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Abstract 

The A11 region, located in the posterior hypothalamus, has been identified in several species 

including rats, mice, cats, monkeys, zebrafish, and humans. It has been suggested to be the 

primary source of dopaminergic projections to the spinal cord and it may contribute to the 

control of pain, spinal locomotor network modulation, restless leg syndrome, and cataplexy. 

However, it remains an understudied dopaminergic nucleus within the brain and we lack 

understanding of the functional role of this nucleus. My thesis aims to identify and characterize 

the enzymatic phenotype of A11, its role in locomotor activity and possible connections to other 

locomotor areas within the brain. I hypothesized that A11 neurons project to the spinal cord and 

contain the full set of enzymes required for dopamine synthesis. Using immunohistochemistry 

combined with virus transfection in TH-IRES-Cre mice, I show that A11 neurons (1) directly 

project to the spinal cord, (2) express tyrosine hydroxylase, as well as AADC, confirming that 

A11 is dopaminergic, (3) contain vesicular monoamine transporter 2 necessary for packaging 

DA into vessels but (4) lack the dopamine transporter. I conclude that A11 neurons contain the 

full complement of enzymes to produce and release dopamine and the lack of DAT could lead to 

prolonged DA actions within the spinal cord. Furthermore, I hypothesized that the A11 region 

forms a parallel dopamine-based pathway for movement initiation and control. Using 

optogenetics, I found that photostimulation of A11 (1) initiates and modulates locomotion in 

freely moving mice (2) independent of the locus coeruleus. Lastly, I investigate possible direct 

dopaminergic connections to well known locomotor areas in the brainstem, which could form a 

parallel pathway to the nigrostriatal system. I found projections from A11 to the medullary 

reticular formation but not to the mesencephalic locomotor region. Together the data in this 

thesis reveal a new role for the A11 region in movement control in the freely moving mouse. 
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Epigraph 

 

 

“To move things is all mankind can do, and for this task the sole executant is a 

muscle, whether whispering, or felling a forest.”  

Charles Sherrington (J. C. Eccles, 1979) 
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Chapter One: Introduction 

1.1 General remarks 

Rhythmic locomotor behaviours such as walking, flying, and swimming, are 

fundamental for the survival of animals, it allows them to interact with their 

surroundings. Although locomotion seems effortless, movements of this nature are 

remarkably complex. For example, in limbed vertebrates, the generation of walking 

requires precise coordination of over 80 muscles in the hind limbs. This intricate control 

is accomplished by neuronal networks within the spinal cord that are sufficient to 

generate the basic stepping patterns. The networks that mediate these rhythmic 

movements are known as central pattern generators (CPGs) and are defined as networks 

that can produce rhythmic output in the absence of phasic input. The CPG is controlled 

by peripheral and descending inputs to adapt movements to the environment. My thesis 

examines the role of descending neuromodulators on the control of locomotion. 

Dopamine (DA) is a well-known modulator of locomotion and traditionally the focus is 

on the nigrostriatal pathway system. But other sources, direct dopaminergic sources to the 

spinal cord exist, namely A11. With this in mind, the focus of my thesis will be on 

describing the role of the A11 nucleus in the posterior hypothalamus, which is one of the 

supraspinal centers that has been implicated in the control of goal directed locomotor 

function. I will explore the enzymatic phenotype of A11 neurons, their role in locomotor 

activity and its connectivity with downstream locomotor areas within the brain. In this 

thesis, I refer to the mouse unless another species is specified. 
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1.1.1 Spinal locomotor central pattern generator 

More than 100 years ago Sir Charles Sherrington first described stepping 

behaviour in spinal cord-transected cats in response to a stimulus to the paw (Sherrington, 

1910). This finding was further advanced by Thomas Graham-Brown who showed that 

stepping behaviours can be elicited independent of proprioceptive reflex activity 

providing evidence that rhythmic locomotor-like behaviours can be generated by intrinsic 

spinal cord (SC) networks (Brown, 1911). Only much later the neuronal locomotor 

network within the SC producing rhythmic activity in the absence of phasic sensory 

input, became known as the spinal locomotor central pattern generator (Grillner, 1981). 

Over the past 30 years valuable insight to the CPG network regarding the structure and 

function was gained from swimming motor networks utilizing the lamprey, the xenopus 

tadpole and the zebrafish. These findings from the non-mammalian vertebrate systems 

can be extended to the mammalian SC due to the highly conserved nervous system 

phylogeny. However, much less is known about the mammalian SC CPG function but 

recent molecular and genetic strategies are rapidly advancing our knowledge of the 

mammalian CPG network (Goulding, 2009; Kiehn, 2016).  

Spinal locomotor networks can produce a rhythmic, patterned output, where 

timing and phasing can be generated without phasic inputs. All necessary components of 

the locomotor CPG are located within the ventral SC. The neurons related to locomotion 

in the mammalian SC are located in lamina VII, VIII and X (Kjaerulff and Kiehn, 1996) 

and distributed over the thoracolumbar levels for hindlimb movements. The CPG for the 

forelimb movement is situated in the cervical enlargement. Important characteristics of 

walking are the rhythm itself, the flexor-extensor alternation on one side and left-right 
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coordination between both sides of the SC. Other gaits have been described in the mouse 

including trot, gallop and bound, and hypothesized circuits have been proposed (Kiehn, 

2016). 

To achieve an appropriate motor output, the motor neurons (MNs) are driven 

rhythmically to ensure orchestrated muscle activity within a limb and between pairs of 

limbs. The rhythmogenic cells of the mammalian hindlimb locomotor CPG follow a 

rostrocaudal gradient, with the more rostral neurons showing a greater capacity for 

rhythmic output compared to the more caudal ones (Bertrand and Cazalets, 2002). These 

neurons are ipsilateral, excitatory interneurons (INs) capable of driving other neurons into 

rhythmicity. Therefore, blocking fast glutamatergic transmission results in termination of 

rhythmic activity (Roberts et al., 2008). 

Locomotion in mammals requires limb muscles being coordinated between the 

right and left side of the body. This is achieved through commissural neurons (CNs) with 

their axons crossing the midline via the ventral commissure, providing the 

communication needed to link bilateral activity. The CNs are located in the ventral SC 

and are a heterogeneous group of neurons with regard to their projection patterns (Stokke 

et al., 2002) and transmitter phenotype (Weber et al., 2007). Inhibitory CNs acting 

directly on MN and excitatory CNs acting on premotor inhibitory neurons were shown to 

support the alternating muscle activity (Butt and Kiehn, 2003). In contrast, excitatory 

CNs acting directly on MNs support the synchronous muscle activity (Butt and Kiehn, 

2003; Jankowska, 2008). Genetically identified V0 neurons form a large portion of the 
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CNs and when ablated, abolish the capability to produce left-right alternating gaits at all 

frequencies (Talpalar et al., 2013). 

While spinal neural circuits are clearly essential for the execution of movements, 

it is well established that in intact animals the CPG cannot generate movement without 

input from supraspinal sources in the brainstem and midbrain. 

1.1.2 Forebrain structures involved with voluntary movement  

Locomotion in freely moving animals contains voluntary components, allowing 

orientation in space, the overcoming of obstacles and the changing of direction. In many 

cases the animal first decides on a spot where to place its forelimb with the hindlimbs 

following (McVea and Pearson, 2009). Spinal circuitry mediates the rhythmic contraction 

of axial muscles that drive locomotion (Garcia-Rill et al., 1986) and integrates afferent 

input from muscles and skin (Grillner and Rossignol, 1978). However only the 

contribution of supraspinal centers allows for locomotion to be fully integrated to the 

changing environment.  

The forebrain structures involved with voluntary movement include the motor 

cortex, the basal ganglia and the nigro-striatal dopaminergic (DAergic) system. Neurons 

in the motor cortex are active during the execution of voluntary movements, as well as 

before the beginning of the movements (Brooks and Stoney, 1971). Lesion of the motor 

cortex interferes with the performance of the movement (Graham Brown T, 1913) and 

leads to either paralysis or paresis and loss of fine movement control. The basal ganglia 

(BG) play an important role in voluntary movement and are a key mediator in the 

planning and execution process that results in goal-directed movement (Rothwell, 2011). 
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The output structures of the basal ganglia are the substantia nigra pars reticulata (SNr) 

and the Globus Pallidus interna (GPi). They contain GABAergic projection neurons, 

which are tonically active during rest and therefore maintain a continuous inhibitory drive 

to motor centres in the brainstem that control locomotion and posture (Bonci et al., 1997; 

Takakusaki et al., 2004). These neurons also send collaterals to the thalamus that in turn 

sends information back to the cortex and striatum. During resting conditions, the motor 

centers are tonically inhibited and movement is prevented. When the neurons in SNr/GPi 

are inhibited, the motor centers will be disinhibited and free to become active.  

The input structure of the basal ganglia is the striatum, which consists of 95% 

GABA expressing spiny striatal projection neurons (SPNs) and receives excitatory input 

from the frontal cortex, the motor areas and the limbic cortex. The first type of SPNs 

expresses D1 receptors, and is excited by DA. These neurons project directly to the output 

neurons of the basal ganglia (SNr and GPi), representing the ‘direct pathway’ (Kravitz et 

al., 2010; Rothwell, 2011). The second type expresses D2 receptors, is inhibited by DA 

and forms the ‘indirect pathway’. These neurons project indirectly to the SNr via the 

inhibitory globus pallidus externa (GPe) and the excitatory subthalamic nucleus (STN) 

(Kravitz et al., 2010; Rothwell, 2011). SPNs of the direct pathway exert an inhibitory 

effect on the GABAergic neurons of the SNr, which leads to a disinhibition of the 

thalamus, and the behavioural result is the activation of movement. Conversely, 

activation of medium spiny neurons (MSNs) in the indirect pathway inhibits the 

GABAergic neurons in the GPe, leading to disinhibition of the glutamatergic neurons of 

the STN. The glutamatergic neurons in the STN activate the GABAergic SNr neurons 
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projecting to the thalamus and the result is additional inhibition of motor centers and 

preventing motion.  

Of fundamental importance is the rich DAergic innervation of the striatum since 

DA controls the excitability of striatal cells (Gerfen and Surmeier, 2011). DA neurons of 

the SNc modulate motor behaviours through ascending projections to the basal ganglia. A 

dysfunction of the ascending DA pathway to the striatum du to the loss of DAergic cells 

in the SNc is considered to be the main cause for the motor defects in Parkinson’s disease 

(PD) (Takakusaki et al., 2004). In PD, patients have difficulties initiating voluntary 

movements and show postural instability coupled with tremor. The degeneration of the 

DAergic cells in the SNc leads to disinhibition of the indirect circuit through the 

subthalamic nucleus, thus inhibiting the thalamus and preventing the initiation of motion 

(Rothwell, 2011). 

1.2 Locomotor Regions in the brain 

Neural centers in the diencephalon and the brainstem are involved in the control 

of locomotor movement and are necessary to initiate and regulate rhythmic motor pattern. 

These areas were initially discovered using electrical stimulation and thus termed 

‘locomotor regions’ (Whelan, 1996; Jordan et al., 2008). Historically, these regions were 

defined as functional regions that encompass nuclei responsible for diverse processes and 

upon electrical or chemical activation of neurons within these areas, lead to locomotion 

(Jordan et al., 2008). However, none of the regions can be considered to be specific for 

locomotion at the exclusion of other functions (Skinner et al., 1990). Below, the regions 

are described by their increasing complexity: while electrical stimulation of the 
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medullary reticular formation (MRF) induces locomotion, the rhythm is less regular than 

with electrical stimulation of the mesencephalic locomotor region (MLR) where 

depending on the intensity of the stimulation, different gaits can be induced. The most 

complex behaviours can be produced with stimulation of the subthalamic locomotor 

region (SLR) and the posterior hypothalamus (PH) where the animal engages in goal-

directed locomotion. Goal-directed locomotion is integrated in its environment and can 

be altered by environmental stimuli, requiring a more complex form of sensory-motor 

integration (Bland and Vanderwolf, 1972; Grillner et al., 2008).  
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Figure 1.1: Locomotor areas in the brain  
A: sagittal diagram of the brain illustrating the location of the key locomotor areas of the 
mouse 
B: Transverse slices of the brain indicating the major locomotor areas. The subthalamic 
locomotor region (SLR) is located dorsomedial to the subthalamic nucleus and the medial 
part of the zona incerta is included into the SLR. The mesencephalic locomotor region is 
situated in close proximity to the cuneiform nucleus (CnF) and the pedunculopontine 
nucleus (PPN). The medullary reticular formation is located in the brainstem and 
encompasses the nucleus gigantocellularis and nucleus tegmenti reticularis.  
Abbreviations: ZI = zona incerta; STN = subthalamic nucleus; DM = dorsomedial 
hypothalamic nucleus; VM = ventromedial hypothalamic nucleus; DPAG = dorsal 
periaqueductal grey; VPAG = ventral periaqueductal grey; ECIC = external cortex of the 
inferior colliculus; PPN = pedunculopontine nucleus; CnF = cuneiform nucleus; 
PnO = pontine reticular nucleus, oral part = SpVe, spinal vestibular nucleus; 
IRt = intermediate reticular nucleus; Gi = gigantocellular nucleus 
 

1.2.1 Medullary reticular formation 

Historically, work on the MRF in mammals has been performed in cats and rats. 

However several studies in the mouse have recently capitalized on genetic approaches to 

identify specific circuits involved in forward progression and recently stopping 

behaviour.   

Electrical or chemical activation of the MRF region can induce locomotion in 

decerebrate cats but with a less regular and reliable rhythm compared to MLR stimulation 

(Garcia-Rill and Skinner, 1987a, b; Noga et al., 1988; Jordan, 1998). When the MRF is 

cooled it abolishes MLR-evoked and spontaneous locomotion indicating that this region 

is important for the initiation of locomotion in cats (Shefchyk et al., 1984). Locomotion 

can also be evoked pharmacologically in the MRF, demonstrating that the activation of 

cell bodies causes the effect and not fibres of passage (Noga et al., 1988).  

The MRF is located in the brainstem and encompasses the nucleus 

gigantocellularis and nucleus tegmenti reticularis. The neurons in the MRF are activated 
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by higher locomotor centers such as the MLR (Noga et al., 2003), and the SLR/lateral 

hypothalamus (Homma et al., 1995) and the MRF is the last integrative point before the 

locomotor command signal is relayed to the spinal cord (Noga et al., 1991). It also 

receives a variety inputs from the cerebellum, the cortex and the basal ganglia 

(Armstrong, 1986). 

The initiation signal for locomotion is conveyed through excitatory reticulospinal 

neurons of the lower brainstem to the SC (Dubuc et al., 2008; Jordan et al., 2008) and the 

current understanding is that activity of these neurons provides the direct activation signal 

for locomotor CPG spinal networks in vertebrates (Hagglund et al., 2010). However, we 

are just starting to understand the cells of origin of the reticulospinal pathways, which are 

involved in the initiation of locomotion and their associated transmitters (Jordan et al., 

2008). In the reticular formation excitatory and inhibitory descending neurons are 

intermingled, making it difficult to ascribe certain locomotor signals to defined nuclei 

(Jordan et al., 2008). Recently, developmental genetics and new methods like 

optogenetics have allowed for the manipulation of discrete cell nuclei and groups in the 

reticulospinal pathway which before has only been possible by using non-specific 

approaches such as electrical or pharmacological stimulation. By expressing ChR2 in 

vGluT2 positive, glutamatergic reticulospinal neurons in the hindbrain in the neonatal 

mouse SC, instantaneous locomotor-like activity with left-right and flexor-extensor 

alternation in the lumbar SC was produced upon photostimulation (Hagglund et al., 

2010). This shows that these vGlut2 expressing neurons in the MRF send a direct 

descending command signal that activates the spinal locomotor network (Hagglund et al., 

2010). In an effort to find cell specificity for the locomotor signals, cells expressing the 
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transcription factors Lhx3 and Chx10 were found in defined populations of glutamatergic 

neurons in the MRF (Hafler et al., 2008; Crone et al., 2012; Bretzner and Brownstone, 

2013). These specific neurons project to the SC, receive functional inputs from the MLR, 

form a significant component of glutamatergic reticulospinal pathways and are active 

during locomotion (Bretzner and Brownstone, 2013). Recently, V2a neurons of the 

rostral medulla and caudal pons were shown to arrest ongoing locomotor behaviour when 

photostimulated in mice (Bouvier et al., 2015). These V2a “stop neurons” are 

glutamatergic and provide a direct depression of premotor circuits within the spinal 

locomotor networks involved in rhythm generation (Bouvier et al., 2015). Further, 

utilizing elegant modern neuroanatomical techniques, it was shown, that neurons in the 

ventral area of the medullary reticular formation (MdV) have a prime role in grasping 

movement (Esposito et al., 2014). These MdV neurons mediate skilled forelimb 

movements by targeting a subgroup of forelimb-related spinal interneurons and motor 

neurons that control muscles, such as the biceps and extensor carpi radialis, which are 

particularly involved in grasping types of movement (Esposito et al., 2014). Taken 

together, the MRF is the last integrative point before the locomotor command signal is 

communicated to the spinal cord and recent new methods have allowed to investigate 

specific functions of the highly intermingled cells groups in the MRF. 

1.2.2 Mesencephalic locomotor region 

The region receiving the most attention is the MLR The MLR was originally 

described by Shik and Orlovsky, who found that stimulation of the MLR elicits 

locomotion in decerebrate cats (Shik et al., 1966). Since then it has also been described in 

other species – the rat (Garcia-Rill and Skinner, 1987b), the lamprey (McClellan, 1988), 
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rabbit (Corio et al., 1993) and monkey (Hultborn, 1993). The MLR is an important 

integrative center in the brainstem and the fact that the MLR is present from the lamprey 

to the human underlines how conserved this part of the brain is (Whelan, 1996). Probably 

the most intriguing feature of the MLR is that electrical stimulation can elicit different 

gait patterns – walk, trot, gallop (Garcia-Rill et al., 1987; Garcia-Rill and Skinner, 

1987b). Based on the intensity of stimulation, the animal transitions from walking to 

running which is not seen with MRF stimulation.  

In cats, MLR stimulation exhibit propulsive running movements with perfect 

spatial orientation (Mori et al., 1989). First, the cat would get aroused, sometimes 

exhibiting a startle response and then transitions quickly into a running movement - the 

cat would run straight forward, avoiding collisions with walls, and when presented with 

obstacles even tries to jump over it (Mori et al., 1989). Repeated stimulation would elicit 

no escape behaviour and had no apparent nociceptive quality (Mori et al., 1989).  

Graded electrical stimulation of the MLR with the optimal sites lying within the 

cholinergic neurons of the pedunculopontine nucleus (PPN) can initiate and regulate 

locomotion in various species, however most of the work was done in the cat and the rat 

(Shik et al., 1969; Garcia-Rill et al., 1987; Dubuc et al., 2008). It is important to notice 

that in order to elicit locomotion following stimulation of the PPN or any other brain 

stem site, continuous high frequency stimulation in the order of 20 to 60 Hz is 

essential/necessary and hundreds of stimuli must be delivered for several seconds before 

a step is induced (Garcia-Rill et al., 1987). This effect is interpreted as the ‘recruitment’ 
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of locomotion – the brain stem stimulation triggers the reticulospinal system and activates 

spinal CPG networks, which then lead to locomotion (Garcia-Rill, 1991).  

The MLR has been defined functionally and its anatomy has not been fully 

characterized. The MLR is strategically located between forebrain regions and hindbrain 

structures and composed of the cuneiform (CnF) and the PPN nuclei (Armstrong, 1986; 

Jordan et al., 1992; Whelan, 1996). However the exact role of these two nuclei is not 

fully understood.  

Neurotransmitter expression in both the CnF and the PPN is heterogeneous. In the 

CnF, GABAergic, glutamatergic, peptidergic as well as some cholinergic neurons have 

been described. The PPN is located ventrally to the CnF and glutamatergic, GABAergic 

and cholinergic cell populations have been found (Ryczko and Dubuc, 2013). 

Muscarinoceptive neurons in the caudal brainstem of the lamprey receive direct 

muscarinic excitation from the MLR and send glutamatergic excitation to reticulospinal 

neurons (Smetana et al., 2010). This cholinergic component of the MLR acting on this 

muscarinoceptive group of cells amplifies the reticulospinal cell activity and allows for 

an even stronger activation of the locomotor system (Smetana et al., 2010). Our 

understanding of the serial organization of the brainstem locomotor system has to be 

extended to include this feed-forward loop that boosts locomotor output from the MLR 

(Smetana et al., 2010). 

Even though the neurochemical components inducing the initiation of locomotion 

in the MLR are unknown, GABA antagonist and NMDA were found to evoke 

locomotion similar to electrical stimulation in the MLR (Garcia-Rill 1985, 1990). On the 
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contrary, locomotion was found to cease with infusion of either GABA or muscimol into 

the MLR region (Garcia 1985). This means that a mixture of inhibitory and excitatory 

inputs is involved in the activation of the MLR.  

The MLR receives diverse input from many areas in the brain. The CnF receives 

inputs from the amygdala, zona incerta, hypothalamus, substantia nigra pars lateralis, the 

periaqueductal grey matter and the contralateral CnF (Bernard et al., 1989). The PPN 

receives input from the basal ganglia (Ryczko et al., 2013), the frontal cortex (Divac et 

al., 1978), the thalamus, the lateral hypothalamus (Sinnamon, 1993), pons, cerebellum, 

medulla and the SC (Martinez-Gonzalez et al., 2011). Recently a direct DAergic 

connection from the SNc to the MLR was found, releasing dopamine in the MLR 

(Ryczko et al., 2016).  

The major locomotor efferent pathway from the MLR is to the MRF in the 

medulla that in turn projects onto locomotor regions of the SC (Garcia-Rill and Skinner, 

1987b). The output to the reticulospinal neurons is bilateral and symmetric which plays a 

significant role in generating symmetrical locomotion (Noga et al., 2003). However, 

projections directly to the spinal cord from the PPN have also been reported (Spann and 

Grofova, 1989).  

1.2.3 Subthalamic locomotor region 

Another important area, located in the diencephalon, was first described in the late 

1960s and termed the SLR based on its location (Shik et al., 1969). Decerebrate cats and 

rats are capable of spontaneous locomotion when the SLR is left intact (Whelan, 1996). 

Electrical stimulation of this region in freely moving animals results in goal-directed 
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locomotion and therefore differs from MLR stimulation (Mori et al., 1989). When being 

stimulated in the SLR, the cat raises its head, starts to look around in order to orient itself 

to the surroundings and after a few seconds of stimulation, starts to walk around slowly 

while continuing to look around (Mori et al., 1989). The SLR induced locomotion is 

indistinguishable from spontaneous locomotion (Mori et al., 1989). If the SLR is 

lesioned, the animal is initially unable to initiate voluntary, goal directed locomotion 

however within 2-3 weeks the animal recovers which could indicate compensation of 

other structures (Sirota and Shik, 1973). The lesion studies emphasize the SLR’s 

importance for the initiation of goal directed locomotion.  

Surprisingly, despite early studies outlining the SLR’s importance in locomotion, 

there are few studies focusing on deciphering the nuclei responsible for controlling 

locomotion. The SLR is described as an area within the fields of Forel dorsomedial to the 

STN (Skinner and Garcia-Rill, 1984). The zona incerta (ZI), which lies just below the 

thalamus, is included into the SLR and data confirm a role for this region in locomotion 

(Shik et al., 1969; Milner and Mogenson, 1988). Electric stimulation of specifically the 

ZI or the subthalamic nucleus elicits locomotion in the freely moving rat (Milner and 

Mogenson, 1988).  

The exact cellular phenotypes responsible for the locomotor effect are unknown. 

However, chemical intervention with picrotoxin, bicuculline, GABAA receptor 

antagonist, or glutamate produce an increase of locomotor activity when injected into the 

ZI (Milner and Mogenson, 1988). While not surprising it suggests that both glutamatergic 

but also GABAergic transmission likely contributes to the effect.  
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The SLR is connected to the MLR however the integrity of the MLR is not 

necessary for SLR-evoked locomotion (Shik et al., 1969). This suggests that the SLR 

might be connected and activates other locomotor areas in addition to the MLR, like the 

MRF.  

1.2.4 Posterior hypothalamus 

Electrical stimulation of the PH in rats is an additional region that can initiate 

locomotor activity in addition to other behaviours (Bland and Vanderwolf, 1972). High 

frequency electrical stimulation (HFS; 4 volts, 100 Hz) of the dorsomedial-posterior PH 

elicits naturalistic and non-stereotypical behaviours such as running, walking, rearing, 

and head movements (Bland and Vanderwolf, 1972). When stimulated, the rats engage in 

a variety of movements, which are appropriate to the environmental circumstances and 

are able to turn to avoid obstacles and reverse direction (Bland and Vanderwolf, 1972). 

These behaviours resemble spontaneous exploration behaviour, which is integrated in its 

environment and subject to modification by environmental stimuli (Bland and 

Vanderwolf, 1972; Jackson et al., 2008). The most effective sites for eliciting exploratory 

locomotor activity are along the dorsal border of PH and its rostrocaudal axis (Young et 

al., 2011). More medial posterior hypothalamic HFS causes head turning, sniffing, 

grooming, and shifting of posture but not locomotion (Bland and Vanderwolf, 1972). 

With increasing intensity of stimulation the speed of locomotion and the vigour of 

reactions increases – while stimulation below 25 Hz does not elicit any observable 

effects, 50 Hz stimulation produces postural shifts (Jackson et al., 2008; Young et al., 

2011). Locomotion is reliably induced with frequencies higher than 70 Hz within 

3 seconds of stimulation and increased respiration and whisking can be observed 
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immediately before any locomotor change (Young et al., 2011). Lesions of the PH put 

animals in an akinesic state by profound depression of spontaneous movement (Robinson 

and Whishaw, 1974). The PH is part of a system capable of initiating, and modulating 

motor pattern, which can be classified as higher order or voluntary in nature (Bland and 

Vanderwolf, 1972). PH stimulation was investigated as a possible stimulation site for 

treatment of bradykinesia and akinesia in PD patients (Young et al., 2009). Besides its 

role in initiating locomotion, the PH is an important center for the maintenance of arousal 

and cardiovascular regulation. It is involved in regulation of sleep-wake cycles, the 

maintenance of arousal and the waking state, as well as the expression of defensive-

aggressive behaviour (Buccafusco and Brezenoff, 1979; Shekhar and DiMicco, 1987; Lin 

et al., 1989).  

The posterior hypothalamic nucleus is located in the PH bilaterally of the 

ventricle, medial to the ZI and ventral of the subparafascicular thalamic nucleus. The 

majority of cells in the PH contain glutamate and hypocretin, melanin concentrating 

hormone, tyrosine hydroxylase, neuropeptide Y and GABA are also found in subsets of 

PH neurons (Abrahamson and Moore, 2001). 

Since the PH is involved in a different functions one expects a variety of inputs. 

Anatomically, the PH receives input from many other brain regions including the limbic 

forebrain, the ZI, visual areas, as well as nuclei in the hypothalamus and brainstem nuclei 

(Abrahamson and Moore, 2001). The PH projects to many areas in the brain, including 

the motor cortex, thalamus, cerebellum, diencephalic, locally in the posterior 
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hypothalamic region, subthalamic and reticulopontine locomotor regions and the SC 

(Vertes et al., 1995; Abrahamson and Moore, 2001)  

1.3 DA modulation of locomotor CPG circuits 

During locomotion catecholamines are released from brainstem nuclei (Gerin et 

al., 1995) and exogenously administered noradrenaline (NA) and DA are both capable of 

promoting locomotion (Barbeau and Rossignol, 1991, 1994). However, most of the 

knowledge on catecholamines’ influence on spinal locomotor networks was derived from 

in vitro preparations of the isolated neonatal SC of rats and mice (Cazalets et al., 1992; 

Kiehn et al., 1999; Whelan et al., 2000; Barriere et al., 2004; Humphreys and Whelan, 

2012). While the role of 5-HT and NA in the descending control of mammalian 

locomotor CPGs have been extensively investigated, the actions and mechanisms by 

which DA can modulate CPG networks remain less understood. That said we know that 

DA receptor isoforms exert diverse neuromodulatory effects on CPG networks. DA 

exerts its physiological actions via multiple distinct receptor types, which can be grouped 

in two major families based on their pharmacological and molecular characteristics 

(Missale et al., 1998; Neve et al., 2004). The D1-like receptor class is composed of the D1 

and D5 receptor subtypes; the D2-like receptor class is composed of the D2, D3, D4 

receptor subtypes. Like the majority of monoaminergic receptors, DA receptors are all G-

protein coupled receptors (GPCRs) whose signalling cascades are determined by their 

interaction and activation of either a stimulatory or inhibitory G-protein. D1-like receptors 

couple to a stimulatory G-protein (G𝛼s) and the “receptor-protein complex” subsequently 

activate the effector protein adenyl cyclase (Neve et al., 2004) which results in the 
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depolarization of the neuron. D2-like receptors hyperpolarize neurons via inhibition of 

3’, 5’-cyclic adenosine monophosphate (cAMP) formation. Due to the opposite effects of 

D1-like and D2-like receptors, DA can achieve quite diverse actions. There is extensive 

evidence for the presence and homologous distribution of D1, D2, and D3 receptors in the 

spinal cord of rats, cats, monkeys (Holstege et al., 1996), and humans (Commissiong and 

Sedgwick, 1975). In the mouse, the D2-like receptor family is strongly expressed in the 

motoneurons and in lamina I-III of the dorsal horn (Neve et al., 2004; Zhu et al., 2007). 

D1-like receptors are expressed more ventrally, where the motor circuits reside, 

positioning them optimally to exert excitatory effects on the CPG network. In the SC, DA 

acts via both, D1-like (D1 and D5) and D2-like (D2, D3, and D4) receptor pathways 

(Barriere et al., 2004; Clemens and Hochman, 2004).  

On a systems level, DA has the ability to modulate all three elements of walking: 

the rhythm, coordination of flexors and extensors, and the left-right alternation pattern 

(Christie and Whelan, 2005; Han et al., 2007; Humphreys and Whelan, 2012). In the 

isolated SC of the neonatal rat and mouse, DA can modulate locomotor patterns during 

ongoing locomotion (Barriere et al., 2004). DA stabilizes a drug-evoked rhythm, reduces 

the frequency of bursting, and increases the amplitude, furthermore it slows and increases 

the regularity of a locomotor rhythm (Humphreys and Whelan, 2012; Sharples et al., 

2015). In the isolated spinal cord preparation, the D1-like receptor activity contributes to 

the enhancement of the stability of the rhythm while D2-like receptor activity has a 

pronounced slowing effect on the rhythm (Sharples et al., 2015). But not only DA’s 

effect on locomotion that has been investigated; it has been found that DA is also able to 

modulate sensory transmission (Millan, 2002), a property that could be explained with 
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the extensive DA fibre and receptor innervation of the dorsal horn (Qu et al., 2006; Zhu 

et al., 2007). 

During stepping activity DA is released within the SC (Gerin and Privat, 1998), 

where it can increase motor output in various species (Barbeau and Rossignol, 1991; 

McCrea et al., 1997; Han et al., 2007). Microdialysis measurements showed that DA and 

its metabolites are present in the ventral horn of neonatal rats during fictive locomotion 

(Jordan and Schmidt, 2002). In adult rats, DA was measured in the SC following walking 

(Gerin and Privat, 1998). The precursor to DA, L-DOPA, was able to elicit air stepping in 

neonatal rats, which was then blocked by a DA receptor antagonist (Sickles et al., 1992; 

McCrea et al., 1997) demonstrating that DA has a potent effect on motor circuits in vivo. 

Lapointe et al showed that the excitatory effects of DA are promoted through D1 

receptors (Lapointe et al., 2009); a D1 receptor agonist was able to elicit bouts of stepping 

in adult mice with complete thoracic SC injury. These findings emphasize DA’s key role 

in locomotion; nevertheless, descending activation of spinal DA pathways has not been 

achieved in model systems.  

1.4 Origins of spinal dopamine 

The diencephalic DAergic neurons are divided into four groups named A11, A12, 

A13 and A14 in rodents (Tillet, 1994) but the exact organization of this neuronal system 

is still poorly understood. The A11 has been identified in several species including rat, 

cat, mouse, zebrafish, monkey and human (Lindvall et al., 1983; Kitahama et al., 1998; 

Lambert et al., 2012). Only A11 DA neurons appear to project directly to the spinal cord 

without intermediate neurons; in the mouse a small fraction of DAergic projections to the 
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SC arises from A10 (Skagerberg and Lindvall, 1985; Qu et al., 2006) and A13 (Blessing 

and Chalmers, 1979). DAergic fibres, projecting from the A11 in the PH, are present in 

the ventral and dorsal horn of the adult SC (Yoshida and Tanaka, 1988; Weil-Fugazza 

and Godefroy, 1993; Holstege et al., 1996; Qu et al., 2006). The ventral horn of the SC is 

of particular interest, since it encompasses the locomotor CPG. The fact that mice with 

lesions of the A11 area show clear deficits in motor control, emphasizes the importance 

of this diencephalospinal connection for locomotion (Clemens et al., 2006). However, the 

DAergic innervation of the SC from A11 remains largely under-investigated. 

 

Figure 1.2: Descending dopaminergic fibres within the spinal cord originate in the 
A11. 
Dopamine acts on all five dopamine receptors that are distributed non-uniformly through 
the dorsal and ventral horns of the spinal cord (Adapted with permission from Zhu et al., 
2007). Descending noradrenergic fibres originating in the A4, A6 and A7 nuclei of the 
pons innervate the spinal cord. Schematic adapted with permission from Björklund and 
Dunnett (2007).  
© Sharples, Koblinger et al., 2014 
 

The A11 DA neurons are distributed in the posterior and dorsal hypothalamic 

areas and in the periventricular gray matter of the caudal thalamus and are multipolar or 

triangular in shape (Qu et al., 2006). In the mouse this small nucleus consists of 
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approximately 150-300 neurons. Projections to the SC are a characteristic feature of the 

A11 neuron group and are probably the best-investigated properties of this nucleus. The 

characterization of A11’s anatomical connectivity to the SC in the rat started in the 1980s 

by Hokfelt and colleagues. A11 neurons were found to project axons though the dorsal 

longitudinal fasciculus of Schutz in the periventricular and periaqueductal gray, which 

descend unilaterally in the superficial dorsal horn and nearby dorsolateral funiculus of the 

SC white matter (Bjorklund and Skagerberg, 1979). A small number of axons descend in 

the area surrounding the central canal of the SC (Bjorklund and Skagerberg, 1979). A11 

axons innervate the entire rostrocaudal extent of the SC in both rats (Skagerberg et al., 

1982) and mice (Qu et al., 2006) with axons terminating at every spinal cord segment and 

no clear somatotropic represenation. The projections are predominantly ipsilateral, 

decussation at the spinal or supraspinal level are modest at most (Skagerberg and 

Lindvall, 1985; Barraud et al., 2010).  

A11 axons predominantly terminate in the dorsal horn, with additional projections 

to zona intermedia and lamina X surrounding the central canal (Skagerberg et al., 1982; 

Ridet et al., 1992; Holstege et al., 1996). Projections surrounding the ventral horn motor 

neurons of lamina IX were found to be less dense than in the dorsal horn (Yoshida and 

Tanaka, 1988). While DA neurons terminating in the upper thoracic spinal cord (T2-T4) 

are involved in the regulation of heart rate and blood pressure (Lahlou et al., 1990), little 

is known regarding the function of the remaining spinal cord projections. A11 fibres also 

terminate in the intermediolateral column (IML) of the dorsal horn, which houses the 

preganglionic sympathetic neurons (Skagerberg et al., 1982). These neurons are related to 

afferent nerve processing, interneurons, and somatic motoneurons. Neurochemical 
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studies demonstrate measurable quantities of DA in the ventral horn, and the highest 

concentrations in the dorsal horn (Fleetwood-Walker and Coote, 1981; Basbaum et al., 

1987). The descending A11 system differs between sexes whereby in the mouse, males 

have a greater number of dopaminergic neurons in the A11 nucleus and a higher density 

of fibres (Pappas et al., 2008; Pappas et al., 2010). This androgen-dependent dimorphism 

may contribute to a higher female prevalence of restless leg syndrome.  

1.5 Dopaminergic nuclei exhibit enzymatic diversity 

Catecholaminergic nuclei in the mammalian brain were first described in the 

1960’s (Dahlstroem and Fuxe, 1964a). These findings were based on the classical 

histofluorescent methods for the histochemical localization of DA and NA (Dahlstroem 

and Fuxe, 1964b) which were later confirmed using more versatile immunohistochemical 

approaches to detect the presence of the enzyme tyrosine hydroxylase (TH) (Hokfelt et 

al., 1984). The catecholamines DA, norepinephrine and epinephrine are derived from the 

amino acid tyrosine. Tyrosine is oxidized by TH to L-DOPA, which is in turn 

decarboxylated to DA by the enzyme aromatic amino acid decarboxylase (AADC). In 

noradrenergic cells, DA is oxidized by dopamine beta hydroxylase (DβH) into 

norepinephrine, while in adrenergic cells the enzyme phenylethanolamine 

N-methyltransferase (PNMT) converts norepinephrine into epinephrine.  A canonical 

dopaminergic neuron is identified by the following features: expression of TH as well as 

AADC, and VMAT2 to pump DA into the synaptic vesicles, expression of DAT for 

reuptake of DA from the synaptic cleft and inhibitory D2 autoreceptors to regulate 

presynaptic release of DA. This original classification has been expanded to encompass 
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enzymatic diversity within different DAergic nuclei. It is now clear that different 

combinations of enzymes are present in catecholaminergic neurons. For example, 

TH+/AADC- neurons can be found in the A12, A14 and A15 (Lein et al., 2007). D-cells 

around the central canal of the spinal cord contain AADC but lack TH (Jaeger et al., 

1983). Neurons expressing TH but not synthesizing DA or noradrenaline (NA) (Ikemoto 

et al., 1999) also exist. A lack of VMAT2 has been observed in interneurons of the 

hypothalamus (Weihe et al., 2006) and the lack of DAT in A11 neurons in the non-

human primate (NHP) (Barraud et al., 2010). There are also differences in D2 

autoreceptors expression in DA neurons. The mechanism of action at the soma and the 

terminals of a DA neuron can differ between G protein-coupled inwardly-rectifying 

potassium channel (GIRK) and potassium channels Kv1.2; and some DA neurons lack D2 

autoreceptors completely (Pappas et al., 2008). Taken together, catecholaminergic cell 

types are diverse and not all DAergic nuclei have been sufficiently characterized. Indeed 

many studies have relied on the detection of TH within neurons to define them as 

canonical DA neurons.  
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Figure 1.3: The canonical catecholaminergic neuron is one that generates dopamine, 
noradrenaline or adrenaline.  
Catecholamines are synthesized from tyrosine through a series of biosynthetic steps 
progressing from tyrosine hydroxylase (TH) producing L-DOPA, aromatic amino acid 
decarboxylase (AADC) producing dopamine, dopamine-β-hydroxylase (DBH) producing 
noradrenaline and phenylethanolamine-N-methyl-transferase (PNMT) producing 
adrenaline. These neurons also express the vesicular monoaminergic transporter 
(VMAT2) to pump catecholamines into synaptic vesicles. A canonical dopaminergic 
neuron will also express dopamine reuptake transporters (DAT) and inhibitory D2 
autoreceptors to regulate presynaptic release of dopamine. Post synaptic targets of 
dopamine include the excitatory D1-like and inhibitory D2-like receptors that act through 
G-protein second messenger cascades, increasing and decreasing intracellular cAMP 
levels respectively.  
© Sharples, Koblinger et al., 2014 
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1.5.1 Neurotransmitter phenotypes reported in the A11 

Historically, in rodents the diencephalospinal system was considered DAergic 

based on the expression of TH (Bjorklund and Nobin, 1973; Skagerberg and Lindvall, 

1985) coupled with early experiments from Bjorklund et al (Bjorklund and Skagerberg, 

1979). However, recent findings suggest the possibility of species-differences in the A11 

neurotransmitter phenotype. It was recently demonstrated that the A11 in the (NHP) 

exhibits fundamental differences compared to other dopaminergic systems, notably the 

absence of DAT, AADC and DβH expression (Barraud et al., 2010). The final 

end-product of these A11 monoenzymatic TH neurons is L-DOPA and the site of action 

in the SC remains to be unknown in the NHP (Barraud et al., 2010). In human and rats, 

cells of the A11 do not express DAT (Lorang et al., 1994; Ciliax et al., 1999). The only 

report in humans describes the A11 neurons TH positive but AADC negative, along with 

the finding of a large number of TH-only and AADC-only neurons, whose physiological 

roles have not been investigated (Kitahama et al., 1998). Rats do not express any DA 

receptors within the A11 (Charbit et al., 2009).  

So far we only know that the A11 in the mouse expresses TH but lacks D2 

autoreceptors (Pappas et al., 2008) and the details of the enzymatic machinery have not 

been investigated in the mouse yet. Given the known diversity between species it was 

critical to understand the enzymatic machinery in the mouse since this was the model 

chosen for optogenetics in my thesis.  
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1.6 A11 connectivity 

While the projections of A11 to the SC have been demonstrated, by comparison, 

details on the efferent connections between A11 and other areas in the brain are limited. 

Some of the known A11 efferents are ascending and send projections to areas of the 

neocortex (Takada et al., 1988) that are involved in the control of sensory, limbic, and 

motor function. A dysfunction of this pathway could induce further changes in the 

perception of ascending sensory information and reinforce movement disorders reported 

from restless leg syndrome (RLS) patients. Descending pathways from the A11 region 

also project to the dorsal raphe nucleus (Peyron et al., 1995). The serotonergic dorsal 

raphe promotes drives cardiovascular and sympathetic activity (Robinson et al., 1985), 

and it has, like the dopaminergic A11, prominent projections to the IML (Lakke, 1997). 

The combination of the A11 nucleus originating in the hypothalamus and its axon 

projections to the IML neuron column could indicate an important function in the 

regulation of sympathetic outflow (Qu et al., 2006).  

Fairly recently, Hue (Hue Beckford, 2008) determined afferent connections of the 

A11 and found prominent terminal labeling in the A11 when anterograde injections were 

made into the lateral septum (LS), parabrachial nucleus (PB), infralimbic cortex (IL), and 

the bed nucleus of the stria terminalis (BnST). An important source of input to A11 

comes from the hypothalamic suprachiasmatic nuclei (SCN). The SCN, responsible for 

controlling the circadian activity of the mammalian nervous system, projects directly to 

the A11 area. A11 sends main projections to the sympathetic preganglionic neurons 

(SPNs) in the intermediolateral nucleus (Abrahamson and Moore, 2001; Qu et al., 2006). 
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This neuronal link between the SCN to SPNs via A11 neurons suggest that spinal 

DAergic actions may be modulated in a circadian pattern (Zhao et al., 2007).  

Lindvall et al. (1974) observed that axons of some A11 cells bifurcate in a 

T-shape manner, giving rise to one ascending and one descending branch. This 

arrangement may be analogous to that described for the vasopressin-oxytocin neurons of 

the paraventricular nucleus (Buijs, 1978). Generally, if at least some neurons have both 

diencephalic and spinal projections, it would allow for simultaneous modulation and 

integration of multiple functions. This proclivity for axons to branch extensively is a 

fairly typical behaviour for DA cells (Hue Beckford, 2008) suggesting that collateral 

axonal branches of the same neurons establish intra-diencephalic and spinal projections. 

1.7 Previous work to delineate A11’s functional role 

In comparison to what is known about the anatomical connectivity and 

projections to the SC of A11 neurons, little is known about the physiological role of the 

diencephalon-spinal DA system. Few studies have examined the role of A11 in 

generating locomotor movements and our understanding of A11’s functionality is limited 

to depletion and lesion studies (Ondo et al., 2000; Jackson et al., 2008) and tests using 

electrical stimulation in various species.  

In the zebrafish, the Orthopedia neurons of the midbrain expressing the 

transcription factor otp form the DAergic diencephalospinal tract (DDT) and are 

analogous to the A11 DAergic neurons in mammals (Tay et al., 2011). These opt neurons 

send descending projections to the SC and are the sole source of spinal DA in the 

zebrafish (Ryu et al., 2007). The DDT mediates the progression of locomotor 
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development in the zebrafish larvae by providing a developmental switch from the 

immature spontaneous swim episodes to the mature episodic locomotor pattern (Lambert 

et al., 2012). This switch is dependent on spinal D4 receptor driven by the DAergic opt 

cells – a loss of signal before the developmental switch (day 3) leads to the larvae 

maintaining the immature locomotion pattern while a loss after the switch (day 4) makes 

the larvae revert back to the immature locomotor pattern (Lambert et al., 2012). The 

DAergic diencephalospinal neurons (DDN) in the zebrafish can generate 2 forms of firing 

activities – a low-frequency (1-2 Hz) tonic spiking and high-frequency (around 20 Hz) 

phasic bursting (Jay et al., 2015). The tonic spiking is present during periods of inactivity 

while the phasic bursting correlates with bouts of locomotor behaviour (Jay et al., 2015). 

DDNs alternate between these two modes of firing and when ablated, the locomotor 

activity reduces without affecting the motor patterning (Jay et al., 2015). Taken together, 

in the zebrafish the activity of the DDNs is associated with locomotor behaviour and DA 

from these neurons provides a developmental switch from immature spontaneous to 

mature episodic swim episodes (Lambert et al., 2012; Jay et al., 2015).   

In the rodent, the role of A11 neurons in locomotion was performed using the 

catecholaminergic neurotoxin 6-hydroxydopamine (6-OHDA). After depletion of A11 

DA neurons with 6-OHDA, rats exhibited increased locomotion one month after the 

lesion, as well as longer latency to sleep, less sleep time, and more episodes of standing 

upright (Ondo et al., 2000). These behavioural changes of motor restlessness and sleep 

disturbance improved with DA agonist treatment (Ondo et al., 2000; Zhao et al., 2007). 

Similar behaviours were reproduced in a mouse model with A11-6-OHDA lesions, and 

were augmented when combined with an iron-deficiency diet (Qu et al., 2007). Mice with 
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A11 6-OHDA lesions had significantly lower levels of DA in the lumbar SC, and D2 

mRNA and D3 mRNA were down regulated (Zhao et al., 2007). While lesion studies are 

useful they have several caveats; firstly they interrupt fibres of passage as well as DA 

cells in the A11. Secondly, compensation by non-lesioned areas can interfere with 

interpretation of results. Therefore results from these studies provide only a partial 

answer the role of A11 in initiating and regulating locomotion. Using a genetically 

modified D3 knock-out mouse model it was shown that D3 receptors alter spinal cord 

excitability and circadian dopaminergic rhythms. The D3 knock-out mouse displays 

hyperactivity (Accili et al., 1996), increased locomotor activity, and hypertension (Hue 

Beckford, 2008). This phenotype shares some characteristics with periodic leg 

movements during sleep (PLMS), a feature present in the majority of RLS patients. In D3 

knock-out animals, a DA-dependent spinal reflex modulation is converted from 

depression to facilitation (Clemens and Hochman, 2004). Fleetwood-Walker showed that 

ipsilateral electrical stimulation of A11 nucleus in the rat caused selective inhibition of 

the nociceptive responses recorded in lamina I and III-V in spinal dorsal horn neurons 

(Fleetwood-Walker et al., 1988), but did not comment or test motor behaviour. The onset 

of the antinociceptive effect was observed 15-20 seconds after the start of the electrical 

stimulation and could be reversed by local sulpiride (selective D2-like receptor 

antagonist) application (Fleetwood-Walker et al., 1988).  

So far no studies have been conducted that stimulate A11 to investigate its 

functional role in locomotion. Because A11 is a disperse nucleus, the above-mentioned 

techniques raise the concern of specificity and therefore only provide a partial answer of 

A11’s role in locomotion.  
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Classical neuronal manipulation techniques including electrical, pharmacological, 

and genetic methods either simultaneously affect surrounding cells and fibres in addition 

to the targeted population, or have slow kinetics and poor reversibility. While electrical 

stimulation provides good temporal control, it lacks neural specificity. Conversely, 

pharmacology can provide neuronal specificity, depending strongly on the receptor 

expression, but lacks temporal control. Optogenetics (Deisseroth, 2011) provides the 

ideal set of tools to examine the sufficiency of this nucleus in the freely moving animal. 

By using optogenetics one can rapidly manipulate neurons with cell-type selectivity, high 

temporal precision, and rapid reversibility, while leaving neighbouring cells and fibres of 

passage unaffected.  

Interestingly, electrical stimulation of the posterior hypothalamic nucleus, which 

lies in close vicinity of A11, caused an increase of locomotor behaviour (Sinnamon, 

1984, 1993; Jackson et al., 2008) but this behaviour could not be ascribed to a particular 

cell cluster. For these reasons we turned to optogenetic approaches to photostimulate the 

A11 nucleus.  

1.8 Brief overview of Optogenetic approaches used in this thesis 

The field of neuroscience recently underwent a revolutionary/sweeping 

metamorphosis with the new methods Opto- and chemogenetics. As electrodes cannot be 

used to precisely target defined cells and drugs act on receptors spread across the 

neuraxis, in 1979 Francis Crick called attention to the need for “a method by which all 

neurons of just one type could be inactivated, leaving the others more or less unaltered” 

(Crick, 1979).  



 

32 

1.8.1 Optogenetics 

Although microbial biologists knew of microorganisms being able to produce 

visible light-gated proteins that directly regulate the flow of ions across the membrane, it 

took about 40 years until neuroscientists were able to make use of bacterio-opsins. In 

algae they function as photoresponsive proteins directing the alga towards or away from a 

light source and to find light conditions that are optimal for photosynthetic growth. In the 

1970's Bacteriorhodopsin, followed by Halorhodopsin were discovered, and Hegemann, 

Nagel and colleagues identified Channelrhodopsin (ChR), today’s most established light 

sensitive membrane channel (Matsuno-Yagi and Mukohata, 1977; Nagel et al., 2002; 

Nagel et al., 2003). In 2005, Karl Deisseroth and Ed Boyden (Boyden et al., 2005) 

reported that upon introduction of a microbial opsin gene without any other parts, 

chemicals or components, neurons became precisely responsive to light. They showed 

that ChR2 rapidly and reliably depolarized neurons and elicited action potentials. The 

field of Optogenetics was born (Deisseroth, 2010). Electrical stimulation allows for 

temporal precision in stimulation within a given volume, but it lacks specificity for cell 

type. However, pharmacological and genetic manipulations can be cell-specific but lack 

temporal precision needed for the investigation of neural coding and signalling. No 

technique prior to optogenetics has achieved both high-temporal and cellular precision 

within intact mammalian neural tissue (Deisseroth, 2010). ChRs are directly light-gated 

ion channels, when transfected into mammalian cells and activated by blue light 

(λmax 470nm), ChR2 acts as an inwardly rectifying cation channel, thus depolarizing the 

cells (Nagel et al., 2002). ChR2 enables action potential elicitation to be time-locked to 

light pulses. The inhibitory counterpart to ChR2 is Halorhodopsin (NpHR), from the 
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archea Natronomonas pharaonis is a light-activated inwardly directed, hyperpolarizing 

Cl-pump, which inactivates the cells with yellow light (λmax 580nm) (Han and Boyden, 

2007). NpHR and Archaerhodopsin (Arch), a proton pump, enable hyperpolarization of 

membranes to inhibit the production of action potentials. Consecutive inhibition of 

spontaneous neuronal firing can be achieved in a millisecond time scale (Han and 

Boyden, 2007; Zhang et al., 2007). The photocurrent in a neuron resulting from a pulse of 

light will depend on many factors, including the properties of the opsin being expressed, 

the wavelength, intensity and duration of the light (Boyden et al., 2005). Compared to 

classic membrane channels, ChRs have low single-channel conductance. To achieve 

suprathreshold membrane depolarization, it is necessary to express ChR at high levels. 

All ChRs are non-selectively permeable to for H+, Na+, K+ and Ca2+ with a reversal 

potential near 0 mV at physiological pH (Nagel et al., 2003). 

In my experiments I use ChR2 (H134R), which is a single mutant variant of ChR2 

with increased sensitivity to light. When stimulated with blue light (λmax 450), 

ChR2 (H134R) exhibits high photocurrents and its kinetics allow photostimulation up to 

20 Hz (off kinetics 19+/- 2 ms) (Nagel et al., 2005; Gradinaru et al., 2007). 

1.8.2 Spatial control  

To precisely correlate a neuronal activity pattern with a resulting cellular or 

behaviour change, one must tightly control the location (e.g. cell type or brain region), 

the timing and the direction (increasing or decreasing) of that activity (Rogan and Roth, 

2011). Spatial control of neuronal activity is defined by the selective modulation of a 

particular cell type or a particular anatomical brain region. The most commonly used 
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strategy to date for the expression of opsins (e.g. ChR2, halorhodopsin, optoXRs) or 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs; e.g. hM4Di, 

hM3Dq) in the brain tissue is through a viral transduction (Dong et al., 2010; Zhang et 

al., 2010). Viral expression systems have the advantages of fast and versatile 

implementation combined with high infectivity, resulting in a high number of copies for 

robust expression levels. Cellular specificity can be achieved with viruses by a) specific 

promoters, by b) spatial targeting of virus injection and by c) targeted light delivery 

restricting opsin activation (Zhang et al., 2010; Diester et al., 2011). To achieve the in 

vivo viral gene transfer, in my studies I will be using an adeno-associated virus (AAV). 

AAVs are to some extent superior to lentiviruses due to the fact that AAV-based vectors 

remain episomally while lentiviral vectors are integrated into the host genome (Rein and 

Deussing, 2012). Robust expression can be achieved by the use of transgenic 

Cre recombinase driver mice in combination with strong ubiquitous promoters such as 

elongation factor 1-𝛼 (EF1𝛼), human synapsin or human thy antigen 1 (Thy-1). By using 

a cre-dependent viral construct like AAV-FlEx (Flip-Excision) or AAV-DIO (double 

floxed inverse open reading frame) driven by a strong promoter such as EF1𝛼 or CAG, 

cell and tissue specificity is provided by selective Cre activity (Sohal et al., 2009). 

In my research I use the combination of a transgenic mouse expressing 

Cre recombinase in TH positive neurons, and the injection of a virally encoded ChR2. 

The gene of interest (ChR2) is situated in an inverted (meaningless) orientation, flanked 

by two incompatible loxP variants. In the presence of Cre, a recombination of either loxP 

variant takes place, resulting in the inversion of the gene of interest into the sense 
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direction, followed by expression or ChR2. Because the open reading frame (ORF) of the 

gene of interest in DIO configuration encodes nonsense, there is no functional expression 

in the absence of Cre recombinase. A fluorescent tag (such as YFP fused to ChR2) allows 

post-hoc identification and mapping of ChR2-expressing cells for direct assessment of 

the specificity of expression.  

1.8.3 Temporal control and resolution  

In addition to a high degree of spatial resolution, temporal resolution and 

directional modulation of signalling are important for remotely controlling neuronal 

signalling. Temporal control enables one to determine when a receptor or pathway is 

active or inactive, and for what duration (Rogan and Roth, 2011). Temporal resolution 

can range from milliseconds (e.g. opsins) to minutes and hours (e.g. DREADDs) and 

includes both “onset” kinetics (time between the experimental manipulation followed by 

the initiation of signalling and the termination of signalling) and the “offset” kinetics 

(time between the initiation of signalling and the termination of signalling) (Rogan and 

Roth, 2011). Temporal resolution is critical for directly linking activation of particular 

targets or cells to subsequent behaviour outcomes. Microbial opsins (e.g. 

channelrhodopsin) are photon receptors that respond rapidly to photons of a particular 

wavelength (Boyden et al., 2005). DREADDs on the other hand, respond to molecule 

ligands, signalling through G-proteins and induce responses that can last hours 

(Alexander et al., 2009). In my research I use the light sensitive channel ChR2 to activate 

A11 neurons.  
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Figure 1.4: Optogenetics 
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1.9 The possible role of the A11 nucleus in Restless Leg Syndrome 

Clinically it has been suggested that RLS is due to a reduction of spinal release of 

DA (Clemens et al., 2006; Thorpe et al., 2011). RLS is a sensory-motor disorder with a 

prevalence of about 5-10 % in the general population (Rothdach et al., 2000; Ulfberg et 

al., 2001). It is characterized by an urge to move the limbs, especially while at rest, and 

the symptoms are relieved with movement (Zhao et al., 2007). The effectiveness of 

DAergic medication (Levodopa and DA2/3 receptor agonists) led to the suggestion of a 

primary DAergic pathology (Allen RP, 2003), which so far has not been demonstrated. 

Human RLS studies investigating striatal D2 receptor binding with positron emission 

tomography (PET) or single-photon emission computed tomography (SPECT) are 

inconclusive (Allen RP, 2003; Cervenka et al., 2006). Therefore, it is conceivable that a 

non-nigro-striatal pathway may be involved and possibly a dysfunction of the 

diencephalospinal DA system may contribute to the pathophysiology of the disease 

(Clemens et al., 2006). If periodic leg movements in RLS patients are driven at the level 

of the SC and a DAergic system is involved in the pathology, then the A11 nucleus, as 

the only significant spinal DA system, is likely to play a critical role (Allen RP, 2003; 

Earley et al., 2009). To find out if the A11 nucleus is indeed involved in the RLS 

pathophysiology, better knowledge of the anatomical and functional organization of the 

diencephalospinal pathway is critical and DA-dependent behaviour models extending 

beyond the standard knockout and lesion models are needed.  

 



 

38 

1.10 Summary and hypothesis 

In summary, the projections to the SC and the anatomical connectivity are the 

best-known features of the A11 nucleus so far. Very little is known about the 

physiological role of the diencephalon-spinal DA system and no studies have been 

conducted investigating A11’s functional role in locomotion. This is largely due to the 

lack of sufficient methods to stimulate a small, disperse nucleus like A11 without 

affecting the surrounding cells and fibres of passage. Therefore, all data that is available 

at this point in time, was generated with either electrical stimulation or ablation and 

lesion techniques. So far, nobody has used photostimulation of the A11, which allow 

rapid manipulation of neurons with cell-type selectivity, high temporal precision, and 

rapid reversibility, while leaving neighbouring cells and fibres of passage unaffected.  

Currently, it remains unclear whether the A11 neurons in the mouse are DAergic 

or not. Considering the wide use of DA mouse models and the greater appreciation of the 

diversity of DAergic nuclei we gained recently, it is critical to examine the A11 

phenotype in the mouse.  

Additionally there is a gap in our knowledge on the functional role of this 

nucleus. While the role of DA at the level of the SC has been described, the origin 

nucleus has not been investigated in regards to regulation of locomotion. Also, it remains 

uncertain if the A11 nucleus has connections to other locomotor areas in the brain.  
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Outlined in this thesis are the strategies I utilized to explore the phenotype and 

functions of the A11 nucleus in the mouse. My data supports the general hypothesis:  

A11 is dopaminergic and can initiate and modulate locomotion in the mouse.  

The goals of my work were to explore the enzymatic phenotype of A11 neurons, 

their role in locomotor activity and possible connections to other locomotor areas within 

the brain.  

Thus I hypothesized that individual A11 neurons project to the SC and contain the 

full set of enzymes required for DA synthesis (Chapter 2). The role of A11 in walking is 

not well understood and testing the A11’s role in locomotion in vivo with adequate 

cellular and temporal resolution has been previously impossible. Utilizing optogenetics 

with a Cre-LoxP transgenic strategy, I used a new strategy for targeting and manipulating 

A11 neurons to elucidate A11’s role in locomotor activity (Chapter 3). I also investigated 

possible direct DAergic connections to well known locomotor areas in the brainstem, 

which could form a parallel pathway to the basal ganglia system (Chapter 3).  
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2.1 Abstract 

The hypothalamic A11 region has been identified in several species including 

rats, mice, cats, monkeys, zebrafish, and humans as the primary source of descending 

dopamine (DA) to the spinal cord. It has been implicated in the control of pain, 

modulation of the spinal locomotor network, restless leg syndrome, and cataplexy, yet the 

A11 cell group remains an understudied dopaminergic (DAergic) nucleus within the 

brain. It is unclear whether A11 neurons in the mouse contain the full complement of 

enzymes consistent with traditional DA neuronal phenotypes. Given the abundance of 

mouse genetic models and tools available to interrogate specific neural circuits and 

behaviour, it is critical first to fully understand the phenotype of A11 cells. We provide 

evidence that, in addition to tyrosine hydroxylase (TH) that synthesizes L-DOPA, 

neurons within the A11 region of the mouse contain aromatic L-amino acid 

decarboxylase (AADC), the enzyme that converts L-DOPA to dopamine. Furthermore, 

we show that the A11 neurons contain vesicular monoamine transporter 2 (VMAT2), 

which is necessary for packaging DA into vesicles. On the contrary, A11 neurons in the 

mouse lack the dopamine transporter (DAT). In conclusion, our data suggest that A11 

neurons are DAergic. The lack of DAT, and therefore the lack of a DA reuptake 

mechanism, points to a longer time of action compared to typical DA neurons.  

2.2 Introduction 

Dopaminergic (DAergic) innervation of the spinal cord is thought to originate 

primarily from a small nucleus of tyrosine hydroxylase (TH) expressing cells in the 

diencephalon, also known as the A11 region (Qu et al., 2006). Across a variety of 
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vertebrate species, including non-human primates, zebrafish, rats, rabbits, and mice, 

TH-synthesizing neurons in the A11 send long axonal processes to the spinal cord 

(Blessing and Chalmers, 1979; Hokfelt et al., 1979; Lindvall et al., 1983; Skagerberg and 

Lindvall, 1985; Qu et al., 2006; Barraud et al., 2010; Lambert et al., 2012). Projections 

from the A11 region may contribute to locomotion (Blessing and Chalmers, 1979; 

Lindvall et al., 1983; Skagerberg and Lindvall, 1985; Fleetwood-Walker et al., 1988), 

pain control (Fleetwood-Walker et al., 1988; Pappas et al., 2011), migraines (Charbit et 

al., 2009), and restless leg syndrome (Clemens et al., 2006), yet, this cell population 

remains understudied in relation to other DAergic areas of the brain. In addition, these 

neurons were described to send projections to a wide variety of brain regions, including 

the dorsal raphe, thalamus, hypothalamus, and cortex, (Peyron et al., 1995; Kagan et al., 

2013) placing the A11 in an ideal position to potentially provide an alternative motor 

innervation to locomotor circuits compared to the well-described DAergic 

substantia nigra pars compacta-striatal network.  

Over the last decade, there has been a greater appreciation that the classification 

of DAergic nuclei is more diverse than first thought (Dahlstroem and Fuxe, 1964a; Jaeger 

et al., 1983; Bjorklund and Dunnett, 2007; Ugrumov, 2009). DAergic neurons contain 

TH to convert L-tyrosine into L-DOPA and aromatic L-amino acid decarboxylase 

(AADC) that synthesizes dopamine (DA) from L-DOPA. DA neurons also express 

vesicular monoamine transporter 2 (VMAT2) to package the DA into vesicles as well as 

dopamine reuptake transporters (DAT) to clear DA from the synaptic cleft. Interestingly, 

there are examples of monoenzymatic neurons that contain either TH or AADC (Jaeger et 

al., 1983; Karasawa et al., 2007; Barraud et al., 2010). There are also examples of 
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neurons that are bienzymatic but lack VMAT2, DAT, or both (Bjorklund and Dunnett, 

2007; Ugrumov, 2009). These types of cells are dispersed throughout the brain including 

the hypothalamus, and identification of their phenotype is critical if we are to unravel 

downstream signalling mechanisms (Ugrumov, 2009). The A11 region remains 

incompletely characterized in most species making it difficult to determine whether or 

not the ascribed functional effects are due to DA. For example, A11 neurons in the non-

human primate are positive for TH but lack DAT and AADC (Barraud et al., 2010). 

Furthermore, there seems to be species-differences in regards to D2 autoreceptors in A11, 

which is significant since they contribute to the activity of DA neurons and synthesis of 

DA itself (Pappas et al., 2008; Ford, 2014). Therefore, it remains uncertain in the mouse 

whether A11 neurons are DAergic or not.  

Given the wide use of DA mouse models, it is critical to examine the phenotype 

of A11 neurons in this species. The main aims of this study are to characterize the 

phenotype of mouse A11 neurons, their projections to the spinal cord, and whether they 

contain the full or a partial set of enzymes required for DA synthesis and release. Here 

we provide evidence that A11 neurons are AADC, TH and VMAT2 positive but are 

negative for DAT expression. Portions of this study have been published in abstract form 

(Koblinger, 2012). 

2.3 Materials and Methods 

2.3.1 Ethics statement 

This work was completed in accordance with the recommendations in the 

Canadian Council for Animal Care. The protocol was approved by the Health Sciences 
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Animal Care Committee of the University of Calgary (Protocol Number: 

M11028/AC15-0016). Every effort was made to minimize animal suffering, and all 

surgeries were completed using isoflurane gas anaesthesia. All surviving animals were 

given a buprenorphine injection post-surgery.  

2.3.2 Animals 

Tyrosine Hydroxylase (TH)-Cre transgenic mice (Source: Jackson Laboratory, 

B6.Cg-Tg (Th-Cre)1Tmd/J, Stock Number:008601; n = 5) and wildtype C57/Bl6 mice 

(Source: Jackson Laboratory, C57BL/6J, Stock Number:000664; n = 10) were used. All 

mice were between the ages of 6-12 weeks old throughout the study. Mice were housed 

under controlled lighting conditions (12:12 light:dark cycle) with food and water 

available ad libitum. Only male mice were used in this study due to reported sex 

differences in DA concentrations in the spinal cord of mice (Pappas et al., 2008; Pappas 

et al., 2010) and to exclude possible variability in DA expression due to oestrus cycles. 

2.3.3 FluoroGold injections 

Mice were anaesthetized with isoflurane (1.5 %) and secured in a stereotaxic 

frame (Stoelting Co., IL, USA) positioned dorsally upwards. A laminectomy was 

performed between lumbar vertebral segments (L4 to L5) followed by a careful removal 

of the dura mater to expose the dorsal surface of the spinal cord. The fluorescent tracer 

FluoroGold (FG; 2 % w/v in 100 µL Saline; Fluorochrom) was pressure injected 

(Nanoject II Nanoliter Injector, Drummond Scientific, PA, USA) bilaterally (70 nl per 

injection, 3 bilateral injections, total of 6 injections) into the spinal cord through a glass 

capillary pulled to a fine tip (3.5” glass capillaries, Drummond Scientific, PA, USA; 
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Puller Narishige, diameter 15–20 µm). The muscles overlying the vertebra and skin were 

then sutured and the mice were given buprenorphine (0.1 mg per kg) for post-surgery 

analgesia. Animals were sacrificed 14 to 16 days after surgery to conduct retrograde FG 

transport analysis throughout the spinal cord.  

2.3.4 Yellow Fluorescent Protein injections  

Animals were anaesthetized following the same protocol for FG injections with 

minor differences. The heads of the mice were positioned in a stereotaxic frame with 

Bregma and Lambda landmarks positioned in the horizontal plane of the apparatus. 

Through a small burr hole drilled vertically through the skull (Dremel 300, drill bit 105, 

Robert Bosch Tool Corporation, IL), a 3.5” glass capillary tube (Drummond Scientific, 

PA, USA; Puller Narishige) with a tapered tip (diameter 15–20 µm) was lowered into the 

brains at stereotaxic coordinates corresponding to the A11 nucleus (anteroposterior (AP), 

−2.3 mm; mediolateral (ML), 0.2 mm; dorsoventral (DV), 3.0 mm (Paxinos, 2008)). Five 

TH-Cre mice received pressure injections bilaterally of the recombinant AAV vector 

carrying Yellow Fluorescent Protein (YFP) (AAV2/1.EF1aDIO.EYFP.WPRE.hGH 

Addgene plasmid 27056, Penn State Vector Core) with a total volume of 420 nl 

(2.16 × 1012 GC ml-1). YFP injections followed 3 days after the FG spinal cord injections 

at an age of 10 to 11 weeks (n = 4). 

2.3.5 Immunohistochemistry  

To prepare fixed brain tissue, mice were anaesthetized with isoflurane and 

perfused transcardially with 0.1 M phosphate-buffer saline (PBS, pH 7.4, 20 °C) 

followed by 4% paraformaldehyde (PFA) in phosphate buffer (PBS, 4 °C). Brains and 
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spinal cords were removed, submerged in PFA at 4 °C for 24 hours then cryoprotected in 

30% sucrose (0.1 M PBS) for 24 to 48 hours at 4 °C. 30 µm coronal brain sections, as 

well as sagittal and transverse spinal cord sections, were frozen in clear frozen section 

compound (OCT - VWR International, Radnor, PA, USA) and sectioned using a cryostat 

(Leica CM1850 UV, Leica Biosystems, Ontario, Canada). The sliced brain sections were 

collected in a staggered fashion and either placed into four consecutive wells to free-float 

in PBS or mounted staggered onto six Superfrost Plus slides (VWR International). Spinal 

cord slices were mounted across 6 slides also in a staggered fashion. All slides were 

warmed on a hot plate (35 °C for 20 min) before washing. The brain and spinal cord 

sections (either mounted or free-floating) were washed in 0.1 M PBS before and between 

incubations, followed by one 20 min wash in PBS with 0.5 % Triton-X 100, and lastly by 

one 30 min period in blocking solution (5 % goat and 5 % donkey serum in PBS). The 

blocking solution was also used in subsequent antibody incubations. Once the immuno 

incubations were complete, free-floating coronal brain sections were then mounted onto 

Superfrost Plus slides. All slides were then lightly coated with Fluoromount/Plus medium 

(Diagnostic Biosystems, Pleasanton, CA, USA) and coverslipped. All primary and 

secondary antibodies, along with their conjugates, are presented in Table 2.1 and 2.2, 

respectively. To test for nonspecific binding of the secondary antibody, we excluded the 

primary antibodies completely throughout the study. No significant background 

fluorescence intensity was observed in the brain sections with secondary antibodies 

alone.  
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Confocal fluorescent images were collected using a Nikon Eclipse C1si Spectral 

Confocal microscope with a motorized stage (Nikon Canada Inc., Ontario, Canada). The 

objectives used were 10× Plan Apo DIC (NA 0.45), 20× Plan Apo DIC (NA 0.75), Nikon 

Plan Fluor 40× oil immersion DIC (NA 1.30), and 60× Plan Apo water immersion DIC 

(NA 1.20). The lasers used were centered on 488 nm (with a 515/30 emission filter) and 

561 nm (with a 590/50 emission filter) wavelengths. The 10× images were taken with z-

step 1 µm, 20× with z-step 0.5 µm, 40× with z-step 0.3 µm, and 60× with z-step 0.15 µm, 

all using the imaging software EZ-C1 for Nikon Confocal, Silver Version 3.91 (Nikon 

Canada Inc., Ontario, Canada). Stacked images were acquired by averaging 4 frames with 

a resolution of 1024 × 1024 or 512 × 512. Off-line image processing included maximal 

intensity projections conducted using NIS-Elements Advanced Research Version 4.10 as 

well as adjustments of brightness and contrast in Photoshop. For images illustrating DAT 

the despeckle function was used to decrease noise and improve contrast. The same 

adjustments and settings were employed for all images within a given series for image 

Table 2.1: Primary Antibodies 
Antigen Lab Code Commercial Source Dilution Incubation time Donor 

Species 

TH AB112 Abcam Inc., Toronto, ON, Canada 1:1000 - overnight at room 
temperature 

Rabbit 

TH AB 1542 EMD Millipore, Billerica, MA, 
USA 

1:500 - overnight at room 
temperature 

Sheep 

AADC NBP1-
56918 

Novus Biologicals, Littleton, CO, 
USA 

1:500 - 60 hours at 4 °C Rabbit 

VMAT2 H-V008 Phoenix Pharmaceuticals, 
Burlingame, CA, USA 

1:500 - 60 hours at 4 °C Rabbit 

DAT MAB369 EMD Millipore, Billerica, MA, 
USA 

1:500 - 60 hours at 4 °C Rat 

FG AB153 EMD Millipore, Billerica, MA, 
USA 

1:1000 - overnight at room 
temperature 

Rabbit 

GFP GFP-1020 Aves Laboratories, Tigard, OR, 
USA 

1:500 - overnight at room 
temperature 

Chicken 
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consistency and comparison.  

We assessed the entire rostrocaudal extent of the A11 region. In randomly 

selected sections, the diameter of TH positive cells in 20× confocal images were 

measured by a person blinded to the study (rostral section 23 cells, middle section 

27 cells, caudal section 43 cells). TH and AADC co-localizing cells were counted using 

20× confocal images. Cell counting was accomplished using ImageJ (NIH Image, 

Bethesda, MD, USA).  

2.3.6 Data analysis  

Data are reported as means ± SEM. A one-way ANOVA was used to detect 

differences among groups (GraphPad Prism 6.0). P < 0.05 was considered statistically 

significant. 

2.4 Results 

The overall aim of the current work was to examine whether A11 neurons 

projecting to the spinal cord contained AADC, TH, VMAT2 and DAT consistent with the 

synthesis and reuptake of DA.  

Table 2.2: Secondary Antibodies 
Secondary Antibody Dilution Commercial Source 

Biotinylated donkey anti-rabbit 1:500 Jackson Immuno Research, West Grove, PA, USA 

Cy3-conjugated strepavidin 1:500 Jackson Immuno Research, West Grove, PA, USA 

Alexa-564-conjugated donkey anti-rabbit 1:500 Molecular Probes, Burlington, ON, Canada 

Alexa-488-conjugated donkey anti-sheep 1:500 Molecular Probes, Burlington, ON, Canada 

Alexa-564-conjugated donkey anti-rat 1:500 Molecular Probes, Burlington, ON, Canada 

Alexa-488-conjugated donkey anti-rabbit 1:500 Molecular Probes, Burlington, ON, Canada 

Alexa-564-conjugated goat anti-rabbit 1:1000 Molecular Probes, Burlington, ON, Canada 

Alexa-488-conjugated goat anti-chicken 1:500 Molecular Probes, Burlington, ON, Canada 
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2.4.1 Characterization of TH expressing neurons within the A11 

A11 neurons were first characterized in terms of size and location (Fig. 2.1A). 

TH-IR A11 cells were found in the diencephalon, extending dorsally along the 

periventricular grey matter of the caudal thalamus reaching medially to the 

mamillothalamic tract. In accordance with other reports, A11 cells were found to be 

relatively large (>16 µm) multipolar cells compared to non-TH-IR cells in the vicinity 

(Fig. 2.1B).  

The A11 was divided into three regions in this study: rostral (anteroposterior 

(AP), −2.0 mm), middle (AP, −2.3 mm) and caudal region (AP, −2.5 mm) (Paxinos, 

2008). The A11 region began approximately 2.0 mm caudal to Bregma where the cells 

cluster bilaterally near the midline, dorsal to the third ventricle and medial to the 

mamillothalamic tracts (Fig. 2.1). Moving rostrally to the middle region of A11, neurons 

were located more dorsally, surrounding the third ventricle, and medially to the fasciculus 

retroflexus (Fig. 2.1A). Cells in the caudal region were located ventral to posterior 

commissure (PC) on both sides of the third ventricle.  

The mean cell diameter was 16.7 ± 0.3 µm (rostral 16.4 ± 0.6 µm, middle 

17.2 ± 0.6 µm, caudal 16.6 ± 0.47 µm) and the cell diameters between sections were very 

similar (F(2,90) = 0.49, p = 0.62) (Fig. 2.1C).  
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Figure 2.1: Characterization of tyrosine hydroxylase (TH) positive cells in A11  
A: Diagram showing the middle region of the A11 area in the mouse. The red frame 
represents the area where representative micrographs were taken. The diagram was 
adapted from Paxinos, 2008 with permission. B: TH immunohistochemistry (green) of 
the middle region of A11. Scale bar 100 µm. 3V = third ventricle; PF = parafascicular 
thalamic nucleus; fr = fasciculus retroflexus; PH = posterior hypothalamic nucleus; 
mt = mammillothalamic tract. C: Diameter of TH positive cells in three regions: rostral 
(AP −2.0 mm), middle (AP −2.3 mm) and caudal region (AP −2.5 mm). The mean cell 
diameter was 16.7 ± 0.3 µm and the cell diameters between sections were similar. 
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2.4.2 TH-IR A11 cells project to the spinal cord 

To determine whether TH cells labeled in the putative A11 area projected to the 

spinal cord, the FG retrograde tracer was nanoinjected into the spinal cord between 

lumbar vertebral segments L4 and L5 (Fig. 2.2). This area was chosen since it contains a 

relatively large proportion of neuronal targets. After allowing 14 to 16 days for retrograde 

transport, the retrogradely-labeled neurons dorsal to the hypothalamus showed typical 

cytoplasmatic granular staining observed using FG (Fig. 2.2B). Double-labeled TH-IR 

neurons were located within the A11 cell group (Fig. 2.2C). In addition, the double-

labeled neurons were located bilaterally throughout the entire rostrocaudal extent of the 

A11.  

To further investigate the connectivity of A11 to the spinal cord, adeno associated 

virus (AAV) containing an YFP double-floxed construct was injected into the A11 region 

 

Figure 2.2: A11 TH positive neurons project to the spinal cord 
Example of retrograde labelling in the A11 caudal area following FluoroGold (FG) 
injections into the lumbar spinal cord between lumbar vertebral segments L4 and L5. 
Representative double-fluorescent immunostaining of tyrosine hydroxylase (TH; green) 
and FluoroGold (FG; magenta). The white arrows point to double-labeled cells. Most of 
the TH positive cells also contain FG (arrows), one cell shows labelling for TH but not 
FG. Several cells that contain FG but not TH are also seen (not co-localizing). Scale bar: 
50 µm. 
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of transgenic TH-Cre mice. FG was also injected into the spinal cord within the lumbar 4 

and 5 segments. To maximize the detection of YFP in fibres, immunohistochemistry was 

performed—using an anti-GFP antibody—which can detect YFP. Strong YFP expression 

was observed in the perikarya of TH-Cre neurons in the area of A11 (Fig. 2.3A). 

Depending on the location of the virus injection, expression was observed in either the 

rostral and middle or middle to caudal regions of the A11. In the A11 region, 

retrogradely-labeled FG containing neurons co-localized with YFP (Fig. 2.3C, D). This 

approach provided additional evidence for the TH phenotype of the A11 and indicated 

that TH neurons located in the A11 project to the spinal cord. As a control, cells were 

observed in the motor cortex where, as expected, FG-labeled neurons lacked YFP 

expression (Fig. 2.3Bb (inset)). 
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Figure 2.3: YFP expression in A11 neurons following Cre-dependent viral expression 
and retrograde tracing with FG from the spinal cord 
Rostral region section of A11 from a TH-Cre mouse transduced with a Cre-dependent YFP 
AAV (green) and immunohistochemistry against FG (magenta) (A–D). Boxed inset in (B 
(b)) shows FG labeled cells in the motor cortex. Only cells in A11 were co-labeled with 
YFP and FG (C, D). Scale bars: 50 µm. D: Higher magnification of boxed area in A. Scale 
bar: 20 µm. 
 

 

In the spinal cord, YFP-IR fibres were observed at lumber segments L1to L3 

(within our targeted area) in the white matter (Fig. 2.4D) and were also dispersed 

throughout the grey matter (Fig. 2.4A, B, C). YFP-IR collaterals also projected into the 

grey matter from the white matter (data not shown). Consistent with previous reports, 

longitudinal YFP-IR fibres running rostrocaudally in the white matter were also apparent 

(Fig. 2.4D). Within the grey matter, YFP+ fibres were found equally dispersed in most 

Rexed’s laminae. A subpopulation of fibres in the L1 to L3 segments was positive for 

both YFP and FG. 
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Figure 2.4: YFP positive fibres in the lumbar spinal cord originating from A11  
Schematic of fibre localization in the lumbar spinal cord. Representative micrographs of 
YFP-labeled fibres in transverse (A, B) and parasagittal (C, D) lumbar spinal cord sections. 
Fibres were found in the dorsal (A) and ventral horn (B) as well as in the grey (C) and the 
white matter (D). Scale bar: 10 µm. 
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2.4.3 A11 TH-IR neurons contain AADC 

To further characterize the phenotype of A11 neurons, immunohistochemistry to 

detect TH and AADC was performed. The locus coeruleus was also processed as a 

positive control since it is known to contain AADC synthesizing noradrenergic neurons 

(Ando-Yamamoto et al., 1987; Komori et al., 1992). In the A11, TH-IR neurons were 

mostly labeled for AADC, suggesting that these neurons contain the enzymatic 

machinery necessary to convert L-DOPA to DA (Fig. 2.5A, B). Of 338 counted cells 

(100 cells in the rostral region, 108 in the middle and 130 in the caudal region) that were 

positive for TH, 98.9 ± 1.08 % (n = 4 animals) were immunopositive for AADC. As 

expected, AADC expression in the locus coeruleus was intense and was co-localized with 

TH (Fig. 2.5C). 
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Figure 2.5: A11 TH positive neurons are also expressing aromatic amino acid 
decarboxylase (AADC) 
Immunohistochemistry targeted against TH (green) and AADC (magenta) shown in a 
representative middle region section of A11 (A, B) and the locus coeruleus (C). Note the 
co-localization between TH and AADC positive neurons (arrows) in A11 (B). Locus 
coeruleus served as a positive control (C). Scale bar 50 µm. A and B are derived from data 
shown in Figure 2.1. B: Higher magnification of boxed area in A. 
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2.4.4 TH-IR A11 cells contain the vesicular transporter VMAT2 

To test whether A11 TH-IR neurons also contained VMAT2, an antibody against 

VMAT2 was utilized (Fig. 2.6). VMAT2 labeling was granulated and more intense 

around the cell bodies (Fig. 2.6B, centre panel). A11 neurons were found to co-label 

almost exclusively for TH and VMAT2 (Fig. 2.6A, B) even though VMAT2 labeling 

appeared less intense than in the locus coeruleus that served as a control (Fig. 2.6C).  
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Figure 2.6: Vesicular monoamine transporter (VMAT-2) expression in A11 and locus 
coeruleus 
Immunohistochemistry targeted against TH (green) and VMAT-2 (magenta) in a 
representative micrograph of a middle region section of A11 (A, B). Note the co-
localization between TH and VMAT-2 indicated by the arrows (B). Locus coeruleus served 
as a positive control (C). B: Higher magnification of boxed area in A. Scale bar: 50 µm. 
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2.4.5 TH-IR A11 cells do not contain DAT  

The presence of DAT is often used to define DAergic neurons (Ciliax et al., 1999; 

Ugrumov, 2009). To determine whether TH-IR A11 neurons are DAT-IR, 

immunohistochemistry for TH and DAT on diencephalic brain slices was performed. It 

was observed that A11 TH-IR cell bodies were uniformly lacking DAT- 

immunoreactivity (Fig. 2.7A, B). A few single fibres were found to be DAT-IR but these 

were not TH+ (see white arrows Fig. 2.7B). As an additional control the locus coeruleus 

was also examined and found to be, as expected, DAT- (Fig. 2.7C). Neurons and fibres in 

the ventral tegmental area (VTA) were strongly positive for DAT and co-localized with 

TH (Fig. 2.7D). Another possibility is that DAT was localized in the terminals of A11 

neurons. The presence of DAT was stained for in mice injected with AAV containing 

floxed YFP. This revealed no evidence of YFP+ projecting fibres containing DAT in 

either the gray or white matter of the spinal cord (Fig. 2.8A, B). However, positive 

controls were performed in the substantia nigra that were found to be strongly DAT+ 

(Fig. 2.8C). 
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Figure 2.7: Absence of dopamine transporter (DAT) expression in A11 
Immunohistochemistry targeted against TH (green) and DAT (magenta) (A-D). 
Representative micrographs showing the absence of DAT labeling in the middle region of 
A11 (A, B). Note the DAT positive but TH negative fibres in A11 (B) (arrow). (C) As 
expected DAT is absent in the locus coeruleus (LC) which served as a negative control. 
Representative micrograph of TH and DAT labeled neurons and fibres in the ventral 
tegmental area (VTA) (D). Note the absence of DAT expression in the A11 and the LC in 
contrast with the intense expression in the VTA (positive control). B: Higher magnification 
of boxed area in A. Scale bar: 50 µm.  

 

2.5 Discussion 

The work presented here shows, for the first time, that the A11 cell group contains 

sufficient enzymatic machinery to generate dopamine in the mouse. In particular, we 

demonstrate that TH-positive neurons contain AADC, the enzyme necessary to produce 

DA, and VMAT2 that is essential for the packaging of DA into vesicles for synaptic 

release. This agrees with evidence demonstrating that stimulation of the A11 produces 

sensorimotor effects that are dependent on DA receptor activation. In summary these data 

provide evidence for a class of neurons in the A11 that partly exhibit a DA phenotype. 

Notably, we did not find evidence for the presence of DAT in TH+ regions of the A11 or 

in YFP+ projections in the spinal cord, which confirms previous work done in the non-

human primate (Barraud et al., 2010), human (Ciliax et al., 1999), and rat (Lorang et al., 

1994). Data from the Allen Mouse Brain Atlas also shows no evidence for DAT in the 

vicinity of A11 (http://mouse.brain-map.org/) (Lein et al., 2007). However, we did see 

evidence for some DAT fibres in the A11 but these did not co-localize with TH. 
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Figure 2.8:  YFP positive fibres in the lumbar spinal cord originating from A11 lack 
dopamine transporter (DAT) 
Immunohistochemistry targeted against YFP (green) and DAT (magenta) (A-C). 
Representative micrographs showing YFP-labeled fibres in parasagittal lumbar spinal cord 
sections in the grey (A) and white (B) matter. (C) Positive control showing intense 
expression of DAT in the substantia nigra compacta. Scale bar: 10 µm. 
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Compared to the VTA, which served as a positive control, the absence of DAT in the 

A11 was striking. The absence of DAT is also consistent with other work showing a lack 

of this enzyme particularly in hypothalamic DA cell groups (Lorang et al., 1994; Ciliax et 

al., 1995). Furthermore, the presence of non-DAT containing TH positive neurons has 

been reported in several nuclei, including the periventricular nucleus (A14), preoptic area 

(A15), and supraoptic nucleus (Lorang et al., 1994).  

While DAT is associated with a characteristic DAergic phenotype, it is not 

necessary for the release of DA. This is clear from work utilizing DAT knockout mice. 

These mice are viable, and have increased DAergic tone with pathologies typical of DA 

overproduction (Gainetdinov et al., 1999). As a result, it is reasonable to speculate that 

DA could be released from A11 projecting terminals with no reuptake. Our data are 

consistent with others showing that a significant proportion of A11 TH neurons project to 

the spinal cord, contain long processes, and show relatively sparse innervation when 

transverse sections of the spinal cord were examined (Bjorklund and Skagerberg, 1979; 

Skagerberg et al., 1982; Lindvall et al., 1983; Skagerberg and Lindvall, 1985; Qu et al., 

2006).  

This raises the issue of the functional effects of DA. While we do not know 

whether or not DA is released in a paracrine fashion within the spinal cord, it is 

reasonable to speculate that, similar to 5-HT and noradrenaline (NA), it would be (Ridet 

and Privat, 2000). 5-HT and NA show evidence for paracrine release mainly in the dorsal 

horn (Ridet et al., 1993; Ridet et al., 1994). Furthermore, work from other areas of the 

brain, including the dorsal raphe nucleus and the substantia nigra, show evidence for both 
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junctional and non-junctional DAergic transmission (Fuxe et al., 2010). The lack of DAT 

in knock-out animals is associated with a five-fold increase in extracellular DA 

concentrations and dramatically increases the lifetime of extracellular DA in the striatum 

(Jones et al., 1998). Even with functional reuptake, volume transmission of 5-HT within 

both the spinal cord and dorsal raphe can reach the order of 20 µm. Coupled with a 

half-life of 200 ms, this suggests volume-released monoamines have considerable effects 

on both pre- and post-synaptic targets. One caveat is that DA reuptake is known to occur 

in the noradrenaline transporter (NET) rather than DAT. In the frontal cortex and 

hippocampus, DA reuptake appears to occur primarily by NET while it occurs via DAT 

in the caudate and nucleus accumbens (Moron et al., 2002; Borgkvist et al., 2012). This 

suggests that the absence of DAT does not always indicate a lack of DA reuptake. 

However, in the case of DA via NET, reuptake has been reported to be an order of 

magnitude slower compared to traditional DAT reuptake.  

Our data suggest that A11 neurons in the mouse contain all the enzymatic 

machinery (TH and AADC) necessary to produce DA, but also contain transporters 

(VMAT2) to package DA into vesicles. Even though the A11 nucleus may release DA, 

there are still several questions unaddressed regarding its function. In various DA 

neuronal systems, DA synthesis is regulated by presynaptic inhibitory D2 autoreceptors 

that limit intracellular DA concentrations. The absence of D2 autoreceptors suggest 

higher DA release probabilities (Ford, 2014). Within the A11 of the rat there appears to 

be no evidence for any DA receptors (Charbit et al., 2009), while there is no evidence for 

D2 autoreceptor regulation of dopamine release in the mouse (Pappas et al., 2008). 

Finally, in the non-human primate there is no evidence for AADC expression suggesting 
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the possibility of species-differences in A11 neurotransmitter phenotype. There is also 

some evidence that A11 neurons may release both glutamate and DA (Kawano et al., 

2006). Nevertheless only a sub-population of A11 cells in the rat contain vesicular 

glutamate transporter 2 (VGlut2) (Kawano et al., 2006). While we don’t know the 

interactions within the spinal cord, interactions between DA and glutamate have been 

reported in the terminal fields of A10 DA neurons that also contain VGlut2 (Feenstra et 

al., 2002; Howland et al., 2002). A paucity of co-localization within the same varicosity 

for either A10 or A11 has been reported suggesting that DA and glutamate release may 

occur from adjacent varicosities. Clearly, future work is required to tease apart these 

possibilities.  

From a functional viewpoint, several lines of evidence suggest that DA modulates 

spinal reflex and locomotor circuits, and has clinically been suggested that ‘restless leg 

syndrome’ is due to a reduction of spinal release of DA (Barriere et al., 2004; Clemens 

and Hochman, 2004; Clemens et al., 2006; Thorpe et al., 2011; Clemens et al., 2012; 

Humphreys and Whelan, 2012). In the neonatal rat and mouse, our work, and that of 

others, shows that bath application of DA restricted to the thoracolumbar spinal region 

modulates fictive locomotor patterns (Kiehn and Kjaerulff, 1996; Jiang et al., 1999; 

Whelan et al., 2000; Barriere et al., 2004; Christie and Whelan, 2005; Gordon and 

Whelan, 2006; Humphreys and Whelan, 2012). This DA excitation of mammalian spinal 

locomotor circuits appears to occur primarily through D1 receptors (Maitra et al., 1993; 

Seth et al., 1993; Barriere et al., 2004; Madriaga et al., 2004; Han and Whelan, 2009). 

Microdialysis measurements show release of DA and its metabolites in the ventral horn 

of adult rats following walking (Gerin and Privat, 1998). Moreover, administration of D1 
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agonists in adult mice with a complete thoracic injury elicited bouts of stepping (Lapointe 

et al., 2009). Finally, the key role played by DA transmission in locomotion is 

highlighted by the fact that L-DOPA-elicited air stepping in intact neonatal rats can be 

blocked by intrathecally introduced DA receptor antagonists (Sickles et al., 1992; 

McCrea et al., 1997). The low levels of DA suggest that it may operate similar to the 

actions of trace amines (TA) within the spinal cord (Gozal EA, 2008). Trace amine 

receptors (TARs) have been found in the spinal cord, and DA can activate trace amines. 

TARs have been found to be expressed on multiple classes of cells in the spinal cord 

including D cells, motoneurons, and other interneurons within the spinal cord 

(Hochman S, personal communication). In short, TARs are in a position to amplify the 

effects of limited levels of DA within the spinal cord and, in concert with a lack of 

reuptake on A11 projecting neurons, could help explain the disparity between anatomical 

and functional studies.  
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3.1 Abstract 

Dopaminergic control of movement through the nigrostriatal pathway is well 

established. Here we uncover a parallel DA-based pathway for movement initiation and 

control that originates in the A11 region of the posterior hypothalamus and projects to the 

spinal cord (SC) and key locomotor centres such as the gigantocellular nucleus. We 

specifically transfected DA neurons in A11 of TH-IRES-Cre mice with channel 

rhodopsin 2 (ChR2) and report that photostimulation of these neurons initiates and 

modulates locomotion in freely moving mice independent of the locus coeruleus. We 

next show that stimulation of the A11 in anaesthetized mice modulates reflex function 

within the lumbar SC. These data reveal a new role for the A11 region in movement 

control in the freely moving mouse. This novel DAergic locomotor circuit may be 

involved in control of goal-directed behaviours as part of a larger diencephalic locomotor 

region.  

3.1.1  Significance Statement 

The A11, a hypothalamic nucleus comprised of spinally projecting DA neurons 

has been implicated in the etiology of restless legs syndrome. Here we describe a 

DAergic pathway for the control of locomotion that originates in the A11, projects to the 

MRF, a key locomotor region of the brainstem and also projects directly onto SC 

locomotor networks. This is the first study to show a functional role of this area in 

movement control using optogenetic approaches.  
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3.2 Introduction 

Dopamine (DA) is a neurotransmitter associated with movement control but was 

believed to act only indirectly to control the excitability of neurons that control 

locomotion. DA control of spinal cord (SC) circuits was similarly assumed to be indirect, 

via projections from the basal ganglia to the brainstem or motor cortex. A direct SC 

connection provides a means for DA to access the circuits that control the basic 

locomotor pattern (Whelan, 2010) and are directly influenced by descending projections 

from the motor cortex, brainstem and diencephalon (Jordan et al., 2008). Our previous 

work demonstrates that DA can stabilize fictive locomotor patterns, acting directly on 

motoneurons and on interneurons thought to form part of the spinal locomotor circuits 

(Han et al., 2007; Humphreys and Whelan, 2012; Sharples et al., 2015).  

Our work implicates the DAergic nucleus A11 as being important for the control 

of locomotion. The A11 cell group appears to be evolutionarily conserved from zebrafish 

(Lambert et al., 2012) to mammals (Barraud et al., 2010). The A11 receives input from a 

variety of areas and has been associated with anti-nociceptive properties (Fleetwood-

Walker et al., 1988) and with Restless Leg Syndrome (RLS) (Clemens et al., 2006).  

This small group of cells is positioned in the area of the posterior hypothalamus (PH), an 

area associated with the initiation of goal-orientated locomotion (Slawinska and Kasicki, 

1995). This implies that the PH is associated with higher-order motor planning and 

function – an activity often ascribed to the basal ganglia. Interestingly, the PH may also 

contribute to the Parkinsonian phenotype as 6-OHDA Parkinson’s rat models show a 

reversal of akinesia with electrical stimulation of the PH (Young et al., 2011). Other work 

has shown that PH electrical stimulation evokes defense-related locomotion as well as 
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contributing to autonomic function (Bland and Vanderwolf, 1972; Slawinska and 

Kasicki, 1995; Oddie et al., 1996). This higher-order behaviour is in contrast to other 

locomotor regions in the brainstem that when stimulated produce stereotyped locomotion 

characterized by control of frequency and stepping in one direction (Mori et al., 1989). 

Despite the clear evidence that the PH region is an important area for locomotion we 

know very little about the mechanisms, neurotransmitters, and connections that underlie 

its functionality. We do know that it projects to and receives input from many areas of the 

brain associated with movement such as the cerebellum, brain stem, basal ganglia, and 

SC. The emergence of new optogenetic tools has allowed us to examine the functional 

connectome of the PH with the A11, given its DA transmitter phenotype and potential 

role in RLS, being an obvious first target. 

This is the first time the A11 DAergic nucleus was targeted on a cell specific level 

investigating its influence on locomotor behaviour. Here we use a combination of 

optogenetic approaches and anatomical tracing to show that the A11 connectome projects 

to the gigantocellular nucleus – a key locomotor area in the brainstem along with the 

lumbar spinal cord. We then further demonstrate that activation of the A11 region can 

dramatically increase locomotor activity in freely moving mice. Thus the A11 is ideally 

positioned to form a part of locomotor circuit, which is distinct from and acts in parallel 

to the substantia nigra – DA circuit (Ryczko et al., 2016). Parts of this work were 

published in an abstract (Koblinger, 2015).  
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3.3 Materials and Methods 

3.3.1 Ethics statement 

All animal experiments were approved by the University of Calgary Health 

Sciences Animal Care Committee (Protocol: AC15-0016), in accordance with the 

Canadian Council for Animal Care. Animals were housed in a double-barrier facility for 

breeding. 

3.3.2 Animals 

TH-IRES-Cre knock-in mice were used (gift from Dr. Antoine Adamantidis 

(McGill University, Canada – source; EM: 00254;B6.129X1-Thtm1(cre)Te/Kieg; 

European Mouse Mutant Archive) as well as DAT-IRES-Cre knock-in mice were 

obtained from Jackson labs (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J). Reporter mice were 

obtained from Jackson labs (tdTomato mice: 

B6.Cg-Gt(ROSA)26Sortm14(CAG-TdTomato)Hze/J (Ai14)) and 

vGLUT2-Cre-tdTomato were also used (gift from Dr. Marie-Claude Perreault, Slc17a7-

IRES2-CRE, Jackson labs). We then crossed the DA lines to obtain TH-IRES-Cre 

homozygous, TH-IRES-Cre tdTomato, DAT-IRES-Cre tdTomato heterozygous mice. 

Pairs of homozygous TH-IRES-Cre (male), DAT-IRES-Cre (female) or Ai14 (male or 

female) genotypes were mated, and the resulting heterozygous TH-IRES-Cre; Ai14 and 

DAT-IRES-Cre; Ai14 male offspring used in subsequent experiments. All mice were 

genotyped using DNA extracted from ear notches using the Kapa mouse genotyping kit 

(Kapa Biosystems) according to manufacturer's instructions. TH-IRES-Cre mice were 

genotyped using mixed primer PCR employing TH-IRES-Cre-F 

(CCTGGTCTGGACACAGTGC), TH-WT-F (CAAGCACTGAGTGCCATTAGC) and 
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TH-Com-R (AGAGGCCAGGAACACTCCTG). Amplification from wild-type genomic 

DNA yielded a 298 bp PCR product whereas amplification from the mutant locus yielded 

a 453 bp PCR product. Genotyping of the TH-IRES-Cre tdTomato, DAT-IRES-Cre, 

VGlut2-tdTomato mice was performed in a similar manner, using the primers 

recommended by the supplier (Jackson Labs). Mice were housed on a 12:12 hour light: 

dark schedule (lights on at 07:00 – off at 19:00) with ad libitum access to food and water. 

All mice were 8-16 weeks old throughout the studies and only male mice were used.  

3.3.3 Optogenetics  

Under isoflurane anaesthesia (1.5%) mice were secured in a stereotaxic apparatus 

(Stoelting Co., IL, USA), and glass capillaries were lowered into the brain of 

TH-IRES-Cre or TH-IRES-Cre;Ai14 mice  (AP -2.3 mm; L −0.1 mm from the bregma; 

DV -2.9 mm from the dura). Recombinant AAV carrying ChR2-eYFP (Addgene plasmid 

20298, pAAV-EF1a-double floxed-hChR2(H134R)-eYFP-WPRE-HGHpA; titre: 3 x 1012 

GC/ml; Virus Vector Core, UNC, Lot # AV4844B) or eYFP (Addgene plasmid 20296, 

pAAV-EF1a-double floxed-eYFP-WPRE-HGHpA;  4 x 1012 GC/ml; Virus Vector Core, 

UNC, Lot # AV4842C) were pressure injected using the Nanoject II apparatus 

(Drummond Scientific Company). 210 nl of virus were injected bilaterally, with total 

volume of 420 nl per mouse.  

Mice were returned to their home cage and left for at least 14 days to allow for 

transfection of the viral construct into A11 neurons. For optogenetic experiments in 

freely moving mice mono fibre optic cannulas were stereotactically implanted into the 

A11 area (MF2.5-FLT, Doric, Quebec, Canada) (AP -2.3 mm; L, −0.4 mm from the 
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bregma; DV -2.7 mm from the dura). Fibre optic cannulas were secured in place using 

dental cement (Metabond, Parkell, NY, USA and Dentsply, PA, USA). Mice were 

allowed to recover for at least 3 days before behavioural testing.  

3.3.4 Exclusion criteria based on post-hoc analysis 

We performed post-hoc histology to confirm A11ChR2 transfection and ferrule 

placement on all mice after the behavioural experiment was complete. We analyzed A11 

as well as the SNc, VTA and A13 for expression of ChR2-eYFP or eYFP. Mice were 

excluded from the trial if any of the following conditions were found: no expression of 

ChR2-eYFP or eYFP in A11; expression of ChR2-eYFP or eYFP in SNC, VTA or A13; 

or incorrect placement of ferrule.  

3.3.5 Whole cell patch experiments 

In a separate series of experiments, we measured inward currents and spike 

activity using in vitro slice preparations to examine the effectiveness of A11ChR2 

transfection. Young male TH-IRES-Cre;Ai14 mice (4–6 weeks postnatal) were deeply 

anaesthetized with isoflurane and decapitated; brains were rapidly removed and 

immersed in ice cold slicing solution containing, in mM: 87 NaCl, 2.5 KCl, 0.5 CaCl2, 7 

MgCl2, 25 NaHCO3, 25 D-glucose, 1.25 NaH2PO4, 75 sucrose saturated with 95% O2/5% 

CO2. 250 µm coronal sections were obtained using a vibratome (Leica), and allowed to 

recover for 1+ hours in 95% O2/5% CO2 saturated, 30°C artificial cerebrospinal fluid 

(aCSF) containing (in mM): 126 NaCl, 2.5 KCl, 26 NaHCO3, 2.5 CaCl2, 1.5 MgCl2, 

1.25 NaH2PO4, 10 glucose. All recordings took place in aCSF at 30–32°C perfused at a 

rate of 1 mL/min, with DNQX (10 µM, Tocris) or picrotoxin (100 µM, Sigma) applied 
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via perfusion pump. Neurons were visualized with an upright microscope fitted with 

differential interference contrast and epifluorescence optics (UVICO, 

RappOptoElectronics) and camera (AxioCam MRm). Borosilicate pipettes (3–5 mΩ) 

were filled with internal solution containing (in mM) 108 K-gluconate, 2 MgCl2, 8 Na-

gluconate, 8 KCl, 1 K2-EGTA, 4 K2-ATP, 0.3 Na3-GTP, 10 mM HEPES, 0.2 Alexa-488 

hydrazide and 10 mg·mL−1 biocytin. A fibre optic cable (105 µm core diameter) was 

placed 1-2 mm from the A11 using a manipulator to deliver light from a laser (473 nm, 

OptoGeni 473, IkeCool Corporation). Light intensity was measured by a Photodiode 

Power Sensor (Thorlabs). Maximally, 2.5 mW light was delivered to tissue. Signals were 

amplified (Multiclamp 700B, Molecular Devices), low pass filtered at 1 kHz, digitized at 

10 kHz (Digidata 1322, Molecular Devices), and recorded (pClamp 9.2, Molecular 

Devices) for offline analysis of evoked or spontaneous synaptic currents (Clampfit, 

Molecular Devices; MiniAnalysis, Synaptosoft).  

3.3.6 FluoroGold injections  

TH-IRES-Cre mice were anaesthetized with isoflurane (1.5%) and a laminectomy 

was performed between lumbar vertebral segments (L4 to L5). After removal of the dura 

mater to expose the dorsal surface of the SC, the fluorescent tracer FluoroGold (FG; 2 % 

w/v in 100 mL Saline; Fluorochrom) was pressure injected through a glass capillary 

pulled to a fine tip (3.50 glass capillaries, Drummond Scientific, PA, USA; Puller 

Narishige, diameter 15–20 mm). The mice received 3 bilateral injections (70 nl per 

injection), for a total of 6 injections into the SC. The muscles and skin were sutured and 

the mice were given buprenorphine (0.1 mg per kg) for post-surgery analgesia. Animals 

were sacrificed 14 to 16 days after surgery. 
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For tracing experiments (MLR and MRF) 8-week old TH-IRES-Cre mice were 

pressure injected with 2 % FG as described below (MLR: AP -4.5 mm; ML, −1.2 mm 

from the Bregma; DV -3.0 mm from the dura; MRF: AP -6.0 mm; ML, −0.5 mm from 

the bregma; DV -4.7 mm from the dura) unilaterally in a total volume of 210 nl (n = 8). 

Animals were sacrificed 14 to 16 days after surgery. In a subset of experiments, we 

injected FG into the tibialis anterior, gastrocnemius and vastus lateralis (2 µl per 

injection, 5 injections per muscle, 2 % FG). At the same time these mice were injected 

with AAV-DIO -eYFP into the A11. These animals were sacrificed after two weeks. SCs 

were then sliced and stained (see Immunohistochemistry section).  

3.3.7 Behaviour 

For in vivo experiments the light source (473 nm, LRS-0473-GFM, Laserglow 

Technologies) was connected to the implanted ferrule with a fibre optic cable (200 µm 

core diameter, Doric Lenses). The laser was controlled by TTL pulses delivered using a 

Master 8 pulse stimulator (A.M.P.I.). Blue light was delivered for 3 minutes (20 Hz, 

10 ms pulse width, 15 mW). 

Each mouse was tested for 9 min (3 min pre, 3 min light, 3 min post) for 

5 consecutive days. Behaviour was recorded using a vertically mounted video camera and 

post-hoc analyzed with the TopScan video tracking software (CleverSys. Inc.).  For c-Fos 

immunolabelling, animals were sacrificed 2 hours after light stimulation. Behavioural 

testing was performed in a 70 cm x 70 cm x 50 cm high open field chamber with opaque 

walls and in a 40 cm x 40 cm x 50 cm chamber for the LC-ablation behaviour 

experiments. Each mouse was habituated to the chamber for 3 days for 1 hour per day 
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prior to testing. On test days, mice were habituated for 30 min prior to testing and testing 

was performed at the same time of day for 5 consecutive days. Mice were transferred to 

and from a half-way house and would be transported to a behavioural testing room for 

day-to-day testing. Mice were housed singly in standard cages (SafeSeal Plus Mouse 

Green Line GM500, Techniplast, Italy, 501 cm2 floor). 

The CleverSys tracking software divided movement into three categories. 

(1) Locomotion distance travelled:  The mouse physically moves or displaces itself from 

one location to another with a minimum prescribed speed of greater than 60 mm/s and a 

minimum distance of 100 mm. 

(2) In Place Activity: Animal stays in one place with some observed activity such as 

grooming, sniffing, stretching, rearing, but the animal is not immobile.  

(3) Locomotor bouts: the number of times animal moves from one place to another place. 

If the animal continuously moves, it is counted as one single bout.  

3.3.8 LC-Ablation 

We depleted NA from LC cells by injecting 6-OHDA (7 mg 6-OHDA in 0.5 ml 

saline 0.9 % + 1 % ascorbic acid) bilaterally into the LC (AP -5.4 mm, ML -1.1, 

+1.1 mm, DV -3 mm bilateral Injection: 0.7 µl / side) of TH-IRES-Cre mice using a 

nanoinjector with microelectrodes fashioned as described previously. The animals were 

then returned to the home cage for a period of three weeks to allow for 6-OHDA to lesion 

the NAergic neurons. 1 week after 6-OHDA injection LC-lesioned and control 

non-lesioned animals were injected with AAV-ChR2-DIO into the A11. 2 weeks later we 

implanted the mice with ferrules as described above. 3 weeks after the initial 6-OHDA 



 

78 

injections we tested the animals for changes in locomotor performance using the open 

field test. Mice were habituated for 3 days for 1 hour and then tested for 3 consecutive 

days following the protocol described above.  Before sacrificing the animals and 

collecting brain and SC, we stimulated the A11 for 3 minutes (20 Hz, 10 ms, 15 mW). 

Mice were then perfused transcardially with PBS, and the SC was rapidly dissected, flash 

frozen in liquid nitrogen within 10 minutes, and processed for HPLC. Brains were stored 

in 10 % formalin for 48 hours followed by 30 % sucrose and we then performed post-hoc 

histology to confirm A11ChR2 transfection, ferrule placement and LC lesioning as 

described below.  

3.3.9 Immunohistochemistry 

To prepare fixed brain tissue, mice were anaesthetized with isoflurane (2 %) and 

trans-cardially perfused with phosphate-buffered saline (PBS), followed by 10 % 

formalin in PBS. Brains and SCs were placed in 10 % formalin for 12 hours followed by 

30 % sucrose phosphate buffer (PB) for cryoprotection. 30 µM coronal brain sections, as 

well as 20 µM transverse and sagittal SC sections were obtained using a cryostat (Leica 

CM1850 UV, Leica Biosystems, Ontario, Canada). The sliced brain and SC sections were 

collected in a staggered fashion and placed into four consecutive wells. SC slices were 

mounted across 4 slides also in a staggered fashion and warmed on a hot plate 

(40o Celsius) before washing. Rinses were performed before and between incubations 

with 0.1 M PBS before and between incubations, followed by one 20 min wash in Tris-

buffered saline containing Triton (TBSt; pH 7.4, with 0.1 % TritonX-100). Sections were 

incubated in blocking solution (5 % donkey and 5 % goat serum in PBS) for 1 hour and 

blocking solution was used in subsequent antibody incubations. Free-floating brain 
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sections were then mounted onto Superfrost slides, coated with Vectashield (H-1000, 

Vector, Burlingame, CA, USA) and cover-slipped. All primary and secondary antibodies, 

along with their conjugates, are presented in Table 3.1.  

Fluorescent images were collected using the following microscopes; Nikon 

Eclipse C1 si spectral confocal microscope, Nikon A1R MP+ and Olympus BX51. The 

objectives used were 4x (NA 0.13), 20x PLAN APO DIC (NA 0.75), 20 x PLAN 

FLUOR (NA 0.75), 60 x PLAN APO IR (NA 1.27) for Nikon Eclipse C1 si spectral 

confocal microscope. The lasers used were centred on 488 nm (with 515/30 emission 

filter) and 561 nm (with a 590/50 emission filter). The objectives used were 10x DIC L 

N1 (NA 0.30), 20x Plan Fluor MImm DIC N2 (NA 0.75), 60x Plan Apo IR WI DIC N2 

(1.27) for the Nikon A1R MP+ microscope. The lasers used were at 402.7, 488.0, 561.7 

wavelengths for the excitation and 450.0, 525.0, 595.0 wavelengths for the emission 

using pinhole radius of 12.7 - 21.5 microns on Nikon A1R MP+ microscope. The 20x 

images were taken with z-step 0.5 or 1 µm, 60x with z-step 0.15 µm. Stacked images 

were acquired by averaging 4 frames with a resolution of 1024 x 1024 or 512 x 512. 

Images in Figure 3.5 were acquired using a Pannoramic FLASH II digital slide scanner 

(3DHISTECH inc., provided by Quorum Technologies) equipped with a Lumencor 

SPECTRA light source and PCO.edge sCMOS camera. The bands for the fluorescence 

channels would be: DAPI, excitation 386/23, emission 447/40; GFP: 485/20 and 525/50; 

red: 555/22 and 597/40.  Off-line image processing included maximal intensity 

projections conducted using NIS-Elements Advanced Research Version 4.10 as well as 

adjustments of brightness and contrast in Adobe Photoshop. Cell counting was 

accomplished on 20x confocal images by a person blinded to the study using ImageJ 
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(NIH Image, Bethesda, MD, USA). We counted 5 sections containing the area of interest 

(A11 or LC) per animal.  

Table 3.1: Antibodies 
 
Primary Antibodies 

Antigen Lab 
Code 

Commercial Source Dilution Incubation time Donor 
Species 

TH AB112 Abcam Inc., Toronto, ON, Canada 1:1000 - overnight at room 
temperature 

Rabbit 

TH AB 1542 EMD Millipore, Billerica, MA, USA 1:500 - overnight at room 
temperature 

Sheep 

RFP 600-401-
379 

Rockland Immunochemicals Inc, 
Limerick, PA, USA 

1:5000 - overnight at room 
temperature 

Rabbit 

cFos Ab-5 EMD Millipore, Billerica, MA, USA 1:10.000 - 48 hours at 
4 °C 

Rabbit 

FG AB153 EMD Millipore, Billerica, MA, USA 1:1000 - overnight at room 
temperature 

Rabbit 

GFP GFP-
1020 

Aves Laboratories, Tigard, OR, USA 1:1000 - overnight at room 
temperature 

Chicken 

 

 
Secondary Antibodies 

Secondary Antibody Dilution Commercial Source 

Biotinylated donkey anti-rabbit 1:500 Jackson Immuno Research, West Grove, PA, USA 

Cy3-conjugated strepavidin 1:500 Jackson Immuno Research, West Grove, PA, USA 

Alexa-564-conjugated donkey anti-rabbit 1:1000 Molecular Probes, Burlington, ON, Canada 

Alexa-488-conjugated donkey anti-sheep 1:1000 Molecular Probes, Burlington, ON, Canada 

Alexa-594-conjugated donkey anti-sheep 1:1000 Molecular Probes, Burlington, ON, Canada 

Alexa-488-conjugated donkey anti-rabbit 1:1000 Molecular Probes, Burlington, ON, Canada 

Alexa-564-conjugated goat anti-rabbit 1:1000 Molecular Probes, Burlington, ON, Canada 

Alexa-488-conjugated goat anti-chicken 1:1000 Molecular Probes, Burlington, ON, Canada 
 

 

3.3.10 HPLC 

Mice (A11ChR2 and A11eYFP) were stimulated with blue light (20 Hz, 10 ms pulse) 

for 3 minutes in their home cage before they were anaesthetized with isoflurane (2 %) 

and trans-cardially perfused with 20 ml of PBS before transecting out the SC. The lumbar 
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enlargement of the SCs (L1 to L5) were then flash frozen in liquid nitrogen and stored at 

-80o Celsius. The procedure from start of anaesthesia to freezing the samples was 

completed within 10 minutes. The brains were placed in 10 % formalin for 48 hours 

followed by 30 % sucrose PB and were processed for post hoc analysis (see 

immunohistochemistry section). SCs were analyzed for biogenic amines by modification 

of an HPLC method by Parent et al. (Parent et al., 2001). Briefly, tissue was 

homogenized in ice-cold 0.1N perchloric acid.  The homogenate was centrifuged and 

10 µl of supernatant were used in the assay employing an Atlantis dC18 column (Waters) 

and an electrochemical detector.   

3.3.11 Data Analysis/Statistics  

Statistical analyses were performed in GraphPad Prism 6. Unpaired t-tests were 

conducted comparing between two independent groups (i.e. A11eYFP vs. A11ChR2). When 

assumptions of normality were violated, a Mann-Whitney test was conducted in lieu of a 

t-test. Two-way repeated measures analysis of variance (ANOVA) was conducted to 

examine changes between two groups (i.e. A11eYFP vs. A11ChR2) across time. When a 

significant main effect or interaction was found, Tukey post-hoc comparisons were 

conducted. When assumptions of normality were violated on the ANOVA, non-

parametric Friedman tests were conducted with a Dunn’s multiple comparison test when 

significant main effects was found. For comparison of low versus high activity groups we 

performed a ROC outlier test at 0.1 %. Repeated measures one-way ANOVA 

(RM-ANOVA) tests were conducted to examine changes within a group (i.e. A11eYFP vs. 

A11ChR2) in different conditions (before (pre), during (light) and after (post) 

photostimulation of A11). When a significant main effect or interaction was found, 
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Bonferroni multiple post-hoc comparisons tests were conducted. Data are reported as 

mean ± standard deviation (SD) and P values less than 0.05 were considered significant.   

3.4 Results  

3.4.1 Projections of A11 to the SC and locomotor regions within the brainstem 

We confirmed the DAergic phenotype of the A11 neurons (Figure 1). Previously 

we found that A11 cells contained aromatic L-amino acid decarboxylase (AADC) and 

tyrosine hydroxylase (TH), but no DA active transporter (DAT), using 

immunohistochemical approaches (Koblinger et al., 2014). Here we confirmed using 

DAT+-td-Tomato mice that DAT expression was negligible in the A11 region 

(Figure 3.1B). These cells are not noradrenergic (NA) since Dopamine-β-hydroxylase 

(DβH) is not observed in the region of the A11 either using in situ hybridization or 

DβH-td-Tomato reporter mice (http://mouse.brain-map.org/) (Lein et al., 2007). Given 

reports (El Mestikawy et al., 2011) that sub-populations of DA neurons in the ventral 

tegmental area (VTA) express the vesicular glutamate transporter 2 (vGlut2) indicating 

the potential to co-release glutamate, we checked for this using a vGlut2-tdTomato 

reporter mouse with TH+-immunoreactive (-ir) staining. We found evidence for 

vGlut2-tdTomato+ neurons in medial amygdala and ventromedial hypothalamus, areas 

where vGlut2+
 neurons have been observed (Poulin et al., 2008). We observed no vGlut2+ 

cells in the basolateral amygdala as reported (Figure 2) (Poulin et al., 2008). We observed 

vGlut2+
 neurons co-expressing TH+-ir in the midbrain DAergic area as previously 

reported (Yamaguchi et al., 2011). However, we did not observe any evidence for 

vGlut2+-TH+ co-localization in the A11 region (Figure 2).  
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We next confirmed that viral expression in TH+ cells is Cre-dependent by 

transfecting ChR2-eYFP specifically into A11 neurons by injecting an 

AAV-DIO-ChR2-eYFP construct utilizing the TH-IRES-Cre tdTomato reporter mice 

(Figure 1C-D, n = 4). We found that 96 % (SD = 1.7 %) of ChR2-eYFP+ cells were 

co-localizing with tdTomato reporter (Figure 1E b). We next examined the co-

localization of TH+-ir cells with A11 infected cells. Similar to recent reports (Lammel et 

al., 2015) we found that 54 % of A11ChR2 expressing cells were co-localized with TH 

(n = 4, mean = 57.7, SD 23.4; Figure 4). Further, we confirmed that viral spread is 

negligible and expression of ChR2-eYFP is restricted to the A11 area (Figure 5). 

We wished to confirm using our viral approach whether A11 cells project directly 

to the SC as has been reported (Qu et al., 2006; Koblinger et al., 2014). Mice were 

injected into the A11 with AAV-DIO-eYFP and with the retrograde tracer FluoroGold 

(FG) into the lumbar SC (L4, L5) and tissue was prepared 2 weeks later. We observed a 

direct projection of A11 neurons to the lumbar SC (Figure 3A, B), represented by the fact 

that 45 % of A11 cells were eYFP+/FG+ (n = 5, eYFP mean = 208.8, SD = 73.9, 

FG mean = 119, SD = 50.3; co-localizing mean = 94, SD = 36.1). We observed 

A11-eYFP+ fibres in close proximity to motoneurons (tibialis anterior, gastrocnemius, 

and vastus lateralis), which had been retrogradely labeled with FG (Figure 3C). 

Locomotor regions would be generally expected to project not only to the SC but 

also to other areas of the brainstem associated with locomotor initiation and halting 

control such as the mesencephalic locomotor region (MLR) and medullary reticular 

formation (MRF) (Bouvier et al., 2015; Ryczko et al., 2016). Therefore, we examined 
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projections to other centres as previous data on A11 suggest projections to the brainstem 

(Charbit et al., 2009). We injected FG into the cuneiform and in separate experiments 

into the gigantocellular nucleus comprising the MRF. At the same time we injected 

AAV-DIO-eYFP into the A11 to label anterograde projections. Post-hoc analysis found 

evidence for FG+/eYFP+/TH+ triple-labelled cells suggesting a projection of A11 TH+ 

cells to the MRF (Figure 6). However, following injections of FG into the MLR we found 

little evidence for projections of A11 TH+ cells to the cuneiform nucleus, which forms 

part of the MLR (Figure 7). We next injected FG into the SC of TH-IRES-Cre mice and 

AAV-DIO-eYFP into the A11 nucleus. Two weeks later the tissue was prepared and we 

found evidence for FG retrogradely labelled cells in the gigantocellular nucleus 

projecting down to the SC. Figure 6B shows evidence for A11-eYFP+ fibres in the 

vicinity of FG+ neurons spinally projecting in MRF. Our work suggests that the MLR 

fibres are likely fibres of passage, but that connection to the MRF may form an additional 

relay from the A11 to the SC.  
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Figure 3.1 (Figure above): Anatomical characterization of TH-IRES-Cre A11 
neurons following transfection with AAV-DIO-ChR2-eYFP.   
A: Diagram showing the middle region of the A11 area in the mouse (Bregma -2.46). The 
red frame represents the area where representative micrographs were taken. 
3V = third ventricle; PF = parafascicular thalami nucleus; fr = fasciculus retroflexus; 
PH = posterior hypothalamic nucleus. Modified with permission.  
B: Confocal Image (stitched image consisting of 4 20x images) showing the middle 
section of A11 TH+ neurons in a DAT-IRES-Cre tdTomato mouse. Only a few neurons 
lining the 3rd ventricle express TH (green) and DAT (red) were observed. 
Scale bar 100 µm.  
C: TH-IRES-Cre tdTomato mice expressing ChR2-eYFP in A11. Confocal image 
showing A11 neurons expressing ChR2-eYFP bilaterally (stitched image consisting of 
4 20 x images) Scale bar 100 µm.  
D: Higher magnification (60x zoom) of boxed areas (a, b) in C, Scale bar 20 µm.  
E a: Schematic map showing the injection site of virus with the Cre-dependent ChR2 
construct tagged with ChR2-eYFP or eYFP alone into the A11 of TH-IRES-Cre mice. 
E b: Pie graph showing the percentage of ChR2-eYFP positive cells in A11 that 
co-express tdTomato (n = 4, 96 %, SD 1.7). 
 

 

 

 

 

 

 

Figure 3.2 (Figure below): A11 neurons are vGLUT2 negative. 
A: Immunohistochemistry targeted against TH (green) in a vGLUT2-tdTomato (magenta) 
mouse. Note TH positive A11 neurons do not express vGLUT2. Scale bar 100 µm.  
B: Higher magnification of boxed area (A), Scale bar 20 µm.  
C: As expected vGLUT2 is present in the ventral tegmental area (VTA) which served as 
a positive control.  Scale bar 100 µm.  
D: Higher magnification of boxed area (C), Scale bar 20 µm.  
E, F: Ventromedial hypothalamic nucleus served as a control as well as the basolateral 
amygdala (F a), and the medial amygdala (F b, c). Scale bar 100 µm. 
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Figure 3.3 (Figure above): A11 neurons project to the lumbar spinal cord in close 
proximity to motoneurons. 
A. Diagram showing stereotaxic injection of AAV-DIO-eYFP in A11 and injection of 
retrograde tracer FG in SC. Aa: Retrograde transport of intraspinal (L4-L5) injected 
FluoroGold in TH-IRES-Cre mice expressing eYFP in A11. Confocal image (stitched 
image consisting of 4 20x images) shows A11 neurons expressing eYFP following 
Cre-dependent viral expression (green) along with FluoroGold 
immunoreactivity (magenta). Scale bar 100 µm. b: Higher magnification of boxed area. 
Scale bar 20 µm.  
B: 45 % of A11 eYFP+ positive neurons are labeled with FG after intraspinal injection 
(L4-L5) (n = 5, eYFP mean = 208.8, SD = 73.9, FG mean = 119, SD = 50.3; 
co-localizing mean = 94, SD = 36.1).  
C: eYFP+ positive fibres originating from A11 are close to extensor and flexor muscle 
motor neurons in the lumbar SC (motoneurons of M. gastrocnemius (a), M. vastus 
lateralis (b) and M. tibialis anterior (c) labeled with FG after intramuscular injections 
(magenta)). Scale bar 20 µm.  
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Figure 3.4: ChR2-eYFP + TH-IR co-expression in A11 neurons. 
A: ChR2-eYFP expression in A11 neurons following Cre-dependent viral expression 
(stitched image consisting of 4 20x images), Scale bar 100 µm. Higher magnification of 
boxed area (b), Scale bar 20 µm. 
B: 54 % of A11 neurons expressing ChR2-eYFP were also TH-IR (n = 4, SD 23.4).  
 

 

Figure 3.5 (Figure below): ChR2-eYFP expression is restricted to A11 area  
Immunohistochemistry targeted against eYFP (green) and TH (magenta) showing 
restricted ChR2-eYFP expression to A11.  
Aa, b: ChR2-eYFP expression in A11 following Cre-dependent viral expression. Ac: 
Higher magnification (20x) of boxed TH+ neurons in substantia nigra pars compacta.  
Ba, b, c: No ChR-eYFP expression in the VTA.  
Ca, b, c:  No ChR-eYFP expression in A13. Images Aa, Ab, Ba, Bb, Ca, Cb acquired 
with Olympus slide scanner 20x magnification Scale bar 500 µm; Ac, Bc, Cc Higher 
magnification confocal images of boxed area in b, Scale bar 100 µm 
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Figure 3.6 (Figure above): A11 projects to brainstem locomotor region MRF. 
A: Diagram showing stereotaxic injection of AAV-DIO-eYFP in A11 and injection of 
retrograde tracer FG in MRF. A a-c: A11 TH+ cells show expression of eYFP and higher 
magnification images of boxed areas show FG labeling in A11 neurons expressing eYFP 
and TH. A d: A low magnification image (scale bar 500 µm) showing FG injection site at 
MRF region (Bregma -6.7), The eYFP+ fibres are shown in gigantocellular nucleus (dd) 
and boxed area shows high magnification image (ddd) of eYFP+ fibres from A11.  
B a-b: Neurons in Gi labelled with FG (magenta) after intraspinal injection are 
surrounded by eYFP+ fibres originating from A11 and higher magnification of boxed 
areas. Scale bar 20 µm.  
Abbreviations: Gi = gigantocellular nucleus; LPGi = lateral paragigantocellular nucleus; 
GiV = gigantocellular reticular nucleus; ventral part, 4V = 4th ventricle. 
 

 

 

 

Figure 3.7 (Figure below): A11 does not project to MLR. 
A: Diagram showing stereotaxic injection of AAV-DIO-eYFP in A11 and injection of 
retrograde tracer FG in cuneiform nucleus (CnF) of MLR. A a-b. We investigated eYFP 
and TH expressing A11 neurons for the FG labeling and observed no substantial number 
of eYFP+/TH+ cells with FG labeling. A higher magnification image of boxed showing a 
single cell expression FG in eYFP+/TH+ A11 neuron. A c Diagram and low magnification 
image (scale bar 500 µm) showing the FG injection site in CnF at MLR region  
(Bregma -4.8). Fibres expressing eYFP+ (green) can be seen in the CnF where FG (blue) 
has been injected. The fibres seen in CnF labelled with eYFP+ (cc) and a higher 
magnification image (ccc) shows eYFP+ fibres from A11.  
B: A low magnification image showing neurons labeled with retrogradely transported 
FluoroGold after intraspinal (L4-L5) injection (magenta). eYFP+ fibres (green) originated 
in A11 can be found closely to the FG cells in the CnF in higher magnification images of 
boxed areas. Scale bar 20 µm.  
C: Diagram showing the LC region (Bregma -5.5) LC = locus coeruleus; 
PnC = pontine reticular nucleus, caudal part; 4V = 4th ventricle. C a: Neurons in LC 
labelled with TH (magenta) are surrounded by eYFP+ fibres originating from A11 (green) 
(20x, scale bar 50 µm). C aa: Higher magnification of boxed areas. Scale bar 20 µm.  
Abbreviations: CnF = cuneiform nucleus; DMPAG = dorsomedial periaqueductal grey; 
VMPAG = ventromedial periaqueductal grey; Aq = aqueduct; PnO = pontine reticular 
nucleus, oral part. 
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3.4.2 Photostimulation of the A11 increases locomotor activity 

We tested the feasibility of using TH-IRES-Cre mice as a tool to photostimulate 

A11 neurons. Using local A11 microinjections of an AAV containing a floxed ChR2 

construct that is expressed in a Cre-dependent manner, we infected A11 neurons and 

visualized these neurons (eYFP tag) in hypothalamic slices 2 weeks after injection. We 

then obtained whole-cell recordings to ask whether A11ChR2-cells are responsive to blue 

light. Pulses of blue light (473 nm), delivered via an optical fibre, elicited photo currents 

in A11ChR2-eYFP positive cells (Figure 8). Trains of action potentials were reliably 

elicited at frequencies up to 20 Hz (Figure 8Dc). 

We next asked whether light pulses directed to the A11 in vivo could activate 

A11ChR2-cells. We implanted a fibre optic cannula unilaterally 0.1 mm lateral to the 

midline just above A11 to bilaterally stimulate A11. We photostimulated both A11ChR2 or 

A11YFP mice at 20 Hz for 3 minutes, sacrificed them 2 hours later and prepared brain 

slices to probe for cFos+-expression (Figure 8A, B). We found that in 10 animals 

(ChR2 n = 5, eYFP n = 5) A11ChR2 cells were more likely to be also cFos+ compared to 

cells infected with only a YFP+ construct (Figure 8C, ChR2 n = 5, eYFP n = 5, U = 0, 

p = 0.004, Mann Whitney test).  
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Figure 3.8: Photostimulation of A11 cells induces cFos protein expression in A11 
ChR2-eYFP neurons.  
ChR2-eYFP expressing (n = 4) mice and eYFP control (n = 4) mice were stimulated with 
473 nm light at 15 mW with 20 Hz, 10 ms pulses, 2 hours prior to sacrifice.  
A a: A11 neurons from ChR2-eYFP light stimulated mouse (stitched image consisting of 
4 20x images, Scale bar 100 µm). A b: Higher magnification (60x zoom) of boxed area 
(Scale bar 20 µm).  
B: Photostimulation of A11 eYFP neurons (no ChR2) does not result in significant 
co-localization of cFos in A11-eYFP+ cells (Scale bar 100 µm).  
C: Bar graph summarizing changes in the percentage of neurons co-expressing cFos in 
ChR2-eYFP (n = 4) versus eYFP (n = 4).  
D: Optical stimulation with 473 nm light reliably elicits spikes in A11 neurons. Example 
of a photocurrent recorded in voltage-clamp mode, elicited by 473 nm blue light (b). 
Trains of light pulses (10 ms pulse-width) at 20 Hz frequency evoke spike activity (c).  
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Having established that A11ChR2 neurons project to the SC and were activated 

following light stimulation in vivo we next addressed the functional role of activation of 

these neurons in freely moving mice. We asked whether photostimulation of A11ChR2 

neurons was sufficient to initiate and regulate locomotor behaviour. To test this idea, we 

assessed movement in the open field test in animals expressing A11ChR2 or in A11eYFP 

control mice. The mice were habituated to the open field for 1 hour daily for 3 days and 

then tested for a fixed period of time on each of 5 consecutive days. Prior to testing, mice 

were habituated to the open field for 30 min with optical fibres attached. We recorded 

baseline activity 3 min prior to light activation, directly followed by 3 min of 20 Hz, 

10 ms pulse width of light (473 nm) and 3 min of post-light activation (Figure 9A). In the 

A11ChR2 cohort, photostimulation increased the distance travelled by 86.0 % (Figure 9B; 

n = 16, Q = 18.9, p < 0.0001, Friedman test) and total number of locomotor bouts by 

75.6 % (Figure 9C; n = 16, Q = 16.6, p = 0.0002, Friedman test, see methods for 

definitions). In contrast, this was not observed in the A11eYFPcontrol group (Figure 8B, 

n = 7, Q = 2.0, p = 0.5; Figure 9C, n = 7, Q = 1.5, p = 0.5, Friedman test). When we 

compared the effect of light between the groups (A11ChR2 and A11eYFP, baseline 

corrected - see methods; difference = value - baseline) we found significant differences 

between the groups for the following parameters: locomotion (Figure 9D, A11ChR2 

n = 16, A11eYFP n = 7, U = 10, p = 0.0005, Mann-Whitney test), in place activity 

(Figure 9E, A11ChR2 n = 16, A11eYFP n = 7, U = 11, p = 0.0007, Mann-Whitney test; place 

activity is defined as the animal stays in one place and displays behaviours such as 

grooming, sniffing, stretching and rearing but the animal is neither locomoting nor 

immobile), and bouts of locomotion (Figure 10A, A11ChR2 n = 16, A11eYFP n = 7, U = 13, 
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p = 0.001, Mann-Whitney test). We did not observe an effect of day (2-way ANOVA 

with repeated measure, F (4.6) = 0.04, p = 1).  

Next we determined the latency for changes in movement behaviour after 

photostimulation. For this, we averaged the data (distance in mm) into 10 s bins and set a 

threshold (mean of the pre-light distance travelled over 3 minutes, + 2 times SD) for each 

individual trial and determined the average latency of crossing the threshold. We 

examined all trials (n = 80, all days, all animals) and found that 83.8 % of the A11ChR2 

trials crossed threshold during light activation with a mean latency of 55 s (SD 38.9 s), 

and the minimum latency to cross threshold was 10 s. In contrast none of the A11eYFP 

mice trials crossed threshold (Figure 10C, D). These measures refer to quantifiable 

metrics, and qualitatively we noticed that animals that were inactive reacted almost 

immediately to the light by changing behaviour in a variety of ways (e.g. postural 

changes, starting to groom, and turning). These animals would then begin to locomote 

after engaging in these activities.  

When we examined all photostimulation trials on a trial-to-trial basis, there was 

no significant correlation between basal locomotion activity and the light mediated effect 

(distance travelled (mm); r = -0.1, p = 0.1) due to variability in the data (mean 43.8. mm, 

SD 272.2, median 2.6 mm) We next determined if photostimulation had a greater effect 

on animals that moved less at baseline than those that were already active. When we 

divided the cohort into two groups, based on their distance travelled 30 s before light on 

(low activity group: less than 100 mm distance during the last 30 s before light; high 

activity group: more than 100 mm distance during the last 30 s before light; 100 mm was 
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chosen as 1.5 times the body length of a mouse), we found a significant difference in the 

effect of light for A11ChR2 mice (p < 0.0001, U = 239, Mann-Whitney test). A11ChR2 mice 

with low activity level before light showed a larger effect than mice with higher activity 

during baseline (Figure 9E, outliers removed, ROUT Q 0.1%, n = 101, H = 49.76, 

p < 0.0001, Kruskal-Wallis test). There was no significant difference between A11eYFP 

high versus low activity and we pooled these two groups. Taken together our data suggest 

that photostimulation of A11 can both initiate and modulate locomotor activity.  

 

 

 

 

 

 

Figure 3.9 (Figure below): Photostimulation of A11 in awake behaving mice initiates 
and modulates locomotion. 
A: Schematic showing the implantation site of the light ferrule, along with a schematic of 
the experimental plan.  
B, C: ChR2 mice (n = 16) displayed significantly more locomotor activity (B) and 
locomotion bouts (C) during blue light stimulation compared with light-off conditions. 
There was no significant difference between the three conditions in eYFP control mice 
(n = 7) (average over 5 days).  
D, E: Light stimulation had a greater effect in ChR2 mice compared to eYFP mice for the 
parameters - distance travelled (D) and in place activity (E) (mean over 5 days).  
F: Distance plotted in 10 s bins shows an increase in activity in ChR2 mice during light 
stimulation while eYFP controls did not show an increase (5 days, all trials).  
G: Sample trace of distance travelled in 10s bins in ChR2 mouse and eYFP control. 
** = p < 0.01; *** = p < 0.001.  
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Figure 3.10 (Figure above): Photostimulation of A11 has the greatest effect when the 
mice are calm before the light stimulation. 
A, B: Locomotor bouts were significantly increased during photostimulation in ChR2 
animals compared to eYFP-control mice while locomotor duration was not (averaged 
over 5 days). Baseline was corrected.  
C, D: The mean time to cross the threshold (mean distance travelled 3 min before 
photostimulation + 2 times SD) was 55 seconds, with 83.75 % of ChR2 trials crossing the 
threshold during photostimulation while no eYFP trial crossed threshold (5 days, all 
trials).  
E: Looking at individual trials, photoactivation had the greatest effect on locomotor 
activity in ChR2 mice that moved less than 10 cm before photostimulation compared to 
mice that moved more than 10 cm prior to light and YFP control mice (5 days, all trials). 
These data suggest that photostimulation of A11 can both initiate and modulate 
locomotor activity. ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 
 

When we performed HPLC on the lumbar SC in mice after light stimulation we 

found that A11ChR2 mice showed an increase in NA levels compared to A11eYFP mice 

(Figure 11E, A11eYFP n = 5, A11ChR2 = 9, U = 1, p = 0.001). This could have occurred for 

several reasons due to conversion of DA to NA or due to direct activation of the locus 

coeruleus (LC) by A11 fibres leading to release of NA within the SC. We wished to test 

the hypothesis that the effect of A11 stimulation on locomotor activity was mediated 

through the LC. Since the LC is the major source of NA in the SC, we ablated the 

LC NAergic neurons using locally injected 6-OHDA. With this strategy we successfully 

ablated a majority of the LC NAergic cells (LC-ablated mice n = 5, mean = 82 

LC neurons remaining (15 % of control), SD = 36.4, LC intact mice n = 5, mean = 555.8 

LC neurons, SD = 196.7; p = 0.0007, unpaired t test). HPLC measurements also 

confirmed our successful ablation, with NA levels being entirely absent following light 

stimulation in 6-OHDA animals (Figure 11F, WT n = 5, A11eYFP LC-ablation n = 7, 

A11ChR2 LC-ablation n = 6, H = 14.7, p = 0.0002, Kruskal-Wallis test). We also examined 

levels of DA in the SC. These were low, as reported by others (Pappas et al., 2010), and 
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we did not observe any significant changes in levels across conditions (p > 0.1). A caveat 

here is that the ability of HPLC to discriminate small changes in DA at these very low 

levels is limited, so the non-significant changes need to be interpreted with caution.  

Since LC-ablation could potentially severely impact basal locomotor activity, we 

compared locomotor activity during the last day of habituation (day 3) of LC-ablated 

mice to intact mice. Surprisingly LC-ablated mice showed similar locomotor activity over 

1 hour compared with intact mice. There was no difference in total distance travelled 

over the full hour of habituation between LC-ablated mice and intact mice (Figure 11C, 

intact n = 13, LC-ablation n = 22, U = 110, p = 0.7, Mann-Whitney test). 

In A11ChR2 mice following LC-ablation, light stimulation increased the distance 

travelled (Figure 11A; n = 6, ANOVA repeated measures, R squared = 0.6, F = 7, 

p = 0.01) and total number of locomotor bouts (Figure 11B; n = 6, ANOVA repeated 

measures, R squared = 0.7, F = 11.4, p = 0.003). Control animals (A11eYFP + 

LC-ablation) showed no difference in total distance travelled during light activation, 

however we observed a significant difference in the locomotion bouts (Figure 11B; n = 6, 

ANOVA repeated measure, R squared = 0.5, F = 5.4, p = 0.03). When we compared the 

effect of light (Δ distance, baseline corrected) between A11ChR2 LC-ablated to A11eYFP 

LC-ablated (data not shown; A11eYFP-LC-ablated n = 6, A11ChR2-LC-ablated, n = 6, 

U = 12, p = 0.2, Mann-Whitney test) we found no significant difference due to the large 

SD in the A11eYFP data. When we compared the effect of light between A11ChR2 mice and 

A11ChR2-LC-ablated we found no difference in the Δ distance during light stimulation 

(Figure 11D, A11ChR2 intact n = 16, A11ChR2-LC-ablated n = 6, U = 45, p = 0.8, 
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Mann-Whitney test). Based on these data we conclude that the LC is not necessary for 

A11-evoked locomotion, but acknowledge that it may contribute. 

 

 

 

 

 

 

 

 

Figure 3.11 (Figure below): A11 photostimulation does not require the LC to 
modulate locomotor activity.  
A, B: ChR2 mice with LC-Ablation showed increased locomotor activity during light 
stimulation compared to prior and post light (A, B). eYFP control animals with 
LC-ablation showed a decrease of locomotor bouts during and after the photostimulation 
compared to the pre-light condition (mean over 3 days).  
C: Since LC-ablation might have an effect on locomotor activity, we compared mice with 
and without LC-ablation (over 1 hour) and found no significant difference between the 
two groups.  
D: When we compared the effect of photostimulation between ChR2 (average over 5 
days) and ChR2 mice with LC-ablation (average over 3 days), we found no significant 
difference between the two groups.  
E: HPLC on the lumbar SC revealed an increase in NA after A11 photostimulation.  
F: HPLC on lumber SC after LC-ablation revealed no NA detectable in ChR2 mice and 
very little NA in eYFP control mice after photostimulation of A11, confirming successful 
LC-ablation. * = p < 0.05; ** = p < 0.01; *** p < 0.001. 
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Figure 3.12: Schematic for parallel dopaminergic control of locomotion. 
The A11 represents a parallel pro-locomotor dopaminergic pathway that projects to the 
MRF, to the LC and to the lumbar spinal cord. Our data suggest that the A11-LC 
projection to the spinal cord (dashed lines) is not essential for A11-elicited locomotion. 
The hypothesized circuit is represented by solid lines by A11-MRF-SC and A11-SC 
connections. The A11 does not project to the MLR.  
Abbreviations: CPG = Central pattern generator; MN = Motoneuron; MRF = medullary 
reticular formation; MLR = mesencephalic locomotor region; LC = locus coeruleus; 
SC = spinal cord.  
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3.5 Discussion 

Our current study sheds light on the role of a DA-containing group of neurons and 

its functional role in locomotion in particular. Previous work has shown that the A11 

group contains neurons that project to the SC whose functions include pain control 

(Fleetwood-Walker et al., 1988), migraine (Charbit et al., 2009), cataplexy (Okura et al., 

2004), and possibly a role in RLS (Clemens et al., 2006). Our work provides new 

evidence that this nucleus also contributes to the initiation and control of locomotor 

activity, revealing a novel DAergic pathway for locomotion. The only study we are aware 

of that has suggested an A11 role in locomotion was an analog of the A11 area in 

developing zebrafish showing that the DAergic diencephalospinal tract is responsible for 

a developmental shift in swimming function (Lambert et al., 2012). Multiple lines of 

evidence from our current work suggest that the A11 has a role in movement control. 

Stimulation of the A11 produced an immediate increase in non-locomotor movements 

leading to locomotion occurring later. Finally, our work shows that anatomical 

connections exist from the A11 to key locomotor areas of the brainstem and SC. Within 

the brainstem we found fibres terminating mainly in the MRF, but not in the MLR. In 

addition, we found within the lumbar SC A11 fibres in the vicinity of motoneurons and 

ventral horn interneurons, suggesting that the A11 may directly influence movement. 

3.5.1 A11 Connectome 

In previous work we show that in the TH-IRES-Cre mouse that A11-YFP+ fibres 

project to the SC (Qu et al., 2006; Koblinger et al., 2014). Our current work further 

demonstrates that there are fibres projecting from the A11 to the MRF and LC but that 

there is a paucity of fibres terminating within the cuneiform nucleus as part of the MLR. 
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Therefore a likely brainstem target, for locomotion, is the MRF and recent work has 

found subsets of Chx10 neurons projecting to the spinal cord that are involved in the 

initiation and halting of locomotion (Bretzner and Brownstone, 2013; Bouvier et al., 

2015). In this regard we found evidence for A11 fibres in close proximity to 

FG+-SC-projecting gigantocellular cells in the MRF.  Diencephalon specific locomotor 

pathways to the MRF, independent of the MLR, have been suggested in the past 

(Sinnamon et al., 1987; Sinnamon and Stopford, 1987). Our data, based on behavioural 

and HPLC results, show that the LC projections are not necessary for A11-evoked 

locomotion.  

On balance it appears from our data that both the A11-MRF and A11-SC 

projections are candidates for mediating the increased locomotor activity observed.  In 

light of recent work showing a substantial DA projection from the substantia nigra pars 

compacta (SNc) to the MLR (Ryczko et al., 2016), this suggests parallel and 

complementary DAergic pathways from both the A11 and the SNc in the control of 

locomotion. Collectively our work and that of the Dubuc group (Ryczko et al., 2016) 

challenges the classic view of the DAergic control of locomotion which has traditionally 

been defined in terms of striatal projections forming indirect loops influencing locomotor 

control. While these indirect pathways remain important, it is now clear that DA can 

affect locomotor control directly.  

3.5.2 Mode of Action 

Our previous work established that in mice the A11 is primarily DAergic but 

lacks DAT (Koblinger et al., 2014) and this was further confirmed here by examining 
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DAT-IRES-Cre td tomato mice. In the A11 system the lack of DAT may increase the 

synaptic concentration of DA and therefore augment DA’s actions within the SC. As 

shown in DAT knockout animals, the lack of DAT leads to hyperexcitable locomotor 

behaviours (Giros et al., 1996). It may also point to a largely paracrine release of DA 

from A11 terminals as has been observed in the SC for other monoaminergic pathways 

such as 5-HT and NA (Ridet et al., 1993; Bunin and Wightman, 1999). The A11 

connectivity shows projections to key locomotor regions of the brainstem (Figure 3.6). 

However, our data also suggest a direct action at the level of the SC due to direct 

projections from A11 cells to the lumbar SC. This agrees with data from the neonatal rat 

and mouse, where our work and that of others show that bath application of DA restricted 

to the thoracolumbar spinal region modulates fictive locomotor patterns (Kiehn and 

Kjaerulff, 1996; Jiang et al., 1999; Whelan et al., 2000; Barriere et al., 2004; Christie and 

Whelan, 2005; Gordon and Whelan, 2006; Humphreys and Whelan, 2012). This DA 

excitation of mammalian spinal locomotor circuits appears primarily through D1 

receptors (Maitra et al., 1993; Seth et al., 1993; Madriaga et al., 2004; Gordon and 

Whelan, 2006; Han and Whelan, 2009; Barriere et al., 2010) although a role for D2 

receptors exists (Humphreys and Whelan, 2012). We also know that DA fibres projecting 

from the diencephalon (A11 area) are present in the ventral horn of the mouse adult SC, 

an area where DA receptors and motor circuits are located (Yoshida and Tanaka, 1988; 

Weil-Fugazza and Godefroy, 1993; Holstege et al., 1996; Qu et al., 2006; Zhu et al., 

2007) and our A11ChR2 positive data supports these findings. Release of DA and its 

metabolites in the ventral horn of neonatal rats during fictive locomotion (Jordan and 

Schmidt, 2002) and in the SC of adult rats following walking has been shown (Gerin and 
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Privat, 1998). Moreover, administration of D1 receptor agonists in adult mice with a 

complete thoracic injury elicited bouts of stepping (Lapointe et al., 2009). Finally, the 

key role played by DA transmission in locomotion is highlighted by the fact that 

L-DOPA-elicited air stepping in intact neonatal rats is blocked by intrathecally 

introduced DA receptor antagonists (Sickles et al., 1992; McCrea et al., 1997). Although 

some DAergic neurons, particularly in the VTA (Kawano et al., 2006), co-release DA 

and glutamate, suggesting both a slow and fast modulation of circuits, we did not find 

any evidence of co-expression of DA and vGlut2 in A11 nuclei. However, a role for 

calcitonin-gene-related-peptide (CGRP) (Charbit et al., 2009) in locomotion could be 

possible since A11 neurons have, like many others, been shown to contain CGRP and 

DA. Some A11 cells have been shown to contain CGRP only and a role for these cells in 

locomotion should also be considered a possibility (Yasui et al., 1989). 

3.5.3 Caveats and future directions  

Ectopic expression driven by the TH promoter has been reported previously 

(Lindeberg et al., 2004) and discussed extensively recently (Lammel et al., 2015; Stuber 

et al., 2015). We acknowledge that we see ectopic expression in the A11 nucleus and the 

extent is within the range as reported previously (Lammel et al., 2015). There are three 

possible explanations: (1) Ectopic expression can be a result of inappropriate expression 

driven by an exogenous promoter (Lindeberg et al., 2004; Lammel et al., 2015) or (2) the 

TH promoter is active in precursor cells that either never produced TH protein or have 

lost the ability (Lammel et al., 2015) or (3) neurons express the TH protein only weakly 

while the cre-expression is sufficient (Stuber et al., 2015). In the case of A11 neurons, all 

three options could be possible. However, due to the lack of DAT expression in the A11 
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nucleus, we were bound to the TH-IRES-Cre mouse model. The question of the identity 

of the ChR+ TH- remains unknown. We have shown utilizing a transgenic transporter 

mouse that A11 cells do not express vGlut2, however it is unknown if these cells 

coexpress any other neurotransmitter. While in the rat 2 types of neurons, TH+/CGRP+ 

and only CGRP+ were described in A11, this has not been investigated in the mouse 

(Charbit et al., 2009).  

Our data suggest three candidate sites of action – the MRF, the LC and the SC. 

The LC is associated with arousal and locomotion and so we wished to examine whether 

it was necessary for A11 locomotion. Indeed, our work showed through HPLC that A11 

may activate the LC since NA and its metabolites were increased in the SC following 

A11 stimulation. To test the idea that the LC was essential to A11’s production of 

locomotion we ablated the LC and found that it was not necessary for A11’s effect on 

locomotion. While these data don’t preclude the LC being a component of the A11’s 

mode of action, they do indicate that the LC is not necessary. However, the two other 

sites still remain to be investigated. Preliminary data from our lab shows a change in 

descending modulatory strength following A11 stimulation. Intracellular recordings of 

SC-projecting MRF neurons responding to light activation of A11 fibres and possible 

blocking of the effect could help answering this question. The same concept could also be 

tested in the spinal cord.  

Electrical stimulation of A11 has been shown to elicit an inhibitory effect on the 

trigeminocervical complex, which was blocked with a D2-family antagonist suggesting 

that DA is released at the level of the spinal cord (Charbit et al., 2009). We also 
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acknowledge that HPLC method we deployed may not be sensitive enough to detect 

changes in DA and it’s metabolites caused by A11 optical stimulation, therefore more 

sensitive methods like microdialysis or voltammetry should be used.  

3.5.4 Conclusions 

This is the first study to show that stimulation of the A11 has pro-locomotory effects. 

Along with our anatomical evidence this suggests that the A11 likely exerts its locomotor 

effects through actions on the MRF in the brainstem and spinal locomotor centers, while 

the LC is not necessary for the locomotor effect. This pathway is separate from the SNc 

pathway to the MLR and projects mainly to the SC and the MRF indicating a parallel and 

likely complementary pathway to the classic DAergic basal nigral-striatal circuit.  

 

  



 

113 

Chapter Four: Summary and Discussion 

4.1 Summary of findings: 

The chapters of this thesis contain the following findings: Chapter 2 shows that 

A11 neurons contain sufficient enzymatic machinery to generate DA and package it into 

vesicles in the mouse. I showed that these neurons express TH, indicating that tyrosine is 

oxidized to L-DOPA, as well as AADC, which converts L-DOPA into DA. Further I 

showed that A11 neurons possess the ability to package DA into the synaptic vesicles, 

since VMAT2 is also expressed. However, we also observed a lack of DAT in A11 cells 

suggesting that DA released into the synaptic cleft may not be uptaken by the selective 

transporter, and thus increased DA concentration within the synaptic cleft would be 

expected. Chapter 3 shows that the A11 nucleus plays an important role in movement 

control. It contributes to the initiation and control of locomotor activity suggesting a 

novel DAergic pathway for locomotion in the mouse. By using optogenetics I was able to 

show that photostimulation produces an immediate increase in non-locomotor 

movements leading to locomotion later. Further, I found anatomical connections to key 

locomotor areas of the brainstem, namely MRF, and confirmed projections to the SC. My 

data leads to the hypothesis that the A11 nucleus is in a unique position to be able to exert 

its actions (1) supraspinally by influencing the excitability of MRF neurons, as well as (2) 

directly influencing CPG networks in the SC simultaneously.  

Below, unless otherwise indicated I will be referring to the mouse model. 
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4.2 The A11 neuronal phenotype 

To recap, species differences in the A11 neurotransmitter phenotype have been 

found. No DAT was observed in A11 in the rat, the NHP and humans (Lorang et al., 

1994; Ciliax et al., 1999). In A11 in humans, a mix of TH+ and AADC+ cells were found 

(Kitahama et al., 1998). A11 in the non-human primate (NHP) not only lacks DAT, but 

also AADC and DβH, concluding the final product being L-DOPA (Barraud et al., 2010). 

My findings of lack of DAT in A11 are consistent with data in human, NHP and rat, as 

well as other hypothalamic DA groups in the rat (Lorang et al., 1994; Ciliax et al., 1999). 

Several lines of data support my conclusion of an absence of DAT. First, 

immunohistochemistry against DAT was negative, and second, DAT-IRES-Cre tdTomato 

mice showed an absence of td-tomato-expressing cells in A11. We also confirmed that 

A11 fibres in the SC were DAT negative. DAT however is not necessary for the viability 

of mice, as shown in the DAT knock-out mouse. These mice show evidence of increased 

DA tone, resulting in an increase in basal and novelty-induced activity (Viggiano et al., 

2003). The lack of DAT in A11 would be predicted to increase DA within the synaptic 

cleft, thereby increasing synaptic efficacy. 

The lack of DAT in A11 could also point towards paracrine release, as has been 

shown for 5-HT and NA, especially within the dorsal horn of the SC (Ridet et al., 1993; 

Bunin and Wightman, 1999). If DA is released in a paracrine fashion, it would diffuse 

over a relatively short distance and still have considerable effects.  

At this point it remains unknown if A11 neurons utilize a different strategy for 

DA reuptake. It has been shown that the noradrenaline transporter (NET) can reuptake 
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DA, but more slowly than by DAT (Moron et al., 2002); therefore it is possible that DA 

in A11 neurons is taken up by NET. However, data from the Allen Brain Atlas shows 

A11 neurons are NET negative so it seems an unlikely possibility (Figure 4.2) (Lein et 

al., 2007). Without further research it cannot be excluded that the reuptake mechanism at 

the level of A11 fibres in the SC is mediated through NET.  

A lack of D2 autoreceptors in A11 has been reported (Pappas 2008), but has never 

been confirmed with intracellular recordings. Data from the rat shows no DA receptors 

within A11 (Charbit et al., 2009). The inhibitory D2 autoreceptors are located at both 

somatodendritic and axonal sites, and regulate the firing patterns of dopamine neurons as 

well as the amount of DA released from the terminals (Ford, 2014). A lack of axonal 

D2 autoreceptors results in an increased probability of dopamine release, increased 

DA synthesis and altered DA-uptake (Ford, 2014). A lack of somatodendritic 

D2 autoreceptors leads to a deficit in firing-modulation of these DA cells (Ford, 2014). 

Consequently, the lack of D2 autoreceptors together with the lack of DAT leads to an 

increased release probability combined with a prolonged release of dopamine, which 

would be expected to result in an increased synthesis of DA. Indeed, studies using D2 

receptor knock-out mice show an increase in locomotion. It has been reported that other 

regions of the brain co-expresses DA and other neurotransmitters, but it remains to be 

demonstrated whether similar co-expression occurs in A11 neurons. 

 

 



 

116 

 

 

Figure 4.1: A11 neurons lack DAT and D2 autoreceptors compared to the canonical 
dopamine cell. 
A11 neurons express TH, indicating that Tyrosine is oxidized to L-DOPA, as well as 
AADC, which converts L-DOPA into DA. These neurons also express the vesicular 
monoaminergic transporter (VMAT2) to transport DA into synaptic vesicles. However, 
they do not express the dopamine reuptake transporters (DAT) and inhibitory  
D2 autoreceptors to regulate presynaptic release of dopamine.  
Modified with permission from © Sharples, Koblinger et al., 2014 
 

 

Recently our view of a “typical” DA neuron was expanded by findings of 

enzymatic diversity within the DAergic nuclei (Bjorklund and Dunnett, 2007; Ugrumov, 

2009). Several DAergic nuclei were shown to co-express DA and 

gamma-aminobutyric acid (GABA) (Hnasko and Edwards, 2012), as well as DA and 

vesicular glutamate transporter 2 (vGLUT2) (Stuber et al., 2010). Whereas co-expression 

of DA and GLU has been shown in the VTA DAergic neurons (Stuber et al., 2010), I 
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found that A11 neurons do not co-express DA and GLU using vGLUT2 reporter mice. 

However, co-expression of DA and GABA, or CGRP in A11 neurons has not been 

investigated. In the rat, different types of cells were described within the A11 nucleus, 

cells TH+ and CGRP+, and cells only CGRP+ (Charbit et al., 2009) as well as some A11 

neurons co-expressing DA and GLU (Kawano et al., 2006). 

 

 

 

 

 

 

Figure 4.2 (Figure below): In situ hybridization data from Allen Brain Atlas 
confirms dopaminergic phenotype of A11  
A: Overview image showing the middle section of A11 TH+ neurons. The red frame 
represents the area where representative micrographs were taken.  
B: Diagram showing the middle region of the A11 area in the mouse (Bregma -2.46). The 
red frame represents the area where representative micrographs were taken. Modified 
with permission.  
C: Higher magnification images of boxed area in A. Images from the Allen Brain Atlas 
show that A11 contains TH+, AADC+, and VMAT2+ neurons. The A11 area lacks DAT, 
DβH, NET, CGRP alpha and beta. 
Abbreviations: AADC = aromatic amino acid decarboxylase; CGRP = calcitonin 
gene-related peptide; DAT = dopamine reuptake transporter; 
DβH = dopamine-β−hydroxylase; NET = noradrenaline transporter; TH = tyrosine 
hydroxylase; VMAT2 = vesicular monoaminergic transporter; 3V = third ventricle; 
PF = parafascicular thalami nucleus; fr = fasciculus retroflexus; PH = posterior 
hypothalamic nucleus. 
© 2004 Allen Institute for Brain Science. Allen Mouse Brain Atlas. Available 
from: mouse.brain-map.org 
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4.3 A11’s connections to the SC and other locomotor centers in the brainstem 

I showed that a significant proportion of A11 neurons project to the SC, consistent 

with data from other researchers (Hokfelt et al., 1979; Lindvall et al., 1983; Skagerberg 

and Lindvall, 1985; Qu et al., 2006). I performed anterograde tracing utilizing a 

transgenic mouse and viral injections combined with classic retrograde techniques. This 

was the first time a transgenic mouse model was utilized to investigate the anatomical 

connections of the A11 nucleus. I found that 45 % of A11 cells expressing eYFP were 

labeled with FG, confirming the direct connection of A11 cells to the lumbar SC. The 

methodology however, has some limitations. Because FG was only injected into the 

lumbar SC, cells projecting to the thoracic SC are not expected to be labeled (Lindvall et 

al., 1983). Also, not all axons are exposed to the retrograde tracer, leading to inter-animal 

variability. Therefore the number of A11 neurons projecting to the SC is likely greater 

than that shown in my study. I also found A11 fibres in close proximity to the MNs and 

ventral horn INs, suggesting that the A11 nucleus can modulate movement by directly 

influencing CPG networks in the SC. 

I also found projections from A11 cells to the MRF and the LC but not the MLR, 

in addition to projections from A11 to the SC. Within the MRF, Chx10 neurons were 

found not only to project to the spinal cord, but also to be involved in the initiation and 

halting of locomotion (Bretzner and Brownstone, 2013; Bouvier et al., 2015). I found 

A11 fibres in close proximity to cells in the gigantocellular nucleus that were projecting 

to the SC, confirmed with retrograde labeling. So it is possible that connectivity onto this 

Chx10 population may mediate locomotor effects from A11 onto spinal cord networks.  
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4.4 A11 activation increases locomotor activity 

In my study I saw an increase in locomotor activity after photostimulation of A11, 

which was preceded by other behaviours like postural changes, grooming, stretching and 

turning. These non-locomotor behaviours started with the onset of photostimulation and 

usually changed into locomotion after an average time of 55 s.  

The PH was subject of investigation for the initiation of locomotion and a 

possible stimulation site for treatment of bradykinesia and akinesia in PD patients (Bland 

and Vanderwolf, 1972; Sinnamon et al., 1999; Young et al., 2009). High-frequency 

electrical stimulation of the dorsomedial-posterior PH was shown to elicit naturalistic and 

non-stereotypical behaviours such as running, walking, rearing, and head movements at 

frequencies higher than 70 Hz (Bland and Vanderwolf, 1972). Furthermore, electrical 

stimulation of the PH produced lateral and vertical head movements in rat, with vertical 

being more frequent than lateral (Sinnamon et al., 1999). Head scanning and locomotion, 

both part of the same general system of exploration, are reciprocally related behaviour 

patterns (Sinnamon et al., 1999). Head scanning usually accompanies the transition from 

immobility to locomotion. An increase of head scanning might be associated with long 

locomotor initiation latencies because a greater degree of immobility has to be overcome 

(Sinnamon et al., 1999). 

Given the close anatomical proximity of the A11 nucleus and the PH, it is 

conceivable that electrical stimulation at the dorsomedial boarder of PH, the most 

effective sites for eliciting exploratory locomotor activity, would inevitably activate A11 

neurons as well. The low specificity of the electrical stimulation and the lack of 
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transmitter characterization prevent a direct comparison; however, photostimulation of 

A11 produces similar behaviours to those described by Sinnamon (Sinnamon et al., 

1999): (1) exploratory head scanning, rearing and grooming, and (2) the initiation and 

modulation of locomotion.  

Latencies for the initiation of locomotion were observed around 3 s with electrical 

stimulation of the PH (Sinnamon et al., 1999; Young et al., 2011) and 20 to 30 seconds 

depending on the stimulation site in the diencephalon (Sinnamon and Sklow, 1990). I 

observed an average latency for the initiation of locomotion of 55 s with 

photostimulation. The difference in latencies can be in part explained by (1) the relatively 

low photostimulation frequencies (20 Hz) compared to the higher electrical stimulation 

frequencies (50 – 100 Hz), (2) the smaller number of cells activated with 

photostimulation compared with electrical stimulation, and (3) the great degree of 

immobility that has to be overcome with my testing paradigm compared to that of 

Sinnamon (Sinnamon et al., 1999). I chose a habituation and testing paradigm 

specifically to highlight A11’s role in initiating locomotion. I chose to habituate the mice 

to the testing box both three days prior to the days of testing as well as on the days of 

testing, in order to minimize the exploratory behaviour of the mice to avoid a potential 

ceiling effect. Due to this paradigm, the mice were very calm immediately preceding 

photostimulation, and the mice’s calm demeanour may have lengthened the period of 

time before locomotor activity was initiated. However, my work demonstrates that the 

A11 parallel dopaminergic pathway can elicit similar behaviours to high frequency 

electrical stimulation, with presumably fewer cells activated.  
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A11 may also be involved in an arousal circuit. Arousal is described as a state of 

wakefulness with increased motor activation, responsiveness to sensory inputs and 

emotional reactivity (Pfaff et al., 2008). Arousal systems increase the attention of an 

animal so that it can react to a stressor accordingly, initiate the flight-or-fight response or 

engage in goal-directed behaviours, depending on the environmental circumstances 

(de Lecea et al., 2012). The arousal systems include the hypocretin (Hcrt)-expressing 

neurons in the lateral hypothalamus, the noradrenergic LC expressing neurons in the 

brainstem, the serotonergic dorsal raphe nuclei in the brainstem, as well as the 

cholinergic pedunculopontine and laterodorsal tegmental nuclei in the midbrain (de Lecea 

et al., 2012). Hcrt neurons are active during arousal, elicited by environmental stimuli, 

and goal oriented behaviours (Mileykovskiy et al., 2005). Photostimulation of Hcrt 

neurons takes 20 to 30 s to cause sleep-to-wake transition (de Lecea et al., 2012) while 

the effects of LC photostimulation occur within seconds (Carter et al., 2010). Also, 

photostimulation of the LC during wakefulness increases locomotor activity promoting 

general locomotor arousal (Carter et al., 2010). Considering that A11 photostimulation 

takes about 55 s to initiate locomotor activity, it is possible that A11 is part of an arousal 

circuit upstream of a motor circuit. However, considering the small number of cells, A11 

could also be part of a feed-forward reverberating circuit or embedded in a strong 

feedback circuit allowing for augmentation of the stimulation effect. 

4.5 A parallel dopaminergic pathway 

The selection of an appropriate motor program is performed in the BG, which 

receive excitatory inputs from the cortex. Ascending DAergic projections from the SNc 
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to the striatum powerfully increase locomotor output and if compromised results in motor 

deficits and the inability to initiate locomotion, as seen in PD patients. However, the 

motor functions of the basal ganglia nuclei are also closely linked to non-motor functions, 

showing distinct forms of reward processing, which are often combined with movement-

related activity (Schultz, 2016). In the striatum, the main receiving nucleus for cortical 

inputs, the appropriate pattern of output is selected, which reinforces behaviours that are 

likely to lead to reward (Rothwell, 2011). The DA signal codes a reward prediction and 

serves as reinforcement for learning (Rothwell, 2011; Schultz, 2016). DA signals the 

striatum when its performance could be better and it will punish the striatum when its 

performance is worse than expected (Schultz, 2016).  

The GPi/SNr represent the main output nuclei, which project via the thalamus 

back to the cortex. The GPi/SNr also project to the MLR and SLR, providing tonic 

inhibition of downstream structures responsible for the execution of motor programs 

during resting conditions (Rothwell, 2011). The initiation of locomotion is mediated by 

neurons in the MLR that project to neurons in the MRF in the lower brainstem. Recently 

it was shown that the activity of glutamatergic neurons in the MLR is linked to the 

locomotor state and speed, and that these neurons are sufficient for locomotion and 

necessary for spontaneous locomotion (Roseberry et al., 2016). When locomotion is 

initiated, the spinal CPG for locomotion is activated via activation of reticulospinal 

neurons in the MRF and locomotion is executed. The spinal locomotor network is also 

modulated by local sensory feedback confirming early data (Hiebert et al., 1995).  
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Recently it was shown that SNc DAergic neurons not only project to the BG but 

also send direct projections to the PPN, which is part of the MLR (Ryczko et al., 2016). 

This parallel pathway provides a simultaneous ascending and descending modulation of 

the locomotor output circuit (Ryczko et al., 2016). While the ascending DA pathway 

leads to the selection of motor actions trough the BG, the direct DAergic descending 

pathway controls the excitability of the MLR brainstem motor circuit (Ryczko et al., 

2016).  

My data suggests that the A11 DAergic pathway is a parallel system to the BG 

DA locomotor system. Based on its anatomical connections, the A11 nucleus is in a 

unique position to be able to exert its actions (1) supraspinally by influencing the 

excitability of MRF neurons as well as (2) directly influencing CPG networks in the SC 

simultaneously. 

The fact that mice with lesions of the A11 area show deficits in motor control 

(Ondo et al., 2000; Zhao et al., 2007) emphasizes the impact of this parallel DAergic 

system. Our findings confirm data showing that there are no projections from A11 to the 

MLR, establishing the A11 DAergic pathway being separated from the DAergic 

SNc-MLR circuit (Ryczko et al., 2016) (Figure 3.7). However, the question of A11’s 

integration into the initiation of locomotion and possible direct input from the BG output 

neurons, remains to be investigated. A11 is most likely not the only parallel 

dopaminergic system involved in locomotion. A13, another dopaminergic nucleus rostral 

to A11, was found to project to the MLR as well as the SC and manipulation of A13 

effects locomotor activity (Sharma et al., 2015; and unpublished data).  
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For many years, L-DOPA was used to induce locomotor activity in spinalized cats 

(Jankowska et al., 1967). Later it was demonstrated that L-DOPA also promotes air 

stepping in the intact as well as decerebrated neonatal rodent, an effect that can be 

blocked with both DA-antagonists (McCrea et al., 1997) and NA-antagonists (Taylor et 

al., 1994). This work confirmed that catecholamines act on locomotor networks. 

Dopamine at the level of the SC has been shown to stabilize and reduce the frequency of 

the rhythm in the in vivo isolated neonatal mouse spinal cord (Humphreys and Whelan, 

2012). However, the source of spinal DA, the A11 nucleus, has not been thoroughly 

investigated, mainly due to the lack of cell specific techniques. While I consider the 

effects of A11 to be mainly excitatory in the MRF and SC, I acknowledge that actions 

could also be exerted by silencing V2a “stop neurons” in the MRF. In the zebrafish, the 

A11’s equivalent not only provides a developmental switch leading to a mature 

swimming pattern, but is also responsible for two different firing pattern which are 

correlated with different locomotor behaviours (Tay et al., 2011; Lambert et al., 2012). 

Furthermore, four anatomically distinct A11-type dopaminergic subgroups were 

identified recently in the zebrafish, with each subgroup showing distinct activity pattern 

of either post-motor active or sensory driven activity (Reinig et al., 2017). In this thesis I 

show for the first time that direct activation of the A11 nucleus has an impact on 

locomotion in mammals.  
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Figure 4.3 (Figure above): Parallel dopaminergic pathways controlling movement 
The motor program is selected in the basal ganglia, which receive inputs from the cortex. 
DAergic projections from the SNc to the striatum increase the locomotor output and 
motor deficits arise if compromised. The basal ganglia output neurons project to the MLR 
and SLR and the initiation of locomotion is mediated by neurons in the MLR that project 
to neurons in the MRF in the lower brainstem. When locomotion is initiated the spinal 
CPG for locomotion is activated via activation of reticulospinal neurons in the MRF and 
locomotion commences. The spinal CPG neurons are modulated by local sensory 
feedback from the limbs. DAergic neurons in the SNc also project directly to the MLR, 
controlling the excitability of the MLR brainstem motor circuit.  
The A11 projects to the MRF as well as to the SC, exerting its actions supraspinally, by 
influencing the excitability of MRF neurons, as well as directly influencing CPG 
networks in the SC simultaneously.  
Abbreviations: SLR = subthalamic locomotor region; MLR = mesencephalic locomotor 
region; MRF = medullary reticular formation; GPi = Globus Pallidus interna; 
SNr = Substantia Nigra pars reticulate; SNc = Substantia Nigra pars compacta; 
CPG = central pattern generator  
 

4.6 Caveats and possible solutions  

4.6.1 Ectopic expression of Cre in the TH-IRES-Cre mouse 

The ectopic expression of Cre driven by the TH promoter has been described 

(Lindeberg et al., 2004) and discussed extensively recently (Lammel et al., 2015; Stuber 

et al., 2015). In the TH-IRES-Cre mouse line I used for my studies I see ectopic 

expression in the A11 nucleus and the extent is similar to previously reported data 

(Lammel et al., 2015). There are three possible explanations: (1) inappropriate expression 

driven by an exogenous promoter can lead to ectopic expression (Lindeberg et al., 2004; 

Lammel et al., 2015) or (2) the TH promoter is active in precursor cells that either never 

produced TH protein or have lost the ability to produce TH (Lammel et al., 2015) or (3) 

while the cre-expression is sufficient these neurons express the TH protein only weakly 

and therefore might not be detected with classic immunohistochemistry methods 

(Lammel et al., 2015; Stuber et al., 2015). In the case of A11 neurons, all three options 
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are possible. However, due to the lack of DAT expression in the A11 nucleus, I was 

bound to the TH-IRES-Cre mouse model. The question of the identity of the 

ChR+ TH- remains unknown. 

A possible solution to the problem is the selective expression of markers under 

the direct control of pharmacologically-regulated fusion between Cre recombinase and a 

mutated oestrogen receptor ligand-binding domain (CreER) which is now possible for 

TH-IRES-Cre mice (TH-IRES-CreER) (Rotolo et al., 2008). The ligand-dependent Cre 

recombinase can be activated by administration of tamoxifen to the animal, which adds 

inducibility to the Cre/lox system (Feil et al., 2009). In this case, the Cre activity is tightly 

controlled in space and time and therefore allows creating time and tissue-specific mouse 

mutants (Feil et al., 2009). The Cre is fused to mutated hormone-binding domains of the 

oestrogen receptor and is inactive in the absence of the ligand (Feil et al., 2009). It can be 

activated by the synthetic oestrogen receptor ligand4-hydrotamoxifen (OHT), allowing 

for external temporal control (Feil et al., 2009). This inducible Cre/lox system limits 

ectopic recombination due to transient Cre expression during development (Feil et al., 

2009). Going forward with DA research, this CreER system should be considered as the 

new standard since it will allow minimizing ectopic expression and therefore 

manipulation of DAergic nuclei will be more specific and closer to reality.  

While in the past we made use of the widely accepted Cre-technology, one could 

also achieve cell specificity using a virus utilizing a cell specific promoter. With a cell 

specific promoter, the viral DNA would only be expressed in cells carrying the identified, 

cell specific sequence in their genome. In case of TH, it has been shown that 
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4.5-9 kilobases (kb) are desirable for accurate cell type specific expression in mice 

(Banerjee et al., 1992). The AAV can hold a DNA sequence of interest up to 5 kb and 

therefore the TH promoter is too large to be packaged into an AAV. The TH promoter 

can either be shortened, which inevitably leads to a lack of specificity, or a different virus 

with a larger packing volume can to be used. Lentivirus has a packaging capacity of 6 kb 

and is commonly used for neuronal transfection. The titers being achieved with a 

lentivirus are lower compared to AAVs and therefore the transfection rates are higher 

with AAVs than with lentivirus. However the need for a larger packaging volume still 

makes the lentivirus a good candidate. Herpes simplex virus 1 (HSV-1) has been used in 

mammalian models to achieve specific and persistent expression in neurons that project 

to the site of the virus injection (Zhang et al., 2010). HSV vectors possess robust 

retrograde transporting property leading to strong and rapid expression, and have a larger 

(~150 kb) packaging capacity than lentivirus and AAV (Zhang et al., 2010).  

4.6.2 More sensitive techniques for the detection of DA in the SC are necessary 

In this thesis I hypothesized that A11 photostimulation would increase DA levels 

in the lumbar SC. I attempted to quantify the presence of DA and its metabolites within 

the SC upon photostimulation of A11 ChR expressing neurons using HPLC. DA and its 

metabolites have been measured in the mouse SC using HPLC (Zhao et al., 2007; Milan 

et al., 2014). In my study I was not able to reliably detect DA in all my samples. 

However, my control parameter 5-HT was detected in all samples and did not change 

with photostimulation suggesting that A11 stimulation has no effect on the 5-HT system. 

Surprisingly, I found an increase in NA which led me to test if the A11 effects are 

mediated through the LC, also in part because the initial pre-locomotor behaviours could 
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be interpreted as forms of arousal – lifting and moving of the head, postural changes and 

sniffing. When I ablated the LC using 6-OHDA I also abolished NA from the lumber SC 

confirming the successful ablation and we confirmed that an intact LC was not necessary 

for A11-evoked locomotion. However, I was not able to detect DA or DOPAC, the direct 

metabolite, in my samples. Methods such as fast-scan cyclic voltammetry or 

microdialysis may be more suitable to detect DA released upon A11 stimulation (Gerin 

and Privat, 1998; Noga et al., 2004; Ryczko et al., 2016).  

4.7 Future directions:  

4.7.1 Electrophysiological properties of A11 neurons 

I demonstrated that A11 neurons expressing ChR can follow 20 Hz 

photostimulation, however, electrophysiological characterization of A11 DA and non-DA 

neurons has not been performed. The following questions remain to be addressed with 

electrophysiological methods: (1) What are the firing properties of A11 neurons? And do 

A11 DA cells have the same firing properties as A11 non-DA cells?  Spontaneously 

active DA neurons in the VTA typically fire in a slow (3 to 8 Hz) irregular pattern but at 

presentation of sensory stimuli or reward-predicting cues, switch to burst firing (Schultz 

et al., 1997). Photostimulation (5 ms-light-pulse trains delivered at 25 Hz) of 

ChR2-expressing VTA DAergic neurons was shown to robustly release DA in the 

nucleus accumbens (Adamantidis et al., 2011). I chose the stimulation parameters 

(10 s-light-pulse trains delivered at 20 Hz) in my experiments based on this data 

combined with the data on the opsin’s kinetics (Boyden et al., 2005; Nagel et al., 2005). 

However, if A11 neurons happen to spontaneously fire at frequencies higher than 20 Hz, 



 

131 

one would have to make use of opsins with faster kinetics such as Chronos (turn-on 

2.3 ms, turn-off 3.6 ms kinetics; reliable spiking up to 60 Hz) (Klapoetke et al., 2014) and 

investigate if different stimulation frequencies elicit different behaviours. (2) Do A11 

neurons in the mouse express D2 autoreceptors? It has been suggested from a 

pharmacological study that A11 lack D2 autoreceptors (Pappas et al., 2008) however this 

has never been confirmed using electrophysiological approaches. 

4.7.2 Neurotransmitter profile of A11 neurons 

An unanswered question still at this point is the neurotransmitter profile A11 

neurons are transmitting onto postsynaptic neurons. A possible approach could be 

intracellular recordings of MRF neurons, which were retrogradely traced from the SC, 

while stimulating A11-ChR expressing fibres in close proximity. Changes in the firing 

rate of the MRF neurons upon photoactivation of the A11 fibres would confirm 

neurotransmitter release indicating that A11 axons terminate in MRF and are not only 

fibres of passage. If the effect can be blocked with DA antagonists, one can conclude that 

the neurotransmitter released with A11 photostimulation is indeed DA. Further, one 

could also make use of fast-scan cyclic voltammetry to detect DA-release in the MRF 

upon A11 stimulation.  

4.7.3 Targeting and specific activation of SC-projecting A11 neurons  

At this current moment I cannot distinguish if the MRF or the SC is the main site 

of action for A11 elicited locomotor activity. To answer this question one could employ 

the canine adenovirus (CAV)-Cre technique (Kremer et al., 2000). The technique entails 

the injection of two viral vectors (CAV-2 and AAV-hSyn-DIO-ChR-YFP) into two sites 
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that are connected through direct neuronal projections and represent a neuronal pathway 

(Kremer et al., 2000). The retrogradely travelling CAV-2 carrying the Cre construct 

would be injected into the spinal cord, which would lead to Cre expression in all cells 

directly projecting to the spinal cord. Then, the Cre dependent AAV would be injected 

into the A11 nucleus, which would lead to the expression of ChR2 only in A11 neurons 

directly projecting to the SC. One has to keep in mind that with this approach, all A11 

SC-projecting neurons would be targeted, independent of their phenotype (DAergic as 

well as non-DAergic).  

A possible caveat of this method is that the A11 nucleus projects to every SC 

segment but only sparsely (Figure 2.4) (Qu et al., 2006; Koblinger et al., 2014). Even if 

the virus is injected into different sites of the thoracolumbar SC, not all axons will be 

exposed to the virus and therefore fewer A11 cells will express Cre with high 

inter-animal variability compared to direct injections into A11.  

4.7.4 Expanding the connectome 

In my study I showed A11 YFP+ fibres in close proximity to MN in the lumbar 

SC (Figure 3.3C). To provide evidence that A11 has direct connections to MN or IN, one 

could make use of the transsynaptic pseudorabies virus (PRV, Bartha strain, brainbow) 

(Card et al., 2011). The attenuated herpes virus propagates transsynaptically through 

functionally connected populations of neurons. The PRV-263 would be injected into 

flexor or extensor hindlimb muscles (i.e., M. tibialis anterior or M. gastrocnemius) to 

establish the connectivity patterns to A11. Neuronal circuits onto MN would be labeled in 

red, while in cells expressing Cre recombinase, the mTomato will be permanently excised 
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allowing expression of cyan (mCerulean) or yellow reporter (YFP). This will allow us to 

establish the functional connectome between A11 neurons and an identified MN pool.  

To further investigate specific projections from A11 neurons onto identified 

neurons in the SC, one could utilize a monosynaptically restricted transsynaptic rabies 

virus system (Callaway, 2008). A glycoprotein (Gly)-deleted DIO Rabies virus would be 

injected into the SC of Cre-expressing mice, for example Chx10-Cre mice, together with 

a helper virus encoding the Gly. The G-deleted rabies virus, which is missing the gene 

encoding a Gly, which is essential for transsynaptic spread, would replicate in 

Cre-expressing cells but is unable spread due to the lack of Gly (Callaway, 2008). The 

second virus, so called Gly-expression helper virus, would then selectively complement 

the Gly-deficient rabies in primarily infected neurons, which would allow the rabies virus 

to transsynaptically spread one synapse retrogradely. Due to the lack of Gly in 

presynaptic neurons subsequent spread is prohibited (Callaway, 2008). This 

monosynaptically restricted virus approach would allow to identify A11’s connectome to 

specific cell types in the SC.  

4.7.5 One step closer to the development of a preclinical model for RLS?  

In RLS patients levodopa and D2/3R agonists significantly improve the symptoms 

(Hening et al., 2004) while DA antagonists can worsen the akathisia (Winkelmann et al., 

2001). This led to the hypothesis that the DAergic system is involved in the disease, 

specifically that a hypodopaminergic state is the mechanism underlying RLS (Clemens et 

al., 2006). Clinically, it has been suggested that RLS is due to a reduction of spinal 

release of DA (Allen RP, 2003; Clemens et al., 2006; Thorpe et al., 2011; Allen, 2015); 
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however, to date, the anatomical location of the dysfunction is still a matter of debate. 

The lack of knowledge can partially be explained by the challenge of finding a satisfying 

mouse model for RLS. Until now, mostly standard knockout and lesion models were 

utilized with the known caveats of altering the DAergic pathway in relatively static ways 

with possible compensatory effects by other nuclei (Earley et al., 2016). RLS patients do 

not show cell loss in A11, which accentuates a difference to PD, where significant cell 

loss in the nigro-striatal DAergic system is observed (Earley et al., 2009). However, the 

question of functional changes at the level of DA cell metabolism, receptor or synapse 

changes remains unknown. Clearly, lesioning of the A11 nucleus does not provide a 

satisfactory model for RLS (Earley et al., 2009) since it affects fibres of passage as well 

as the nucleus itself and is a rather static intervention possibly leading to compensatory 

effects by other nuclei. There is a clear need for mouse models that can reversibly alter 

DAergic tone onto SC circuits. My work provides another method to test dynamically the 

effects of manipulating the DA pathway and in that respect my research contributes to the 

development of a preclinical model for RLS. 

Optogenetic manipulation of the A11 hypothalamospinal dopaminergic pathway 

provides a model for investigation of pre-postsynaptic dynamic changes in the intact and 

normally functioning DAergic system. Utilizing a pharmacogenetics approach, the effects 

of mid- to long-term manipulations of the system can be investigated, even in conjunction 

with known risk factors, like iron deficiency. Recently risk genes for RLS were identified 

and mouse models (i.e., protein tyrosine phosphatase receptor type D (PTPRD)) have 

been developed (Schormair et al., 2008; Yang et al., 2011; Moore et al., 2014). 

Combining the CAV2-Cre AAV technique with opto- or chemogenetic manipulations 
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one could investigate the role of the A11 dopaminergic pathway in a transgenic disease 

model of RLS. The retrogradely travelling CAV-2 carrying the Cre construct would be 

injected into the spinal cord, which would lead to Cre expression in all cells directly 

projecting to the spinal cord. Following the Cre dependent AAV injection in A11, the 

opto- or chemogenetic construct of choice would be expressed only in A11. The 

advantage of this approach is that no Cre mouse line is needed and therefore any disease 

transgenic mouse line can be used. In humans, gene delivery vectors based on AAV have 

been utilized in gene therapy clinical trials and AAV vectors showed great gene delivery 

efficacy, lack of pathogenicity and strong safety profile (Santiago-Ortiz and Schaffer, 

2016).  

Furthermore, combining photostimulation with intracellular recordings in 

anaesthetized preparations could provide new information regarding the role of the D3 – 

mediated system at the level of the spinal cord. The D3 receptor knock-out mouse 

displays hyperactivity, increased locomotor activity, and hypertension (Clemens and 

Hochman, 2004). This phenotype shares some characteristics with periodic leg 

movements during sleep (PLMS), a feature present in the majority of RLS patients and 

therefore the D3 receptor knock-out mouse mouse has been used as a model for RLS. 

It is currently unknown if the A11 is affected in patients with PD. If the A11 

DAergic neurons happen to be spared in the course of the disease, it raises the question if 

activation of this parallel pathway in patients could help alleviate symptoms of the 

disease. In PD patients deep brain stimulation is most commonly performed in the STN, 

successfully decreasing tremor and rigidity (Krack et al., 2003; Gervais-Bernard et al., 
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2009). However, other symptoms such as gait disruption with freezing are less responsive 

to deep brain stimulation of the STN (Young et al., 2009). Considering that 

photostimulation of A11 induces naturalistic movements and initiates locomotion one 

could investigate if A11 stimulation can reverse Parkinsonian akinesia, utilizing a MPTP 

or 6-OHDA-induced akinesia rodent model. However, investigation of the possible 

therapeutic potential of A11 stimulation in the treatment of PD is needed. Exercise itself 

has been shown to delay mobility disability in people with PD (King and Horak, 2009) 

and it is possible that activity of the A11 and other parallel DA pathways contributes to 

symptom reduction given its role in locomotion. However, this remains to be tested.  

4.8 Final conclusion 

While an important role for DA in the control of spinal circuits that generate 

locomotion has been reported (Barriere et al., 2004; Humphreys and Whelan, 2012; 

Sharples et al., 2015), the possible involvement of the descending DA projections from 

A11 in the control of locomotion is still poorly understood. The research presented in this 

thesis highlights the hypothalamospinal DA pathway’s role in evoking locomotion.  

These studies highlight a role for descending DA pathways by demonstrating the 

ability of A11 to initiate and modulate locomotion. Further I demonstrated that the A11 

nucleus sends projections to key locomotor-inducing area such as the MRF and the spinal 

cord suggesting that these are sites for A11’s actions.  

My thesis contributes to the rapidly evolving field of DA’s control of motor 

control. Knowledge of the pathways and brain areas involved in the control of 

locomotion provides the foundation for the development of preclinical studies and 
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clinical trials over the long-term in patients with RLS for example. While DA is a well-

known modulator of locomotion, the focus traditionally was on the nigrostriatal pathway 

system. However, we are now starting to acknowledge that other DAergic pathways 

contribute to locomotion. My research contributes to the renaissance of DA-evoked 

motor control pathways.  
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Abstract

The hypothalamic A11 region has been identified in several species including rats, mice, cats, monkeys, zebrafish, and
humans as the primary source of descending dopamine (DA) to the spinal cord. It has been implicated in the control of pain,
modulation of the spinal locomotor network, restless leg syndrome, and cataplexy, yet the A11 cell group remains an
understudied dopaminergic (DAergic) nucleus within the brain. It is unclear whether A11 neurons in the mouse contain the
full complement of enzymes consistent with traditional DA neuronal phenotypes. Given the abundance of mouse genetic
models and tools available to interrogate specific neural circuits and behavior, it is critical first to fully understand the
phenotype of A11 cells. We provide evidence that, in addition to tyrosine hydroxylase (TH) that synthesizes L-DOPA,
neurons within the A11 region of the mouse contain aromatic L-amino acid decarboxylase (AADC), the enzyme that
converts L-DOPA to dopamine. Furthermore, we show that the A11 neurons contain vesicular monoamine transporter 2
(VMAT2), which is necessary for packaging DA into vesicles. On the contrary, A11 neurons in the mouse lack the dopamine
transporter (DAT). In conclusion, our data suggest that A11 neurons are DAergic. The lack of DAT, and therefore the lack of a
DA reuptake mechanism, points to a longer time of action compared to typical DA neurons.
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Introduction

Dopaminergic (DAergic) innervation of the spinal cord is
thought to originate primarily from a small nucleus of tyrosine
hydroxylase (TH) expressing cells in the diencephalon, also known
as the A11 region [1]. Across a variety of vertebrate species,
including non-human primates, zebrafish, rats, rabbits, and mice,
TH-synthesizing neurons in the A11 send long axonal processes to
the spinal cord [1–7]. Projections from the A11 region may
contribute to locomotion [5–8], pain control [8,9], migraines [10],
and restless leg syndrome [11], yet, this cell population remains
understudied in relation to other DAergic areas of the brain. In
addition, these neurons were described to send projections to a
wide variety of brain regions, including the dorsal raphe, thalamus,
hypothalamus, and cortex [12,13], placing the A11 in an ideal
position to potentially provide an alternative motor innervation to
locomotor circuits compared to the well-described DAergic
substantia nigra pars compacta-striatal network.

Over the last decade, there has been a greater appreciation that
the classification of DAergic nuclei is more diverse than first
thought [14–17]. DAergic neurons contain TH to convert L-
tyrosine into L-DOPA and aromatic L-amino acid decarboxylase
(AADC) that synthesizes dopamine (DA) from L-DOPA. DA
neurons also express vesicular monoamine transporter 2 (VMAT2)
to package the DA into vesicles as well as dopamine reuptake

transporters (DAT) to clear DA from the synaptic cleft.
Interestingly, there are examples of monoenzymatic neurons that
contain either TH or AADC [4,15,18]. There are also examples of
neurons that are bienzymatic but lack VMAT2, DAT, or both
[16,19]. These types of cells are dispersed throughout the brain
including the hypothalamus, and identification of their phenotype
is critical if we are to unravel downstream signaling mechanisms
[16]. The A11 region remains incompletely characterized in most
species making it difficult to determine whether or not the ascribed
functional effects are due to DA. For example, A11 neurons in the
non-human primate are positive for TH but lack DAT and AADC
[4]. Furthermore, there seems to be species-differences in regards
to D2 autoreceptors in A11, which is significant since they
contribute to the activity of DA neurons and synthesis of DA itself
[20,21]. Therefore, it remains uncertain in the mouse whether
A11 neurons are DAergic or not.

Given the wide use of DA mouse models, it is critical to examine
the phenotype of A11 neurons in this species. The main aims of
this study are to characterize the phenotype of mouse A11
neurons, their projections to the spinal cord, and whether they
contain the full or a partial set of enzymes required for DA
synthesis and release. Here we provide evidence that A11 neurons
are AADC, TH and VMAT2 positive but are negative for DAT
expression. Portions of this study have been published in abstract
form [22].
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