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1. Abstract 
 
Animals constantly interact with their environment including other living 
creatures. The nervous system constantly integrates this multitude of sensory 
information with its internal state and with previous experience to produce a 
coherent behavioral output. Interestingly, many outputs of neural computations 
generate motor behaviours. Motor neurons (MNs) are the final command lines 
regulating muscular contractions and they are located in different regions of the 
nervous system. In my PhD Thesis, I focused on the motor neuron pools residing 
in the spinal cord (limb-innervating and phrenic motor neurons), work that allowed 
us to get insight into neuronal circuits responsible for the execution of three 
fundamental behaviours: (1). grasping, (2). locomotion and (3). breathing. 
 
As an entry point into this study, we needed to reveal the channels the brain uses 
to communicate with MNs innervating limb muscles. We took advantage of rabies 
tracing technology and found that the reticular formation (RF) contains a number 
of neuronal populations with direct access to MNs and other spinal cord circuits. 
Retrograde tracing experiments revealed many identifiable clusters of neurons in 
the RF, providing us with first insight how to study their role in motor program 
execution.  We first focused on a nucleus located in the caudal RF with 
preferential connectivity to forelimb-innervating MNs known as MdV (medullary 
reticular formation ventral part).  MdV glutamatergic neurons exhibit connectivity 
to some motor pools innervating a precise set of forelimb muscles and the same 
MdV-vGlut2 neurons are essential for the grasping phase during a pellet reaching 
task in mice. We speculate that MdV-vGlut2 neurons explicit their command 
through circuits in the spinal cord but they also have a special channel to bypass 
spinal cord circuits and directly interact with MNs. 
 
Moving rostral into the brainstem I then focused on a different area which turned 
out to be key in motor control, it is called magnocellular nucleus. It shows a 
completely different connectivity pattern to spinal motor neurons; it has access 
to both the cervical and lumbar spinal cord. We found that different 
subpopulations in the magnocellular nucleus have access to the spinal cord but 
only optogenetic activation of vGlut2 positive neurons located in the lateral 
paragigantocellular nucleus (LPGi) produced stereotyped full body locomotion. 
These same neurons are needed for high speed locomotion as revealed by loss 
of function experiments. LPGi-vGlut2 neurons make preferential synaptic 
contacts with interneurons (INs) located in the ventral part of the spinal cord (SC) 
which are believed to be part of the central pattern generators known as essential 
elements for locomotion rhythm and pattern generation. Other subpopulations 
within the medulla show a very distinct role in behaviour when optogenetically 
activated: Gi-vGlut2 neurons induce very reliable head turning and distinct 
subpopulations of inhibitory neurons mediate behavioural arrest. Interestingly, 
distinct inhibitory populations induce a phenotypically different behavioural arrest 
when activated in vivo, which could provide a first insight into their physiological 
role. We found that the two key populations regulating the speed of the animal 
are intermingled within the LPGi, likely leading to cancellation of the behaviour 
when simultaneously activated in vivo as we could demonstrate by stimulating all 
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LPGi neurons irrespective of neurotransmitter fate. We hypothesize that this 
might be one of the reasons why they were not characterized previously. 
 
A very different and extremely critical motor output is breathing. In collaboration 
with the Fortin lab in Paris, we shed light on the neuronal populations in the RF 
with direct access to phrenic motor neurons which innervate the diaphragm. We 
revealed how genetically identified populations are assembled in a region latero-
caudal to LPGi to generate a functional respiratory rhythm complex composed of 
distinct cell types. 
 
Together, these three projects allowed me to explore and study different aspects 
of motor control and to understand how circuits in the RF are wired up and how 
the nervous system takes advantage of specific connectivity profiles in the adult 
to produce motor programs that everybody uses on a daily basis. 
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2. Introduction 

 

2.1 Generation of movement and circuits in the spinal cord  

The ability to generate a vast repertoire of motor actions is an outstanding 

characteristic of all mammals. Any motor action can be described as a very 

precise temporal sequence of muscles contracting both at defined times and with 

a defined strength. Skeletal muscular cells are the basic unit used for contraction 

and they generate force when activated by an innervating nerve terminal. 

Myoblast during development fuse into bigger structures which are the muscle 

fibers and many of those form a muscle (Mintz & Baker, 1967). Each muscle can 

produce a movement applying a force on some of the skeleton bones and 

consequently to the environment. Skeletal muscles are very similar to each other 

in terms of general fiber structure, but they strongly differ from the innervation 

point of view, which reflects their controllability in movement execution. Muscles 

with small motor units (number of fiber innervated by a MN) are controlled in a 

finer way compared to muscles containing big motor units (Enoka & Pearson, 

2013). This is a very important point when we compare a task like grasping (high 

level of dexterity and flexibility) with a less flexible and more stereotyped task like 

locomotion. In humans as well as small mammals, smaller motor units are 

described in the muscles of the forelimb compared to hindlimb. Moreover in 

humans much more specialization is required and indeed present in both finger 

and facial muscles and vocal cords. The size of the motor units is only the 

hardware of the system and MNs in a sense can be viewed as executors of the 

motor commands that the spinal cord and brainstem circuits feed to them.  

To generate a movement, many muscles need to contract or relax at specific 

times, we can define a muscle synergy as the functional unit composed of several 

muscle groups contracting within a similar time window (Drew, Kalaska, & 

Krouchev, 2008; Ting, Chvatal, Safavynia, & Lucas McKay, 2012). Interestingly, 

muscle synergies are not always fixed as they can have different arrangements 

according to the task we are trying to perform. For example, muscle synergies 

that we engage in locomotion are heavily used and very reinforced during life but 

some of the muscle involved in these synergies are used differently and are part 

of different synergies if switch to description of freestyle swimming. 
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2.1.1 MN organization in the spinal cord 

MNs are distributed in different regions of the nervous system according to the 

muscle fibers they innervate. In my PhD thesis, we focused on the regulation of 

movements of limbs and the diaphragm. These muscles are controlled by MNs 

located in the spinal cord. MNs innervating forelimb muscles are located in the 

lateral motor columns at low cervical level, the distal muscles of the forelimb and 

the finger muscles are controlled by MNs located very dorsally in the same lateral 

columns. MNs innervating hindlimb (HL) muscles are also located in the lateral 

columns but at lumbar levels. Phrenic MNs are a very distinguishable cluster of 

packed choline acetyltransferase (ChAT) positive neurons located in between the 

medial and lateral columns at mid cervical level (C3-C5). The organization of 

MNs in columns arises during development following precise molecular cell 

autonomous and extrinsic programs (Dalla Torre di Sanguinetto, Dasen, & Arber, 

2008; S.-K. Lee, Jurata, Funahashi, Ruiz, & Pfaff, 2004). Within the motor 

columns, MNs are also spatially arranged, MNs innervating the same muscles 

are next to each other (Romanes, 1964) and have the same morphology which 

could be important for the recruitment of these neurons by the same motor 

command. This accurate organization is essential to arrange the sophisticate 

connectivity with spinal cord INs, sensory feedback and also to get the correct 

input from the neurons located in the brain. 

 

 

2.1.2 Interneurons in the spinal cord 

The ventral area of the grey matter which is not occupied by MNs is filled with 

INs of many different neuronal subtypes. Distinct classes of INs are generated 

during development following a Sonic Hedgehog gradient coming from the 

ventral plate which induces differential transcription factor expression accordingly 

to its levels (Jessell, 2000).  A great body of literature describes INs 

developmental origin diversity (Catela, Shin, & Dasen, 2015; Gosgnach et al., 

2017). Molecular and genetic markers were of tremendous help in the 

classification of different groups of interneurons (Fig 2.1). It was demonstrated 
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that their developmental origin is essential to determine their connectivity, firing 

properties and also molecular markers in the adult animal (Arber, 2012). 

Another interesting way to ensure different cell types in the spinal cord having 

different fate during differentiation is to classify them according to their birth 

dating time, i.e. time point when neurons become postmitotic. To be generated 

at a different time as a neuron it means exiting the cells cycle at a specific 

moment (different transcription factors are expressed) and with different 

extracellular conditions. Premotor neurons to HL muscles which are born at a 

different time (embryonic stage E10.5 and E12.5) segregate in space along the 

medio-lateral axis and are connected to functionally antagonistic set of muscles 

(Tripodi, Stepien, & Arber, 2011). These and other features of spinal circuits are 

fundamental to understand the rules brainstem neurons use to interact with 

spinal cord circuits initiating and regulating motor execution. INs located in the 

ventral spinal cord contain the so called “central pattern generators” for 

locomotion which are networks of neurons required for the rhythmic and cyclic 

activation pattern characteristic of quadrupedal locomotion (Goulding & Pfaff, 

2005). 

 

 

 
 
Fig 2.1 Molecular code determines neuronal types in the ventral spinal cord 
(from(Kiehn & Dougherty, 2013)) 
 
 
It is very interesting that some of the spinal cord cell type molecular markers are 

also expressed in the reticular formation embryonically and in the adulthood. The 
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overall structure of the reticular formation is very similar to the spinal cord and it 

keeps the same ventro-dorsal organization with the majority of motor function 

encoded in the ventral part and of the sensory functions in the dorsal areas. In 

the brainstem, the predominant molecular developmental determinants are Hox 

genes. They produce the characteristic rombomeric structure which is extremely 

evident at the embryonic level (Guthrie, 1996; Lumsden & Keynes, 1989). In the 

adulthood the segmental organization within the brainstem is lost and it is easier 

to describe its structure based on nuclei. Moreover the RF and spinal cord are 

very similar structures in term of birthdating of neurons (Altman & Bayer, 1980; 

Pierce, 1973) which is strongly different from forebrain structures in which 

neurons are born later in development and with different stratification 

mechanisms. 

 

 

 
2.2 Brainstem 

2.2.1 The most ancient part of the brain 

The brainstem definition includes a big area of the brain encompassing 

everything between the midbrain and the end of the hindbrain. The brainstem is 

critical for many vital functions: autonomic functions, sleep regulation, movement 

control, breathing and probably more. In evolutionary terms, the brainstem is the 

most ancient part of the brain and in fact it is the main component of reptile and 

amphibian brains in which the forebrain is very reduced. Primitive vertebrates 

can still perform all the basic forms of behaviour such as feeding, drinking, sexual 

reproduction and sleep which suggests they are encoded in the brainstem. 

Moreover, to strongly support this theory, progressive transections of the frog 

brain from rostral to caudal reveal that muscle synergies and some basic patterns 

of behaviour are completely encoded and executable without structures located 

rostral to RF (Roh, Cheung, & Bizzi, 2011). 

The reticular formation is one of the less studied structures of the brain due to its 

ventral location, its difficult surgical access and because it contains nuclei  

essential for many vital functions. 
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RF has massive descending projections to the spinal cord, it receives input from 

a variety of motor and non-motor centers in the brain including cerebellum, cortex 

and basal ganglia and also from neuronal populations located in the spinal cord 

(Pivetta, Esposito, Sigrist, & Arber, 2014). These are just few pieces of evidence 

about the complex connectivity matrix in which neurons in the RF are embedded.  

One example among vital functions that stands out is sleep regulation. The 

physiological relevance of sleep and neuronal mechanisms responsible for its 

regulation started to be revealed in the last decade (Tononi & Cirelli, 2014). Some 

of the most relevant neuronal populations required for maintenance, regulation 

and switch between different sleep phases reside in the brainstem (Saper & 

Fuller, 2017). In the brainstem, distinct subpopulations of excitatory, inhibitory 

and neuromodulatory neurons regulate each phase of the sleep (Pintwala & 

Peever, 2017; Weber & Dan, 2016) and create the conditions for the awake state 

of the animal. Within each sleep phase different parameters of the activation state 

of the brain and the body are regulated (Peever & Fuller, 2017). One key 

parameter is the skeletal muscle tone which is completely absent during REM 

sleep. This function is tightly regulated by a specific population of inhibitory 

neurons producing the atonia like phenotype and residing in the ventral part of 

the reticular formation (Hajnik, Lay, & Siegel, 2000).  

Recently, it was discovered that also reptiles use sleep and need sleep in some 

part of their circadian cycle (Shein-Idelson, Ondracek, Liaw, Reiter, & Laurent, 

2016). This goes again in the direction of what was mentioned above, i.e. that 

many of the basic brain functions were already implemented in amphibian and 

reptile brains which did not contain a big part of the forebrain. In mammals, they 

are still strongly encoded in this part of the brain despite the fact that more rostral 

structures added multiple layers of complexity and flexibility to the nervous 

system.  

 

 

2.2.2 Brainstem centers for locomotion 

Neural circuits in charge of controlling locomotion have been widely studied for 

decades. The first studies revealed that electrical stimulation in several brain 

centers is able to induce locomotion in the cat. The mesencephalic locomotor 

region (MLR) is the most studied of the described locomotor regions and it 



 
8

resides in the brainstem (S. Mori, Matsuyama, Mori, & Nakajima, 2001; Noga, 

Kriellaars, Brownstone, & Jordan, 2003; Shik & Orlovsky, 1976; Skinner & 

Garcia-Rill, 1984; Takakusaki, Chiba, Nozu, & Okumura, 2015). Quadrupedal 

locomotion is an extremely conserved motor behaviour across the animal 

kingdom and MLR was described across all the quadrupedal animals analysed. 

The most interesting studies about MLR function were carried out in the 80s and 

they were performed in cat (Fig 2.2) (Whelan, 1997). Cats with post-mammillary 

transection (the subthalamic locomotor region, SLR, is disconnected) rarely walk 

spontaneously on the treadmill but when MLR is electrically stimulated they can 

perform normal locomotion indistinguishable from the one spontaneously 

induced in the premammillary preparation. The most reductive preparation 

consists in the transection of the neuraxis, the MLR is not connected anymore to 

the medulla and spinal cord, the animal rarely shows locomotion.  

 

 

 

 

Fig 2.2 Different transection models to study locomotion in cat 
SC: superior Colliculus, IC: inferior Colliculus, Mm:Mammillary bodies ,STN: 
subtalamic nucleus, MLR: mesencephalic locomotor region, RF: reticular formation 
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From these experiments based on transections and electrical stimulation in cat, 

it was clear that locomotion is regulated in different regions of the nervous system 

spanning from the forebrain to the spinal cord. The excitatory nature of MLR 

locomotor neurons was revealed using a combination of neurotransmitter agonist 

and antagonist injections. Moreover, the nature of some MLR neuron inputs was 

discovered using the same preparation together with pharmacology. In this 

experiments local delivery of glutamatergic agonists or GABA antagonists at the 

MLR neuron somas was also able to induce locomotion (Garcia-Rill & Skinner, 

1987; 2017). Are MLR excitatory neurons signalling directly to the SC or do they 

have an intermediate relay in the medulla? This question was addressed with 

cooling down experiments of the medulla showing that neurons in some domains 

of the RF are needed to transduce MLR information to the central pattern 

generators in the SC. Where are RF neurons responsible for this located and are 

they able to produce full body locomotion without MLR activation? This question 

was not clearly addressed in the literature. Several papers (Drew & Rossignol, 

1990a; Kinjo et al., 1990; Noga, Kettler, & Jordan, 1988; Ross & Sinnamon, 1984) 

described controversial results about electrical stimulation in the medulla. A 

variety of different responses were elicited when electrical stimulation was 

delivered and clear full body locomotion which lasted a full locomotor bouts was 

rarely observed. It was hypothesised (Orlovsky, Deliagina, & Grillner, 1999a) that 

the high neuronal diversity in the medulla could mask physiological properties of 

individual neuronal subpopulations but there was no way to test this rigorously 

until the development of the activation optogenetic tools.     

The MLR locomotor region was described as being able to produce full body 

locomotion in vivo in mice using optogenetic stimulation (A. M. Lee et al., 2014) 

and it was found that the phenotype is obtained specifically expressing 

channelrhodopsin in excitatory neurons.  

A following paper (Roseberry et al., 2016) analysed the MLR region in more 

depth describing the effect of optogenetic stimulation of the 3 neuronal cell types. 

These authors provided data of neuronal firing of those cells in vivo rigorously 

showing that activation of vGlut2 MLR neurons precedes locomotor events in 

mice. Interestingly, this study also revealed and probed the connectivity between 

basal ganglia and MLR (Fig 2.3) moving forward in understanding the 
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communication between them that was originally studied in the sequential 

transection model in cats. 

 

 

 

 
 

Fig 2.3 Schematic view of MLR circuits (modified from (Esposito & Arber, 2016)) 

 

 

 

 

 

A completely open question that remained was to find out the postsynaptic 

partners of MLR glutamatergic neurons and to understand whether the medulla 

is a pure relay station of the motor command or whether it is also an integration 

center of locomotor signals derived from different brain areas.  
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2.3 Viral tracing, manipulation and recording of neuronal 

activity 

 

2.3.1 Classic tracers for neuroanatomy 

For decades, scientists have been trying to understand and reveal the 

connectivity of spinal cord and brain neurons to MNs. In parallel a lot of research 

projects have been trying to reveal and explain the connectivity between regions 

within the central nervous system. With classic tracers and toxins, a lot was done 

to understand location and molecular properties of MNs connected to a precise 

set of muscles. Tracers that “infect” axons or beads that penetrate them and are 

consequentially retrogradely transported to the cell bodies were used to discover 

a lot of the neuroanatomy of our days text books (Lanciego & Wouterlood, 2011). 

These technologies provided interesting discoveries for about a century but they 

have many caveats and limitations. One of the most evident ones is the inability 

to infect synaptic terminals and also to transsynaptically spread. Moreover, for 

some of them a lesion at the injections site was required in order to damage the 

axons allowing the penetration of the tracers. This implies that a lot of false 

positive results could have been generated. A big step forward was made using 

viruses which specifically infect and spread transynaptically and an even bigger 

improvement was the use of viruses in combination with mouse genetics (Nassi, 

Cepko, Born, & Beier, 2015; Wouterlood, Bloem, Mansvelder, Luchicchi, & 

Deisseroth, 2014). 

 

  

2.3.2. Viral strategies to target neurons and reveal connectivity 

Viruses have evolved to infect precise cell types and they have adopted 

sophisticated and highly regulated mechanism of infection. They can be used as 

transsynaptic tracers, retrograde or anterograde tracers (Edry, 2011). 

Rabies virus has evolved to infect MNs at the neuromuscular junction and then 

spread one synapse after the other through the nervous system (Ugolini, 2011). 

Using a Pseudorabies virus (expressing a reporter protein) it was possible to 

mark the network of neurons connected to a motoneuronal pool, the main 
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problem was the possibility of transfer across multiple synaptic steps which was 

only controlled by the time at which an experiment was terminated after infection. 

Callaway and colleagues developed a new version of the rabies virus deleted of 

the glycoprotein which specifically enables the infection of a neuron at the 

synapses without spreading to any of the presynaptic partners. Complementing 

this neuron with glycoprotein expression allowed spreading of the virus to the 

presynaptic partners only one synapse away (expression of glycoprotein is 

possible using intersectional approaches with mouse genetic and floxed viral 

tools) (Wickersham, Finke, Conzelmann, & Callaway, 2007a). This strategy 

became perfectly optimized for the motor system as in the muscle there are 

limited axons arriving (sensory and motor) which makes the infection specificity 

an easier issue to solve (Stepien, Tripodi, & Arber, 2010).  

Rabies tracing technology evolved further and it was combined with a new 

coating of the virus (EnVA coating) which allowed the infection of any cell type in 

the nervous system ectopically expressing the TVA receptor (ASLV-A’s receptor)  

(Wickersham et al., 2007b). This tool set the stage to reveal the network of 

neurons monosynaptically connected to a molecularly defined population 

(Callaway & Luo, 2015).  

Rabies tracing was revealed to be impressive for anatomical studies and there 

were also some quite interesting attempts using it to study in vivo physiology (C. 

Xu et al., 2016). One main issue experimenters had to face was its cytotoxicity 

for neurons which may alter vitality and physiological properties of the recorded 

cell. To solve this problem, a newly modified version of rabies which 

downregulates its replication machinery after infection was developed and tested 

(Ciabatti, González-Rueda, Mariotti, Morgese, & Tripodi, 2017) offering a new 

revolutionary approach to study functionally connected populations of neurons. 

Adeno associated viruses (AAVs) are the most widely used tool to target and 

infect neurons at the cell body level. They have two great advantages compared 

to rabies viruses: they do not compromise the vitality properties of the neurons 

and they can be used as conditionally expressing tools in combination with 

mouse transgenic lines expressing Cre or other recombinases in defined 

neuronal populations. They have been used to express a variety of reporter 

proteins, receptors and surface channels according to the need of the 

experimenter. 
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The molecular biology of the virus has become much clearer over the last years 

and it has started to be possible to modify and/or mutate viral surface protein 

expression. It has been possible to create adeno associated viruses with 

extremely efficient retrograde properties (Tervo et al., 2016). On top of this new 

anterograde AAV with transsynaptic properties (Zingg et al., 2017) have been 

developed offering the possibility to map the output channels of a circuit and to 

better understand how the information is computed on the way to the final output. 

 

 

2.3.3. Tools to test necessity of one neuronal population, ablation and 

silencing 

Testing the necessity of one population in the execution of a motor task or more 

generally in the execution of a behaviour or a brain computation is an important 

step in neuroscience research. This is important as it shows that a population of 

neurons cannot be replaced by any other population in the brain, which means 

its connectivity and property are unique. Several ways can be used to prove this 

in vivo and over the years, tools to be more selective were developed (Wiegert, 

Mahn, Prigge, Printz, & Yizhar, 2017). 

The ablation of a brain region or its chemical lesion with brain injection of drugs 

are the most aggressive ways to perform loss of function experiments. The 

surgical removal of a brain structure will create a lot of damage in the brain and 

many uncontrolled mechanisms of compensation will be in place. Mechanical 

lesions and chemical lesions have the same concerns as they ablate a big portion 

of tissue with no specificity for one population also damaging passing by fibers. 

Despite all these concerns these experiments brought a lot of interesting 

information to the motor field especially for very exposed structures like motor 

cortex (Castro, 1972; Kawai et al., 2015). A less invasive and somehow 

reversible strategy is to cool down the tissue slowing down the synaptic 

communication between neurons. This strategy has recently be successfully 

used in the basal ganglia circuits research field in birds (Hamaguchi, Tanaka, & 

Mooney, 2016) and in the past to show that locomotor signals flow from MLR to 

SC via some structures in the reticular formation (Noga, Kriellaars, & Jordan, 

1991; Shefchyk, Jell, & Jordan, 1984). 
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Using focal injections of drugs which act on neurons of specific neurotransmitter 

identity also shine light on some details of the circuit but it was never able to give 

conclusive answers as it was not really possible to confine the injections site and 

track its extent.  
The best tools in our hand to specifically ablate a population in mice is certainly  

the diphtheria toxic system (Buch et al., 2005). It is based on the expression of 

the diphtheria toxin receptor (DTR) using a AAV viral vector. At any time doing a 

behavioural experiment, the toxin can be delivered IP and it will only affect the 

cells expressing the receptor which is not endogenously expressed in any other 

tissue of the mouse body. These neurons will be ablated from the circuit without 

damaging other axons and most interestingly we can test the same animal in 

presence and absence of the population of interest. The complete ablation 

requires few days and the nervous system can recover and compensate for this 

loss. In most cases, we are not interested in the mechanisms of plasticity or 

compensations and this is why we need a tool with faster dynamics and  

reversible few hours after the administrations. 

These tools are now available and they allow us to activate or inhibit a cell 

population for a few hours. In my view, activation tools are less interesting in the 

motor control field as they activate all the cells of one population for a long time 

without applying any pattern of stimulation. In contrast, chemogenetic silencing 

tools are of great help as they can allow a few hours acute ablation of a population 

of interest which will be again functional the next testing day (Atasoy, Betley, Su, 

& Sternson, 2012; Magnus et al., 2011).  

 

 

2.3.4. Tools to manipulate neuronal activity with fast temporal resolution  
The biggest caveat of the tools mentioned in chapter 2.3.3, even the most 

recently developed ones, is the lack of fast temporal resolution. Millisecond 

timescale resolution is necessary to study how changing neuronal activity affects 

motor task performances. Movements are sequences of muscle contractions that 

occur on a very short time scale and this requires adequate tools to perturb 

neuronal activity on the same time scale.  
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Many optogenetic tools have been developed over the past 10 years 

(Adamantidis et al., 2015) with different molecular, ion carrying and light 

activation properties. Kinetics and light sensitivity properties of different opsins 

have been extensively tested and we now have accurate data to choose the 

proper opsin to answer the biological problem we are facing. A first validation 

was needed before using optogenetic activation tools in the RF. 

Channelrhodopsin (ChR) and linked reporters were strongly expressed in the 

neurons of interest one month after the injection. We also validated the functional 

properties of ChR using in vivo recordings, we showed that vGlut2 positive light 

identified neurons respond to light stimulation firing at higher rate than baseline 

(Fig 2.4).  

 

 

Figure 2.4 vGlut2 positive neurons increase their firing rate during blue light 
stimulation  
Injection of AAV-flex-ChR in vGlut2Cre  mice in the ventral RF, the animal is implanted 
with an optrode (single wires plus optic fiber) cells expressing the opsin increase their 
firing rate in vivo upon laser blue light stimulation. 
 

Optogenetic silencing tools are becoming available despite their efficiency is not 

yet comparable to the tools used for optogenetic activation experiments. The 

mechanisms of actions are rather different and mainly based on transduction 

signaling receptors. This made them less efficient to silence neurons especially 

in the case of highly active ones. Some optogenetic silencing tools based on ion 

channels and obtained after a tedious molecular biology and structural biology 

work became available and from the first tests, it seems that they have great 
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properties in vivo. The possibility to silence a neuron with very high temporal 

resolution is complementary to the experiments performed using activation tools. 

These tools may allow us to study the biological relevance of a neuronal 

population in a given phase of a motor task and also to perturb only a component 

of a motor pathway in a very temporally refined and reversible way. 

 

 

2.3.5. Probe activity of neurons in vivo 

The tools presented in chapter 2.3.3-4 allow to ablate, silence or activate a 

neuronal population providing the substrates to address a great deal of questions 

regarding modern neuroscience. The dream of many neuroscientists in motor 

field is to listen to the activity of neurons during an interesting motor task while 

the animal is freely moving. 

This was done in the past using thin glass electrodes (Scanziani & Häusser, 

2009), it required head fixation of the animal which limit the readout of the system 

and also was a blind recording as neuronal cell types cannot be distinguished. It 

is now possible to implant thin metal wires in the brain of the animal and extract 

the extracellular variation of the electric potential. Post acquisition analysis allow 

us to extract information and analyse data of single units which are assumed to 

be single firing neurons. The technology advanced more and more and it 

developed from multiple single tungsten wires head implant (Wolff et al., 2014), 

tetrodes arranged multi units and finally companies made thin flexible silicon 

probes available with many micro contact on their surface (Buzsáki et al., 2015; 

Jun et al., 2017). 

All these recording devices of field potential can be combined with optic fibers, 

which allows to light identify neurons of a certain neurotransmitter identity 

provided that those neurons express ChR by any of the strategies mentioned 

above. We can then implant an optrode which allows us to listen the activity a 

neuron which is part of an identified population. 
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3.1 Abstract  
Translating the behavioural output of the nervous system into movement involves 

interaction between brain and spinal cord. The brainstem provides an essential 

bridge between the two structures, but circuit-level organization and function of 

this intermediary system remain poorly understood. Here we use intersectional 

virus tracing and genetic strategies in mice to reveal a selective synaptic 

connectivity matrix between brainstem substructures and functionally distinct 

spinal motor neurons that regulate limb movement. The brainstem nucleus 

medullary reticular formation ventral part (MdV) stands out as specifically 

targeting subpopulations of forelimb-innervating motor neurons. Its glutamatergic 

premotor neurons receive synaptic input from key upper motor centres and are 

recruited during motor tasks. Selective neuronal ablation or silencing 

experiments reveal that MdV is critically important specifically for skilled motor 

behaviour, including accelerating rotarod and single-food-pellet reaching tasks. 

Our results indicate that distinct premotor brainstem nuclei access spinal 

subcircuits to mediate task-specific aspects of motor programs. 
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3.2 Introduction 

Initiation of natural movement depends on the function of descending pathways 

to the spinal cord. This critical need is strikingly obvious in patients with complete 

spinal cord injury who lack the ability to move muscles controlled by spinal 

segments below the lesion, despite the presence of functional circuits in the 

spinal cord. Descending motor control pathways are at the core of supporting 

different forms of movement spanning from repetitive basic locomotor tasks such 

as walking (Grillner, 2006; L. M. Jordan, Liu, Hedlund, Akay, & Pearson, 2008; 

Orlovsky, Deliagina, & Grillner, 1999b; Shik & Orlovsky, 1976) to sophisticated 

fine motor tasks like object manipulation(Alstermark & Isa, 2012; Iwaniuk & 

Whishaw, 2000; Lemon, 2008; Rathelot & Strick, 2009) (Kuypers, 2011). 

Classical studies provide evidence that electrical stimulation of diverse areas in 

the brainstem can elicit a variety of movement sequences mediated by the 

reticular formation(Garcia-Rill & Skinner, 1987; L. M. Jordan et al., 2008; S. Mori, 

Sakamoto, Ohta, Takakusaki, & Matsuyama, 1989; Noga et al., 2003; Shik & 

Orlovsky, 1976; Skinner & Garcia-Rill, 1984). However, neuronal subpopulations 

and descending circuit modules linked to these diverse functions remain largely 

undefined. 

Descending motor pathways with projections to the spinal cord operate in a dual 

mode of synaptic communication. They can contact spinal interneurons to 

indirectly influence motor neuron activity, and they can establish direct synaptic 

connections with motor neurons representing the shortest line of communication 

to produce motor output(Drew, Prentice, & Schepens, 2004; Grillner & Hongo, 

1972; Holmqvist & Lundberg, 1961; Jankowska & Edgley, 2006; Jankowska, 

Hammar, Slawinska, Maleszak, & Edgley, 2003; Lemon, 2008; Rathelot & Strick, 

2009). Evolutionary studies on motor cortex connectivity to spinal motor neurons 

have provided evidence for greater direct cortical input to motor neurons in 

species with highly skilled motor behaviours(Kuypers, 2011; Lemon, 2008; 

Rathelot & Strick, 2009), supporting the idea that evolutionary changes in motor 

neuron access may influence the action task repertoire an animal can perform. 

In addition, within any mammalian species, forelimbs are superior to hindlimbs in 

the execution of sophisticated tasks, raising the question of whether interlimb 
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circuitry comparison of descending input from brainstem to motor neurons may 

reveal differences in connectivity matrices related to function. 

Here we use a trans-synaptic virus approach to visualize and compare 

connectivity patterns of neurons in the brainstem to forelimb- or hindlimb-

innervating motor neurons in the mouse spinal cord, revealing striking differences 

of descending input to distinct spinal motor neurons. The medullary reticular 

formation ventral part (MdV) is a key brainstem area specifically connecting to a 

subset of forelimb-innervating spinal motor neurons. We show thatMdVneurons 

receive input from upstream motor control centres and are essential for efficient 

performance of skilled motor tasks. Our findings provide a circuit- and 

subpopulation-level connectivity map for descending pathways regulating limb 

motor control and put forward a model in which distinct brainstem hubs 

differentially address spinal circuits to control motor actions. 

 

3.3 Results 

3.3.1 Brainstem neurons for limb motor control 

To reveal the identity of descending brain areas with direct synaptic connections 

to motor neurons innervating forelimb or hindlimb muscles, we used 

monosynaptic rabies virus technology (Ugolini, 2010; Wickersham et al., 2007b; 

Wickersham, Sullivan, & Seung, 2010) for retrograde infection of motor neurons 

in the spinal cord (Stepien et al., 2010; Tripodi et al., 2011) (Fig. 3.1a). Unilateral 

virus injections into forelimb or hindlimb muscles resulted in reliable labelling of 

brainstem neurons premotor to these motor neurons. To identify differences in 

the distribution of forelimb and hindlimb brainstem premotor neurons, we 

developed a digital three-dimensional brainstem model and assigned identity 

tags (Fig. 3.1b; Fig. 3.2) on the basis of brainstem substructures in which neurons 

resided. We found that the diversity of highlighted brainstem nuclei overall was 

higher for forelimb than hindlimb premotor neurons, but significant representation 

biases were detected in both directions (Fig. 3.1c–f). Hindlimb premotor neurons 

showed relative overrepresentation in vestibular nuclei and in the spinal 

vestibular nucleus (Fig. 3.1e, f and Fig. 3.3). In contrast, forelimb premotor 

neurons showed a strong bias in two bilateral laterally located neuron clusters 

(spinal trigeminal nucleus and parvicellular reticular nucleus) as well as in a 
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predominantly ipsilaterally residing medial neuron cluster in the caudal medulla, 

an area previously named medullary reticular formation ventral part (MdV) (Fig. 

3.1c–f; Figs 3.3 and 3.4). Other brainstem areas showed approximately equal 

occupancy by forelimb and hindlimb premotor neurons (Fig. 3.1e, f and Fig. 3.4).  

 

 

Figure 3.1. Brainstem premotor distribution.  
a, Scheme illustrating method used to visualize premotor brainstem neurons labelled 
with trans-synaptic monosynaptic rabies viruses upon limb muscle injections. b, 
Brainstem model for three-dimensional reconstructions. Depicted are cranial motor 
nuclei 5N, 7N, 10/12N, vestibular nuclei (Ve) and inferior olive (IO). Gi, gigantocellular 
reticular nucleus; Mc, magnocellular reticular nucleus; MdV, medullary reticular nucleus 
ventral part; PCRt, parvicellular reticular nucleus; Pn, pontine reticular nucleus; Sp5, 
spinal trigeminal nucleus; SpVe, spinal vestibular nucleus; Ve, vestibular nucleus. c–f, 
Sagittal ipsilateral (Ipsi) views of three-dimensional brainstem reconstructions for 
forelimb (FL, c) and hindlimb (HL, d) premotor neurons (n=5 mice each), quantification 
(e) and summary diagram (f) of ipsilateral connection specificity. 
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Figure 3.2. Individual brainstem reconstructions.  
Two individual brainstem reconstructions are shown for FL and HL muscle injections. 
Colour code of brainstem structures and visualization identical to Fig.3.1. 
 

 

Figure 3.3. Differential distribution of forelimb and hindlimb brainstem premotor 
neurons.  
a–f, Direct comparative analysis of distinct FL (purple) and HL (cyan) premotor 
populations in sagittal ipsilateral (a, c, e) and top-down (b, d, f) view of brainstem 
reconstructions. Parvicellular reticular nucleus (PCRt) and MdV (a, b), spinal trigeminal 
nucleus (Sp5) (c, d), and vestibular nucleus (Ve) (e, f) brainstem areas are shown as 
examples. 
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Figure 3.4 Contralateral distribution of brainstem premotor neurons.  
a–d, Top-down (a, b) and sagittal contralateral (c, d) views of three-dimensional 
brainstem reconstructions for FL (a, c) and HL (b, d) premotor neuron analysis. Colour 
code of displayed neuronal populations is identical to Fig. 1. e, Quantification of neurons 
contralateral to injected limb (n55 mice each). f, g, Pairwise comparison of ipsi- and 
contralateral premotor brainstem neuron populations by resident nucleus for FL (f) and 
HL (g) muscle injection. 
 

 

Prominent examples were the magnocellular reticular nucleus and the 

gigantocellular reticular nucleus (Fig. 3.1e, f and Fig. 3.4), in line with previous 

work suggesting a role for these substructures in locomotor control (Orlovsky, 

Deliagina, & Grillner, 1999b). Neurons assigned to brainstem substructures could 

also be distinguished based on neuronal morphology and cell soma area 

measurements (Fig. 3.5). Taken together, these findings support the notion that 
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diverse brainstem premotor populations differentially regulate forelimb and 

hindlimb motor neurons, with some showing strongly biased access to one or the 

other class of motor neurons (Fig. 3.1f). To begin to understand the role of 

populations with differential motor neuron access, we chose one of the most 

biased examples for further investigation—the forelimb-dominated premotor 

population in the MdV. 

 

 

 

Figure 3.5 Distinct morphology of brainstem premotor neurons.  
a–j, Representative reconstructed neuronal morphologies acquired from sagittal 
sections of gigantocellular reticular nucleus (Gi) (a), magnocellular reticular nucleus (Mc) 
(b), pontine reticular nucleus (Pn) (c), Raphe (d), parvicellular reticular nucleus (PCRt) 
(e), spinal trigeminal nucleus (Sp5) (f), spinal vestibular nucleus (SpVe) (g), vestibular 
nucleus (Ve) (h), and MdV (i; j: from coronal section) are shown in colour according to 
colour code defined in Fig. 1. Mc cell morphologies showed marked diversity not 
analysed further in this study. k, Cell soma areas of different premotor populations in the 
brainstem are displayed (dots represent individual neurons analysed). 
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3.3.2 MdV connections to forelimb motor neurons 

To determine whether all MdV neurons establish synaptic connections with 

cervical spinal motor neurons, we next analysed neuronal diversity within MdV 

using genetic approaches to separately label glutamatergic (vGlut2ON) or GABA 

(-aminobutyric acid)/glycinergic (vGATON) neurons (Pecho-Vrieseling, Sigrist, 

Yoshida, Jessell, & Arber, 2009; Vong et al., 2011). We found that glutamatergic 

and inhibitory neurons are almost equally represented and intermingled (Fig. 3.6; 

vGlut2ON, 453%; vGATON, 633%; less than 1% cholinergic neurons). However, 

forelimb-premotor MdV neurons were almost exclusively glutamatergic 

(vGlut2ON, 931%; vGATON, 62%), demonstrating differential connectivity 

patterns of MdV neurons with distinct neurotransmitter phenotype (Fig. 3.6). 

 

 

Figure 3.6 Neuronal diversity in MdV.  
a–c, FL premotor neurons in MdV (purple) sparsely overlap with vGATON neurons (a), 
but colocalize extensively with vGlut2ON populations (b, c) in mice with transgenically 
marked subpopulations (nlsLacZ, cyan) (n=4 mice each). d, Quantification of vGATON 
and vGlut2ON neuron percentages in MdV in relation to NeuN (left) or FL premotor 
labelling (right) (n=4 mice each). e, Model illustrating direct connections between vGlutON 
but not vGATON MdV neurons and FL-innervating motor neurons. 
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This finding allowed us to specifically mark forelimb-connecting MdV neurons by 

stereotaxic injections of loxP-flanked conditional adenoassociated viruses (AAV-

flex, flip excision switch) into vGlut2Cre mice. To determine connection specificity 

between MdV and different forelimb-innervating motor neuron pools, we tagged 

synapses from vGlut2ON MdV neurons by selective expression of a fusion protein 

between synaptophysin and enhanced green fluorescent protein (AAV-flex–Syn–

GFP), combined with retrograde labelling of motor neurons from corresponding 

muscles (Fig. 3.7 a, b).  

MdV input to motor neurons exhibited a highly discriminatory pattern to different 

motor neurons. We found high synaptic density contacts to biceps, extensor carpi 

radialis and extensor digiti quarti motor neurons, but only sparse input to most 

other forelimb motor pools analysed (for example, triceps, palmaris longus and 

flexor carpi radialis) (Fig. 3.7c–e) (Greene, 1935; McKenna, Prusky, & Whishaw, 

2000) or hindlimb-innervating motor neurons (Fig. 3.7c). The prominent synaptic 

input difference from MdV to biceps and triceps motor neurons prompted us to 

also assess the connectivity profile of other brainstem premotor neurons to these 

functionally antagonistic motor neuron pools by monosynaptic rabies technology. 

The retrograde assay also showed that MdV neurons have a strong connection 

bias towards biceps compared to triceps motor neurons, whereas analysis of 

magnocellular reticular nucleus and gigantocellular reticular nucleus neurons 

showed equal connectivity ratios to biceps or triceps motor neurons (Fig. 3.7f–h 

and Fig. 3.8). In contrast, neurons residing in the parvicellular reticular nucleus, 

spinal trigeminal nucleus, pontine reticular nucleus and vestibular nucleus 

showed connectivity profiles biased towards triceps motor neurons (Fig. 3.7f–h 

and Fig. 3.8), in support of previous work demonstrating preferential connections 

of vestibular nucleus neurons to extensor motor neurons (Grillner & Hongo, 

1972). Together, these findings demonstrate that glutamatergic MdV neurons 

show high synaptic specificity directed towards only a few forelimb motor neuron 

pools, and that other brainstem nuclei show synaptic specificity patterns opposite 

to MdV (Fig. 3.7h), thus unravelling a diverse but specific connectivity matrix for 

descending brainstem input to functionally distinct motor neuron pools. 
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Figure 3.7 Selective motor pools contacted by MdV.  
a, Scheme of experimental setup for MdV injection of AAV-flex–Syn–GFP virus and 
retrograde motor neuron marking. b, Injection site in MdV of vGlut2Cre mice (MdD, 
medullary reticular nucleus, dorsal part; LRN, lateral reticular nucleus). c, Synaptic input 
from vGlut2ON MdV neurons to selected motor neuron pools. Bic, biceps; Tri, triceps; 
ECR, extensor carpi radialis; ED, extensor digitorum communis; EDQ, extensor digiti 
quarti; FCR, flexor carpi radialis; PL, palmaris longus, flexor. For muscle assignment, 
see refs 27, 28. d, e, Biceps and triceps motor neuron reconstructions with input from 
vGlut2ON MdV neurons (yellow, opposed terminals). f–h, Analysis of biceps and triceps 
premotor PCRt and MdV populations in sagittal ipsilateral view of brainstem 
reconstructions (f), quantification of ipsilateral premotor neurons (n=5 mice each) (g) and 
summary diagram of connection specificity (h). 
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Figure 3.8 Differential distribution of biceps and triceps brainstem premotor 
neurons.  
a–f, Top-down (a, b), sagittal ipsilateral (c, d) and contralateral (e, f) views of three-
dimensional brainstem reconstructions for biceps (Bic; a, c, e) and triceps (Tri; b, d, f) 
premotor neuron analysis (n=5 mice each). Colour code of displayed neuronal 
populations shown to the right and identical to Fig. 1. g, h, Quantification of neurons ipsi- 
(g, identical to Fig. 2g for overview purposes) and contralateral (h) to injected limb (n=5 
mice each; ipsi- and contralateral neurons analysed separately). i–n, Direct comparative 
analysis of distinct Bic (purple) and Tri (cyan) premotor populations in sagittal ipsilateral 
(i, k, m) and top-down (j, l, n) view of brainstem reconstructions. Sp5 (i, j), Ve (k, l) and 
Mc (m, n) brainstem areas are shown as examples. 
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3.3.3 MdV connects to spinal interneurons 

The anterograde tracing approach from vGlut2ON MdV neurons allowed us to 

visualize axonal trajectory and synaptic pattern in the spinal cord, by using a 

combination of cytosolic and synaptic fluorescent tracers (AAV-flex-Tomato and 

AAV-flex-SynGFP). We found that vGlut2ON MdV neurons have a descending 

trajectory mostly confined to the ipsilateral dorsolateral funiculus terminating in 

an ipsilateral central domain (Fig. 3.9). To probe for the neurotransmitter identity 

of MdV-connected spinal interneurons, we initiated monosynaptic rabies virus 

spread from vGlut2ON or vGATON spinal interneurons by applying an established 

method to visualize presynaptic neurons from genetically marked neurons(Wall, 

Wickersham, Cetin, La Parra, & Callaway, 2010). We performed intraspinal 

injections targeting the caudal cervical (C6–C8) spinal cord in vGlut2Cre or 

vGATCre mice, sequentially injecting AAV-flex–TVA/G (avian sarcoma and 

leucosis virus subtype A receptor and rabies glycoprotein) and rabies coated by 

the avian sarcoma leukosis virus envelope protein (EnvA). 

We detected MdV neurons with monosynaptic connections to both of these 

populations (Fig. 3.9). These findings show that MdV neurons not only contact 

specific motor neuron pools at forelimb levels, but also connect to excitatory and 

inhibitory interneurons, establishing both direct and indirect pathways to spinal 

motor neurons. 
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Figure 3.9 MdV connectivity to spinal interneurons. 
a, Trajectory of descending spinal projections of vGlut2ON MdV neurons marked by 
coinjection of AAV-flex–Tomato and AAV-flex–Syn–GFP in vGlut2Cre mice. Triple 
colour immunohistochemistry to Tomato, EGFP and ChAT is shown at C5, C7 and 
lumbar spinal levels. b, Trans-synaptic rabies spreading from segmentally restricted 
vGlut2ON or vGATON interneurons at C7-8 levels. Scheme of experimental setup (top 
left), example pictures depicting MdV neurons connected to vGlut2ON (top middle) and 
vGATON (top right) spinal interneurons; and visualization of overall distribution (position 
of triple positive neurons over 3 consecutive sections shown) and example pictures of 
neurons triple-infected by AAV-TVA/G and E 
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3.3.4 MdV controlled by upstream motor centres 

To understand the role of MdV neurons in behaviour, we next determined the 

identity of synaptic input regulating forelimb-premotor neurons in the MdV. 

Because cortical input is implicated in the control of skilled motor behaviour 

(Lemon, 2008; Rathelot & Strick, 2009), we first assessed whether premotor MdV 

neurons receive synaptic input from forebrain neurons (Fig. 3.10a–c). In mice 

with genetically tagged forebrain synapses (Gorski et al., 2002; Pecho-Vrieseling 

et al., 2009), forelimb premotor MdV neurons receive synaptic input at more than 

threefold higher density (Syn–GFPON/vGlut1ON) than gigantocellular reticular 

nucleus or pontine reticular nucleus premotor neurons (Fig. 3.10c), known to 

receive cortical input (Jankowska & Edgley, 2006). 

 

 

Figure 3.10 Selective input to vGlut2ON MdV neurons. 
a–c, Experimental setup for analysis of forebrain synaptic input to FL premotor MdV 
neurons (a) and synaptic input quantification to MdV, Pn and Gi FL premotor neurons 
(GFPON/vGlut1ON synapse density opposed to premotor neurons; n=2 mice; b, c). d–g, 
Example pictures of neurons in paratrochlear nucleus (Pa4) (d), parvicellular reticular 
nucleus (PCRt) and intermediate reticular nucleus (IRt) (e) connecting to vGlut2ON MdV 
neurons. Pa4 connecting neurons are not glutamatergic (d). PCRt and IRt neurons are 
glycinergic or glutamatergic (f, g) as identified by expression of GFP or LacZ in GlyT2GFP 
or vGlut2Cre transgenic mouse lines. 
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To determine in a more unbiased way the identity of presynaptic populations 

regulating vGlut2ON MdV neurons, we applied a retrograde trans-synaptic 

labelling initiated from vGlut2ON MdV neurons. We found that several prominent 

sites rostral to the hindbrain provide synaptic input to vGlut2ON MdV neurons 

(Fig. 3.11a), including layer V pyramidal neurons in M1 motor cortex (Fig. 

3.11a, b), deep layer vGlut2ON neurons in the superior colliculus (Fig. 3.11a, c), 

vGlut2ON neurons in subsets of deep cerebellar nuclei (Fig. 3.11a, d, e), 

vGlut2ON neurons in the red nucleus (Fig. 3.11a, f), and inhibitory neurons in the 

paratrochlear nucleus (Fig. 3.10d). Input was also detected from the reticular 

formation of the brainstem (Fig. 3.10e–g). Together, these findings demonstrate 

that glutamatergic MdV neurons receive synaptic input from several important 

upstream motor control centres. 

 

 

 

Figure 3.11 MdV regulated by upstream motor centres.  
a, Diagram of brain areas with synaptic input to vGlut2ON MdV neurons (black dashed 
line, midline; different arrows, excitatory and inhibitory connections; dashed lines, less 
prominent input to MdV than solid lines; n=6 independent experiments). b–f, Neurons in 
primary motor cortex (M1, b), superior colliculus (SC, c), medial cerebellar nucleus (Med, 
d), interposed cerebellar nucleus, dorsolateral hump (IntDL, e) and red nucleus (f) 
connecting to vGlut2ON MdV neurons. For c–f neurons are glutamatergic, marked by 
expression of vGlut2 (c–f) and absence of GlyT2 (c–e). 
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3.3.5 MdV recruited during motor tasks 

To address whether MdV neurons are recruited during motor behaviour, we 

carried out two different motor tasks and measured the expression of the 

immediate early gene product c-Fos. As tasks we chose the basic locomotor task 

of treadmill locomotion and a skilled motor task on an accelerating rotarod, in 

which mice learn to stay on a rotating rod with accelerating speed (Buitrago, 

2004; Costa, Cohen, & Nicolelis, 2004; Yang, Pan, & Gan, 2009). We found that 

the number of neurons expressing c-Fos in MdV was significantly higher in both 

paradigms compared to untrained mice, with a preferential increase in vGlut2ON 

MdV neurons (Fig. 3.12). Together and consistent with previous results (Bretzner 

& Brownstone, 2013), MdV neurons are engaged in execution of motor programs 

as monitored by c-Fos expression. 

 

 

 

 

 

 
Figure 3.12 Motor activity recruits MdV neurons.  
a, Scheme of experimental setup for c-Fos analysis. b, Quantification of percentage of 
c-Fos-positive NeuNON (left), vGlut2ON (middle) and vGlut2OFF (right) neurons (dots in 
graphs represent individual mice). Note that c-Fos is upregulated by motor tasks 
preferentially in vGlut2ON neurons. 
 

 

 

 

 

 



 
34

3.3.6 MdV required for skilled motor tasks 

To assess the role of MdV in the performance of motor tasks, we expressed 

human diphtheria toxin receptor(DTR) (Buch et al., 2005) specifically invGlut2ON 

MdV neurons by stereotaxic injections of a loxP-flanked conditional AAV (AAV-

flex–DTR), targeting 826% of vGlut2ON MdV neurons around the injection site. 

Intraperitoneal diphtheria toxin injection resulted in complete ablation of these 

neurons 14 days after treatment (MdV-DTR mice). Comparing MdV-DTR and 

control groups, we did not observe defects in performing simple motor tasks 

including general cage behaviour, locomotion in an open field arena, running on 

a home cage wheel as well as even-spaced ladder walking (Fig. 3.13a–c; data 

not shown). We therefore next assessed performance in two different skilled 

motor tasks. 

 

 

Figure 3.13 Role of MdV neurons in motor behaviour.  
a–c, Performance analysis in basic motor tasks for control and MdV-DTR mice. Open 
field (a), running wheel (b, number of wheel turns measured over night) and horizontal 
ladder (c) are shown. In a, b, dots represent individual mice; for c, FL and HL analysed 
separately, n=10 control and n=8 MdV-DTR mice. d–f, Performance of control and MdV-
DTR or MdV-PSAM-GlyR mice on the accelerating rotarod task (DT, diphtheria toxin). 
Time line for virus injections and task performance shown in d and latency quantification 
on rotarod on each day tested displayed in e, f. Number of mice analysed: control 
groups, n=14; MdV-DTR, n=10; PSAM-GlyR, n=12 mice. 
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First, we measured the latency that MdV-DTR and control mice stayed on an 

accelerating rotarod (Buitrago, 2004; Ruediger et al., 2011) (Fig. 3.13d). 

Whereas control mice learned to perform the task progressively better over the 

course of 5–6 days, MdV-DTR mice fell off the rotating rod rapidly without 

significantly improved performance over 6 days (Fig. 3.13d, e). A similar lack of 

improved performance was also observed by applying a pharmacogenetics 

approach to transiently silence vGlut2ON MdV neurons through expression of a 

PSEM308 inducible silencer (PSAML141F Y115F–GlyR chimaeric ion channel; 

dailyPSEM308 administration 10min before training) (Atasoy et al., 2012; 

Magnus et al., 2011) (MdV-PSAM-GlyR mice; Fig. 3.13d, e). The same group of 

mice subsequently following a training regime without PSEM308 administration 

picked up performance at a rate comparable to the control group (Fig. 3.13f), 

indicating that acute neuronal silencing is sufficient to explain poor task 

performance. Second, we conducted a forelimb-specific skilled motor task (single 

pellet reaching task), during which mice are placed in a box and learn to reach 

for single small food pellets placed outside a narrow slit and transfer them to their 

mouth (Whishaw & Pellis, 1990; T. Xu et al., 2009) (Fig. 3.14a). We found that 

control mice learn to carry out this task with a success rate of 45% (Fig. 3.14b), 

in agreement with previous findings (T. Xu et al., 2009). In contrast, MdV-DTR 

mice were severely compromised in task performance, not improving over time 

and only completing successfully ,10% of all attempts even after 8 training days 

(Fig. 3.14b). We next analysed the different phases of this complex task to 

determine whether MdV-DTR mice show specific defects. We found that both 

control and MdV-DTR mice learned to decrease the miss-rate during the initial 

reaching phase towards the pellet (Fig. 3.14c–e) and analysis of reaching 

trajectories, speed and variability revealed no difference between the two data 

sets (Fig. 3.14d). However, MdV-DTR mice had specific defects in fine paw 

placement on top of the pellet and in the closure of the fingers to correctly 

embrace the pellet for retrieval, resulting in increased error rates in the grasping 

category of the task compared to control mice (Fig. 3.14c, e). However, in cases 

where the pellet was grabbed correctly, MdV-DTR and control mice had similar 

failure rates in dropping the pellet during retrieval (Fig. 3.14e). Similar results 

were also obtained in MdV-PSAM-GlyR mice (Fig. 3.14f, g). To assess whether 
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these deficiencies can be attributed to a general lack of descending drive to 

forelimb motor neurons, we performed force measurements of forelimb grip 

strength using previously described assays (Blanco, Anderson, & Steward, 2007; 

Bui et al., 2013). We found no reduction in forelimb grip strength in MdV-DTR 

mice compared to control mice or MdV-PSAM-GlyR mice before or after 

PSEM308 administration (Fig. 3.14e, g). 

 

 

Figure 3.14 MdV required for single-pellet reaching task.  
a, Time line for reaching task with ablation of glutamatergic MdV neurons. b, Success 
rate for reaching task of control (n=12) and MdV-DTR (n=16) mice from day 2 to 8. c, 
Representation of task phases (reaching, grasp, retrieval) and failure categories (miss, 
no grasp, drop). d, Trajectory analysis of successful reaching events in control and MdV-
DTR mice. Average trajectory of6 successful reaches from lifting paw off the ground to 
pellet contact (trajectory length, reaching speed and trajectory variability of averaged 
traces). e, Analysis of task phases for control and MdV-DTR mice on experimental day 
2 and 8. Right plot, forelimb grip strength analysis for control and MdV-DTR mice (n=15 
mice for each). f, Time line and success rate for reaching task for MdV-PSAM-GlyR mice 
(n=9) and control group (n=7). g, Task phase analysis for control and MdV-PSAM-GlyR 
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mice on experimental day 2 and 8. Right plot, forelimb grip strength analysis for MdV-
PSAM-GlyR mice without or with PSEM308 administration (n=10 mice). 
 

Moreover, ablation of vGlut2ON neurons in the neighbouring magnocellular 

reticular nucleus did not affect single-pellet reaching task performance or grip 

strength (Fig. 3.15). 

To determine whether MdV neurons are also needed for task execution after 

task learning, we ablated or acutely silenced vGlut2ON MdV neurons only once 

mice achieved maximal success rates in the single pellet reaching task (Fig. 

3.16a, b). 

 

Figure 3.15 Interference with glutamatergic Mc neurons does not perturb single-
pellet reaching task performance.  
a, Many premotor Mc neurons are glutamatergic (vGlut2ON). b, Specificity of injection 
site and recombination in Mc of vGlut2Cre mice upon AAV-flex–Tomato injection (py: 
pyramidal tract). c, Experimental time line for virus injections and task performance of 
single-pellet reaching task with ablation of glutamatergic Mc neurons. d, Quantitative 
analysis of different task phases for control (n=6) and Mc-DTR (n=6) mice on day 8 of 
task. Right plot shows FL grip strength analysis. 



 
38

 

We found that as pre-learning inactivation experiments, post-learning MdV 

inactivation also significantly degraded motor performance specifically during the 

grasp phase (Fig. 3.16c, d). Together, these findings demonstrate that 

glutamatergic MdV neurons are required during specific movement phases to 

efficiently perform the single-pellet reaching task, both before and after learning 

the task. 

 

 

Figure 3.16 MdV required for task execution. 
a, b, Time line for reaching task with ablation or silencing of glutamatergic MdV neurons 
after completion of learning. c, d, Task phase analysis for control (n=13) and MdV-DTR 
(n=13) mice with or without diphtheria toxin injection after completion of learning (c; 14 
days post learning) and analogous analysis for MdV-PSAM-GlyR mice (n=8) in three 
sequential post-learning tests (d; grey, PBS injection; cyan, PSEM308 injection). 
 

 

 

3.4 Discussion 

Descending pathways carry motor commands to the spinal cord, linking motor 

plan to task execution. Our study demonstrates that a larger variety of brainstem 

nuclei target forelimb than hindlimb motor neurons, correlating with the higher 

complexity and repertoire of forelimb motor tasks. We demonstrate the 

involvement of the forelimb-dominated brainstem nucleus MdV in expert 

performance of a skilled motor subroutine, supporting a model in which distinct 

brainstem subpopulations control aspects of motor behaviour through their 

specific targeted spinal subcircuits. Forelimb-dominated brainstem nuclei show 
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highly selective synaptic interaction matrices with spinal subcircuits, including 

specific motor neuron pools and spinal interneurons. Our findings agree with the 

concept that descending pathways to motor neurons operate through a 

dichotomous circuit connection strategy of both direct and indirect pathways. 

Direct pathways deliver commands to specific executing motor neuron pools, 

thus creating bypass circuits that may provide means to disregard the 

contribution of local spinal circuits often engaged in rhythmic activities (Goulding, 

2009; Grillner, 2006; Kiehn, 2011). In contrast, indirect motor command 

pathways contribute to local spinal computation by intersection with spinal 

microcircuits to enhance or suppress output channels to targeted motor neuron 

pools (Drew et al., 2004; Grillner & Hongo, 1972; Holmqvist & Lundberg, 1961; 

Jankowska et al., 2003). Dichotomy in descending circuit architecture and its 

possible correlation to sophistication of skilled movement has been most 

prominently discussed for motor cortical connections to spinal circuits (Lemon, 

2008; Rathelot & Strick, 2009). Especially during challenging forelimb 

movements such as reaching or object manipulation, electromyographic 

recordings provide evidence for complex sequences of muscle contractions 

(Hyland & Jordan, 1997; Yakovenko, Krouchev, & Drew, 2011), and flexible 

divergent circuit architecture with access to specific motor neuron pools may 

allow achieving a higher degree of muscle synergies, known to be regulated by 

descending pathways (Roh et al., 2011; Yakovenko et al., 2011). Our study 

provides important insight into circuit-level mechanisms and anatomical 

substrates essential to implement task-specific motor subroutines during the 

execution of a complex motor program. 
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3.6 Methods 

3.6.1 Mouse genetics 

vGlut2Cre(Vong et al., 2011), vGATCre(Vong et al., 2011), GlyT2GFP(Zeilhofer et 

al., 2004), Tau-lox-stop-lox-Syn-GFPIRES-nlsLacZpA26 and Emx1Cre(Gorski et 

al., 2002) mouse strains were described before and maintained on a mixed 

genetic background (129/C57Bl6). Experimental animals used were of both 

sexes. Housing, surgery, behavioural experiments and euthanasia were 

performed in compliance with the Swiss Veterinary Law guidelines. 

 

3.6.2 Virus production and injections.  

To visualize neurons with monosynaptic connections to forelimb or hindlimb 

motor neurons, we used AAV-G protein and transsynaptic rabies viruses 

produced and injected as described before(Stepien et al., 2010; Tripodi et al., 

2011; Wickersham et al., 2007b; 2010). Briefly, muscular co-injections of rabies–

mCherry and AAV-G protein in mice were carried out at postnatal day 6 (P6). 

Mice were killed 8 (forelimb) or 10 days (hindlimb) following injection by perfusion 

with 4% paraformaldehyde. For broad limb injections, many proximal and distal 

limb muscles were targeted with multiple injections, but for forelimb injections 

shoulder and forepaw muscles were excluded. Muscle injection specificities were 

confirmed using a fluorescent dissection microscope upon animal perfusion. For 

retrograde labelling of defined motor neuron pools, we injected HSV-EF1alpha-

dsRed or LacZ (Biovex) into specific muscles (McKenna et al., 2000). For central 

nervous system-initiated trans-synaptic rabies experiments, local coinjection of 

AAVs conditionally expressing G protein and TVA (see below) into either 

vGlut2Cre or vGATCre mice was followed by injection of EnvA-coated Rabies–

mCherry (Wall et al., 2010; Wickersham et al., 2007b; 2010) to the same site 2 

weeks later, and experiments were terminated 7 days thereafter. Construct 
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design for AAVs used for central injections was based on a backbone vector from 

Allen Brain (AAV.CAG.FLEX.tdTomato.WPRE.bGH)(Harris, Wook Oh, & Zeng, 

2001). Briefly, the vector contains a CAG promoter, a WPRE element for 

expression optimization and double inverted loxP elements (flex) flanking 

complementary DNA sequences (synthetic constructs from Blue Heron) in 

inverted orientation. The following constructs were used and detailed sequence 

information is available upon request: tdTomato (original Allen Brain vector), 

synaptophysin–GFP (Pecho-Vrieseling et al., 2009), human diphtheria toxin 

receptor (DTR) (Buch et al., 2005), TVA–2A–H2B–EGFP(Wickersham et al., 

2007b), G protein–2A–H2B–10XV5-tag (Wickersham et al., 2007b), PSAML141F 

Y115F–GlyR(Atasoy et al., 2012). AAV production (serotype 2.9) was carried out 

following standard procedures at genomic titres 10^13. All AAVs used showed 

transgene expression only upon Cre-mediated recombination. For central 

nervous system-targeted viral delivery, we performed stereotaxic injections using 

high precision instruments (David Kopf) under isoflurane anaesthesia. For brain 

injections, a small craniotomy was drilled and a pulled calibrated glass pipette 

(Drummond Scientific) was used for local infusion of  about 100 nanol virus by 

multiple short pulses (8 ms, 0.5 Hz, 5 min) using a picospritzer (Parker). 

Coordinates used for targeting MdV were -3.15mm antero-posterior from lambda, 

3.4mm lateral and 3.9mm ventral, with a lateral angle of 30 degrees. Coordinates 

used for targeting magnocellular reticular nucleus were - 6.3mm antero-posterior 

from Bregma, 0.8mm lateral and 5.45mm ventral. After surgery, mice were 

administered Metacam (5 mg kg-1) subcutaneously for analgesia. Mice used for 

behavioural experiments were 6–8 weeks old at time of surgery and AAV 

injections were carried out bilaterally. To verify injection precision and efficiency 

of infection, all mice were co-injected with AAV-flex–tdTomato and blue 

fluorescent beads (Fluoro-Max, Thermo Scientific), and in the experimental 

group supplemented with AAV-flex–DTR or AAV-flex–PSAML141F Y115F–

GlyR. Two weeks post-virus transduction, diphtheria toxin (Sigma D0564) was 

administered intraperitoneally (100 ng per g body weight) for DTR and 

corresponding control experiments. Two weeks after diphtheria toxin 

administration, injected mice were subjected to tasks to characterize their 

behavioural phenotype as described below. For pharmacogenetic silencing 

experiments, PSEM308 (Apex Scientific) was administered intraperitoneally (5 
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mgkg-1) daily 10 min before the start of the task in experimental (PSAM) and 

control mice (Atasoy et al., 2012). For post-learning experiments (Fig. 3.16), mice 

were trained on the single-pellet reaching task after 2 weeks of viral brain 

transduction. For DTR mice, diphtheria toxin was administered 1 day after 

completion of training, and mice were tested twice a week for 2 consecutive 

weeks. PSAM-GlyR mice were tested every 3–4 days after completion of training, 

starting 10 min post PBS (test 1 and 3) or PSEM308 (test 2) administration. All 

mice were killed at the end of behavioural analysis and injection site position, 

efficiency of infection and/or cell death was confirmed by immunohistochemistry. 

All tissue analysed was cryoprotected in 30% sucrose/PBS and cut on a cryostat 

(brain, 80 m sagittal or 40–80 m coronal slices; spinal cord, 40–60 m 

transverse sections). 

 

3.6.3 Digital three-dimensional brainstem reconstructions.  

Images were acquired using a Z16 fluorescent microscope with a X2 objective 

and X0.9 zoom. All pictures were aligned manually using Amira software 

(Visualization Science Group). To compare premotor distributions across mice, 

each aligned hindbrain was registered to a reference brain separately using the 

landmark warping function (Amira). Trigeminal (5N), facial (7N) and hypoglossal 

(12N) motor nuclei were used as landmarks for alignment (Fig. 3.1b). To 

calculate registration accuracy, the displacement vector of the registered motor 

nuclei was measured against the reference brain. Coordinates of hindbrain motor 

nuclei (x/y/z) were calculated as the centre of mass from its surface using Imaris 

surface detection (Bitplane). Rabies-labelled premotor neurons were assigned 

manually using Imaris Spot detection, and colour coded according to their 

location based on Paxino’smouse brain atlas. Our three dimensional model 

contains neurons located caudal to the isthmus and rostral to the decussation 

and exhibited an error of 150mm displacement in three-dimensional space, 

allowing accurate comparative analysis of premotor neuron distributions in 

brainstems of different mice. 

We use the following nomenclature for brainstem structures in our study: Sp5 

(spinal trigeminal nucleus including Sp5 oral, interpolar and caudal regions, 

although most Sp5 premotor neurons were located in Sp5I), PCRt (parvicellular 
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reticular nucleus, including PCRt alpha part in which most of PCRt premotor 

neurons reside); MdV (medullary reticular nucleus, ventral part); Mc 

(magnocellular reticular region; given the lack of defined boundaries, we pooled 

under this name lateral paragigantocellular, gigantocellular reticular nucleus 

ventral and alpha part); Pn (pontine reticular nucleus, including Pn oral and 

caudal part); Gi (gigantocellular reticular nucleus); Ve (vestibular nucleus, 

including cerebellar, lateral andmedial part); SpVe (spinal vestibular nucleus); 

Raphe (includes raphe magnus, obscurus and pallidus). Premotor neurons were 

also detected in the red nucleus, but because themodel brain was optimized for 

the chosen area, we excluded it from our model. 

 

3.6.4. Immunohistochemistry and imaging.  

Antibodies used in this study were: chicken anti-GFP (Invitrogen), chicken anti-

LacZ (Chemicon), guinea pig antivGlut1 (Chemicon), goat anti-ChAT 

(Chemicon), goat anti-LacZ (Biogenesis), mouse anti-NeuN (Chemicon), mouse 

anti-V5 (Invitrogen), rabbit anti-c-Fos (Calbiochem), rabbit anti-GFP (Invitrogen), 

rabbit anti-LacZ (Invitrogen), and rabbit anti-red fluorescent protein (Rockland). 

Fluorophore-marked secondary antibodies were from Jackson or Invitrogen. 

Floating tissue sections were incubated with antibodies in individual wells and 

mounted for imaging in sequential order. Reconstruction of cell morphology of 

different premotor populations was performed using Imaris (Bitplane), starting 

from3-dimensional image files acquired by confocal microscopy (X60 objective). 

Soma measurements of rabies labelled premotor neurons in the brainstem were 

performed in Fiji, only considering neurons with complete cell body volumes in 

analysed section. Quantification of opposing synaptic contacts was performed on 

neurons with complete somawithin 80 m sections using a step size of 0.2 m 

for image acquisition. For MdV input to motor neurons, the following number of 

retrogradely labelled motor neurons were analysed: n=63 for biceps and triceps, 

n=34 for extensor carpi radialis, n=25 for extensor digitorum communis, n=19 for 

extensor digiti quarti, n=11 for flexor carpi radialis, n=16 for hindlimb and n=10 

for palmaris longus, flexor and neck, from n=5–6 mice for biceps and triceps; 

n=2–3 mice for all others. For c-Fos expression analysis upon treadmill training, 

mice were trained for 10 min per day over 5 days at progressively higher speed 
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accelerating from 10–20cms21. On day 6, mice performed the treadmill for 1 h 

at 18cms21. For c-Fos analysis in mice performing the accelerating rotarod, 

training was performed for 5 days as described below and on day 6, they were 

trained for 1 h with rest intervals (2 min) between trials. For all c-Fos experiments, 

mice were killed for analysis 1 h after the end of the last training session and for 

quantification, approximately 1,000 MdV neurons per mouse were analysed 

across the entire MdV region. High-resolution three dimensional images were 

acquired with an Olympus confocal microscope (FV1000) or a custom-made dual 

spinning-disk microscope (Life Imaging Services) as described before(Tripodi et 

al., 2011). 

 

3.6.5. Behavioural experiments 

Accelerating rotarod. Mice were trained daily for 6 days to walk on an 

accelerating rotarod (Ugo Basile) (5–50 r.p.m. acceleration in 5 min). Rods were 

covered by tape to reduce grip. Training consisted of 4 trials per day in 5-min 

intervals. The end of a trial was reached when the mouse fell off the rod. For 

analysis, we calculated the average latency to fall from the 4 trials performed per 

day for each mouse tested. 

Single-pellet reaching task. The single-pellet reaching task was carried out 

following previously established procedures with slight modifications(T. Xu et al., 

2009), with mice blinded to manipulation for analysis. Briefly, mice were food-

restricted to maintain 90% of their body weight. The training chamber (modified 

from (T. Xu et al., 2009)) was built from clear Plexiglas (1mm thickness; 

dimensions 20X8.5X15 cm). One vertical slit (0.5-cm wide; 13-cm high) was 

located on the front wall of the box. Single reachable chocolate pellets (dustless 

precision pellets, 20 mg, Bioserv) were located outside the slit, on a platform of 

1.5 cm height. After one day of habituation to the box without presentation of 

pellets outside the slit, the assay consisted of 2 phases: shaping and training. 

During the shaping phase (day 1), mice are allowed to reach for multiple pellets 

presented to them outside the box to determine the preferred limb. During the 

training phase (day 2–8), individual pellets are placed in front of the slit and mice 

are video-recorded at 100 Hz while reaching for a maximum of 50 pellets within 

20 min. We classified the reaching accuracy with slow motion video surveillance 

according to 4 categories: miss (no contact with the pellet during reach), no grasp 
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(paw contact with pellet but no correct grasping), drop (the pellet is retrieved but 

falls before taking it into the mouth), success (the mouse retrieves the pellet 

directly to its mouth). Success rate was calculated as the percentage of 

successful reaches over total reaching attempts. Animals consistently using the 

tongue instead of the forelimb to retrieve the food pellet were excluded from 

further analysis. To measure the reaching movement trajectory, we selected 

successful reaches and converted corresponding time windows of the avi video 

file into image stacks. We traced the most distal tip of the paw frame by frame 

from themoment the paw is lifted fromthe ground until it touches the pellet, as 

well as the pellet position. We aligned all traces to the constant pellet position 

and averaged the data from 6 independent trajectories. To calculate trajectory 

variability, we measured the Hausdorff distance to the average trace. 

Ladder locomotion. Animals were food deprived to 90% of their body weight 

and trained daily for four days to walk on a ladder (1-m long, 2 cm rung 

interspace) to get a pellet reward placed at its end. Each training session 

consisted of 10 runs per day. Quantification of hit, slip or miss paw placement for 

forelimb or hindlimb was determined from slow motion videos acquired at 100 Hz 

during the last day of the training period (approximately 50 steps per mouse 

analysed). 

Open field task. To assess basic locomotor activity, we measured the total path 

length and locomotion speed during 10-min exploration of a square arena (50X50 

cm). The arena was placed inside a noise-isolated chamber and video tracking 

was performed under dim light to reduce anxiety levels. Acquired data was 

analysed using Viewer2 software (Biobserve) every 30 s. 

Locomotor activity on a running wheel. Spontaneous locomotor activity during 

The night was measured using an automatic-counting running wheel (23-cm 

diameter) placed in the mouse home cage. Total number of wheel turns per night 

was monitored 

Grip strength analysis. Forelimb grip strength of mice was measured using a 

grip strength meter purchased from TSE Systems. Specifically, we used the 

grasping grip 2-Paw-Measurement module for mice according to manufacturer’s 

instructions. Each mouse was tested on 4–5 consecutive trials and average force 

was calculated and expressed as g (1g=9.8X10-3 N). 
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3.6.6. Statistics.  

All data are presented as means.e.m. Behavioural assays were replicated three 

times with mice derived from at least three independent litters. For the box plot 

in Fig. 2c, the horizontal line inside the box indicates the median, box limits are 

set at the 25–75 percentile of the distribution, whiskers are drawn down to the 

10th percentile and up to the 90th, values outside this range are plotted as single 

points (GraphPad Prism 6.0a definition for box plots). All other statistical analysis 

was also performed in Graphpad Prism 6.0a, using unpaired Student’s t-tests 

(Fig. 3.13a–c, Fig. 3.14d and e right panel, Fig. 3.15d right panel), paired 

Student’s t-tests (Fig. 3.14g right panel), one-way ANOVA (Fig. 3.7c, Fig. 

3.10c,Fig. 3.12b), two-way ANOVA (Fig. 3.1e, Fig. 3.7g, Fig. 3.14e, g, Fig. 3.16c, 

d, Fig. 3.4e–g, Fig. 3.8g, h, Fig. 3.15d), or two-way ANOVA for repeated 

measurements (Fig. 3.13e and Fig. 3.14b, f); followed by post hoc comparisons. 

Normality was tested using D’Agostino and Pearson omnibus test and 

differences in variance were studied with F test or Bartlett’s test. Significance 

levels are indicated as follows: *P,0.05, **P,0.01, ***P,0.001. 
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4. Locomotor speed control circuits in the 

caudal brainstem 
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4.1 Abstract 

Locomotion is a universal behaviour that provides animals with the ability to move 

between places. Classical experiments have used electrical microstimulation to 

identify brain regions that promote locomotion(L. M. Jordan et al., 2008; S. Mori 

et al., 2001; Noga et al., 2003; Shik & Orlovsky, 1976; Skinner & Garcia-Rill, 

1984), but the identity of neurons that act as key intermediaries between higher 

motor planning centres and executive circuits in the spinal cord has remained 

controversial(Drew & Rossignol, 1990b; Garcia-Rill & Skinner, 1987; Hajnik et 

al., 2000; Kinjo et al., 1990; S. Mori, 1987b; Noga et al., 1988; Orlovsky, 

Deliagina, & Grillner, 1999a; Ross & Sinnamon, 1984; Takakusaki et al., 2015). 

Here we show that the mouse caudal brainstem encompasses functionally 

heterogeneous neuronal subpopulations that have differential effects on 

locomotion. These subpopulations are distinguishable by location, 

neurotransmitter identity and connectivity. Notably, glutamatergic neurons within 

the lateral paragigantocellular nucleus (LPGi), a small subregion in the caudal 

brainstem, are essential to support high-speed locomotion, and can positively 

tune locomotor speed through inputs from glutamatergic neurons of the upstream 

midbrain locomotor region. By contrast, glycinergic inhibitory neurons can induce 

different forms of behavioural arrest mapping onto distinct caudal brainstem 

regions. Anatomically, descending pathways of glutamatergic and glycinergic 

LPGi subpopulations communicate with distinct effector circuits in the spinal 

cord. Our results reveal that behaviourally opposing locomotor functions in the 

caudal brainstem were historically masked by the unexposed diversity of 

intermingled neuronal subpopulations. We demonstrate how specific brainstem 

neuron populations represent essential substrates to implement key parameters 

in the execution of motor programs. 
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4.2 Results 

To visualize neurons in the brainstem with direct access to circuits in the spinal 

cord, we retrogradely infected neurons with G-deleted rabies viruses expressing 

fluorescent proteins (rabies-FP) (Wickersham et al., 2007b) (Fig. 4.1a). Three-

dimensional reconstructions in a brainstem model revealed bilaterally positioned 

neurons in the caudal medulla (Fig. 4.1b, c; Fig. 4.2), residing in neighbouring 

subdomains (Franklin & Paxinos, 2007), in agreement with previous conventional 

tracing experiments in mice(Liang, Paxinos, & Watson, 2011). Regions include 

the LPGi, the alpha part of the gigantocellular nucleus (GiA), and the ventral part 

of the gigantocellular nucleus (GiV), a trio encompassing the previously 

characterized magnocellular nucleus (Mc) (Esposito, Capelli, & Arber, 2014), the 

more dorsally positioned gigantocellular nucleus (Gi), and the midline-resident 

raphe nucleus (Fig. 4.1b, c; Fig. 4.2). We focused our analysis on the Mc and Gi 

regions given their possible roles in mediating midbrain locomotor region (MLR)-

induced locomotion (Noga et al., 2003). 
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Figure 4.1 Activation of medullary neurons does not elicit locomotion.  
a, Retrograde labelling of spinally projecting neurons (PNs) in the brainstem medulla. b, 
c, Three-dimensional reconstruction of neurons projecting to the cervical spinal cord 
(bird’s eye and frontal view; c) and quantification (b) in raphe nucleus (blue), Gi (green) 
and Mc, subdivided into LPGi (magenta), GiA (cyan) and GiV (yellow). 7N, facial 
nucleus; 12N, hypoglossal nucleus; contra, contralateral; ipsi, ipsilateral; IO, inferior 
olive; pyr, pyramidal tract. 1 and 2 denote the rostral and caudal portion, respectively, of 
the 3D reconstruction shown in frontal view (right panels). d, e, Unconditional expression 
of ReaChR in the MLR or caudal brainstem neurons, and locomotor speed analysis in 
open field arena of stationary phase (before), upon triggering the laser (laser ON) and 
after laser offset (after), each during 1-s windows. Single-trial analysis for LPGi (d, top 
right; NS, not significant, one-way ANOVA/Bonferroni) and MLR (d, bottom right; *P < 
0.05, ***P < 0.001, Friedman non-parametric test/Dunn) and speed analysis for LPGi, 
GiA, GiV, Gi and MLR (one circle per mouse; see Methods for laser intensity definitions; 
*P < 0.05, ***P < 0.001, one-way ANOVA/Bonferroni) (e). Data are means.e.m. 
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Figure 4.2 Subdivision of lumbar projection neurons in caudal medulla.  
Views of three-dimensional reconstruction of rabies-FP-marked cell body positions of 
neurons projecting to the lumbar spinal cord, depicted with a colour code for different 
regions as described in Fig. 4.1b, c. 
 
 
To determine whether the stimulation of Mc subdomains or of Gi in mice can 

induce reliable full body locomotion, we injected adenoassociated viruses (AAVs) 

expressing the optogenetic activator ReaChR into a subset of mice (Fig. 4.1d). 

Unconditional light-induced activation of LPGi, GiA, GiV or Gi neurons failed to 

promote locomotion, but Gi stimulation induced ipsilateral head-turning (Fig. 

4.1e; Fig. 4.3a–d). MLR neuron stimulation produced reliable locomotion (Fig. 
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4.1d, e; Fig. 4.3e). Together, these findings demonstrate that the unconditional 

Mc subdomain or Gi stimulation in mice fails to trigger full-body locomotion, as 

do medullary electrical microstimulation experiments(Drew & Rossignol, 1990a). 

To determine whether locomotor properties may be masked by neuronal 

diversity, we used neurotransmitter identity to stratify neurons. We injected AAV-

flex-fluorescent protein (FP) into vGlut2creGlyT2GFP mice (vGlut2 is also known 

as Slc17a6; GlyT2 is also known as Slc6a5) to reveal neuronal diversity and 

intraspinal injections of rabies-FP to mark spinal projection neurons (Fig. 4.4a). 

 

 
 
Figure 4.3 Injection site location for unconditional optogenetic stimulation of 
brainstem neurons. 
a–e, Analysis of injection and corresponding optic fibre positions targeting LPGi (a), GiA 
(b), GiV (c), Gi (d) and MLR (e) in wild-type mice is shown on brain atlas sections aligning 
with sites identified in corresponding experiments. Crosses depict centre of injections 
and rectangles show optic fibre tip positions, with each colour representing a different 
mouse included in the analysis shown in Fig. 4.1e. Bottom row shows representative 
pictures of YFP fluorescence after injections of AAV-flex-ReaChR-YFP. The mouse 
brain atlas images in this figure have been reproduced with permission from Elsevier. 
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All subdomains showed intermingling of excitatory vGlut2-positive (vGlut2ON) and 

inhibitory GlyT2ON neurons containing spinal projection neurons (Fig. 4.4b), 

prompting us to assess separately the consequences of optogenetic activation 

of these diverse caudal medulla neurons. 

 
 
Figure 4.4 Optogenetic activation of specific caudal brainstem neurons controls 
speed differentially.  
a, b, Neurotransmitter identity of spinal projection neurons in the LPGi, GiA and GiV 
(original magnification of images 20Å~ objective). c–f, Locomotor speed and EMG 
analysis of mice expressing ReaChR in LPGi-vGlut2 neurons. c, Centre of body mass 
trajectories of single trials in open field arena during 1-s time windows: stationary phase 
(orange), laser application phase (cyan) and after laser offset (magenta). d, Speed 
versus time of single trials (grey lines) and the average (dotted black line) of one mouse. 
e, Triceps EMG analysis during laser-induced locomotion (right: latency analysis; mean 
and s.e.m. range are shown). f, Top, average speed analysis during and before laser 
application (*P < 0.05, **P < 0.01, ***P < 0.001, unpaired t-test). Middle, maximal speed 
analysis (*P < 0.05, Kruskal–Wallis/Dunn). Bottom, onset latency analysis (*P < 0.05, 
**P < 0.01, one-way ANOVA/Bonferroni). g, Average speed (left; **P < 0.01, ***P < 
0.001, unpaired t-test) and latency to stop (right; *P < 0.05, unpaired t-test) after 
stimulation of LPGi-vGAT neurons during locomotion. h–j, Optogenetic stimulation of 
vGlut2 or inhibitory neurons in GiA (h), GiV (i) or Gi (j) as indicated (top left: single-trial 
locomotor trajectories for vGlut2; bar plots show average speed in open field 1 s before 
(orange dots) versus during (blue dots) laser application; **P < 0.01, ***P < 0.001, 
unpaired t-test). Data are means.e.m. 
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Figure 4.5 Injection site location for optogenetic stimulation of glutamatergic Mc 
and Gi neurons.  
a–d, Analysis of injection and corresponding optic fibre positions targeting LPGi (a), GiA 
(b), GiV (c) and Gi (d) in vGlut2cre mice is shown on brain atlas sections aligning with 
sites identified in corresponding experiments. Crosses depict centre of injections and 
rectangles show optic fibre tip positions, with each colour representing a different mouse 
included in the analysis shown in Fig. 4.4 and Fig. 4.7. Top row shows representative 
pictures of YFP fluorescence after injections of AAV-flex- ReaChR-YFP, and 
neighbouring motor nuclei (red). The mouse brain atlas images in this figure have been 
reproduced with permission from Elsevier. 
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Figure 4.6 Injection site location for optogenetic stimulation of inhibitory Mc and 
Gi neurons.  
a–d, Analysis of injection and corresponding optic fibre positions targeting LPGi (a), GiA 
(b), GiV (c) and Gi (d) in mice expressing Cre recombinase from loci of inhibitory 
neurotransmitters is shown on brain atlas sections aligning with sites identified in 
corresponding experiments. Crosses, circles and stars depict centre of injections in 
different genotypes and rectangles show optic fibre tip positions (legend bottom left), 
with each colour representing a different mouse included in the analysis shown in Fig. 
4.4 and Fig. 4.8. The mouse brain atlas images in this figure have been reproduced with 
permission from Elsevier. 
 
 
 

 

 

We injected AAV-flex-ReaChR-YFP unilaterally, confined to specific Mc 

subdomains or Gi in vGlut2Cre, vGATCre or GlyT2Cre mice (Figs 4.5, 4.6). Light 

pulses applied through optic fibres induced expression of Fos in ReaChRON 

neurons, providing evidence for neuronal activation (Fig. 4.7a).  
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Figure 4.7 See next page for caption 
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Figure 4.7 Stimulation of glutamatergic LPGi neurons elicits locomotion.  
a, Top, stereotaxic injection of AAV-flex-ReaChR into LPGi, GiA, GiV or Gi of vGlut2cre 
mice. Bottom, blue laser stimulation of infected neurons induces Fos expression as 
proxy for neuronal activation in LPGi or GiA neurons. b, Centre of body mass trajectories 
of single trials in open field arena during two 1-s time windows: stationary phase (before, 
orange) and laser application phase (laser ON, cyan) centred to the starting position 
(top; 0.1 and 2 mW laser power). c, d, Average speed of single trials with 2 mW laser 
intensity (c), maximal speed during laser ON (d; left) and latency to initiate locomotion 
after laser onset (d; right) at different laser intensities for one representative example 
mouse. *P < 0.05, ***P < 0.001, one-way ANOVA/Bonferroni. e, Example of 
instantaneous speed of single mice (grey lines) and average of 4 mice (magenta) during 
1-s optogenetic stimulation of LPGi-vGlut2 neurons (blue box), as well as 1 s before and 
after laser stimulation. f, A group of mice was injected 
with AAV-flex-GFP in LPGi as a control experiment (analysis as shown in Fig. 2h–j). g, 
Histogram of duration (left) and latency to stop (right; 0 s denotes laser offset) of 
individual locomotor bouts pooled from 3 mice induced by optogenetic stimulation of 
LPGi-vGlut2 neurons. h, Triceps EMG analysis during natural running wheel locomotion 
of LPGi-vGlut2 mice (compare to Fig. 2e). i–k, Direction of natural (NL) or laser-induced 
locomotion analysis in the open field arena (see Methods for analysis details). i, 
Experimental scheme to describe applied analysis (i, left) and frequency plot of angles 
(shown angle range covers 99% of all analysed trials) for a representative animal (i, 
middle) and over 3 animals (i, right). j, Percentage of angles in the range between −6 
and +6°. k, Ratio of shortest to real distance travelled calculated as indicated in i. l, m, 
Kinematic analysis of natural and laser-induced locomotion of vGlut2cre mouse injected 
with AAV-flex-ReaChR-YFP in LPGi at a 40–50 cm s−1 speed, including principle 
component analysis (l; grey denotes swing phase; black denotes stance phase; n.s., not 
significant, non parametric t-test) and hindlimb (HL) and forelimb (FL) oscillations (m; 
grey box denotes swing phase of left (L) hindlimb). n–p, Analysis of running wheel (RW) 
locomotion in vGlut2cre mice with ReaChR expression targeted to LPGi neurons. n, o, 
In stationary mice, the application of laser light triggers locomotion during 1-s (n) or 5-s 
(o) laser stimulation (single trials are in grey, the average of analysed trials is in 
magenta). AU, arbitrary units. Plots at the bottom show the increasing running wheel 
speed for higher laser intensities of a single animal (left; **P < 0.01, ***P < 0.001, paired 
t-test) or group data (right; ***P < 0.001, two-way ANOVA/ Bonferroni) upon 1-s 
stimulation (n), and maintained locomotion throughout 5 s of stimulation (o). p, For a 
LPGi-vGlut2-ReaChR mouse already running on the wheel, the application of a 5-mW 
laser can further increase speed. ***P < 0.001, paired t-test. q, Single trial average speed 
profiles to determine the effects of laser stimulation of vGlut2ON GiA (top), GiV (middle) 
or Gi (bottom) neurons on locomotor speed (1 s before, during and after laser). *P < 
0.05, one-way ANOVA/Bonferroni). Data are means.e.m. 
 

 

Focusing first on excitatory neurons, we found that optogenetic stimulation of 

glutamatergic LPGi but not of GiA, GiV or Gi neurons caused initiation of forward-

directed coordinated full-body locomotion in an open field arena (Fig. 4.4c, d, h–

j; Fig. 4.7); Gi-vGlut2 neuron stimulation induced ipsilateral head-turning. 

Notably, during induced locomotor episodes, mice were able to adjust trajectories 

and respect boundaries such as walls in the open field arena similar to natural 

locomotion (Fig. 4.7i–k). Electromyographic (EMG) recordings in limb muscles of 
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LPGi-vGlut2-ReaChR mice revealed short-latency onset signals (Fig. 4.4e; 20.1 

2.3 ms (mean  s.e.m.); n = 3 mice), at latencies comparable to medullary 

electrical stimulation (Drew, 1991; Drew & Rossignol, 1990b), and EMGs as well 

as kinematics showed patterns similar to natural locomotion (Fig. 4.4e; Fig. 4.7h, 

l, m). Moreover, increased laser intensities to LPGi-vGlut2-ReaChR neurons 

induced progressively higher speed locomotion initiated at shorter latencies (Fig. 

4.4f; Fig. 4.7d). 

To determine whether LPGi-vGlut2 neuron activation can lead to sustained 

locomotion and increase of natural locomotor speed, we used running wheels, 

on which continuous unobstructed locomotion can be easily observed (Fig. 4.7n, 

o). We found that mice maintained running throughout the duration of laser 

application with characteristic oscillatory locomotor bouts (Fig. 4.7o). Laser 

application also induced further acceleration when mice were already engaged 

in natural wheel locomotion (Fig. 4.7p). Together, these findings provide 

evidence that optogenetic activation of LPGi-vGlut2 neurons is sufficient to 

trigger continuous locomotion. By contrast, optogenetic activation of LPGi-vGAT 

or LPGi-GlyT2 neurons, but not of LPGi-Gad65 neurons, induced locomotor halt 

in mice engaged in open field exploration or wheel running, showing speed and 

latency changes that scaled with laser intensity (Fig. 4.4g; Fig. 4.8). Despite 

behavioural arrest, mice kept body muscle tone. Optogenetic activation of 

GlyT2ON neurons in GiA, GiV or Gi also resulted in efficient locomotor arrest (Fig. 

4.4h–j; Fig. 4.8h). However, whereas GiA-GlyT2 neuron activation induced 

behavioural stalling similar to LPGi-GlyT2 stimulation, GiV-GlyT2 neuron 

stimulation provoked body collapse akin to behaviour observed during atonia, 

and Gi-vGAT neuron stimulation produced arrest associated with body collapse 

and spasms. These findings, together with published work (Bouvier, Caggiano, 

Leiras, Caldeira, Bellardita, Balueva, Fuchs, & Kiehn, 2015a), suggest that 

neurons with locomotion-suppressing roles are more distributed and functionally 

diverse than locomotion promoting neurons in the caudal brainstem, prompting 

us to focus on the more distinctive and locomotion-promoting LPGi-vGlut2 

population for additional functional studies. 
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Figure 4.8 Stimulation of inhibitory Mc and Gi neurons.  
a, b, Locomotor speed analysis of mice expressing ReaChR in LPGi-vGAT (a) or LPGi-
GlyT2 (b) neurons in the open field arena. Left, trajectories of centre of body mass 
tracking for individual trials at 5 mW laser intensity 1 s before (orange), 1 s during (cyan), 
and 1 s after (magenta) laser application are shown aligned to a central point. Right, 
representative single trial speed analysis 1 s before and during laser application. ***P < 
0.001, paired t-test. c, Top, example of single trials (grey lines) and average (dotted 
black line) of one mouse. Bottom, group data depicting averages of single mice (grey 
lines) and of 3 mice (magenta) during 1-s optogenetic stimulation of LPGi-GlyT2 neurons 
(blue box), as well as 1 s before and after laser stimulation. d, Average speed before 
(orange) and during (cyan) 1-s laser application at different laser intensities upon 
stimulation of LPGi-GlyT2 neurons for different mice analysed. *P < 0.05, **P < 0.01, 
unpaired t-test comparing data before and during laser application at each intensity. e, 
Locomotor speed analysis of mice expressing ReaChR in LPGi-Gad65 neurons in the 
open field arena. Left, trajectories of centre of body mass tracking for individual trials at 
20 mW laser intensity 1 s before (orange) and 1 s during (cyan) laser application are 
shown aligned to a central point. Right, speed analysis 1 s before and during laser 
application. Not significant, one-way ANOVA/ Bonferroni. f, g, Analysis of running wheel 
locomotion experiment in GlyT2cre (f) or Gad65cre (g) mice with ReaChR expression 
targeted to LPGi neurons. *P < 0.05, **P < 0.01, two-way ANOVA/Bonferroni. The 
application of laser light to GlyT2cre but not to Gad65cre mice running on the wheel 
triggers speed decrease, and higher laser intensities have a stronger impact. h, 
Representative single trial and group data speed analysis in the open field arena for 
optogenetic activation of GiA-GlyT2 (left), GiV-GlyT2 (middle) and Gi-vGAT (right) 
neurons 1 s before and during laser application. **P < 0.01, ***P < 0.001, unpaired t-
test. Data are mean  s.e.m. 
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We next scored immediate early gene Fos expression as a proxy for monitoring 

neuronal activity in mice engaged in locomotion. We found that the percentage 

of NeuNON neurons expressing Fos protein was significantly increased in all Mc 

subregions and Gi after locomotion compared to mice kept in their home cages 

(Fig. 4.9a–c). Because Fos immunoreactivity can correlate with neuronal firing 

(Schoenenberger, Gerosa, & Oertner, 2009), we quantified Fos expression levels 

and found a Fos high-intensity population specifically within the ventral LPGi 

subdomain upon locomotion (Fig. 4.9d, e), suggesting that these LPGi neurons 

might be the most recruited during locomotion. 

 
 
Figure 4.9  Fos expression levels in Mc subdomains and Gi after treadmill 
locomotion. 
 a, Schematic depiction of experimental strategy. Cage control mice are compared to 
mice running on a treadmill for 30 min, after which they are left undisturbed in the home 
cage before termination of the experiment and analysis of Fos expression. b, 
Representative example for Fos expression in cage control (left) compared to run (right) 
mice shown at similar rostro-caudal brainstem level at which optogenetic stimulation of 
LPGi-vGlut2 neurons elicits locomotion. c, Quantification of Fos-expressing neurons 
normalized to NeuN-expressing neurons on the same sections demonstrates a higher 
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percentage of neurons in Mc subregions and Gi upon running. **P < 0.01, ***P < 0.001, 
unpaired t-test. d, e, Quantification of Fos intensity of analysed neurons, showing 
example neurons with corresponding pixel average values (d; left), and the percentage 
of Fos neurons with intensity values greater than 2,000, normalized to NeuNON neuronal 
number (d, right; n as in c; ***P < 0.001, two-way ANOVA/Bonferroni), and frequency 
distribution of Fos expression for different caudal brainstem regions analysed (e). dLPGi, 
dorsal LPGi; vLPGi, ventral LPGi. The cutoff used for the bar plot in d is shown in 
magenta (see Methods). Data are means.e.m. 
 
 
 

 

 

 

To study the endogenous role of locomotion-promoting LPGi-vGlut2 neurons, we 

injected an AAV that conditionally expresses the human diphtheria toxin receptor 

(DTR)(Esposito et al., 2014) into the LPGi of vGlut2Cre mice to ablate them (Fig. 

4.10a, b; Fig. 4.11). We coinjected AAV-flex-ReaChR in a subset of mice to 

assess the correct targeting for the LPGi locomotor region functionally, using 

optogenetic stimulation before neuronal ablation (Fig. 4.10a, c). Intraperitoneal 

injection of diphtheria toxin A (DTA) resulted in eradication of these responses 7 

days thereafter (Fig. 4.10c). We confirmed efficient anatomical ablation of LPGi-

vGlut2 neurons and injection confinement to the targeted area (Fig. 4.11). 
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Figure 4.10 Glutamatergic LPGi but not GiA neurons needed for high speed 
locomotion.  
a–c, Conditional ablation of LPGi-vGlut2 neurons. a, Experimental strategy applied. b, 
Injection site analysis. Amb, nucleus ambiguus. c, Test of ablation by optogenetic 
stimulation. ***P < 0.001, paired t-test. d, Treadmill position for mouse at 60 cm s−1 
speed before (pre-DTA) and after (post-DTA) LPGi-vGlut2 neuron ablation (dotted line 
at position 50 denotes the back-end treadmill position cut-off to determine time, during 
which mice do not keep up with speed). e–g, Analysis of the percentage of time mice 
cannot keep up with reinforced speed at 20, 40, 60 and 80 cm s−1 for all mice derived 
from the LPGi-vGlut2 experimental group (e), the LPGi-vGlut2 control group (f), and a 
GiA-vGlut2 experimental group (g). *P < 0.05, ***P < 0.001, two-way ANOVA/ Sidak’s 
post-test (post-DTA versus pre-DTA mice for each group). Data are means.e.m. 
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Figure 4.11 Injection site location for loss-of-function experiments.  
a–c, Analysis of injection positions targeting LPGi (a, b) or GiA (c) for loss-of-function 
experiments. b, For quantification of ablation efficiency, we used the injection of an AAV-
flex marker (known to target most vGlut2-expressing neurons at the injection site) in 
mice without (left) compared to with (middle) coinjection of AAV-flex-DTR two weeks 
after DTA application. Note that 96.9% of targeted neurons are ablated with this strategy 
compared to corresponding reference control injections (right). Crosses in panels a and 
c depict centre of injections on brain atlas sections aligning with sites identified in 
corresponding experiments, with each colour representing a different mouse included in 
the analysis shown in Fig. 4.10. Data are means.e.m. The mouse brain atlas images in 
this figure (a, c) have been reproduced with permission from Elsevier. 
 

To determine how LPGi neuron subpopulations can elicit opposing locomotor 

effects, we next unravelled the broader circuitry into which these neurons are 

embedded. We observed axons of LPGi-vGlut2 and LPGi-GlyT2 neurons 

descending along the length of the spinal cord in predominantly ipsilateral 

trajectories (Fig. 4.12a–c; Fig. 4.13a, b). Quantification of synaptic input to spinal 

grey matter circuits revealed an almost equal distribution to both spinal sides 

(Fig. 4.12b, c; Fig. 4.13a, b). Both subpopulations targeted ventral spinal laminae 

in which rhythm- and pattern-generating interneurons reside (Goulding, 2009; 

Grillner, 2006; Kiehn, 2016), but LPGi-vGlut2 synapses were concentrated 

mainly in the ventral central grey matter mostly avoiding motor neuron cell 

bodies, whereas LPGi-GlyT2 neurons contacted motor neurons directly (Fig. 

4.12b–d; Fig. 4.13a, b). 
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Figure 4.12  Input and output circuitry of LPGi subpopulations. 
a, Experimental strategy to map spinal output of LPGi neurons. INs, interneurons; MNs, 
motor neurons; NT, neurotransmitter. b, c, Mid-lumbar spinal cord sections depicting 
synaptic tag (SynTag) and ChAT labelling from LPGi-vGlut2 (b) or LPGi-GlyT2 (c) 
neurons (top), synaptic density and white matter axon tract position analysis (middle) 
and quantification (bottom). Percentages for ipsilateral spinal cords shown in pie charts 
are as follows: LPGi-vGlut2 (SynTag: 65.06 Å} 0.40; white matter axons: 74.86 Å} 10.75) 
and LPGi-GlyT2 (SynTag: 51.73 Å} 2.32; white matter axons: 81.13 Å} 8.68). d, 
Reconstruction (top) and quantification (bottom) of LPGi-vGlut2 and LPGi-GlyT2 
synaptic input to motor neurons innervating hindlimb quadriceps (Q) or forelimb triceps 
(Tri) muscles. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t-test. e, Summary diagram 
displaying spinal cord output connectivity of LPGi-vGlut2 and LPGi-GlyT2 neurons. f–h, 
Mapping synaptic inputs from MLR-vGlut2 neurons to spinally projecting (SPN) Mc 
neurons. f, Experimental scheme. g, Reconstruction of synaptic input to LPGi neurons 
with neurotransmitter status. h, Left, synaptic input quantification. Right, positional map 
according to synaptic input density in the left panel, displayed by heat map (subdivision 
into dorsal and ventral LPGi is marked by line; x axis: distance from midline in mm, y 
axis: distance from ventral brainstem surface in mm). **P < 0.01, ***P < 0.001, one-way 
ANOVA/Bonferroni. i–k, LPGi-vGlut2 neuron ablation attenuates the effect of MLR 
locomotor signal. i, Experimental scheme. j, Speed evoked by MLR-vGlut2 neuron 
stimulation before and after LPGi-vGlut2 neuron ablation (group data, line denotes the 
mean, shaded area denotes the s.e.m.). k, Mean speed (left), maximal speed (middle) 
and reliability analysis (right) of locomotor response. **P < 0.01, ***P < 0.001, two-way 
ANOVA/Sidak. Data are means.e.m. 
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LPGi injections into Gad65cre (also known as Gad2) mice failed to label spinally-

projecting axons (data not shown), consistent with a lack of eliciting locomotor 

behaviour upon optogenetic activation, in agreement with recent work(Weber et 

al., 2015). We next mapped synaptic input structures to spinally projecting 

excitatory and glycinergic LPGi neurons (Fig. 4.13c). Both LPGi subpopulations 

receive synaptic inputs from many upstream regions, most of which were 

previously implicated in motor control including superior colliculus, 

hypothalamus, periaqueductal grey, deep cerebellar nuclei, red nucleus, zona 

incerta and motor cortex (data not shown).  

 

 

Figure 4.13 Input and output circuitry of LPGi subpopulations.  
a, b, Representative spinal cord sections depicting SynTag and ChAT labelling from 
LPGi-vGlut2 (a) or LPGi-GlyT2 (b) neurons for motor neurons (top), synaptic density 
analysis and white matter axon tract position (middle), and quantification of ipsilateral 
and contralateral synapse and axon fractions (bottom) at caudal cervical spinal cord 
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levels. Percentages for ipsilateral spinal cords shown in the pie charts are as follows: 
LPGi-vGlut2 (SynTag: 59.97  0.64; white matter axons: 74.800.96), and LPGi-GlyT2 
(SynTag: 54.151.55; white matter axons: 79.211.69). c, Schematic diagram of 
experimental strategy to map synaptic input to spinally projecting LPGi-vGlut2 and LPGi-
GlyT2 neurons in vGlut2cre and GlyT2cre mice. NT, neurotransmitter. In a first injection, 
LPGi neurons are infected retrogradely from the spinal cord by a retro-AAV-flex-FLP, 
and locally by coinjection of AAV-ConFon-TVA and AAV-flex-G. In a second injection, 
LPGi is injected locally with EnvArabies-FP. d, e, Distribution of neurons within the MLR 
connected to LPGi-vGlut2 neurons. d, Images show example pictures of CnF neurons 
(not co-expressing ChAT) and PPN neurons, a minority of which is cholinergic (pie chart 
in e; percentage: 21.87.2). e, Representative distribution of visualized neurons in CnF 
and PPN neurons overlaid on atlas section. f, Quantification demonstrating connectivity 
bias of MLR neurons to LPGi-vGlut2 compared with LPGi-GlyT2 neurons. *P < 0.05, 
unpaired t-test. Data are means.e.m. The mouse brain atlas image in this figure has 
been reproduced with permission from Elsevier. 
 

Because MLR-vGlut2 neurons were described as being sufficient to evoke 

locomotion (A. M. Lee et al., 2014; Roseberry et al., 2016), we focused our 

attention on synaptic interactions between MLR and LPGi-vGlut2 neurons. Using 

retrograde transsynaptic technologies, we found that LPGi-vGlut2 neurons 

receive input from both pedunculopontine nucleus (PPN) and cuneiform (CnF) 

region neurons (Fig. 4.13c–e), with more neurons located in the CnF region. Most 

LPGi-connected PPN neurons were non-cholinergic (Fig. 4.13e). Overall, MLR 

input appeared biased to LPGi-vGlut2 neurons (Fig. 4.13f), but as rabies-tracing 

experiments are not of sufficient resolution to determine synapse-level biases 

precisely, we quantified synaptic input density derived from the general 

population of MLR-vGlut2 neurons onto spinally projecting Mc neurons. We 

found preferential contacts to putatively glutamatergic Mc-GlyT2OFF neurons (Fig. 

4.12f–h; Fig. 4.14a–c). Notably, MLR inputs were highest to neurons residing 

within the ventral LPGi subdomain (Fig. 4.12h), consistent with our Fos 

expression intensity analysis. These findings prompted us to assess whether 

MLR-vGlut2 neuron stimulation influences locomotor speed through LPGi-vGlut2 

neurons. We found that optogenetic stimulation of MLR-vGlut2 axon terminals in 

the Mc induces reliable locomotor speed increase in stationary mice (Fig. 4.14d, 

f–h), indicating that stimulation of MLR-vGlut2 neurons projecting to the Mc is 

sufficient to carry locomotor signals. Finally, we devised an experiment ablating  
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Figure 4.14 Glutamatergic LPGi neurons mediate MLR motor commands.  
a, b, Representative injection site (a) and projection pattern (b) of MLR-vGlut2 neurons 
labelled with SynTag. c, Single plane image of a spinally projecting vLPGi-vGlut2 
dendrite with opposing MLRvGlut2 synapses. d, e, Analysis of injection and 
corresponding optic fibre positions performed to optogenetically stimulate MLR-vGlut2 
neurons (d, left) or their synaptic terminals in the Mc (d, right), and to determine the effect 
of LPGi-vGlut2 neuron ablation in response to MLR-vGlut2 light-induced locomotion (e), 
shown on brain atlas sections aligning with sites identified in corresponding experiments. 
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Crosses depict centre of injections and rectangles show optic fibre tip positions, with 
each colour representing a different mouse included in the analysis shown in Fig. 4 and 
in g–j. f, Experimental scheme to stimulate MLR-vGlut2 neurons or their synaptic 
terminals optogenetically in the Mc using two optic fibres. g, Single trial speed analysis 
of stationary mouse for 1 s before laser onset (orange) compared to 1 s during laser 
application (cyan) for stimulations in the MLR (left) and terminals over the Mc (right). 
***P < 0.001, paired t-test. h, Correlation between laser power and evoked speed upon 
stimulation of MLR-vGlut2 cell bodies (magenta) or axon terminals (cyan) over the Mc 
(different symbols indicate different mice). Note that cell body stimulation elicits stronger 
locomotor responses, but in both cases, higher laser intensities elicit higher speed 
locomotion (least square linear regression through origin followed by extra sum-of-
squares F-test comparison; MLR slope: 42.419.60, Mc slope: 3.700.66, P < 0.0001). 
i, Speed versus time traces for single trials (grey lines) and average (dotted black line) 
of one representative mouse. j, Histogram of latency to start (left), duration of individual 
locomotor bouts (middle), and latency to stop (right) induced by MLR-vGlut2 neuron 
stimulation at the minimum laser intensity needed to evoke maximum reliability. Data are 
means.e.m.. The mouse brain atlas images in this figure have been reproduced with 
permission from Elsevier. 
 

 

 

LPGi-vGlut2 neurons together with optogenetic stimulation of MLR-vGlut2 

neurons (Fig. 4.12i; Fig. 4.14e, i, j). We found that MLRvGlut2 neuron stimulation 

generated significantly reduced locomotor speed after LPGi-vGlut2 neuron 

ablation (Fig. 4.12j, k), demonstrating that locomotion-promoting MLR signals 

pass through LPGi-vGlut2 neurons. 

 

 

 

4.3 Discussion 
Many brain regions encode locomotor parameters including speed (Fuhrmann et 

al., 2015; Kropff, Carmichael, Moser, & Moser, 2015), yet the identification of 

neuronal populations linking higher brain centres to the execution of locomotor 

programs has been sparse. As hypothesized (Orlovsky, Deliagina, & Grillner, 

1999a), disentangling neuronal diversity in the caudal brainstem was essential 

for its successful functional characterization. We found that unilateral optogenetic 

stimulation of glutamatergic or glycinergic LPGi neurons alone was sufficient to 

elicit fully bilateralized behavioural responses of two functionally opposing motor 

output programs that should normally not be coactive. This suggests that LPGi 

neurons on either body side have potent access to regulatory circuits co-

ordinately controlling the entire body. It is currently unclear precisely how 
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identified LPGi populations interact with other LPGi neurons, the brainstem 

and/or broader circuits including the spinal cord, but we found them to exhibit 

differential input-output circuitries. Cross-repressive synaptic interactions 

between these pathways may explain the behavioural choice of a motor program 

and prevent the occurrence of unwanted conflicting programs, thereby possibly 

also explaining how unconditional optogenetic coactivation might lead to 

behavioural cancelation (see also Supplementary Discussion). Our study 

provides key insight into the identity of core neuronal circuits regulating important 

locomotor parameters at the intersection between higher brain centres and 

executive spinal circuits. 

 
 
 
 
4.3.1 Supplementary Discussion 

 Locomotion endows animals with navigational flexibility. A distinctive feature of 

locomotion is its execution at different speeds, including slow-speed exploration 

and fast-speed escape behavior, raising the question of where in the nervous 

system key regulators for the control of different speed ranges reside. Neuronal 

circuits in the spinal cord are wired to implement basic patterns essential for 

locomotion, including in limbed animals the regulation of stance-swing phases 

within single limbs and of gait parameters for interlimb coordination (Arber, 2012; 

Goulding, 2009; Grillner, 2006; Jankowska, 2001; Kiehn, 2016; McCrea & Rybak, 

2008; Rossignol, Dubuc, & Gossard, 2006; Ruder, Takeoka, & Arber, 2016). 

However, spinal circuits depend on inputs from supraspinal centers to produce 

movement (Shik & Orlovsky, 1976) This is evidenced by the fact that complete 

spinal cord injury in humans leaves body parts below lesion permanently 

paralyzed (Dietz, 2010) , leading to severely limited mobility. Understanding how 

descending signals from the brain instruct the spinal cord to regulate locomotion 

will reveal underlying circuit mechanisms that may also be instrumental to restore 

mobility in injured patients. 

Here we find that unconditional optogenetic stimulation of neurons residing in any 

of four spatially distinct caudal brainstem subregions fails to induce locomotion 

in mice. Strikingly however, separation of neurons in these brainstem regions into 

excitatory and inhibitory subpopulations uncovered distinct functional properties. 
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Notably, full body locomotion was elicited by optogenetic stimulation of excitatory 

neurons in the lateral paragigantocellular nucleus (LPGi), but not other regions. 

Glutamatergic LPGi neurons are required for high-speed locomotion, receive 

input from upper motor centers including excitatory neurons in the MLR, and 

access preferentially interneurons in the ventral spinal cord. Conversely, 

activation of glycinergic neurons in any of the studied regions promotes 

behavioral arrest. Our findings identify functionally opposing neuronal 

populations in the caudal brainstem endowed with speed modulatory locomotor 

functions. 

Our work demonstrates that within the here-analyzed brainstem regions, the 

ability to promote locomotion through stimulation appears restricted to LPGi-

vGlut2 neurons. However, just as division by neurotransmitter identity was crucial 

to crack the functional identity code for LPGi-vGlut2 neurons, perhaps finer 

degrees of stratification are key to reveal the functions of other excitatory 

brainstem neurons in the control of diverse motor behaviors. Work in the spinal 

cord exploited developmental identity to stratify neurons way beyond 

neurotransmitter identity (Bikoff et al., 2016; Goulding, 2009; Kiehn, 2011), an 

approach also beginning to bear fruits in the brainstem (Bouvier, Caggiano, 

Leiras, Caldeira, Bellardita, Balueva, Fuchs, & Kiehn, 2015a). 

An additional here-unexplored dimension is the synaptic output of brainstem 

neurons directed to non-spinal targets. Such output could arise from collaterals 

of spinally-projecting brainstem neurons and therefore be used to either enhance 

or suppress output through recruitment of additional brainstem neurons. 

Alternatively, brainstem neurons within one region might diversify further into 

populations with spinal or brain projections targeting either brainstem or 

ascending regions, and these could be regulated by differential synaptic inputs. 

Our work has not addressed this issue and we can therefore not exclude that 

part of the observed behavioral effects described here might be due to 

recruitment of additional non-spinal target neurons upon stimulation of brainstem 

neurons. In future experiments, it will be interesting to determine whether spinally 

projecting neurons have collaterals within the brainstem that might possibly 

enhance observed effects through impacting on other brainstem neurons. It is 

equally plausible that such collaterals are used to suppress alternative motor 

programs (see Discussion in main text). 
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We also found that the two characterized LPGi neuron subpopulations receive 

inputs from many supraspinal regions, suggesting that they represent an 

important hub for integration just one synapse away from spinal executive 

centers. One input we found to signal locomotor speed in part through excitatory 

LPGi neurons originates from excitatory MLR subcircuits that also anatomically 

preferentially target glutamatergic LPGi neurons. In conclusion, our findings on 

caudal brainstem circuits provide important insight into the function of final motor 

output pathways and their involvement in the selection of locomotor speed 

parameters 
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4.5 Methods 

4.5.1 Mice.  

The following transgenic mouse lines were used and maintained on a mixed 

genetic background (129/C57BL6), vGlut2Cre (RRID:IMSR_JAX:028863) (Vong 

et al., 2011), GlyT2Cre (Foster et al., 2015), vGATCre (RRID: IMSR_JAX:028862) 

(Vong et al., 2011), Gad65Cre (Taniguchi et al., 2011), GlyT2GFP 

(RRID:IMSR_RBRC04708) (Zeilhofer et al., 2004). Wild-type mice (C57BL6) 

were from Charles River. Mice of different litters but same genotype were used 

in individual experiments. No criteria were used to allocate mice to experimental 

groups, and mice had unique identifiers for blinding. For all behavioural 

experiments, we used heterozygous males aged 2–3 months backcrossed to 

C57BL6. For anatomical experiments, mice of both sexes were used. Mice used 

for behavioural experiments were housed in cages with horizontal running 

wheels. Housing, surgery procedures, behavioural experiments and euthanasia 

were performed in compliance with the Swiss Veterinary Law guidelines. 

 

4.5.2 Virus production and injections.  

G-deleted, rabies-mCherry or rabies-eGFP (rabies-FP) coated with G protein or 

EnvA-coated variants were amplified and purified from local stocks following 

established protocols (Osakada & Callaway, 2013; Stepien et al., 2010; 

Wickersham et al., 2007b). The following AAVs used in this study were previously 

described (Basaldella, Takeoka, Sigrist, & Arber, 2015; Esposito et al., 2014; 

Pivetta et al., 2014; Satoh, Pudenz, & Arber, 2016; Takeoka, Vollenweider, 

Courtine, & Arber, 2014) and are based on a backbone vector derived from Allen 

Brain (AAV-CAG-flex-tdTomato-WPREbGH): AAV-flex-SynGFP and AAV-flex-

SynMyc (referred to as AAV-flex-SynTag), AAV-flex-TdTomato, AAV-flex-DTR, 

AAV-flex-H2B-GFP-T2A-TVA, AAV-flex- H2B-V5-2A-G-protein. AAV-ConFon-

H2B-GFP-T2A-TVA was designed using a described strategy(Fenno et al., 

2014), and AAV-flex-FLP-H2B-V5 was designed in analogy to above constructs 

with an FLP sequence successfully used before (Pivetta et al., 2014). For non-

conditional expression of tagged markers to assess injection specificity, we used 

AAV-H2B- 10XMyc or AAV-TdTomato (AAV-marker). AAV-flex-ReaChR-YFP 

was resynthesized according to published sequences(Lin, Knutsen, Muller, 
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Kleinfeld, & Tsien, 2013) and inserted into the same vector backbone as the other 

AAVs used in this study, and for unconditional expression in wild-type mice 

coinjected with AAV-Cre. For infections targeting neuronal cell bodies but not 

axons, a serotype plasmid 2.9 was used as in previous studies (Basaldella et al., 

2015; Esposito et al., 2014; Pivetta et al., 2014; Takeoka et al., 2014), whereas 

for targeting neurons retrogradely through axonal infection, a recently developed 

rAAV2-retro capsid plasmid (Tervo et al., 2016) was used for coating. AAVs in 

our study were of genomic titres greater than 1X1013, and production followed 

standard protocols. 

To infect and visualize neurons in the brainstem with projections to the cervical 

or lumbar spinal cord segments harbouring the majority of neurons innervating 

limb muscles, we carried out unilateral injections of rabies-FP into spinal 

segments C4–C8 (cervical) or L1–L4 (lumbar). These injections were 

complemented with beads to confirm injection laterality and mice were 

euthanized 4 days after rabies injection. Analogous injections with AAVs 

confirmed laterality of infection with here-applied methodology (data not shown). 

Retrograde labelling of motor neurons was performed as previously described 

(Basaldella et al., 2015; Esposito et al., 2014). For targeted delivery of viruses to 

the brainstem by stereotaxic injections, we used high precision instruments 

(David Kopf) under isofluorane anaesthesia as previously described (Esposito et 

al., 2014). Coordinates to target studied brain regions used lambda as a 

reference point for anterior–posterior (AP), medio-lateral (ML) and dorso-ventral 

(DV), and were as follows (AP; ML; DV; in mm): LPGi (−2; 0.1; −5.4); GiV (−2.3; 

 0.5; −5); GiA (−1.6;  0.4; -5.2); Gi (2;  0.5 or  0.7; −4.7 or −4.8; variations in 

coordinates used to cover different subregions of Gi); MLR (lambda suture;  1.2; 

−2.9). For synaptic input mapping to spinally projecting vGlut2- or GlyT2-

expressing brainstem neurons, we targeted these neurons bilaterally from the 

cervical spinal cord with retro-AAV-flex-FLP in vGlut2Cre or GlyT2Cre mice, 

respectively, combined with LPGi-targeted expression of AAV-ConFon-H2B-

GFP-T2A-TVA and AAV-flex-H2B-V5-2A-G-protein (H2B targets expressed 

proteins to the nucleus), and followed by a secondary brainstem injection with 

EnvA-rabies-FP two weeks later. For loss-of-function experiments, AAV-flex-

DTR was injected at least 10 days before pre-DTA behavioural time points were 

acquired, and DTA (Sigma) was injected intraperitoneally at 100 ng g−1 body 
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weight to initiate neuronal ablation (Esposito et al., 2014). All brain injection sites 

were carefully analysed anatomically after termination of experiments using 

ChAT immunohistochemistry to visualize motor nuclei and the mouse brain atlas 

was used as reference for determining spatial injection specificity (Franklin & 

Paxinos, 2007). Only mice with confirmed anatomical precision to targeted 

regions were included in subsequent analysis. Specifically, we used only 

injections in which the co-injected beads were within the targeted region, and in 

which >80% of the infected neurons were confined to the area delineated by the 

atlas boundaries of the corresponding structure. For delineation of Mc 

subdomains, we followed the boundaries of the mouse brain atlas16, and division 

of LPGi into dLPGi and vLPGi for Fos expression and MLR synaptic input 

analysis followed the demarcation of LPGiE in this atlas as guideline. The MLR 

subregions included in Fig. 4.13 were defined according to the mouse brain atlas 

(Franklin & Paxinos, 2007). For the area named pedunculo-tegmental nucleus in 

this atlas, we used the more common nomenclature PPN (pedunculo-pontine 

nucleus), and the joint region of precuneiform area and cuneiform nucleus were 

annotated as CnF region. For MLR injections, we used broad AAV injections 

according to a functional MLR definition used previously (A. M. Lee et al., 2014), 

including sites with infected neurons residing in PPN and CnF (centre of injection 

sites are shown in Fig. 4.14). 

 

4.5.3 Immunohistochemistry and microscopy.  

All mice used in this study were analysed by immunohistochemistry, including 

mice undergoing behavioural analysis to confirm injection site specificities. To 

prepare mice for immunohistochemistry, they were anaesthetized with a 

ketamine–xylazine solution and perfused transcardially with cold PBS, followed 

by a solution containing 4% paraformaldehyde (PFA) in PBS. Brains and spinal 

cords were isolated by dissection, post-fixed overnight in 4% PFA, and incubated 

in 30% sucrose (w/v) in PBS for cryopreservation for at least two days. All tissue 

was cut on a cryostat at 60–80-μm thickness and floating sections were collected 

in sequential order into individual wells (coronal for brain tissue and transverse 

for spinal cords). After 1-h incubation in blocking solution (1% BSA, 0.2% Triton 

X-100, PBS), primary antibodies were applied in blocking solution and incubated 

for 1–3 days at 4 °C. Fluorophore-coupled secondary antibodies (Jackson or 
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Invitrogen) were applied to floating sections after extensive washing and 

incubated for 1 day at 4 °C. Sections were mounted after washing in anti-bleach 

preservative medium on slides in sequential order along the rostro-caudal axis. 

Primary antibodies used in this study were: chicken anti-GFP (Invitrogen), 

chicken anti-Myc (Invitrogen), goat anti-ChAT (Millipore), mouse anti-Myc 

(ATCC), mouse anti-NeuN (Millipore), mouse anti-V5 (Invitrogen), rabbit anti-Fos 

(Millipore), rabbit anti-RFP (Rockland). For low-resolution overview imaging, 

slides were scanned using an Axioscan light microscope (Zeiss, 5X objective). 

For higher resolution imaging, we used a FV1000 confocal microscope 

(Olympus) or a custom-made dual spinning disk microscope (Life Imaging 

Services GmbH). 

 

4.5.4 Three-dimensional reconstructions of Mc and Gi.  

To assess the spatial distributions and quantitative contributions of spinally 

projecting neurons to the different subdivisions of the Mc, Gi and raphe nucleus, 

we acquired images of 80-μm coronal brainstem sections with the 20X objective 

of a FV1000 confocal microscope using tiled mosaics (number of tiles varied 

according to the size of the medulla at different rostro-caudal levels) to cover the 

full medulla section (z-step = 4 μm). Images were stitched and the maximum 

intensity projection of each tile was used to produce a 3D model of the brain as 

previously described(Esposito et al., 2014). Cell body positions were assigned 

manually using IMARIS Spot function and following the Mc subdivision and Gi 

nomenclature of a widely used mouse brain atlas (Franklin & Paxinos, 2007). 

 

4.5.5 Mapping synaptic input to LPGi subpopulations.  

Synaptic input mapping experiments to LPGi subpopulations were analysed 8 

days after EnvA-rabies-FP injection. For identification of synaptic input structures 

to LPGi neurons, we used a common anatomy atlas (Franklin & Paxinos, 2007). 

To account for differences in spreading efficiency, we normalized the number of 

neurons located in the MLR to the one in the oral/caudal pontine reticular nucleus 

(PnO/C), for which the percentage of rabies-marked neurons of all analysed 

neurons was not significantly different between vGlut2Cre and GlyT2Cre mice. 

Moreover, only injection sites centred in LPGi were included in this analysis (n = 

5 for each genotype). 
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4.5.6 Synaptic reconstructions of MLR input to spinally projecting Mc 

neurons. To quantify synaptic input of glutamatergic MLR neurons to spinally 

projecting Mc neurons, images were acquired ipsilateral to injection site using a 

custom-made dual spinning-disk microscope (60X objective; 0.2-μm steps) as 

previously described39. Complete cell bodies of spinally projecting rabies-FP 

neurons and proximal dendrites were reconstructed using Imaris with the manual 

surface module and glycinergic identity was assigned according to presence of 

GFP expression from the GlyT2GFP allele. Glutamatergic MLR synaptic 

appositions on the surface of spinally projecting Mc neurons were identified 

manually using Imaris spot detection function based on SynTag accumulation in 

contact with spinally projecting neurons (n = 3 mice). Images acquired with a 10X 

objective were used to identify the position of neurons scanned at high resolution. 

 

4.5.7 Synaptic reconstructions of LPGi input to spinal motor neurons.  

Images were acquired ipsilateral to injection site using a custom-made dual 

spinning-disk microscope (60X objective; 0.2-μm steps). Density of synapses 

derived from LPGi-vGlut2 and LPGi-GlyT2 neurons in the spinal cord were 

quantified using Imaris spot detection function (n = 3 mice). Reconstruction of 

synaptic inputs to spinal motor neurons was performed as described (Basaldella 

et al., 2015). 

 

4.5.8 Treadmill and runway locomotion.  

We used a single lane treadmill with adjustable speed for our analysis (Panlab), 

set to zero slope and to shock delivery at the back-end at 0.6 mA. Before initiation 

of treadmill running sessions at different speed regimes, mice were handled on 

3 days within 1 week for 10 min per day to acclimatize them to the room, treadmill 

and experimenter. On the first 2 days, mice were free to explore table and 

treadmill, and on the third day at the end of the session, mice were also put on 

the treadmill to run for 1 min at 20 cm s−1 speed to get used to the treadmill. 

During the subsequent sessions, mice were put on the treadmill for 1-min 

durations at each of the speed values of 20, 40, 60 and 80 cm s−1. Mice were 

allowed to recover from running by free exploration of the treadmill table for 1 min 

between different speed value sessions. Sessions were of shorter than 1-min 
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duration in case mice reached a threshold criterion of >50 shock applications, or 

remained on the back-end grid of the treadmill for >5 s. Mice with poor running 

performance before DTA application, defined by values of >20% of testing time 

running within the 4.3 cm closest to the back-end grid location of the treadmill at 

40 cm s−1, were not included in the analysis. Mice were tested three times at 1-

week intervals before application of DTA (of which only the last two were included 

in the analysis), and 8, 15 and 22 days after DTA injection. During the testing 

sessions, the position of the mouse on the treadmill was tracked automatically, 

and the percentage of time (for each session) a mouse spent within the 4.3 cm 

closest to the back-end grid location of the treadmill was determined. For 

visualization purposes, the treadmill belt length was set to 450 units ( = 38 cm), 

and the cut-off for poor performance was at 50 units ( = 4.3 cm). For the analysis 

of mice for which sessions had to be terminated prematurely owing to poor 

performance, we added the remaining time of the trial as being within the defined 

back-end zone. The same treadmill was used for the analysis of Fos protein 

expression upon locomotion compared to home cage conditions. Mice were 

trained to run on the treadmill, and after several days of training as described 

above, they were put on the treadmill without application of shocks at speed 

values between 30 and 60 cm s−1 for 30 min. At the end of the treadmill session, 

mice were left undisturbed in their home cage, and perfused for analysis 90 min 

later. Kinematic recordings were carried out on a runway and monitored with a 

high-speed motion capture system (Vicon Motion Systems) as described 

(Takeoka et al., 2014). 

 

4.5.9 Running wheel experiments.  

Mice were left free to run on a standard horizontal running wheel, attached to a 

custom-made speedometer to analyse performance on the wheel. A similar 

wheel without speedometer is placed in home cages for at least 1 month before 

performance analysis in order for mice to voluntarily run smoothly on wheels. The 

output of the measuring device attached to the wheel is a continuous signal 

between 0.3 and 5 V with direct input to a Plexon system (Omniplex) for temporal 

synchronization with video acquisition and laser stimulation. In this assay, 

running wheel speed rather than actual animal speed is determined, also making 

it impossible to extract onset and offset latency of the animals according to real-
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time movement, as a result of the inertia of the wheel. Determination of running 

wheel speed values shown for experiments with 1-s laser application was 

restricted to a time window of 300 ms, to the phase just before laser onset 

(before) and the last 300 ms of laser application (ON). For experiments with 5-s 

laser application, we analysed the 300 ms before laser onset, individual seconds 

after laser onset during laser application over the entire time window, and the last 

300 ms for the 1-s after laser offset. EMG recordings were carried out as 

previously described(Takeoka et al., 2014), amplified (A-M Systems 1700, gain 

100) and acquired with a Plexon system (Omniplex) at 1,000 Hz. 

 

4.5.10 Open field assay.  

For optogenetic stimulation experiments, mice were analysed in a 35 X 35 cm 

open field arena and monitored with a top and side camera. 

 

4.5.11 Optogenetic activation experiments. 

 Mice in which we performed optogenetic activation of brainstem neurons 

received an implantation of optic fibres (diameter: 200 μm: 

MFC_200/2300.48_Xmm_ZF1.25_FLT Mono Fibreoptic Cannula; X refers to 

fibre length according to stereotaxic coordinates; Doric lenses) placed 200–300 

μm above the stereotaxic coordinates used for AAV injection, except for axon 

terminal stimulation of glutamatergic MLR neurons in the Mc, in which fibres were 

placed above Mc at the following coordinates: −1.8 mm, 1.5 mm, 5.2 mm with a 

lateral angle of 10°. Optic fibre implantations were carried out at least 1 week 

before the first stimulation experiments. To trigger optogenetic activation of 

brainstem neurons in the open field arena or on the running wheel, we used a 

PlexBright Optogenetic Stimulation System (Plexon), and monitored behaviour 

of mice simultaneously with two Pike cameras (top-down: TAMRON 8 mm, 

018203; side-view: running wheel: model RICOH FL-HC6Z0810-VG; open field 

arena: model RICOH FL-HC0612A-VG) at 100 frames per second. The laser we 

used was a Cobolt 06-MLD; 473 nm; 100 mW. As control experiments for 

optogenetic activation, we also injected mice with AAV-flex-H2B-GFP-T2A-TVA 

(n = 3), with identical fibre implantation to the optogenetic activation group (Fig. 

4.7f). Laser onset was trigger manually at different laser intensities and 

frequencies, but when frequency is not otherwise specified, we used 100 Hz (5 
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ms-ON; 5 ms-OFF). The laser intensity was measured at the beginning of every 

testing day at the tip of an optic fibre of the same length as the one implanted to 

calibrate the system. As a control experiment with a few experimental mice, 

before termination of experiments and to assess whether fibre placement was 

accurate and suitable for stimulation of AAV-flex-ReaChR infected neurons, we 

stimulated neurons with 20 Hz (10 ms-ON; 40 ms-OFF), 15 mW pulsed blue light 

for 10 min, left the mice undisturbed in their home cages for 90 min, before 

perfusion and analysis of Fos expression as well as assessment of accuracy of 

injection and fibre placement. For MLR optogenetic stimulation experiments, we 

used 10 Hz square-pulses for 1 s and we assessed behaviour at progressively 

increasing laser intensities (0.1, 0.2, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12.5, 

15, 17.5 and 20 mW), each of them repeated for 10–20 trials until an intensity 

was reached at which mice run fast and reliably but not uncontrollably, ending 

the laser intensity ramp session. 

 

4.5.12 Analysis of open field data and optogenetic stimulation 

experiments.  

Mice in the open field arena were tracked using the recordings of a top-down 

camera with Plexon and saved in avi format. Mice on the treadmill were tracked 

using the recordings of a side-view camera (Basler Camera; 200 Hz). All videos 

were subsequently cropped in size to regions of interest, divided into multiple 

shorter files using a MATLAB script, and processed using the machine learning 

software Ilastik (version 1.1.5). Specifically, for every acquisition day, a 

computational training session with refinement via machine learning was first 

used to instruct the software in order to detect the mouse from the background. 

The features used for this purpose were colour/intensity (Gaussian smoothing), 

edge (Gaussian gradient magnitude, difference of Gaussians) and texture 

(structure tensor eigenvalues, hessian of Gaussian eigenvalues). For each of the 

features, the probability was calculated using a sigma of 0.3, 1, 3.5 and 10 pixels. 

This training was used to create a probability map with the positional information 

of the mouse for each video controlling Ilastik in headless mode from the 

MATLAB environment. 
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4.5.13 Analysis of open field data and optogenetic stimulation 

experiments.  

We calculated the centre of body mass (COBM) of a mouse using the probability 

output file from Ilastik software with a custom-made MATLAB script. The COBM 

is the centroid of the filled area of the animal encoded in the probability file. The 

MLR analysis used the object contour tracking function from Cineplex Studio 

(Plexon; MLR analysis). Next, instantaneous animal speed in the open field was 

calculated from the extracted x–y position in the open field without smoothening 

and values were averaged for the analysed bins. For speed-versus-time plots, 

data were smoothened by averaging a moving window of 100 ms. To determine 

whether optogenetic stimulation or ablation of brainstem neurons affects 

locomotor parameters, COBM values were the input for our analysis. For analysis 

of optogenetic stimulation experiments, laser onset time stamps were extracted 

from plx files recorded by the Plexon system and imported into MATLAB for 

temporal alignment with the positional tracking information stored as COBM. We 

then analysed the instantaneous speed of a mouse based on its COBM position 

one second before, one second during and one second after laser stimulation. 

We quantified either the average speed or the maximum speed during the 1-s 

time window as specified in the corresponding figure legends. For every mouse 

assayed, at least 10 trials per laser intensity and frequency were analysed. To 

compare laser intensity effects across mice (Fig. 4.1e) or pre- versus post-DTA 

conditions (Fig. 4.12k), we determined the lowest laser intensity eliciting 

locomotion upon MLR neuron stimulation with 100% reliability as the maximum 

laser intensity used for experimental analysis. The minimum laser intensity 

included in our analysis was defined as the lowest laser intensity at which 

locomotion-promoting effects were detected for MLR neuron stimulation. 

Between these boundary values, we included either one (Fig. 4.1e) or two (Fig. 

4.12k) additional in-between laser intensities in our analysis. For Mc subdomain 

and Gi stimulation (Fig. 4.1e), we used 5, 10 and 20 mW for these three 

categories. The same laser intensities were used for stimulation before and after 

ablation of LPGi-vGlut2 neurons described in Fig. 4.12i–k. To control for potential 

variability across days, mice were tested three times before DTA administration 

and three times after at 7, 10 and 14 days after DTA injection (Fig. 4.12i–k). To 

visualize the effect of laser stimulation of brainstem neurons on locomotion, we 
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aligned the position of analysed trials of an experiment to the same point in 

space, allowing us to display the 2D trajectories of mice travelled before, during 

and after the 1-s laser window graphically. To determine the latency of movement 

onset, the duration of induced locomotion and the latency to movement 

termination from laser offset in optogenetic activation experiments of 

glutamatergic neurons, we manually analysed side-view videos recorded in the 

open field arena of laser induced locomotion for at least 10 individual trials in 

several animals. Latency to start was defined as the duration between laser onset 

and the first detectable movement of the paw; latency to stop was defined as the 

time between laser offset and when the four paws are back on the ground; 

duration of induced locomotion was calculated as the time between the first 

movement of the paw and the time when the four paws are back on the ground 

for each individual trial. For experiments with optogenetic activation of inhibitory 

neurons, latency was defined as the duration between laser onset and the 

termination of the last step reaching behavioural arrest with all four limbs on 

ground. 

 

4.5.14 Locomotion directional analysis in the open field.  

Our analysis was restricted to locomotor bouts defined as events in which 

animals maintain a speed above 5 cm s−1 for more than 200 ms, for laser-

induced trials or natural locomotor bouts. To quantify the directionality of laser-

induced locomotion, we compared the trajectory angles with the ones of freely 

moving animals in the open field (Fig. 4.7i–k). We used the COBM to determine 

the frame-by-frame position of a mouse and calculated the trajectory angle at 

each individual frame with respect to the previous one (Fig. 4.7i, α2−α1). The 

frequency of angles is given by the difference between consecutive angles. 

Normalization was applied to compare this distribution among locomotor bouts 

of different length. We also calculated the ratio between the length of each 

locomotor trajectory and the shortest distance between the starting and end 

position of a locomotor bout (Fig. 4.7i). We calculated this ratio for both natural 

and laser-induced locomotion and find comparable values (Fig. 4.7k). 
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4.5.15 Treadmill analysis. 

 Mice on the treadmill were tracked using a side-view camera (Basler Camera; 

200 Hz) and subsequently analysed as described above for the open field data. 

The Ilastik probability file was used to extract the COBM of a mouse for each 

video frame using a custom-made MATLAB script, defining the boundaries of the 

treadmill belt (front and back). This information was then used to calculate the 

time a mouse spent below the defined threshold for every trial (see above). 

 

4.5.16 Quantification of Fos data. 

Images were acquired using an Olympus FluoView FV1000 confocal microscope 

with a 20X objective and z-steps of 1 μm. Tiled z-stack mosaics encompassing 

the medulla were used to automatically detect NeuNON and FosON cells using a 

custom-built workflow in KNIME45. In brief, z-stack pictures were merged in a 

maximal intensity projection to define Mc subdivisions and Gi manually according 

to common nomenclature(Franklin & Paxinos, 2007). The coordinates of these 

files with marked regions of interest were then used to crop the original z-stack 

into defined subregions. The number and positions of NeuNON and FosON cells 

were subsequently extracted upon manual confirmation of accurate detection. 

We performed intensity measurements for Fos by determining average pixel 

intensity within a defined nucleus. We used a threshold of 2,000 as gate for high-

intensity Fos neurons in our analysis, selected because 5% of Fos and NeuN 

neurons in cage control mice were at or above this value. Automatic spot 

detection performance for Fos was validated manually on every section. Our 

analysis included sections at rostro-caudal levels depicted in the mouse brain 

atlas(Franklin & Paxinos, 2007) on figures 79–90. 

 

4.5.17 Statistics and data availability.  

Significance levels indicated are as follows: *P < 0.05, **P < 0.01, ***P < 0.001. 

All data are presented as means.e.m. For each dataset, normal distribution was 

checked using the D’Agostino–Pearson, the Shapiro–Wilk or the Kolmogorov–

Smirnov normality tests, or normality was tested using quantile plots to choose 

the appropriate statistical test. In case the requirements for none of these tests 

were fulfilled, we used a non-parametric Kruskal–Wallis test for non-matched 
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data or a Friedman test for repeated measures. All statistical tests used were 

two-tailed. The experiments were not randomized and no statistical methods 

were used to predetermine sample size. All further statistical tests used in this 

study are spelled out in the corresponding figure legends. 

We used GraphPad PRISM version 6.04, R 3.3.2 or MATLAB 2015b for 

generation of graphs and statistics. Custom-made scripts described in this 

manuscript are available upon request. All other data are available from the 

corresponding author upon reasonable request. 
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5. A V0 core neuronal circuit for inspiration 
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5.1 Abstract 

Breathing in mammals relies on permanent rhythmic and bilaterally synchronized 

contractions of inspiratory pump muscles. These motor drives emerge from 

interactions between critical sets of brainstem neurons whose origins and 

synaptic ordered organization remain obscure. Here, we show, using a virus-

based transsynaptic tracing strategy from the diaphragm muscle in the mouse, 

that the principal inspiratory premotor neurons share V0 identity with, and are 

connected by, neurons of the preBötzinger complex that paces inspiration. 

Deleting the commissural projections of V0s results in left-right desynchronized 

inspiratory motor commands in reduced brain preparations and breathing at birth. 

This work reveals the existence of a core inspiratory circuit in which V0 to V0 

synapses enabling function of the rhythm generator also direct its output to 

secure bilaterally coordinated contractions of inspiratory effector muscles 

required for efficient breathing. 
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5.2 Introduction 

In mammals, breathing is a motor behavior generated by a central pattern 

generator (CPG) located in the brainstem and spinal cord that produces rhythmic 

contraction of muscles that regulates lung volume and control upper airway 

patency to maintain bodily homeostasis (Feldman, Del Negro, & Gray, 2013). 

The respiratory CPG in rodents is precociously active in the fetus at around two 

thirds through gestation (Greer, Funk, & Ballanyi, 2006; Thoby-Brisson, Trinh, 

Champagnat, & Fortin, 2005), allowing a period of breathing practice prior to the 

challenge of encountering air at birth. Starting at birth, the respiratory CPG 

continuously adapts the frequency and amplitude of the respiratory motor 

command to metabolic demands linked to exercise and environmental changes. 

Thus, the respiratory CPG regulates the choice, the timing and the intensity of 

activation of appropriate groups of premotor neurons, motor neurons, and their 

muscle targets. The CPG must probably do so respecting two constraints, 

namely the synchronicity and the balanced amplitude of the motor drives onto 

left and right respiratory effector muscles (e.g., left and right costal diaphragm 

muscles that are the prime movers of tidal air). The identity of neurons in charge 

of securing bilaterally synchronized and amplitude balanced inspiratory motor 

drive is investigated here. Over the past decade, strategies exploiting the history 

of gene expression by neural progenitors or precursors have allowed the 

manipulation of neurons with unprecedented specificity to reveal their role in 

circuit function and behaviour (Goulding, 2009; Grillner & Jessell, 2009). In that 

way, we established that the preBötzinger complex (preBötC) that paces 

inspiration (Smith, Ellenberger, Ballanti, Richter, & Feldman, 1991) is composed 

of interconnected rhythmogenic V0 type neurons (i.e., deriving from p0 

progenitors expressing the transcription factor Dbx1), which are synchronized 

with their contralateral cognate neurons by commissural projections established 

through the roundabout homolog 3 (Robo3) signalling pathway (Bouvier et al., 

2010). Therefore, bilateral synchronicity of the respiratory motor command is at 

least in part built-in at the level of the rhythm generator. Although inspiratory 

descending circuits have been described for adult rodents and cats (Dobbins & 

Feldman, 1994; Gaytan, Pasaro, Coulon, Bevengut, & Hilaire, 2002; Onai & 

Miura, 1986), nothing is known of the origin of premotor neurons downstream of 
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the rhythm generator that secure temporal and amplitude patterning of the 

inspiratory motor drive. Here, we addressed this question in early postnatal mice 

using monosynaptic viral-based circuit-mapping approaches that allow 

unambiguous identification of phrenic premotor neurons (Ph-preMNs) (Stepien 

et al., 2010). We find that Ph-preMNs are distributed at several sites of the 

brainstem and include individual neurons with bifurcating axons that connect to 

phrenic motor neurons (Ph- MNs) on both sides of the midline. The main 

premotor relay is the rostral ventral respiratory group (rVRG), abutting the pre- 

BötC caudally. These rVRG neurons gain prominence over the prenatal period 

and end up forming at birth, together with the preBötC, the core inspiratory circuit 

that generates the rhythm and secures bilaterally synchronous and balanced 

drives to Ph- MNs required for efficient breathing. Strikingly, rVRG and pre- BötC 

neurons, found both glutamatergic and harbouring commissural axons, share a 

common origin in p0 progenitors, highlighting the centrality of Dbx1-expressing 

neural progenitors in the advent of aspiration breathing in vertebrates. 
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5.3 Results 

Mapping phrenic premotor neurons in early postnatal mice. To selectively label 

neurons that synapse onto Ph-MNs, we used transsynaptic rabies technology 

with monosynaptic restriction. This method makes use of a glycoprotein-G-

deleted mutant rabies virus (ΔG-Rb) whose retrograde transsynaptic spread from 

infected source cells (here Ph-MNs), requires complementation in these cells by 

the rabies glycoprotein-G (G)(Stepien et al., 2010; Wickersham et al., 2007b). 

Once inside presynaptic neurons, the deficient virus ceases to spread for lack of 

G, and thus only phrenic premotor neurons are traced safe o the confounds 

normally associated to multi-synaptic jumps of non-deficient rabies virus. ΔG-Rb-

mCherry and an adenoassociated virus (AAV) expressing G (AAV-G), were 

coinjected in the diaphragm of P1 mice (n = 21) to retrogradely infect Ph-MNs 

and initiate transsynaptic spread to their premotor partners (Fig. 5.1a). As 

expected, at P9, Ph-MNs labeled with Rb-mCherry (thereafter trace+) were found 

in the ventral spinal cord over cervical segments C3-C6 exclusively on the 

injected side (Fig. 5.1c). Premotor neurons transsynaptically labeled with 

mCherry were observed bilaterally in the pons and medulla of the brainstem (Fig. 

5.1b) and in cervical spinal segments, but in no other location. The large majority 

of Ph-preMNs were found in the rostral ventral respiratory group (rVRG, 399 ± 

163 neurons or 70.6 ± 2.7% of all Ph-preMNs, Fig. 5.1d, m). Others were found 

in the following locations (Fig. 5.1m, in decreasing order of abundance; n = 6 

mice): the parabrachial nuclei and the Kölliker-Fuse nucleus (PB/KF) in the 

dorsolateral pons (collectively 51 ± 21 neurons; 9.2 ± 0.6% Fig. 5.1e); the area 

of the preBötzinger complex (preBötC, 28 ± 11 neurons; 5.0 ± 0.5% Fig. 5.1f); 

the Bötzinger complex (BötC, 21 ± 8 neurons; 3.5 ± 0.4% Fig. 5.1g); the nucleus 

of the solitary tract (NTS, 18 ± 7 neurons; 2.7 ± 0.9% Fig. 5.1h). Other smaller 

premotor groups were also identified in the brainstem (see Fig. 5.1g–k) and we 

aligned serial sections to generate a three-dimensional (3D) reconstruction of all 

premotor neuronal populations (Fig. 5.1l; n = 4 mice). Ph-preMNs were not found 

outside of the brainstem except in the cervical spinal cord in small numbers in 

laminae VII and X throughout cervical segments C2-C6 (data not shown). 

Interestingly, the unilateral tracing scheme revealed that the very large majority 

of Ph-preMNs were found equally distributed on both sides of the midline; only 
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the PB/KF, the NTS and the Gi showed ipsilaterally biased projections (data not 

shown).  

 

 

 

Figure 5.1 Distribution of Ph-preMNs in P9 mice following unilateral viral 
injections of the diaphragm.  
a Monosynaptic tracing scheme for PhpreMNs using a G-deficient Rb virus (ΔG-Rb) and 
a G-coding adenoassociated (AAV-G) viral cocktail. b, c Brainstem and cervical spinal 
transverse sections showing, respectively, bilaterally distributed trace+ PhpreMNs of the 
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rVRG (b) and ipsilaterally located seeding trace+ Ph-MNs. d–k Representative images 
of transverse sections of the brainstem showing (in decreasing abundance order) trace+ 
Ph-preMNs in the rVRG (d), in the PB/KF (e), in the preBötC (f), in the BötC, Gi and 
LPGi (g), in the NTS (h), in Ve nuclei (i), in the lRt (j), and in the raphe (k). l 3D 
reconstructions of the brainstem showing the spatial distribution of Ph-preMNs (n = 4 
cumulated counts) in sagittal (top) and horizontal (bottom) views (color code of locations 
is given in m). m Summary histogram of the distribution Ph-preMNs (percent of total 
trace+ cells). dmnX, dorsal motor nucleus of the vagus, LRN, lateral reticular nucleus; 
LVe, lateral vestibular nucleus; MoV, trigeminal motor nucleus; MoXII, hypoglossal 
motor nucleus; MVe, medial vestibular nucleus; nAc, compact nucleus ambiguus; nAex, 
external formation of nucleus ambiguus; nAls loose formation of nucleus ambiguus; 
nAsc, semi-compact nucleus ambiguus; PrV, principal sensory trigeminal nucleus; Spc, 
spinal cord; SpVe, spinal vestibular nucleus. Scale bars b, c 200 μm; d–k 100 μm 
 

These observations were confirmed using an alternative method with centrally 

targeted motor neuron infection to initiate transsynaptic spread (data not shown). 

To directly visualize the bilateral descending projections of PhpreMNs, we 

injected the left diaphragm with a ΔG-Rb-GFP (green) and the right diaphragm 

with a ΔG-Rb-mCherry (red) (Fig. 5.2a), both complemented with AAV-G. While, 

as expected, Ph-MNs exclusively expressed GFP or mCherry, on the left and 

right side, respectively (Fig. 5.2c), rVRG neurons and axons were found that co-

expressed GFP and mCherry (yellow, Fig. 5.2b, d, e, f), demonstrating that they 

individually synapsed onto both, left and right side Ph-MNs (Fig. 5.2). Such 

doubly infected neurons were also present in other Ph-premotor areas, the 

PB/KF, the NTS, the BötC and the preBötC (data not shown). Altogether, these 

data demonstrate that the rVRG hosts neurons with a descending branched axon 

terminating on Ph-MNs on both sides of the midline (data not shown), the 

simplest cellular design securing synchronous and amplitude balanced motor 

drives to the left and right diaphragm muscles. As the rVRG outnumbered all 

other premotor stations by an order of magnitude and contributed to about 70% 

of all Ph-preMNs, we focused on it for further analysis. 
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Figure 5.2 Individual Ph-preMNs in the rVRG project bilaterally on Ph-MNs. 
a Tracing scheme based on injections of a green virus (Rb-GFP) in the left diaphragm 
(L green lettering) and of a red virus (Rb-mCherry) in the right diaphragm (R red 
lettering). b, c Transverse sections at the level of the rVRG (b) and at the C4 level (c). 
Note the presence of double labeled (GFP +/mCherry+, yellow) rVRG neurons on the 
left and right side (b) while seeding Ph-MNs (c) on each side express exclusively either 
GFP (green) or mCherry (red). d–f Close-up view of the left (d) and right (e) rVRG 
showing exclusive green or red cells as well as double labeled cells (yellow). f Closeup 
view of labeled commissural axons over the midline (dotted line). Scale bars: b, c 200 
μm; d–f 50 μm 

 

 

Origin and neurotransmitter phenotype of rVRG neurons. With the intention of 

manipulating rVRG neurons genetically, we next sought to identify their origins 

as well as their excitatory or inhibitory nature. We performed viral injections for 

tracing of premotor neurons in diaphragm muscles in mouse lines in which a cre 

allele is driven by the promoter of the transcription factors Dbx1 (Dbx1CreERT2), 

Engrailed1 (En1Cre), Lbx1 (Lbx1Cre), Sim1 (Sim1Cre) or of the vesicular glutamate 

transporter 2 (vGlut2Cre), and vesicular GABA transporter (vGATCre) using a Tau-

nls-lacZ allele as a Cre-dependent reporter. As illustrated in Fig. 5.3, in the rVRG 

at P9, about two thirds (range 59.3–77.8%, 65.5 ± 4.2%, n= 4) of trace+ neurons 

expressed LacZ in a Dbx1CreERT2 background (Fig. 5.3a), whereas 21.9 ± 1.8% 

(range 18.3–23.6%, n = 3) did so in a Lbx1cre background (Fig. 5.3b) and none 

did in either the En1cre or the Sim1cre background (data not shown). In addition, 
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we found that trace+ rVRG neurons expressed neither Phox2b nor Tlx3 (data not 

shown). These data indicate that the majority of rVRG neurons originated from 

Dbx1-expressing ventral progenitors and have thus a V0 identity, while the 

complement likely originates from dorsal dB1/dB4 progenitor domains marked by 

expression of Lbx1 but lack of Tlx3 and Phox2b expression(Sieber et al., 2007). 

We found that most (74.7 ± 2.9%, n = 4 mice) trace+ rVRG neurons were 

excitatory (vGlut2+), among which 90% expressed the transcription factor Pax2 

(Fig. 5.3c), while 17.2 ± 2.5% (n = 4) were inhibitory (vGAT+), all of them lacking 

Pax2 expression (Fig. 5.3d). This indicates that Pax2 expression can be used as 

a proxy for an excitatory phenotype. Pax2 was expressed in 95.8 ± 0.1% (n = 3) 

of trace- rVRG neurons with V0 identity (Fig. 5.3e), whereas Pax2 expression 

was missing in 83.5 ± 2.9% (n = 3) of trace + rVRG neurons with dB identity (Fig. 

5.3f). The inhibitory status of rVRG trace+ neurons recapitulated through Lbx1cre 

was confirmed by in situ hybridization to GAD1 and GlyT2 (Supplementary Fig. 

5.3e, f), in agreement with the notion that dB1 and/or dB4 domains are the 

exclusive providers of inhibitory dB neurons (Sieber et al., 2007). Taken together, 

these findings imply that in the rVRG, neurons with a dB identity contribute the 

full complement of inhibitory neurons, while the vast majority of neurons are 

excitatory and have V0 identity. We next questioned whether other Ph-preMN 

groups shared V0 identity with the rVRG. The Ph-preMNs located in the PB/KF 

nucleus (all vGlut2+, data not shown) were fully recapitulated in En1Cre 

background (data not shown) as expected from their known rostral and dorsal 

rhombencephalic origin (Rose et al., 2009). In the BötC area, Ph-preMNs (all 

vGAT+, data not shown) were derived from Lbx1-expressing precursors 

(Pagliardini et al., 2008). The Ph-preMNs in the NTS (all vGlut2+, data not shown) 

expressed Phox2b as expected from their origin in the dA3 domain of progenitors 

(Dauger, 2003; Storm et al., 2008). The only exception in the brainstem was the 

fraction of trace+ Ph-preMNs located in the preBötC area that also derived from 

Dbx1-expressing progenitors and were vGlut2+ and Pax2+ but NK1R− (data not 

shown). These premotor neurons cannot presently be distinguished from rVRG 

neurons (they could just represent their most rostral contingent) and will be 

referred to as preBötC PhpreMNs, only to indicate their location. Occasionally, 

we noted the presence at spinal level of V0 partition-like cholinergic cells (data 



 
93

not shown). Therefore, these data establish that the trace+ glutamatergic Ph-

preMNs with V0 identity reside almost exclusively in the rVRG. 

 

 

 
Figure 5.3 Identity of the Ph-preMNs of the rostral ventral respiratory group.  
a, b Transverse brainstem section showing trace+ rVRG neurons labeled by RbmCherry 
(red, R) and counterstained for nuclear expression of LacZ (green, Z) and summary 
histograms featuring the percentage of trace+ rVRG neurons expressing LacZ (yellow 
bars, RZ). The rVRG is comprised of neurons with a history of expression of Dbx1 (a) or 
Lbx1 (b). c–f Same as above with additional immunostaining for Pax2 (blue, P) and 
summary histograms showing the percentage of trace+ rVRG neurons expressing LacZ 
alone (yellow bars, RZ, yellow arrowhead) or co-expressed with Pax2 (white bars, RZP, 
white arrowhead) when LacZ is expressed from the vGlut2 locus (c); from the vGAT 
locus (d); from the Dbx1 locus (e) and from the Lbx1 locus (f). Note the comparable 
proportion of triple positive cells in c, e panels, of double positive cells in d, f panels and 
the virtual absence of triple positive cells in d, f panels. Scale bars: 50μm 
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Projections of rVRG neurons. To determine whether excitatory rVRG neurons 

have other synaptic targets in addition to Ph- MNs, we exploited the intense 

mCherry labeling resulting from monosynaptic retrograde labeling in a 

Dbx1creERT2; TausynGFP mouse, where synaptic terminals formed by Dbx1-

derived neurons are strongly labeled with synGFP. In this context, the synaptic 

terminals of trace+ rVRG neurons will be doubly labelled by mCherry and GFP 

and will be discriminated from those arising from other trace+ premotor groups 

(mCherry+ only) or V0 trace− neurons (GFP+ only). We verified first the massive 

presence of trace+ rVRG neuron synaptic terminals (7.7 ± 0.52 boutons/soma, n 

= 62 cells) on motor neurons of the Ph-MN pool (Fig. 5.4a–c). This contrasted 

with cranial motor neuron pools that featured fibers and occasional boutons from 

Ph-preMNs (red), many boutons from trace− V0 neurons (green), but virtually no 

bouton from trace+ rVRG neurons (mCherry+/GFP+, yellow) (data not shown). 

Apart from Ph-MNs, the only conspicuous presence of trace+ rVRG synaptic 

terminals was in the ipsi- and contra-lateral lateral reticular nucleus (LRN), a 

precerebellar hub structure that also receives ascending signals from multiple 

spinal premotor sources (Fig. 5.4g–i) (Pivetta et al., 2014). In particular, we noted 

the absence of doubly labeled terminals on trace+ rVRG neurons themselves 

(0.07 ± 0.04 boutons/soma, n = 54 cells, Fig. 5.4d–f). Altogether these data 

indicate that trace+ rVRG neurons are not intrinsically connected and that they 

send collateral projections to the LRN but not to major respiratory-related cranial 

motor neurons. In addition, we detected abundant GFP+ only terminals on trace+ 

rVRG neurons, indicating that they receive inputs from other V0-type neurons 

that we next set out to identify. 

PreBötC V0 neurons connect rVRG V0 neurons. A candidate source of V0 

inputs to the rVRG is the preBötC whose neurons form the inspiratory rhythm 

generator (Bouvier et al., 2010; Gray et al., 2010). To verify this, we modified 

the original viral tracing scheme to enable an additional retrograde synaptic 

jump of the ΔG-Rb from V0 neurons. Viral injections were made in Dbx1CreERT2; 

R26ssHTB pups in which G-complementation and nuclear GFP labeling occurs 

in V0 neurons thanks to cre-dependent expression of, respectively, G- and 

histone 2B-GFP-encoding transgenes (Fig. 5.5a). 
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Figure 5.4 Synaptic targets of V0 rVRG neurons.  
a V0 rVRG synaptic terminals double labeled (yellow) by rabies-mCherry (Rb, red) and 
SynGFP (green) are massively present on Ph-MNs (trace−, ChAT+, blue) contralateral 
to the diaphragm viral injection side. b Zoom on the square inset in a. c Single optical 
section of the inset in b showing individual synapses (arrowheads). d–f rVRG (trace+, 
red) neurons are devoid of double labeled terminals. e Zoom of the inset in d. f Single 
optical section of the inset in e. g V0 trace+ rVRG neurons project to the lateral reticular 
nucleus (LRN). h Zoom of the inset in g. i Single optical section of the inset in h showing 
individual V0 rVRG synaptic terminals (arrowheads) presumably abutting the soma of a 
LRN neuron. Scale bars: a, d, g 50 μm; b, e, h 20 μm; c, f, i 5 μm 
 

 

In this background, the distribution and the number of trace+ neurons in Ph-

preMN stations was as in monosynaptic traced pups, but an additional large 

neuronal population was visualized just anterior to and comparable in size with 

the rVRG, in the preBötC area (Fig. 5.5b, c). This neuronal cluster was largely 
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composed of V0 neurons (Fig. 5.5d–g). These data demonstrate the presence of 

abundant homotypic V0-V0 synapses between presynaptic preBötC V0 neurons 

and postsynaptic rVRG V0 neurons. 

 

 

 

 
Figure 5.5 V0 homotypic connectivity from the preBötC to the rVRG.  
a Tracing scheme allowing supplementary retrograde transsynaptic spread from rVRG 
V0 neurons in Dbx1creERT2; R26ssHTB pups. b Sagittal sections of the ventral respiratory 
column showing trace+ neurons (Rb, red) in control (top) and Dbx1creERT2; R26ssHTB 
(bottom) pups. Note the presence of an additional trans-synaptically labeled cell 
population in the PreBötC region (delineated by square corners inset) in Dbx1creERT2; 
R26ssHTB. c Summary histograms of the distributions of trace+ neurons in control 
(black trace, n = 4) and Dbx1creERT2; R26ssHTB (red trace, n = 4). d–g Zoom on the 
preBötC region (inset in b) of a Dbx1creERT2; R26ssHTB pup showing trace+ neurons (d) 
counterstained for GFP (e) and Sst (f) and overlay (g). Arrowheads report trace+ 
neurons that coexpress GFP and Sst. Scale bars: d–g, 50μm. *p < 0.05 
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V0 neurons ensure efficient bilateral breathing drives. We then assessed the 

contribution of synapses made by V0 neurons of the rVRG and preBötC to the 

mounting of the inspiratory motor drive. First, we tested the ability of rVRG V0 

neurons to control the Ph-MNs outputs bilaterally during fetal breathing. At 

embryonic day (E) 15.5, in brainstem spinal cord preparations (n = 4), a unilateral 

injection of a rhodamine dextran dye in the phrenic motor column led to bilateral 

back-labeling of rVRG neurons (Fig. 5.6a, b) revealing that bilateral descending 

projections of the rVRG neurons are already established at this stage. We then 

photo-stimulated the rVRG V0 neurons, in E15.5 Dbx1creERT2; ChR2-tdTomato 

preparations transversally cut so as to expose the rVRG and eliminate the 

preBötC (Fig. 5.6c). In such preparations (n = 5), the phrenic nerves, which exit 

through the fourth cervical roots (C4) are spontaneously silent. When light was 

targeted to the rVRG on one side, it activated the ipsi- but not the contra-lateral 

rVRG and evoked synchronous bilateral bursts of activity on C4 roots (Fig. 5.6d). 

Thus, rVRG V0 glutamatergic neurons already transmit their excitation bilaterally 

to Ph-MNs at the time of inception of fetal breathing. Second, we prevented the 

commissural navigation of the axons of V0 neurons by deleting the Robo3 gene 

with a Dbx1Cre line (Bouvier et al., 2010). In the absence of Robo3 receptor-

mediated signaling, axons fail to navigate across the midline(comp, 2004). This 

conditional interference collectively targets V0 neurons of the preBötC, causing 

leftright de-synchronization of its activity(Bouvier et al., 2010), and those of the 

rVRG, whose role in this context had not been previously investigated. The 

impairment of the rVRG was attested in Dbx1cre; Robo3lox/lox E15.5 mutants by 

loss of contralaterally labeled rVRG neurons following a unilateral rhodamine 

dextran dye injection in the phrenic motor pool (n = 3, data not shown). To 

investigate the functional status of this conditional mutant, we monitored the 

activities of facial motor nucleus (moVII) and phrenic motor output (C4). In wild-

type E15.5 brainstem spinal cord preparations, the activities of the moVII and C4 

were bilaterally rhythmic and synchronized (Fig. 5.7a) and the normalized 

amplitudes of the left and right synchronous bouts of C4 activity were similar 

(1.02 ± 0.01, n = 77 bursts from five preparations, Fig. 5.7b). In Dbx1cre; 

Robo3lox/lox mutants the activities of the moVII were left-right desynchronized 

(Fig. 5.7c) as if receiving only ipsilateral drives from the left-right desynchronized 

preBötC (data not shown).  
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Figure 5.6 Neurons of the rVRG transmit bilaterally their excitation to Ph-MNs at 
E15.5.  
a Retrograde tracing scheme in a Dbx1LacZ/+ brainstem spinal cord at E15.5 using 
Rhodamine dextran dye unilaterally injected in at C4 level. b Left, transverse slice 
showing the tracer pattern (red) and LacZ counterstain (green) in the ipsi- and 
contralateral rVRG (insets) to the tracer injection side. Right, zoom on the insets showing 
double labeled (yellow) rVRG cells. c Schematic showing the Dbx1creERT2; ChR2-Tdt 
preparation and unilateral illumination targets (blue empty circles) achieved by computer 
generated holography outside (1) and on (2) the rVRG while recording activities of left 
and right C4 motor roots. d Top photostimulation away from the rVRG (blue circle 1 in c) 
fails both to trigger detectable ΔF/F fluorescence changes and evoke C4 activity 
responses (right set of traces). Bottom, the light spot positioned on the rVRG (blue circle 
2 in c) evokes ΔF/F fluorescence changes restricted to the targeted rVRG (arrowhead) 
and synchronous left and right C4 bursts (right set of traces). Note that the 
photostimulation of the rVRG on one side fails to activate the contralateral rVRG. Scale 
bars: b left, 100 μm; b right, 20 μm 
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Figure 5.7 V0 neurons ensure bilaterally synchronized and balanced C4 outputs 
in vitro.  
a Spontaneous fluorescence (ΔF/F) changes of the left (L) and right (R) facial motor 
nucleus (VII, top traces) and electrophysiological activities of the left and right C4 motor 
root (bottom traces) showing phased (*) rhythmic bouts of activity in wild-type 
preparations. b Histogram of the normalized amplitudes of synchronous left (L C4) and 
right (R C4) phrenic motor bursts showing their balanced amplitudes. c In Dbx1cre; 
Robo3lox/lox preparations, the left (black arrowheads) and right (white arrowheads) 
bouts of VII activity were found de-synchronized but still phased (vertical lines) with 
bilaterally synchronized bouts of activity of the C4 motor roots. Note the higher amplitude 
of the burst on the C4 root ipsilateral (ip.C4) to the active VII when compared to that 
recorded from the contralateral side (Co.C4). d Histogram of the normalized amplitudes 
of synchronous ip.C4 and Co. C4 showing the reduced amplitude of the latter. e 
Dbx1cre; Robo3lox/lox mutant preparations, at P0, show an aggravated unbalance of 
the amplitudes of the synchronous bouts of activity of the left and right C4. f Histogram 
of the normalized amplitudes of yet synchronous ip.C4 and Co. C4 bursts of activity 
showing the much greater amplitude of ip.C4 relative to Co. C4 bursts suggesting an 
almost complete loss of commissural connectivity. Phased activity events (*) were still 
detected occasionally in Dbx1cre; Robo3lox/lox preparations at both E15.5 (17/144 
bursts from four preps) and P0 (6/79 bursts from four preps) either caused by fortuitous 
phasing of the independent left and right motor drives or by a yet unidentified source of 
synchronous bilateral drives to the rhythm generator. ***p < 0.001 
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Unexpectedly, at the level of the C4 outputs, bilateral synchronization was 

maintained so that each bout of moVII activity present on either side of the 

midline was associated with bilaterally synchronized bouts of C4 activity (Fig. 

5.7c). However, the amplitudes of the left or right bouts of C4 activity fluctuated 

according to the side where the moVII, and thus probably the preBötC, were 

active (Fig. 5.7c). The normalized amplitudes of C4 discharges recorded on the 

active moVII side (ipsi-active) were systematically larger than those recorded 

from the contralateral (contra) C4, yielding an ipsi-active/contra amplitude ratio 

of 1.31± 0.09 (n = 127 bursts from four preparations, Fig. 5.7d). These 

unbalanced left-right C4 amplitudes are, therefore, likely to reflect an excess of 

descending ipsilateral projections, caused by the conditional Robo3 mutation that 

translates into a systematic motor overdrive on the side hosting the active 

preBötC. These experiments confirm the early role of V0 rVRG neurons in the 

mounting of the inspiratory motor command although, at this stage, commissural 

premotor neurons other than V0s probably also support the descending 

inspiratory motor drive. Interestingly, when we repeated these recordings in the 

same mutant at birth (P0) when physiological breathing needs to operate reliably, 

we observed a severe worsening of the unbalance of the amplitudes of the left 

and right C4 outputs. Indeed, the ipsiactive/ contra amplitude ratio of C4 activity 

was dramatically increased to 4.68 ± 0.46 (n = 76 bursts from four preparations, 

Fig. 5.7e, f) and for some events contralateral bursts could not be detected. To 

check the consequence of commissural V0 axon re-routing on the breathing 

behavior, we compared plethysmographic recordings of the ventilation in 

unrestrained wild-type and Dbx1cre; Robo3lox/lox P0 pups (Fig. 5.8). The mutant 

pups had atypical ventilation profiles (Fig. 5.8a, b). First, the distribution of breath 

durations (TTOT) showed a high incidence of breath separated by abnormally 

short intervals (Fig. 5.8c). Furthermore, the distribution of tidal volumes (VT) of 

the conditional Robo3 null mutants showed a left shift toward small amplitudes 

breath (Fig. 5.8d) so that the peak of the VT distribution in the mutant 

corresponded to about half that of wild-type littermates (5.1 ± 0.4 μl/g, n = 2192 

breaths events from eight pups in Dbx1cre; Robo3lox/lox vs. 11.8 ± 0.7 μl/g, n = 

3034 breaths events from 13 pups in wild types). This resulted in a left-shifted 

distribution of the ventilation measurements (VE = VT/TTOT) in the mutant (Fig. 



 
101

5.8e) owing to the large fraction of breaths characterized by both low VT and low 

TTOT values as revealed by density maps of (VT,TTOT) plots (Fig. 5.8f, g).  
 

 
 

 
Figure 5.8 Left-right decoupled breathing in Dbx1cre; Robo3lox/lox neonates.  
a Left, example plethysmographic recordings from three wild-type P0 neonatal pups (#1, 
#2, #3) during quiet breathing. Right, ten superimposed representative breath (thin lines) 
and their average (thick line). b Left, comparable recordings for three Dbx1cre; 
Robo3lox/lox mutant pups. Note the reduced amplitude of breaths and their more 
frequent occurrence. Right, superimposed representative mutant breaths often 
appearing as double breath events. c–e Summary histograms of the distributions of 
breath duration (TTOT, c), tidal volumes (VT, d) and ventilation (VE, e) in wild types 
(black trace), Dbx1cre; Robo3lox/lox (red trace). Note the left shifted distributions for 
TTOT, VT, and VE in mutants. Stars indicate significant differences with wild types. f, g 
Density maps of VT−TTOT relationships for the breathing of wild types (f) and Dbx1cre; 
Robo3lox/lox (g). Note in the mutants the high density of aberrant breath featuring both 
small VT and small TTOT values (in the bottom left quadrant) absent in wild-type pups 
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Altogether, the shallow breathing of the mutants, that mobilized roughly half the 

lung capacity at about twice a higher frequency, likely results from two freely 

running unilateral rhythmic motor commands targeting each a hemi-diaphragm 

(data not shown). To which extent the decoupled inspiratory drive of the MoVII 

might contribute to the mutant respiratory distress will need to be investigated 

further. Asymmetric motor drives to the left and right diaphragm are not 

compatible with survival, as all Dbx1cre; Robo3lox/lox (13/13) newborn pups died 

within 24 h like Robo3 null mutants do (Bouvier et al., 2010; comp, 2004). 
 
 
 
 

5.4 Discussion 

An early hypothesis concerning the neural bases of movements by Broadbent in 

1866 stated: “That where the muscles of the corresponding parts on opposite 

sides of the body constantly act in concert, and act independently, either not at 

all, or with difficulty, the nerve-nuclei of these muscles are so connected by 

commissural fibres as to be pro tanto a single nucleus” (Broadbent, 1866). This 

hypothesis applies well to respiratory movements controlled by “nerve nuclei” 

with now known origins that include the rhythm generator in the preBötC (Bouvier 

et al., 2010; Gray et al., 2010), some of its attendant neuromodulatory control (Li 

et al., 2016; Pierre-LouisRuffault et al., 2015; Rose et al., 2009; Thoby-Brisson 

et al., 2009) and output Ph-MNs (Philippidou, Walsh, Aubin, Jeannotte, & Dasen, 

2012). Using transsynaptic tracing strategies we have now revealed the yet 

uncharted origins of a fourth essential component: phrenic premotor neurons. 

Among these, the principal premotor neurons that form the rVRG, share V0 

identity with, and are synaptic targets of, preBötC neurons. Our data strikingly 

vindicate and refine the notion that hemi-diaphragms “act in concert” owing to 

“pro tanto a single nucleus” comprised of V0 type commissural neurons. Our 

tracing scheme from the diaphragm restricts the viral spread to premotor neurons 

(Stepien et al., 2010) and thus allowed for the first time a definitive establishment 

of premotor neurons locations and identities in mouse neonates. Ph-preMNs 

were exclusively found to reside in the pons and medulla of the brainstem and in 

the rostral cervical spinal cord. The bulk (about 75%) of brainstem Ph-preMNs 

locate to the ventral respiratory column in the BötC and, most prominently, in the 

rVRG. The rest of Ph-preMNs were distributed in the dorsolateral pons in the 
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parabrachial nuclei and Kölliker-Füse nucleus (PB/KF), within the lateral 

tegmental area in the lateral paragigantocellular (LPGi) and gigantocellular nuclei 

(Gi), the intermediate reticular nucleus, in vestibular nuclei, in the midline raphe, 

in the dorsal medulla and in the nucleus of the solitary tract (NTS). Altogether, 

these locations are in agreement with previous anatomical and 

electrophysiological delineations of Ph-preMNs made in the adult mouse (Gaytan 

et al., 2002), rat (Dobbins & Feldman, 1994) and cat (Onai & Miura, 1986), 

suggesting that inspiratory descending circuits are conserved in mammals and 

definitively set 1 week after birth. The relatively few Ph-preMNs outside the 

ventral respiratory column may reflect modulatory roles: integration of viscero- 

and chemo-sensory afferents in the NTS, inputs from higher brain centers 

coordinating various rhythmic motor activities in the PB/KFf (Dutschmann & Dick, 

2012; Forster et al., 2014) or necessary persistence of breathing during REM 

sleep atonia through the LPGi (Sirieix, Gervasoni, Luppi, & Léger, 2012). All 

these premotor locations featured ipsi-laterally biased projections to Ph-MNs that 

could introduce an asymmetry of the phrenic premotor drive should they be 

activated unilaterally. To our knowledge asymmetric volitional breathing has 

been attested in human patients with vascular hemiplegia (Similowski, Catala, 

Rancurel, & Derenne, 1996), suggesting that corticospinal descending inputs 

thought to indirectly project on Ph-MNs (Gandevia & Rothwell, 1987) may target 

first such premotor neuronal populations. The part of the ventral respiratory 

column that extends caudally from the BötC to the rVRG plays the major role in 

the motorization of the inspiratory pump. It hosts the vast majority of traced Ph-

preMNs that are evenly distributed across the midline following unilateral viral 

injections (data not shown). Excitatory and inhibitory Ph-preMNs originate from 

two distinct sources of progenitors and differentially populate the BötC and the 

rVRG. Inhibitory vGAT+ Ph-preMNs have a dB1/ dB4 origin, form all of the BötC 

and contribute a third of rVRG neurons, while excitatory vGlut2+ Ph-preMNs by 

large of p0 origin reside in the rVRG. The few Ph-preMNs located in the area of 

the preBötC are indistinguishable from rVRG neurons by molecular criteria, 

suggesting a minor, if any, contribution of the preBötC in the direct transmission 

of descending drive to Ph- MNs (Dobbins & Feldman, 1994). Our work identified 

a fraction of rVRG neurons as inhibitory neurons that together with rVRG 

excitatory ones may provide concurrent glutamatergic and GABAergic drives to, 
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(i) enable a specific gain control of the Ph-MNs output during inspiration in a 

BötC-independent manner (Parkis, Dong, Feldman, & Funk, 1999), (ii) organize 

the recruitment of Ph-MNs or smooth out diaphragm force production 

(Ellenberger & Feldman, 1990; Parkis et al., 1999). Finally, the inhibitory Ph-

preMNs of the BötC are known to provide the synaptic inhibition of Ph-MNs 

during expiration(Merrill & Fedorko, 1984). One major finding is that the 

predominant premotor group, the glutamatergic rVRG neurons have for the most 

part V0 identity, like the preBötC. The chief importance, collectively, of these two 

classes of V0 neurons in breathing coordination is revealed by disrupting their 

commissures, which caused left-right desynchronized breathing at birth 

incompatible with survival. The same genetic interference resulted at E15.5 in 

milder unbalance of left and right C4 drives, showing that the phrenic premotor 

organization is initially less dependent on V0 cells. Unlike motor behaviors that 

mature through postnatal incorporation of novel premotor modules (Takatoh et 

al., 2013), the inspiratory circuits thus seem to undergo a weeding out of the 

connectivity outside the preBötCrVRG module, present at the inception of fetal 

breathing (this study and (Thoby-Brisson et al., 2005)). A novel trait, not revealed 

by traditional tracing methods, is that Ph-preMNs display a special axonal 

morphology: a bilaterally branched axon synapsing onto phrenic motor pools on 

both sides of the midline. For technical reasons (see material and methods) these 

neurons are probably underestimated in our study. Yet, this axonal profile was 

detected in all of the main phrenic premotor areas: the PB/KF, the NTS, the BötC 

and in the rVRG. Such a feature has been previously described for components 

of the premotor circuits that control bilateral whisking (Takatoh et al., 2013) and 

jaw closing movements (Stanek, Cheng, Takatoh, Han, & Wang, 2014). Our data 

indicate that this morphological trait is not related to neuronal origin or subtype 

identity. Indeed, such neurons were present in premotor stations that originated 

in dorsal dA, dB domains, in the ventral p0 domain of the neural tube as well as 

in, necessarily, a fraction only of dA3 subtype neurons of the NTS found with 

predominant ipsilateral projections. The yet unknown signal that produces axon 

collateral branching, appears a crucial morphogenetic instruction in several 

brainstem premotor circuits to ensure the simplest design for bilateral 

coordination: a single premotor neuron that synapses on equivalent ipsilateral 

and contralateral motor neurons. Our tracing experiments also revealed that, 
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collectively, PhpreMNs send collateral projections to several brainstem visceral 

and somatic motor nuclei that innervate oro-facial and upper airway patency 

regulating muscles. However, these projections did not arise from rVRG Ph-

preMNs. In fact, axonal terminals of rVRG neurons were only manifest in the 

LRN, a pre-cerebellar nucleus that, through mossy fibers, relays information from 

several spinal systems controlling posture, reaching, grasping, and locomotion 

(Alstermark & Ekerot, 2013). This is consistent with the finding that spinal 

premotor neurons underpinning voluntary forelimb movements and rVRG 

premotor neurons directly connect to LRN neurons(Pivetta et al., 2014). 

Altogether these findings suggest that the rVRG is the main source of inspiratory 

corollary discharge (Crapse & Sommer, 2008) needed to coordinate breathing 

with other motor, e.g., postural, locomotor, feeding, expulsive behaviors that rely 

on partially shared muscles(Bramble & Carrier, 1983). Importantly, V0 rVRG 

axonal terminals were missing in the rVRG itself, a situation strikingly contrasting 

with preBötC V0 neurons whose intrinsic ipsi- and contra-lateral connectivities 

ensure rhythm generation and left-right synchronicity. In sum, our results reveal 

a core executive control circuit for inspiration comprised of a V0 bilaterally 

synchronized rhythm generator feeding a V0 bilaterally projecting V0 rVRG 

premotor station. This redundant architecture alleviates the possibility that 

asymmetric inputs to this core may translate in unbalanced motor drives to the 

left and right hemi-diaphragms. A number of studies hint at the possibility that 

transcription factors may induce expressing neurons to establish synaptic 

connections with one another during development, to form neural networks. This 

may concern Tlx3 (Logan, Wingate, McKay, & Lumsden, 1998), Brn3a 

(D'Autreaux, Coppola, Hirsch, Birchmeier, & Brunet, 2011), Drg11 (Saito, 

Greenwood, Sun, & Anderson, 1995) in the somatic sensory pathways, Atoh1 in 

proprioceptive pathways (Bermingham et al., 2001), Lhx6 in an amygdalo-

hypothalamic pathway (Choi et al., 2005) and Phox2b in visceral circuits (Tiveron, 

Hirsch, & Brunet, 1996). V0 neurons in the preBötC and the rVRG recapitulate 

all of the necessary properties for generation and transmission of the rhythmic 

inspiratory command in a secured bilaterally synchronized manner to Ph-MNs, 

for effective muscle contraction powering breathing inflow. Thus, synapses made 

by neurons sharing a common V0 identity, are sufficient for building an inspiratory 

motor circuit during development and, in a more speculative way, for the advent 
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of aspiration breathing in tetrapods (Perry, Similowski, Klein, & Codd, 2010). All 

extant amniotes draw air in by expanding the thorax (aspiration breathing) as 

opposed to amphibians, who pump air into the lung by building up pressure in 

the bucco-pharyngeal cavity (Milsom, 2008). The amniotes that first evolved a 

diaphragm required, for its motorization, that respiratory activity be shifted from 

cranial branchiomotor nerves to spinal somatic ones (e.g., the phrenic nerve), 

and importantly, that a neural circuit controlling its contractions arose. The 

present data support an evolutionary scenario whereby these demands may 

have been met simultaneously. In the spinal cord, V0 neurons were first 

described as commissural inhibitory premotor neurons synapsing onto somatic 

motor neurons that innervate hindlimb muscles (Lanuza, Gosgnach, Pierani, 

Jessell, & Goulding, 2004). Assuming that this is the default state of V0s 

produced throughout the neuroaxis, those that are produced in the rVRG (this 

study) and in the preBötC (Bouvier et al., 2010) differ from their serial spinal 

homologues by a glutamatergic phenotype (but see (Ruder et al., 2016)). And 

among those, the latter are rhythmogenic and not premotor, while, as shown 

here, the former are premotor and not rhythmogenic. We hypothesize that during 

evolution two neighboring groups of hindbrain commissural premotor V0 neurons 

simultaneously acquired a glutamatergic phenotype while the rostral group only, 

the preBötC (possibly through a rhombomere specific- mechanism), acquired the 

capacity to connect, rather than to motor neurons, to other V0 neurons, i.e., to 

form homotypic V0- V0 synapses. This would suffice to jointly establish, on the 

one hand, the preBötC as a rhythm generator whose function relies on the 

synaptic interconnections of its constitutive V0 neurons according to the group 

pacemaker hypothesis (Del Negro & Hayes, 2008), and on the other hand, the 

V0 premotor rVRG as its target. Thus, two subtle V0 fate changes would enable 

inspiratory rhythm generation and direct its output to PhpreMNs, thus 

establishing a redundantly commissural V0 core circuit to secure the bilaterally 

coordinated contractions of inspiratory pump muscles required for aspiration 

breathing. 
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5.5 Methods 

5.5.1 Mouse genetics.  

The following previously described mouse lines were used in this study: Dbx1cre 

(Bielle et al., 2005), Dbx1LacZ (Pierani et al., 2001), Dbx1creERT2 (Hirata et al., 

2009), En1cre (Kimmel et al., 2000), Lbx1cre (Sieber et al., 2007), Sim1cre (Zhang 

et al., 2008), VGlut2cre (Borgius, Restrepo, Leao, Saleh, & Kiehn, 2010), vGATcre 

(Vong et al., 2011), ChATcre (Rossi et al., 2011), Robo3lox/lox (Renier et al., 

2010), RCL-ChR2(H134R)/EYFP abbreviated Ai32 and RCLhChR2(H134R)/tdT-

D abbreviated Ai27(Madisen et al., 2012), Tau-lox-stop-lox-Syn-GFP-

IRESnlsLacZpA (Pecho-Vrieseling et al., 2009), R26ssHTB (Bourane et al., 

2015). For recombination induction, Dbx1creERT2 mice were orally gavaged with 

Tamoxifen (20 mg/ml in corn oil, Sigma) at E10.5 at a dose of 0.1 mg/g of body 

weight. Live embryos were recovered at E18–E19 through cesarean section, 

fostered, and raised for further analysis. All animal studies were done in 

accordance with the guidelines issued by the European Community and have 

been approved by the research ethics committees in charge (Comité d’éthique 

pour l’expérimentation animale) and the French Ministry of Research. Sample 

sizes were chosen on the basis of previous literature. No method of 

randomization was used to determine how animals were allocated to 

experimental groups and the investigators were not blinded when analyzing data. 

 

5.5.2. Retrograde tracing experiments.  

Production of Rb-mCherry, Rb-GFP, and AAV-G for virus experiments with 

monosynaptic restriction to label premotor neurons were carried out as 

previously described (Stepien et al., 2010; Tripodi et al., 2011). P1 mouse pups 

of a given Cre-line, were anesthetized by hypothermia, prior to receiving viral 

injections targeted uni- or bi-laterally to the costal part of diaphragm muscle. Two 

microliters of a viral solution containing equal volumes of G-deficient rabies virus 

(titers of ~ 1e + 8) and AAV-G of serotype 6 (titers ~ 3e + 12) were injected in 

individual muscles. Eight days post injection, P9 pups were deeply anesthetized, 

transcardially perfused with 4% paraformaldehyde (PFA) in phosphate-buffered 

saline (PBS), post-fixed overnight in 4% PFA, and cryoprotected in 30% sucrose 

in PBS and were stored at −80 °C for later immunohistochemistry (IHC). To 
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ascertain that the tracing scheme targeted centrally motor neurons to initiate the 

viral spread, we compared the distribution of premotor neurons obtained with the 

above tracing scheme with that resulting from comparable injections using EnvA-

pseudotyped ΔG-Rb (titers of ~ 1e + 9) in ChATcre; R26ssHTB animals. The 

latter tracing scheme was found less effective than the original one. The total 

number of traced PhpreMNs (counted in n = 2 experiments) was found reduced 

by about 35% probably owing to suboptimal viral infection of seeding Ph-MNs in 

relation to limited cre dependent expression of TVA from the R26ssHTB allele. 

To allow a supplementary retrograde transsynaptic jump of ΔG-Rb from rVRG 

neurons, we performed unilateral diaphragm injections of viral solution (G-

deficient rabies virus and AAV-G) in the Dbx1creERT2; R26ssHTB genetic 

background. Retrograde tracing in E15.5 preparations was performed using 

pressure injection of Rhodamine dextran MW 3000 (Molecular probes) in the C4 

ventral spinal cord of isolated brainstem spinal cord preparations in vitro. After 

injection, preparations were maintained in the perfusing chamber with the 

oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid at RT for 12 h prior 

to fixation in 4% PFA. Transverse and sagittal 20–60 μm thick sections of the 

entire brain were performed using a cryostat (Leica CM3050, Germany). 

 

5.5.3. Histology, imaging, and cell counting.  

The methods for IHC, combined bright field in situ hybridization (ISH) have been 

described previously(Bouvier et al., 2010; Pierre-LouisRuffault et al., 2015). 

Gad1 and GlyT2 ribo-probes were synthesized using a DIG RNA labeling kit 

(Roche, Germany) as specified by the manufacturer. And all ISH signals were 

revealed by NBT and BCIP solution (Roche). Antibodies used for IHC were as 

follows: Chicken anti- GFP (1/2000, Aves Labs GFP-1020), rabbit anti-GFP 

(1/2000, Invitrogen A11122), chicken anti-beta-galactosidase (1/2000, Chemicon 

AB3403), goat anti-ChAT (1/ 100, Millipore AB144P), rabbit anti-RFP (1/1000 

Rockland 600-401-379), rat anti- RFP (1/1000, ChromoTek 5F8), rabbit anti-

Pax2 (1/300, Covance PRB-276P), rabbit anti-NK1R (1/5000, Sigma S8305), 

rabbit anti-Sst (1/500, Peninsula T4103), rabbit anti-Tlx3 (1/5000, kind gift from 

C. Birchmeier), rabbit anti-Phox2b (kind gift of JF Brunet), mouse anti-Islet1,2 

(1/50, DSHB 39.4D5c and 40.2D6c). The primary antibodies were revealed by 

alexa 488- (Invitrogen, Carlsbad, CA), DyLight 405-, Cy3-, alexa 594-, DyLight 
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649-, or Cy5-labeled (Jackson Immunoresearch, Suffolk, UK) secondary 

antibodies of the appropriate specificity. Slides were visualized using a Leica SP8 

confocal microscope. The virally infected premotor neurons were carefully 

surveyed in the entire brain rostral to the spinal cord. Neurons were counted on 

both sides in all 1:1 serial sections. Results are expressed as mean ± SEM. The 

number of traced Ph-preMNs was variable (range: 401–792 neurons; 577 ± 62 

neurons, n = 6) from one injection to the other but the relative abundance of 

neurons in the diverse premotor areas was consistent between experiments. 

Experiments that resulted in trans-synaptic labeling of less than 150 rVRG 

neurons (n = 3) failed to label neurons in any other premotor location and were 

discarded. Neuronal counts in premotor groups are expressed as percentage of 

the total number of trace+ premotor neurons within the sample. In bilateral 

diaphragm injection experiments using red and green viruses, the number of 

doubly labeled premotor neurons is influenced by the probability that primo-

infection occurred in pairs of left and right Ph-MNs commonly targeted by a 

presynaptic partner and by possible competition of the two viral vectors for 

expression in co-infected cells. This probably introduces an underestimation bias 

that precluded quantification of Ph-preMNs bearing bilaterally descending 

branched axons. To quantify secondary viral spread from rVRG neurons in 

Dbx1creERT2; R26ssHTB conditional mice while taking into account the inherent 

variable efficiencies of infections, neuronal counts were expressed as 

percentage of total number of trace+ rVRG neurons within the sample. We use 

the following nomenclature for brainstem structures: rVRG (rostral ventral 

respiratory group), PB/KF (Parabrachial nuclei and Kölliker-Füse nucleus; given 

the lack of defined boundaries we pooled lateral and medial subdivision of the 

parabrachial nucleus), preBötC (preBötzinger complex), BötC (Bötzinger 

Complex), NTS (nucleus of the solitary tract), LPGi, Gi (Gigantocellular reticular 

nucleus) Ve (includes vestibular nuclei, medial, lateral and spinal parts), IRt 

(Intermediate reticular formation), Raphe (includes raphe magnus and obscurus). 

 

5.5.4. Location of the BötC, preBötC and rVRG in neonatal mice.  

In neonatal mice, at P9, the three subdivisions of the ventral respiratory column: 

the BötC, preBötC and rVRG, were defined using previously determined 

anatomical criteria(Ellenberger, 1999; Ellenberger & Feldman, 1990). From 
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rostral to caudal, the BötC was located caudal to the end of facial motor nucleus 

(moVII) and ventral to the compact formation of nucleus ambiguus (nAc) (data 

not shown). The preBötC caudal to the BötC and ventral to the semicompact 

formation of nucleus ambiguus (nAsc), started 300–350 μm caudal to posterior 

end of moVII (data not shown). The rVRG, caudal to preBötC, extended from 

550–600 μm caudal to the posterior end of moVII to the rostral pyramidal 

decussation, ventrally to the loose formation of nucleus ambiguus(nAls), 

intermingled with the external formation of nucleus ambiguus (nAex) and dorsal 

to the LRN (data not shown). 

 
5.5.5. Digital three-dimensional brainstem reconstructions.  

The 3D brainstem reconstruction of the virus-labeled premotor neurons was 

processed as previously described(Esposito et al., 2014). Briefly, all sections 

were acquired with a confocal microscope (Olympus) using a 20Å~ objective. In 

order to cover the full area of the brainstem with labeled premotor neurons, a 

mosaic 7 Å~ 5 tile was acquired for each brain section, and stitched by Fiji 

software. All stitched images were aligned manually using Amira software to 

construct the 3D model, in which rabies labeled (trace+) premotor neurons were 

manually assigned (Imaris Spot Detection), and color-coded according to their 

location based on Paxinos’ mouse brain atlas (Franklin & Paxinos, 2007). 

 

5.5.6. Calcium imaging, electrophysiology, and photostimulation.  

The methods used for preparing mouse brainstem–spinal cord preparations from 

embryonic day 15.5 embryos and P0 mouse and maintaining them in oxygenated 

artificial cerebrospinal fluid (a-CSF) have been described(Bouvier et al., 2010; 

Pierre-LouisRuffault et al., 2015; Thoby-Brisson et al., 2009). Briefly, brainstem-

spinal cord preparations were dissected in 4 °C a-CSF of the following 

composition (in mM): 128 NaCl, 8 KCl, 1.5 CaCl2, 1 MgSO4, 24 NaHCO3, 0.5 

Na2HPO4, 30 glucose, pH 7.4. For calcium imaging of MoVII neurons, 

brainstem-spinal cord preparations were incubated at room temperature for 40–

45 min in oxygenated a-CSF containing the cell-permeable calcium indicator dye 

Calcium Green-1 AM (10 μM; Life Technologies, Paisley, UK) and were 

transferred to a recording chamber (30 °C). Optical recordings started after 

rinsing out for 30 min the excess of dye using a conventional epifluorescence 
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configuration with a FITC filter cube. Fluorescence images were captured from 

the ventral surface of brainstem-spinal cord preparations exposing the MoVII 

region, with a cooled Neo sCMOS camera (Andor Technology Ltd., Belfast, UK) 

using 4Å~ objectives, 4 Å~ 4 binning, an exposure time of 100 ms and for periods 

of 180 s using Micro-Manager software (https://www.micro-manager.org/wiki/). 

Phrenic nerve activity was recorded on E15.5 and P0 brainstem-spinal cord 

preparations using suction electrodes positioned on the fourth cervical root (C4) 

as described(Bouvier et al., 2010; Pierre-LouisRuffault et al., 2015; Thoby-

Brisson et al., 2009). The raw signals were amplified (High-gain AC, 7P511, 

Grass Technologies, Warwick, RI), filtered (bandwidth 0.1–3 kHz) and integrated 

(time constant 50 ms, Integator 7DAEF, Grass Technologies, Warwick, RI) 

before digital sampling at 6 kHz and analysis using pClamp9 (Molecular 

Devices). Values are given as mean ± SEM. Statistical significance was tested 

using a paired difference Student’s t-test to compare the measurements obtained 

in two different conditions. In optogenetic experiments, photostimulation was 

performed using computer generated holography(Lutz et al., 2008). Briefly, a 473 

nm DPSS laser (CNI, Changchun, China) was used to excite ChR2-expressing 

neurons. The output beam was expanded to match the input window of a spatial 

light modulator LCOS-SLM (X10468-01, Hamamatsu), operating in reflection 

mode. A custom-designed software calculated, given an intensity distribution at 

the focal plane of the microscope objective, the phase hologram and addressed 

it to the LCOS-SLM(Lutz et al., 2008). The SLM plane was imaged at the back 

aperture of the microscope objective through a telescope. Individual light pulses 

of 50 ms duration (laser power density 1–5 mW/mm2) were delivered manually 

at 7–10 s intervals onto a 100 μm circular region covering the rVRG exposed 

transversally in E15.5 preparations (Fig. 5.6c) while recording the 

electrophysiological activities from the left and right C4 motor roots. 

 

5.5.7.Commissural interference.  

For Robo3 conditional deletion experiments using Dbx1creERT2 mice, a single 

dose of tamoxifen at E10.5 failed to alter bilateral synchrony of activities in the 

preBötC in transverse slices (data not shown). Extending the treatment to 

optimize recombination by daily injections over 3 days starting on E9.5 

precipitated abortions and yielded altogether only one E15.5 embryo with 
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attested C4 bilateral amplitude unbalance. As tamoxifen treatment, tested in wild-

type pregnant females, often resulted in pups showing signs of respiratory 

distress, we resorted to the use of the non-inducible Dbx1cre line for both 

prenatal and P0 functional investigations. To compare the amplitude of activities 

recorded from the left and right C4 motor roots in wild-type preparations, we first 

normalized the amplitude of individual bursts on each side to the mean amplitude 

of all burst recorded on the corresponding side during the recording period. We 

then calculated the ratios of the normalized amplitudes of synchronous left and 

right bursts. To compare the amplitude of C4 activities on either side of the 

midline in conditional Robo3 null mutants at E15.5, we first normalized the 

amplitudes of C4 burst on each side to the mean amplitude of all the C4 bursts 

ipsilaterally co-active with the MoVII (ipsiactive) on the corresponding side. Then 

the normalized amplitudes of ipsi-active bursts were divided by that of C4 bursts 

simultaneously recorded on the opposite side (contra) to calculate ipsi-

active/contra amplitude ratios. At P0, due to the large unbalance of the 

amplitudes of left and right C4 bursts, largest peaks were assumed to arise in the 

ipsi-active side and their amplitude considered as the numerators for calculating 

ratios. 

 

5.5.8. Plethysmography.  

Breathing variables of un-anesthetized, unrestrained P0 pups were measure by 

whole-body barometric plethysmography as previously described(Pierre-

LouisRuffault et al., 2015). After a 7 min adaptation period in the plethysmograph 

chamber, the breathing parameters (breath duration (TTOT), tidal volume (VT), 

and ventilation (VE) calculated as VT/TTOT) were continuously monitored in 

apnea free periods and scored using a custom software package (Elphy by G 

Saddoc, https://www.unic.cnrs-gif.fr/software.html). Values are given as mean ± 

SEM. After using F-test to compare the equality of variances, statistical 

significance was tested using an unpaired difference Student’s t-test to compare 

data sets obtained from control and mutant pups. Density maps of breath 

amplitude and duration (VT,TTOT) relationships were obtained using a Python 

custom made plugin. 
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6. Conclusions 

 

6.1 Viral tracing to map neuronal circuits 

A variety of viral tracing tools have been developed over the past few years (Edry, 

2011) and they were introduced for different tracing purposes namely retrograde 

(Tervo et al., 2016), with or without spreading to the pre-synaptic partners, or 

anterograde tracing (Zingg et al., 2017). It is crucial to find out and optimize the 

right viral approach to answer relevant biological questions in neuroscience and 

this is what we did in the studies presented above. 

In the third chapter, we took advantage of the rabies tracing technology jumping 

specifically from MNs innervating forelimb or hindlimb muscles in order to 

determine the location of neurons in the brainstem with direct connections to MNs 

in the mouse. We found several regions encompassing neurons that have direct 

access to MNs highlighting the complexity of the brainstem-MNs wiring diagram. 

We described brainstem neurons with specific connections to MNs innervating 

forelimb muscles located in 3 subdomains of the brainstem identified as MdV, 

PCRt and SPV which were not previously described. We also characterized 

another set of nuclei named Mc and Gi containing neurons with indiscriminate 

connections to MNs innervating forelimb and hindlimb muscles and we followed 

up with studying this population in relation to roles in control of locomotion. 

One confound in the use of this tracer in pups was the possible refinement of 

connections which might occur during development (Basaldella et al., 2015). 

For this reason we set out to reproduce the results mentioned above also in adult 

animals. Indeed, output of MdV neurons to circuits in the spinal cord was 

confirmed using anterograde tracing in adult mice confined to the nucleus, these 

results were coherent with the neonatal tracing. This example reveals how viral 

tracers should be used in neuroscience. Each viral tool has pro and cons and we 

should design experiments taking advantage of the pro of the virus without 

forgetting about the cons, possibly designing extra experiments with a different 

viral tool to eliminate all the issues raised by the disadvantages of the main 

experimental strategy. 
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In the study mentioned in the fourth chapter of this thesis, we use deltaG rabies 

virus as retrograde tracer to continue in the same line as the first tracing of the 

study in chapter 3 but specifically working on the Mc and Gi populations. Rabies 

intra-SC injections in adult confirmed the finding of the juvenile experiments and 

gave us the tools to investigate these populations in more depth focusing on their 

putative role in the speed control of locomotion. 

 

 

6.2 Medulla, neuronal cell types classification and function 

The medullary reticular formation is the most caudal part of the brainstem and it 

is a very peculiar structure of the nervous system as mentioned in the 

introduction. At a cursive look its histological and cytological organization shows 

no layering. It is extremely more difficult to understand its connectivity rules 

compared to other brain structures such as cortex or cerebellum. Interestingly 

several groups of neurons with distinct connectivity and physiological properties 

are intermingled or sit next to each other in this brain structure. 

A good example of how many neurons controlling basic and vital functions are in 

close proximity to each other within the medulla is the project performed in 

collaboration with Fortin lab in Paris described in chapter 5. We used rabies 

tracing to map input specifically to MNs innervating diaphragm muscle in pups. 

We described a variety of labelled cells in the brainstem. In contrast to the results 

of neurons premotor to limb-innervating MNs, here we found that the majority of 

phrenic premotor neurons, resides in a very precise nucleus and they are heavily 

packed to each other. They reside in a region just latero-caudal to LPGi named 

VRG already known for its importance in the control of breathing. Moreover, we 

did not find labelled neurons rostral to the Pons.  

We found that the ChAT positive motor nuclei in the brainstem are of great help 

in the effort to classify and define the position of clusters of neurons embedded 

in this dense network. The starting point of the 3 projects was a 3D reconstruction 

of the caudal part of the brainstem over several analysed brains to display the 

results of slightly different types of tracing and highlight the interesting 

populations on which we continued a more detailed characterization in the main 

result section of each project. This analysis together with position of the cells and 
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soma size of them helped us to first of all classify cell type in the brainstem. Cell 

size and morphology data were often in agreement with previous beautiful 

studies from Valverde (Valverde, 1961; 1962). 

This initial classification of neuronal cell types based on position, morphology and 

partially on output mapping was essential to start a deeper analysis on the 

importance of distinct cell types for the execution of a motor action (Figure 6.1). 

Performing experiments for the 3 different projects made clear that it is essential 

to have a careful anatomical characterization in order to continue to determine 

function and properties of neurons. Without a good initial anatomical entry point, 

the design of most of the following experiments would have been very difficult 

and imprecise. 

 

 

 

 

Figure 6.1 Summary of brainstem nuclei connectivity matrix with MNs 

innervating forelimb, hindlimb and diaphragm.  
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An important further layer of complexity is the molecular identity of neurons 

located within the same nucleus. The possibility to segregate neurons according 

to their neuronal identity (neurotransmitter and developmental identity) allowed 

us to study subpopulations that were previously studied as a whole group. In the 

case of VRG phrenic premotor neurons, it was interesting to understand their 

developmental origin in order to shine light on how the connectivity that produces 

and sustains the breathing rhythm is determined during development. 

Importantly also in the case of LPGi, only segregation of subpopulations 

according to their neurotransmitter identity (and the possibility to target one or 

the other specifically in vivo) allowed us to understand their physiological role in 

speed regulation of locomotion. Previous studies only mentioned controversial 

results and we believe this was due to the fact that neurons that elicit opposing 

motor programs are intermingled (Orlovsky, Deliagina, & Grillner, 1999a). 

 

 

6.3 Neurons with distinct location, neuronal identity and 

connectivity elicit distinct behavioural responses when 

activated in vivo. 

The rabies tracing technology (with muscle or intra-SC injections) allowed us to 

reveal and characterize several neuronal clusters in the brainstem (Figure 6.1). 

Each cluster stood out as a separate module and we hypothesized that each 

cluster could be embedded in a peculiar network of neurons and have a precise 

function in motor control. 

We provide evidence that neurons, which share the same neurotransmitter 

identity but reside in distinct nuclei regulate distinct motor behaviors. Key 

aspects in this diversity are their input-output circuitries and the neuronal 

network in which they are embedded. We believe that some peculiar features of 

the network are shaped and refined through usage during the development of a 

mature brains. We can get a first simplified understanding of this complexity 

studying vGlut2 and vGAT positive neurons in different domains of the medulla. 

The picture to describe brainstem diversity is for sure more complex and each 

nucleus contains more than 2 cell types. For example, LPGi encompasses 

another inhibitory GAD65-positive population, which displays completely 
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different connectivity and was shown to be important for sleep regulation 

(Weber et al., 2015). I will now compare and discuss the results of optogenetic 

activation experiment of our and other laboratories, the focus of the following 

paragraphs will be on speed regulation of the animal by glutamatergic and 

inhibitory neuronal populations. 

 

6.3.1 Glutamatergic neurons 

vGlut2 positive neurons in the medulla seem to represent and be part of a very 

precise and diversified motor plan according to the nucleus in which they 

reside. Notably, each spot of the medulla we tested by optogenetic activation 

experiments leads to different effects on the behaviour of the animal (Figure 

6.2), which is mediated by the recruitment of a distinct set of muscles in a 

precise sequence. Effects span from locomotion (LPGi), head turning along 

horizontal axis (Gi), ipsilateral paw movement (PCRt, parvocellular reticular 

formation) and activation of other regions (data not shown, Arber lab) produced 

an even larger repertoire of motor sequences. The effect of the optogenetic 

activation of neurons in each subdomain of the medulla is very reliable and the 

movement initiated by the stimulation is extremely stereotyped, provided the 

same sites are targeted. 

Unilateral LPGi-vGlut2 optogenetic activation produced stereotyped full body 

locomotion terminating as soon as the laser light goes off. Interestingly, 

locomotion can be initiated and maintained for a long time window (tested 5 and 

10 sec), in which the animal speed oscillates around an average speed with the 

characteristic locomotor bouts that are described also for natural open field 

locomotion. Activation of LPGi induces forward locomotion, the animal still 

avoids the walls of the open field and turns to avoid an obstacle which means 

some information from the visual feedback is integrated despite the strong 

locomotor drive elicited by the laser stimulation. Activation of LPGi-vGlut2 

neurons activates a full motor program, the animal increases the muscle tone, 

changes posture and head position to then execute the locomotor plan from its 

stationary position (S. Mori, 1987a). When the animal already locomotes on the 

running wheel, activation of LPGi glutamatergic neurons produces an increase 

in the speed of the animal which often results in a change in gait as well. The 

animal does not perform aberrant steps and smoothly accelerate, arguing that 
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this population could modulate the speed of the animal when locomotion is 

already ongoing. LPGi-vGlut2 neurons project most prominently to the SC 

ventral lamina exactly where central pattern generators for locomotion are 

thought to reside (Goulding & Pfaff, 2005). LPGi specific injections of AAV virus 

anterograde transsynapting tracers (Zingg et al., 2017) might be useful to get a 

more complete picture of the contacted network needed for high speed 

locomotion and to understand the specific INs subclasses necessary for 

execution in the spinal cord. 

In figure 4.12, we show that MLR is one important input of LPGi-vGlut2 neurons 

but we did not dissect MLR subdomain connectivity further. Another study 

recently published shows that functionally defined MLR can be divided in at 

least 2 populations with distinct medullary projections pattern and function in 

vivo (Caggiano et al., 2018). vGlut2 neurons located in the cuneiform nucleus 

(CnF) have strong projections to LPGi subdomain of the medulla and elicit high 

speed locomotion. In contrast vGlut2 pedunculopontine (PPN) neurons project 

broadly to the medulla and their optogenetic activation can induce only slow 

explorative locomotion. 

The finding that CnF-vGlut2 neurons are important and needed for high speed 

locomotion and signal via LPGi matches with the findings of our study. In rabies 

transsynaptic tracing experiments from LPGi-vGlut2 spinally projecting neurons 

we indeed find the majority of labeled cells located in CnF. How does PPN send 

signals for explorative slow locomotion to the final executors? It was shown that 

these neurons have broad projections to the medulla (Caggiano et al., 2018), 

moreover there is still possible that they directly interact with spinal CPGs in 

addition ((Sherman et al., 2015) and preliminary data not shown). 

Interestingly, the optogenetic activation of LPGi, Gi and PCRt glutamatergic 

populations produced movement, albeit of different kind, which implies muscle 

synergies recruitment and the execution of a precise motor action which will be 

repeated or maintained until the laser light goes off. Glutamatergic neurons 

located in the rostral gigantocellular nucleus are the only described exception to 

this rule (Bouvier, Caggiano, Leiras, Caldeira, Bellardita, Balueva, Fuchs, & 

Kiehn, 2015b). Optogenetic activation of this population mediates behavioural 

arrest of the animal and the authors argued that this is possible via connections 

to inhibitory interneurons located in the spinal cord. It is worth mentioning that in 
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this case, optogenetic stimulation was bilaterally delivered, which is different 

from all the experiments presented in this thesis. 

 

 

Figure 6.2 Distinct brainstem populations regulate speed of the animal, 
connectivity and effect of optogenetic activation experiments.   
 

6.3.2 Inhibitory neurons 

We performed GOF activation experiments expressing ReaChR in vGAT and 

GlyT2 positive neurons in different domains of the medulla. Overall, the major 

phenotype of vGAT neurons activation was reproduced performing the exact 

same experiment for each nucleus in GlyT2Cre animals. Optogenetic activation of 

inhibitory neurons in every nucleus of the medulla cause a strong reduction of 

the speed of the animal (Figure 6.2). Pulsed blue light was delivered when an 

animal was locomoting in the open field or on a horizontal running wheel. The 

behavioural arrest induced by the blue light is different according to the 

subdomain of the reticular formation that was target probing the existence of 

another layer of complexity that we were unable to investigate further in the study. 
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It is worth mentioning that LPGi, GiA, GiV and Gi reside next to each other and 

there are no clear boundaries between subpopulations in each nucleus defined 

according to the brain atlas, it is therefore possible that on top of molecular cues, 

other developmental or activity shaping mechanisms are also involved in 

determining their final in vivo function.  

We did not have any chance to test this, but I find very appealing the hypothesis  

that distinct populations of inhibitory neurons (located next to each other) are 

involved in distinct aspects of reducing the speed of the animal. Is this purely 

genetically determined and at the pre-functional status of the circuit? A very 

strong genetic component has to be there (as reproducibility of GOF experiments 

across animals suggests) but I am not sure how these populations are distinct 

from each other as they have very similar morphology and projection pattern. I 

would imagine that each population acquires some genetically and molecularly 

determined features and then the clusters emerge (how big they are, how many 

cells they contain, how much they cross atlas boundaries) in a plastic way during 

development, probably taking advantage of the interaction with other cells types 

(for example excitatory principle neurons) inside and outside the nucleus in which 

they reside. 

A preliminary dataset in favour of this hypothesis comes from data (not shown, 

master thesis Artur Schmidt) of TRAP (Translating Ribosome Affinity Purification) 

experiments. It was shown that excitatory neurons in different subdomains of the 

brainstem are very different from each other in terms of molecular signatures 

(despite the fact that it was not easy to find a unique marker for each population). 

In contrast, vGAT neurons from different subregions are certainly different 

compared to vGlut2 positive neurons but they appear to be less molecularly 

different between subnuclei.  

I would like to speculate that the preliminary data mentioned above suggests that 

vGAT neurons are a homogeneous expanse of neurons during early 

development that span from rostral to caudal medulla. Molecular cues, 

interaction with the excitatory neurons within each subnuclei which have a very 

precise connectivity and usage of the network in producing coherent motor 

pattern might all be important factors to assign them the mature properties we 

revealed in the adult with GOF experiments. 
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It could be interesting to test whether inhibitory neurons in each nucleus are 

active in opposition to the motor program mediated by excitatory neurons 

intermingled with them. A first answer to this question can be extracted from LPGi 

data: LPGi glycinergic neurons mediate the opposite effect of vGlut2 neurons 

when optogenetically activated. 

Is this a general feature shared by distinct reticular formation subcircuits within 

one nucleus? Could be interesting to test if inhibitory neurons in each nucleus 

have a local connectivity to shut down the motor program executed by the 

glutamatergic cells and/or if they are used to shut down alternative programs 

which might compete with the one encoded by the glutamatergic population to 

which they are intermingled. 

 

 

6.4 Sub-networks in the medulla retain muscle synergies 

and basic motor action information. 

Several motor programs are accurately encoded in medullary circuits and each 

of them is in a specific brainstem population, to perform a relatively simple action 

like walking for few steps or reaching an object several muscles are required to 

contract in a very precise and coordinated sequence. The possibility to have 

defined muscle synergies which are used accordingly to the need is essential in 

motor action planning, muscle synergies are the prerequisite to create a complete 

motor action and it is fascinating that at least some of the most relevant motor 

synergies are coded in the brainstem (Roh et al., 2011). 

Our results, together with data of other laboratories, are in favor of putting forward 

a model in which precise modules for each fundamental motor action reside in 

the reticular formation. Glutamatergic neurons are clearly the essential units on 

which this model is based. 

Are some basic and fundamental motor synergies and motor sequences 

hardwired there? I think some actions that are essential for the survival of the 

animal are clearly hardwired there, most probably they are also partially learnt 

actions during development but the specific connectivity and molecular markers 

of each population allow them to be more and more reinforced. As consequence 

when we perform GOF experiments in adult animals, we observe very 
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stereotyped actions. The availability of brainstem structures which code for 

precise motor programs allows the nervous system to take advantage of these 

free “fixed” modules whenever they are needed for the animal to interact with the 

environment. I believe upstream motor centers like cortex and basal ganglia can 

select which action is needed to perform according to the sensory feedback and 

the internal state, plan it and send down the command to the brainstem to finalize 

the movement execution. It is also possible that some “reflex” or very fast actions 

do not need to go via the upstream centers, for example I assume that some 

movements which involve strong feedback to sensory structures within the 

brainstem are computed directly there. 

Are brainstem modules always used like this? How much can they be modified 

and stabilized in time? How essential is one of the modules and how redundant 

is it? 

These and many other questions are not yet addressed but to me they seem to 

be an effective way to deeply understand how much each module of the circuit 

is important for the behavioural output and also to understand how much each 

population of cell type is redundant (paragraph 6.6).  

 

 

6.5 Input mapping, an interesting challenge. 

In order to understand which upstream centers talk to the interesting nuclei for 

grasping and high-speed locomotion, we perform EnVA transsynaptic tracing 

experiments from specific populations of neurons. We used different strategies 

to map input to neurons in MdV and LPGi. We selectively spread from MdV 

glutamatergic neurons knowing this population was the one important and 

needed during the grasping phase from loss of function (LOF) experiments. We 

assumed that MdV glutamatergic neurons are a homogeneous population and 

we found several upstream motor centers giving input to them. I found it very 

intriguing that so many motor centers (also at different level of computation from 

the final motor output) have the possibility to directly talk with a nucleus one step 

away from MNs and with a very specific function in behaviour. Are these inputs 

needed for adjustment of the movements? One very intriguing question would be 

to understand which information flows to MdV from each upstream center, are 



 
123

these channels used in different occasions and do they share the same output? 

Or are they talking to the same output nucleus to execute slightly different 

programs taking advantage of another layer of complexity (each population of 

neurons could be subdivided into more subgroups)? I found surprising that there 

is no direct input to glutamatergic MdV neurons from the basal ganglia which are 

known to be essential for the generation of a learnt motor sequences to reach an 

object. One explanation could be that BG circuits relay it to another structure in 

the brainstem to then pass the information to the MdV that broadcasts it to INs 

and MNs in the spinal cord responsible for the final execution of the grasping. 

MdV glutamatergic neurons get input directly from cortex and deep cerebellar 

nuclei which could be essential to adjust a movement accordingly to a different 

set of feedbacks (first of all the sensory) coming into the circuit. 

In the fourth chapter of this thesis, we designed the experiments differently 

knowing that two intermingled populations of neurons with strong projections to 

the spinal cord mediate distinct motor programs when activated in vivo. We then 

decided to map the input specifically to descending LPGi vGlut2 and GlyT2 

neurons. Also in this case, we found a wide number of structures that provided 

input to inhibitory and/or excitatory neurons. LPGi is a structure needed for 

regulation of locomotion very close to the output but it still keeps the possibility 

of getting information from a lot of distinct structures and not only from the main 

and known locomotion related structure called MLR.  

In this case we had the chance to validate one of the input structures 

physiologically and we proved that MLR is connected to LPGi and ablation of 

LPGi neurons impairs the efficiency of MLR induced locomotion. Is every vGlut2 

neuron in LPGi or MdV receiving this multitude of inputs? How does a neuron 

compute and read them when these inputs coming at concomitant times or at 

different times? The other scenario is that subpopulations within the nucleus 

receive different input and the computation happens between different cells 

within the same nucleus that receive differential input. 

Two approaches could shine light on this problem: ablation/silencing of one 

upstream center and study how the activity in the nucleus of interest changes or 

activate optogenetically cells in distinct upstream structure and at the same time 

record in the nucleus of interest. 
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One hypothesis could be that different upstream motor centers (for example 

PAG, periaqueductal gray (Tovote et al., 2016), MLR (Roseberry et al., 2016), 

superior colliculus) might need, after integrating different kinds of information, to 

induce locomotion and for this reason, they all interact with LPGi, which is the 

executor of the plan. In other words, LPGi in this situation does not care much 

about the reason why it is inducing running as it is executing a command already 

computed somewhere else. 

 

 

 

6.6 LOF experiments to probe necessity of one population  

MdV glutamatergic neurons are directly connected to MNs innervating specific 

forelimb muscles and also to some INs pools in the SC. They are very close to 

motor output and ablating them or silencing them impairs the performance of 

mice in the pellet reaching task. Moreover, the impairment is specific to the 

grasping phase of the movement. Ablation of MdV vGlut2 positive neurons does 

not affect the performance of mice in other tasks like open field locomotion. 

Ablation LPGi-vGlut2 neurons impairs performance of the mice at high speed 

locomotion on the treadmill. This matches with the effect of GOF experiments. 

The circuits controlling and regulating the locomotion might be redundant in the 

nervous system and ablating LPGi-vGlut2 neurons does not completely 

compromise the ability of mice to move from one place to another one. It is 

intuitive to assume that some circuits for such an important function are 

redundant and ablating LPGi neurons affect only high-speed locomotion. A first 

evidence in favour of this redundancy hypothesis comes from anatomical data: 

injection of a tracer to label MLR-vGlut2 neurons showed that a low number of 

axons from MLR directly reach the spinal cord. Are LPGi-vGlut2 neurons 

engaged in low speed locomotion despite LOF experiments do not impair it?  It 

could be interesting to study the endogenous activity of LPGi neurons during 

locomotion (paragraph 6.8) and to evaluate which other circuits are used to 

regulate locomotion when LPGi neurons are ablated to allow the animal to still 

move in space (see paragraph 6.8). LOF experiments with chemogenetic tools 

(Atasoy et al., 2012) are a good alternative to the ablation strategy using the 
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DTR. Ablating neurons chronically from the system might trigger other 

uncontrollable mechanisms of compensation which will interfere with the read out 

of the experiment. Expressing PSEM specifically in MdV-vGlut2 neurons caused 

a transient decrease in performance in the pellet reaching and retrieval task 

performed by mice. The deficit specifically occurred in the grasping phase of the 

movement and it is completely rescued in case of PBS control injections the 

following day. We also performed chemogenetic silencing experiments for LPGi-

vGlut2 neurons using bilateral injection of AAV-flex-DREADD-Tomato in 

association with an IP injection of its ligand clozapine-N-oxide (CNO). We found 

(data not shown) that silencing transiently those neurons also affect the 

performance on the treadmill at speed above 40 cm/sec. Interestingly we could 

alternate days of PBS and CNO and show that only in the days of CNO 

administration the performance is impaired in line with the chronic ablation 

experiment results of LOF experiments included in the study. 

We showed that vGlut2 populations in 2 distinct subnuclei are needed for 2 

different defined motor tasks: LPGi for high-speed locomotion matching with the 

finding that its neurons project to both cervical and lumbar spinal cord and MdV 

for grasping matching with the specific connectivity of the nucleus with MNs 

innervating subset of or forelimb muscles. 

 

 

6.7 interaction between distinct brainstem neuronal 

populations 

The medulla is entanglement of different neuronal cell types. It is only recently 

that we started to uncover and understand the diversity and function of some of 

the subpopulations (Bouvier et al., 2015a; Weber et al., 2015). 

Most of the studies including our own focus on the characterization of a single 

and very isolable population. Inputs and outputs of the population of interest are 

characterized and one of the main goals is to understand the biological context 

and neuronal network in which the population is recruited and needed. These 

novel results are extremely fascinating and of fundamental importance to start to 

dissecting pieces of a complex structure which was a black box until some years 

ago. The aspect that is very poorly understood is the interaction between 



 
126

subpopulations within the same nucleus and between nuclei. First of all, we have 

to consider that each nucleus is present in both right and left hemisphere of the 

brain. In experiments described in chapter 4, we always delivered unilateral 

optogenetic stimulation, but it could be very interesting to study in vivo how 

neurons in the same nucleus of the 2 hemispheres get activated. Are they both 

active at the same time or is it only one of them selected? 

In the case of LPGi-GlyT2 neurons, co-activating left and right nuclei at the same 

time (data not shown) produces a stronger behavioural effect and a behavioural 

arrest that can last longer. This could argue in favour of an additive effect for 

glycinergic brainstem neurons, which could make sense considering their 

projection pattern to the spinal cord (Fig 4.12). Interestingly, it was shown that 

the activation of a glutamatergic subpopulation (labelled as Chx10 positive 

neurons) (Bouvier, Caggiano, Leiras, Caldeira, Bellardita, Balueva, Fuchs, & 

Kiehn, 2015b) also produce the halting of the animal locomotion and it is 

proposed that it does this by interacting with glycinergic neurons in the spinal 

cord. In this case, the optogenetic stimulation was delivered bilaterally, imposing 

activation of both the left and right hemisphere neurons coincidently. The missing 

information which will keep motor control neuroscience busy for the next years is 

to understand which population is used in a precise circumstance and how the 

executed motor action is selected. I believe that upstream centers play a key role 

in selecting the final motor plan for execution but many subpopulations in the 

brainstem might get activated at the same time from distinct upstream centers. 

The “winner” is determined by the integration of information from upstream but 

also between the interaction of the RF populations and sensory feedback. 

Understanding the rules of communication and eventually the hierarchical rules 

between subpopulations will help to understand how the selection of the wanted 

motor program versus the unwanted one takes place. 

An interesting example of interaction between subpopulations in the RF and a 

possible hierarchical ordered is suggested and put forward by studies of orofacial 

movements and breathing (Kleinfeld, Deschênes, Wang, & Moore, 2014), a 

master regulator could act as an orofacial central pattern generator and all other 

populations that encode for distinct but related motor programs are forced to stick 

to it, this allows for example coordination between breathing and swallowing. It 

is worth mentioning that breathing has to be adjusted according to the body 
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needs. It has been shown (Saper, Lumsden, & Richerson, 2013) that breathing 

rate increases before blood CO2 pressure increase is detectable. We can 

hypothesize that breathing is increased by the activity of RF breathing system 

when a motor command which is physically demanding is activated. The fact that 

LPGi-vGlut2 neurons and breathing centers are so close to each other offers a 

possibility for close and tight interactions, which are worth investigating. 

It has been hypothesized that the brainstem could be the structure where two 

essential and very different motor computations get together: basal ganglia and 

cerebellar outputs. From our tracing data, we did not reveal this convergence in 

the reticular formation, we know that basal ganglia input is fed into more rostral 

structures in the brainstem like MLR (Esposito & Arber, 2016; Roseberry et al., 

2016) and this information is than relayed to the LPGi neurons which also have 

access to outputs of cerebellum, via deep cerebellar nuclei, and could integrate 

it to produce the final motor command. 

 

 

 

6.8 What is the firing pattern of distinct neurons in vivo? 

In an effort to understand features of distinct subpopulations in chapter 3 and 4 

of this Thesis, we focused exclusively on the neurotransmitter diversity and we 

did not ask whether these subpopulations are homogeneous especially regarding 

their physiological activity in vivo. One way to address this point is to use 

molecular markers, which could distinguish subsets of neurons. Another option 

is to target neurons with homogenous neurotransmitter identity but specifically 

segregate them in terms of projection pattern. Nowadays, all this can be done, 

but it still does not solve the challenge of understanding, which subset of neurons 

is active during a motor task and in which temporal sequence. 

In the past, recordings were performed with thin glass electrodes lowered into 

the brain but it was not very informative and the results were clearly controversial. 

The two main issues were the head fixed preparation and the blindness about 

the recording site location and the recorded cell type. 

This analysis is clearly missing for most of the RF neuronal populations as they 

are very deeply located from the dorsal brain surface which raises an accessibility 
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issue. We are now able to successfully implant optrodes in brainstem nuclei and 

get good quality recording signals. This will also hopefully reveal a more precise 

picture of when which neurons are active relative to a behaviour an animal is 

engaged in.  
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