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Abstract
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a Gait-keeper. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Medicine 1026. 58 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9030-0.

Nerve cells are organized into complex networks that comprise the building blocks of our
nervous system. Neurons communicate by transmitting messenger molecules released from
synaptic vesicles. Alterations in neuronal circuitry and synaptic signaling contribute to a wide
range of neurological conditions, often with consequences for movement. Intrinsic neuronal
networks in the spinal cord serve to coordinate vital rhythmic motor functions. In spite of
extensive efforts to address the organization of these neural circuits, much remains to be revealed
regarding the identity and function of specific interneuron cell types and how neuromodulation
tune network activity. In this thesis, two novel genes initially identified as markers for spinal
neuronal populations were investigated: Slc10a4 and Dmrt3.

The orphan transporter SLC10A4 was found to be expressed on synaptic vesicles of
the cholinergic system, including motor neurons, as well as in the monoaminergic system,
including dopaminergic, serotonergic and noradrenergic nuclei. Thus, it constitutes a novel
molecular denominator shared by these classic neuromodulatory systems. SLC10A4 was found
to influence vesicular transport of dopamine and affect neuronal release and reuptake efficiency
in the striatum. Mice lacking Slc10a4 displayed impaired monoamine homeostasis and were
hypersensitive to the drugs amphetamine and tranylcypromine. These findings demonstrate that
SLC10A4 is capable of modulating the modulatory systems of the brain with potential clinical
relevance for neurological and mental disorders.

The transcription factor encoded by Dmrt3 was found to be expressed in a population of
inhibitory commissural interneurons originating from the dorsal interneuron 6 (dI6) domain
in the spinal cord. In parallel, a genome-wide association study revealed that a non-sense
mutation in horse DMRT3 is permissive for the ability to perform pace among other alternate
gaits. Further analysis of Dmrt3 null mutant mice showed that Dmrt3 has a central role for
spinal neuronal network development with consequences for locomotor behavior. The dI6
class has been suggested to take part in motor circuits but remains one of the least studied
classes due to lack of molecular markers. To further investigate the Dmrt3-derived neurons,
and the dI6 population in general, a Dmrt3Cre mouse line was generated which allowed for
characterization on the molecular, cellular and  behavioral level. It was found that Dmrt3 neurons
synapse onto motor neurons, receive extensive synaptic inputs from various neuronal sources
and are rhythmically active during fictive locomotion. Furthermore, silencing of Dmrt3 neurons
in Dmrt3Cre;Viaatlx/lx mice led to impaired motor coordination and alterations in gait, together
demonstrating the importance of this neuronal population in the control of movement.
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Abbreviations 

5-HT – 5-hydroxytryptamine, serotonin 
ACh – Acetylcholine 
ALS – Amyotrophic lateral sclerosis 
ATP – Adenosine triphosphate 
ChAT – Choline acetyltransferase 
CIN – Commissural interneuron (neuron projecting over the midline) 
CNS – Central Nervous System 
CPG – Central Pattern Generator 
DA – Dopamine 
DAT – Dopamine active transporter 
DNA – Deoxyribonucleic acid 
DOPAC – 3, 4 Di-hydroxy phenyl acetic acid 
DMRT3 – Doublesex and mab-3 related transcription factor 3  
fALS - familial ALS (amyotrophic lateral sclerosis) 
GWAS – Genome-wide association study 
HPLC – High performance liquid chromatography 
HVA – Homovanillic acid    
IHC – Immunohistochemistry 
IIN – ipsilateral interneuron (neuron not projecting over the midline) 
ISH – In situ hybridization 
L-DOPA – L-3,4-dihydroxyphenylalanine 
LDCV – Large dense-core Vesicle 
NA – Noradrenaline (Norepinephrine) 
NMJ – Neuromuscular junction 
NSE – Neuron specific enolase (Eno2) 
PLA – Proximity Ligation Assay 
SERT – Serotonin transporter 
SLC10A4 – Solute carrier family 10 A member 4 
SNP – Single nucleotide polymorphism  
STED – Stimulated emission depletion microscopy 
SV – Synaptic vesicle 
VAChT – Vesicular acetylcholine transporter 
VGluT – Vesicular glutamate transporter  
VIAAT – Vesicular inhibitory amino acid transporter 
VMAT – Vesicular monoamine transporter   
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Introduction 

Movements are essential for all animals. Whether we are breathing, chasing 
a mouse or riding a horse, the nervous system is coordinating our muscles to 
execute various motor tasks. Nerve cells (neurons) are organized in complex 
networks and communicate by sending electrical and chemical signals to one 
another, allowing us to coordinate movements. A neuron typically receives 
several thousand inputs from other neurons, signals that are transmitted at 
specialized contacts referred to as synapses. In the chemical synapse, small 
lipid spheres called synaptic vesicles play a key role in neuronal signaling by 
storing and releasing messenger molecules known as neurotransmitters. In 
addition to excitatory and inhibitory neurotransmitters some transmitters are 
described as modulatory. The classical modulatory neurotransmitters acetyl-
choline and the monoamines (including dopamine, serotonin and noradrena-
line) are capable of modulating the activity of diverse neuronal networks. 
Alterations in the neuromodulatory systems or dysfunctional synaptic trans-
mission may cause multiple neurological conditions such as depression, ad-
diction and schizophrenia, as well as movement disorders such as Parkin-
son's disease and amyotrophic lateral sclerosis (ALS).   

Movements, from reflexes – such as the rapid involuntary hand with-
drawal in response to a mouse bite, to more sophisticated voluntary move-
ments – for instance dissection of a spinal cord (albeit not a horse spinal 
cord), require precise coordination of motor neurons. The spatial and tempo-
ral patterns of rhythmic motor behaviors are coordinated by specialized local 
neuronal circuits, collectively referred to as Central Pattern Generators 
(CPGs) [1, 2]. CPG networks reside within the brainstem and spinal cord 
and are essential for several fundamental body functions such as breathing, 
swimming and walking. The broad diversity of excitatory and inhibitory 
interneurons sculpts the CPG output, enabling a rich repertoire of rhythmic 
and stereotypic movements. Furthermore, motor networks in the brain, 
brainstem and spinal cord are under continuous neuromodulatory tone, add-
ing flexibility to generate multiple patterns of motor output. Finally, the 
tuned motor information reaches the motor neurons – the “final common 
pathway” (a term coined by Sir Charles Sherrington, [3]) – which convey 
these commands to the muscles. 

It is imperative to study the function of neuronal networks acting in order 
as well as disorder. Defects in synaptic transmission contribute to a multi-
tude of neurological disorders, and pharmacological drugs influencing neu-
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ronal signaling (e.g. the transmitter synthesis, their transporters or receptors) 
are important for treatment of these conditions. Several aspects need to be 
considered in order to understand how neuronal networks operate, including 
the formation and connectivity of neuronal circuits, synaptic signaling and 
neuromodulation, the character of specific neuronal cell types and ultimately 
the behavioral outcome. 

The projects in this thesis, on “Neuronal Networks of Movement”, emerge 
from a screen for molecular markers of spinal neuronal populations in motor 
control. The first gene to be investigated, Slc10a4, encodes an orphan synap-
tic vesicle transporter that is expressed in motor neurons along with other 
cholinergic as well as monoaminergic cells. Slc10a4 was found to have a 
major influence on the neuromodulatory systems of the brain. The second 
gene, Dmrt3, which encodes a transcription factor expressed by a novel spi-
nal interneuron population was found to hold a central role for CPG network 
development and function with strong impact on gaits in horses. Further-
more, we demonstrate that Dmrt3-derived cells are inhibitory commissural 
interneurons critical for coordination of locomotion.  

This thesis describes an unexpected scientific journey from Slc10a4-
mediated synaptic neuromodulation to Dmrt3-derived spinal interneurons, 
leading towards the Final Common Pathway (Figure 1). 

 

 

 

 

Figure 1. Overview of neural components of motor control covered in this thesis 

Schematic illustration of the central nervous system with regions contributing to motor con-
trol shaded. The motor cortex is involved in the planning and initiation of movements and is 
further regulated by the basal ganglia and cerebellum. The classic modulatory neurotransmit-
ters serotonin (magenta), noradrenaline (orange), dopamine (green) and acetylcholine (cyan) 
are released by small groups of neurons projecting over large areas of the nervous system, 
modulating various behaviors including movement. The first part of the work presented in this 
thesis focus on a novel synaptic vesicle transporter, Slc10a4. Illustration (upper circle, Paper 
I) showing a synaptic terminal releasing neuromodulatory transmitters, from vesicles contain-
ing SLC10A4 (red), binding to receptors and altering neuronal activity. Motor commands 
from the brain are passed on to the brainstem and spinal cord where local neuronal networks 
for movement are situated. The second part of this work investigates a spinal interneuron type 
expressing Dmrt3 (red), involved in CPG circuits (lower circle, Paper II & III). Motor com-
mands from the nervous system are coordinated by spinal interneurons (red, yellow, purple 
(Renshaw cell)) and transmitted by motor neurons (blue), “The final common pathway”, 
releasing acetylcholine at the neuromuscular synapse to trigger muscle contractions. 
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Background 

Neurotransmission & neuromodulation  
Synaptic transmission 
Neurons communicate by sending signals to the next neuron or other target 
cells at synapses, in a process called synaptic transmission or neurotransmis-
sion (Figure 2A). The majority of all synapses in the brain are chemical 
(others are electrical), where neurotransmitters synthesized in the cell body, 
axon, or the synaptic terminal, are transmitted between a pre- and postsynap-
tic neuron. Neurotransmitters packed into vesicles are released into the syn-
aptic cleft or extra-synaptic space where they act on either ionotropic recep-
tors (ligand gated-ion channels) or metabotropic (G protein-coupled) recep-
tors located on postsynaptic, presynaptic or extrasynaptic membranes.  

The two major neurotransmitters in the brain are glutamate (excitatory) 
and GABA (gamma-aminobutyric acid, inhibitory), which depolarize and 
hyperpolarize the postsynaptic membrane, respectively. Modulatory neuro-
transmitters, on the other hand, may be either excitatory or inhibitory de-
pending on the postsynaptic receptor properties. Most neurons co-release 
different transmitters or modulators [4, 5], often both pre- and postsynapti-
cally, which increases the complexity further. Another important aspect of 
synaptic transmission is the clearance of released neurotransmitters from the 
synaptic cleft to terminate further receptor activation. For example, the neu-
rotransmitter acetylcholine (ACh) is rapidly degraded by the enzyme acetyl-
cholinesterase, while the biogenic amine transmitters are actively transported 
back into the presynaptic neuron (or surrounding glia cells) where they are 
either degraded or repacked into synaptic vesicles. 

The significance of synaptic transmission research was recently recog-
nized when Thomas C. Südhof and Richard H. Scheller received the 2013 
Albert Lasker Basic Medical Research Award for their findings on the mo-
lecular machinery and regulatory mechanism underlying the rapid release of 
neurotransmitters, and highlighted even further when Thomas C. Südhof, 
James E. Rothman and Randy W. Schekman were awarded the 2013 Nobel 
Prize to for their discoveries on the machinery regulating vesicle traffic.  
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The synaptic vesicle 
Synaptic vesicles are small spherical lipid vehicles packed with molecules, 
including neurotransmitters. Although synaptic vesicles are among the bet-
ter-characterized organelles in the cell, much remains to be examined regard-
ing the functions of their proteins [6]. Most vesicular proteins are believed to 
take part in the synaptic vesicle cycle with roles including neurotransmitter 
storage and uptake, exocytosis, endocytosis and recycling [7, 8]. Low mo-
lecular weight transmitters (e.g. amino acids) are loaded into so called small 
clear-core vesicles (~40 nm in diameter), whereas larger transmitters (e.g. 
peptides) are stored in larger dense-core vesicles (LDCV) [9, 10]. Further-
more, the biogenic amines (see Neuromodulation) can be packed into either 
synaptic vesicles or LDCV depending on the type of neuron. Whereas small 
synaptic vesicles are localized to the synaptic terminal and release their con-
tent rapidly, LDCV are present also in other intracellular compartments and 
display a slower release [9, 10]. Synaptic vesicles are formed and sorted 
from the early endosome and later organized into different types of pools in 
the synaptic terminal: readily releasable, recycling and reserve pools [11]. 
The synaptic vesicle cycle is initiated by the loading of thousands of neuro-
transmitters per vesicle by specific transporters (Figure 2). Vesicular trans-
mitter uptake is driven by an electrochemical gradient generated by the 
vacuolar H+-ATPase (V-ATPase) acidifying the vesicular interior. Synaptic 
vesicles are prepared (primed) for transmitter release by protein complexes 
comprising of e.g. synaptotagmin and SNAREs (including synaptobrevin, 
syntaxin and SNAP-25). The two most recognized pathways for synaptic 
vesicle release are "kiss-and-run" and full collapse exocytosis [8] (or 
“splash-and-fuse” – a term coined by Dr. Jörgen Jonsson in our laboratory). 
Following neurotransmitter release, synaptic vesicles are recycled, likely 
through endosomal sorting [7, 11].  

Synaptic transporters 
Vesicular transporters are responsible for loading and maintaining neuro-
transmitters in synaptic vesicles. These transporters belong to the diverse 
solute carrier (SLC) super family consisting of about 400 transporter pro-
teins [12, 13]). Active plasma membrane transporters are important for gen-
eration and maintenance of ion gradients across biological membranes. An-
other type of active transporters use electrochemical gradients to transport 
molecules over membranes in exchange for ions.  

In synaptic vesicles, the vacuolar (V)-ATPase creates a H+-gradient 
(ΔμH), comprising of an electrical (ΔΨ) and chemical (ΔpH) component, by 
actively transporting protons into the lumen of the vesicle.  
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Figure 2. The synaptic vesicle cycle and neurotransmitter transport into synaptic vesicles.  

A) Neurotransmitters (NT, black) are loaded into synaptic vesicles (orange spheres) via NT 
transporters (green) and docked at the presynaptic membrane. Following Ca2+ influx after an 
action potential reached the terminal, synaptic vesicles release their contents and NTs can 
bind to postsynaptic receptors (grey). Released NTs are cleared from the synaptic cleft by 
either degradation or reuptake via membrane transporters (purple). After release, the synaptic 
vesicles either fuse with the presynaptic membrane or recycle through endocytosis or en-
dosomal pathways. B) Vesicular NT transport is dependent on the electrochemical gradient 
across the synaptic vesicle membrane, generated by the V-ATPase (red) pumping protons (+) 
into the vesicle lumen. Inhibitory GABA and Glycine (purple) are transported via VIAAT 
(yellow) and depends on both the chemical (ΔpH) and electrical (ΔΨ) component of the elec-
trochemical gradient. Excitatory glutamate (anion, red) is loaded via VGLUTs (light green) 
and mainly relies on the ΔΨ component; one luminal proton is exchanged per glutamate 
molecule. Monoamines and ACh (cations, blue) are transported via VMATs and VACHT 
(green) respectively and depends primarily on the ΔpH component, where two protons are 
exchanged for each amine. Monoamine transport further depends on chloride (Cl-). 

The transporter proteins on the vesicles exploit this gradient to transport 
their neurotransmitters from the cytoplasm into the vesicle (Figure 2B). For 
example, uptake of excitatory glutamate (anion) is mediated by the vesicular 
glutamate transporters (VGLUTs, SLC17A6-A8) mainly relying on ΔΨ, 
whereas transport of monoamines and ACh (cations) is primarily mediated 
by the ΔpH component [10]. The monoamines are loaded by the vesicular 
monoamine transporters (VMAT1-2, SLC18A1-2), and ACh by vesicular 
acetylcholine transporter (VACHT, SLC18A3). Transport of GABA and 
glycine via the vesicular inhibitory amino acid transporter (VIAAT, 
SLC32A1) depends both on the ΔpH and ΔΨ [4, 10]. The availability of 
neurotransmitter, energy (ATP), and concentrations of different ions in the 
cytoplasm all influence the efficiency of neurotransmitter filling [10]. In 
paper I, we describe a novel orphan vesicular transporter co-localized in 
vesicles having either VMAT2 or VAChT, influencing the classic neuro-
modulatory systems of the brain.  

Long after Dale’s principle was presented in 1935 [14, 15], co-release of 
various neurotransmitters has been demonstrated such as glutamate together 
with DA, 5-HT and ACh [4, 16, 17], adding another layer of complexity to 
synaptic transmission.  
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Non-vesicular transporters are also important in synaptic signaling. Reup-
take of released neurotransmitters by the pre-synaptic neuron via plasma 
membrane transporters (Figure 2A), such as the serotonin, norepinephrine, 
and dopamine transporters (SERT, NET and DAT, respectively), is required 
for proper signaling by terminating activation of receptors and allowing re-
packing of neurotransmitters into synaptic vesicles. These plasma membrane 
monoamine transporters are of major clinical relevance for various neuro-
logical disorders (see Clinical perspectives). 

Neuromodulation  
Neuromodulation is a process to alter the biochemical state of neurons, 
hence shaping their response and associated outputs. Certain neurotransmit-
ters act as modulators, adding richness to neuronal circuits e.g. by modifying 
neuron excitability, synaptic transmission and firing properties [18, 19]. Ex-
amples of modulatory neurotransmitters are the classic biogenic amines, 
including DA, NA and 5-HT as well as ACh, which are in focus in this thesis 
(Figure 1). In contrast to excitatory glutamate or inhibitory 
GABA and glycine, the classic modulatory neurotransmitters are released by 
small groups of neurons that projects to large areas of the CNS, often acting 
at a distance from the site of release. In addition to amines, also signaling 
peptides, hormones and even a gas (nitric oxide) can function as neuromodu-
lators and are all involved in shaping the activity of neuronal circuits in the 
brain, brainstem and spinal cord [19-21]. 

Neuromodulators are released by neurons primarily via volume transmis-
sion, in contrast to the considerably faster synaptic transmission between two 
neurons. During volume transmission the released neurotransmitters diffuse 
through the extracellular space binding to extra-synaptic receptors of multi-
ple neurons. The effects of neuromodulatory transmitters are determined by 
the postsynaptic receptor composition, typically G-protein coupled receptors, 
resulting in various downstream effects. 

Dopaminergic neurons are primarily located in the ventral tegmental area 
and substantia nigra, forming pathways involved in regulation of many of 
our behaviors, including movement. Furthermore, DA serves a major role 
the reward system and is thereby implicated in many forms of addiction. 
Noradrenergic neurons are clustered in the locus coeruleus, comprising of 
only a few thousand neurons projecting to several brain regions and sympa-
thetic nervous system targets. NA is involved in sleep, reward and stress 
responses (or “fight-or-flight”) and is also released by adrenal glands into the 
blood stream acting as a hormone. 5-HT is released by neurons in the raphe 
nuclei with widespread projections throughout the brain and spinal cord. In 
the brain 5-HT modulates a number of functions such as sleep, cognition, 
mood as well as locomotion. ACh is a quaternary amine (in contrast to the 
monoamines) and the key neurotransmitter for movement as all lower motor 
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neurons use ACh. In the brain, ACh is released by neurons in the basal fore-
brain and brainstem, and modulates networks in several regions. ACh is 
important in many facets of behavior, such as sleep, memory, attention, 
learning in addition to motor activities. Neuromodulators can also modulate 
other neuromodulatory systems, exemplified by ACh interacting with the 
dopaminergic reward pathways, dopaminergic neurons in turn modulates 
cholinergic neurons in the ventral striatum affecting various behaviors such 
as movement [22], adding another dimension to neuromodulation.  
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Neuronal networks in motor control  
Development of neuronal circuits 
Since many disorders of the nervous system affect motor control it is impor-
tant to study the development and function of the neuronal networks contrib-
uting to movement. The diversity of specialized neurons and formation of 
intricate neuronal circuits takes place during activity independent and de-
pendent periods of development. During embryogenesis, the nervous system 
is shaped from the ectoderm, which forms the neural plate and later the neu-
ral tube. After initial stem cell proliferation, unique neuronal cell types are 
derived in an activity independent phase by genetic programs driven by tran-
scription factors. Patterning and specification of progenitor domains occurs 
in the ventricular zone of the neural tube along the dorso-ventral axis via 
gradients of morphogen factors, including dorsally expressed bone morpho-
genetic proteins and ventrally expressed sonic hedgehog.  

During spinal cord development, one motor neuron (pMN), four ventral 
(V0-V3) and six dorsal interneuron (dI1-dI6) progenitor domains are formed 
(Figure 3A). From these domains, specific molecular transcription factor 
programs guide the differentiation of unique classes of neurons (Figure 3A, 
for review see:[23, 24]). Following differentiation, cells migrate towards 
their final location and project axons towards their targets in a process re-
ferred to as axon guidance. For example the axon guidance molecules netrin-
1 or EphA4/ephrinB3 are required for proper wiring of the circuitry underly-
ing left-right motor coordination, resulting in a synchronous hopping gait in 
mice lacking these molecules [25, 26]. Synaptic contacts are formed in a 
process called synaptogenesis, which is initiated during embryogenesis and 
critical for cell differentiation and configuration of neuronal circuitry. Neu-
ronal connections are later fine-tuned in an activity dependent manner (syn-
aptic plasticity), which allows chemical synapses that are frequently used to 
grow stronger (e.g. by receptor modifications), whereas synapses that are 
rarely used instead may undergo elimination (pruning). The identification of 
specific markers for neuronal populations along with recent years advances 
in genetics and molecular techniques have provided new tools to target and 
manipulate specific classes of neurons, allowing detailed molecular and 
functional characterization of neuronal circuits. 

Neural control of movement 
Integrated neuronal circuitry present in the cerebral cortex, basal ganglia, 
cerebellum, brainstem and spinal cord (shaded regions Figure 1) contribute 
to the broad repertoire of motor behaviors that allows animals to navigate 
through the environment with precision. Cerebral pre-motor and primary 
motor cortex contains excitatory upper motor neurons (neurons not directly 
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innervating muscle fibers) responsible for planning and initiation of volun-
tary movements. The upper motor neurons regulate skilled motor behaviors 
through the descending pyramidal tract targeting the lower motor neurons in 
the brain stem and spinal cord (which directly acts on muscles).  

Ensembles of neurons located deep in the brain, in the basal ganglia, are 
in tight interplay with the upper motor neurons of motor cortex (among 
many other regions) and serve an important role by gating proper initiation 
of movements. Neurons within the basal ganglia do not directly innervate 
motor neurons, instead they modulate their activity indirectly, essentially by 
forming a feedback loop with the upper motor neurons. Signals from upper 
motor neurons are integrated and processed in the corpus striatum, primarily 
by inhibitory medium spiny neurons (in the caudate and putamen). The me-
dium spiny neurons project to inhibitory neurons in globus pallidus, control-
ling excitatory thalamic neurons, which in turn relay the processed signals to 
the upper motor neurons, closing the loop. Furthermore, dopaminergic input 
to corpus striatum from substantia nigra pars compacta exerts profound 
modulatory influence on the balance between the striatal pathways, directing 
proper suppression of unwanted movements and initiation of planned 
movements (in addition to several important non-motor aspects). In addition, 
other neuromodulators supply dynamic regulation to motor circuits (see 
Modulation of CPG circuits, for reviews see [19, 27, 28]).  

The cerebellum is important for accurate precision and timing of motor 
activity by correcting for “motor errors” between planned and actual move-
ment. The cerebellum does so by integrating signals from the cerebral cortex 
and sensory feedback pathways, tuning the activity of upper motor neurons 
in the cerebral cortex and brainstem.  

In the spinal cord and brainstem, sensory neurons, inter-connected pre-
motor interneurons, and finally motor neurons, establish the circuitry orches-
trating movement (see Neuronal networks in the spinal cord).  

 
 



19

 
Figure 3. Development and layout of the spinal Central Pattern Generator for locomotion.  
A) Schematic illustration of a transverse section of the embryonic spinal cord. Gradients of 
the transcription factors sonic hedgehog (Shh) and bone morphogenetic protein (BMP) gener-
ate progenitor domains along the dorso-ventral axis. From each progenitor domain various 
neuronal classes differentiate into specific subtypes directed by transcription factor programs. 
The interneuron classes involved in locomotion (V0-V3, dI6) as well as the motor neurons 
(MN) settle in the ventral half of the spinal cord. B) Cartoon of the mature spinal cord with 
CPG circuitry consisting of various spinal interneurons (grey area), providing rhythmic and 
coordinated left-right and flexor-extensor input to the motor neurons (MN, orange). Commis-
sural interneurons (CIN, green), including the Dmrt3 derived population from the dI6 domain, 
and ipsilateral Renshaw cells (RC, yellow) derived from V1 domain are two examples of 
interneuron classes which sculpt motor neuron output. 

Locomotion  
The British photographer Eadweard James Muybridge (1830 – 1904) was a 
pioneer in documenting motion sequences of animals and humans for scien-
tific examination [29]. Since then, many aspects behind neural control of 
locomotion have been uncovered.  

Movements are executed by alternating muscle flexion (contraction) and 
extension (relaxation), which in turn is regulated by motor units. The loco-
motor step cycle can be divided into the stance (where the limb is extended 
and in contact with the ground) and the swing phase (where the limb is 
flexed). When an animal increases its speed, spinal interneurons are gradu-
ally recruited along with different motor units, shaping the locomotor net-
work output [30-32]. In the transition from slow to higher speeds, the stance 
(extension) duration is shortened while the swing (flexion) remains largely 
constant [2]. Changes in locomotor speed are accompanied by changes in the 
pattern of limb movements, referred to as gaits.  
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Quadrupeds and bipeds (humans) use various gaits for different purposes; 
we for example change our gait from putting the heel down first, when walk-
ing, to fore foot first, when running. Walking is the natural four-beat gait 
used by quadrupeds where the footfall pattern is performed in sequence; one 
foot is lifted while the others remain in contact with the ground (in the ideal 
situation with a ¼ of a step cycle phase difference between each foot fall). 
Quadrupeds, such as mouse and horse, as well as humans (bipeds), normally 
use trot as the standard gait. Muybridge provided important insights in how 
horses execute the two-beat gait trot, in which the diagonally positioned 
limbs move forward simultaneously (e.g. right forelimb in synchrony with 
left hind limb, with ½ step cycle between ipsilateral limbs). Many quadru-
peds, including all horse breeds, are able to perform three natural gaits, in 
order of increasing speed; walk, trot and canter/gallop. In addition, some 
horse breeds are capable of performing additional (alternate) gaits. Gaits 
have been of interest for humans for thousands of years, exemplified by the 
wide range of horse breeds domesticated for certain gait traits (See paper II). 
The underlying neuronal circuit organization for movements in mammals are 
generally more complex, allowing for a wide repertoire of gaits and other 
skilled motor tasks. 

Neuronal networks in the spinal cord 
The spinal cord extends from the brain stem and contains over 1 billion neu-
rons [33] crammed into a grey butterfly shaped structure (Figure 3B). Spinal 
neuronal networks integrate signals from the brain and receive information 
from our surroundings, controlling fundamental tasks such as sensation, 
autonomic functions and execution of movements. The spinal cord is divided 
into four levels: cervical, thoracic, lumbar and sacral, and can be further 
subdivided into anatomical regions, Rexed lamina (named after the Swedish 
scientist Bror Rexed [34]).  

Spinal networks involved in regulating autonomous functions are primar-
ily located at the thoracic and sacral levels of the spinal cord, whereas the 
networks for voluntary movements are situated in the cervical and lumbar 
levels. Sensory input (such as touch and pain) is mediated by sensory neu-
rons, located in the dorsal root ganglion outside the spinal cord, relaying 
information about the body to the central nervous system. The sensory in-
formation enters the spinal cord through the dorsal rootlets (roots) (Figure 
3B) and is further processed by dorsal horn interneurons projecting to other 
regions of the spinal cord and brain (e.g. the somatosensory cortex). Local 
motor circuits in the spinal cord receive direct sensory feedback and mediate 
motor programs from various reflexes to more complex patterns of move-
ment such as locomotion, reaching and grasping. Located primarily in the 
ventral half of the spinal cord [35], these networks are responsible for con-
trolling somatic alpha motor neurons innervating specific muscle fibers 
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through the ventral root. Early work in decerebrated cats and dogs by pio-
neers Sir Charles Scott Sherrington and Thomas Graham Brown demon-
strated that the spinal cord, although it receives descending input from the 
brain, is capable of performing rhythmic and patterned walking movements 
without the need of higher input [36, 37]. The ensembles of neurons underly-
ing the rhythmic pattern of movements was later referred to as the Central 
Pattern Generator - CPG (Figure 3) [2].  

Central Pattern Generators 

CPG networks are capable of producing a patterned and coordinated rhyth-
mic output in the absence of sensory feedback or input from the brain. One 
classic example of the CPG circuits in action is the phenomenon of a chicken 
capable of running with its head removed. The CPGs are essential for several 
fundamental motor functions such as breathing, feeding and locomotion and 
is evolutionary conserved across vertebrates. The locomotor CPG consists of 
circuitry for three core functions: rhythm generation, left-right alternation as 
well as flexion and extension [23, 35, 38, 39]. The mammalian locomotor 
CPG is located in the ventral half of the spinal cord at cervical (controlling 
forelimbs) and lumbar level (controlling hind limbs). CPGs have long served 
as valuable model systems for the general principles of neuronal circuitry, 
since they generate measurable outputs that directly relate network activity 
with behavior. 

The somatic motor neurons are the key cells in movement, providing the 
final output from nervous system through the ventral roots of the spinal cord, 
known as the “final common pathway” in motor processing. Somatic motor 
neurons are highly diverse in terms of their morphological and functional 
properties and can be classified into alpha-, beta- and gamma motor neurons. 
Each motor neuron innervates multiple fibers of a single skeletal muscle 
(from a handful up to several thousand), forming a motor unit. Fundamental 
findings, such as the discovery of the chemical synapse, identification of the 
neurotransmitter ACh and the concept of synaptic mediated neurotransmis-
sion, all arose from pioneer work studying the neuromuscular synapse: the 
neuromuscular junction [40, 41]. 

To achieve the spatial and temporal activity required for locomotion, spe-
cialized classes of CPG interneurons coordinate motor neuron pools needed 
for a certain motor behavior. Although the locomotor CPG has been studied 
for more than a century, the interneuron organization coordinating the motor 
output is far from fully understood.  
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Spinal cord interneurons  
Spinal interneurons exhibit a fundamental role in movement by integrating 
sensory information and commands from higher brain centers to shape the 
rhythmic CPG output. Functional characterization of the large variety of 
interneurons is an ongoing challenging mission, since each neuron receives 
synaptic input from many sources and the same population can be involved 
in different circuits for different tasks [42]. Many transcription factors re-
sponsible for the differentiation and patterning of interneurons in the spinal 
cord have served as valuable molecular markers to genetically target and 
characterize various neuron populations, in particular those involved in the 
locomotor CPG (Figure 3) [23, 24]. In paper II, we present the identification 
and importance of one new such transcription factor. The interneurons con-
tributing to locomotion are mainly derived from the ventral progenitor do-
mains, termed V0-V3, together with dorsally derived dI6 neurons, whereas 
other dorsally originating interneurons, dI1-dI5, are primarily considered to 
participate in somatosensory pathways [23, 38].  

CPGs consist of both excitatory and inhibitory interneurons that either in-
nervate neurons located at the same side of the spinal cord midline (ipsilat-
eral interneurons, IINs) or project over the midline (commissural interneu-
rons, CINs). Some interneurons also extend their axons between several 
segments along the rostro-caudal axis. Excitatory neurons have been shown 
to contribute to the rhythm generation in the swimming CPG (see e.g. [23, 
38, 43, 44]), while less is known about the neurons responsible for rhythmic-
ity in the mammalian locomotor CPG [45]. Inhibitory interneurons, which 
are particularly important for modulating the different patterns of CPG activ-
ity [46, 47], are in focus in this work.  

The transition between stance and swing of the stride cycle is believed to be 
regulated mainly by ipsilaterally projecting neurons alternating inhibition of 
flexor and extensor motor neurons [23, 38, 48]. IINs are derived from the V1 
and V2 domains. Two of the better-characterized V1 subtypes are the Ia 
interneurons and Renshaw cells. Deletion of V1 neurons (En1Cre;DTA) leads 
to a reduced ventral root burst frequency in vitro, suggesting a role for this 
broad population in locomotor frequency regulation [49]. Renshaw cells are 
located in proximity to the motor neuron pools in the ventral horn, mediating 
recurrent inhibition of motor neurons (Figure 3b)[50]. Although its outside 
the main work included in this thesis, I will take the opportunity to present a 
novel Renshaw marker gene identified in the same screen as Slc10a4 and 
Dmrt3: Chrna2 (cholinergic receptor nicotinic, subunit alpha 2, [51, 52]). 
Previous immuno-markers used to identify Renshaw cells, Calbindin-D28k 
and Gephyrin [50, 53], also marks several additional spinal cord neurons. 
The Renshaw cells has been studied extensively since they were first de-
scribed in 1946 [54], however, their functional role(s) in locomotion, if any, 



23

remains elusive [15, 23, 50]. We took advantage of the specific expression of 
Chrna2 in Renshaw cells and generated a Chrna2Cre mouse line for func-
tional characterization of Renshaw cells (Perry et al., submitted manuscript 
[55]). Furthermore, in another study on the motor neuron disease ALS, we 
examined the Renshaw cell-motorneuron recurrent inhibitory circuit during 
disease progression in the Sod1G93A mouse model for ALS [56] (see Clinical 
Perspectives below). V2 IINs can be further subdivided into excitatory V2a 
and inhibitory V2b interneurons. Recent studies demonstrate that V2a neu-
rons regulate rhythm generation in the Zebrafish CPG [32, 44] whereas con-
ditional ablation of V2a neurons in mice (Chx10::DTA) lead to an abnormal 
left-right alternation at high running speed [57]. Furthermore, in another 
recent study it was found that simultaneous silencing of V1 and V2b neurons 
in mice (Gata3Cre;En1Cre;TeNT) result in a synchronous flexor-extensor CPG 
output, thus suggesting a role for these populations in flexor-extensor altera-
tion [58]. 

The coordination between the left and right side of the body is important 
during walking and swimming (alternation) and for jumping or galloping 
(synchrony). Control of left-right alternation has been ascribed to inhibitory 
CINs based on lesion studies of the ventral commissure disrupting alterna-
tion [35], along with fictive locomotion experiments blocking inhibitory 
synaptic transmission by strychnine resulting in a switch from alternation to 
synchrony [38, 46]. Furthermore, in Epha4/ephrin B3 knockout mice addi-
tional commissural projections results in a loss of left-right alternation [25]. 

CINs are derived from the V0 (V0V and V0D), V3 and dI6 progenitor do-
mains, generating neurons with diverse functional properties. The majority 
of CINs are inhibitory interneurons originating from V0D and dI6 while V0V 
and V3 derived are excitatory [23, 26, 38, 42, 59, 60]. Glycinergic CINs can 
inhibit contralateral motor neurons monosynaptically, while glutamatergic 
CIN may regulate contralateral motor neurons directly or indirectly via in-
hibitory interneurons [61]. Silencing of V3 neurons in mice (SimCre/TeNT) 
cause an impaired motor coordination [62]. Deletion of the V0 population 
(by removal Dbx1 in mice) lead to a partially synchronous CPG output [60], 
and a speed dependent synchrony after ablation of either V0D or V0V [63], 
indicating that V0 neurons together with other CINs are responsible for left-
right alternation. The dI6 class, one of the least characterized populations in 
the spinal cord, has been suggested to also take part in left-right motor coor-
dination (Figure 3, Paper II & III, [23, 24, 26, 60, 64]). In addition to left-
right alternation CINs may also contribute to the CPG rhythm [38].  

Characterization of the basal units and function of CPGs are important for 
our understanding of how we perform movements, knowledge that can be 
used to better understand motor disorders and spinal cord injury. 
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Modulation of CPG circuits  
Neuromodulators, including the amines, peptides and purines, are essential 
components contributing to the dynamics of CPG circuits by shaping the 
activity of both premotor interneurons and motor neurons in the spinal cord 
[19, 21, 27, 65-68].  

The functional importance of biogenic amines have been clearly 
demonstrated in experiments where DA, 5-HT and NA induce fictive swim-
ming or locomotion in isolated spinal cord preparations [19, 27, 38, 68]. For 
example 5-HT has been shown to evoke and influence CPG output fre-
quency during fictive swimming [69] and fictive locomotion [19, 28], 
whereas DA has been shown to stabilize and modulate output frequency [68, 
70]. Furthermore, the impact of monoaminergic modulation of motor net-
works have been demonstrated in vivo in experiments showing that admini-
stration of L-DOPA and monoamines can evoke locomotor activity in de-
cerebrated cats and elicit air-stepping behavior in neonatal rodents [68, 71]. 

Although monoaminergic neurons are not situated in the mammalian spi-
nal cord (however in other species), descending projections target CPG neu-
rons, e.g. CINs [72] and Renshaw cells [19, 68, 73]. Cholinergic interneu-
rons, in contrast to monoaminergic, are present in the spinal cord and be-
lieved to modulate motor neuron firing [74, 75]. Furthermore, purinergic 
transmitters (such as ATP) are another class of modulators co-released by 
e.g. motor neurons [76, 77]. ATP (and adenosine) have been demonstrated to 
modulate CPG activity [19] by interacting with various purinergic receptors 
distributed throughout the spinal cord, e.g. P2X7 predominantly found in 
glutamatergic and cholinergic synapses [78]. 

The specific actions of a neuromodulator depends on the receptor compo-
sition, thus the same transmitter may have differential effects between neu-
rons in the CPG circuit. Administration of various DA agonists to rodents 
can influence CPG output, for example D1-like receptor activation by 
SKF81297 have been shown to elicit movements, whereas D2-like (auto) 
receptor activation by quinpirole instead affect stepping performance [39, 
68, 79, 80]. The biogenic amines and monoaminergic agonists have been 
found to directly tune gaits (crawling and swimming) in Caenorhabditis 
elegans [81] and modulate stepping pattern in spinalized rodents [80]. 

In summary, neuromodulators are essential regulators of CPG function 
believed to add flexibility, adaptability, as well as stability to the circuitry 
[19, 27, 68]. Since many spinal interneurons are multifunctional, 
neuromodulation could potentially influence the recruitment and activity of 
interneurons with changes in speed or gaits [28], adding a further dimension 
to the already intricate spinal networks of movement. 
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Clinical perspectives 
Diagnosis and treatment of neurological disorders is an immense challenge. 
Numerous neurological conditions are caused by impaired synaptic signaling 
– often with serious clinical implications for movement. Motor disorders 
arise from a wide range of causes, from traumatic injury to neurodevelop-
mental and neurodegenerative diseases. Some of the most common neuro-
logical disorders affecting movements are associated with circuitry altera-
tions within the classic modulatory systems of the brain. Other disorders 
instead directly hit the lower motor neurons in the brainstem and spinal cord 
or the neuromuscular junction. Synaptic dysfunction within the neuromodu-
latory systems (due to e.g. impaired neurotransmitter synthesis, packing, 
release or postsynaptic action) may result in a wide range of neurological 
disorders.  

 Since the biogenic amines and ACh are critical for maintaining normal 
brain function, dysfunctions within these systems are implicated in most 
psychiatric disorders. Impaired dopaminergic signaling is implicated in e.g. 
addiction and Parkinson’s disease [82]. Anxiety, depression and psychosis 
are disorders associated with alterations in the serotonergic system, whereas 
noradrenergic dysregulation has been linked to epilepsy and Parkinson’s 
disease [83]. Furthermore, cholinergic alterations has been associated to 
Alzheimer’s disease and depression [84].  

An imbalance between the modulatory systems in the striatum (primarily 
DA and ACh) can result in a multitude of movement disorders as well as 
psychiatric disorders such as autism and attention deficit/hyperactivity dis-
orders ADHD (reviewed in [85]). Parkinson’s disease, the second most 
common neurodegenerative disorder, is characterized by diminished dopa-
minergic modulation of striatal neurons leading to alterations in the disin-
hibitory circuits from caudate and putamen resulting in an impaired excita-
tion of upper motor neurons, which in turn leads to characteristic symptoms 
such as tremor and gait disturbances [83]. The cause(s) for Parkinson’s dis-
ease is not known, however oxidative stress, e.g. from excessive cytoplasmic 
dopamine, has been suggested to contribute to the degeneration of dopa-
minergic neurons in substantia nigra [10], suggesting that monoamine trans-
port may have a role in the pathogenesis. In addition to Parkinson’s disease, 
ALS (also referred to as Lou Gehrig's disease) and Huntington’s disease are 
movement disorders with consequences for gait [86].  

Furthermore, involuntary rhythmic limb movements have been reported 
in patients after spinal cord injury and the inflammatory disease Multiple 
sclerosis [39]. A rare disorder affecting human gaits, possibly through altera-
tions in the CPG, is the Uner Tan Syndrome (UTS), characterized by quad-
rupedal locomotion and mental retardation [39].  

Damage to the motor neurons may lead to paresis (muscle weakness) or 
paralysis. ALS, the most common disease affecting motor neurons, is char-



26 

acterized by progressive degeneration of both upper and lower motor neu-
rons causing symptoms including progressive paresis and later paralysis. 
Patients suffering from ALS generally live for only 3 to 5 years after the 
onset of symptoms, often dying from respiratory failure – another rhythmic 
activity coordinated by CPG circuits [87]. The cause(s) for motor neuron 
degeneration in ALS is not known, however, several hypothesis have been 
proposed including; mitochondrial dysfunction, oxidative stress, impaired 
blood-brain/spinal cord barrier function or dysfunctional pre-motor interneu-
rons [87-89].  

Although genetic alterations account for only a minor part of ALS and 
Parkinson’s disease cases (familial), investigating the influence of associated 
genes can provide valuable information about the underlying molecular de-
terminants for these disorders. To investigate the ALS pathogenesis, various 
transgenic mouse lines with mutations in the Cu/Zn superoxide dismutase 1 
(SOD1) gene have been developed. It has been suggested that the motor 
neuron degeneration observed in ALS is a consequence of altered firing 
properties, which in turn may be due to dysfunctions in pre-motor interneu-
ron circuitry [88, 89]. We and others [90-92] hypothesized that Renshaw 
cells, which inhibit motor neuron firing through recurrent inhibition, could 
be involved in ALS pathogenesis. We therefore examined the Renshaw cell-
motor neuron circuit during disease progression in the Sod1G93A mouse 
model using various motor neuron and Renshaw cell markers, including 
Chrna2. In agreement with previous studies [90-92], we found that motor 
neurons are affected prior to Renshaw cells, however, loss of recurrent in-
hibitory feedback might accelerate the degeneration of motor neurons [56].  

Since the monoamines, their precursors and receptor agonists can evoke 
and stabilize spinal locomotor circuits, spinal cord injury recovery is an po-
tential avenue for clinical interventions [80]. Postsynaptic receptors are 
common drug targets for treatment of neurological disorders. Other drugs 
instead increase the amount of neurotransmitter available for release, such as 
the catecholamine precursor molecule L-DOPA, used clinically for treatment 
of Parkinson’s disease, and monoamine oxide inhibitors, used as antidepres-
sants (e.g. tranylcypromine). Many psychoactive drugs affect neurotransmit-
ters transport over plasma or vesicular membranes, influencing synaptic 
transmission. Popular synaptic drug targets are the modulatory neurotrans-
mitter transporters such as the selective serotonin reuptake inhibitors (SSRI), 
e.g. fluoxetine, used in treatment of depression by blocking SERT. Some 
drugs of abuse, such as ecstasy (acting on SERT) and cocaine (acting on 
DAT), also inhibit reuptake of 5-HT and DA respectively, resulting in ele-
vated monoamine concentrations in the synaptic cleft. Amphetamine and 
methamphetamine act on many sites within the synapse, including VMAT2 
and plasma membrane transporters such as DAT, resulting in a provoked 
monoamine release. Amphetamine can be used to treat ADHD, but its psy-
chotic effects have also made it a common substance of abuse. Other com-
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pounds instead interfere with synaptic vesicle transporters, such as the antip-
sychotic drug reserpine discovered during the 1950s [93]. Reserpine binds to 
VMATs irreversibly, influencing the amount of monoamine molecules per 
vesicle. Reserpine has been used to treat schizophrenia and high blood pres-
sure, but due to severe psychological side effects it is not in practice any-
more.  

To develop new therapies for neurological disorders it is important to 
widen our current understanding of the underlying molecular mechanisms 
behind neuronal circuit formation and function, synaptic transmission and 
explore how neuromodulation and drugs can modulate neuronal network 
activity.  
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Scientific objectives 

The overall aim of this work was to increase our current understanding of 
neuronal circuits controlling movement, from the aspects of synaptic signal-
ing and spinal cord interneurons. 
 
For each part of this thesis, the aims were the following: 
 
Paper I 
To characterize the expression of SLC10A4 in the nervous system and inves-
tigate its molecular and functional role in monoaminergic and cholinergic 
homeostasis, with emphasis on the dopaminergic system. 
 
Paper II 
To examine the potential role of the transcription factor Dmrt3 in shaping 
the spinal locomotor circuitry in mouse and gaits in horses.  

 
Paper III 
Generate a Dmrt3Cre mouse line to molecularly and functionally characterize 
the Dmrt3 derived spinal interneurons and investigate their physiological 
importance for locomotion. 
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Methodological considerations 

The principles of the experimental procedures used in this work are de-
scribed in detail in the materials and methods section of respective paper. In 
this section, the methods performed by me are briefly presented and dis-
cussed. 

Mouse lines and generation of transgenic mice 
The works presented here are primarily based on analyses made in trans-
genic mice. The house mouse (Mus musculus) is an established model organ-
ism in neuroscience to study neuronal circuit development and function. In 
addition to high genomic and proteomic homology to humans, another ad-
vantage is that mice can be modified genetically. Mouse models developed 
for neurological disorders are valuable for investigations of potential drug 
treatments and transgenic mice are important for molecular and functional 
characterization of the nervous system. Several types of transgenic mice 
have been used in this work with deleted alleles (null mutant, knockout 
mice) and mice based on the recombinant Cre-loxP technology. The Cre-
loxP system uses Cyclic recombinase (Cre) to excise genetic fragment 
flanked by inserted loxP sites. Thus, the Cre-loxP technique can be used to 
conditionally target and manipulate gene expression in a specific cell popu-
lation, such as deletion or activation of genes. All animal procedures were 
approved by the Swedish ethical committees and all mice were kept accord-
ing to the guidelines of Swedish regulation and European Union legalization 
(ethical permits C79/9, C147/7 and 248/11).  
 
The mouse lines used in this work are listed below (type of mouse line; de-
scription; source): 

 Slc10a4-/-: Slc10a4 null mice (KO), Texas A&M Institute for Ge-
nomic Medicine, USA) 

 pNSE-slc10a4: Neuronal over-expression of Slc10a4, generation de-
scribed below. 

 Dmrt3-/-: Exon 1 of Dmrt3 deleted, chr19:25,684,562-25,686,077; 
(UCSF, USA, [94]). 

 Dmrt3Cre: Cre expression driven by the Dmrt3 promoter, generated 
as described below. 
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 Gt(ROSA)26Sortm14(CAG-tdTomato)Hz: Cre reporter strain expressing 
tdTomato fluorescent protein, Jackson Laboratory (Maine, USA) 
(R26tdT). 

 Viaatlx/lx: LoxP flanked Viaat allele (also referred to as Vgatlx/lx) [95]. 

Generation of pNSE-Slc10a4 mice  
Neuronal over-expression of Slc10a4 was achieved by inserting the full 
length Slc10a4 cDNA downstream of the rat neuron specific enolase (NSE, 
enolase 2) promoter, construct kindly provided by Dr. J. Gregor Sutcliffe 
(The Scripps Research Institute, La Jolla, USA). HindIII-linkers were at-
tached to Slc10a4 cDNA by PCR and cloned into the HindIII site of the 
pNSE-Ex4 vector. Linearized pNSE-Slc10a4 construct were introduced to 
the mouse genome by conventional pronuclear injection of B6D2F1 zygotes. 
Animals were screened for the pNSE-Slc10a4 insert and Slc10a4 mRNA and 
protein expression was analyzed by in situ hybridization, immunohistochem-
istry and western blot. Heterozygous animals and littermate controls were 
used for experiments.  
 
Generation of Dmrt3Cre mice  
Dmrt3Cre mice were generated using the ZFN technology (Sigma-Aldrich, St. 
Louis, USA). ZFNs mRNA and donor vector containing iCre and 2A peptide 
sequence positioned between homology arms were introduced to B6D2F1 
zygotes by pronuclear injection. The 2A peptide coding sequence allows for 
co-translation of iCre followed by Dmrt3. Zinc Finger Nuclease Binding 
sites (upper case) and cutting site (lower case, underlined) in Dmrt3 exon 1: 
5’-GGCTACGGCTCCCCCtacctgTACATGGGCGGCCCGGTG. Dmrt3Cre 
founders were verified for iCre by PCR and the expression pattern was vali-
dated after breeding with R26tdT reporter mice followed by Dmrt3 in situ 
hybridization and Dmrt3 immunohistochemistry.  

Molecular biology techniques  
RNA expression analysis  
Tissues from mouse or horse were dissected and formalin fixed for histo-
logical analysis. Sections were obtained using cryostat (16-25 µm) or vibra-
tome (60-80 µm).  

RNA in situ hybridization (ISH) is a technique to detect and visualize 
gene expression. We used DIG labeled RNA anti-sense probes complemen-
tary to mRNA of interest on mouse tissue (see Paper I, II, III) and horse tis-
sue (see Paper II). Hybridized anti-sense probes were detected by anti-DIG 
Fab fragments conjugated to alkaline phosphatase (substrates; chromogenic 
signal: NBT/BCIP or BM purple, or fluorescent signal: FastRed). Specific 
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hybridization was validated by comparison to RNA sense probes (negative 
non-complementary control probe).  

Gene expression was measured by quantitative real time PCR (qRT-
PCR). RNA was purified from spinal cord or brain tissue, DNA was re-
moved and RNA was reverse transcribed using M-MLV reverse transcrip-
tase. Primers were designed to give products for spliced mRNA (and not 
genomic DNA). qRT-PCR was performed using KAPA™ SyBr® FAST 
qPCR Kit and Cq values were normalized to the geometric mean of two 
stable reference housekeeping genes. Relative gene expression was deter-
mined from normalized Cq values and analyzed using one-way ANOVA 
followed by Bonferroni post hoc test. 
 
Immunoassays 
Immunohistochemistry (IHC) was performed to investigate protein expres-
sion pattern in cell cultures and mouse tissue. The IHC method is based on a 
primary antibody directed towards an antigen of a molecule (e.g. a protein). 
The antibody binding can be visualized by a chromogenic substrate, a fluo-
rescent conjugate or a fluorescently labeled secondary antibody. For im-
munofluorescence, antibodies raised against different proteins can be com-
bined for co-localization studies (together with e.g. DAPI nuclear staining, 
fluorescent proteins, tracers or in situ hybridization probes). It is of great 
importance to optimize the protocol conditions since specificity and sensitiv-
ity can vary considerably between antibodies (dilution, blocking, antigen-
retrieval methods etc.). 

Immunoblotting was carried out to compare protein expression in brain, 
spinal cord, cell culture and synaptic vesicle material. Proteins were sepa-
rated with SDS-PAGE and transferred to a nitrocellulose membrane. The 
membrane was incubated with primary antibody. Bound antibodies were 
detected with protein A or secondary antibody-HRP conjugate and visual-
ized with ECL chemiluminescence reagent. 

In situ Proximity Ligation Assay (PLA, Olink Bioscience, Sweden) was 
performed to analyze protein co-localization/interactions. The PLA technol-
ogy is an immunoassay in which a fluorescent signal is generated when the 
target proteins are in close proximity (<40 nm). We performed PLA on puri-
fied synaptic vesicles fixed on cover slips to detect potential co-localization 
of vesicular proteins. We used a set of controls to test for specific signal and 
to analyze potential random signal from proteins located on different nearby 
vesicles. 
 
Tracing analysis 
Tracing is a method to investigate axonal projection patterns. To examine 
projections of spinal cord interneurons we applied retrograde dextran tracers: 
Fluorescent rhodamine-dextran-amine (RDA, 3000 MW), fluorescein-
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dextran-amine (FDA, 3000 MW) and Alexa Fluor 647 (10 000 MW) (Invi-
trogen, Sweden). Experiments were conducted essentially as described in 
Rabe et al. 2009 [26]. Neonatal mouse spinal cords were dissected in ice-
cold oxygenated artificial cerebrospinal fluid and a small sagittal incision 
(for intrasegmental tracing of cCIN) or two horizontal incisions (for in-
tersegmental tracing targeting ascending/descending/bifurcating neurons), in 
which tracers were placed with a fine tungsten needle. Spinal cords were 
incubated in oxygenated aCSF at room temperature over night. More re-
cently developed tracing methods are based on viruses, such as transneuronal 
pseudorabies virus PRV152 which can jump synapses, used in Paper II to 
investigate pre-motor interneurons. 

Neurotransmitter measurements 
Monoamine and acetylcholine measurement  
Quantification of monoamine tissue levels was done using high-performance 
liquid chromatography (HPLC) with electrochemical detection. Brain tissue  
samples were collected from nucleus accumbens, caudate putamen and hy-
pothalamus, dissected on ice, weighed and homogenized in 4% (w/v) cold 
perchloric acid (PCA) containing 3,4-dihydroxybenzylamine (DHBA) as 
internal standard. Measurements of DA, 5-HT and NA and the metabolites, 
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were 
conducted as previously described [96].  

The amount of choline and ACh from brain tissue was determined using a 
commercially available kit based on acetylcholinesterase (ab65345, Abcam). 
Striatum and midbrain were rapidly dissected, homogenized and stored on 
dry ice prior to measurement. Fluorescent measurements (Ex 535 nm/Em 
590 nm) were performed using a Tecan Infinite M200 instrument (Tecan 
Group Ltd., Männedorf, Switzerland) and the ACh content was determined 
after acetylcholinesterase treatment by subtracting free choline from total 
content.  

 
Cell transfection and uptake assays 
Cell culture (e.g. primary or stable cell lines) allows for growing of cells 
under controlled conditions. In this thesis, cell cultures were used for expres-
sion of proteins for histological and functional transport assays. Human em-
bryonic kidney (HEK-293) and human glioma U251 cells were used for 
transfection experiments. Stably expressing HEK293-hDAT-hVMAT2 cells 
were supplied by Dr. Aaron Janowsky (Oregon Health & Science Univer-
sity, Portland, USA) and Dr. Robert Edwards (University of California, San 
Francisco, USA). Vectors containing the CMV-promoter were cloned or 
purchased to drive the expression of a gene of interest (e.g. Slc10a4 and 
horse mutant and wild-type DMRT3). Cells grown on coverslips or in plates 
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were transfected with using Lipofectamine LTX reagent (Life Technologies, 
USA), and analyzed 24 to 48 h post transfection. Transfection was verified 
using immunohistochemistry, western blot and pCMV6-YFP control vector.  

HEK-293 cells grown to confluence were used for neurotransmitter up-
take experiments using [3H]- or [35S]-conjugated compounds. Radioactively 
labeled molecules were used for this purpose since they can be detected and 
quantified at very low concentrations. Mock transfections were used as con-
trols (transfection reagents without DNA) and cells in the same plate and 
with same confluence were compared. HEK-293 cells were incubated in 
assay buffer, containing labeled compound of interest (approximately 100 
nM) in PBS for different times. 3HDA uptake was inhibited with specific 
drugs; 10 μM Amphetamine, 10 μM Cocaine or 1 μM Reserpine. The assays 
were stopped by rapid aspiration followed by washes in PBS. Cells were 
lysed and the radioactivity remaining in each well was determined by liquid 
scintillation spectrometry (Tri-Carb Liquid Scintillation Analyzer, Perkin 
Elmer, USA). 

Synaptic vesicle experiments 
Synaptic Vesicle isolation 
To characterize the orphan transporter Slc10a4, we enriched synaptic vesicle 
from mouse brain (Paper I). Synaptic vesicles have been purified from brains 
of many species since the 1970’s and several protocols have been established 
for different purposes, including mapping of vesicular proteins and molecu-
lar and functional analysis. We standardized a crude but rapid protocol that 
was used for functional assays, based on the original Teng et al. protocol 
[97] and expertise from the lab of Reinhard Jahn. Synaptic vesicles isolated 
from striatum were used for 3HDA uptake measurements, and vesicles from 
whole brains for acidification experiments. For a more pure form of synaptic 
vesicles another protocol developed by the Jahn lab was used [98]. Vesicles 
of higher purity were taken for proximity ligation assay and STED micros-
copy experiments. 

 
Acidification measurements by acridine orange 
The ΔpH component of electrochemical gradient, ΔμH+, over SV mem-
branes was analyzed by the quenching of acridine orange. Acridine orange is 
a fluorescent cationic compound that changes its fluorescence properties 
when it becomes protonated - emitting orange light (this occurs for example 
when the V-ATPase transports H+ into SVs). Enriched SVs from brains of 
different genotypes were incubated with acridine orange in Krebs-Ringer 
buffer. Measurements were performed under constant stirring at 32 °C using 
a SPEX fluorolog 1650 0.2 m double spectrometer (SPEX industries, Edi-
son, NJ), excitation and emission wavelengths were set to 492 and 530 nm, 
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respectively. Acidification was initiated by the addition of Mg-ATP. The 
protonophore Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was 
later added to validate specific acidification. Normalized fluorescent change, 
ΔF/F, was used for statistical comparison between genotypes.  
 
Dopamine uptake assay 
DA uptake into SVs was measured using tritium labeled dopamine (3HDA). 
The assay was optimized for vesicle concentration, temperature and buffer 
constituents. Briefly, SV were incubated with 3HDA and Mg-ATP in Krebs-
Ringer buffer for different time durations. Non-specific uptake was meas-
ured in the presence of VMAT2 blocker Reserpine. Uptake was terminated 
by rapid dilution in cold wash buffer followed filtration using an in-house 
built device. 3HDA retained in the membrane was quantified by liquid scintil-
lation counting. Measurements were conducted in triplicates from simulta-
neously enriched striatal SV samples from Slc10a4 knockout, NSE-Slc10a4 
and wild type control brains. Normalized uptake was used for statistical 
comparison. 

Behavior analysis 
Motor Behavior   
Behavior analysis was performed to evaluate how the deletion of Dmrt3 or 
Slc10a4 as well as removal of inhibitory signaling from Dmrt3 neurons 
translates to movement. A battery of motor tests was performed on new born 
and adult mice, including neonatal air-stepping, swimming, beam-walk and 
treadmill gait analysis. I was blind to genotypes while performing and ana-
lyzing experiments. 

Air-stepping was performed to test early postnatal limb movements in 
postnatal (P) day P0-P1 and P3-P4 mice. Tail pinch-induced limb move-
ments were captured with a high-speed camera and limb coordination was 
analyzed.  

Hanging wire test was used to assess muscular strength and Rotarod (Iitc 
Life Science, Woodland Hills, USA) was used to measure motor coordina-
tion and balance.  

Basal locomotor activity were measured simultaneously during 40 min in 
an automated device developed for activity monitoring, Locobox© cages 
(Kungsbacka Reglerteknik AB, Sweden). The following motor activities 
were recorded; horizontal activity, peripheral activity, locomotion, rearing 
activity, peripheral rearing as well as rearing time and corner time.  

Swimming Behavior   was analyzed by placing the mouse in a glass cylin-
der filled with water. The time spent swimming (paddling with at least three 
limbs), immobile (floating) as well as twitching (rapid hind limb movements 
without complete extension) was scored during one minute.  
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Beam-walking was used to examine fine motor coordination and balance. 
Mice were allowed to walk over a 1 m long 12 mm in diameter round 
wooden beam positioned 35 cm above the ground. The time to cross the 
beam and the number of hind-limb slips were recorded. 

Gait analysis was performed with a treadmill apparatus, TreadScan 
(CleverSys, Reston, USA). The footfall pattern was recorded at different 
speeds with a high-speed camera and gait parameters (stride, stance, break, 
propulsion and swing time) were automatically calculated by the TreadScan 
software or manually tracked using Fiji software (ImageJ). Averaged meas-
urements over 5-20 step cycles were used for statistical analysis.  
 
Pharmacology provoked motor activity 
Many drugs influence locomotor activity such as the psychostimulants am-
phetamine and cocaine. To explore the physiological importance of Slc10a4 
we used drugs know to interfere with the dopaminergic system. Measure-
ments of motor activity responses following intra peritoneal administration 
of a drug were recorded in Locoboxes. 

Amphetamine (0.5, 1.5 and 3 mg/kg) is a psychostimulant acting on many 
sites within the synapse (including VMATs, DAT and MAO), causing a 
provoked release of monoamines, such as DA, from the presynapse to the 
cleft. Cocaine (10, 20 and 30 mg/kg) is another psychostimulant acting pri-
marily on DAT, resulting in inhibition of reuptake of released DA. 
GBR12783 (5, 10 and 15 mg/kg) is another DAT inhibitor, although more 
specific than cocaine (which also act on the serotonergic and noradrenergic 
systems). Tranylcypromine (10, 15 and 20 mg/kg) is an antidepressant non-
selective and irreversible inhibitor of MAO, preventing degradation of 
monoamines and thus increasing concentrations of available monoamines. 
Reserpine (2 and 4 mg/kg) is an irreversible VMAT1 and VMAT2 inhibitor, 
increasing the concentration of cytoplasmic monoamines resulting in de-
creased locomotor Behavior  and inducing catalepsy. 

Statistics 
Statistical comparison were done using one- or two-way ANOVA with Bon-
ferroni’s post hoc-test, where applicable, or with Student’s two-tailed t-test 
for comparison of two groups. For categorical data Fisher's exact test was 
used. Outliers were determined using Grubbs test (alpha=0.05). Uptake ex-
periments, acridine orange and amine quantifications were normalized prior 
to statistical comparison. Detailed information about the statistical methods 
used for each experiment is stated in the materials section of each paper. 
Statistical analyses were performed using GraphPad Prism (GraphPad Soft-
ware, USA). 
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Results and discussion 

Paper I  
The solute carrier transporters (SLC family) have important functions in 
neuronal signaling by transporting molecules across biological membranes. 
Here, the orphan transporter Slc10a4 was investigated, a gene that was found 
in a screen for spinal cord neurons [51].  

Slc10a4 was originally discovered in 2004 [99] and belongs to the solute 
carrier family 10 (Slc10). The SLC10 family, also known as “sodium bile 
acid co-transporter family”, consists of seven members including two known 
bile acid transporters. Immunohistochemistry for SLC10A4 showed that it is 
expressed in the synapse of cholinergic neurons [100]. In addition to cho-
linergic synapses, we found that SLC10A4 is present on synaptic vesicles 
containing the vesicular ACh and monoamine transporters VAChT or 
VMAT2 (illustrated by three independent methods; co-immunoprecipitation, 
in situ Proximity-Ligation Assay and STED microscopy on synaptic vesi-
cles).  

We investigated the impact of Slc10a4 for behavior using Slc10a4 knock-
out (KO) mice. The KO mice performed normally in motor, anxiety and 
memory tests, but displayed a mild hypo-activity. Moreover, KO mice 
showed radically decreased levels of NA, DA and 5-HT in the striatum and 
reduced choline levels in midbrain/striatum tissue. However, SLC10A4 itself 
was found incapable of transporting monoamines or ACh in transfected 
HEK293 cells.  

We next sought out to explore the potential role of SLC10A4 at the ve-
sicular level. To obtain a sufficient number of SLC10A4-containing synaptic 
vesicles for functional characterization (since only a fraction of the total 
number of vesicles in the brain are aminergic), a transgenic mouse line over-
expressing Slc10a4 in the CNS was generated, using the rat neuron-specific 
enolase promoter (NSE). We noted global over-expression of SLC10A4 
localized to synaptic vesicles in the brains of NSE-Slc10a4 mice. First we 
investigated whether SLC10A4 affect DA transport in synaptic vesicles and 
found that vesicles enriched from KO brains showed lower 3HDA uptake 
compared to control, while vesicles from NSE-Slc10a4 brains displayed 
faster uptake. Neurotransmitter transport from the cytoplasm into synaptic 
vesicles depends on the electrochemical gradient and involves the exchange 
of luminal protons. The vesicular amine transporters VACHT and VMATs 



37

exchange two luminal protons per monoamine being transported into the 
vesicle, in contrast to VIAAT and VGLUTs exchanging two protons (Figure 
2B). Vesicular acidification experiments using the quenching of acridine 
orange, a pH sensitive molecule, have demonstrated that ions (e.g. anions 
such as Cl- and glutamate) can increase the accumulation of protons, result-
ing in a greater ΔpH [10, 17, 101]. Since SLC10A4 is expressed in aminer-
gic vesicles, in which filling mainly relies on ΔpH, we hypothesized that 
SLC10A4 may contribute to vesicular acidification. We found that NSE-
Slc10a4 vesicles displayed a greater quenching of acridine orange compared 
to vesicles from control mice - suggesting a higher degree of acidification. 
However, no difference in acidification between vesicles from SLC10A4 
null mice and control were found.  

These observations led us to explore DA release and reuptake properties 
in the striatum by in vivo chronoamperometry (Fast Analytical Sensing 
Technology) where we found that Slc10A4 null animals showed impaired 
release and clearance of endogenous and exogenous DA, leading to an ac-
cumulation of DA in the synaptic cleft – an effect associated with several 
psychoactive drugs, such as cocaine and amphetamine.  

Despite effects on vesicular DA transport, transmission and monoamine 
homeostasis no severe behavior phenotype was observed in mice lacking 
Slc10a4. Similar to Slc10A4 KO mice, heterozygous Vmat2 mice have re-
duced monoamine tissue levels and in addition display altered response to 
psycho stimulants [102, 103]. Parallels can also be drawn to a study showing 
that conditional deletion of Vglut2 in dopaminergic neurons lead to reduced 
DA levels, altered locomotor response to cocaine (while spontaneous motor 
behavior was not affected) and that glutamate co-transport influence vesicu-
lar acidification and monoamine uptake [17].  

We therefore examined the behavioral responses after drug provocation 
using substances interfering with monoaminergic signaling. Administration 
of amphetamine, a psycho stimulant acting on many sites within the synapse 
and causing a redistribution of vesicular DA and release into the synaptic 
cleft [104], resulted in a markedly enhanced locomotor activity in KO mice 
compared control. As described above, DA is a major modulator of motor 
behavior. Surprisingly, KO mice were indifferent to drugs blocking plasma 
membrane transporters (cocaine and GBR12783) and VMAT2 (reserpine). 
The DA 1-like receptor agonist SKF81297 and D2-like agonist quinpirole 
resulted in an altered response in mice lacking Slc10a4 compared to control. 
Furthermore, a similar hypersensitivity response as seen for amphetamine 
was observed for the MAO inhibitor tranylcypromine. The observed basal 
hypo-locomotor response together with the hyper-locomotor activity after 
amphetamine and tranylcypromine provocation in KO mice suggest im-
paired dopaminergic signaling in the absence of Slc10a4 (supported by the 
findings of lower monoamine tissue levels and slower clearance of DA in the 
striatum).  
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Based on these findings we hypothesized that SLC10A4 modulates 
dopaminergic signaling on the synaptic vesicle level by indirectly enhancing 
DA loading, eventually through an increased ΔpH. In our model an altered 
vesicular DA uptake efficiency influences monoamine homeostasis (e.g. 
neurotransmitter quanta, clearance and turnover) with consequences for be-
havior (demonstrated by altered responses to certain psychostimulants).  

The drug-provoked behavior data demonstrate the potential clinical rele-
vance of Slc10a4 in addiction (amphetamine sensitivity) and depression 
(tranylcypromine). Furthermore, decreased DA transport efficiency may 
have an impact on the quantal size as well as the cytoplasmic concentrations 
of DA, which in turn could lead to oxidative stress. 

Although the findings presented here primarily focus on DA homeostasis, 
it is quite probable that the other monoamines and possibly also ACh are 
affected in the same way as DA, however this remains to be determined. One 
way to dissect the functional role of SLC10A4 for each separate modulatory 
system would be to conditionally knockout the gene by using system specific 
Cre mouse lines (driven by e.g. DAT, SERT and ChAT (choline acetyltrans-
ferase)). To circumvent compensatory mechanisms likely occurring when 
knocking out Slc10a4 early during development, acute conditional deletion 
would be possible by using inducible Cre-lines or virus approaches together 
with mice carrying a floxed Slc10a4. 

In a separate study from our laboratory, the role of Slc10a4 in the cho-
linergic neuromuscular junction was investigated. This study provides evi-
dence for synaptic alterations also in the cholinergic system in Slc10a4 KO 
mice, perhaps due to impaired vesicular filling of ACh (Patra K. and Lyons 
D. et al., 2014, submitted manuscript). Moreover, in a previous study we 
provide evidence that Slc10a4 also has a role for cholinergic homeostasis in 
the brain. Slc10a4 null mice displayed spontaneous epileptiform activity and 
were more sensitive to the cholinergic seizure-inducing drugs carbachol and 
pilocarpine [105]. The link between Slc10a4 and epilepsy illustrates the 
clinical relevance of this orphan transporter in cholinergic signaling and it 
would be interesting to investigate possible genetic variations in patients 
with epilepsy.  

 
What is the substrate for SLC10A4?  
The other SLC10 family members SLC10A1 (Na+/taurocholate co-
transporting polypeptide, NTCP) [106, 107] and SLC10A2 (apical sodium-
dependent bile acid transporter, ASBT) [108] both transport bile acids, 
whereas SLC10A6 (sodium-dependent organic anion transporter; SOAT) 
[109] transports steroid hormones. Previous studies focusing on SLC10A4’s 
potential transport of bile acids and steroid hormones in vitro using trans-
fected cells, have not been conclusive [100, 110], and no uptake of 
monamines or acetylcholine was seen in our experiments. A recent study 
suggests transport of litho- and taurocholic acid after thrombin-activation 
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[111], however, even though some bile acids are endogenously synthesized 
in the brain [112] it would be intriguing if aminergic neurons would release 
bile acids.  

The increased acidification observed in SLC10A4 over-expressing vesi-
cles indicates that SLC10A4 transports a molecule, which could affect the 
ionic balance of synaptic vesicles promoting DA uptake. Based on these 
findings we speculate that transport of an anion could promote loading of 
DA, in a similar manner as has been shown for the vesicular glutamate 
transporters in aminergic neurons [17, 113] and the chloride channel Clc-3 in 
glutamatergic neurons [114]. If so, this molecule might be co-transported 
with sodium and eventually be present in the Krebs-Ringer buffer used in 
our vesicle assays. This unknown molecule would then also be co-released 
with amines and could potentially also act as a neurotransmitter. Since 
SLC10A4 is also expressed in non-neuronal tissue, e.g. intestine and adrenal 
glands [100], its substrate should preferably be of relevance also in these 
systems.  

One candidate molecule that fulfills these criteria is ATP, which is a 
strong anion and purinergic neurotransmitter (in addition to the energy 
source present in our vesicle experiment) released by both cholinergic and 
monoaminergic neurons [77]. Transporters for ATP in the brain has been 
searched for ever since evidence of purinergic transmission emerged [76]. 
The first ATP transporter was recently described, the vesicular nucleotide 
transporter VNUT (Slc17a9) [115]. However, VNUT has ubiquitous expres-
sion in neurons and glia with no specificity for aminergic neurons. We hy-
pothesized that SLC10A4 might transport ATP in the aminergic systems of 
the brain. To test this, we performed uptake experiments in HEK293 cells 
where we detected a small, yet highly significant, increase in up-
take/accumulation of 3HATP in Slc10a4 transfected cells (Figure 4A-B, un-
published data). Furthermore, we also detected increased accumulation of 
the non-hydrolysable ATP analog 35SATP as well as 3HTTP (Figure 4C), 
similar to uptake in cells expressing the established ATP transporter VNUT 
(Figure 4D). However, we did not detect any changes in the amount of ATP 
released from synaptosomes isolated from KO or NSE-Slc10a4 mice (unpub-
lished observations). Thus, whether ATP is a substrate for SLC10A4 re-
mains to be determined.  

Based on the observations presented in paper I, we tentatively named the 
SLC10A4 protein Vesicular Aminergic-Associated Transporter (VAAT). 
Our results demonstrate that VAAT is important for amine homeostasis and 
could thus be a novel drug target for neuropharmacological interventions. 
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Figure 4. SLC10A4 increases the accumulation of ATP and TTP in transfected HEK293 cells.  

(A) Transfection of SLC10A4 (red) and SLC17A9 (VNUT, blue) into HEK293 cells validated 
by Western blot and immunohistochemistry demonstrating expression in the cell membrane. 
Mock-transfected cells without DNA were used as controls. (B) Uptake experiments revealed 
increased accumulation of 3HATP (1 µCi/ml, ~0.1 µM) in cells transfected for SLC10A4 (red) 
compared to mock control (white) (p=0.002, n=6 per time point and treatment, CPMA - 
counts per minute average). Uptake/binding of 3HATP was blocked by the addition of 100 µM 
unlabeled ATP (squares). Further accumulation of 3HATP for 15 minutes was reduced when 
100 µM unlabeled ATP was added to the cells after 15 minutes incubation (triangles). (C) 
HEK293 cells transfected for SLC10A4 showed increased accumulation of the non-
hydrolysable ATP analog 35SATP (n=42, p<0.0001) as well as 3HATP (n=35, p<0.0001), and 
3HTTP (n=17, p<0.0001), but not 3HGTP (n=20, p=0.49) compared to mock. (D) HEK293 
cells transfected for SLC17A9 (blue) showed an increased uptake/binding of 3HATP com-
pared to mock (white), similar to cells transfected for SLC10A4 (red) (n=46/transfection). 
Control transfected cells for LacZ (n=14) or SLC6A2 (NET, n=23), did not display a differ-
ence in 3HATP uptake compared to mock (n=46). Data represent mean ± SEM. 2-way 
ANOVA (B), 1-way ANOVA followed by Bonferroni post hoc test (D) and two-tailed t-test 
(C, F) were used for statistical analysis. Scale bar indicate 10 µm.*p<0.05, **p<0.01, 
***p<0.001. 
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Figure 5. Cover of Nature (2012)  
Aug 30; 488(7413):642-6.  

Paper II  
The findings presented in Paper II originate from two distinctly separate 
studies, one in mouse – one in horse, which over time converged and merged 
(Figure 5).  

Trot is a regular gait used by quadrupeds and even humans (bipeds) swing 
the arms and legs in a synchronous diagonal fashion. However, some spe-
cies, such as camels, move in pace, which is a two-beat gait where the legs 
on the same side of the body move forward simultaneously. Besides the 
natural gaits, all Icelandic horses can perform the characteristic gait tölt 
(four-gaited), while some are also able to pace (five-gaited). Thus, the Ice-
landic horse population can be divided into two phenotypic categories, four-
gaited and five-gaited.  

A research team lead by Leif Andersson and Gabriella Lindgren investi-
gated the genetics behind horses’ ability to perform certain gaits. A genome-
wide association study (GWAS) on 30 Icelandic horses classified as four-
gaited and 40 classified as five-gaited was carried out revealing a highly 
significant single nucleotide polymorphism (SNP) associated with the gait 
pace. The SNP was positioned in a locus on chromosome 23 containing four 
genes: KANK1 and three genes coding for the doublesex and mab-3 related 
transcription factors, DMRT1-3.  

Independently, and actually sev-
eral years earlier, the same poten-
tially interesting gene was found in 
the already mentioned screen for 
markers of neurons involved in spi-
nal CPG circuitry [51]. We found 
that Dmrt3 is expressed in a small 
subset of inhibitory interneurons 
derived from the dI6 domain. Further 
analysis revealed that Dmrt3 express-
ing neurons represent a CIN popula-
tion that can synapse onto motor 
neurons. Whole genome re-
sequencing later showed that the 
SNP associated with pace in five-
gaited Icelandic horses was located 
in the same gene, DMRT3, causing a 
premature stop codon. Screening for 
the non-sense DMRT3 mutation in 
various horse breeds revealed that close to all breeds able to perform alter-
nate gaits were homozygous for the mutation, whereas none of the non-
gaited horses displayed the mutated form of DMRT3. Furthermore, in horses 
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used for harness racing, a strong correlation between the mutation and supe-
rior racing performance was found.  

After an exclusive chainsaw dissection of horse spinal cords, we found 
that DMRT3 mRNA was also expressed in a small population of neurons in 
both wild-type and mutant horses, in a pattern comparable to what was ob-
served in the mouse spinal cord. It has previously been reported that Dmrt3 
is expressed early in the telencephalon and neural tube in chicken and 
mouse, as well as in some other tissues including gonads and the spinal cord 
[74, 116, 117]. Dmrt3 encodes an evolutionarily conserved transcription 
factor, albeit poorly characterized prior to the present study.  

To investigate the molecular and phenotypic importance for Dmrt3 in lo-
comotor circuitry we used Dmrt3 null mutant (KO) mice. We hypothesized 
that lack of Dmrt3 would affect the spinal cord circuitry development and 
possibly influence locomotion. Analysis of the differentiation patterning in 
the embryonic Dmrt3 KO spinal cord unravelled alterations within the dI6 
subdivision with fewer CINs and an up regulation of another dI6 marker: 
Wilm’s tumor 1 (WT1).  

Next, we investigated the functional implications for Dmrt3 in mice. Fic-
tive locomotion recordings of isolated neonatal Dmrt3 KO spinal cords 
showed an irregular and slower rhythm along with uncoordinated left-right 
and flexor-extensor CPG output. Left-right coordination has also been as-
cribed the V0 population [60, 63], suggesting that these two CIN populations 
are responsible for alternation between the two sides of the body. 

This strong phenotype was further translated in vivo, where alternating 
hind limb movements were reduced in KO mice during air-stepping behav-
ior, possibly due to loss of dI6 commissural fibers. KO mice initiated 
weight-supported movements at similar time points as littermate controls, 
and adult mice showed no obvious motor coordination or muscle strength 
abnormalities. These observations indicated substantial compensatory 
changes during early postnatal development. Nevertheless, when placed in 
water, KO mice spent less time swimming and displayed twitching hind limb 
movements. To investigate potential gait abnormalities, adult mice were 
analyzed on a treadmill. KO mice showed major difficulties sustaining run-
ning at higher velocities and refused to run at the highest speed tested. De-
tailed analysis revealed deviations in various gait parameters in KO mice, 
including increased stride and swing times, suggesting an altered flexor-
extensor control in addition to imparted left-right coordination.  

Thus, we had found extensive evidence that mutations in a single gene have 
a major impact on gaits in horse and CPG circuitry function in mouse. The 
truncated form of DMRT3 allows a horse to movement patterns beyond its 
three natural gaits, whereas mice lacking Dmrt3 display impaired CPG activ-
ity [94]. Although the DMRT3 mutation is favourable in terms of gaits and 
harness racing performance for certain breeds of horses, it can be disadvan-
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tageous in others. One could speculate that a truncated DMRT3 result in a 
less “hard wired” and more plastic network, which could be beneficial for 
horses’ ability to perform certain gaits. The identification of the non-sense 
mutation in equine DMRT3 comes with major practical implications. Genetic 
testing for the mutation is now possible (for 249 €), allowing horse breeders 
and trainers to save time, money and also improve the quality of life for 
horses [118]. It should also be noted that other factors, such as training and 
likely other genes, are important for a horse gait phenotype. Furthermore, the 
phenotypic effects of a truncated Dmrt3 would be interesting to study in 
other organisms. 

The Dmrt gene family was initially associated with sexual development. 
Recent findings (including paper II) demonstrated that the DMRT transcrip-
tion factors are also important for development of other tissues, although 
little is known about their function outside the gonads [119]. Future studies 
on the function of these transcription factors will hopefully answer how and 
which targets are regulated by DMRT3 and its siblings. An obvious avenue 
for future research is to investigate if mutations in human DMRT3 exist, and 
if so, if they influence movement.  

Another aspect of this study is the downstream effects following deletion 
of Dmrt3 in mice (fewer commissural projections, rearrangements within the 
dI6 domain and an upregulation of Dmrt1). To avoid compensatory mecha-
nism during development, conditional deletion of Dmrt3 at a later stage 
could be done by flanking Dmrt3 with LoxP-sites. However, it is likely that 
Dmrt3 exerts its functional role primarily during development.  

Taken together, this study provides novel insights on the basic develop-
mental and anatomical properties of Dmrt3-derived neurons. Our behavioral 
analyses imply that Dmrt3-derived neurons might be important for maintain-
ing precise left-right as well as flexor-extensor alternation. However, at this 
point we lack information about the physiological functions of the Dmrt3-
derived neurons. Future studies on the detailed anatomy and functional char-
acter of Dmrt3 cells require specific targeting of the population.  
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Paper III 
The discovered connection between the transcription factor DMRT3 and the 
pattern of locomotion in horse and mouse opened up a wide range of ques-
tions to be addressed regarding the function for Dmrt3 derived neurons, if 
any, in locomotion. In Paper III, the role of Dmrt3 neurons in CPG circuitry 
is in focus, essentially a continuation from the first steps taken in paper II. 

The dI6 neurons are among the least characterized the spinal cord, with 
only limited reports on their molecular and projection properties [26, 120] 
and just one previous study has provided functional data on (putative) dorsal 
dI6 neurons [64]. To characterize the Dmrt3 derived subpopulation of dI6 
interneurons we aimed to generate a Cre mouse line using the Dmrt3 pro-
moter to target the population. After years of unsuccessful efforts with tradi-
tional (bacterial artificial chromosome) BAC cloning we turned to the Zink 
Finger Nuclease (ZFN) technology. Specifically designed ZFNs for the 
Dmrt3 locus were microinjected together with a donor construct containing 
Cre into the pronuclei of fertilized mouse eggs. This approach allowed for 
insertion of Cre at the start site of the first coding exon. The Dmrt3Cre foun-
ders were validated for Dmrt3 protein and mRNA expression after breeding 
with Tomato reporter mice (R26tdTom), confirming specific expression in 
Dmrt3 neurons, thus being the first mouse line specifically targeting the dI6 
population. In addition, some Dmrt3Cre;R26tdTom cells without detectable 
Dmrt3 mRNA or protein were found, some of which overlapped with an-
other dI6 marker, WT1 [23, 120]. A probably explanation for this observa-
tion is that Dmrt3 expression is down regulated after differentiation.  

Using Dmrt3Cre;R26tdTom mice we expanded the previous anatomical and 
molecular characterization of Dmrt3 neurons to postnatal ages demonstrating 
inter- and intrasegmental commissural projections, glycinergic innervations 
of motor neurons and extensive synaptic inputs from excitatory, inhibitory 
and modulatory neurons. These findings indicate that Dmrt3 neurons may 
hold a central role in the locomotor CPG by integrating inputs from multiple 
sources and providing commissural inhibitory action over several spinal cord 
segments.   

The first electrophysiological recordings from dorsal putative dI6 cells 
were recently reported in Dbx1Cre-marked neurons [64] (Dbx1 is a transcrip-
tion factor expressed by the somewhat similar V0 class [60]). Dyck and col-
leagues showed that these neurons were rhythmically active during fictive 
locomotion and might be involved in both patterning and rhythm generation 
[64]. We investigated the electrophysiological properties of 
Dmrt3Cre;R26tdTom labeled neurons using patch clamp electrophysiology, 
where also ventrally located dI6 neurons were targeted. Dmrt3 cells showed 
membrane and firing properties comparable with dorsal dI6 neurons [64], 
some of which were spontaneously active at rest. Furthermore, the Dmrt3 
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population displayed frequency dependent action potential adaptation and a 
proportion exhibited Ih currents.  

Two-photon Ca2+-imaging during fictive locomotion allowed us to simul-
taneously investigate the activity of multiple Dmrt3 neurons. While Dmrt3 
cells were rhythmically active (as expected), it was noted that the population 
displayed diverse and generally faster rhythmic frequencies in relation to the 
ventral root output in hemisected spinal cords. Interestingly, the variable 
rhythmic frequencies may correlate with the findings of oscillatory “loosely-
coupled” firing of putative dI6 neurons [64]. Further analysis should be con-
ducted to elucidate the role, or explanation, for the different rhythmic fre-
quencies observed during fictive locomotion. 

To examine the physiological importance of Dmrt3 derived cells we re-
moved inhibitory transmission by conditional deletion of Viaat and per-
formed a set of motor experiments previously conducted on Dmrt3 null mice 
[120]. Fictive locomotion recordings of Dmrt3Cre;Viaatlx/lx spinal cords re-
vealed a slow and irregular ventral root output and newborn pups demon-
strated an impaired left-right alternation in both fore- and hind limbs during 
air-stepping compared to controls (Dmrt3Cre;Viaatlx/lx). These findings sug-
gest that Dmrt3 neurons (and not only the developmental consequences fol-
lowing deletion of Dmrt3) are important for normal CPG activity and proper 
limb coordination. Furthermore, adult Dmrt3Cre;Viaatlx/lx mice showed diffi-
culties executing fine motor behavior and switched to a synchronous hop-
ping gait while moving across a beam (a behavior phenotype not observed in 
Dmrt3 null mice [120]). Furthermore, whereas Dmrt3 null mice displayed a 
longer stride and showed severe difficulties running at high speed [120], 
Dmrt3Cre;Viaatlx/lx mice were usually capable of keeping up with the speed 
but displayed longer swing phase and more variability in homologous, ho-
molateral, and diagonal limb coupling, occasionally slipping into a synchro-
nous galloping-like gait. Interestingly, changes in locomotor speed selec-
tively disrupt left-right coordination in V0D and V0V mutant mice [63]. 

A considerable caveat of our behavioral analysis is the wide expression of 
Dmrt3 outside the spinal cord, predominantly in neurons of the cerebral cor-
tex in line with previous analysis showing Dmrt3 expression in the ventricu-
lar zone of telencephalon and diencephalon during embryogenesis [94, 116]. 
Although we observed severe CPG disturbances in fictive locomotion re-
cordings, we cannot rule out the potential influence of inhibitory non-spinal 
Dmrt3 derived neurons on motor behavior. Furthermore, Dmrt3Cre;Viaatlx/lx 
mice were generally smaller in size, which also could influence motor per-
formance and gait parameters. Moreover, compensatory mechanisms follow-
ing conditional removal of inhibitory transmission from Dmrt3 neurons is 
likely to occur in Dmrt3Cre;Viaatlx/lx mice, where the CPG network must 
adapt to an environment without inhibition from Dmrt3 cells. To investigate 
this further we quantified the number of DMRT3+ and WT1+ immunolabeled 
neurons in embryonic Dmrt3Cre;Viaatlx/lx control spinal cords, where no dif-
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ference in differentiation fate was observed, suggesting less compensation 
compared to global deletion of Dmrt3.  

Based on our previous and present findings regarding the anatomical dis-
tribution of Dmrt3 neurons, the partial overlap with transcription factor 
WT1, partial presence of Ih together with the diverse activity frequency dur-
ing fictive locomotion, we propose that the Dmrt3 population, and moreover 
the dI6 class, can be further subdivided. 

To answer if spinal Dmrt3 neurons are fully responsible for the observed 
locomotor defects in Dmrt3Cre;Viaatlx/lx mice, future studies should be aimed 
towards local and acute manipulation. To overcome potential compensation 
and influence from the brain in the absence of functional Dmrt3 neurons we 
are currently investigating the possibility of intraspinal cord viral delivery 
for acute ablation of the population. Specific activation through pharmacoge-
netic or optogenetic approaches would be ideal for determining the exact 
physiological role of these neurons. However, since Dmrt3, as well as many 
other transcription factor marker genes are temporarily expressed during 
development, manipulation in the adult mouse will be challenging. 
 
The findings in paper II provide novel insights into the molecular character 
of Dmrt3 derived interneurons and demonstrate that mutations in one single 
gene affect the pattern of locomotion in mouse and horse. Moreover, in pa-
per III, we expand our characterization of the Dmrt3 population to the adult 
mouse. Our functional characterization on the cellular and circuit level to-
gether with behavior analysis after conditional silencing demonstrate the 
significance of Dmrt3 neurons in the CPG networks controlling movement.  
 

Figure 6. SLC10A4 and Dmrt3 in the mouse spinal locomotor circuitry.  

Immunolabeling for the synaptic vesicle transporter SLC10A4 (green) marking aminergic 
terminals and cholinergic neurons (green) in Dmrt3Cre;R26tdTom mouse spinal cord, in which 
Dmrt3 derived dI6 interneurons are visualised (red). Schematic illustration (right) showing 
SLC10A4-positive neuromodulatory terminals (green) on neurons including the Dmrt3 popu-
lation (red). Inhibitory Dmrt3 interneurons shape the activity of ipsilateral and contralateral 
motorneurons (green). Motor neurons in turn control muscle activity by releasing acetylcho-
line from SLC10A4-containing synaptic vesicles at the neuromuscular junction. 
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Conclusions and perspectives 

The projects in this thesis started in the spinal cord with a screen for marker 
genes of neurons in the locomotor circuitry [51], identifying Dmrt3 in in-
terneurons and Slc10a4 in motor neurons (figure 6).  

Further characterization of Slc10a4 led to an extensive tour to the modu-
latory systems of the brain, zooming in on its function on synaptic vesicles. 
The novel orphan vesicular transporter encoded by Slc10a4 was demon-
strated to modulate the aminergic systems of the brain. Research on neuro-
modulation has strong clinical relevance because impaired synaptic signaling 
and alterations within the neuromodulatory systems underlie a wide range of 
neurological and psychiatric disorders. We provide data on the potential 
clinical importance of Slc10a4 in addiction and depression  
(Paper I) as well as in epilepsy [105]. Furthermore, Slc10a4 was recently 
linked to drug addiction [121], ALS [122] and Alzheimer’s disease [123] 
(where patients displayed a down-regulation of SLC10A4 associated with 
disease progression). Identification of the molecule(s) transported by 
SLC10A4 would not only increase our understanding of the mechanism by 
which SLC10A4 modulate synaptic transmission and its function in other 
cell types, but also open up for investigating SLC10A4 as a drug target. 

When the non-sense mutation coincidentally was discovered in DMRT3, 
shaping the pattern of locomotion and racing performance in horses, we re-
turned to the spinal cord to uncover the importance of Dmrt3 in the neuronal 
motor circuitry. The uncharacterized transcription factor Dmrt3 was found to 
be critical for dI6 neuron development and ultimately for motor behavior 
(paper II). The generation of a Dmrt3Cre mouse line allowed us to further 
investigate the character of the population on the cellular, microcircuit and 
behavior level (paper III). The findings presented here add to our current 
understanding of the dI6 neurons’ contribution to the locomotor CPG. In 
addition to the instant practical applications (genetic testing for the horse 
mutation [118]), screening for possible DMRT3 variants in humans could be 
of clinical interest. Since Dmrt3 is critical for gait control it is possible that 
dysfunctional Dmrt3 neurons are implicated in movement disorders. 

In summary, the work in this thesis sheds light on a novel molecule in 
neuromodulation, SLC10A4, and presents the molecular and functional 
characterization of a unique interneuron population important in the neuronal 
networks of movement. 
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