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Mental health of a person depends on the correct functioning of the brain. The brain and the
spinal cord contain many types of cells, of which one important type are called the neurons.
Neurons are special in the way they connect to each other to form large networks. The chemicals
called transmitters are packed at the nerve endings into tiny packets called vesicles and when
a signal arrives these vesicles fuse immediately to the attached cell surface and release their
contents. The role of the synaptic vesicular transporter proteins is to ensure proper packing of
transmitter molecules that can be released upon stimulation. Vesicular packing is an important
process. The carrier proteins involved in packing work in coordination to determine the amount
and type of transmitters to be packed. Missing a carrier protein from the vesicles might
lead to improper packing and inaccurate signaliing. These signaling molecules are known for
their implications in many psychiatric and neurological disorders like Alzheimer’s disease,
Parkinson’s disease, Schizophrenia, and attention deficit to name just a few.

How a vesicular transporter can affect the modulatory functions of aminergic neurons
is the subject of this thesis. This thesis reports on the effects of the loss of a vesicular
orphan transporter. Study I demonstrates the localization of this protein to monoaminergic
and cholinergic terminals. It reports the effect of the loss of Slc10A4 on vesicular dopamine
uptake, synaptic clearance of dopamine and hypersensitivity of animals to dopamine
related psychostimulants. Study I also provides evidence for ATP as a possible ligand for
SLC10A4 protein. Study II provides data on the clinical relevance of Slc10A4 in playing a
protective role against vulnerability to epilepsy. It reports that loss of Slc10A4 renders the
animals hypersensitive to cholinergic drugs. Study III provides a closer look at individual
cholinergic synapses at neuromuscular junctions in mice lacking Slc10A4. The structural and
electrophysiological properties of the NMJ are found compromised because of the loss of this
vesicular protein. Taken together, this thesis presents a SV protein’s perspective of viewing at
modulation of synaptic transmission.
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Introduction 

We process information passed on to us, and react in proper manner and 
time; that is how we grow, enrich and mature. Behavior is largely dependent 
on the appropriate functioning of neurons. Neurons are functionally connect-
ed via synapses, where the signal is transmitted by electrical or chemical 
means. The transmitter molecules are packed into tiny vesicles that fuse to 
the nerve termini and release their contents upon stimulation. Vesicles con-
tain two types of proteins on their surface: those that are involved in packing 
of the transmitters, and those that are responsible for the release and recycle 
of the vesicles. Proteins involved in transmitter packing work in coordination 
to determine the amount and type of transmitters to be packed into one vesi-
cle. Loss of a transporter protein from the vesicles might affect the whole 
signaling process because of the aberrant packing and subsequent release. 

Every simple signal input is processed at many different levels in the 
nervous system. When we read elephant or hurray our brain creates certain 
impressions from the combination of letters. After seeing a snake coming 
towards us, we immediately prepare to run away. Hearing our names called 
we become attentive and turn our head in the direction of the source. In these 
examples the sensory input is sent out to multiple neuronal circuits, which 
act in coordination to deliver the output. How is the signal processed? What 
are the molecular players in the transmission of the signal? How does the 
brain coordinate to offer alternative responses? These are some of the basic 
questions that have intrigued neurobiologists. A complete understanding of 
such an elaborate and intricate network seems like a never-ending mirage.   

What is perhaps the most intriguing question of all is whether the brain is 
powerful enough to solve the problem of its own creation  

Gregor Eichele (1992) 

Among many and varied approaches, the use of genetic and molecular tools 
to identify individual neuronal subpopulations so as to elucidate network 
functions has been an important approach in many labs including ours [1, 2]. 
The present study is a small step of advancement, where the emphasis is on 
the modulatory role of a putative transporter protein in the aminergic sub-
populations. The thesis presents a summary of my efforts to learn about the 
functional significance of the solute carrier family 10A member 4- 
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SLC10A4, a hitherto orphan transporter protein of the synaptic vesicles in 
the aminergic neurons. 

Of greater impact and general interest are outcomes of study I, where 
SLC10A4 is shown to have a role in dopamine (DA) homeostasis as DA 
signaling is implicated in pathogenesis of many psychiatric disorders. Also, 
ATP (adenosine triphosphate) has been suggested as a possible ligand for 
SLC10A4. In study II, the susceptibility of the SLC10A4 deficient mice to 
cholinergic agonists has been tested in an induced epilepsy model. A neuro-
protective role of SLC10A4 is revealed in this study. Study III branches off 
from the previous study and is focused on the role of SLC10A4 in a more 
discrete population of cholinergic synapses, the neuromuscular junction- 
NMJ. SLC10A4 emerges out as an important player in the maintenance of 
the structural and electrical integrity of the motor endplate.  

In summary, this thesis reports on important roles of SLC10A4 in neuro-
transmission and modulation by aminergic subpopulations in central and 
peripheral synapses with medical implications to neurological diseases.      
Within the scope of this study some of the topics in the following sections 
are discussed with a special focus on aminergic neurons. However, the au-
thor acknowledges and appreciates the roles of other neurons and non-
neuronal cells in transmission and modulation.  
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Background 

The nervous system- an organized mesh 
With an astounding 100 billion neurons and about 300 billion supporting 
cells packed beneath the skull the human brain makes up the central pro-
cessing unit [3]. This seemingly bizarre pack of a galactic number of cells is 
perhaps the most organized mesh. The brain together with the spinal cord 
and the nerve projections constitute the nervous system. The nerve cells ex-
hibit great cellular diversity in terms of morphology, molecular identity, 
electrical properties or physiological activity. The diversity in turn is the 
underlying reason for the capacity of the system to form complicated net-
works and mediate refined behavior patterns. The impressive number of 
connections formed by a single neuron (average 10,000 connections received 
and 1,000 connections sent) [3] further complicates the network structure. 
Neurons cannot work alone. The mesh of wires they build is the key to their 
functionality. 

To make it comprehensible, the nervous system has been divided and sub 
divided into many structural and functional categories. At the broadest level 
the nerve cells either belong to the central or the peripheral nervous system 
(CNS or PNS). Functionally, neurons are grouped into three broad catego-
ries- sensory neurons, motor neurons and associational neurons or interneu-
rons. Sensory and motor neurons are parts of the PNS, whereas the interneu-
rons reside in the CNS. Sensory neurons collect external stimuli and deliver 
the signal to the interneurons to generate a response or in some cases directly 
to the motor neurons to deliver a reflex action (monosynaptic reflexes- e.g. 
the knee jerk response). The interneurons with their myriad connections and 
distinct physiological properties are responsible for the response that is gen-
erated. In other words the interneurons are responsible for shaping our out-
ward behavior. As their complexity increases so does the unpredictability in 
our behavior. 

The interneurons are further classified into various subgroups based on 
the principal neurotransmitter they synthesize and release. The examples are 
dopaminergic, serotonergic, adrenergic and cholinergic subpopulations. Also 
these subpopulations of interneurons tend to form nuclei and cortices so as to 
collectively receive and propagate signal.    
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The aminergic subsystems 
The aminergic systems are comprised of neurons that pack and release mon-
oamines (dopamine, serotonin and noradrenalin) and acetylcholine as the 
primary neurotransmitter. These biogenic amines are responsible for much 
of the modulatory activity in the brain, and are the key to our higher order 
brain functioning and mental health. Dopamine (DA), serotonin (5-HT) and 
noradrenalin (NA) are synthesized, packed and released in similar ways in 
the neurons and together these are called monoamines. Acetylcholine (ACh) 
follows a separate route of synthesis, packing and degradation. However, the 
vesicular transporters that pack monoamines or ACh into synaptic vesicles 
belong to the same family of solute carriers, the SLC18s [4]. Although ace-
tylcholine is not a classical monoamine, it has a quaternary amine group, and 
thus can be grouped with other amines under a single umbrella of aminergic 
sub-systems [5]. Neurons of the aminergic populations are concentrated in 
small nuclei (Figure 1) but have their diffuse projections spread over most 
parts of the brain [6, 7].  

   
 
Figure 1. The different aminergic nuclei- Cholinergic: 1.ARC- arcuate nucleus, 
2.ZI- zona inserta, 3.POA- preoptic area, 4.NDB- nucleus of diagonal bar, 5. BNM- 
basal nucleus of Meynert, 6.MS- medial septum, 7.HM- medial habenula, 8.PTN- 
pedunculopontine tegmental nucleus; Dopaminergic: 1.SN- substantia nigra, 2.VTA- 
ventral tegmental area; Adrenergic: 1.LC- locus coeruleus, 2.NTS- nucleus of soli-
tary tract, 3.LRN- lateral reticular nucleus; Serotonergic: 1.DR- dorsal raphe, 
2.RME- median raphe, 3.RM- raphe magnus. (Adopted from Mollereau et al, 2000) 
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Neurotransmission 
Much like passing the baton in a relay sprint, synaptic transmission is essen-
tially the conveyance of electrical stimulus by a presynaptic neuron to the 
postsynaptic cell through chemical means at the synapse (Figure 2). A syn-
apse is formed when the axon terminus of one neuron comes in close prox-
imity with a dendrite, soma or axon of another neuron in order to transmit 
electrical or chemical signals. These are the functional contacts between 
neurons [3], and the cascade of interactions taking place at the synapse has 
been described as the fastest and most tightly regulated of all cellular trans-
ports[8]. Briefly, the sequence of neurotransmission is: 

1. SVs filled with neurotransmitters are ready at the active zone. 
2. An action potential reaches the axon terminus. 
3. Voltage sensitive Ca2+ channels open to allow inflow of Ca2+. 
4. Ready vesicles fuse to the presynaptic membrane and exocytose 

their contents. 
5. Neurotransmitters bind to receptor molecules on the postsynaptic 

membrane. 
6. Postsynaptic ligand gated channels open or close. 
7. Postsynaptic current changes cause excitatory or inhibitory poten-

tial.  
8. Excitability of the postsynaptic cell is changed accordingly. 

Pre- and post- synaptic components 
The axon terminus of the presynaptic neuron forms specialized swellings 
that contain the necessary machinery to synthesize, pack, release and recycle 
neurotransmitters. Two of the key presynaptic structural components are the 
active zone (AZ)- the site of vesicular exocytosis, and the presynaptic grid- a 
dense matrix of proteins associated with the active zone [8]. The protein 
players from the presynaptic grid include Syntaxin and SNAP-25, two mem-
bers of the SNARE complex, the third being a SV protein, Synaptobrevin 
[9].  

Dendrites, soma or axons of a postsynaptic neuron have membrane spe-
cializations in response to approaching axon termini to form axodendritic, 
axosomatic or axoaxonic synapses. The postsynaptic side of a synapse is 
decorated with neurotransmitter receptors that are either ionotropic (ligand 
gated-ion channels) or metabotropic (G-protein coupled receptors) making 
up a structure that enables signaling. A recent proteome analysis of the 
postsynaptic density documented about 1400 proteins at the postsynaptic 
specialization [10]. 
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Figure 2. Central synapses. Left: cholinergic interneurons in the striatum. Inset- a 
neuron is receiving synaptic inputs (arrows). Right: a schematic representation of a 
central synapse with pre- and postsynaptic sites in close apposition.  

A brief flashback on the ‘Nobel’ work on synaptic transmission  
Synaptic transmission has remained a subject of intense research since the dawn of the last 
century starting from the proponent of ‘the neuron doctrine’ S R y Cajal and Camillo Golgi 
(1906 Nobel laureates). Especially Cajal strongly believed nerve cells to be separate biologi-
cal entities and the synaptic relationships between them is by contiguity rather than continui-
ty. In the 1930s the general belief was that the synaptic transmission in central and peripheral 
synapses is electrical in nature. Lord Edgar Douglas Adrian was the first person to record 
action potentials from single sensory and motor nerve fibers. Adrian shared the 1932 Nobel 
Prize with Sir Charles Scott Sherrington for his discoveries regarding ‘the activity of the 
nerve fiber’. Sir John Carew Eccles, then a student of Sherrington at Oxford was a strong 
believer of the electrical nature of transmission. In the meetings of the Physiological society 
one could enjoy heated debates between Eccles and Dale on the nature of synapse. However, 
in 1936 Sir Henry Hallett Dale and Otto Loewi got recognition by the Nobel committee for 
their discoveries relating to the chemical transmission of the nerve impulse. Eccles, convinced 
by Dale, later went on to demonstrate the chemical nature of central synapses, excitatory and 
inhibitory postsynaptic potentials, and the importance of inhibitory interneurons (Renshaw 
cells) in the spinal cord. He studied very much all the major brain regions in his quest to find 
the ‘neurophysiological basis of the mind’. Eccles shared his Nobel Prize in 1963 with Alan 
Lloyd Hodgkin and Andrew Huxley for their discoveries regarding the ionic mechanisms of 
synapse. Bernard Katz worked with Eccles on neuromuscular physiology and later on discov-
ered the quantal mechanism of neurotransmitter release. Together with Miledi, Fatt and Cas-
tillo they were the first to measure miniature end plate potentials at frog neuromuscular junc-
tions. Katz got Nobel Prize in 1970 along with Julius Axelrod and Ulf Svante von Euler for 
their contributions regarding humoral transmitters in the nerve terminals and the mechanisms 
for their storage, release and inactivation. Axelrod and von Euler got the Prize for their dis-
coveries on Noradrenaline.  Recently, the contributions of Dr Arvid Carlsson on the discovery 
of dopamine and studies on monaminergic neurotransmission led him to become the 2000 
Nobel Prize winner. [11, 12] Finally, it is only apt to be presenting a thesis on a synaptic 
vesicular protein on the same year that we celebrate yet another endorsement by the Nobel 
committee to the work of Prof. Thomas C. Sudhof, Prof. James E. Rothman and Prof. Randy 
W. Schekman for their discoveries of machinery regulating vesicle traffic. In the words of 
Prof Sudhof, ‘Timing is everything’.  
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Synaptic vesicles 
Synaptic vesicles are the vehicles of neurotransmission at synapses [13]. 
There has been convincing evidence that vesicles reside in at least three dif-
ferent pools, the readily releasable pool (RRP), the recycling pool and the 
reserve pool [14-17]. It was impossible see these tiniest functional organelles 
without the invention of electron microscopy. Small SVs are spheres of 40-
50 nm diameters and consist of protein and lipids in the ratio 1:3. There are 
two major types of proteins residing on SVs; mediators of transmitter pack-
aging and mediators of SV cycle. Takamori and colleagues were the first to 
give a comprehensive description of SV proteins [18]. Neurotransmitter con-
tent of a SV is important in determining the quantal amplitude and synaptic 
strength [19, 20]. In this light, it is essential to know about the transporter 
proteins involved in vesicular neurotransmitter uptake.  

Vesicular transporter proteins 
To date, five types of synaptic vesicle transmitter transporter proteins have 
been identified. They are i) vesicular acetylcholine transporter (VAChT) 
[21], ii) vesicular monoamine transporters (VMATs) [21], iii) vesicular 
GABA and glycine transporter (VGAT) also known as vesicular inhibitory 
amino acid transporter (VIAAT) [22], iv) vesicular glutamate transporters 
(VGLUTs) [23] (review [24]) and the recently described vesicular nucleotide 
transporter (VNUT) [25]. Altered expression of transporter proteins is sug-
gested to alter the number of transporters per vesicles thereby affecting the 
quantal size (review [24]), especially when presence of single transporter per 
vesicle is sufficient for vesicular uptake [26]. 

There are also other types of transporters sitting on the presynaptic plas-
ma membrane whose function is to transport neurotransmitters or their break 
down products from the cleft into the nerve terminal for reuse. Examples of 
these types are the dopamine transporter (DAT), the serotonin transporter 
(SERT), the norepinephrine transporter (NET) and the choline transporter 
(ChT1). 

The neuromuscular junction (NMJ) 
Synapses between the motoneurons and muscle cells are called neuromuscu-
lar junctions. Some important features of NMJs, as listed below, differentiate 
them from central synapses. These features of the vertebrate NMJs make 
them amenable to many cytological/ histological techniques, electrophysiol-
ogy and relatively straightforward evaluation of the mutant phenotypes [27]. 
 

1. Relatively fixed shape and large size 
2. One axon terminus innervates a single muscle fiber (relatively 

simple connection) 
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3. Acetylcholine is the only known neurotransmitter for ionotropic 
signal transmission 

4. Large size of the postsynaptic target, the muscle fiber 
5. ACh receptor (AChR) density at synaptic (10000 per µm2) vs. ex-

tra-synaptic (10 per µm2) space 
6. Polarized terminal where SVs, mitochondria and cytoskeleton 

have a fixed distribution pattern 
7. Very robust system- presynaptic action potential always gives 

postsynaptic depolarization. 

 
Figure 3. Sketch of neuromuscular junctions: NMJs are formed on the muscle fibers 
where motor neurons terminate and branch to form pretzel like structures.   

Neuromuscular junction research has led to a better understanding of synap-
tic functions. Dr. W Kuhne produced the first depictions of NMJs through 
osmium gold staining in 1888 in the Croonian lecture [28]. In 1920s Lord E 
D Adrian was the first to record action potentials from nerve endings [29]. 
Dale demonstrated discovery of acetylcholine as the first neurotransmitter in 
frog and cat NMJs in 1930s [30]. For the first time SVs were seen under 
electron microscope in the motor endplates of lizards [31]. The quantal na-
ture of synaptic transmission was discovered by studies on frog NMJs by 
Katz and Miledi in 1960s [32, 33]. More recently, activity dependent distri-
bution of vesicular pools was demonstrated by Betz, Mao and Bewick in a 
study describing the first application of FM1-43 dye to mammalian and frog 
NMJs [34]. Hence NMJs have been the model of choice to study neuro-
transmission.  

Transmitter release at NMJs 
Acetylcholine is the principal neurotransmitter at the NMJs. In mice, a rest-
ing NMJ contain about 300,000 vesicles, of which around 400 are in a ready 
state docked on to one of the many AZs [35]. A single SV can release about 
6,000 (in rats) to 10,000 (in frog) ACh molecules into the synaptic cleft [36, 
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37]. Upon the arrival of a supra-threshold stimulus, the synchronous release 
from dozens of SVs induces a potential difference at the endplate region- the 
endplate potential (EPP) that causes the muscle to contract. At rest, a spon-
taneous vesicle fusion event releases a quantum of ACh that causes a small 
membrane depolarization termed as miniature endplate potential (MEPP). 
Therefore, vesicular release is also referred to as quantal release.  

The amount of ACh found in a resting muscle is far in excess than what 
can be released due to spontaneous SV fusions [38]. This extra ACh at the 
NMJs has been attributed to the process of nonquantal release of ACh from 
the presynaptic terminal over the whole synaptic arborization [39]. There is 
increasing evidence that ATP affects both quantal and nonquantal release of 
acetylcholine [40, 41].  

Neuromodulation 

Neuromodulation can be thought of as a change in the state of a neuron that 
alters its response to subsequent stimulation [42]. The discovery of multiple 
receptors for acetylcholine and norepinephrine [43] supported the existence 
of neuromodulation. Moreover, findings that signaling molecules are co-
transmitted by large a number of neurons in all animals provided further 
support [44]. Some of the characteristics of a neuromodulator affecting at the 
cellular level are diffuse synapses, alterations of neuronal intrinsic properties 
[45], action potential waveforms [46], synaptic strength [47] and postsynap-
tic receptor density [48]. At the circuit level, the same modulator can act at 
different sites to keep the output coordinated or different modulators could 
compensate for each other within a circuit [49] adding extraordinary richness 
to the already existing anatomical connectome [7].  

 
Figure 4. Transmission versus modulation: (A) Neurons A, B and C in different 
forms of connections. Neuron C gets modulatory input from neuron A, but transmit-
ter input from neuron B. (B) Modulation of synaptic transmission; T, transmitting 
neuron and M, modulatory neuron. (C) Closer view of (B).     
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Dopaminergic modulation 
Dopamine stands out as one of the most behaviorally powerful neuromodu-
lators used by the brain as is evident from its involvement in the pathogene-
sis of many psychiatric and neurological diseases including Parkinson’s dis-
ease (PD), addiction, schizophrenia and obsessive-compulsive disorder (re-
view [50]). The influence of DA as a neuromodulator include several steps 
of synaptic transmission such as probability of neurotransmitter release, 
postsynaptic sensitivity and membrane excitability of pre- and postsynaptic 
neurons [50]. Most DA neurons are located in the SN and VTA, and send 
their projections to the Str and nucleus acumbens- NAc. Dopaminergic mod-
ulation is mediated via G-protein coupled receptors (GPCRs) [51]. Depend-
ing on the G-protein they attach, these receptors are grouped into two clas-
ses; D1 and D5 (D1 like) attach to Gs and Golf proteins that stimulate ade-
nylyl cyclase, elevating the levels of cAMP. D2, D3 and D4 (D2 like) recep-
tors are coupled to Gi/Go proteins that inhibit adenylyl cyclase [52]. D1 and 
D2 receptors expression in the striatal spiny interneurons is the key for the 
dopaminergic modulation [53, 54].  

 

Cholinergic modulation  
Exactly a century ego ACh was discovered as a principle component in ergot 
with distinct nicotine and muscarine types of effects [55, 56]. Since then, 
ACh has been extensively studied, first as a neurotransmitter at the NMJs 
[32], but also as a modulator of central synapses [57, 58]. The proposed 
modulatory role of ACh is to increase transmitter release in response to other 
stimuli, promote burst firing and suppress tonic firing and to contribute to 
synaptic plasticity [42]. Cholinergic neuron types (projection neurons or 
interneurons [59]), receptor types and their location (Pre- and postsynaptic 
receptors of nicotinic and muscarinic types [60, 61]) as well as mode of 
transmission (point-to-point or diffuse [62-64]) are the determinants of ACh 
neuromodulation in the brain.  

ACh signaling in many brain regions has been shown to affect behaviors. 
Such examples are- a) the mesolimbic DA system in connection to addiction 
and reward [65, 66], b) the cortex in the context of cue detection, attention 
and memory [58], c) the hippocampus and synaptic plasticity and theta 
rhythm[67] and d) general increased ACh signaling and depression [68]. 

ATP as a neuromodulator 
The first evidence for a modulatory role of extracellular ATP came from the 
finding that the application of ATP prior to injection of ACh increases the 
cholinergic sensitivity of the skeletal muscle in frog and mammal [69]. Lat-
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er, the discovery of ATP release from nerve endings [70] led to the proposal 
by Geoffery Burnstock of a purinergic transmission [71]. ATP is used as the 
primary neurotransmitter in certain neural populations to mediate fast excita-
tory synaptic transmission [72]. Over the last three decades ATP emerged as 
a neuromodulator and cotransmitter with other classical neurotransmitters 
such as ACh, DA and NA in central as well as peripheral nerves [73, 74]. 

Unlike the classical neurotransmitters, ATP released into the synaptic 
cleft could be utilized on a longer time scale in the form of its degradation 
products ADP and adenosine, which can also elicit receptor activation and 
downstream signaling. Purine receptors are distributed at pre-, post- and 
extra synaptic sites and depending on their ligand these are classified as P1 
(adenosine receptors, Adora1 and Adora2a and Adora2b) and P2 (ionotropic 
P2Xs, and metabotropic P2Ys) [73]. 

In the case of adenosine this effect depends on a balance between the two 
types of receptor population (inhibitory A1 and facilitatory A2A) and occu-
pancy [75]. Extracellular adenosine can bind to both A1 and A2A receptors. 
The local neuromodulation in this case is a balance between activation of 
these two receptor populations, which in turn depends on the distribution of 
these receptors in synaptic or extrasynaptic space. 

Disorders of neuromodulation 
Nearly all the psychological, psychiatric and neurological disorders are 
linked to dysfunctional neuromodulation at either cellular, microcircuit or 
network levels. Impaired attentional/ cognitive processing may be looked 
upon as a major cause of many psychiatric disorders, and this process is 
modulated by a combination of cholinergic, dopaminergic, serotonergic and 
glutamatergic components [58, 76]. Several neuropsychiatric abnormalities 
such as dementia (Huntington’s disease, Parkinson’s disease), schizophrenia 
[77], and attention deficit hyperactivity disorder (ADHD) [78] result from 
attention deregulation. Furthermore, the noradrenergic dysmodulation has 
been described as a common factor in Alzheimer’s disease, Parkinson’s dis-
ease and epilepsy [79].  

Such interlink between diverse neuromodulatory systems and the collabo-
rative function is self explanatory as to why there is no clear understanding 
of disease symptoms in many neurological disorders. This is also reflective 
in our less successful treatment strategies. Even acute administration of 
drugs in a spatio-temporally restricted fashion might not rule out the side 
effects. One example is even though acute or chronic application of nicotine 
could endorse attention and working memory in experimental animals [80] 
and Alzheimer’s patients [80, 81] its effect on elevated addictive behavior 
cannot be overlooked, as drug evoked change in the synaptic plasticity out-
lasts the presence of drug [82]. 
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The Solute Carriers  
Proteins belonging to the super-family of solute carriers (SLCs) are involved 
in transport of diverse solutes such as organic molecules and inorganic ions 
across a biological membrane. Based on the transport types these proteins 
are categorized as co-transporters, exchangers, facilitated transporters and 
orphan transporters (www.bioparadigms.org) and can be located in the plas-
ma membrane, mitochondrial membrane or in the vesicular membrane [83]. 
Of particular interest for the present studies are vesicular transporter pro-
teins, especially the ones involved in packing amine neurotransmitters into 
the synaptic vesicles.  

Vesicular solute carriers 
SLC sub-families whose members pack neurotransmitters are: the SLC17- 
the glutamate transporter family, the SLC18- the amine transporter family 
and the SLC32- the inhibitory amino acid transporter family. The members 
of SLC18 family include vesicular monoamine transporters 1 and 2 
(VMAT1/ SLC18A1, VMAT2/ SLC18A2) and vesicular acetylcholine 
transporter (VAChT, SLC18A3). VMAT2 and VAChT are expressed in the 
aminergic modulatory neurons. VMAT2 is responsible for the storage of all 
monoamines in the CNS and VAChT is responsible for transport and storage 
of acetylcholine in cholinergic neurons. These are 12 trans-membrane do-
main-containing proteins with their N- and C- termini facing the cytoplasmic 
side [4].  

Studies on the role of VMAT2 and VAChT in physiology and synaptic 
functioning have been performed in knockout mice [84, 85]. As complete 
knockouts for these genes resulted in perinatal death, mice with reduced 
expressions of the transporters have been used to understand the biological 
significance of these vesicular proteins. Mouse with reduced VAChT ex-
pression showed hyper-susceptibility to pilocarpine-induced epilepsy [86], 
lower vesicular content of ACh and lower quantal size of the endplate poten-
tial at the NMJ [87]. Interestingly, a protein of the SLC10 family is found as 
a common molecule in the vesicles of VMAT2 and VAChT expressing neu-
rons.  

SLC10  
The solute carrier family 10, also known as ‘sodium bile acid cotransporter 
family’ got its name because the two most established members (SLC10A1 
and SLC10A2) transport bile acids in the presence of sodium. SLC10A1, the 
Na+/taurocholate cotransporting polypeptide-NTCP [88, 89] and SLC10A2, 
the apical sodium-dependent bile acid transporter-ASBT [90] are essentially 
involved in maintenance of enterohepatic circulation of bile acid by active 
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transport of bile acid from gastrointestinal tract to blood/ plasma via ASBT 
and from blood/ plasma to lever cells via NTCP [91]. The nomenclature was 
challenged by the identification of another protein, SLC10A6/ sodium-
dependent organic anion transporter; SOAT that transports sulfated bile acid 
and steroid hormones [92]. Subsequent reports on other members of the 
SLC10 family by basic in-silico homology search followed by cloning and in 
vitro characterization have increased the number to 7 proteins, namely 
SLC10A1-7. While the function and substrate specification stays illusive for 
SLC10A3, SLC10A4, SLC10A5 and SLC10A7, substantial progress has 
been made to understand SLC10A4 mainly because of its unexpected loca-
tion to neuronal tissue in the brain and periphery [93]. 

SLC10A4 
The first report on identification of SLC10A4 was published in February 
2004, on an expressed sequence tag (EST) search based on its 37% amino 
acid sequence identity to NTCP [91]. The report also pointed out SLC10A4 
expression to be predominantly in neural tissue. Successive reports on its 
mRNA expression in spinal cord, salivary gland and adrenal gland [94], 
ventral mesencephalon [95], placenta, brain and pancreas [96], and more 
specifically in the motoneurons of spinal cord and various aminergic nuclei 
in the brain (Study I) gave a clear picture of the cell types that express 
SLC10A4. Geyer and colleagues provided a comprehensive catalogue of 
tissue types with immunopositive signals for SLC10A4 protein [97].  

As of today, SLC10A4 is known to pair with NTCP to form heterodimer 
when forced to coexpress in a bone derived cell line, U2OS [98] leading to 
lowering of bile acid uptake by internalization of NTCP. Transport function 
of protease treated SLC10A4 has been assessed to find that the canonical 
bile acids- taurocholic acid (TCA) and lithocholic acid (LCA)- could be 
transported into the TE267 cells [99]. With the report of the presence of cy-
tosolic bile acids in the rat brain [100], it is possible that SLC10A4 in the 
protease activated form could transport bile acids. Finally, the latest report 
on aberrant expression of SLC10A4 in postmortem brain tissues from people 
that suffered from Alzheimer’s disease [101] highlights its potential as an 
‘exciting new protein’ as Karin Borges ends her speculative commentary 
[102].       
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Aims of the studies 

The overall aim has been to understand and elucidate the biological func-
tions of SLC10A4. Specific goals of individual projects are listed below. 

 
 
 

Study I 
• Study the localization of SLC10A4 in aminergic neurons. 
• Investigate the role of SLC10A4 in dopamine homeostasis in the brain. 
• Study expression levels of genes involved in DA homeostasis. 

 

Study II 
• Examine the effects of loss of SLC10A4 on cholinergic transmission in 

an animal model for induced epilepsy. 
• Study expression patterns of genes involved in cholinergic transmission 

in the hippocampus of SLC10A4 deficient mice.  

 

Study III 
• Investigate the role of SLC10A4 in synaptic transmission at peripheral 

cholinergic synapses, the neuromuscular junction (NMJ). 
• Study the electrophysiological properties of endplates lacking SLC10A4. 
• Study expression levels of genes for receptors at pre- and postsynaptic 

site at NMJs.   
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Methodological considerations 

Animal models 
The choice of the house mouse (Mus musculus) as an animal model in the 
present studies is based on the lab’s prior expertise on mouse genetics and 
mouse handling. In general, the mouse as a model organism for neuroscience 
research is chosen due to its structural similarity to human brain, options for 
studies on different behavioral traits, similarity in neurotransmitter functions 
and 85% homology to the human genome. The availability of many estab-
lished mouse models of neurological diseases is an added advantage to com-
pare traits of a newly generated knockout mouse to an established model 
[103]. Use of other established animal models such as C. elegans, D. mela-
nogaster and D. rerio could be argued against M. musculus as these are sim-
pler systems, and the generation of transgenic lines is somewhat easier. 
However, when it comes to comparing the study results to human subjects, 
phylogenetically the closest animal model would be preferred. 

In the present study, complete descriptions of mouse lines are given in the 
papers and manuscripts appended to this thesis. It is worth mentioning here 
though, that special care was taken not to mix Chat-Cre mouse with R26- 
Tomato reporter mouse until the final breeding. This strategy was followed 
because in our experience mixing Cre lines with reporter lines one or two 
generations ahead of the experiment results in ectopic and/or global expres-
sion of the reporter gene. The breeding strategy to generate Slc10A4 KO and 
wild type (WT) that expressed Tomato protein in ChAT positive cells is 
described in the figure below. 

 
 Figure 5. Breeding strategy to generate ChAT-Cre/ Tomato reporter mice in 
Slc10A4 genetic background. 

Slc10A4-/-     X     Chat-Cre tg/tg 

Slc10A4+/-/ Chat-Cre tg/wt     X     Slc10A4+/-/ Chat-Cre tg/wt  

Slc10A4+/-/ Chat-Cre tg/tg 

Slc10A4-/-     X     R26-Tomato tg/tg 

Slc10A4+/-/ R26-Tomato tg/wt    X   Slc10A4+/-/ R26-Tomato tg/wt  

Slc10A4+/-/ R26-Tomato tg/tg X 

Slc10A4+/+/ Chat-Cre tg/wt/ R26-Tomato tg/wt 

Slc10A4-/-/ Chat-Cre tg/wt/ R26-Tomato tg/wt 
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All the animals were housed as approved by the animal care unit of the Upp-
sala University and experiments were conducted according to the guidelines 
of the Swedish regulation and European legalization. 

In-situ hybridization 
RNA in situ hybridization for genes of synaptic proteins is a standard meth-
od to identify neurons expressing those. Aminergic neurons project over 
long distances to ramify throughout the brain making it virtually impossible 
to identify a neuron based on proteins located at their synaptic terminals. The 
principle of in-situ hybridization is that antisense RNA (riboprobe) will bind 
to the sense RNA (cellular transcripts) with high specificity when given the 
proper conditions. RNA-RNA hybrids are stronger than RNA-DNA hybrids 
that are stronger than DNA double strands. The antisense transcript is syn-
thesized in-vitro giving the possibility to label them with a suitable marker 
molecule, such as Digoxigenin- a steroid compound with high immunogen-
icity that can be conjugated to an RNA nucleoside (typically uridine). Using 
an immunological detection method, bound riboprobes can be visualized 
under a microscope. The whole procedure is conducted in an RNase free 
environment. In our lab, we used floating tissue sections as well as cryosec-
tions collected on to glass slides to carry out in-situ hybridization. 

SV co-immunoprecipitation 
To know if SLC10A4 was present on the same vesicles as VMAT2 or 
VAChT intact SVs were pulled with antibody against one protein and ana-
lyzed for the presence of other. Detergent free buffer was the key to pull 
down intact SVs, whereas IP buffer (the RIPA buffer) normally used to de-
tect protein-protein interaction served as a control (Figure 4). 

 
  
Figure 6. Schematic representation of the vesicle IP experiment 

Real time quantitative PCR 
Another RNA measurement method is quantitative PCR on cDNA reverse 
transcribed from mRNA. This technique measures minute differences in the 
RNA levels between samples. However, there are certain important consid-
erations as follows. 
 

IgG No Ab RIPA-IP IP 
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• Design of primers: When possible, primers for our studies were picked 
from adjacent axons to avoid amplifying genomic DNA in the PCR reac-
tion. Also the amplicon size was kept below 200 bp to give equal time 
and chance for synthesis.  

• Choice of enzymes for cDNA synthesis and qPCR: The Dynamo cDNA 
synthesis kit from Finnzyme was used because it is designed specifically 
to make short fragments of cDNA with high efficiency. This would give 
a better representation of the complete coverage of RNA species of all 
lengths. Then for qPCR an enzyme was chosen that had very high effi-
ciency in amplifying short fragments to give leverage on the primer effi-
ciency of different genes. 

• Quality control: Starting from the RNA isolation step till the analysis 
step we checked the quality of sample and data. RNA degradation, DNA 
contamination, efficient amplification, correct normalization were thor-
oughly checked following the MIQE (Minimum information on qPCR 
experiments) guidelines [104]. 

SV enrichment 
Synaptic vesicle enrichment from the whole mouse brains or striata was 
carried out in different ways for different experiments. To obtain more vesi-
cles but also some accompanying contaminants a simple procedure of differ-
ential centrifugation was used, after certain adaptations from the original 
Teng protocol [105]. These SVs were used for DA uptake experiments, co-
immunoprecipitation, Western blotting and SV acidification test. A more 
pure form of SV was isolated following Reinhard Jahn lab protocol, which is 
a modification of the original Huttner protocol for SV enrichment [106, 
107].  The pure form of vesicles was taken for the proximity ligation assay 
and STED microscopy. 

DA uptake assay 
We used radioactive dopamine to measure DA uptake into SVs. The original 
Teng et al. DA uptake protocol [105] was optimized for buffer components, 
and temperature conditions in our set up. Briefly, SVs were incubated with 
radioactive DA and filtered through a membrane that will hold SVs. The 
membrane was then put in scintillation solution in a vial to measure the radi-
oactivity counts. Cell harvester generally used for uptake assay could not be 
used in our SV uptake condition, mostly because of the small size of the 
organelles. We had to manually filter the SV solution through a filter with a 
suction pump attached to the collecting conical flask. 

Muscle tissue 
To study electrophysiology of the NMJs, the FDB-tibial/ medial plantar 
nerve preparation was chosen over the diaphragm-phrenic nerve preparation. 
This is because for each mouse sacrificed, two nearly identical preparations 
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can be obtained, one from each hind limb. Moreover, the tibial nerve is 
much thicker than the phrenic nerve, runs beneath the gastrocnemius muscle 
making it relatively easy to isolate and still preserve its integrity. The FDB 
muscle has a pinnate appearance with the small fibers (0.8 mm) that are iso-
potential throughout their length (Figure 5).   

 
Figure 7. The tibial-FDB preparation 

The triangularis sterni (TS) muscle was chosen for structural analysis of the 
endplates. The TS muscle lies as a thin sheet of about 3-4 cell layers imme-
diately below the rib bones on the inner side of the ribcage. However, for 
colocalization of SLC10A4 and VAChT as well as for VAChT distribution 
on NMJs the diaphragm and gastrocnemius muscle tissues was cryo-
sectioned and taken for immunohistochemistry. 
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Results and discussion 

Study I 
SLC10A4 modulating monoamine homeostasis 
 
Setting 
Slc10A4 came up as one of the genes that were enriched in the ventral spinal 
cord and it had a ‘cholinergic neuron’ pattern of expression [1]. Further in 
situ hybridization on the brain sections demonstrated its specific expression 
in all aminergic nuclei, which was unexpected from a putative bile acid 
transporter but verified the previous findings of its neuronal expression [91, 
95, 96]. When the project was conceived, nothing was known of the biologi-
cal and transport functions of SLC10A4. We set out initially to further pin-
point the subcellular location of this putative membrane protein, and then 
using a knockout mouse model, to understand its role in the dopaminergic 
neurotransmission.  

Main results and significance 
In the central nervous system SLC10A4 was exclusively present in the 
aminergic neurons and co-localized with VMAT2 and VAChT on the synap-
tic vesicles. Animals lacking SLC10A4 were slightly hypoactive and had 
reduced striatal levels of monoamines. While SLC10A4 facilitated DA up-
take into vesicles it did not itself transport DA or ACh. Slc10A4 KO animals 
displayed reduced clearance of endogenous and exogenous dopamine from 
the striatal tissue, resulting in a situation similar to when under the influence 
of psychoactive drugs. This impaired neurotransmitter packing and clearance 
after being released to the synaptic cleft increased the vulnerability to psy-
choactive drugs such as amphetamine and tranylcypromine, whereas DAT 
and VMAT2 blockers such as cocaine and reserpine had similar effects on 
Slc10A4 KO as on the control animals. Further, we discovered that HEK 
cells transfected with Slc10A4 could accumulate ATP, the cotransmitter 
shown to act as a modulator of neurotransmission. It is plausible that ATP 
being a negatively charged molecule could be packed by SLC10A4 that 
would promote simultaneous packing of positively charged amines.   

Research in the area of neuromodulation has a strong general public inter-
est because of the roles the neuromodulators play in keeping our mental 
wellbeing. Monoamines as well as acetylcholine are classical neuromodula-
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tors in the CNS as has been discussed before. Discovery of DA and studies 
on DAT and VMAT2 are milestones in the field of dopamine-mediated 
modulation. Study I could be an important addition where we provide evi-
dence on how SLC10A4 mediates neuromodulation in dopaminergic neu-
rons. 

Study II 
Neuroprotective role for Slc10A4 in an epilepsy mouse model 
 
Setting  
In parallel to study I the cholinergic link of Slc10A4 was investigated with 
the background that SLC10A4 is present in the presynaptic terminals of cho-
linergic neurons. Another important finding from study I was that ampheta-
mine treated Slc10A4 KO animals displayed hypersensitivity compared to 
controls. We hypothesized that the absence of Slc10a4 would result in an 
altered sensitivity to cholinergic stimulus. We used electroencephalography 
(EEG) on live performing mice and electrophysiological recordings from 
hippocampal slices in vitro to understand the effects of lack of Slc10A4 in an 
induced epilepsy model.  

Main results and significance    
When field recordings were analyzed from hippocampal slices of Slc10A4 
KO and WT, to our surprise we saw spontaneous activity in the gamma 
range in the KO but not in the WT. This observation was reiterated in the 
electroencephalography (EEG) recordings from the cortex in the form of 
spontaneous epilepsy-associated interictal activity. Such spike activity might 
reflect network instability and indicate epileptic vulnerability, because cho-
linergic system has been known to play a modulatory role in epileptic sei-
zure [87, 108]. Further, modest cholinergic stimulation of Slc10A4 null slices 
resulted in epileptiform activity, and Slc10A4 KO mice were hypersensitive 
in a cholinergic model of status epilepticus. 

Next we studied mRNA expression pattern of other synaptic proteins in-
cluding VGLUT2, VIAAT, ChAT, VAChT and DAT by in-situ hybridiza-
tion. No change in the pattern or intensity of mRNA expression for these 
genes was noticed. RTqPCR was employed to check the levels of transport-
ers in the striatum and postsynaptic receptors in the hippocampus. RTqPCR 
results supported the ISH results of no changes in the expression, except for 
a small but significant reduction in the expression of cholinergic muscarinic 
receptor M3.  

This study is the first one to provide in vitro and in vivo evidence that 
SLC10A4 plays a significant role in cholinergic homeostasis providing the 
brain protection against epilepsy. There is obvious clinical usefulness of this 
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study where epilepsy patients can be screened for Slc10A4 mutations/ SNPs 
to establish any further association. If any such association is found, Slc10A4 
could be used as a genetic marker for predisposition to epilepsy. 

Study III  
Slc10A4 in structural remodeling and transmitter release at NMJs 
 
Setting 
The previous studies clearly point to synaptic transmission defects as a result 
of the loss of SLC10A4 from presynaptic vesicles. However, owing to the 
diversity of connections and transmitters in central synapses it is very diffi-
cult to segregate and investigate one particular type of transmission. On the 
other hand, the neuromuscular synapse provides an ideal system to study 
cholinergic transmission at individual synapses. We took advantage of this 
system and questioned if the relatively simple cholinergic synapse was al-
tered in the absence of Slc10A4. 

Main results and significance  
We observed a fragmented structure of endplates in adult mice lacking 
Slc10A4 that displayed normal motor abilities. In line with the previous find-
ing on lower vesicular filling of dopamine, we saw a decrease in the ampli-
tude of miniature endplate potentials (mEPPs) resulting perhaps from lower 
amounts of ACh released per vesicle. However, the endplate potentials 
(EPPs) and the size of readily releasable pool (RRP) of vesicles were in-
creased in the Slc10A4 KO. Moreover, the Slc10A4 KO displayed postsynap-
tic sensitization with elevated expression of ACh receptor subunits, which 
may compensate for the defective endplates and tentatively explain the ab-
sence of motor disabilities. Another interesting observation is the low levels 
of presynaptic adenosine receptor subtype A2A. This study provides the first 
evidence on the role of Slc10A4 in the NMJ development and function.    

Discussion 
The emerging biological function of Slc10A4 in modulating dopaminergic 
and cholinergic transmission has been demonstrated in this thesis work. 
Slc10A4 is also expressed in other aminergic nuclei in the brain such as the 
locus coeruleus (noradrenaline) and the Raphe nuclei (serotonin), and in 
other tissues and cell types such as mast cells (histamine) and chromaffin 
cells (adrenaline). A complete picture of the possible roles SLC10A4 plays 
is therefore missing from these present studies. Separate projects, however, 
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are taking shape in the lab with preliminary observations and solid data in 
some cases, to study Slc10A4 functionality in these systems.  

The use of constitutive Slc10A4 KO mice may present a less severe pic-
ture of the overall effect we see in these studies. Partly, this is because the 
aminergic neurons are known to modulate each other in the CNS. For in-
stance it is possible that different modulators may work in coordination to 
compensate for the low release of a specific transmitter to maintain the over-
all circuit output. Moreover, the loss of Slc10A4 may be compensated for 
during development as also discussed in study III. To sharpen our studies, 
we could aim to acutely delete Slc10A4 specifically in DAT positive, SERT 
positive, NET positive and ChAT positive neurons, respectively. This can be 
achieved with a Lox-Slc10A4-Lox-Reporter/ tamoxifen-inducible Cre mouse 
driven by any of the promoters for Dat, Sert, Net or Chat. We are in the pro-
cess of obtaining these mouse lines and specific projects will soon be initiat-
ed.  

Orientation of SLC10A4 
A potential drawback in the uptake studies after membrane expression of a 
vesicular protein is overlooking the orientation of the mature protein. 
SLC10A4 is a glycoprotein with potential glycosylation sites at the N-
terminal. When a protein is made on the surface of the endoplasmic reticu-
lum (ER), the N-terminal enters the lumen of the ER and gets glycosylated 
to stabilize the orientation [109]. This orientation is retained when a vesicle 
containing this protein buds off the trans-Golgi site. Plasma membrane pro-
teins (NTCP, ASBT or SOAT) are taken to the plasma membrane by endo-
some, which fuses to the membrane and orients the N-terminal to the extra-
cellular space. Synaptic proteins (example SLC10A4) are restricted from this 
change in orientation until the synaptic vesicle fuses with the plasma mem-
brane for the release of neurotransmitters. Unless there is an explanation for 
flipping SLC10A4 on the SV membrane it is confusing how this protein 
would transport bile salts in the opposite direction when expressed in HEK 
cells or Xenopus oocytes. In stead, vacuolar accumulation of substances in 
the presence or absence of SLC10A4 could provide a better understanding of 
the molecule(s) transported by SLC10A4.  

Possible ligands of SLC10A4 
SLC10A4 has similar sequence identity with NTCP, ASBT and SOAT that 
are known to transport bile acids and their sulfates [110]. It is of interest to 
note that certain Asian ethnic populations have gathered a mutation in NTCP 
(Ser267Phe) that reduces bile acid uptake [111, 112]. Further, the same ami-
no acid position displays a polymorphism between NTCP and SLC10A4 
(Ser/Ile). Serine has a polar side chain while Phenylalanine and Isoleucine 
have hydrophobic side chains. This inherent change might explain the inabil-
ity of SLC10A4 to transport bile acids in the presence of sodium [97]. The 
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transport studies undertaken so far have not been conclusive. The study by 
Abe et al. on TCA and LCA transport by protease activated SLC10A4 is not 
particularly convincing, even though the cell viability assay after LCA up-
take by thrombin treated cell demonstrate the accumulation of LCA after the 
treatment [99]. 

Chances for ATP 
ATP is a known cotransmitter with a modulatory role in the neurotransmis-
sion[113]. The molecular properties of TCA and ATP are quite similar (Fig-
ure 6), and hence ATP seems to be a reasonable molecule in the right place 
to be a prime suspect. 

  
Figure 8. Comparison between TCA and ATP 

ATP released in the medial habenula, a brain structure for purinergic trans-
mission, is known to originate from the cholinergic medial septum [114]. 
Further, the release of ATP in the habenula is unsynchronized to GABA and 
glutamate release, suggesting that this ATP is packed in a distinct pool of 
vesicles [115]. The recently discovered vesicular nucleotide transporter 
(Vnut) has a ubiquitous expression in neurons and glia with no specificity for 
aminergic nuclei. Also, Slc10A4 expression is undetectable in the medial 
habenula that has a higher expression of Vnut, whereas it is distinctly visible 
in the specific aminergic nuclei. In the neuromuscular junction, VNUT was 
not detected by antibody labeling (Figure 7). 

 

Taurocholic acid (515.7 g/mol) Adenosine triphosphate (507.18 g/mol) 
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Figure 9. Comparison of VNUT and SLC10A4 expression: The upper panel (white 
background) show images of mRNA ISH taken from the Allen brain atlas, rectangle 
marks the medial habenula. Lower panel shows images of triangularis sterni NMJs 
from p21 mice. Scale bar = 10µm.    

It will be interesting to investigate if Vnut and Slc10A4 transcripts colocalize 
to the same cells. Also the VNUT antibody needs further validation in the 
brain tissue. We carried out a screen for all known ATP and adenosine re-
ceptors in mid brain (containing VTA and SNpc), striatum (containing cho-
linergic interneurons), and hippocampus (containing neurons that receive 
cholinergic inputs from septal nucleus). We did not find any change in the 
expression levels of these receptors or of Vnut by qRTPCR. However, in the 
spinal cord there was 40% down regulation of adenosine A2A receptor 
(Adora2a) in the Slc10A4 KO compared to control (study III). This is of 
particular importance as A2A receptors are located to the presynaptic mem-
brane, whereas A1 receptors are distributed throughout the cell body of a 
neuron[75].  

These results along with the results from ATP uptake in HEK cells and 
ATP release from bone marrow derived mast cells (BMMCs) support ATP 
as a ligand for SLC10A4. To strengthen this hypothesis, more work is need-
ed, perhaps by repeating ATP uptake experiments in cell free systems as has 
been done for VNUT [25, 116]. Further, the synaptosomal release and vesi-
cle uptake of ATP in the Slc10A4 KO could be repeated focusing on regions 
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known for purinergic transmission such as medial habenula, locus coeruleus 
and hippocampus. Another possibility is real time ATP release measurement 
by a microelectrode biosensor [117], quite similar to the FAST electrode 
used for DA measurement in study I. 

A possible role for bile acids 
Slc10A4 seems to have a more general role in humans compared to rodents 
based on the tissue mRNA expression pattern [97]. For instance, in humans, 
SLC10A4 is expressed at comparable amounts in the brain, small intestine 
and colon, whereas in the rat, the difference is about 100-fold between brain 
and the other two tissues. This could be due to species-specific mutations 
that gave the human protein some liberation on the binding capacity to vari-
ous ligands. A recent study proposing TCA and LCA transport by thrombin-
activated SLC10A4 is of particular interest [99]. However, even if bile acids 
are endogenously synthesized in the brain [118] and bile acid receptor 
NR1H4 is detected in certain brain regions [119] it is intriguing that a vesic-
ular bile acid transporter may be present only in aminergic neurons.   

Implications in neurological disorders 
Vesicular sequestration of dopamine has been shown to be of central im-
portance in Parkinson’s disease (PD) [120]. Scientific evidences are pointing 
to that the orphan vesicular transporter SLC10A4 may be of significant rele-
vance for this process in the disease etiology of PD, but this protein also 
appears to be relevant to other neurological diseases. For example, Slc10A4 
has been reported to be the most significantly down-regulated gene in the 
lumbar spinal cord of SOD1-G93A mice, a murine model of amyotrophic 
lateral sclerosis (ALS) [121]. Recently, down regulation of SLC10A4 was 
linked to the severity of Alzheimer’s disease-related pathology in humans 
[101] and even more recently, has also been associated to anxiety [122]. 

Study II in this thesis has been an important addition to the list of reports 
on the clinical relevance of Slc10A4. In addition, a preliminary genome wide 
association-study has been carried out in the lab. The details of that project 
are outside the scope of this thesis. However, it is worth mentioning here that 
important association has been discovered between patients with addiction 
problems and single nucleotide polymorphisms in the Slc10A4 genomic lo-
cus. 
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Concluding remarks  

Mental illness contributes to the global burden of disease (GBD) at a re-
markable share of 14%, which is greater than all cancer types combined 
[123]. However, the research papers (since 2002) devoted to these chronic 
disorders reveal a starkly different ordering of priorities: cancer 23%, cardi-
ovascular diseases 17.6%, stroke 3.1% and dementia 1.4% (GBD report 
from WHO, 2003). Further, the burden of neurological disorders is reaching 
a significant proportion in countries with a growing percentage of the popu-
lation over 65 years old (GBD report: Neurological disorders 2006). These 
statements serve to reiterate the importance of research in the line of mental 
illness at all levels from basic research to rehabilitation improvements. 

The studies presented in this thesis are a miniscule contribution to the 
vastness of knowledge already available for treatment of mental health and 
neurological diseases. Given its expression in all populations of aminergic 
neurons, the potential for SLC10A4 as drug target is uncertain at this mo-
ment. Some observations of importance for understanding the role of this 
gene in modulation of neurotransmission have been made. It is hoped that 
this model gives a different perspective of a vesicular protein that can be 
used to better understand transmission and modulation. 

To conclude I go back to where it started 

‘The life spans of scientific truths are an inverse function of the intensity of 
scientific efforts.’ 
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 Summary in English 

Mental health is as important as the physical wellbeing. Mental health of a 
person depends on the correct functioning of the brain. The brain and the 
spinal cord contain many types of cells, of which one important type are 
called the nerve cells or neurons. Neurons are special in the way they con-
nect to each other to form large networks. By these connections they pass on 
the signal to other cells and are able to also modify the signal strength in 
other cells. The chemicals called transmitters are packed at the nerve endings 
into tiny packets called vesicles and wait for a signal. When a signal arrives, 
these vesicles fuse immediately to the attached cell surface and release their 
contents. These released molecules can act as a transmitter signal or as a 
signal to modify the properties of the nearby neurons. Some transmitters are 
better known for their ability to modify the signaling capacity of a neuron. 
These transmitters generally contain a specific molecule called amine. Do-
pamine, adrenalin and acetylcholine are well known transmitters that contain 
amine. These molecules are also known because of their implications in 
many psychiatric and neurological disorders like Alzheimer’s disease, Par-
kinson’s disease, Schizophrenia, and attention deficit to name just a few.  

Vesicular packing is an important process. The carrier proteins involved 
in packing work in coordination to determine the amount and type of trans-
mitters to be packed. Missing a carrier protein from the vesicles might lead 
to improper packing and inaccurate signaling. This could cause a huge prob-
lem in the overall functioning of the nervous system. Specifically, if a carrier 
protein in the amine-packing group is nonfunctional or missing, then it could 
lead to one or many neurological complications including those listed above. 
Therefore, knowledge from studies of such proteins can be very significant 
to understand our mental health and develop better treatment strategies. 

I have undertaken studies on a vesicular protein, solute carrier family 10A 
member 4- SLC10A4, which is common to all neurons transmitting amines. 
I have specifically investigated the dopamine and acetylcholine transmission, 
and how SLC10A4 plays a role in modulating this transmission. We have 
used genetically modified mice in our studies, one that lacks Slc10A4 gene 
and one that expresses Slc10A4 in all neurons. From the three projects pre-
sented in this book we show that the effects of loss of this protein leads to 
alterations in dopamine and acetylcholine homeostasis. This alteration in 
turn renders the mice hypersensitive to low doses of drugs that simulate do-
pamine and acetylcholine action. We also show that the vesicles lacking this 
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protein have difficulty packing adequate transmitter. We also show that mice 
lacking this gene are vulnerable to epilepsy. Further, when we find that 
transmission from nerve to muscle cells is also compromised. The muscle 
cells produce more signal receptors, perhaps to deal with lower signal 
strength. At the same time the nerve cells also release more vesicles so as to 
keep up with the less packing in the Slc10A4 deficient mice.  

In summary, this thesis provides some convincing evidence on the biolog-
ical and clinical significance of the vesicular carrier protein, SLC10A4. Its 
implication in the medical field is demonstrated. We suspect that malfunc-
tion of this protein could be a cause in certain types of neurological disor-
ders. Further research is needed to cover the full extent of its biological im-
portance. 
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Sammanfattning 

Psykisk hälsa är lika viktig som fysiskt välbefinnande. Psykisk hälsa hos en 
person är bl a. beroende av en korrekt funktion i hjärnan. Hjärnan och rygg-
raden innehålla många typer av olika celler. En viktig grupp cellgrupp, i 
dessa områden, är de som klassas som nervceller eller neuroner. Nervceller 
är speciella på det sätt som de ansluter till varandra och då bildar stora nät-
verk. Vid dessa anslutningar kan neuronerna skicka signaler till andra nerv-
celler eller även ändra signalstyrkan hos de samma. Dessa signaler är mesta-
dels kemiska molekyler men kan också vara elektriska impulser. De moleky-
ler som ska skickas packas vid nervändarna i små blåsor som kallas vesiklar 
där de inväntar en signalöverföring till nästa cell. När en signal om frisätt-
ning kommer vesikeln omedelbart smälta ihop med cells yttermembran och 
frigör sitt innehåll. De frisatta molekylerna kan fungera som signalsöverfö-
rare (transmitorer), för vidarebefordran av en specifik signal, eller som tran-
smitor för att ändra egenskaperna hos de närliggande neuronerna, t ex ändra 
signalstyrkan. Vissa transmitorer är specialiserade på att just ändra kapa-
citeten/styrkan för en neuronal signalering. Dessa transmitorgrupper innehål-
ler i allmänhet den funktionella strukturen amin. Dopamin, adrenalin och 
acetylkolin är välkända transmitorer som innehåller aminen. Dessa moleky-
ler är också känd för sina roller i flera psykiatriska och neurologiska sjuk-
domar som Alzheimers- och Parkinsons-sjukdom, schizofreni samt koncent-
rationsnedsättande diagnoser, för att bara nämna några.  

Den vesikulära packning, av transmitorerna, är en viktig process. De bä-
rarproteiner inblandad i packning samordna arbetet för att bestämma mäng-
den och typen av transmitorer som skall förpackas i respektive vesikel. Av-
saknad av ett bärarprotein på vesikeln kan leda till felaktig packning vilket 
kan ge felaktig signalering. Detta kan leda till ett stort problem i den över-
gripande funktionen i nervsystemet. Om ett bärarprotein i aminförpack-
ningsgruppär inte fungerar eller saknas kan detta leda till att en eller flera 
neurologiska komplikationer, inklusive de som anges ovan. Därför kan kun-
skap från studier av sådana proteiner vara mycket viktig för att förstå vår 
mentala hälsa och utveckla bättre behandlingsstrategier. 

Jag har genomfört studier på just ett sådant vesikulärt protein som tillhör 
proteinfamiljen Solute carrier (Slc) 10A, medlem numer 4, Slc10a4. Denna 
familj av bärarproteiner har gemensamt, i neuroner, att de skickar aminer. 
Jag har inriktat mina studier på Slc10a4s modulerande roll och inverkan vid 
dopamin och acetylkolin- transmission. Som experimentell modell har jag 
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använt två genetiskt modifierade möss. En modell saknar Slc10A4 genen, 
dvs. den saknar bärarproteinet, samt en som överuttrycker Slc10A4 i alla 
neuroner, dvs. denna mus har fler bärarproteiner än normalt. I det tredje del-
projektet, som pressenteras i denna avhandling, visar resultaten att en förlust 
av Slc10a4-proteinet leder till förändringar i dopamin och acetylkolin balan-
sen. Denna aminbalans förändring ger i sin tur att mössen blir överkänslig 
för låga doser av dopamin- och acetylkolin-simulerande droger. Ett anat 
resultat från dessa studier visar på att de vesiklar som saknar Slc10a4 protein 
har svårt att packa tillräcklig mängd av transmitorer. Ett fysiologiskt resultat 
från studierna tyder på att de möss som saknar Slc10a4 genen har en ökad 
känslighet för epileptiska symptom. Ytterligare information från resultaten 
visar att transmitionsöverföringen från nervceller till muskelcellerna också 
äventyras. Muskelceller, hos modellen med avsaknad av Slc10a4, producerar 
flera signalreceptorer. Detta kan bero av att muskelcellen kompenserar anta-
let mottagarproteiner för den lägre signalstyrkan, beroende av den avsakna-
den bärarproteinet. Nervcellen, i sin tur, kompenserar samtidigt med att fri-
sätta också fler vesiklar för att hålla jämna steg, trots den lägre packnings-
effektiviteten hos de Slc10a4 saknande mössen.  

Sammanfattningsvis ger denna avhandling några övertygande bevis på 
biologiska och kliniska betydelser för det vesikulära bärarprotein, Slc10a4. 
Dess implikation inom det medicinska området demonstreras. En slutsatts 
som kan dras från dessa studier är att en störning av detta protein kan vara en 
orsak till vissa typer av neurologiska sjukdomar. Ytterligare forskning be-
hövs för att täcka den fulla omfattningen av dess biologiska betydelse. 

 



 39 

  Acknowledgement 

I was living with lower and fewer possibilities until that summer afternoon bus journey in New Delhi with Jitu- now a 

postdoc at NKI, The Netherlands- and Vijay- now a group leader at IMB, Mainz, Germany- who infected me with the 

daydream of a foreign PhD. I do not know how to return this favor. Your idea changed my life to a state of higher and 

bountiful possibilities. Thank you. 

Professor Klas Kullander, you are one of the very few who replies to a six month old e-mail 
query. Your small e-mail brought me across the oceans into your beautiful world. On our first 
meeting, your very first words were, ‘I’ll take care’. Over these years you generously show-
ered me with ample of that. Your thoughtfulness, wisdom and kind words have enlightened 
me in numerous ways. Besides and bigger than learning science and laboratory know-hows, I 
have gained some insights into Swedish social lifestyle. All of this was because of that e-mail. 
Thank you, for inviting me into your ‘Class’ group and later accepting me as a PhD student. I 
aspire to set up a lab as dynamic as yours. Annika Sundås-Larsson, our meetings always 
ended up being very positive. You mediated my quantum leap ‘from deep waters into a prom-
ising land’. Thank you for your patience and kindness. Håkan Aldskogius, thank you for 
accepting me as a student to co-supervise over my PhD studies. Finn Hallböök, thank you 
for accepting to be my PhD examiner. Per Svenningsson, Professor of Neurology, Depart-
ment of Clinical Neurosciences, Karolinska Institute, Stockholm, Sweden, I am very thankful 
that you agreed to read my book and play the role of the opponent. I greatly appreciate your 
gesture. Lars Larsson, thank you for agreeing to chair the thesis examination committee. I 
am grateful to Eva Hedlund, and Lars Baltzer, who have agreed to be in the PhD thesis 
examination committee. I am also grateful to the current Head of the Neuroscience Depart-
ment at BMC, Ted Ebendal for always being available for administrative permissions. The 
administrative staff including Cecilia E, Cecilia Y, Neil, Mariana, and Emma have been 
very helpful for swift moves of files and papers. Especially I would like to thank Cecilia 
Edling for always having patience to answer thousands of questions.  Special appreciation 
goes to Stina for her help with the confocal imaging, and Brigitta for providing us with clean 
bottles. 
 
Collaborators and Technology providers 
Prof Reinhard Jahn, Gottingen, Germany- important inputs on SV enrichment 
Prof Bhanu P Jena, Wayne State University, USA- important inputs on SV enrichment 
Prof Richard R Ribchester, Edinburgh, UK- NMJ e-physiology, FDB and TS preparations 
Prof Svante Winberg, BMC, Uppsala, SE- HPLC facility 
Hans Blom, SciLife, Stockholm- STED microscopy 
Katarina Edwards, Chemistry, BMC, Uppsala, SE- Acridine orange experiments 
Dan Larhammar, BMC, Uppsala, SE- Initial SV DA uptake trials 



 40 

Some important persons have been particularly instrumental in my joining as a PhD student in 
the Uppsala University. Umashankar Singh, it was with your inputs and recommendations 
that I could finally join a lab to do a PhD. I will always be grateful for your benediction. 
Suparna Sanyal, I owe a deep sense of gratitude to you for redirecting me to Kullander lab at 
a time of hopelessness. Coincidentally, those were the days we were exchanging e-mails with 
Biplab Da, and the footnote message in his email was essentially ‘to never give up’. I got a 
kick-start from that footnote. Biplab Da, I feel sad that you have removed that note from your 
mails; you never know what may strike someone and become a mantra for a lifetime.  Chan-
dra and Meena Kanduri, you have always been extremely supportive and very concerned 
about my career. Meena, I much appreciate your gesture that you called some professor in 
Ludwig supporting my candidature. Per Löwdin, Marita Wigren-Svensson and Joseph 
Nordgren, I thank you for catalyzing my shift to the Kullander lab. It was possible only 
because of your student friendly nature and rational thinking. 

Friends at EBC who shared space and time during the first and difficult half of the PhD 
are very dearly remembered today and their support is heartily acknowledged. Bjorn, I could 
go on thanking you for many reasons. Your thoughtful looks, great ideas, childlike attitude 
and zeal on seeing a positive result, preparations for teaching, and above all the readiness to 
share your knowledge are only few gems that I could pick up now. Kuljit, you are such a 
knowledgeable person. I wish I could write a piece like you do. Your thesis has been a moti-
vation for me. Lin, Yasaman and Steffen: the hours and days you people have been in the lab 
were the better hours and days. I enjoyed each moment of training you guys. My good friends 
Kasia Rd, Vincent, Sophie, Apiruk and Kasha K have supported me to great extent during 
my EBC days. Bo and Liu, you are my carryover friends from EBC to BMC. It was always 
great to find you walking in those empty corridors. Helena and Rose Marie are acknowl-
edged for taking care of orders and administration. Special gratitude goes to Carl Erik Can-
tell to have examined my teaching abilities during the teacher-training course. My friends and 
mentors in Rudbeck: Wadelius lab, Chandra’s lab and Jan Komorowski lab members, 
especially Mehdi, we had great seminar series and discussion sessions; thank you all for 
introducing me to the extraordinary world of chromatin dynamics. 

Members of Kullander lab in Feb- Aug 2007: Special gratitude to Anders and Fatima 
for the initial training of in-situ experiments. Other members in the lab including Malin, 
Henrik G, Gregorz, Hanna, Henrik B, Karin, Anna and Mikael: it was a time for me to 
learn whatever is available, and do so as quickly as possible. Thank you all for offering your 
expertise. It was truly enriching. My other friend in the department in those days Robert O: 
you won’t miss a day to call for tea exactly at 4.00 PM. I was impressed by your strict eating 
habits and discipline.   

Members of Kullander lab since Oct 2010: Coming to the lab the second time, I felt as 
if it has grown into a small-scale industry. It took some months to understand there are labs 
inside the lab. Each and every person that contributed to the dynamic nature, the intellectual 
environment and the constructive motto due to which we flourish today deserves my saluta-
tion. I extend my deepest regards to the group leaders Malin, Richardson, Åsa and Klas to 
have nurtured the labs in this way. I acknowledge the contributions of all the co-authors in 
various papers and manuscripts, my office mates, project members and coffee table pals who 
have shared their knowledge and brought new ideas. It has been a great experience working 



 41 

with you guys, especially Martin, Dave, Lina, Christiane, Emma A, Johan, Richardson, 
Sanja, Markus, Pavol, Malte, Hanna P and Swati. Special persons: Martin-oti , for 
walking side by side, perhaps someone can develop an antibody against you to coIP me, I 
sincerely hope that you will get the best thesis award in 2014; Chetan- the other founder 
member of the dudes’ club and the best buddy to drain your frustrations, sometimes the ‘cave’ 
seems to have turned into a dark temple where worshipers go in to offer their pain and gain 
some peace! Dave- a perpetual ‘I want to kill myself’ guy, who ironically, never stops smiling 
and making others laugh by his jokes. Funny thing is even if you don’t get 80% of it, you still 
have to laugh with him. Thanks dude, for helping me with my muscle problem. Emma, I am 
inspired by your presentation skills and the positive energy you always walk with. Sharn, I 
am still thinking how could you manage the level of multitasking you do, thank you for intro-
ducing me to Karin’s lab; that was a big gesture. Kasia Rg, you have been an inspiration to 
new PhD students because of your focus and discipline, also you are a great teacher; I wish 
you all the very best. Sanja and Pavolito  , you have become family friends to us. It is 
amazing to see how you people complement each other in the professional life. When my 
daughter grows up I will tell her that she has got an additional pair of parents. Johan Z, I 
thank you for very useful suggestions when the NMJ paper was shaping up. Jörgen you have 
provided a lot of new perspectives to look at the projects at hand always substantiating with 
literature references; I am hopeful that the association to PD is solved rather soon. By the way 
do you have some rounds left? I am in, the next time you go hunting. Markus (Markito da 
Silva), my friend, it was nice playing ‘Kasia and Adriano’, ha ha. I only wished that you 
stayed a couple of months longer in Uppsala; we were almost there. Malte and Hermany, the 
time spent with you is dearly cherished, all the cooking classes and fun parties together with 
lab works. Special bouquet of thanks goes to Hanna P for helping me with the ‘sam-
manfattning’ and all the helpful suggestions and concerns. Other members of the unit- includ-
ing Stefano, Ernesto, Nadine S, Thomas, Emilcar and previously Kia, Hanna W and 
Casey along with others have been instrumental in the smooth running of the lab, for which I 
am very grateful to you, friends. Students and trainees, who have been in the lab during this 
time and have passionately discussed on their projects- Bert, Liu, Swati, Raja, Lil Anders, 
Emil, Emilie, Kate, Amalia, Natsuho, Mona, Ludwig, Kashif, Ali, Laura, Rik, Loan and 
Julia are all acknowledged for their contributions to my knowledge. I would like to mention 
specially about Amalia, Emil, Natsuho and Ali with whom I had extended conversations 
regarding their projects even though they were not directly part of my projects. I have gained 
a lot from all of you. Similarly, the new entries to the lab- Atieh, Maanvee, Jonathan, Linn, 
Nynke and Fabio have been inspiring to me for their hard work and fun filled attitude. Final-
ly, I would like to express gratitude to Siv, our lab manager, who has been making sure that 
everything is in order so that we can do better work. Personnel in the animal facility at BMC 
are given due credit for maintaining the highest quality, as guided by the animal care unit of 
the University. 

My heartfelt acknowledgement goes to the people who created a home far away from the 
actual one- Nimesh, Bhaskaran uncle & aunty, Smitha bhabhi, Sridharan uncle & aunty, 
Sandip & his parents, Navya bhabhi & her parents, Umashankar ji and Noopur bhabhi, 
Radharaman bhratashri and Pratima bhabhi, Faizaan and Fatima bhabhi, Naren da 
and Sujata bahu, Jitu mamu and Jyoti maain, Puneet Taatshri, Tanmoy dada and 



 42 

Sanhita, Gaurav and Nalinee, Prasoon and Prerna, Ashok sir and Manjula ma’m, 
Rashmi ji and Sarosh, Prabhat uncle, and people who extended their friendships- Ilektra 
and her parents, Marja, Snehangshu da and Soumi di, Anirudhha and Megha, Amol, 
Rohit M and Rohit D, Naresh, Javeed bhai, Varghese, Chandu, Ravi , Kiran, Madhu, 
Ramgopal, Srisailam, Kankadev and many more.  

I wish to thank my school teacher Sri S N Singh who guided me to choose Science subjects at 
the higher secondary level, and the two persons who inducted me to research Naren da and 
Jitu mamu, without you I would still be sitting bald-headed in JNU library. The ever-
forgiving Prof Shyamal K. Goswamy: you taught me how to hold a pipette and were genuine-
ly concerned about my career. This book is a gift that you all have conceived for me long 
before I knew it. There is again no way to return this favor. I hope to be of some use to you 
one day. 

50F and 50D, Lena, Niklas and the expert team: THANK YOU for giving me the chance to 
play a second spell.  
 
Sulena and Aura, Ma, Bapa, Nuni, Milan, Chandan, Karuna, Iti, Som and Soumya: You 
comprise my small world; whatever I do is for you.  
 
This thesis is also dedicated to the two great souls who continue to guide me in any kind of 
self-assessment.  
 
Late Shri Shri Gangasagar Patra 
Late Shri Shri Amin Khamari    
   
  
 
 

 
 
 
 

 
 

     



 43 

References  

   
1. Enjin, A., et al., Identification of novel spinal cholinergic genetic 

subtypes disclose Chodl and Pitx2 as markers for fast motor neurons 
and partition cells. J Comp Neurol, 2010. 518(12): p. 2284-304. 

2. Kullander, K., Genetics moving to neuronal networks. Trends 
Neurosci, 2005. 28(5): p. 239-47. 

3. Purves, D., Neuroscience. Fourth ed2008: Sinauer Associates, Inc. 
4. Lawal, H.O. and D.E. Krantz, SLC18: Vesicular neurotransmitter 

transporters for monoamines and acetylcholine. Mol Aspects Med, 
2013. 34(2-3): p. 360-72. 

5. Eriksson, K.S., et al., Orexins/hypocretins and aminergic systems. 
Acta Physiol (Oxf), 2010. 198(3): p. 263-75. 

6. Fuxe, K., et al., From the Golgi-Cajal mapping to the transmitter-
based characterization of the neuronal networks leading to two 
modes of brain communication: wiring and volume transmission. 
Brain Res Rev, 2007. 55(1): p. 17-54. 

7. Marder, E., Neuromodulation of neuronal circuits: back to the 
future. Neuron, 2012. 76(1): p. 1-11. 

8. Phillips, G.R., et al., The presynaptic particle web: ultrastructure, 
composition, dissolution, and reconstitution. Neuron, 2001. 32(1): p. 
63-77. 

9. Sutton, R.B., et al., Crystal structure of a SNARE complex involved 
in synaptic exocytosis at 2.4 A resolution. Nature, 1998. 395(6700): 
p. 347-53. 

10. Bayes, A., et al., Characterization of the proteome, diseases and 
evolution of the human postsynaptic density. Nat Neurosci, 2011. 
14(1): p. 19-21. 

11. Benes, F.M., Carlsson and the discovery of dopamine. Trends 
Pharmacol Sci, 2001. 22(1): p. 46-7. 

12. Jasper, H.H. and T.L. Sourkes, Nobel laureates in neuroscience: 
1904-1981. Annu Rev Neurosci, 1983. 6: p. 1-42. 

13. Robertis, E.D., H. Stanley Bennett, Some features of the 
submicroscopic morphology of synapses in frog and earthworm. 
Journal of Biophysical and Biochemical Cytology, 1955. 

14. Betz, W.J. and G.S. Bewick, Optical analysis of synaptic vesicle 
recycling at the frog neuromuscular junction. Science, 1992. 
255(5041): p. 200-3. 



 44 

15. Groemer, T.W. and J. Klingauf, Synaptic vesicles recycling 
spontaneously and during activity belong to the same vesicle pool. 
Nat Neurosci, 2007. 10(2): p. 145-7. 

16. Hua, Y., et al., A readily retrievable pool of synaptic vesicles. Nat 
Neurosci, 2011. 14(7): p. 833-9. 

17. Rizzoli, S.O. and W.J. Betz, Synaptic vesicle pools. Nat Rev 
Neurosci, 2005. 6(1): p. 57-69. 

18. Takamori, S., et al., Molecular anatomy of a trafficking organelle. 
Cell, 2006. 127(4): p. 831-46. 

19. Frerking, M., S. Borges, and M. Wilson, Variation in GABA mini 
amplitude is the consequence of variation in transmitter 
concentration. Neuron, 1995. 15(4): p. 885-95. 

20. Zhang, B., et al., Synaptic vesicle size and number are regulated by 
a clathrin adaptor protein required for endocytosis. Neuron, 1998. 
21(6): p. 1465-75. 

21. Eiden, L.E., et al., The vesicular amine transporter family (SLC18): 
amine/proton antiporters required for vesicular accumulation and 
regulated exocytotic secretion of monoamines and acetylcholine. 
Pflugers Arch, 2004. 447(5): p. 636-40. 

22. Gasnier, B., The SLC32 transporter, a key protein for the synaptic 
release of inhibitory amino acids. Pflugers Arch, 2004. 447(5): p. 
756-9. 

23. Reimer, R.J. and R.H. Edwards, Organic anion transport is the 
primary function of the SLC17/type I phosphate transporter family. 
Pflugers Arch, 2004. 447(5): p. 629-35. 

24. Fei, H., et al., Trafficking of vesicular neurotransmitter transporters. 
Traffic, 2008. 9(9): p. 1425-36. 

25. Sawada, K., et al., Identification of a vesicular nucleotide 
transporter. Proc Natl Acad Sci U S A, 2008. 105(15): p. 5683-6. 

26. Daniels, R.W., et al., A single vesicular glutamate transporter is 
sufficient to fill a synaptic vesicle. Neuron, 2006. 49(1): p. 11-6. 

27. Ribchester, R.R., Mammalian neuromuscular junctions: modern 
tools to monitor synaptic form and function. Curr Opin Pharmacol, 
2009. 9(3): p. 297-305. 

28. Kuhne, W., Croonian lecture: on the origin and causation of vital 
movement. Proc R Soc Ser B, 1888(44): p. 21. 

29. Adrian, E.D., D.W. Bronk, and G. Phillips, Discharges in 
mammalian sympathetic nerves. J Physiol, 1932. 74(2): p. 115-33. 

30. Dale, H.H., W. Feldberg, and M. Vogt, Release of acetylcholine at 
voluntary motor nerve endings. J Physiol, 1936. 86(4): p. 353-80. 

31. Robertson, J.D., The ultrastructure of a reptilian myoneural 
junction. J Biophys Biochem Cytol, 1956. 2(4): p. 381-94. 

32. Katz, B., Neural transmitter release: from quantal secretion to 
exocytosis and beyond. The Fenn Lecture. J Neurocytol, 1996. 
25(12): p. 677-86. 

33. Katz, B. and R. Miledi, Propagation of Electric Activity in Motor 
Nerve Terminals. Proc R Soc Lond B Biol Sci, 1965. 161: p. 453-82. 



 45 

34. Betz, W.J., F. Mao, and G.S. Bewick, Activity-dependent fluorescent 
staining and destaining of living vertebrate motor nerve terminals. J 
Neurosci, 1992. 12(2): p. 363-75. 

35. Slater, C.R., Structural factors influencing the efficacy of 
neuromuscular transmission. Ann N Y Acad Sci, 2008. 1132: p. 1-
12. 

36. Fletcher, P. and T. Forrester, The effect of curare on the release of 
acetylcholine from mammalian motor nerve terminals and an 
estimate of quantum content. J Physiol, 1975. 251(1): p. 131-44. 

37. Kuffler, S.W. and D. Yoshikami, The number of transmitter 
molecules in a quantum: an estimate from iontophoretic application 
of acetylcholine at the neuromuscular synapse. J Physiol, 1975. 
251(2): p. 465-82. 

38. Katz, B. and R. Miledi, Transmitter leakage from motor nerve 
endings. Proc R Soc Lond B Biol Sci, 1977. 196(1122): p. 59-72. 

39. Vyskocil, F. and P. Illes, Non-quantal release of transmitter at 
mouse neuromuscular junction and its dependence on the activity of 
Na+-K+ ATP-ase. Pflugers Arch, 1977. 370(3): p. 295-7. 

40. Galkin, A.V., et al., ATP but not adenosine inhibits nonquantal 
acetylcholine release at the mouse neuromuscular junction. Eur J 
Neurosci, 2001. 13(11): p. 2047-53. 

41. Malomouzh, A.I., E.E. Nikolsky, and F. Vyskocil, Purine P2Y 
receptors in ATP-mediated regulation of non-quantal acetylcholine 
release from motor nerve endings of rat diaphragm. Neurosci Res, 
2011. 71(3): p. 219-25. 

42. Picciotto, M.R., M.J. Higley, and Y.S. Mineur, Acetylcholine as a 
neuromodulator: cholinergic signaling shapes nervous system 
function and behavior. Neuron, 2012. 76(1): p. 116-29. 

43. Dale, H., Pharmacology and Nerve-endings (Walter Ernest Dixon 
Memorial Lecture): (Section of Therapeutics and Pharmacology). 
Proc R Soc Med, 1935. 28(3): p. 319-32. 

44. Nusbaum, M.P., et al., The roles of co-transmission in neural 
network modulation. Trends Neurosci, 2001. 24(3): p. 146-54. 

45. Siegelbaum, S.A., J.S. Camardo, and E.R. Kandel, Serotonin and 
cyclic AMP close single K+ channels in Aplysia sensory neurones. 
Nature, 1982. 299(5882): p. 413-7. 

46. Adams, P.R. and D.A. Brown, Luteinizing hormone-releasing factor 
and muscarinic agonists act on the same voltage-sensitive K+-
current in bullfrog sympathetic neurones. Br J Pharmacol, 1980. 
68(3): p. 353-5. 

47. Klein, M. and E.R. Kandel, Presynaptic modulation of voltage-
dependent Ca2+ current: mechanism for behavioral sensitization in 
Aplysia californica. Proc Natl Acad Sci U S A, 1978. 75(7): p. 3512-
6. 

48. von Zastrow, M. and J.T. Williams, Modulating neuromodulation by 
receptor membrane traffic in the endocytic pathway. Neuron, 2012. 
76(1): p. 22-32. 



 46 

49. Brezina, V., Beyond the wiring diagram: signalling through complex 
neuromodulator networks. Philos Trans R Soc Lond B Biol Sci, 
2010. 365(1551): p. 2363-74. 

50. Tritsch, N.X. and B.L. Sabatini, Dopaminergic modulation of 
synaptic transmission in cortex and striatum. Neuron, 2012. 76(1): 
p. 33-50. 

51. Neve, K.A., J.K. Seamans, and H. Trantham-Davidson, Dopamine 
receptor signaling. J Recept Signal Transduct Res, 2004. 24(3): p. 
165-205. 

52. Stoof, J.C. and J.W. Kebabian, Two dopamine receptors: 
biochemistry, physiology and pharmacology. Life Sci, 1984. 35(23): 
p. 2281-96. 

53. Gertler, T.S., C.S. Chan, and D.J. Surmeier, Dichotomous 
anatomical properties of adult striatal medium spiny neurons. J 
Neurosci, 2008. 28(43): p. 10814-24. 

54. Valjent, E., et al., Looking BAC at striatal signaling: cell-specific 
analysis in new transgenic mice. Trends Neurosci, 2009. 32(10): p. 
538-47. 

55. Dale, H.H., The action of certain esters and ethers of choline, and 
their relation to muscarine. Journal of Pharmacology and 
Experimental Therapeutics, 1914. 6(2): p. 147-190. 

56. Ewins, A.J., Acetylcholine, a New Active Principle of Ergot. 
Biochem J, 1914. 8(1): p. 44-9. 

57. Hasselmo, M.E. and L.M. Giocomo, Cholinergic modulation of 
cortical function. J Mol Neurosci, 2006. 30(1-2): p. 133-5. 

58. Hasselmo, M.E. and M. Sarter, Modes and models of forebrain 
cholinergic neuromodulation of cognition. 
Neuropsychopharmacology, 2011. 36(1): p. 52-73. 

59. Goldberg, J.A. and J.N.J. Reynolds, Spontaneous Firing and Evoked 
Pauses in the Tonically Active Cholinergic Interneurons of the 
Striatum. Neuroscience, 2011. 198: p. 27-43. 

60. McGehee, D.S., et al., Nicotine enhancement of fast excitatory 
synaptic transmission in CNS by presynaptic receptors. Science, 
1995. 269(5231): p. 1692-6. 

61. Picciotto, M.R., Nicotine as a modulator of behavior: beyond the 
inverted U. Trends Pharmacol Sci, 2003. 24(9): p. 493-9. 

62. Nishiyama, H. and D.J. Linden, Pure spillover transmission between 
neurons. Nat Neurosci, 2007. 10(6): p. 675-7. 

63. Rice, M.E. and S.J. Cragg, Dopamine spillover after quantal 
release: rethinking dopamine transmission in the nigrostriatal 
pathway. Brain Res Rev, 2008. 58(2): p. 303-13. 

64. Zoli, M., et al., Volume transmission in the CNS and its relevance 
for neuropsychopharmacology. Trends Pharmacol Sci, 1999. 20(4): 
p. 142-50. 
  



 47 

65. You, Z.B., et al., Acetylcholine release in the mesocorticolimbic 
dopamine system during cocaine seeking: conditioned and 
unconditioned contributions to reward and motivation. J Neurosci, 
2008. 28(36): p. 9021-9. 

66. Exley, R. and S.J. Cragg, Presynaptic nicotinic receptors: a dynamic 
and diverse cholinergic filter of striatal dopamine 
neurotransmission. Br J Pharmacol, 2008. 153 Suppl 1: p. S283-97. 

67. Drever, B.D., G. Riedel, and B. Platt, The cholinergic system and 
hippocampal plasticity. Behav Brain Res, 2011. 221(2): p. 505-14. 

68. Saricicek, A., et al., Persistent beta2*-nicotinic acetylcholinergic 
receptor dysfunction in major depressive disorder. Am J Psychiatry, 
2012. 169(8): p. 851-9. 

69. Buchthal, F. and B. Folkow, Interaction between Acetylcholine and 
Adenosine Triphosphate in Normal, Curarised and Denervated 
Muscle. Acta Physiologica Scandinavica, 1948. 15(2): p. 150-160. 

70. Holton, F.A. and P. Holton, The Capillary Dilator Substances in Dry 
Powders of Spinal Roots - a Possible Role of Adenosine 
Triphosphate in Chemical Transmission from Nerve Endings. 
Journal of Physiology-London, 1954. 126(1): p. 124-140. 

71. Burnstock, G., Purinergic nerves. Pharmacol Rev, 1972. 24(3): p. 
509-81. 

72. Silinsky, E.M., V. Gerzanich, and S.M. Vanner, ATP mediates 
excitatory synaptic transmission in mammalian neurones. Br J 
Pharmacol, 1992. 106(4): p. 762-3. 

73. Burnstock, G., Physiology and pathophysiology of purinergic 
neurotransmission. Physiol Rev, 2007. 87(2): p. 659-797. 

74. Burnstock, G., Introduction and perspective, historical note. Front 
Cell Neurosci, 2013. 7: p. 227. 

75. Cunha, R.A., Adenosine as a neuromodulator and as a homeostatic 
regulator in the nervous system: different roles, different sources 
and different receptors. Neurochem Int, 2001. 38(2): p. 107-25. 

76. Boulougouris, V. and E. Tsaltas, Serotonergic and dopaminergic 
modulation of attentional processes. Prog Brain Res, 2008. 172: p. 
517-42. 

77. Andreasen, N.C., S. Paradiso, and D.S. O'Leary, "Cognitive 
dysmetria" as an integrative theory of schizophrenia: a dysfunction 
in cortical-subcortical-cerebellar circuitry? Schizophr Bull, 1998. 
24(2): p. 203-18. 

78. Ernst, M., et al., DOPA decarboxylase activity in attention deficit 
hyperactivity disorder adults. A [fluorine-18]fluorodopa positron 
emission tomographic study. J Neurosci, 1998. 18(15): p. 5901-7. 

79. Szot, P., Common factors among Alzheimer's disease, Parkinson's 
disease, and epilepsy: possible role of the noradrenergic nervous 
system. Epilepsia, 2012. 53 Suppl 1: p. 61-6. 

80. Rezvani, A.H. and E.D. Levin, Cognitive effects of nicotine. Biol 
Psychiatry, 2001. 49(3): p. 258-67. 



 48 

81. Newhouse, P.A., et al., Nicotinic treatment of Alzheimer's disease. 
Biol Psychiatry, 2001. 49(3): p. 268-78. 

82. Luscher, C. and R.C. Malenka, Drug-evoked synaptic plasticity in 
addiction: from molecular changes to circuit remodeling. Neuron, 
2011. 69(4): p. 650-63. 

83. Hediger, M.A., et al., The ABCs of membrane transporters in health 
and disease (SLC series): introduction. Mol Aspects Med, 2013. 
34(2-3): p. 95-107. 

84. Wang, Y.M., et al., Knockout of the vesicular monoamine 
transporter 2 gene results in neonatal death and supersensitivity to 
cocaine and amphetamine. Neuron, 1997. 19(6): p. 1285-96. 

85. Prado, V.F., et al., Mice deficient for the vesicular acetylcholine 
transporter are myasthenic and have deficits in object and social 
recognition. Neuron, 2006. 51(5): p. 601-12. 

86. Guidine, P.A., et al., Vesicular acetylcholine transporter knock-
down mice are more susceptible to pilocarpine induced status 
epilepticus. Neurosci Lett, 2008. 436(2): p. 201-4. 

87. Lima Rde, F., et al., Quantal release of acetylcholine in mice with 
reduced levels of the vesicular acetylcholine transporter. J 
Neurochem, 2010. 113(4): p. 943-51. 

88. Hagenbuch, B., et al., Expression of the hepatocyte Na+/bile acid 
cotransporter in Xenopus laevis oocytes. J Biol Chem, 1990. 
265(10): p. 5357-60. 

89. Hagenbuch, B., et al., Functional expression cloning and 
characterization of the hepatocyte Na+/bile acid cotransport system. 
Proc Natl Acad Sci U S A, 1991. 88(23): p. 10629-33. 

90. Wong, M.H., et al., Expression cloning and characterization of the 
hamster ileal sodium-dependent bile acid transporter. J Biol Chem, 
1994. 269(2): p. 1340-7. 

91. Hagenbuch, B. and P. Dawson, The sodium bile salt cotransport 
family SLC10. Pflugers Arch, 2004. 447(5): p. 566-70. 

92. Geyer, J., J.R. Godoy, and E. Petzinger, Identification of a sodium-
dependent organic anion transporter from rat adrenal gland. 
Biochem Biophys Res Commun, 2004. 316(2): p. 300-6. 

93. Claro da Silva, T., J.E. Polli, and P.W. Swaan, The solute carrier 
family 10 (SLC10): beyond bile acid transport. Mol Aspects Med, 
2013. 34(2-3): p. 252-69. 

94. Nishimura, M. and S. Naito, Tissue-specific mRNA expression 
profiles of human ATP-binding cassette and solute carrier 
transporter superfamilies. Drug Metab Pharmacokinet, 2005. 20(6): 
p. 452-77. 

95. Jorgensen, J.R., et al., Identification of novel genes regulated in the 
developing human ventral mesencephalon. Exp Neurol, 2006. 
198(2): p. 427-37. 

96. Splinter, P.L., et al., Cloning and expression of SLC10A4, a putative 
organic anion transport protein. World J Gastroenterol, 2006. 
12(42): p. 6797-805. 



 49 

97. Geyer, J., et al., Cloning and molecular characterization of the 
orphan carrier protein Slc10a4: expression in cholinergic neurons 
of the rat central nervous system. Neuroscience, 2008. 152(4): p. 
990-1005. 

98. Bijsmans, I.T., et al., Homo- and hetero-dimeric architecture of the 
human liver Na(+)-dependent taurocholate co-transporting protein. 
Biochem J, 2012. 441(3): p. 1007-15. 

99. Abe, T., et al., SLC10A4 is a protease-activated transporter that 
transports bile acids. J Biochem, 2013. 154(1): p. 93-101. 

100. Mano, N., T. Goto, and J. Goto, The peculiar existence of protein-
bound unconjugated bile acid in the cytoplasmic fraction of rat 
brain. Se Pu, 2004. 22(4): p. 346-8. 

101. Popova, S.N. and I. Alafuzoff, Distribution of SLC10A4, a synaptic 
vesicle protein in the human brain, and the association of this 
protein with Alzheimer's disease-related neuronal degeneration. J 
Alzheimers Dis, 2013. 37(3): p. 603-10. 

102. Borges, K., Slc10A4 - what do we know about the function of this 
"secret ligand carrier" protein? Exp Neurol, 2013. 248: p. 258-61. 

103. Nestler, E.J. and S.E. Hyman, Animal models of neuropsychiatric 
disorders. Nat Neurosci, 2010. 13(10): p. 1161-9. 

104. Bustin, S.A., et al., The MIQE guidelines: minimum information for 
publication of quantitative real-time PCR experiments. Clin Chem, 
2009. 55(4): p. 611-22. 

105. Teng, L., et al., Lobeline and nicotine evoke [3H]overflow from rat 
striatal slices preloaded with [3H]dopamine: differential inhibition 
of synaptosomal and vesicular [3H]dopamine uptake. J Pharmacol 
Exp Ther, 1997. 280(3): p. 1432-44. 

106. Huttner, W.B., et al., Synapsin I (protein I), a nerve terminal-
specific phosphoprotein. III. Its association with synaptic vesicles 
studied in a highly purified synaptic vesicle preparation. J Cell Biol, 
1983. 96(5): p. 1374-88. 

107. Jahn, R., et al., A 38,000-dalton membrane protein (p38) present in 
synaptic vesicles. Proc Natl Acad Sci U S A, 1985. 82(12): p. 4137-
41. 

108. Friedman, A., C.J. Behrens, and U. Heinemann, Cholinergic 
dysfunction in temporal lobe epilepsy. Epilepsia, 2007. 48 Suppl 5: 
p. 126-30. 

109. Rothman, J.E. and F.T. Wieland, Protein sorting by transport 
vesicles. Science, 1996. 272(5259): p. 227-34. 

110. Geyer, J., T. Wilke, and E. Petzinger, The solute carrier family 
SLC10: more than a family of bile acid transporters regarding 
function and phylogenetic relationships. Naunyn Schmiedebergs 
Arch Pharmacol, 2006. 372(6): p. 413-31. 
  



 50 

111. Pan, W., et al., Genetic polymorphisms in Na+-taurocholate co-
transporting polypeptide (NTCP) and ileal apical sodium-dependent 
bile acid transporter (ASBT) and ethnic comparisons of functional 
variants of NTCP among Asian populations. Xenobiotica, 2011. 
41(6): p. 501-10. 

112. Ho, R.H., et al., Ethnicity-dependent polymorphism in Na+-
taurocholate cotransporting polypeptide (SLC10A1) reveals a 
domain critical for bile acid substrate recognition. J Biol Chem, 
2004. 279(8): p. 7213-22. 

113. Burnstock, G., Cotransmission. Curr Opin Pharmacol, 2004. 4(1): p. 
47-52. 

114. Sperlagh, B., et al., The triangular septal nucleus as the major 
source of ATP release in the rat habenula: a combined 
neurochemical and morphological study. Neuroscience, 1998. 86(4): 
p. 1195-207. 

115. Pankratov, Y., et al., Vesicular release of ATP at central synapses. 
Pflugers Arch, 2006. 452(5): p. 589-97. 

116. Larsson, M., et al., Functional and anatomical identification of a 
vesicular transporter mediating neuronal ATP release. Cereb 
Cortex, 2012. 22(5): p. 1203-14. 

117. Llaudet, E., et al., Microelectrode biosensor for real-time 
measurement of ATP in biological tissue. Anal Chem, 2005. 77(10): 
p. 3267-73. 

118. Ogundare, M., et al., Cerebrospinal fluid steroidomics: are bioactive 
bile acids present in brain? J Biol Chem, 2010. 285(7): p. 4666-79. 

119. Uhlen, M., et al., Towards a knowledge-based Human Protein Atlas. 
Nat Biotechnol, 2010. 28(12): p. 1248-50. 

120. Caudle, W.M., et al., Altered vesicular dopamine storage in 
Parkinson's disease: a premature demise. Trends Neurosci, 2008. 
31(6): p. 303-8. 

121. Chen, H., et al., Differential expression and alternative splicing of 
genes in lumbar spinal cord of an amyotrophic lateral sclerosis 
mouse model. Brain Res, 2010. 1340: p. 52-69. 

122. Diaz-Moran, S., et al., Gene expression in hippocampus as a 
function of differential trait anxiety levels in genetically 
heterogeneous NIH-HS rats. Behav Brain Res, 2013. 257: p. 129-39. 

123. Prince, M., et al., Global mental health 1 - No health without mental 
health. Lancet, 2007. 370(9590): p. 859-877. 

 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 964

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.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-214162

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2014


	List of papers
	Additional publications
	Abbreviations
	Introduction
	Background
	The aminergic subsystems
	Neurotransmission
	Pre- and post- synaptic components
	The neuromuscular junction (NMJ)
	Transmitter release at NMJs

	Neuromodulation
	Dopaminergic modulation
	Cholinergic modulation
	ATP as a neuromodulator

	The Solute Carriers
	Vesicular solute carriers
	SLC10
	SLC10A4


	Aims of the studies
	Methodological considerations
	Results and discussion
	Study I
	Study II
	Study III
	Discussion

	Concluding remarks
	Summary in English
	Sammanfattning
	Acknowledgement
	References



