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reduced DA release observed in the striatum as detected by in vivo chronoamperometry.
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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.
Keywords: Dopamine, Basal Ganglia, Reward System, In Vivo Chronoamperometry,
Optogenetics, Deep Brain Stimulation, Parkinson’s Disease, Addiction, Glutamate, Vesicular
Glutamate Transporter, VGLUT2, Sex, Age, Subthalamic Nucleus, Striatum, Nucleus
Accumbens, Ventral Tegmental Area
Emma Arvidsson, Department of Neuroscience, Functional Pharmacology, Box 593, Uppsala
University, SE-75124 Uppsala, Sweden.
© Emma Arvidsson 2014
ISSN 1651-6206
ISBN 978-91-554-9006-5
urn:nbn:se:uu:diva-229910 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-229910)

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
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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 networks that function much in parallel to regulate our voluntary movements 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 glutamate 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 therapeutical 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 neurons, 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 termination of voluntary movement by affecting the activity of the upper motor neurons.
Anatomically, the basal ganglia consist of the striatum, globus pallidus
(GP) and the substantia nigra pars reticulata (SNr). In primates, the GP is
11

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). Together, 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 normal course of voluntary movements 4, 5.
In the classical model of the basal ganglia circuitry, two parallel and separated neural circuits connect the input structure of the basal ganglia, the striatum, 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 medium 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 continuously inhibiting the thalamus from activating the frontal cortex from initiating movement. However, with a decision to move, the striatal MSNs becomes 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 movement, 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 striatum 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 programs 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.
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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 dopamine (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 diencephalon (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 tegmental area (VTA) (also known as A10; importantly; the A10 also contains
additional midline structures, see further below), substantia pars compacta
13

(SNc) (A9) and the retrorubral field (A8) (Figure 2). Depending on the projections, the DA system is further subdivided into three different pathways:
the mesocortical pathway (VTA to the prefrontal cortex, PFC), the mesolimbic pathway (VTA to the ventral striatum and additional limbic structures) 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 disorders 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 intracellular 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-proteincoupled 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
14

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 4547
. 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 neurons of the midbrain is sufficient to drive behavioral conditioning while tonic
activity cannot. This shift in activity can take place because a baseline activity 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 hyperpolarized, meaning in a non-firing state 54. The remaining proportion of DA neurons 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 compartment, 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 mesolimbic pathway. This figure was modified by Dr. Karin Nordenankar from the original 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 cognitive and affective alterations including fatigue, states of impulsivity, depression, anxiety and dementia 64, 69, 70. The initial pathology behind PD is predominantly 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
16

movement disabilities of the disorder 71. The putative pathological substrates
behind the loss of DA neurons in the SNc are many 64, including mitochondrial 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 summary, PD is a complicated neurodegenerative motor disease presenting clinical symptoms of an aetiology that most likely is comprised of complex interactions 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 within the striatum (direct pathway) projecting to the GPi, and decrease the inhibition 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-1,2,3,6tetrahydropyridine (MPTP) in monkeys demonstrated an absence of increase
in GPi activity 77-79. Instead, data from animal models of PD as well as patients 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 akinesia, 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 replaced the “Firing rate model” 80.

Levodopa-based treatments of Parkinson’s disease
In 1938, L-dopa decarboxylase was discovered as the enzyme that synthesizes 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 complex together with studies performed in drug-naïve and reserpine-treated
17

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 initiated 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 normal brain function 20, 93, 94. Although glutamate has been known to be a neurotransmitter 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 Glutamate 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 glutamate 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 105108
. 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
18

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. VGLUT1expressing synapses display a low probability of release, while VGLUT2expressing 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, 114116
. Co-existence of VGLUT1 and VGLUT2 isoforms within axonal terminals 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 detected 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, associative 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
19

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 primates 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 related 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 treatment as symptoms were sufficiently relieved. Based on these findings, electrical DBS-stimulation, which is adjustable to individual patients demands,
was implemented in the clinic 130. One early case report described improvements 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 patients with advanced PD 129. Although clinically successful, the neurophysiological 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 impulsive choices and affect attention, working memory and motivation 143.
Based on these findings, it has been suggested that STN dysfunction is involved 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 subdivided into one large dorsolateral motor territory, a medial limbic territory and a ventromedial 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 stimulation, 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 response 151, 152. Evolution has created many “winning strategies”, all of which
share the same vital ability, which is the power to distinguish between advantageous and disadvantageous stimuli 153. Several brain structures including the amygdala 154, VTA 155, 156, hypothalamus 157, 158, hippocampus, orbitofrontal, anterior cingulate and temporal cortex 159 are implicated in both positive 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.
Motor loop
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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 behavior 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 referred to as the “brain reward system”. Central to this system are the mesolimbic and mesocortical DA pathways originating in the VTA 165. These
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systems are important for reward-associative learning, seeking and consumption, 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 rewarddriven 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 between the prediction and the outcome, the “error”, becomes smaller and
smaller until the prediction-error is nil, meaning when the outcome is perfectly predicted and thus no further learning will occur. Surgue and colleagues have proposed an “actor-director-critic model” to explain the reward-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 suitable 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 below.
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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 putamen) and the ventral striatum (aka the nucleus accumbens, NAc). About
95% of the cells within the striatum are GABAergic MSNs and approximately 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 D2Rexpressing MSNs. However, this characterization is most obvious anatomically 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 motor system to regulate appropriate goal-directed behaviors 170, 185-188. The
NAc receives DArgic input mainly from the SNc and VTA and also substantial excitatory input mostly from the cerebral cortex. The NAc projects to the
ventral pallidum, which innervates the mediodorsal and other thalamic subregions, 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 dorsal striatum, thus the majority of neurons are typical MSNs 189, and the reminding 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 provide excitatory glutamatergic afferent input into the NAc, including the medial and lateral PFC, ventral subiculum of the hippocampus and the basolateral amygdala 54 (Figure 6). The NAcC is mainly innervated by the dorsal
part of the prelimbic cortex whereas the NAcS receives input from the ventral 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 predominantly 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 limbicassociated 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 reward or for avoiding punishment 210, 211.
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Inhibitory
Dopaminergic

PFC

Mid
Intra
Thal

BLA

NAc

vSub

PPTg
LDT

VTA

RMTg
LHA/LPOA
LHb
PAG/RF

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 laterodorsal 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 overeating 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 responses 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 transition from initial reinforcement to habit formation are the frontal cortical
areas 219 that which enable an animal to exert cognitive influence over adaptive decision-making 54. Thus, after repeated exposure of e.g. psychostimulants which initially cause potent accumbal DA release, there is a progressive activation of more dorsal striatal regions 220, 221 complemented by a similar shift in DA release 222, 223. This transition may be facilitated by the interconnected 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, morphological characteristics, forebrain targets, afferent influences, firing properties, 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 glutamatergic 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 portion of the VTA DA neurons also package and release glutamate225, 226. DAglutamate 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 regulated 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 neurons 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 glutamatergic source into the VTA, originate from multiple subcortical areas including 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, lateral 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 ventrally to the NAc, the septum, olfactory tubercle and amygdala and additional 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 pallidum, 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 terminalis, 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 identification of the VGLUTs, anatomical and electrophysiological data pointed to
the ability of midbrain DA neurons to use glutamate as a co-transmitter 245247
. 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 StormMathisen 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 neurons 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 described in the A10 area of the rodent midbrain. Two of these three
VGLUT2-expressing populations are DA neurons that have the ability to corelease glutamate and they are defined by their expression of the ratelimiting 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 parabrachial pigmental (PBP) and paranigral (PN) nuclei, the A10 region is
composed of three midline nuclei: the caudal linear nucleus (CLi), interfascicular nucleus (IF) and the rostral linear nucleus (RLi) 238. Further, all three
A10 VGLUT2-expressing groups project to the PFC and the NAc 31 indicating that in addition to the mesocorticolimbic DA and GABA pathways, parallel 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 corelease 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 generating off-spring litters that contained both control mice and conditional knockout (cKO) mice 121, 255, 256. Since then, some additional mouse lines, collectively 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 amphetamine 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 depressionlike 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 displayed 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 signals 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 neurotransmission 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 resolution and causing minimal tissue damage.
A central feature of electrochemical techniques is the use of microelectrodes 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. Electrochemical 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 oxidation of a specific molecule of interest. Therefore the microelectrode used
for such recordings must be conductive and highly resistant against “autooxidation”. The best suitable material for electrochemical recordings is carbon, which is more resistant to oxidation than metals, and for this reason,
carbon-fiber electrodes are the most commonly used 38.
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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 temporal resolution and high chemical selectivity for DA 38, 262-264. Microdialysis, another method commonly used, offers superior sensitivity over in vivo
chronoamperometry, but does not offer the high spatial and temporal resolution 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 recording 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 optogenetic 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 electrochemical properties of the compound of interest. The potential is controlled by using a potentiostat (Ag/AgCl) comparative to a reference electrode 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 molecules come in contact with the surface of the working electrode, DA oxidizes, meaning that electrons are given to the surface of the electrode. The cur32

rent that flows during these events is proportional to the extracellular concentration 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 ascorbic acid and 0.1 for 5-HT) 272. The chemical specificity of chronoamperometry 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 biogenic 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 consequently, 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 reported against the applied potential giving a so-called voltammogram of the analyte 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, amperometry 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 performed 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 voltammetry. Another benefit with amperometry is the fast sampling of data, the
time scale is limited only by the speed of the electronics measuring the current 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, bacteriorhodopsin 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 function 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 specific 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 temporal and spatial control is essential for our understanding of complex cellular 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 projectionspecific 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 excitation using channelrhodopsin (activated by blue light) or inhibition using halorhodopsin (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 movement 14. These data thus support the classical model describing how an imbalance between the direct and indirect pathways might cause the cardinal
symptoms of patients with PD 152. The dorsal MSNs also seem to show similar opposing influence on reinforcement as was shown for the MSNs of the
ventral striatum. Illuminating ChR2 expressed in MSNs of the direct pathway of the dorsal striatum induced intracranial self-stimulation and persistent 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 (eNpHRYFP) 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 oscillations 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
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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 behavioral 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 activation 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 neurons enhanced the reinforcing effect in a food-seeking operant task, a behavior also observed after extinction. Thus, phasic activation of DA neurons of
the VTA facilitates the establishment of positive reinforcement during reward-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 reinforcement and also altered positive reinforcement 284. In summary, some DA neurons 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. Furthermore, 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 activated 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 reward 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 glutamateDA co-releasing neurons in the VTA and not in the SNc, however, confounding factors might have contributed to this result which should be verified 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 displayed a blunted behavioral response to the psychostimulant amphetamine
121
, we now wanted to further address the role of the DA-glutamate cophenotype 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 parameters 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 cocaine, the cKO mice displayed elevated self-administration of both highsucrose 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 investigated 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 cophenotype plays a role in palatability-stimulated feeding in addition to cocaine consumption.
Further, electrochemical measurements of DA release kinetics were performed in the living mouse brain using high-speed in vivo chronoamperometry. 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 indicate 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, sucrose preference is reduced by applying D2R antagonists 308, whereas upregulated 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 possibly 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 selfstimulation, 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 exhibit 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
39

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 data, 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 midbrain 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. How40

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 coexpression in the adult rat 318, 319. This spatiotemporal regulation of VGLUT2
expression has been suggested to mediate neuronal survival 318 and formation 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 preparations from NAc of young mice 225, suggesting that VGLUT2 could facilitate DA packaging in a similar process as VGLUT3 promotes packaging of
acetylcholine, known as “Vesicular synergy” (Figure 9) 320. Vesicular transporters 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 VGLUTmediated 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 mechanism 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 elicited 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 rewarddependent behaviors.

Paper II
Aim
Identify circuitry and physiological roles of a newly discovered subpopulation 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 nucleus 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 properties of neurons within this structure. However, the identification of promoter-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 homeodomain 2 (Pitx2) gene 327, we applied the Cre-LoxP system to create a conditional 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 conditional 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 projected to the target areas commonly described for the STN. Pitx2-Creexpressing 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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Figure 10. Specific ChR2 expression in Pitx2-expressing
neurons of the STN. Schematic illustration of the Credependent 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 expression selectively in the STN with high magnification in
inset. For more information, see paper II.

,-.

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 Pitx2VGLUT2 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 biochemical and electrochemical DA parameters. We observed no alterations in DA
receptor levels in the dorsal striatum, the main striatal area for basal gangliamediated 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 behavioral 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 glutamate-release from the Pitx2-VGLUT co-expressing subpopulation of the
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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 methods as well as the more recent technology in neuroscience known as optogenetics, the mechanisms underlying the wide range of neurodegenerative diseases 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 between different mouse strains, gender and age. In this study, we used highspeed in vivo chronoamperometry to record DA release and reuptake properties 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 intervals and finalized by a 15-min long resting period to allow analysis of capacity for recovery. KCl was previously shown to elicit DA release in a µMrange, comparable to electrical stimulation or psychostimulants such as cocaine 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 compared to male mice at both ages investigated. Such age- and sexdimorphisms 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 release levels in females than males after KCl stimulation 35. Studies performed in rats of various strains are also in line with our results, where adult
male rats showed higher DA concentrations and reuptake speed upon electri44

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 addition to age-dependent differences in DA amplitudes, our data also suggest
age-dependence in DA clearance, a feature, which is normally mainly mediated 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 potassium 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 released. 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 replenish the pool of DA-loaded vesicles can be expected to be higher, thus
leading to higher DA concentrations after resting. In addition to sex differences 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, Tourette’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 results 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/aversivebased learning. The STN is anatomically arranged in a key position to modulate 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 identified Pitx2-VGLUT2 co-expressing subpopulation of the STN, mice showed
hyperlocomotion and reduced DA clearance in the dorsal striatum, suggesting for a regulatory role of this STN subpopulation in regulating DA transmission. In paper IV, this role was investigated further by analyzing the
brain reward system in more detail. The operant self-administration paradigm, 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 decreased 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 DAreleasing 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 organization and dynamic properties of the DA systems is fundamental to our understanding 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 anatomically separate nigral and ventral tegmental neurons projecting to distinct forebrain targets to a more intricately organized complex of integrated DA neuron 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 neuroscience was the need to control one type of cell in the brain while leaving others unaltered. The rapidly growing field of optogenetics rises to this challenge and together with the wide range of state-of-the art technology currently available and our more soft but essential values such as curiosity, eagerness and hope, we will continue to strive for a solution to the DA puzzle.

47

Acknowledgments

Dear colleagues, friends and “family” in the group “Functional Neurobiology”
Assoc Prof Åsa Mackenzie my supervisor, my mentor, idol and friend, thank you so
much for always believing in me, for always supporting me in my work but also as a
person and thank you so much for proofreading this thesis. I have learned so much
during these four years and you have helped me become someone I am very proud
of. Your door has always been open and for me to have the chance to take part of
your fantastic scientific projects and great knowledge has been a true privilege. I
will never forget you. Stéfano Pupe the father of my “nobel-price twins”J, thank
you for all your help with proofreading this thesis, helping me with programming
and most of all for all the help with setting up opto-FAST. Nadine Schweizer my
siamese-twinJ. Thank you so much for the really nice contribution of figure 8 and
figure 10 in this thesis and for all your nice pep talks and nice “surgery-times” down
in the bunker, and girl, no one bakes like you! Thomas Viereckel, my prince of
computers! Thanks for all the help with technical stuff and for being such a nice and
helpful guy, I really enjoyed writing paper III together with you and I learned a lot.
Julia Pedersen my first “baby” studentJ. I really think you are great both as a scientist and as a person, and thank you so much for proofreading this thesis. Thank
you also to my student Daniella Ramsay for supporting me in every possible aspect
during my writing. Dr Karin Nordenankar, my armorer and friend. You have supported my during my entire PhD time, more than you can ever imagine. You have
always been there for me, no matter what, and for that I will always be grateful. Dr
Casey Smith-Antilla and Dr Carolina Birgner, the postdocs of my heart, thank
you for taking such a good care of me when I joined Team ÅsaM. Casey you will
for always be the light in my life, you crazy youJ and thanks for all the nice sissy
dinners and “5-kamper” at the office, and Carolina, thank you for turning me into a
FAST-princess and for introducing me to sushi. Thank you Dr Johan Alsiö for
teaching me about behavioral science and for always being so helpful. Thank you Dr
Martin Lundblad for being my “FAST-daddy” back here in Sweden and for always
answering my questions. To you all, you make Team ÅsaM the really most awesome team, I wish you all the best in the future!
Dear senior colleagues at the Department of Neuroscience
Thank you Prof Ted Ebendal for always being so nice and for being such an inspiration. Prof Emer Lars Oreland, thank you for being my chairman and for being
one of my favorite teachers. Thank you Dr Malin Andersson and Prof Klas
Kullander for being my co-supervisors and for supporting me during my PhD

48

years. Thank you Dr Ingrid Lundell and Annika Kylberg for always being so
friendly and encouraging. Big thank you to Berit Hård-Wallenqvist, Emma Andersson, Cecilia Yates, Cecilia Edling, Mariana Hooli and Lena Karlsson at the
administration for always being so kind and helpful. Thank you Assoc Profs Malin
Lagerström and Robert Fredriksson and Prof Helgi Schiöth for always being so
friendly and helpful. Siv Ströberg tack för att du alltid varit ett sådant stöd för mig
och för att du alltid har svar på alla frågor, om alltJ. Tack Birgitta Hägerbaum och
Anders Nilsson för att ni alltid är så hjälpsamma och vänliga, ni är toppen! Tack
också Birgitta för att du varit ett sådant Leksands-fan, och tänka sig, efter mina fyra
år gick vi upp i elitserienJ. Eva, Ullis och Jenny, mina solrosor nere i djurhuset,
tillsammans med er har jag spenderat mycket tid. Tack för all er hjälp och för att ni
tagit hand om mina ”hjärtegull” och för att ni påmint mig om vart de ”orangea påsarna” ska vara J.
Dear colleagues and friends at the Department of Neuroscience
Martin Larhammar, Kali Patra and Chetan Nagaraja my three musketeers!
Thanks for all the great laughs, metal concerts and nice discussions, you three have
always made me smile. Dr Hanna Pettersson, my soul-sister and shining star, thank
you for just being you, I admire your way of handling all situations life gives you,
you are truly inspiring. Dr Christiane Peuckert thank you for always being so helpful and kind, and for being a living proof that it is possible as a woman to have both
adorable kids while doing great scienceJ. Dr Kasia Rogóz you are one of the nicest
people I have ever met, a true sweetheart always looking out for people, thank you
for always making me feel so good. Sharn Perry my exercising sunflower! Thank
you for always being so nice and caretaking, and for always organizing things in the
lab, you are great! Fabio Freitag you crazy graph-fruit-loving Brazilian! Thank you
for always approaching people with a smile on your face! Sanja Mikulovic and
Pavol Bauer the sweetest couple in the entire world! Thank you for all your help
with statistics and Sanja for a nice collaboration during paper III. Atieh Tafreshiha
my Aladdin and kebab princessJ you are such a sweetheart and so smart! Bejan
Aresh you little cutiepie! One of the nicest girls ever, I think you are a true rock in
the lab! Dr Jörgen Jonsson thanks for all the nice discussions and inputs, and for
always admiring my car from your window, when I clean it I will always think of
youJ. Thank you Dr Marina Franck, Jennifer Westblom, Elin Magnusdottir,
Emil Persson Höppe and Linn Larsson Ingwall for all nice lunch breaks and discussions. Dr Kia and Prof Richardson Leao, Kia thank you for teaching me the
importance of organization and planning and Rich thank you for all your help with
technical issues and programming some of my opto-setups, I have learned so much
from you. Markus Hilscher, in the mornings when I hear you say “god morgon
Emma, huur maur du?” I just smile and I know it is going to be a good day! Dr
Amilcar Reis, thank you for always being so friendly and for all the nice chitchats
out in the corridor. Dr Ernesto Restrepo, thank you for all nice discussions we have
had about life and science. Manvee Mirakhur thank you for spreading so much
positive energy in the lab. “Lill”-Anders Eriksson and Emelie Perland, my rocks

49

during the FELASA course, we have had so much fun! Dr. Madelene Le Grevés
thank you for giving me the trust and opportunity to teach at the FELASA course, I
have really enjoyed it. Hanna Taylor what would I be without you, British TVshows and sushi? Thank you for always being such a good friend, I really think you
are awesome!
Dear former colleagues and forever-friends
Thank you Dr Lina Emilsson for always being so fun and happy, you have given
me a lot of positive energy. Dr Fatima Memic thank you for always being so supportive and nice and for always taking care of people in the lab. Dr Maria Hägglund, thank you for the best San Diego trip ever!
To all of you, thank you so much for being my family during these four years, I will
never forget you and I wish you all the best in the future.
International collaborators and co-authors
Thank you Prof Greg Gerhardt, George Quintero, Francois Pomerleau, Peter
Huettl and Robin Lindsey for so kindly accepting me in your lab and teaching me
in vivo amperometry and for all your technical support. Thank you Prof. Karl Deisseroth, Assoc Profs Melissa Warden, Kay M. Tye and Maisie Lo for being so
friendly and helpful during my time in your lab, for teaching me optogenetics and
for all technical support. Big thanks to Profs Louis-Éric Trudeau and Daniel Lévesque and your lab members for nice collaboration and scientific input.

Bästa vänner
Min älskade Snigel (Karin Lindgren) och Kurre (Johanna Flygt), ni är för mig
blod tjockare än vatten. Personer jag alltid kan vända mig till för att få tröst, stöd, en
spark i röven eller ett glas rosé. Hos er får man alltid skratta och även gråta om man
vill. Tack för att ni finns i mitt liv och tack för att jag får vara en del i era nya små
underbart fina familjer. Stiko Sara Rantapää och Anna Carlsson, kullorna från
Leksand. Vi må inte träffas så ofta men när vi väl gör det är allt precis som förr, tack
för de roligaste somrarna i mitt liv!
Käraste familj
Älskade systrar Pernilla Danielsson och Sofia Andrén, jag vill vara som er, ni är
mina sanna förebilder glöm aldrig det. Tack för alla fina ord, peppning och alla
roliga stunder. Tack även till era galna karlar som är ett sant tillskott till familjen
Arvidsson, ”cykelfantasten” Magnus Danielsson och ”bi-mannen” Lars Andrén,
ett stort tack ska även era underbart fina barn ha, Sandra, Malin, Pontus, William
och Astrid. Farmor Siri och din bror Ingjald Arvidsson, i 90 år har ni levt och jag
är så tacksam att jag fått tagit del av era livs historier och lärdomar. Wilma du din
lilla pälsboll, du är bara helt fantastisk. Morfar Irenius, denna bok tillägnar jag dig
där uppe i himmelen.

50

Mor och Far
Kerstin och Tommy Arvidsson, det är inte bara utav biologiska skäl jag säger att
utan er vore jag inget, utan främst för allt det ni gjort för mig. Tack för allt ni låtit
mig få uppleva i livet, alla idrotter ni skjutsat och hejat på mig i och för att ni alltid
stöttat mig framför allt när det varit riktigt svårt. Tänka sig att nu har er lilla ”professor” skrivit klart sin bok allt tack vare er. Jag älskar er.
Älskling
Fredrik Wahlström, tack för alla de gånger du sagt att jag är duktig, att du är stolt
över mig och att jag ska kämpa vidare. Tack för att du är du, utan dig skulle inte
denna bok funnits.

51

References

1.
2.

3.

4.

5.

6.
7.
8.
9.

10.

11.

12.

13.

52

Purves D. Neuroscience. 5th ed. Sunderland, Mass.: Sinauer
Associates; 2012.
Sgambato-Faure V, Cenci MA. Glutamatergic mechanisms in the
dyskinesias induced by pharmacological dopamine replacement and
deep brain stimulation for the treatment of Parkinson's disease.
Progress in neurobiology. 2012; 96(1): 69-86.
Parent A, Hazrati LN. Functional anatomy of the basal ganglia. II.
The place of subthalamic nucleus and external pallidum in basal
ganglia circuitry. Brain research Brain research reviews. 1995;
20(1): 128-54.
Alexander GE, Crutcher MD, DeLong MR. Basal gangliathalamocortical circuits: parallel substrates for motor, oculomotor,
"prefrontal" and "limbic" functions. Progress in brain research.
1990; 85: 119-46.
Parent A, Hazrati LN. Functional anatomy of the basal ganglia. I.
The cortico-basal ganglia-thalamo-cortical loop. Brain research
Brain research reviews. 1995; 20(1): 91-127.
Albin RL, Young AB, Penney JB. The functional anatomy of basal
ganglia disorders. Trends in neurosciences. 1989; 12(10): 366-75.
Gerfen CR, Surmeier DJ. Modulation of striatal projection systems
by dopamine. Annual review of neuroscience. 2011; 34: 441-66.
Kreitzer AC, Malenka RC. Striatal plasticity and basal ganglia
circuit function. Neuron. 2008; 60(4): 543-54.
Cui G, Jun SB, Jin X, Pham MD, Vogel SS, Lovinger DM, et al.
Concurrent activation of striatal direct and indirect pathways during
action initiation. Nature. 2013; 494(7436): 238-42.
Durieux PF, Bearzatto B, Guiducci S, Buch T, Waisman A, Zoli M,
et al. D2R striatopallidal neurons inhibit both locomotor and drug
reward processes. Nature neuroscience. 2009; 12(4): 393-5.
Ferguson SM, Eskenazi D, Ishikawa M, Wanat MJ, Phillips PE,
Dong Y, et al. Transient neuronal inhibition reveals opposing roles
of indirect and direct pathways in sensitization. Nature
neuroscience. 2011; 14(1): 22-4.
Hikida T, Kimura K, Wada N, Funabiki K, Nakanishi S. Distinct
roles of synaptic transmission in direct and indirect striatal pathways
to reward and aversive behavior. Neuron. 2010; 66(6): 896-907.
Hikosaka O, Takikawa Y, Kawagoe R. Role of the basal ganglia in
the control of purposive saccadic eye movements. Physiological
reviews. 2000; 80(3): 953-78.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth
K, et al. Regulation of parkinsonian motor behaviours by
optogenetic control of basal ganglia circuitry. Nature. 2010;
466(7306): 622-6.
Kravitz AV, Tye LD, Kreitzer AC. Distinct roles for direct and
indirect pathway striatal neurons in reinforcement. Nature
neuroscience. 2012; 15(6): 816-8.
Lobo MK, Covington HE, 3rd, Chaudhury D, Friedman AK, Sun H,
Damez-Werno D, et al. Cell type-specific loss of BDNF signaling
mimics optogenetic control of cocaine reward. Science. 2010;
330(6002): 385-90.
Mink JW. The Basal Ganglia and involuntary movements: impaired
inhibition of competing motor patterns. Archives of neurology.
2003; 60(10): 1365-8.
Nambu A. Seven problems on the basal ganglia. Current opinion in
neurobiology. 2008; 18(6): 595-604.
Tai LH, Lee AM, Benavidez N, Bonci A, Wilbrecht L. Transient
stimulation of distinct subpopulations of striatal neurons mimics
changes in action value. Nature neuroscience. 2012; 15(9): 1281-9.
Benarroch EE. Subthalamic nucleus and its connections: Anatomic
substrate for the network effects of deep brain stimulation.
Neurology. 2008; 70(21): 1991-5.
Carlsson A, Lindqvist M, Magnusson T, Waldeck B. On the
presence of 3-hydroxytyramine in brain. Science. 1958; 127(3296):
471.
Bjorklund A, Dunnett SB. Dopamine neuron systems in the brain:
an update. Trends in neurosciences. 2007; 30(5): 194-202.
Dahlstroem A, Fuxe K. Evidence for the Existence of MonoamineContaining Neurons in the Central Nervous System. I.
Demonstration of Monoamines in the Cell Bodies of Brain Stem
Neurons. Acta physiologica Scandinavica Supplementum. 1964:
SUPPL 232:1-55.
German DC, Schlusselberg DS, Woodward DJ. Three-dimensional
computer reconstruction of midbrain dopaminergic neuronal
populations: from mouse to man. Journal of neural transmission.
1983; 57(4): 243-54.
Oorschot DE. Total number of neurons in the neostriatal, pallidal,
subthalamic, and substantia nigral nuclei of the rat basal ganglia: a
stereological study using the cavalieri and optical disector methods.
The Journal of comparative neurology. 1996; 366(4): 580-99.
Robbins TW, Everitt BJ. Limbic-striatal memory systems and drug
addiction. Neurobiology of learning and memory. 2002; 78(3): 62536.
Sanchis-Segura C, Spanagel R. Behavioural assessment of drug
reinforcement and addictive features in rodents: an overview.
Addiction biology. 2006; 11(1): 2-38.

53

28.
29.

30.
31.

32.
33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

54

Schultz W. Behavioral dopamine signals. Trends in neurosciences.
2007; 30(5): 203-10.
Smith Y, Villalba R. Striatal and extrastriatal dopamine in the basal
ganglia: an overview of its anatomical organization in normal and
Parkinsonian brains. Movement disorders : official journal of the
Movement Disorder Society. 2008; 23 Suppl 3: S534-47.
Tritsch NX, Sabatini BL. Dopaminergic modulation of synaptic
transmission in cortex and striatum. Neuron. 2012; 76(1): 33-50.
Trudeau LE, Hnasko TS, Wallen-Mackenzie A, Morales M, Rayport
S, Sulzer D. The multilingual nature of dopamine neurons. Progress
in brain research. 2014; 211: 141-64.
Bannon MJ, Roth RH. Pharmacology of mesocortical dopamine
neurons. Pharmacological reviews. 1983; 35(1): 53-68.
Oades RD, Halliday GM. Ventral tegmental (A10) system:
neurobiology. 1. Anatomy and connectivity. Brain research. 1987;
434(2): 117-65.
Breit S, Schulz JB, Benabid AL. Deep brain stimulation. Cell Tissue
Res. 2004; 318(1): 275-88.
Elsworth JD, Roth RH. Dopamine synthesis, uptake, metabolism,
and receptors: relevance to gene therapy of Parkinson's disease. Exp
Neurol. 1997; 144(1): 4-9.
Eiden LE, Schafer MK, Weihe E, Schutz B. The vesicular amine
transporter family (SLC18): amine/proton antiporters required for
vesicular accumulation and regulated exocytotic secretion of
monoamines and acetylcholine. Pflugers Archiv : European journal
of physiology. 2004; 447(5): 636-40.
Sibley DR, Monsma FJ, Jr., Shen Y. Molecular neurobiology of
dopaminergic receptors. International review of neurobiology. 1993;
35: 391-415.
Borland LM, Michael AC. An Introduction to Electrochemical
Methods in Neuroscience. In: Michael AC, Borland LM, editors.
Electrochemical Methods for Neuroscience. Boca Raton (FL); 2007.
Krueger BK. Kinetics and block of dopamine uptake in
synaptosomes from rat caudate nucleus. Journal of neurochemistry.
1990; 55(1): 260-7.
McElvain JS, Schenk JO. A multisubstrate mechanism of striatal
dopamine uptake and its inhibition by cocaine. Biochemical
pharmacology. 1992; 43(10): 2189-99.
Sulzer D, Chen TK, Lau YY, Kristensen H, Rayport S, Ewing A.
Amphetamine redistributes dopamine from synaptic vesicles to the
cytosol and promotes reverse transport. The Journal of neuroscience
: the official journal of the Society for Neuroscience. 1995; 15(5 Pt
2): 4102-8.
Napolitano A, Cesura AM, Da Prada M. The role of monoamine
oxidase and catechol O-methyltransferase in dopaminergic
neurotransmission. Journal of neural transmission Supplementum.
1995; 45: 35-45.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Grace AA, Bunney BS. The control of firing pattern in nigral
dopamine neurons: burst firing. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 1984; 4(11): 287790.
Grace AA, Bunney BS. The control of firing pattern in nigral
dopamine neurons: single spike firing. The Journal of neuroscience :
the official journal of the Society for Neuroscience. 1984; 4(11):
2866-76.
Bunney BS, Chiodo LA, Grace AA. Midbrain dopamine system
electrophysiological functioning: a review and new hypothesis.
Synapse. 1991; 9(2): 79-94.
Grace AA. Phasic versus tonic dopamine release and the modulation
of dopamine system responsivity: a hypothesis for the etiology of
schizophrenia. Neuroscience. 1991; 41(1): 1-24.
Keefe KA, Zigmond MJ, Abercrombie ED. In vivo regulation of
extracellular dopamine in the neostriatum: influence of impulse
activity and local excitatory amino acids. Journal of neural
transmission General section. 1993; 91(2-3): 223-40.
Chergui K, Suaud-Chagny MF, Gonon F. Nonlinear relationship
between impulse flow, dopamine release and dopamine elimination
in the rat brain in vivo. Neuroscience. 1994; 62(3): 641-5.
Gonon FG. Nonlinear relationship between impulse flow and
dopamine released by rat midbrain dopaminergic neurons as studied
by in vivo electrochemistry. Neuroscience. 1988; 24(1): 19-28.
Grace AA, Bunney BS. Intracellular and extracellular
electrophysiology of nigral dopaminergic neurons--1. Identification
and characterization. Neuroscience. 1983; 10(2): 301-15.
Grace AA, Onn SP. Morphology and electrophysiological properties
of immunocytochemically identified rat dopamine neurons recorded
in vitro. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 1989; 9(10): 3463-81.
Bunney BS, Grace AA. Acute and chronic haloperidol treatment:
comparison of effects on nigral dopaminergic cell activity. Life
sciences. 1978; 23(16): 1715-27.
Freeman AS, Meltzer LT, Bunney BS. Firing properties of
substantia nigra dopaminergic neurons in freely moving rats. Life
sciences. 1985; 36(20): 1983-94.
Sesack SR, Grace AA. Cortico-Basal Ganglia reward network:
microcircuitry. Neuropsychopharmacology : official publication of
the American College of Neuropsychopharmacology. 2010; 35(1):
27-47.
Berube-Carriere N, Guay G, Fortin GM, Kullander K, Olson L,
Wallen-Mackenzie A, et al. Ultrastructural characterization of the
mesostriatal dopamine innervation in mice, including two mouse
lines of conditional VGLUT2 knockout in dopamine neurons. The
European journal of neuroscience. 2012; 35(4): 527-38.

55

56.

57.

58.

59.

60.

61.

62.
63.
64.
65.

66.

67.

68.

69.

56

Descarries L, Watkins KC, Garcia S, Bosler O, Doucet G. Dual
character, asynaptic and synaptic, of the dopamine innervation in
adult rat neostriatum: a quantitative autoradiographic and
immunocytochemical analysis. The Journal of comparative
neurology. 1996; 375(2): 167-86.
Groves PM, Linder JC, Young SJ. 5-hydroxydopamine-labeled
dopaminergic axons: three-dimensional reconstructions of axons,
synapses and postsynaptic targets in rat neostriatum. Neuroscience.
1994; 58(3): 593-604.
Descarries L, Berube-Carriere N, Riad M, Bo GD, Mendez JA,
Trudeau LE. Glutamate in dopamine neurons: synaptic versus
diffuse transmission. Brain research reviews. 2008; 58(2): 290-302.
Beaudet A, Descarries L. The monoamine innervation of rat cerebral
cortex: synaptic and nonsynaptic axon terminals. Neuroscience.
1978; 3(10): 851-60.
Descarries L, Bosler O, Berthelet F, Des Rosiers MH.
Dopaminergic nerve endings visualised by high-resolution
autoradiography in adult rat neostriatum. Nature. 1980; 284(5757):
620-2.
Geffen LB, Jessell TM, Cuello AC, Iversen LL. Release of
dopamine from dendrites in rat substantia nigra. Nature. 1976;
260(5548): 258-60.
Korf J, Zieleman M, Westerink BH. Dopamine release in substantia
nigra? Nature. 1976; 260(5548): 257-8.
Nieoullon A, Cheramy A, Glowinski J. Release of dopamine in vivo
from cat substantia nigra. Nature. 1977; 266(5600): 375-7.
Gillies GE, Pienaar IS, Vohra S, Qamhawi Z. Sex differences in
Parkinson's disease. Frontiers in neuroendocrinology. 2014.
Baldereschi M, Di Carlo A, Rocca WA, Vanni P, Maggi S,
Perissinotto E, et al. Parkinson's disease and parkinsonism in a
longitudinal study: two-fold higher incidence in men. ILSA
Working Group. Italian Longitudinal Study on Aging. Neurology.
2000; 55(9): 1358-63.
Taylor KS, Cook JA, Counsell CE. Heterogeneity in male to female
risk for Parkinson's disease. Journal of neurology, neurosurgery, and
psychiatry. 2007; 78(8): 905-6.
Elbaz A, Bower JH, Maraganore DM, McDonnell SK, Peterson BJ,
Ahlskog JE, et al. Risk tables for parkinsonism and Parkinson's
disease. Journal of clinical epidemiology. 2002; 55(1): 25-31.
Klein C, Schlossmacher MG. Parkinson disease, 10 years after its
genetic revolution: multiple clues to a complex disorder. Neurology.
2007; 69(22): 2093-104.
Jenner P, Morris HR, Robbins TW, Goedert M, Hardy J, BenShlomo Y, et al. Parkinson's disease--the debate on the clinical
phenomenology, aetiology, pathology and pathogenesis. Journal of
Parkinson's disease. 2013; 3(1): 1-11.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Weintraub D, Comella CL, Horn S. Parkinson's disease--Part 1:
Pathophysiology, symptoms, burden, diagnosis, and assessment.
The American journal of managed care. 2008; 14(2 Suppl): S40-8.
Benazzouz A, Mamad O, Abedi P, Bouali-Benazzouz R, Chetrit J.
Involvement of dopamine loss in extrastriatal basal ganglia nuclei in
the pathophysiology of Parkinson's disease. Frontiers in aging
neuroscience. 2014; 6: 87.
Pienaar IS, Chinnery PF. Existing and emerging mitochondrialtargeting therapies for altering Parkinson's disease severity and
progression. Pharmacology & therapeutics. 2013; 137(1): 1-21.
Vives-Bauza C, Tocilescu M, Devries RL, Alessi DM, JacksonLewis V, Przedborski S. Control of mitochondrial integrity in
Parkinson's disease. Progress in brain research. 2010; 183: 99-113.
Mattson MP. Neuronal life-and-death signaling, apoptosis, and
neurodegenerative disorders. Antioxidants & redox signaling. 2006;
8(11-12): 1997-2006.
Halliday GM, Stevens CH. Glia: initiators and progressors of
pathology in Parkinson's disease. Movement disorders : official
journal of the Movement Disorder Society. 2011; 26(1): 6-17.
Nambu A, Tachibana Y. Mechanism of parkinsonian neuronal
oscillations in the primate basal ganglia: some considerations based
on our recent work. Frontiers in systems neuroscience. 2014; 8: 74.
Raz A, Vaadia E, Bergman H. Firing patterns and correlations of
spontaneous discharge of pallidal neurons in the normal and the
tremulous 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine vervet
model of parkinsonism. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2000; 20(22): 8559-71.
Rivlin-Etzion M, Marmor O, Saban G, Rosin B, Haber SN, Vaadia
E, et al. Low-pass filter properties of basal ganglia cortical muscle
loops in the normal and MPTP primate model of parkinsonism. The
Journal of neuroscience : the official journal of the Society for
Neuroscience. 2008; 28(3): 633-49.
Wichmann T, Bergman H, Starr PA, Subramanian T, Watts RL,
DeLong MR. Comparison of MPTP-induced changes in
spontaneous neuronal discharge in the internal pallidal segment and
in the substantia nigra pars reticulata in primates. Experimental
brain research. 1999; 125(4): 397-409.
Bergman H, Feingold A, Nini A, Raz A, Slovin H, Abeles M, et al.
Physiological aspects of information processing in the basal ganglia
of normal and parkinsonian primates. Trends in neurosciences.
1998; 21(1): 32-8.
Moshel S, Shamir RR, Raz A, de Noriega FR, Eitan R, Bergman H,
et al. Subthalamic nucleus long-range synchronization-an
independent hallmark of human Parkinson's disease. Frontiers in
systems neuroscience. 2013; 7: 79.

57

82.

83.
84.
85.
86.

87.

88.

89.

90.

91.

92.
93.

94.
95.

96.

58

Toledo JB, Lopez-Azcarate J, Garcia-Garcia D, Guridi J, Valencia
M, Artieda J, et al. High beta activity in the subthalamic nucleus and
freezing of gait in Parkinson's disease. Neurobiology of disease.
2014; 64: 60-5.
Montagu KA. Catechol compounds in rat tissues and in brains of
different animals. Nature. 1957; 180(4579): 244-5.
Weil-Malherbe H, Bone AD. Intracellular distribution of
catecholamines in the brain. Nature. 1957; 180(4594): 1050-1.
Bertler A, Rosengren E. Occurrence and distribution of dopamine in
brain and other tissues. Experientia. 1959; 15(1): 10-1.
Carlsson
A,
Lindqvist
M,
Magnusson
T.
3,4Dihydroxyphenylalanine and 5-hydroxytryptophan as reserpine
antagonists. Nature. 1957; 180(4596): 1200.
Ehringer H, Hornykiewicz O. [Distribution of noradrenaline and
dopamine (3-hydroxytyramine) in the human brain and their
behavior in diseases of the extrapyramidal system]. Klinische
Wochenschrift. 1960; 38: 1236-9.
Birkmayer W, Hornykiewicz O. [The L-3,4-dioxyphenylalanine
(DOPA)-effect
in
Parkinson-akinesia].
Wiener
klinische
Wochenschrift. 1961; 73: 787-8.
Hornykiewicz O. [The tropical localization and content of
noradrenalin and dopamine (3-hydroxytyramine) in the substantia
nigra of normal persons and patients with Parkinson's disease].
Wiener klinische Wochenschrift. 1963; 75: 309-12.
Poirier LJ, Sourkes TL. [Influence of Locus Niger on the
Concentration of Catecholamines in the Striatum]. Journal de
physiologie. 1964; 56: 426-7.
Sourkes TL, Poirier L. Influence of the substantia nigra on the
concentration of 5-hydroxytryptamine and dopamine of the striatum.
Nature. 1965; 207(993): 202-3.
Hornykiewicz O. A brief history of levodopa. Journal of neurology.
2010; 257(Suppl 2): S249-52.
Moriyama Y, Yamamoto A. Glutamatergic chemical transmission:
look! Here, there, and anywhere. Journal of biochemistry. 2004;
135(2): 155-63.
Fonnum F. Glutamate: a neurotransmitter in mammalian brain.
Journal of neurochemistry. 1984; 42(1): 1-11.
Fremeau RT, Jr., Voglmaier S, Seal RP, Edwards RH. VGLUTs
define subsets of excitatory neurons and suggest novel roles for
glutamate. Trends in neurosciences. 2004; 27(2): 98-103.
Lee RY, Sawin ER, Chalfie M, Horvitz HR, Avery L. EAT-4, a
homolog of a mammalian sodium-dependent inorganic phosphate
cotransporter, is necessary for glutamatergic neurotransmission in
caenorhabditis elegans. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 1999; 19(1): 159-67.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Bellocchio EE, Reimer RJ, Fremeau RT, Jr., Edwards RH. Uptake
of glutamate into synaptic vesicles by an inorganic phosphate
transporter. Science. 2000; 289(5481): 957-60.
Mancini GM, de Jonge HR, Galjaard H, Verheijen FW.
Characterization of a proton-driven carrier for sialic acid in the
lysosomal membrane. Evidence for a group-specific transport
system for acidic monosaccharides. The Journal of biological
chemistry. 1989; 264(26): 15247-54.
Ni B, Rosteck PR, Jr., Nadi NS, Paul SM. Cloning and expression
of a cDNA encoding a brain-specific Na(+)-dependent inorganic
phosphate cotransporter. Proceedings of the National Academy of
Sciences of the United States of America. 1994; 91(12): 5607-11.
Takamori S, Rhee JS, Rosenmund C, Jahn R. Identification of a
vesicular glutamate transporter that defines a glutamatergic
phenotype in neurons. Nature. 2000; 407(6801): 189-94.
Bai L, Xu H, Collins JF, Ghishan FK. Molecular and functional
analysis of a novel neuronal vesicular glutamate transporter. The
Journal of biological chemistry. 2001; 276(39): 36764-9.
Fremeau RT, Jr., Troyer MD, Pahner I, Nygaard GO, Tran CH,
Reimer RJ, et al. The expression of vesicular glutamate transporters
defines two classes of excitatory synapse. Neuron. 2001; 31(2): 24760.
Herzog E, Bellenchi GC, Gras C, Bernard V, Ravassard P, Bedet C,
et al. The existence of a second vesicular glutamate transporter
specifies subpopulations of glutamatergic neurons. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
2001; 21(22): RC181.
Varoqui H, Schafer MK, Zhu H, Weihe E, Erickson JD.
Identification of the differentiation-associated Na+/PI transporter as
a novel vesicular glutamate transporter expressed in a distinct set of
glutamatergic synapses. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2002; 22(1): 142-55.
Fremeau RT, Jr., Burman J, Qureshi T, Tran CH, Proctor J, Johnson
J, et al. The identification of vesicular glutamate transporter 3
suggests novel modes of signaling by glutamate. Proceedings of the
National Academy of Sciences of the United States of America.
2002; 99(22): 14488-93.
Schafer MK, Varoqui H, Defamie N, Weihe E, Erickson JD.
Molecular cloning and functional identification of mouse vesicular
glutamate transporter 3 and its expression in subsets of novel
excitatory neurons. The Journal of biological chemistry. 2002;
277(52): 50734-48.
Gras C, Herzog E, Bellenchi GC, Bernard V, Ravassard P, Pohl M,
et al. A third vesicular glutamate transporter expressed by
cholinergic and serotoninergic neurons. The Journal of neuroscience
: the official journal of the Society for Neuroscience. 2002; 22(13):
5442-51.

59

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

60

Herzog E, Gilchrist J, Gras C, Muzerelle A, Ravassard P, Giros B,
et al. Localization of VGLUT3, the vesicular glutamate transporter
type 3, in the rat brain. Neuroscience. 2004; 123(4): 983-1002.
Benarroch EE. Glutamate transporters: diversity, function, and
involvement in neurologic disease. Neurology. 2010; 74(3): 259-64.
Liguz-Lecznar M, Skangiel-Kramska J. Vesicular glutamate
transporters (VGLUTs): the three musketeers of glutamatergic
system. Acta neurobiologiae experimentalis. 2007; 67(3): 207-18.
Higashijima S, Schaefer M, Fetcho JR. Neurotransmitter properties
of spinal interneurons in embryonic and larval zebrafish. The
Journal of comparative neurology. 2004; 480(1): 19-37.
Daniels RW, Collins CA, Gelfand MV, Dant J, Brooks ES, Krantz
DE, et al. Increased expression of the Drosophila vesicular
glutamate transporter leads to excess glutamate release and a
compensatory decrease in quantal content. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
2004; 24(46): 10466-74.
Gleason KK, Dondeti VR, Hsia HL, Cochran ER, Gumulak-Smith J,
Saha MS. The vesicular glutamate transporter 1 (xVGlut1) is
expressed in discrete regions of the developing Xenopus laevis
nervous system. Gene expression patterns : GEP. 2003; 3(4): 503-7.
Hisano S, Hoshi K, Ikeda Y, Maruyama D, Kanemoto M, Ichijo H,
et al. Regional expression of a gene encoding a neuron-specific
Na(+)-dependent inorganic phosphate cotransporter (DNPI) in the
rat forebrain. Brain research Molecular brain research. 2000; 83(12): 34-43.
Nakamura K, Hioki H, Fujiyama F, Kaneko T. Postnatal changes of
vesicular glutamate transporter (VGluT)1 and VGluT2
immunoreactivities and their colocalization in the mouse forebrain.
The Journal of comparative neurology. 2005; 492(3): 263-88.
Kaneko T, Fujiyama F. Complementary distribution of vesicular
glutamate transporters in the central nervous system. Neuroscience
research. 2002; 42(4): 243-50.
Weston MC, Nehring RB, Wojcik SM, Rosenmund C. Interplay
between VGLUT isoforms and endophilin A1 regulates
neurotransmitter release and short-term plasticity. Neuron. 2011;
69(6): 1147-59.
Conti F, Candiracci C, Fattorini G. Heterogeneity of axon terminals
expressing VGLUT1 in the cerebral neocortex. Archives italiennes
de biologie. 2005; 143(2): 127-32.
Nakamura K, Watakabe A, Hioki H, Fujiyama F, Tanaka Y,
Yamamori T, et al. Transiently increased colocalization of vesicular
glutamate transporters 1 and 2 at single axon terminals during
postnatal development of mouse neocortex: a quantitative analysis
with correlation coefficient. The European journal of neuroscience.
2007; 26(11): 3054-67.

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.
132.

Hioki H, Fujiyama F, Taki K, Tomioka R, Furuta T, Tamamaki N,
et al. Differential distribution of vesicular glutamate transporters in
the rat cerebellar cortex. Neuroscience. 2003; 117(1): 1-6.
Birgner C, Nordenankar K, Lundblad M, Mendez JA, Smith C, le
Greves M, et al. VGLUT2 in dopamine neurons is required for
psychostimulant-induced behavioral activation. Proceedings of the
National Academy of Sciences of the United States of America.
2010; 107(1): 389-94.
Nordenankar K, Smith-Anttila CJ, Schweizer N, Viereckel T,
Birgner C, Mejia-Toiber J, et al. Increased hippocampal excitability
and impaired spatial memory function in mice lacking VGLUT2
selectively in neurons defined by tyrosine hydroxylase promoter
activity. Brain structure & function. 2014.
Dal Bo G, Berube-Carriere N, Mendez JA, Leo D, Riad M,
Descarries L, et al. Enhanced glutamatergic phenotype of
mesencephalic
dopamine
neurons
after
neonatal
6hydroxydopamine lesion. Neuroscience. 2008; 156(1): 59-70.
Barroso-Chinea P, Castle M, Aymerich MS, Perez-Manso M, Erro
E, Tunon T, et al. Expression of the mRNAs encoding for the
vesicular glutamate transporters 1 and 2 in the rat thalamus. The
Journal of comparative neurology. 2007; 501(5): 703-15.
Hisano S. Vesicular glutamate transporters in the brain. Anatomical
science international. 2003; 78(4): 191-204.
Kita H, Kitai ST. Efferent projections of the subthalamic nucleus in
the rat: light and electron microscopic analysis with the PHA-L
method. The Journal of comparative neurology. 1987; 260(3): 43552.
Van Der Kooy D, Hattori T. Single subthalamic nucleus neurons
project to both the globus pallidus and substantia nigra in rat. The
Journal of comparative neurology. 1980; 192(4): 751-68.
Maurice N, Deniau JM, Menetrey A, Glowinski J, Thierry AM.
Prefrontal cortex-basal ganglia circuits in the rat: involvement of
ventral pallidum and subthalamic nucleus. Synapse. 1998; 29(4):
363-70.
Benabid AL, Chabardes S, Mitrofanis J, Pollak P. Deep brain
stimulation of the subthalamic nucleus for the treatment of
Parkinson's disease. Lancet neurology. 2009; 8(1): 67-81.
Kocabicak E, Tan SK, Temel Y. Deep brain stimulation of the
subthalamic nucleus in Parkinson's disease: Why so successful?
Surgical neurology international. 2012; 3(Suppl 4): S312-4.
Miller WC DM. The Basal Ganglia II: Structure and Function. New
York: Plenum; . 1987: 415-27.
Bergman H, Wichmann T, DeLong MR. Reversal of experimental
parkinsonism by lesions of the subthalamic nucleus. Science. 1990;
249(4975): 1436-8.

61

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

62

Aziz TZ, Peggs D, Sambrook MA, Crossman AR. Lesion of the
subthalamic nucleus for the alleviation of 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism in the
primate. Movement disorders : official journal of the Movement
Disorder Society. 1991; 6(4): 288-92.
Pollak P, Benabid AL, Gross C, Gao DM, Laurent A, Benazzouz A,
et al. [Effects of the stimulation of the subthalamic nucleus in
Parkinson disease]. Revue neurologique. 1993; 149(3): 175-6.
Windels F, Bruet N, Poupard A, Urbain N, Chouvet G, Feuerstein
C, et al. Effects of high frequency stimulation of subthalamic
nucleus on extracellular glutamate and GABA in substantia nigra
and globus pallidus in the normal rat. The European journal of
neuroscience. 2000; 12(11): 4141-6.
Benazzouz A, Gao DM, Ni ZG, Piallat B, Bouali-Benazzouz R,
Benabid AL. Effect of high-frequency stimulation of the
subthalamic nucleus on the neuronal activities of the substantia
nigra pars reticulata and ventrolateral nucleus of the thalamus in the
rat. Neuroscience. 2000; 99(2): 289-95.
Magarinos-Ascone C, Pazo JH, Macadar O, Buno W. Highfrequency stimulation of the subthalamic nucleus silences
subthalamic neurons: a possible cellular mechanism in Parkinson's
disease. Neuroscience. 2002; 115(4): 1109-17.
Plaha P, Ben-Shlomo Y, Patel NK, Gill SS. Stimulation of the
caudal zona incerta is superior to stimulation of the subthalamic
nucleus in improving contralateral parkinsonism. Brain : a journal of
neurology. 2006; 129(Pt 7): 1732-47.
Gradinaru V, Mogri M, Thompson KR, Henderson JM, Deisseroth
K. Optical deconstruction of parkinsonian neural circuitry. Science.
2009; 324(5925): 354-9.
Hashimoto T, Elder CM, Okun MS, Patrick SK, Vitek JL.
Stimulation of the subthalamic nucleus changes the firing pattern of
pallidal neurons. The Journal of neuroscience : the official journal
of the Society for Neuroscience. 2003; 23(5): 1916-23.
Vitek JL. Deep brain stimulation: how does it work? Cleveland
Clinic journal of medicine. 2008; 75 Suppl 2: S59-65.
Moran A, Stein E, Tischler H, Bar-Gad I. Decoupling neuronal
oscillations during subthalamic nucleus stimulation in the
parkinsonian primate. Neurobiology of disease. 2012; 45(1): 58390.
Temel Y, Blokland A, Steinbusch HW, Visser-Vandewalle V. The
functional role of the subthalamic nucleus in cognitive and limbic
circuits. Progress in neurobiology. 2005; 76(6): 393-413.
Winstanley CA, Baunez C, Theobald DE, Robbins TW. Lesions to
the subthalamic nucleus decrease impulsive choice but impair
autoshaping in rats: the importance of the basal ganglia in Pavlovian
conditioning and impulse control. The European journal of
neuroscience. 2005; 21(11): 3107-16.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.
158.

159.

Absher JR, Vogt BA, Clark DG, Flowers DL, Gorman DG, Keyes
JW, et al. Hypersexuality and hemiballism due to subthalamic
infarction. Neuropsychiatry Neuropsychol Behav Neurol. 2000;
13(3): 220-9.
Baunez C, Amalric M, Robbins TW. Enhanced food-related
motivation after bilateral lesions of the subthalamic nucleus. The
Journal of neuroscience : the official journal of the Society for
Neuroscience. 2002; 22(2): 562-8.
Trepanier LL, Kumar R, Lozano AM, Lang AE, Saint-Cyr JA.
Neuropsychological outcome of GPi pallidotomy and GPi or STN
deep brain stimulation in Parkinson's disease. Brain Cogn. 2000;
42(3): 324-47.
Darbaky Y, Baunez C, Arecchi P, Legallet E, Apicella P. Rewardrelated neuronal activity in the subthalamic nucleus of the monkey.
Neuroreport. 2005; 16(11): 1241-4.
Matsumura M, Kojima J, Gardiner TW, Hikosaka O. Visual and
oculomotor functions of monkey subthalamic nucleus. J
Neurophysiol. 1992; 67(6): 1615-32.
Teagarden MA, Rebec GV. Subthalamic and striatal neurons
concurrently process motor, limbic, and associative information in
rats performing an operant task. J Neurophysiol. 2007; 97(3): 204258.
Cosmides L, Tooby J. Beyond intuition and instinct blindness:
toward an evolutionarily rigorous cognitive science. Cognition.
1994; 50(1-3): 41-77.
Nieh EH, Kim SY, Namburi P, Tye KM. Optogenetic dissection of
neural circuits underlying emotional valence and motivated
behaviors. Brain research. 2013; 1511: 73-92.
Tooby J, Cosmides L. On the universality of human nature and the
uniqueness of the individual: the role of genetics and adaptation.
Journal of personality. 1990; 58(1): 17-67.
Tye KM, Stuber GD, de Ridder B, Bonci A, Janak PH. Rapid
strengthening of thalamo-amygdala synapses mediates cue-reward
learning. Nature. 2008; 453(7199): 1253-7.
Schultz W. Predictive reward signal of dopamine neurons. Journal
of neurophysiology. 1998; 80(1): 1-27.
Tan KR, Yvon C, Turiault M, Mirzabekov JJ, Doehner J, Labouebe
G, et al. GABA neurons of the VTA drive conditioned place
aversion. Neuron. 2012; 73(6): 1173-83.
Atasoy D, Betley JN, Su HH, Sternson SM. Deconstruction of a
neural circuit for hunger. Nature. 2012; 488(7410): 172-7.
Harris GC, Wimmer M, Aston-Jones G. A role for lateral
hypothalamic orexin neurons in reward seeking. Nature. 2005;
437(7058): 556-9.
Alexander GE, Crutcher MD. Functional architecture of basal
ganglia circuits: neural substrates of parallel processing. Trends in
neurosciences. 1990; 13(7): 266-71.

63

160.

161.

162.
163.
164.

165.
166.
167.

168.

169.

170.

171.

172.
173.

64

O'Donnell P, Lavin A, Enquist LW, Grace AA, Card JP.
Interconnected parallel circuits between rat nucleus accumbens and
thalamus revealed by retrograde transynaptic transport of
pseudorabies virus. The Journal of neuroscience : the official journal
of the Society for Neuroscience. 1997; 17(6): 2143-67.
Zahm DS, Brog JS. On the significance of subterritories in the
"accumbens" part of the rat ventral striatum. Neuroscience. 1992;
50(4): 751-67.
Adinoff B. Neurobiologic processes in drug reward and addiction.
Harv Rev Psychiatry. 2004; 12(6): 305-20.
Schultz W. Dopamine neurons and their role in reward mechanisms.
Current opinion in neurobiology. 1997; 7(2): 191-7.
Lane RD, Chua PM, Dolan RJ. Common effects of emotional
valence, arousal and attention on neural activation during visual
processing of pictures. Neuropsychologia. 1999; 37(9): 989-97.
Ikemoto S, Bonci A. Neurocircuitry of drug reward.
Neuropharmacology. 2014; 76 Pt B: 329-41.
Schultz W, Dayan P, Montague PR. A neural substrate of prediction
and reward. Science. 1997; 275(5306): 1593-9.
Schultz W, Apicella P, Ljungberg T. Responses of monkey
dopamine neurons to reward and conditioned stimuli during
successive steps of learning a delayed response task. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
1993; 13(3): 900-13.
Schultz W, Tremblay L, Hollerman JR. Reward prediction in
primate basal ganglia and frontal cortex. Neuropharmacology. 1998;
37(4-5): 421-9.
Sugrue LP, Corrado GS, Newsome WT. Choosing the greater of
two goods: neural currencies for valuation and decision making.
Nature reviews Neuroscience. 2005; 6(5): 363-75.
Mogenson GJ, Jones DL, Yim CY. From motivation to action:
functional interface between the limbic system and the motor
system. Progress in neurobiology. 1980; 14(2-3): 69-97.
Kemp JM, Powell TP. The structure of the caudate nucleus of the
cat: light and electron microscopy. Philosophical transactions of the
Royal Society of London Series B, Biological sciences. 1971;
262(845): 383-401.
Kreitzer AC. Physiology and pharmacology of striatal neurons.
Annual review of neuroscience. 2009; 32: 127-47.
Phelps PE, Houser CR, Vaughn JE. Immunocytochemical
localization of choline acetyltransferase within the rat neostriatum: a
correlated light and electron microscopic study of cholinergic
neurons and synapses. The Journal of comparative neurology. 1985;
238(3): 286-307.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Rymar VV, Sasseville R, Luk KC, Sadikot AF. Neurogenesis and
stereological
morphometry
of
calretinin-immunoreactive
GABAergic interneurons of the neostriatum. The Journal of
comparative neurology. 2004; 469(3): 325-39.
Gerfen CR. The neostriatal mosaic: multiple levels of
compartmental organization in the basal ganglia. Annual review of
neuroscience. 1992; 15: 285-320.
Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma
FJ, Jr., et al. D1 and D2 dopamine receptor-regulated gene
expression of striatonigral and striatopallidal neurons. Science.
1990; 250(4986): 1429-32.
Deng YP, Lei WL, Reiner A. Differential perikaryal localization in
rats of D1 and D2 dopamine receptors on striatal projection neuron
types identified by retrograde labeling. Journal of chemical
neuroanatomy. 2006; 32(2-4): 101-16.
Hersch SM, Ciliax BJ, Gutekunst CA, Rees HD, Heilman CJ, Yung
KK, et al. Electron microscopic analysis of D1 and D2 dopamine
receptor proteins in the dorsal striatum and their synaptic
relationships with motor corticostriatal afferents. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
1995; 15(7 Pt 2): 5222-37.
Le Moine C, Bloch B. D1 and D2 dopamine receptor gene
expression in the rat striatum: sensitive cRNA probes demonstrate
prominent segregation of D1 and D2 mRNAs in distinct neuronal
populations of the dorsal and ventral striatum. The Journal of
comparative neurology. 1995; 355(3): 418-26.
Le Moine C, Bloch B. Expression of the D3 dopamine receptor in
peptidergic neurons of the nucleus accumbens: comparison with the
D1 and D2 dopamine receptors. Neuroscience. 1996; 73(1): 131-43.
Lee KW, Kim Y, Kim AM, Helmin K, Nairn AC, Greengard P.
Cocaine-induced dendritic spine formation in D1 and D2 dopamine
receptor-containing medium spiny neurons in nucleus accumbens.
Proceedings of the National Academy of Sciences of the United
States of America. 2006; 103(9): 3399-404.
Lu XY, Churchill L, Kalivas PW. Expression of D1 receptor mRNA
in projections from the forebrain to the ventral tegmental area.
Synapse. 1997; 25(2): 205-14.
Lu XY, Ghasemzadeh MB, Kalivas PW. Expression of D1 receptor,
D2 receptor, substance P and enkephalin messenger RNAs in the
neurons projecting from the nucleus accumbens. Neuroscience.
1998; 82(3): 767-80.
Robertson GS, Jian M. D1 and D2 dopamine receptors differentially
increase Fos-like immunoreactivity in accumbal projections to the
ventral pallidum and midbrain. Neuroscience. 1995; 64(4): 1019-34.
Groenewegen HJ, Wright CI, Beijer AV. The nucleus accumbens:
gateway for limbic structures to reach the motor system? Progress in
brain research. 1996; 107: 485-511.

65

186.

187.
188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

66

Nicola SM, Surmeier J, Malenka RC. Dopaminergic modulation of
neuronal excitability in the striatum and nucleus accumbens. Annual
review of neuroscience. 2000; 23: 185-215.
Wise RA. Dopamine, learning and motivation. Nature reviews
Neuroscience. 2004; 5(6): 483-94.
Zahm DS. An integrative neuroanatomical perspective on some
subcortical substrates of adaptive responding with emphasis on the
nucleus accumbens. Neuroscience and biobehavioral reviews. 2000;
24(1): 85-105.
Meredith GE. The synaptic framework for chemical signaling in
nucleus accumbens. Annals of the New York Academy of Sciences.
1999; 877: 140-56.
Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC. Striatal
interneurones: chemical, physiological and morphological
characterization. Trends in neurosciences. 1995; 18(12): 527-35.
Carlezon WA, Jr., Devine DP, Wise RA. Habit-forming actions of
nomifensine in nucleus accumbens. Psychopharmacology. 1995;
122(2): 194-7.
Ikemoto S. Dopamine reward circuitry: two projection systems from
the ventral midbrain to the nucleus accumbens-olfactory tubercle
complex. Brain research reviews. 2007; 56(1): 27-78.
Rodd-Henricks ZA, McKinzie DL, Li TK, Murphy JM, McBride
WJ. Cocaine is self-administered into the shell but not the core of
the nucleus accumbens of Wistar rats. The Journal of pharmacology
and experimental therapeutics. 2002; 303(3): 1216-26.
Sellings LH, Clarke PB. Segregation of amphetamine reward and
locomotor stimulation between nucleus accumbens medial shell and
core. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 2003; 23(15): 6295-303.
Kalivas PW, McFarland K. Brain circuitry and the reinstatement of
cocaine-seeking behavior. Psychopharmacology. 2003; 168(1-2):
44-56.
Robbins TW, Ersche KD, Everitt BJ. Drug addiction and the
memory systems of the brain. Annals of the New York Academy of
Sciences. 2008; 1141: 1-21.
Van Bockstaele EJ, Pickel VM. GABA-containing neurons in the
ventral tegmental area project to the nucleus accumbens in rat brain.
Brain research. 1995; 682(1-2): 215-21.
Voorn P, Jorritsma-Byham B, Van Dijk C, Buijs RM. The
dopaminergic innervation of the ventral striatum in the rat: a lightand electron-microscopical study with antibodies against dopamine.
The Journal of comparative neurology. 1986; 251(1): 84-99.
Berendse HW, Galis-de Graaf Y, Groenewegen HJ. Topographical
organization and relationship with ventral striatal compartments of
prefrontal corticostriatal projections in the rat. The Journal of
comparative neurology. 1992; 316(3): 314-47.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Brog JS, Salyapongse A, Deutch AY, Zahm DS. The patterns of
afferent innervation of the core and shell in the "accumbens" part of
the rat ventral striatum: immunohistochemical detection of
retrogradely transported fluoro-gold. The Journal of comparative
neurology. 1993; 338(2): 255-78.
Ambroggi F, Ishikawa A, Fields HL, Nicola SM. Basolateral
amygdala neurons facilitate reward-seeking behavior by exciting
nucleus accumbens neurons. Neuron. 2008; 59(4): 648-61.
Gruber AJ, Hussain RJ, O'Donnell P. The nucleus accumbens: a
switchboard for goal-directed behaviors. PloS one. 2009; 4(4):
e5062.
Ishikawa A, Ambroggi F, Nicola SM, Fields HL. Contributions of
the amygdala and medial prefrontal cortex to incentive cue
responding. Neuroscience. 2008; 155(3): 573-84.
Ito R, Robbins TW, Pennartz CM, Everitt BJ. Functional interaction
between the hippocampus and nucleus accumbens shell is necessary
for the acquisition of appetitive spatial context conditioning. The
Journal of neuroscience : the official journal of the Society for
Neuroscience. 2008; 28(27): 6950-9.
Kalivas PW, Volkow N, Seamans J. Unmanageable motivation in
addiction: a pathology in prefrontal-accumbens glutamate
transmission. Neuron. 2005; 45(5): 647-50.
Moore H, West AR, Grace AA. The regulation of forebrain
dopamine transmission: relevance to the pathophysiology and
psychopathology of schizophrenia. Biological psychiatry. 1999;
46(1): 40-55.
Simmons DA, Neill DB. Functional interaction between the
basolateral amygdala and the nucleus accumbens underlies incentive
motivation for food reward on a fixed ratio schedule. Neuroscience.
2009; 159(4): 1264-73.
Wolf ME. Addiction: making the connection between behavioral
changes and neuronal plasticity in specific pathways. Molecular
interventions. 2002; 2(3): 146-57.
Montaron MF, Deniau JM, Menetrey A, Glowinski J, Thierry AM.
Prefrontal cortex inputs of the nucleus accumbens-nigro-thalamic
circuit. Neuroscience. 1996; 71(2): 371-82.
Mink JW. The basal ganglia: focused selection and inhibition of
competing motor programs. Progress in neurobiology. 1996; 50(4):
381-425.
Redgrave P, Prescott TJ, Gurney K. The basal ganglia: a vertebrate
solution to the selection problem? Neuroscience. 1999; 89(4): 100923.
Bassareo V, Di Chiara G. Modulation of feeding-induced activation
of mesolimbic dopamine transmission by appetitive stimuli and its
relation to motivational state. The European journal of neuroscience.
1999; 11(12): 4389-97.

67

213.

214.

215.

216.
217.

218.

219.

220.

221.

222.

223.

224.

68

Di Chiara G, Imperato A. Drugs abused by humans preferentially
increase synaptic dopamine concentrations in the mesolimbic
system of freely moving rats. Proceedings of the National Academy
of Sciences of the United States of America. 1988; 85(14): 5274-8.
Volkow ND, Fowler JS, Wang GJ, Baler R, Telang F. Imaging
dopamine's role in drug abuse and addiction. Neuropharmacology.
2009; 56 Suppl 1: 3-8.
Stice E, Spoor S, Bohon C, Small DM. Relation between obesity
and blunted striatal response to food is moderated by TaqIA A1
allele. Science. 2008; 322(5900): 449-52.
Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, Zhu W, et
al. Brain dopamine and obesity. Lancet. 2001; 357(9253): 354-7.
Bonson KR, Grant SJ, Contoreggi CS, Links JM, Metcalfe J, Weyl
HL, et al. Neural systems and cue-induced cocaine craving.
Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 2002; 26(3): 376-86.
Yin HH, Ostlund SB, Balleine BW. Reward-guided learning beyond
dopamine in the nucleus accumbens: the integrative functions of
cortico-basal ganglia networks. The European journal of
neuroscience. 2008; 28(8): 1437-48.
Berke JD. Learning and memory mechanisms involved in
compulsive drug use and relapse. Methods in molecular medicine.
2003; 79: 75-101.
Porrino LJ, Lyons D, Smith HR, Daunais JB, Nader MA. Cocaine
self-administration produces a progressive involvement of limbic,
association, and sensorimotor striatal domains. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
2004; 24(14): 3554-62.
Saka E, Goodrich C, Harlan P, Madras BK, Graybiel AM.
Repetitive behaviors in monkeys are linked to specific striatal
activation patterns. The Journal of neuroscience : the official journal
of the Society for Neuroscience. 2004; 24(34): 7557-65.
Ito R, Dalley JW, Robbins TW, Everitt BJ. Dopamine release in the
dorsal striatum during cocaine-seeking behavior under the control of
a drug-associated cue. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2002; 22(14): 6247-53.
Wong DF, Kuwabara H, Schretlen DJ, Bonson KR, Zhou Y, Nandi
A, et al. Increased occupancy of dopamine receptors in human
striatum
during
cue-elicited
cocaine
craving.
Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 2006; 31(12): 2716-27.
Hur EE, Zaborszky L. Vglut2 afferents to the medial prefrontal and
primary somatosensory cortices: a combined retrograde tracing in
situ hybridization study [corrected]. The Journal of comparative
neurology. 2005; 483(3): 351-73.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Hnasko TS, Chuhma N, Zhang H, Goh GY, Sulzer D, Palmiter RD,
et al. Vesicular glutamate transport promotes dopamine storage and
glutamate corelease in vivo. Neuron. 2010; 65(5): 643-56.
Yamaguchi T, Sheen W, Morales M. Glutamatergic neurons are
present in the rat ventral tegmental area. The European journal of
neuroscience. 2007; 25(1): 106-18.
Geisler S, Zahm DS. Afferents of the ventral tegmental area in the
rat-anatomical substratum for integrative functions. The Journal of
comparative neurology. 2005; 490(3): 270-94.
Carr DB, Sesack SR. Projections from the rat prefrontal cortex to
the ventral tegmental area: target specificity in the synaptic
associations with mesoaccumbens and mesocortical neurons. The
Journal of neuroscience : the official journal of the Society for
Neuroscience. 2000; 20(10): 3864-73.
Geisler S, Derst C, Veh RW, Zahm DS. Glutamatergic afferents of
the ventral tegmental area in the rat. The Journal of neuroscience :
the official journal of the Society for Neuroscience. 2007; 27(21):
5730-43.
Jhou TC, Geisler S, Marinelli M, Degarmo BA, Zahm DS. The
mesopontine rostromedial tegmental nucleus: A structure targeted
by the lateral habenula that projects to the ventral tegmental area of
Tsai and substantia nigra compacta. The Journal of comparative
neurology. 2009; 513(6): 566-96.
Kaufling J, Veinante P, Pawlowski SA, Freund-Mercier MJ, Barrot
M. Afferents to the GABAergic tail of the ventral tegmental area in
the rat. The Journal of comparative neurology. 2009; 513(6): 597621.
Grace AA, Bunney BS. Paradoxical GABA excitation of nigral
dopaminergic cells: indirect mediation through reticulata inhibitory
neurons. European journal of pharmacology. 1979; 59(3-4): 211-8.
Jhou TC, Fields HL, Baxter MG, Saper CB, Holland PC. The
rostromedial tegmental nucleus (RMTg), a GABAergic afferent to
midbrain dopamine neurons, encodes aversive stimuli and inhibits
motor responses. Neuron. 2009; 61(5): 786-800.
Ungless MA, Magill PJ, Bolam JP. Uniform inhibition of dopamine
neurons in the ventral tegmental area by aversive stimuli. Science.
2004; 303(5666): 2040-2.
Matsumoto M, Hikosaka O. Lateral habenula as a source of negative
reward signals in dopamine neurons. Nature. 2007; 447(7148):
1111-5.
Lammel S, Hetzel A, Hackel O, Jones I, Liss B, Roeper J. Unique
properties of mesoprefrontal neurons within a dual
mesocorticolimbic dopamine system. Neuron. 2008; 57(5): 760-73.
Loughlin SE, Fallon JH. Dopaminergic and non-dopaminergic
projections to amygdala from substantia nigra and ventral tegmental
area. Brain research. 1983; 262(2): 334-8.

69

238.

239.

240.

241.

242.

243.
244.
245.

246.

247.

248.

249.

250.

70

Swanson LW. The projections of the ventral tegmental area and
adjacent regions: a combined fluorescent retrograde tracer and
immunofluorescence study in the rat. Brain research bulletin. 1982;
9(1-6): 321-53.
Del-Fava F, Hasue RH, Ferreira JG, Shammah-Lagnado SJ. Efferent
connections of the rostral linear nucleus of the ventral tegmental
area in the rat. Neuroscience. 2007; 145(3): 1059-76.
Gaykema RP, Zaborszky L. Direct catecholaminergic-cholinergic
interactions in the basal forebrain. II. Substantia nigra-ventral
tegmental area projections to cholinergic neurons. The Journal of
comparative neurology. 1996; 374(4): 555-77.
Klitenick MA, Deutch AY, Churchill L, Kalivas PW. Topography
and functional role of dopaminergic projections from the ventral
mesencephalic tegmentum to the ventral pallidum. Neuroscience.
1992; 50(2): 371-86.
Hasue RH, Shammah-Lagnado SJ. Origin of the dopaminergic
innervation of the central extended amygdala and accumbens shell:
a combined retrograde tracing and immunohistochemical study in
the rat. The Journal of comparative neurology. 2002; 454(1): 15-33.
Moore RY. Principles of synaptic transmission. Annals of the New
York Academy of Sciences. 1993; 695: 1-9.
Burnstock G. Do some nerve cells release more than one
transmitter? Neuroscience. 1976; 1(4): 239-48.
Ottersen OP, Storm-Mathisen J. Glutamate- and GABA-containing
neurons in the mouse and rat brain, as demonstrated with a new
immunocytochemical technique. The Journal of comparative
neurology. 1984; 229(3): 374-92.
Kaneko T, Akiyama H, Nagatsu I, Mizuno N. Immunohistochemical
demonstration of glutaminase in catecholaminergic and
serotoninergic neurons of rat brain. Brain research. 1990; 507(1):
151-4.
Sulzer D, Joyce MP, Lin L, Geldwert D, Haber SN, Hattori T, et al.
Dopamine neurons make glutamatergic synapses in vitro. The
Journal of neuroscience : the official journal of the Society for
Neuroscience. 1998; 18(12): 4588-602.
Wilson CJ, Chang HT, Kitai ST. Origins of postsynaptic potentials
evoked in identified rat neostriatal neurons by stimulation in
substantia nigra. Experimental brain research. 1982; 45(1-2): 15767.
Marquez J, Tosina M, de la Rosa V, Segura JA, Alonso FJ, Mates
JM, et al. New insights into brain glutaminases: beyond their role on
glutamatergic transmission. Neurochemistry international. 2009;
55(1-3): 64-70.
Joyce MP, Rayport S. Mesoaccumbens dopamine neuron synapses
reconstructed in vitro are glutamatergic. Neuroscience. 2000; 99(3):
445-56.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

Dal Bo G, St-Gelais F, Danik M, Williams S, Cotton M, Trudeau
LE. Dopamine neurons in culture express VGLUT2 explaining their
capacity to release glutamate at synapses in addition to dopamine.
Journal of neurochemistry. 2004; 88(6): 1398-405.
Kawano M, Kawasaki A, Sakata-Haga H, Fukui Y, Kawano H,
Nogami H, et al. Particular subpopulations of midbrain and
hypothalamic dopamine neurons express vesicular glutamate
transporter 2 in the rat brain. The Journal of comparative neurology.
2006; 498(5): 581-92.
Chuhma N, Zhang H, Masson J, Zhuang X, Sulzer D, Hen R, et al.
Dopamine neurons mediate a fast excitatory signal via their
glutamatergic synapses. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2004; 24(4): 972-81.
Lavin A, Nogueira L, Lapish CC, Wightman RM, Phillips PE,
Seamans JK. Mesocortical dopamine neurons operate in distinct
temporal domains using multimodal signaling. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
2005; 25(20): 5013-23.
Ekstrand MI, Terzioglu M, Galter D, Zhu S, Hofstetter C, Lindqvist
E, et al. Progressive parkinsonism in mice with respiratory-chaindeficient dopamine neurons. Proceedings of the National Academy
of Sciences of the United States of America. 2007; 104(4): 1325-30.
Wallen-Mackenzie A, Gezelius H, Thoby-Brisson M, Nygard A,
Enjin A, Fujiyama F, et al. Vesicular glutamate transporter 2 is
required for central respiratory rhythm generation but not for
locomotor central pattern generation. The Journal of neuroscience :
the official journal of the Society for Neuroscience. 2006; 26(47):
12294-307.
Alsio J, Nordenankar K, Arvidsson E, Birgner C, Mahmoudi S,
Halbout B, et al. Enhanced sucrose and cocaine self-administration
and cue-induced drug seeking after loss of VGLUT2 in midbrain
dopamine neurons in mice. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2011; 31(35): 12593-603.
Fortin GM, Bourque MJ, Mendez JA, Leo D, Nordenankar K,
Birgner C, et al. Glutamate corelease promotes growth and survival
of midbrain dopamine neurons. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 2012; 32(48):
17477-91.
Schmitz Y, Benoit-Marand M, Gonon F, Sulzer D. Presynaptic
regulation of dopaminergic neurotransmission. Journal of
neurochemistry. 2003; 87(2): 273-89.
Schmitz Y, Castagna C, Mrejeru A, Lizardi-Ortiz JE, Klein Z,
Lindsley CW, et al. Glycine transporter-1 inhibition promotes
striatal axon sprouting via NMDA receptors in dopamine neurons.
The Journal of neuroscience : the official journal of the Society for
Neuroscience. 2013; 33(42): 16778-89.

71

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

72

Herculano-Houzel S. The human brain in numbers: a linearly
scaled-up primate brain. Frontiers in human neuroscience. 2009; 3:
31.
Gerhardt GA, Rose GM, Hoffer BJ. Release of monoamines from
striatum of rat and mouse evoked by local application of potassium:
evaluation of a new in vivo electrochemical technique. Journal of
neurochemistry. 1986; 46(3): 842-50.
Burmeister JJ, Moxon K, Gerhardt GA. Ceramic-based multisite
microelectrodes for electrochemical recordings. Analytical
chemistry. 2000; 72(1): 187-92.
Friedemann MN, Gerhardt GA. Regional effects of aging on
dopaminergic function in the Fischer-344 rat. Neurobiology of
aging. 1992; 13(2): 325-32.
Peters JL, Miner LH, Michael AC, Sesack SR. Ultrastructure at
carbon fiber microelectrode implantation sites after acute
voltammetric measurements in the striatum of anesthetized rats.
Journal of neuroscience methods. 2004; 137(1): 9-23.
Forster GL, Blaha CD. Laterodorsal tegmental stimulation elicits
dopamine efflux in the rat nucleus accumbens by activation of
acetylcholine and glutamate receptors in the ventral tegmental area.
The European journal of neuroscience. 2000; 12(10): 3596-604.
Cass WA, Zahniser NR, Flach KA, Gerhardt GA. Clearance of
exogenous dopamine in rat dorsal striatum and nucleus accumbens:
role of metabolism and effects of locally applied uptake inhibitors.
Journal of neurochemistry. 1993; 61(6): 2269-78.
Cass WA, Gerhardt GA, Gillespie K, Curella P, Mayfield RD,
Zahniser NR. Reduced clearance of exogenous dopamine in rat
nucleus accumbens, but not in dorsal striatum, following cocaine
challenge in rats withdrawn from repeated cocaine administration.
Journal of neurochemistry. 1993; 61(1): 273-83.
Bass CE, Grinevich VP, Vance ZB, Sullivan RP, Bonin KD,
Budygin EA. Optogenetic control of striatal dopamine release in
rats. Journal of neurochemistry. 2010; 114(5): 1344-52.
Glaser PE, Thomas TC, Joyce BM, Castellanos FX, Gerhardt GA.
Differential effects of amphetamine isomers on dopamine release in
the rat striatum and nucleus accumbens core. Psychopharmacology
(Berl). 2005; 178(2-3): 250-8.
Hoffman AF, van Horne CG, Eken S, Hoffer BJ, Gerhardt GA. In
vivo microdialysis studies on somatodendritic dopamine release in
the rat substantia nigra: effects of unilateral 6-OHDA lesions and
GDNF. Exp Neurol. 1997; 147(1): 130-41.
Gerhardt GA, Hoffman AF. Effects of recording media composition
on the responses of Nafion-coated carbon fiber microelectrodes
measured using high-speed chronoamperometry. Journal of
neuroscience methods. 2001; 109(1): 13-21.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Gerhardt GA, Ksir C, Pivik C, Dickinson SD, Sabeti J, Zahniser
NR. Methodology for coupling local application of dopamine and
other chemicals with rapid in vivo electrochemical recordings in
freely-moving rats. Journal of neuroscience methods. 1999; 87(1):
67-76.
Schweizer N, Pupe S, Arvidsson E, Nordenankar K, Smith-Anttila
CJ, Mahmoudi S, et al. Limiting glutamate transmission in a
Vglut2-expressing subpopulation of the subthalamic nucleus is
sufficient to cause hyperlocomotion. Proceedings of the National
Academy of Sciences of the United States of America. 2014;
111(21): 7837-42.
Zahniser NR, Larson GA, Gerhardt GA. In vivo dopamine clearance
rate in rat striatum: regulation by extracellular dopamine
concentration and dopamine transporter inhibitors. The Journal of
pharmacology and experimental therapeutics. 1999; 289(1): 266-77.
Gonon F, Burie JB, Jaber M, Benoit-Marand M, Dumartin B, Bloch
B. Geometry and kinetics of dopaminergic transmission in the rat
striatum and in mice lacking the dopamine transporter. Progress in
brain research. 2000; 125: 291-302.
Garris PA, Ciolkowski EL, Pastore P, Wightman RM. Efflux of
dopamine from the synaptic cleft in the nucleus accumbens of the
rat brain. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 1994; 14(10): 6084-93.
Burmeister JJ, Davis VA, Quintero JE, Pomerleau F, Huettl P,
Gerhardt GA. Glutaraldehyde cross-linked glutamate oxidase coated
microelectrode arrays: selectivity and resting levels of glutamate in
the CNS. ACS chemical neuroscience. 2013; 4(5): 721-8.
Matsuno-Yagi A, Mukohata Y. Two possible roles of
bacteriorhodopsin; a comparative study of strains of Halobacterium
halobium differing in pigmentation. Biochem Biophys Res
Commun. 1977; 78(1): 237-43.
Zemelman BV, Lee GA, Ng M, Miesenbock G. Selective
photostimulation of genetically chARGed neurons. Neuron. 2002;
33(1): 15-22.
Tye KM, Deisseroth K. Optogenetic investigation of neural circuits
underlying brain disease in animal models. Nature reviews
Neuroscience. 2012; 13(4): 251-66.
Steinberg EE, Janak PH. Establishing causality for dopamine in
neural function and behavior with optogenetics. Brain research.
2013; 1511: 46-64.
Stuber GD, Sparta DR, Stamatakis AM, van Leeuwen WA,
Hardjoprajitno JE, Cho S, et al. Excitatory transmission from the
amygdala to nucleus accumbens facilitates reward seeking. Nature.
2011; 475(7356): 377-80.
Stamatakis AM, Stuber GD. Activation of lateral habenula inputs to
the ventral midbrain promotes behavioral avoidance. Nature
neuroscience. 2012; 15(8): 1105-7.

73

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

74

Cohen JY, Haesler S, Vong L, Lowell BB, Uchida N. Neuron-typespecific signals for reward and punishment in the ventral tegmental
area. Nature. 2012; 482(7383): 85-8.
Hyman SE, Malenka RC, Nestler EJ. Neural mechanisms of
addiction: the role of reward-related learning and memory. Annual
review of neuroscience. 2006; 29: 565-98.
Tan KR, Brown M, Labouebe G, Yvon C, Creton C, Fritschy JM, et
al. Neural bases for addictive properties of benzodiazepines. Nature.
2010; 463(7282): 769-74.
van Zessen R, Phillips JL, Budygin EA, Stuber GD. Activation of
VTA GABA neurons disrupts reward consumption. Neuron. 2012;
73(6): 1184-94.
Zhuang X, Masson J, Gingrich JA, Rayport S, Hen R. Targeted gene
expression in dopamine and serotonin neurons of the mouse brain.
Journal of neuroscience methods. 2005; 143(1): 27-32.
Stuber GD, Hnasko TS, Britt JP, Edwards RH, Bonci A.
Dopaminergic terminals in the nucleus accumbens but not the dorsal
striatum corelease glutamate. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 2010; 30(24): 822933.
Tecuapetla F, Patel JC, Xenias H, English D, Tadros I, Shah F, et al.
Glutamatergic signaling by mesolimbic dopamine neurons in the
nucleus accumbens. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2010; 30(20): 7105-10.
Tritsch NX, Ding JB, Sabatini BL. Dopaminergic neurons inhibit
striatal output through non-canonical release of GABA. Nature.
2012; 490(7419): 262-6.
Bassareo V, Di Chiara G. Differential influence of associative and
nonassociative learning mechanisms on the responsiveness of
prefrontal and accumbal dopamine transmission to food stimuli in
rats fed ad libitum. The Journal of neuroscience : the official journal
of the Society for Neuroscience. 1997; 17(2): 851-61.
Rada P, Avena NM, Hoebel BG. Daily bingeing on sugar repeatedly
releases dopamine in the accumbens shell. Neuroscience. 2005;
134(3): 737-44.
Dluzen DE, McDermott JL. Sex differences in dopamine- and
vesicular monoamine-transporter functions. Annals of the New
York Academy of Sciences. 2008; 1139: 140-50.
Riccardi P, Li R, Ansari MS, Zald D, Park S, Dawant B, et al.
Amphetamine-induced displacement of [18F] fallypride in striatum
and extrastriatal regions in humans. Neuropsychopharmacology :
official
publication
of
the
American
College
of
Neuropsychopharmacology. 2006; 31(5): 1016-26.
Stamford JA. Development and ageing of the rat nigrostriatal
dopamine system studied with fast cyclic voltammetry. Journal of
neurochemistry. 1989; 52(5): 1582-9.

298.

299.

300.

301.
302.

303.

304.

305.

306.

307.

308.
309.

310.

Giros B, Jaber M, Jones SR, Wightman RM, Caron MG.
Hyperlocomotion and indifference to cocaine and amphetamine in
mice lacking the dopamine transporter. Nature. 1996; 379(6566):
606-12.
Everitt BJ, Robbins TW. Neural systems of reinforcement for drug
addiction: from actions to habits to compulsion. Nature
neuroscience. 2005; 8(11): 1481-9.
Luscher C, Malenka RC. Drug-evoked synaptic plasticity in
addiction: from molecular changes to circuit remodeling. Neuron.
2011; 69(4): 650-63.
Wolf ME. The Bermuda Triangle of cocaine-induced
neuroadaptations. Trends in neurosciences. 2010; 33(9): 391-8.
Drevets WC, Gautier C, Price JC, Kupfer DJ, Kinahan PE, Grace
AA, et al. Amphetamine-induced dopamine release in human
ventral striatum correlates with euphoria. Biological psychiatry.
2001; 49(2): 81-96.
Small DM, Jones-Gotman M, Dagher A. Feeding-induced dopamine
release in dorsal striatum correlates with meal pleasantness ratings
in healthy human volunteers. NeuroImage. 2003; 19(4): 1709-15.
Caine SB, Negus SS, Mello NK, Patel S, Bristow L, Kulagowski J,
et al. Role of dopamine D2-like receptors in cocaine selfadministration: studies with D2 receptor mutant mice and novel D2
receptor antagonists. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2002; 22(7): 2977-88.
Caine SB, Thomsen M, Gabriel KI, Berkowitz JS, Gold LH, Koob
GF, et al. Lack of self-administration of cocaine in dopamine D1
receptor knock-out mice. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2007; 27(48): 13140-50.
Xu M, Hu XT, Cooper DC, Moratalla R, Graybiel AM, White FJ, et
al. Elimination of cocaine-induced hyperactivity and dopaminemediated neurophysiological effects in dopamine D1 receptor
mutant mice. Cell. 1994; 79(6): 945-55.
El-Ghundi M, O'Dowd BF, Erclik M, George SR. Attenuation of
sucrose reinforcement in dopamine D1 receptor deficient mice. The
European journal of neuroscience. 2003; 17(4): 851-62.
Hsiao S, Smith GP. Raclopride reduces sucrose preference in rats.
Pharmacology, biochemistry, and behavior. 1995; 50(1): 121-5.
Briand LA, Flagel SB, Seeman P, Robinson TE. Cocaine selfadministration produces a persistent increase in dopamine D2 High
receptors. European neuropsychopharmacology : the journal of the
European College of Neuropsychopharmacology. 2008; 18(8): 551-6.
Maggos CE, Tsukada H, Kakiuchi T, Nishiyama S, Myers JE, Kreuter
J, et al. Sustained withdrawal allows normalization of in vivo [11C]Nmethylspiperone dopamine D2 receptor binding after chronic binge
cocaine: a positron emission tomography study in rats.
Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 1998; 19(2): 146-53.

75

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

76

Peris J, Boyson SJ, Cass WA, Curella P, Dwoskin LP, Larson G, et
al. Persistence of neurochemical changes in dopamine systems after
repeated cocaine administration. The Journal of pharmacology and
experimental therapeutics. 1990; 253(1): 38-44.
Seeger TF, Gardner EL, Bridger WF. Increase in mesolimbic
electrical self-stimulation after chronic haloperidol: reversal by LDOPA or lithium. Brain research. 1981; 215(1-2): 404-9.
Volkow ND, Wang GJ, Fowler JS, Logan J, Gatley SJ, Hitzemann
R, et al. Decreased striatal dopaminergic responsiveness in
detoxified cocaine-dependent subjects. Nature. 1997; 386(6627):
830-3.
Blum K, Sheridan PJ, Wood RC, Braverman ER, Chen TJ, Cull JG,
et al. The D2 dopamine receptor gene as a determinant of reward
deficiency syndrome. Journal of the Royal Society of Medicine.
1996; 89(7): 396-400.
Koob GF, Le Moal M. Drug addiction, dysregulation of reward, and
allostasis. Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology. 2001; 24(2): 97129.
Mendez JA, Bourque MJ, Dal Bo G, Bourdeau ML, Danik M,
Williams S, et al. Developmental and target-dependent regulation of
vesicular glutamate transporter expression by dopamine neurons.
Journal of Neuroscience. 2008; 28(25): 6309-18.
Yamaguchi T, Wang HL, Li X, Ng TH, Morales M.
Mesocorticolimbic glutamatergic pathway. The Journal of
neuroscience : the official journal of the Society for Neuroscience.
2011; 31(23): 8476-90.
Berube-Carriere N, Riad M, Dal Bo G, Levesque D, Trudeau LE,
Descarries L. The dual dopamine-glutamate phenotype of growing
mesencephalic neurons regresses in mature rat brain. The Journal of
comparative neurology. 2009; 517(6): 873-91.
Moss J, Ungless MA, Bolam JP. Dopaminergic axons in different
divisions of the adult rat striatal complex do not express vesicular
glutamate transporters. The European journal of neuroscience. 2011;
33(7): 1205-11.
Gras C, Amilhon B, Lepicard EM, Poirel O, Vinatier J, Herbin M, et
al. The vesicular glutamate transporter VGLUT3 synergizes striatal
acetylcholine tone. Nature neuroscience. 2008; 11(3): 292-300.
Omote H, Miyaji T, Juge N, Moriyama Y. Vesicular
neurotransmitter transporter: bioenergetics and regulation of
glutamate transport. Biochemistry. 2011; 50(25): 5558-65.
Maycox PR, Deckwerth T, Hell JW, Jahn R. Glutamate uptake by
brain synaptic vesicles. Energy dependence of transport and
functional reconstitution in proteoliposomes. The Journal of
biological chemistry. 1988; 263(30): 15423-8.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

Tabb JS, Kish PE, Van Dyke R, Ueda T. Glutamate transport into
synaptic vesicles. Roles of membrane potential, pH gradient, and
intravesicular pH. The Journal of biological chemistry. 1992;
267(22): 15412-8.
McIntyre CC, Savasta M, Walter BL, Vitek JL. How does deep
brain stimulation work? Present understanding and future questions.
Journal of clinical neurophysiology : official publication of the
American Electroencephalographic Society. 2004; 21(1): 40-50.
Nauta HJ, Cole M. Efferent projections of the subthalamic nucleus:
an autoradiographic study in monkey and cat. The Journal of
comparative neurology. 1978; 180(1): 1-16.
Beurrier C, Congar P, Bioulac B, Hammond C. Subthalamic nucleus
neurons switch from single-spike activity to burst-firing mode. The
Journal of neuroscience : the official journal of the Society for
Neuroscience. 1999; 19(2): 599-609.
Martin DM, Skidmore JM, Philips ST, Vieira C, Gage PJ, Condie
BG, et al. PITX2 is required for normal development of neurons in
the mouse subthalamic nucleus and midbrain. Developmental
biology. 2004; 267(1): 93-108.
Kohler C, Schwarcz R. Comparison of ibotenate and kainate
neurotoxicity in rat brain: a histological study. Neuroscience. 1983;
8(4): 819-35.
Shi LH, Woodward DJ, Luo F, Anstrom K, Schallert T, Chang JY.
High-frequency stimulation of the subthalamic nucleus reverses
limb-use asymmetry in rats with unilateral 6-hydroxydopamine
lesions. Brain research. 2004; 1013(1): 98-106.
Vlamings R, Visser-Vandewalle V, Koopmans G, Joosten EA,
Kozan R, Kaplan S, et al. High frequency stimulation of the
subthalamic nucleus improves speed of locomotion but impairs
forelimb movement in Parkinsonian rats. Neuroscience. 2007;
148(3): 815-23.
Michael AC, Ikeda M, Justice JB, Jr. Mechanisms contributing to
the recovery of striatal releasable dopamine following MFB
stimulation. Brain research. 1987; 421(1-2): 325-35.
Patel J, Mooslehner KA, Chan PM, Emson PC, Stamford JA.
Presynaptic control of striatal dopamine neurotransmission in adult
vesicular monoamine transporter 2 (VMAT2) mutant mice. Journal
of neurochemistry. 2003; 85(4): 898-910.
Ramsson ES, Howard CD, Covey DP, Garris PA. High doses of
amphetamine augment, rather than disrupt, exocytotic dopamine
release in the dorsal and ventral striatum of the anesthetized rat.
Journal of neurochemistry. 2011; 119(6): 1162-72.
Walker QD, Rooney MB, Wightman RM, Kuhn CM. Dopamine
release and uptake are greater in female than male rat striatum as
measured by fast cyclic voltammetry. Neuroscience. 2000; 95(4):
1061-70.

77

335.

336.

337.

338.

339.
340.

341.
342.
343.

344.

345.

346.

78

Reith ME, Xu C, Chen NH. Pharmacology and regulation of the
neuronal dopamine transporter. European journal of pharmacology.
1997; 324(1): 1-10.
Cosgrove KP, Mazure CM, Staley JK. Evolving knowledge of sex
differences in brain structure, function, and chemistry. Biological
psychiatry. 2007; 62(8): 847-55.
Lavalaye J, Booij J, Reneman L, Habraken JB, van Royen EA.
Effect of age and gender on dopamine transporter imaging with
[123I]FP-CIT SPET in healthy volunteers. European journal of
nuclear medicine. 2000; 27(7): 867-9.
Laakso A, Vilkman H, Bergman J, Haaparanta M, Solin O,
Syvalahti E, et al. Sex differences in striatal presynaptic dopamine
synthesis capacity in healthy subjects. Biological psychiatry. 2002;
52(7): 759-63.
Hafner
H.
Gender
differences
in
schizophrenia.
Psychoneuroendocrinology. 2003; 28 Suppl 2: 17-54.
Karayiorgou M, Altemus M, Galke BL, Goldman D, Murphy DL,
Ott J, et al. Genotype determining low catechol-O-methyltransferase
activity as a risk factor for obsessive-compulsive disorder.
Proceedings of the National Academy of Sciences of the United
States of America. 1997; 94(9): 4572-5.
Bruun RD, Budman CL. The course and prognosis of Tourette
syndrome. Neurologic clinics. 1997; 15(2): 291-8.
Shulman LM. Gender differences in Parkinson's disease. Gender
medicine. 2007; 4(1): 8-18.
Afsharpour S. Topographical projections of the cerebral cortex to
the subthalamic nucleus. The Journal of comparative neurology.
1985; 236(1): 14-28.
Sugimoto T, Hattori T, Mizuno N, Itoh K, Sato M. Direct
projections from the centre median-parafascicular complex to the
subthalamic nucleus in the cat and rat. The Journal of comparative
neurology. 1983; 214(2): 209-16.
Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea
L, Diesseroth K. Phasic firing in dopaminergic neurons is sufficient
for behavioral conditioning. Science. 2009; 324(5930):1080-4.
Adamantidis AR, Tsai HC, Boutrel B, Zhang F, Stuber GD, Budygin EA, Tourino C, Bonci A, Deisseroth K, de Lecea L. Optogenetic
interrogation of doampinergic modulation of the multiple phases of
reward-seeking behavior. The Journal of Neuroscience. 2011;
31(30):10829-35.

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1019
Editor: The Dean of the Faculty of Medicine
A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-229910

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2014

