistry, projection patterns 
and function 54. The medial portion of the NAcS is often more associated 
with drug abuse than NAcC 191-194, however the NAcC also contributes to 
motivated behaviors that are cue-conditioned, including drug-seeking 195, 196. 

Anatomical features of the nucleus accumbens  
In addition to the modulatory DA projections from the SNc and the VTA to 
the NAc as described above 192, 197, 198, several limbic-associated regions pro-
vide excitatory glutamatergic afferent input into the NAc, including the me-
dial and lateral PFC, ventral subiculum of the hippocampus and the basolat-
eral amygdala 54 (Figure 6). The NAcC is mainly innervated by the dorsal 
part of the prelimbic cortex whereas the NAcS receives input from the ven-
tral portion of the prelimbic, infralimbic, medial orbital cortex 199, 200. The 
cortical projections have been suggested to promote goal-directed behaviors 
using the ventral subiculum to provide spatial and contextual information, 
while the PFC supplies extra control such as task-switching and response 
inhibition, and the basolateral amygdala gives information about conditioned 
associations and affective drive 201-208. In addition, some inhibitory afferents 
also reach the NAc. These include reciprocal GABAergic projections from 
the ventral pallidum, and other parts of the forebrain as well as the VTA 54.  
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Efferent projections of the nucleus accumbens  
Efferent projections from the NAc mainly go to the ventral pallidum, SNr, 
SNc, VTA, hypothalamus and brainstem (Figure 6). The NAcC predomi-
nantly innervates the dorsolateral portion of the ventral pallidum (GPi/EP 
and SNr), and the NAcS projects to the ventromedial ventral pallidum (e.g. 
VTA, SNc, pedunculopontine tegmentum (PPTg) and lateral hypothalamic 
area) 54. Some of the MSNs of the NAcS influence the DA neurons of the 
VTA, which in turn project back to the NAcC. This allows for limbic-
associated structures to influence transmission in more motor-related parts of 
the basal ganglia circuitry 54. Projections from the NAcC to the SNr 209, and 
from there to the mediodorsal thalamus correspond well to the organization 
of the direct pathway of the motor loop. The so-called “direct pathway” of 
the limbic loop will ultimately disinhibit motor actions that facilitate reward 
acquisition 54. Similar as for the indirect pathway of the motor loop, the STN 
is a key area inhibiting motor actions that are not suitable for obtaining re-
ward or for avoiding punishment 210, 211.  
 
 
 
 
 
 
 
 

Figure 6.  Principal efferent and afferent projections of the nucleus accumbens 
Black - inhibitory projections, dark grey– excitatory projections and light grey – DA 
projections. Please refer to the text for detailed explanation. Abbreviations: BLA, 
basolateral amygdala; LHA/LPOA, lateral hypothalamic and lateral preoptic areas; 
LHb, lateral habenula; NAc, Nucleus accumbens; PAG/RF, periaqueductal gray and 
reticular formation; PFC, prefrontal cortex; PPTg/LDT, pedunculopontine and later-
odorsal tegmentum; RMTg, mesopontine rostromedial tegmental nucleus, vSub, 
ventral subiculum of the hippocampus; VTA, ventral tegmental area. This figure was 
modified from the original drawing in Neuropsychopharmacology (2010) Jan; 
35(1):27-4: Cortico-basal ganglia reward network: Microcircuitry, by Sesack, S.R. 
and Grace, A.A. 
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The role of striatum is reward-based learning 
VTA-derived DA release in the NAc is induced by both natural rewards such 
as food 212 and by drugs of abuse 213 as well as by reward-predicting cues, as 
described above. Hence, a dysfunctional mesolimbic DA system is strongly 
implicated in reward-related disorders such as drug addiction 214 and overeat-
ing in the context of obesity 215, 216. The NAc has been shown to be important 
for the all kinds of initial reinforcement, for expression of appetitive re-
sponses and also for motivation 217, 218 while the dorsal striatum is believed to 
become activated only upon repeated exposure 26, 218. Increasing evidence 
points out the importance of the dorsal striatum in instrumental behaviors 
and habit formation 54. The structures that are thought to control the transi-
tion from initial reinforcement to habit formation are the frontal cortical 
areas 219 that which enable an animal to exert cognitive influence over adap-
tive decision-making 54. Thus, after repeated exposure of e.g. psychostimu-
lants which initially cause potent accumbal DA release, there is a progres-
sive activation of more dorsal striatal regions 220, 221 complemented by a simi-
lar shift in DA release 222, 223. This transition may be facilitated by the inter-
connected loops of the striatal system54. 

The ventral tegmental area, VTA 
The VTA is a heterogeneous structure containing DA neurons (~65%), 
GABA neurons (~30%) and glutamatergic neurons (~2-3%) 54. The VTA 
DA neurons are highly heterogeneous and vary by precise location, morpho-
logical characteristics, forebrain targets, afferent influences, firing proper-
ties, and content of calcium-binding proteins, ion channels, auto-receptors, 
DAT content as well as other molecular features 54. The GABA neurons of 
the VTA are often referred to as interneurons, but evidence indicate that 
these cells also elicit long-range projections, parallel to the DArgic ones 54. 
The smallest population of neurons within the VTA known so far is the glu-
tamatergic population, which was only recently described and has been 
shown to project to the PFC 224 as well as locally within the VTA 54. A por-
tion of the VTA DA neurons also package and release glutamate225, 226. DA-
glutamate co-releasing neurons will be discussed in more detail below. 

Anatomical features of the VTA  
The DA neurons of the VTA receive excitatory input from widely distributed 
brain regions, including the PFC and brain stem, where most structures do 
not directly have input onto the VTA but instead innervate other regions that 
finally target the VTA 54. Thus, it has been suggested that VTA neuronal 
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activity is unlikely to be influenced by specific brain regions but rather regu-
lated by an incorporated network of inputs 54, 227. 

The GABA neurons of the VTA also seem to be innervated by the PFC 
228. Other structures that provide the VTA with important input are the PPTg 
and the laterodorsal tegmentum (LDT) targeting both DA and GABA neu-
rons of the VTA 54.  

Several glutamatergic sources onto the VTA have also been identified. 
VGLUT1-expressing projections are mainly derived from the medial and 
lateral PFC, while VGLUT2-expressing terminals, the dominant glutama-
tergic source into the VTA, originate from multiple subcortical areas includ-
ing lateral and medial hypothalamus, lateral habenula (LHb), PPTg/LDT and 
the ventral pallidum among others 54, 229. Inhibitory afferents to the VTA are 
derived from the NAcS and the ventral pallidum, lateral hypothalamus, lat-
eral septum, PPTg/LDT complex among others 54. A more recently identified 
ascending input of inhibition onto the VTA originates from the mesopontine 
rostromedial tegmental nucleus (RMTg) that is positioned just caudal of the 
VTA 230, 231. This nucleus inhibits DA neurons in response to aversive stimuli 
232-234 or when expected reward is not delivered 155. Involved in the latter 
influence is the LHb, which becomes activated by the absence of reward 235. 
In addition to the various extrinsic sources of inhibition, the DA neurons of 
the VTA also receive local inhibition from neighboring GABAergic neurons. 
Local collaterals from the GABA neurons also synapse back onto the GABA 
cells, thus creating a circuit of disinhibition of the DA neurons 54. 

Efferent projections of the VTA 
The efferent GABAergic and DArgic projections from the VTA travel ven-
trally to the NAc, the septum, olfactory tubercle and amygdala and addition-
al parts of the forebrain 22, 54, 192, 236-238. Projections from the VTA also reach 
the pallidum the STN, PFC, cingulate and perirhinal cortex 54. The medial 
and most rostral VTA subdivision of the VTA projects to the ventral pal-
lidum, lateral hypothalamus, lateral habenula, mediodorsal thalamus as well 
as to the PFC, basolateral amygdala among others 239-241. The caudomedial 
and ventromedial VTA regions innervate the bed nucleus of the stria termi-
nalis, the pallidum and basal forebrain and the basolateral amygdala 239, 242. 

Co-release of glutamate and DA  
Many neurons in the peripheral and central nervous systems can produce and 
release more than one type of neurotransmitter 243, 244. Even before the identi-
fication of the VGLUTs, anatomical and electrophysiological data pointed to 
the ability of midbrain DA neurons to use glutamate as a co-transmitter 245-

247. Dopaminergic transmission was early recognized to play a modulatory 
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role, but physiological evidence later pointed out the possibility that DA 
neurons also had direct excitatory actions 248. In 1984, Ottersen and Storm-
Mathisen presented the first immunochemical visualization of glutamate in 
DA neurons 245. The glutamate synthetic enzyme glutaminase was further 
identified in DA neurons 246, but since neither glutamate nor glutaminase are 
selective for glutamatergic neurons, they are not ideal markers 249. However, 
a new door to further understand the signaling and connectivity of DA neu-
rons was opened when it could be shown that DA neurons in culture indeed 
had the capacity to release glutamate 247, 250. This capacity was shown in vitro 
to be regulated by D2 auto-receptors and growth factors such as GDNF, i.e. 
some of the same factors that also regulate DA release 31.  

The next hallmark for understanding DA and glutamate co-release came 
with the identification of the VGLUTs 31 as it led to the discovery that some, 
but not all, DA neurons express VGLUT2 123, 226, 251, 252. Apart from the initial 
discoveries of glutamate release and VGLUT2 expression by DA neurons 
made in vitro, numerous subsequent experiments in vivo have been carried 
out to validate previous findings. Extracellular stimulation of DA cell bodies 
in the VTA induces glutamate-mediated synaptic responses in the ventral 
striatum 253 and in the PFC 254. Subsequently, conditional deletion of the 
VGLUT2 gene in DA neurons showed that such response was mediated by 
glutamate release from the DA neurons 225.  

VGLUT2-expressing midbrain DA neurons  
Three distinct populations of neurons expressing VGLUT2 have been de-
scribed in the A10 area of the rodent midbrain. Two of these three 
VGLUT2-expressing populations are DA neurons that have the ability to co-
release glutamate and they are defined by their expression of the rate-
limiting enzyme TH. One of these groups expresses DAT (“TH-Vglut2 
Class1”) while the other does not (“TH-Vglut2 Class2”) 122. The third group 
of VGLUT2-expressing A10 neurons population does not express either of 
these dopaminergic markers and instead represent glutamatergic neurons 
(“Vglut2-only”) 122. All three groups (“TH-Vglut2 Class1”, “TH-Vglut2 
Class2” and “Vglut2-only”) are located within the A10 region of the ventral 
midbrain. In addition to the two major nuclei of the VTA, i.e. the para-
brachial pigmental (PBP) and paranigral (PN) nuclei, the A10 region is 
composed of three midline nuclei: the caudal linear nucleus (CLi), interfas-
cicular nucleus (IF) and the rostral linear nucleus (RLi) 238. Further, all three 
A10 VGLUT2-expressing groups project to the PFC and the NAc 31 indicat-
ing that in addition to the mesocorticolimbic DA and GABA pathways, par-
allel mesocorticolimbic VGLUT2-expressing pathways exist, comprising 
both glutamatergic and DA-glutamate co-releasing neurons 31.  
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Glutamate-DA co-release in reward and locomotion - conditional 
knockout studies in mice 
To investigate the functional role of VGLUT2-mediated glutamate co-
release by DA neurons, several laboratories have during the past five years 
employed a conditional Cre-LoxP strategy to disrupt the VGLUT2 gene 
specifically in DA neurons 31. First produced in our own laboratory, mice 
carrying floxed VGLUT2 (Slc17a6) alleles were bred with mice carrying the 
Cre recombinase under control of the DAT (Slc6a3) promoter, thus generat-
ing off-spring litters that contained both control mice and conditional knock-
out (cKO) mice 121, 255, 256. Since then, some additional mouse lines, collec-
tively named Vglut2f/f;DAT-Cre mouse lines, have been generated 121, 225, 257, 258. 
Although the targeting events vary somewhat between laboratories, as do 
also background mouse strains, phenotyping of the mice have resulted in 
similar findings across laboratories. For example, when the acute responses 
to psychostimulants amphetamine and cocaine were investigated, the cKO 
mice displayed a blunted response 121, 225, 258. Moreover, doses of ampheta-
mine normally causing stereotypic behaviors affected cKO and control mice 
differently 121. In contrast to reward-related alterations displayed by the 
Vglut2f/f;DAT-Cre cKO mice, cognitive functions as measured in the radial arm 
maze test, anxiety as measured by the elevated plus maze and depression-
like behavior as measured in the forced swim test revealed no difference 
between cKO and controls 121, 258. Baseline locomotion, habituation and both 
crude and fine motor-control, as assessed by the rotarod test, showed normal 
behavior of the cKO mice, except in one study where the cKO mice had 
reduced performance on the rotarod 258 121, 225.  

Glutamate has been suggested to be important during development. For 
example, glutamate release has been shown promote axonal growth and 
branching and to stimulate growth and connectivity of DA neurons 259, 260. A 
couple of years ago, one study showed that Vglut2f/f;DAT-Cre cKO mice dis-
played decreased numbers of TH-positive neurons in the VTA and SN, and 
reduced density of TH-positive axon terminals in the NAc 258.  

Electrochemical methods of neuroscience 
The brain consists of about 86 billion nerve cells 261, and the ability of these 
cells to receive and respond to external signals is fundamental to life. Highly 
efficient mechanisms involving a combination of electrical or chemical sig-
nals allows for the communication between such large numbers of cells. For 
scientists to understand the correlation between neuronal transmission and 
regulation of various types of behaviors, the kinetics behind neurotransmis-
sion needs to be investigated in a biological context, at a time scale close to 
physiological signaling. For these types of experiments, electrochemical 
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methods are important as they provide for high temporal and chemical reso-
lution and causing minimal tissue damage.  

A central feature of electrochemical techniques is the use of microelec-
trodes that offer a surface or interface where a charge-transfer process can 
occur. This charge-transfer process creates potentials and/or currents that can 
be measured and related to the concentration of the analyte of interest. Elec-
trochemical methods can be divided into two groups: measurements that do 
not involve current (potentiometric methods) and measurements that involve 
a current flow at an electrode under potential control. These latter techniques 
are known as amperometry, voltammetry or polarography and will be further 
discussed below 38.  

The principal mechanism behind all electrochemical techniques is the ox-
idation of a specific molecule of interest. Therefore the microelectrode used 
for such recordings must be conductive and highly resistant against “auto-
oxidation”. The best suitable material for electrochemical recordings is car-
bon, which is more resistant to oxidation than metals, and for this reason, 
carbon-fiber electrodes are the most commonly used 38.  

 
Figure 7. High-speed chronoamperometry recordings of DA in vivo. A: The wave-
form (square) of the voltage pulse used to oxidize DA. B: DA and its metabolite. C:  
Representative DA release in the dorsal striatum of an adult C57/Bl6J mouse also 
showing an example of three parameters that can be analyzed by in vivo chronoam-
perometry. Amplitude: defines as the max concentration; trise : the time in seconds 
from start to peak maximum and t80: as the time (seconds) until 80% of the signal 
has decline from peak maximum.  
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High-speed in vivo chronoamperometry 
Several different techniques and systems are used in the neuroscience field 
to enable analysis of neurotransmitter release and reuptake. In my doctoral 
work, I have been using high-speed in vivo chronoamperometry and will 
therefore discuss this method in more detail. The apparatus used in my work 
is the Fast Analytical Sensing Technology (FAST) provided by Quanteon, 
USA. The FAST-system together with carbon fiber microelectrodes is a 
well-established electrochemical method allowing a second-by-second tem-
poral resolution and high chemical selectivity for DA 38, 262-264. Microdialy-
sis, another method commonly used, offers superior sensitivity over in vivo 
chronoamperometry, but does not offer the high spatial and temporal resolu-
tion of the FAST system. Another benefit compared to microdialysis is the 
small dimensions of the electrodes, which inflict negligible damage when 
implanted into living tissue 265, a feature of particular importance when re-
cording in vivo as the brain circuits are kept as intact as possible.  

Local or systemic applications of potassium chloride 121, 257, 262, electrical 
stimulation 266, certain substances 267, 268 or even light stimulation in an opto-
genetic setup (discussed below) 269 will depolarize neurons in a controlled 
manner so that the amount and clearance of released neurotransmitter can be 
measured. Importantly, the extrasynaptic concentration of DA is a result of a 
dynamic equilibrium between release and reuptake processes. The rising 
phase of the uptake signal displays release minus reuptake, while reuptake 
(decay phase) displays only reuptake. Consequently, since release is much 
faster than reuptake, the rise phase will be much sharper than the reuptake 
signal (Figure 7). The potential of the microelectrode is regulated such that 
its recording surface can oxidize or reduce depending on the intrinsic elec-
trochemical properties of the compound of interest. The potential is con-
trolled by using a potentiostat (Ag/AgCl) comparative to a reference elec-
trode that is in ionic contact with the working electrode 38.  

Comparing temporal resolution and chemical specificity between 
three commonly used electrochemical methods 
Chronoamperometry is a potential pulse-based technique where substrates 
that are electrochemically active by nature, such as DA and serotonin, can be 
recorded by changing the potential of the electrode 38.  A square-wave pulse 
is applied to the working-electrode (applied, +0.55 V; resting, 0.0 V; with 
respect to the reference electrode) for 100 ms and repeated at a frequency of 
5 Hz (Figure 7). An average signal is calculated for every 5 cycles resulting 
in the temporal resolution of one data point per second (1 Hz) ensuing in a 
moderate time resolution. When the potential is applied, and the DA mole-
cules come in contact with the surface of the working electrode, DA oxidiz-
es, meaning that electrons are given to the surface of the electrode. The cur-
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rent that flows during these events is proportional to the extracellular con-
centration of the compound of interest 263, 270-271. Next, the potential drops, 
and the electrons are reduced back, removed from the electrode surface. The 
ratio between electrons that are oxidized and those getting reduced (termed 
the redox-ratio) is used as a “chemical fingerprint” of the analyte of interest. 
DA typically displays a redox ratio of 0.7– 0.9 in vivo, whereas possible 
interfering electrochemical species have lower redox ratios (e.g., 0 for ascor-
bic acid and 0.1 for 5-HT) 272. The chemical specificity of chronoamperome-
try is high due to specific pre-coating and calibration procedures. Nafion is 
used to block anions that may interfere with the recordings, thus enhancing 
the selectivity and sensitivity of the microelectrode for the detection of bio-
genic amines such as DA 272.  

In vivo chronoamperometry recordings are often used to investigate the 
efficiency of different cytoplasmic transporters such as DAT 267, 268, 273-275. 
The diffusion of DA outside the cleft is limited by DA reuptake and conse-
quently, in the striatum where reuptake is very active, about half the amount 
of DA released is cleared at a diffusion distance of only 7-12 µm 276, 277. 
Thus, even though DA transmission can be extrasynaptic, it is also much 
localized. Since the size of a carbon fiber electrode is 5-8 µm in diameter, 
i.e. in the same range as the average diffusion distance, this is a more valid 
tool than the microdialysis probe which measures about 200 µm in diameter 
38. 

Another technique commonly used is cyclic voltammetry, which is based 
on potential sweeps instead of pulses. One sweep can be recorded in a matter 
of milliseconds, hence it can be completed in about the same time as it takes 
to record one single chronoamperometric pulse. This feature makes cyclic 
voltammetry one of the fastest voltammetric recording techniques available. 
During a cyclic voltammetry recording, the current during a sweep is report-
ed against the applied potential giving a so-called voltammogram of the ana-
lyte of interest. This kind of voltammogram is generally unique and hence 
facilitates the identification 38.  

The third method mentioned is amperometry in which the potential is kept 
constant throughout the experiment. Since the potential is constant, am-
perometry gives no information about the voltammetric properties (current 
vs. potential). Therefore the experimenter needs to be very confident of the 
identity of the analyte to be detected 38. However, amperometry can be per-
formed using enzyme-modified electrodes, which oxidize substrates that are 
not electrochemically active, such as glutamate 278. These enzymes make this 
technique as chemically selective as chronoamperometry and cyclic volt-
ammetry. Another benefit with amperometry is the fast sampling of data, the 
time scale is limited only by the speed of the electronics measuring the cur-
rent 38. 
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Optogenetics 
For many decades microbiologists have known that in some microorganisms 
when exposed to visible light, light-gated proteins that control the flow of 
ions across the plasma membrane will become activated. In 1971, bacteri-
orhodopsin was discovered to act as an ion pump in response to light.  Later 
on, other members of the opsin family were discovered. These include 
halorhodopsin, a light-activated chloride pump which allows for Cl--ions to 
enter the cell 279 and channelrhodopsin (ChR2), a light-activated sodium 
channel which allows for Na+-ions to enter the neuron 280. The identification 
of light-activated proteins, opsins, encouraged neuroscientists to explore 
their putative function in nerve cells, as remote control of such cells by the 
speed of light would have the potential to advance the study of neural func-
tion enormously. During the past few years, the field of optogenetics has had 
a tremendous impact on neuroscience 281. In optogenetics, specific nerve 
cells are made to express a light-sensitive ion channel, opsin, which will 
promote depolarization (by ChR2) or hyperpolarization (by halorhodopsin; 
eNpHR) upon wavelength-specific light exposure, an alteration, which will 
induce neural activation or deactivation, respectively (Figure 8). A key issue 
in this temporal “mimicry” of endogenous neural activity is the speed at 
which the channels work, leading up to a steady production of new variants 
of the ChR2 and eNpHR with increasing temporal precision 282. Another key 
issue is the neuronal specificity, which is secured by allowing cell-type spe-
cific promoters to drive expression of the light-sensitive ion channels via the 
Cre-LoxP system 139. With optogenetics, it is thus possible to control neural 
activation in a temporally and spatially controlled manner. This precise tem-
poral and spatial control is essential for our understanding of complex cellu-
lar events and how they affect behavioral output. Millisecond-scale timing 
precision within behaving mammals is essential for getting an insight into 
both normal brain function and into clinical challenges such as substance 
dependence, psychiatric disorders and PD.   
 

Optogenetic studies of motion and emotion  
As described above, the different subcortical structures of the “motion and 
emotion circuits” contain many different cell types with heterogeneously 
functional roles that are not easily separated from each other. Below, some 
examples of recent studies implementing cell-specific 157 and projection-
specific 283 optogenetics to approach circuits of relevance to motion and 
emotion will be discussed. 
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Figure 8. Optogenetic versus electrical stimulation of nerve cells. Targeted excita-
tion using channelrhodopsin (activated by blue light) or inhibition using halorhodop-
sin (activated by yellow-light) confer cellular specificity not feasible with electrical 
stimulation while maintaining high temporal (action-potential scale) precision. This 
figure was modified by Nadine Schweizer from the original drawing in Nature 
Methods (2011) Dec; (8):26-29: Optogenetics, by Karl Deisseroth. 

Optogenetic investigation of the motor loops of the basal ganglia 
By using an optogenetic approach, light-induced activation of direct pathway 
MSNs was shown to decrease freezing behaviors and enhance locomotion, 
while activation of the MSNs of the indirect pathway induced a parkinsonian 
state with increased freezing, bradykinesia and altered initiations of move-
ment 14. These data thus support the classical model describing how an im-
balance between the direct and indirect pathways might cause the cardinal 
symptoms of patients with PD 152. The dorsal MSNs also seem to show simi-
lar opposing influence on reinforcement as was shown for the MSNs of the 
ventral striatum. Illuminating ChR2 expressed in MSNs of the direct path-
way of the dorsal striatum induced intracranial self-stimulation and persis-
tent reinforcement while activation of MSN of the indirect pathway resulted 
in a transient punishment 15.  

Optogenetics has also been used to drive or inhibit an array of specific 
circuits in freely moving parkinsonian rodents in attempts to reveal the 
mechanisms behind STN-DBS. A halorhodopsin-based variant (eNpHR-
YFP) was used to locally inhibit the neurons of the STN. Optrode recordings 
in anesthetized animals showed decreased spiking activity of the recorded 
neurons in the STN verifying that the opsin worked and had a physiological 
effect in vivo. However, the pathological rotational behavior observed in the 
parkinsonian animals upon unilateral lesion that was highly reduced after 
electrical DBS was not affected. Next, ChR2 was injected and specifically 
expressed in the excitatory cells of the STN to drive high-frequency oscilla-
tions similar to those as during HFS. Once again, robust firing could be 
evoked in anesthetized animals, however no effect on PD symptoms was 
observed. To investigate whether the therapeutical effect of DBS might be 
due to projections passing the STN rather than the STN itself, a transgenic 



 36 

mouse line was used to selectively target such fibers, and with this approach, 
an alteration in motor-symptoms where robustly but reversibly observed 139.  

Optogenetic approaches to the functional VTA heterogeneity  
Natural rewards and drugs of abuse can alter the DA signaling of the VTA 
changing their firing pattern from tonic to phasic during different conditions. 
However, the exact role of these action potential patterns in driving behav-
ioral changes has remained unclear. By targeting VTA DA neurons, this 
issue was investigated by using optogenetics to stimulate the DA neurons 
either phasically or tonically in freely-moving mammals 345. Phasic activa-
tion was shown to drive behavioral conditioning and achieve DA transients 
higher than by longer, lower-frequency tonic spiking. The question if phasic 
firing of DA neurons is reinforcing has also been unanswered for decades. 
Using a similar approach, results showed that phasic activation of these neu-
rons enhanced the reinforcing effect in a food-seeking operant task, a behav-
ior also observed after extinction. Thus, phasic activation of DA neurons of 
the VTA facilitates the establishment of positive reinforcement during re-
ward-seeking and behavioral flexibility. Curiously, activating these neurons 
in the absence of food did not cause any reinforcing effects 346.  

Another issue concerns the ability of DA neurons to respond to aversion. 
The LHb-RMTg-VTA loop has been suggested to mediate responses to 
aversive stimuli 233. Behavioral experiments using optic activation of ChR2 
expressing terminals in the VTA and the RMTg originating from neurons in 
the LHb induced conditional place aversion, providing negative reinforce-
ment and also altered positive reinforcement 284. In summary, some DA neu-
rons within the VTA responds according to the traditional models of reward 
processing, while newer data have found parallel components involved in 
aversion and salience processing 152.  

Optogenetic studies have also investigated the function of GABA neurons 
within the VTA 285. During a Pavlovian conditioning task, GABA neurons 
displayed persistent activity during the delay between a reward-predictive 
cue and the reward itself, indicating a value of the future reward 285. Fur-
thermore, these neurons were not affected by the delivery or omission of the 
reward, suggesting that these neurons encode reward expectation and are not 
affected by reward itself 285. GABA neurons in the VTA also become acti-
vated by aversive stimuli, an activation that directly suppresses the activity 
and excitability of the DA in the VTA and thus the release of DA in the NAc 
in response to aversive events 156, 286, 287. Light-induced activation of these 
cells also decreases reward consummatory behaviors during a cue-evoked 
reward-seeking task. However, the decreased consummatory behavior for 
sucrose only appeared with direct optical stimulating of the GABA neurons, 
and not when stimulating the inputs onto the NAc 288. Thus an intra-VTA 
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GABA inhibition of DA neurons is likely to mediate the interruption of re-
ward intake 152.  

Optogenetic evidence for glutamate release by DA neurons  
ChR2-mediated optical activation of DA axons in striatal brain slices from 
DAT-Cre mice 289 has been shown to produce glutamate-mediated synaptic 
currents in MSNs of the NAc 290, 291. In the dorsal striatum, the response was 
shown not to be as pronounced as in the ventral striatum, but still present 292. 
The differences in glutamate-mediated synaptic currents between the two 
striatal subregions correspond nicely with the localization of most glutamate-
DA co-releasing neurons in the VTA and not in the SNc, however, con-
founding factors might have contributed to this result which should be veri-
fied anatomically. 
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Results and Discussion 

Paper I 
Aim 
Investigate the functional role of DA and glutamate co-release for responses 
to cocaine and food reinforcement. 

Results and Discussion 
Based on our previous result showing that Vglut2f/f;DAT-Cre cKO mice dis-
played a blunted behavioral response to the psychostimulant amphetamine 
121, we now wanted to further address the role of the DA-glutamate co-
phenotype in reward processing and addictive-like behavior by analyzing 
procedures of operant self-administration of both natural reward (sugar) and 
cocaine. Furthermore, to address biochemical and electrochemical parame-
ters of striatal DA function, DA receptor autoradiography, immediate-early 
gene (IEGs) quantitative in situ hybridization and DA-selective in vivo 
chronoamperometry experiments were performed.  

In the operant setting for natural reward (in our case sweet food) and co-
caine, the cKO mice displayed elevated self-administration of both high-
sucrose food and cocaine compared to littermate controls. Interestingly, the 
differences in cocaine intake between genotype groups were only observed 
at the lowest doses. These observations indicate an increased responsiveness 
to the rewarding effect of sugar and cocaine in the cKO mice. Since the 
mesolimbic DA system only is activated upon food exposure when the food 
is novel or during restricted access to palatable food 212, 293, 294, we investigat-
ed the mice for hunger-driven feeding. In contrast to the increased sugar 
consumption, the results showed no difference between the two groups in 
hunger-driven feeding. These observations show that the DA-glutamate co-
phenotype plays a role in palatability-stimulated feeding in addition to co-
caine consumption.  

Further, electrochemical measurements of DA release kinetics were per-
formed in the living mouse brain using high-speed in vivo chronoamperome-
try. KCl-stimulation has been demonstrated to reach DA levels similar to 
those detected after psychostimulant administration 295-297. The lower DA 
release levels observed in both the NAc and dorsal striatum are in tune with 
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previous results of blunted psychomotor response in the cKO mice to acute 
stimulation by amphetamine 121 and cocaine 225, as psychomotor effects are 
mediated by DA release in both of these areas 298. 

During a cocaine-seeking paradigm, when our mice were presented with 
the visual and auditory cues associated with cocaine delivery, the 
Vglut2f/f;DAT-Cre cKO mice responded more strongly compared to controls. 
These results correlate with the reduced levels of DA observed in the dorsal 
striatum since the reinforcing effect of reward consumption is mediated 
mainly via the NAc, and cocaine-associated seeking involves the dorsal 
striatum 220, 299-301.  

Both natural rewards and drugs of abuse, as well as drug-paired cues, 
stimulate DA release 212, 213, and imaging studies performed in humans indi-
cate that the amount of DA released can be correlated to the hedonic impact 
of the psychostimulant 302 and palatable food 303. So how can our findings of 
reduced DA levels and elevated reward seeking make any sense? First, we 
observed upregulated D1R and D2R binding sites in both the dorsal and 
ventral striatum of our cKO mice. Both of these receptor types have been 
demonstrated previous to mediate both behavioral and biochemical effects of 
acute and repeated cocaine administration 304-306. Furthermore, D1R has been 
shown to mediate reward learning in response to palatable food 12, and the 
loss of D1R to decrease operant responding to sucrose 307. In addition, su-
crose preference is reduced by applying D2R antagonists 308, whereas upreg-
ulated D2R levels in the NAc has been observed in some rodent studies of 
repeated cocaine administration 309-311. Therefore the elevated D1R and D2R 
levels observed in the Vglut2f/f;DAT-Cre cKO mice could lead to the increased 
responsiveness to palatable food and cocaine. The cKO mice also displayed 
increased basal expression levels of the DA-regulated IEGs Nur77 and c-fos 
in both the dorsal striatum and NAc in such a potent manner that cocaine 
could not further increase these levels. Taken together, these results suggest 
that the loss of the DA-glutamate co-phenotype produces a potent, sensitized 
neurobiological phenotype, which mimics the biological changes, induced 
by repeated exposure to psychostimulants 311. These adaptations could possi-
bly occur in response to the reduced DA levels and therefore contribute to 
the signs of increased responsiveness to reward reported in these cKO mice, 
including elevated self-administration of low dose cocaine and reduced 
threshold for sucrose preference. However, an alternative explanation is 
directly related to the reduced DA release. Studies of electrical brain self-
stimulation, cocaine self-administration and compulsive intake of palatable 
food after genetic or pharmacological manipulations of the DA system have 
previously shown a negative relationship between reward intake and DA 
signaling 304, 312. Moreover, human studies suggest that cocaine addicts ex-
hibit decreased DA levels in the striatum in response to drug reward 313. 
Hence, it has been suggested that DA hypofunction stimulates drug intake as 
a compensation mechanism to normalize DA levels 314, 315. However, this 
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phenomenon is typically associated with reduced DA receptor binding, and a 
general non-dose dependent increase in self-administration.  

Although DA hypofunction may correspond nicely with our behavior da-
ta, we argue that a sensitized phenotype is a more accurate explanation for 
this correlation than reward deficient mechanisms.  

 
Figure 9. Schematic representation of possible variants of dopaminergic terminals. 
1. VGLUT2-containing terminals will release glutamate; 2. VMAT2-containing 
terminals will release DA; 3. VGLUT2 and VMAT2-containing terminals will have 
the ability to release both glutamate and DA; 4. The presence of VGLUT2 may even 
facilitate DA packaging and release, at least according the hypothesis of Vesicular 
synergy (described in the main text). Drawing by Dr. Guilaume Fortin (Université 
de Montréal), a previous guest researcher in the Mackenzie lab.  

Both our behavioral and biochemical data suggest for a functional role of 
VGLUT2 in DA neurons of both the SNc (projecting to the dorsal striatum) 
and the VTA (projecting predominantly to the NAc). As mentioned in the 
introduction, studies that have examined the expression of VGLUT2 in mid-
brain DA neurons have shown VGLUT2 to be expressed in both the SNc and 
VTA DA neurons during early development to adult stages 121, 251, 316. How-
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ever, the co-phenotype has been emphasized to be more abundant in the 
VTA than the SNc at least in the postnatal rat 123, 251, 252, 316, 317. Furthermore, 
VGLUT2 protein has been identified in TH-expressing DA axon terminals 
of both SNc and VTA in preadolescent rats, however there was no longer co-
expression in the adult rat 318, 319. This spatiotemporal regulation of VGLUT2 
expression has been suggested to mediate neuronal survival 318 and for-
mation and maintenance of synaptic contacts 318 and thus could be important 
for the behavioral and biochemical alterations observed here. Moreover, 
VGLUT2 has been demonstrated to co-exist with VMAT2 in vesicular prep-
arations from NAc of young mice 225, suggesting that VGLUT2 could facili-
tate DA packaging in a similar process as VGLUT3 promotes packaging of 
acetylcholine, known as “Vesicular synergy” (Figure 9) 320. Vesicular trans-
porters are “secondary transporters” meaning that their activity depends on 
the acidification of the vesicular lumen by an ATP-dependent transport of 
protons (H+), which generates an electrochemical gradient (ΔµH+).  The 
ΔµH+ gradient is composed by: (a) the electrical component (Δψ) associated 
with the numbers of positive charges inside the vesicle and (b) the chemical 
ΔpH, due to the acidification of the vesicle. Different vesicular transporters 
activity relies to different extent on these two components (Δψ and ΔpH) 321. 
The vesicular transportation of DA depends heavily on ΔpH, while VGLUT-
mediated transport of glutamate depends most on Δψ. VMAT2 requires the 
exchange of two luminal H+ for one DA+ molecule from the cytosol 31. As a 
result, DA accumulation will deplete the ΔpH force relative to Δψ, therefore 
an efficient DA packing needs mechanisms to disperse Δψ. Such a mecha-
nism could involve glutamate since glutamate is an anion thus its entry could 
disperse Δψ, and causes a secondary activation of the vATPase that would 
increase ΔpH 322, 323.  

Finally, as mesoaccumbal DA projections have been shown to release 
glutamate upon electrical stimulation mimicking the activation pattern elicit-
ed by primary rewards and reward-predictive cues 291, it is intriguing to 
speculate that the absence of VGLUT2-mediated glutamate release from 
midbrain DA neurons, and loss of excitatory drive, could have direct impact 
on the excitability and firing properties of striatal MSN and thus on reward-
dependent behaviors.  

Paper II 

Aim 
Identify circuitry and physiological roles of a newly discovered subpopula-
tion within the STN, a major target in Deep Brain Stimulation. 
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Results and Discussion 
Since the discovery of the beneficial clinical effects of STN-DBS, this nu-
cleus has been the subject of hundreds of studies attempting to explain the 
mechanisms behind these positive effects 324. Valuable efforts have been 
made in characterizing the anatomical 325 and electrophysiological 326 proper-
ties of neurons within this structure. However, the identification of promot-
er-specific subgroups of neurons within the STN itself has been somewhat 
neglected, probably do to the homogeneity of the STN as having only one 
type of neurotransmitter, glutamate. 

In this study, we discovered that, contrast to what have been reported in 
previous studies, the STN has not one, but at least three main populations of 
glutamatergic cells. These are characterized by the expression of either 
VGLUT1 or VGLUT2 or co-expression of both. VGLUT2 is more strongly 
expressed than VGLUT1 and thus more readily detectable. Based on the 
previous identification of strong STN-expression of the Paired-like homeo-
domain 2 (Pitx2) gene 327, we applied the Cre-LoxP system to create a condi-
tional deletion of VGLUT2 within the STN. Mice carrying floxed VGLUT2 
alleles were bred with mice carrying the Cre recombinase under control of 
the Pitx2 promoter, thus generating off-spring Vglut2f/f;Pitx2-Cre litters that 
contained both control and cKO mice. To our advantage, by using condition-
al mouse genetics we could produce a specific loss-of-function model that 
circumvented common issues presented by lesions of pharmacological 
agents of this nucleus which most likely effects surrounding structures due to 
diffusion 328. The Vglut2f/f;Pitx2-Cre cKO mice showed a 40% decrease of 
VGLUT2 expression specifically within the STN while expression remained 
normal in other brain areas. This reduction in VGLUT2 expression, which 
targeted high-expression cells leading to a higher density of low-expressing 
cells in the STN severely disrupted the communication between the STN and 
its main target areas, the EP and the SNr. This we could show by classical 
electrophysiology and by implementing optogenetics. We could thereby 
demonstrate that the Pitx2-VGLUT2 co-expressing neurons of the STN pro-
jected to the target areas commonly described for the STN. Pitx2-Cre-
expressing control and cKO mice were injected with adeno-associated virus 
carrying a ChR2-containing DNA construct into the STN in order to make 
the neurons of the Pitx2-expressing subpopulation of the STN excitable upon 
light delivery (Figure 10). Indeed, blue light delivery resulted in the finding 
that the Pitx2-neurons under normal conditions were able to increase the 
activity in the STN targets, the EP and SNr. In the Vglut2f/f;Pitx2-Cre cKO mice, 
this activity was greatly reduced.  
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Based on the classical model of the direct and indirect pathways of the basal 
ganglia, we expected to find a facilitation of movement and this hypothesis 
was verified by measurements of various locomotion paradigms. The cKO 
mice were strongly hyperlocomotive and showed a decreased latency in the 
initiation of movement. Apart from locomotor activity, behavioral paradigms 
for affective and cognitive functions did not reveal any major differences 
between cKO and controls, showing that the functional role of the Pitx2-
VGLUT2 co-expressing cells involves locomotor control. Interestingly, the 
Vglut2f/f;Pitx2-Cre cKO mice failed to collect rewards in the baited radial arm 
maze, a finding that we have analyzed further in paper IV.  

In addition to behavioral output, we also looked into a range of biochemi-
cal and electrochemical DA parameters. We observed no alterations in DA 
receptor levels in the dorsal striatum, the main striatal area for basal ganglia-
mediated regulation of movement. We did observe altered DAT levels by 
radioligand-binding assays, and reduced DA clearance by high-speed in vivo 
chronoamperometry. We hypothesize that altered DAT levels in combination 
with slower DA clearance most likely indicate elevated extracellular striatal 
DA levels that drives the hyperactive phenotype. Taken together, our behav-
ioral results are similar to those gained after traditional methods of lesioning 
the STN 132 or after HFS of this nucleus 329, 330. In conclusion, limiting glu-
tamate-release from the Pitx2-VGLUT co-expressing subpopulation of the 
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Figure 10. Specific ChR2 expression in Pitx2-expressing 
neurons of the STN. Schematic illustration of the Cre-
dependent AAV; the gene of interest is doubly flanked by 
two sets of incompatible lox sites. Upon delivery into 
Pitx2-Cre transgenic mice, ChR2-EYFP is inverted to 
enable transcription from the EF-1 promoter. Below a 
photomicrograph showing Pitx2-Cre driven ChR2 expres-
sion selectively in the STN with high magnification in 
inset. For more information, see paper II. 
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STN is sufficient to accomplish similar beneficial results as after STN-DBS, 
however with fewer side-effects. 

Paper III 

Aim 
Investigate the effect of age and sex on striatal DA release and clearance in 
one of the most commonly used mouse strains, the C57/Bl6J mouse strain. 

Results and Discussion  
By the broad use of mouse genetics, both by more classical transgenic meth-
ods as well as the more recent technology in neuroscience known as optoge-
netics, the mechanisms underlying the wide range of neurodegenerative dis-
eases and neuropsychiatric disorders that involve the midbrain DA system 
are currently under forceful investigation. However, despite state-of-the-art 
technology in activating/inactivating various aspects of the DA system, there 
is still a lack of basic knowledge of DA release and reuptake properties be-
tween different mouse strains, gender and age. In this study, we used high-
speed in vivo chronoamperometry to record DA release and reuptake proper-
ties in the most commonly used inbred laboratory mouse strain, C57/Bl6J. 
The C57/Bl6J strain is frequently used as genetic background for the wide 
array of transgenic mouse lines produced for the study of neurological and 
neuropsychiatric disorders.  

An intracranial challenging paradigm was applied in the dorsal striatum 
of the anaesthetized C57/Bl6J mouse in which an initial dose of KCl was 
followed by additional KCl-ejections spaced by only two-minute long inter-
vals and finalized by a 15-min long resting period to allow analysis of capac-
ity for recovery. KCl was previously shown to elicit DA release in a µM-
range, comparable to electrical stimulation or psychostimulants such as co-
caine and amphetamine 257, 331-333, a feature of interest here as we wished to 
assess the full capacity of the system. Data analysis revealed elevated DA 
amplitudes with increased age, in both sexes, and higher DA release levels 
as well as heightened capability for recovery was observed in females com-
pared to male mice at both ages investigated.  Such age- and sex-
dimorphisms have not been described before for the C57/Bl6J mouse strain. 
Our results are in accordance with a previous study where HPLC analysis of 
superfused striatal tissue fragments from CD-1 mice showed higher DA re-
lease levels in females than males after KCl stimulation 35. Studies per-
formed in rats of various strains are also in line with our results, where adult 
male rats showed higher DA concentrations and reuptake speed upon electri-
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cal stimulation compared to young males 297 and adult female rats release 
more DA over adult male rats as analyzed by cyclic voltammetry 334. In addi-
tion to age-dependent differences in DA amplitudes, our data also suggest 
age-dependence in DA clearance, a feature, which is normally mainly medi-
ated via the electrogenic nature of DAT 335. Adult mice were able to achieve 
higher DA amplitudes than the young mice without increasing in clearance 
time (t80), thus indicating more efficient reuptake machinery with increased 
age. Importantly, sustained depolarization as in the case of the applied potas-
sium used here could interfere with DAT function and hence affect the 
clearance. However, as the amount of KCl used for stimulation is equally 
high in all animals of this study possible effect on DAT function should be 
similar in all animals, thus preserving the intrinsic differences between the 
groups. Moreover, the rise time (trise) was not different between adult males 
and females even though the total amount of DA varied greatly across the 
two groups and individual stimulation. This constant rise time with varying 
DA amplitudes indicates that DA release velocity is adjusted to allow for 
exact timing of DA release independently of the actual amount being re-
leased. However, in young males, the rise time decreased with decreasing 
amplitudes and in a similar manner trise increased in young females following 
resting and was higher compared to young males during the initial release 
and after resting, when their DA release levels are at their highest. Thus, it 
seems like the young mice are unable to uphold the precise timing of DA 
release during fluctuating DA amplitudes.  

In any repeated challenging paradigm, DA, newly produced or recycled, 
should be loaded into synaptic vesicles for release during the upcoming 
stimulation. Interestingly, 20-minute, but not 2-minute, intervals between 
stimulations are sufficient for recovery of DA amplitudes in adult male rats 
331. In our study, repeated stimulation in 2-minute intervals indeed led to a 
decline in DA release in both male and female animals. A 15-minute resting 
period resulted in a significant recovery of DA amplitudes in both adult and 
young female mice, while male mice failed to do so. As VMAT2 has been 
shown to be more efficient in females than males 295, their capability to re-
plenish the pool of DA-loaded vesicles can be expected to be higher, thus 
leading to higher DA concentrations after resting. In addition to sex differ-
ences in VMAT2 function, several other parameters of the DArgic system 
have also been described as depending on sex 336. For example, women seem 
to have an overall enhanced DArgic tone within the striatum resulting from 
both a higher number and higher density of DAT 337, as well as higher DA 
synthesis rates 338 and elevated DA release 296. This phenomenon has been 
used to explain why females seem less vulnerable to certain neurological 
conditions such as schizophrenia 339, obsessive compulsive disorder 340, Tou-
rette’s syndrome 341 and Parkinson’s disease 64, 342, all of which are disorders 
that involve the striatal DArgic system. The data presented here might serve 
to increase our awareness of sex- and age-influences on the DA system 
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which is of relevance not least when interpreting the emerging body of re-
sults concerning DA function and dysfunction. 

Paper IV 

Aim 
Identify the role of a specific subpopulation of the STN in reward-associated 
behavior.  

Results and discussion 
Together with the VTA, the basal ganglia serve as an important neuronal 
network of importance for decision-making centered on reward/aversive-
based learning. The STN is anatomically arranged in a key position to modu-
late all types of motor-actions linked to higher brain functions, receiving 
direct projections from the cortex 343, thalamus 344, striatum, the dorsal and 
ventral pallidum and midbrain DA nuclei 3. In paper II, we described new 
exciting data showing that by limiting glutamate signaling of the newly iden-
tified Pitx2-VGLUT2 co-expressing subpopulation of the STN, mice showed 
hyperlocomotion and reduced DA clearance in the dorsal striatum, suggest-
ing for a regulatory role of this STN subpopulation in regulating DA trans-
mission. In paper IV, this role was investigated further by analyzing the 
brain reward system in more detail. The operant self-administration para-
digm, which was used in paper I was also implemented in this study. The 
cKO mice exhibited decreased consumption of sucrose, indicating that the 
cKO to found the sucrose less rewarding than the controls. These findings 
correlate nicely with newly obtained electrochemical data showing de-
creased DA release in the cKO in both the NacC and NacS.  

This study is still at manuscript stage and further investigation is needed 
to fully clarify the role of the Pitx2-VGLUT co-expressing subpopulation of 
the STN in reward-related behaviors.  
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Concluding remarks 

In this thesis, different aspects of DA-signaling have been addressed and 
discussed with striatal DA release as the common denominator. It is now 
over 50 years ago since the discovery of DA, and DA as well as DA-
releasing neurons and the circuitries they participate in are still among the 
most widely studied systems of the brain. However, the more we have 
learned, the more puzzle pieces we find, and the less clear-cut the principles 
of their organization and function become. Still, a solid basis in the organiza-
tion and dynamic properties of the DA systems is fundamental to our under-
standing of their role in regulating vital functions such as motor control, 
motivation, emotion and cognition. Over the past decades, our view of the 
midbrain DA system has changed from a simple organization of anatomical-
ly separate nigral and ventral tegmental neurons projecting to distinct fore-
brain targets to a more intricately organized complex of integrated DA neu-
ron subtypes that express different morphological features, co-transmitters 
(such as glutamate), projection targets, afferents and distinctive markers. For 
us to fully understand the diversity of DA neurons, with the ultimate purpose 
of understanding the wide range of behaviors these neurons are essential for, 
we need to understand more about phenotypic characteristics of defined DA 
neuron subtypes. One key to solve the DA puzzle is for us to find selective 
cellular markers to conditionally target specific neuronal populations and 
circuitries. Francis Crick once said that the major challenge facing neurosci-
ence was the need to control one type of cell in the brain while leaving oth-
ers unaltered. The rapidly growing field of optogenetics rises to this chal-
lenge and together with the wide range of state-of-the art technology current-
ly available and our more soft but essential values such as curiosity, eager-
ness and hope, we will continue to strive for a solution to the DA puzzle.  
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