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Movement is necessary for the survival of most animals. The spinal cord contains neuronal
networks that are capable of motor coordination and of producing different movements. In
particular, a very reduced neuronal network in the spinal cord can produce simple rhythmic
outputs even in the absence of descending or sensory inputs. This basic circuit was discovered
by Thomas Graham Brown (reported in 1911) and is termed central pattern generator. For over
a century a large number of studies have been carried out in order to identify the neuronal
components that are part of these networks.

In project 1 we focused on Renshaw cells, which are a population of spinal interneurons
expressing the alpha-2 subunit of the nicotinic acetylcholine receptors (Chrna2). Renshaw
cells are the only identified central targets for motor neuron inputs, and in turn they mediate
inhibition of the motor neurons. We analyzed the activity pattern of Renshaw cells on a cell-
population level in neonates when the circuit is still developing. At segment 1 of the lumbar
spinal cord, Renshaw cells show significantly greater activity response to functional sensory
and motor inputs from rostral compared to the caudal segments. Contrarily, the suppression of
the monosynaptic stretch reflex was more pronounced when caudal roots were stimulated. Our
data underline the importance of sensory input during motor circuit development and help to
understand the functional organization of Renshaw cell connectivity.

Several neurons that play distinct roles in locomotor central pattern generation have been
identified with the help of genetics. For instance, the V0 population of spinal interneurons are
identified by the expression of transcription factor developing brain homeobox 1 (Dbx1). V0
neurons are necessary for producing an alternating rhythm at all locomotor speeds. In project
2 we have looked at a population of dorsally derived ventrally projecting interneurons that
express the transcription factor doublesex and mab-3 related transcription factor 3 (Dmrt3).
On a behavioral level Dmrt3 neurons are involved in regulating coordination across different
locomotor speeds. On a microcircuit level, we have shown that individual Dmrt3 neurons show
distinct frequencies of oscillations for a constant locomotor rhythm. In addition, removal of
inhibitory neurotransmission from Dmrt3 neurons results in uncoupling of rhythm in motor
neurons.

In project 3 the activity patterns in populations of flexor related motor neurons are
characterized during fictive locomotion in neonatal mice. An interesting and intriguing finding
in project 3 is the presence of multiple rhythmicities in motor neurons. Multiple rhythmicities
are seen even when the locomotor output shows a constant frequency.
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You never change things by fighting the existing reality. To change some-

thing, build a new model that makes the existing model obsolete 

            Buckminster Fuller 
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CGDA  Calcium Green-1-conjugated dextran amine  
Chrna2   Nicotinic acetylcholine receptor subunit α2  
CNS    Central nervous system 
CPG      Central pattern generator 
Dmrt3   Doublesex and mab-3 related transcription factor 3 
DRG    Dorsal root ganglion 
DTA   Diphtheria toxin Allatostatin 
GABA   Gamma-Aminobutyric acid 
GTO   Golgi tendon organ 
KO        Knock out 
NA Numerical aperture 
OPA   One-photon absorption 
PD      Progenitor domain 
TPA    Two-photon absorption 
TPI     Two-photon imaging 
TPM   Two-photon microscopy 
VAChT  Vesicular acetylcholine transporter  
VGLUT 1/ 2   Vesicular glutamate transporters 1/2  
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Introduction  

Functional locomotor output measured from the ventral roots or muscles is a 
summation of activity in individual motor neurons. Movement is brought 
about by a cascade of contractions of different muscles in a coordinated 
manner. Muscle activity is driven by populations of motor neurons that show 
a spatiotemporal distribution and are in turn interacting with premotor inter-
neurons (Song et al., 2016) to produce motor output. Hence, knowledge of 
the characteristic features of motor neurons and interneurons during 
locomotor activity is essential to understand spinal locomotor networks in 
health, and aid in identifying the cause of locomotor disorders.  

Investigations on neuronal circuits have been greatly facilitated by several 
technological advancements. These include achievements in molecular ge-
netics, development of activity indicators, instrumentation to visualize struc-
ture and function of the nervous system, and optogenetics enabling light 
activation or inactivation of activity in populations of neurons in any desired 
spatiotemporal order. With the tools at hand great strides have been made in 
understanding the CNS is general and the locomotor system in particular 
(Goulding, 2009). 

The Kullander lab has identified markers that have aided genetic targeting 
of Renshaw (Perry et al., 2015) and Dmrt3 cells (Larhammar et al., manu-
script). The aim of this thesis is to characterize activity patterns in popula-
tions of spinal interneurons and motor neurons during locomotor like activity 
and other electrophysiological assays.  

Two-photon calcium imaging of neuronal network 
activity 
Two photon imaging has enabled investigations on nervous system structure 
and function with good spatial and temporal resolution. It is a fluorescence 
imaging technique that has benefitted from advancements in microscopy, 
generation of cellular activity indicators, and molecular genetics (Denk et al., 
1990; Grienberger and Konnerth, 2012; Jessell, 2000). Structures as small as 
a few microns to several millimeters (Svoboda and Yasuda, 2006), and activ-
ity over milliseconds (Grewe et al., 2010) can be visualized.  

Activity in neuronal populations can be measured in intact tissue longitu-
dinally (Helmchen and Denk, 2005). Of the various cellular activity indica-
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tors, synthetic (Stosiek et al., 2003), or genetically encoded fluorescent cal-
cium indicators (Miyawaki et al., 1997) are most preferred. Calcium signal-
ing is involved in the regulation of various cellular functions, from neuro-
transmitter release occurring over microseconds to gene transcription occur-
ring over several minutes to hours (Grienberger and Konnerth, 2012). Hence, 
imaging calcium transients has emerged as a popular tool to investigate the 
activity in populations of neurons. 

Two-photon microscopy overcomes the limitations of techniques such as 
electrophysiology, that only allow investigation of single cell or groups of 
cells (but lacking specificity), and functional magnetic resonance imaging or 
optical imaging, probing activity in large regions of the CNS and thereby 
lacking cellular resolution.  Thus two-photon imaging has emerged as a very 
useful technique to investigate nervous system function in health and dis-
ease.   

Principle of two-photon microscopy 
Two-photon microscopy (TPM) is based on the principle of two-photon ab-
sorption (TPA) as proposed by Maria-Goeppert Mayer in her doctoral thesis 
(Göppert-Mayer, 1931). TPA occurs when two photons with a specific 
wavelength (e.g. 800nm) arrive nearly simultaneously (delta t ~ 0.5 fs) at a 
molecule, resulting in an excitation of the molecule followed by an emission 
of light with shorter wavelength (e.g. 400nm) thereby returning to the 
ground energy level (Figure 1A) (Helmchen and Denk, 2005). For TPA to 
occur, a large photon density is necessary, which is supplied by femtosecond 
pulsed lasers (Denk et al., 1990). This type of microscopy is called nonlinear 
microscopy (Denk et al., 1990; Helmchen and Denk, 2005). A large flux of 
photons translates to a high intensity of exciting light, which would damage 
the tissue if delivered continuously. This problem is overcome by the use of 
pulsed lasers that deliver very high instantaneous intensities necessary for 
achieving TPA, while keeping the average intensities within the tolerable 
limits for biological tissues (Diaspro et al., 2006). Another requirement to 
reach a high photon density is the use of objectives with high numerical ap-
erture (Helmchen and Denk, 2005). 

Advantages of two-photon over one-photon excitation 
fluorescence microscopy 
TPM uses wavelengths in the near-infrared region, biological tissue inher-
ently scatters less at these wavelengths allowing a penetration depth of up to 
1 millimeter (Grienberger and Konnerth, 2012; Helmchen and Denk, 2005), 
which is not possible with one-photon absorption (OPA).  As TPE depends 
quadratically on the intensity of the excitation light, the excitation is limited 
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to a small focal volume, whereas with OPA excitation occurs in the regions 
above and below the focal volume (Fig. 1B).  

The limitation of the excitation site to the focal volume and the possibility 
to use long wavelength light for excitation results in a reduction of photo 
damage and photobleaching compared to one-photon excited fluorescence 
(Benninger and Piston, 2013).  In the confocal microscope, a pinhole is used 
to reject emitted light from off focus planes, which is dispensable when TPA 
is used for excitation (Helmchen and Denk, 2005). Hence, with TPM it is 
possible to image populations of neurons with cellular resolution deep in 
intact tissue and because of limited photo damage and bleaching, longitudi-
nal studies can be performed (Denk et al., 1990; Helmchen and Denk, 2005). 

 
Figure 1. Principle of two-photon absorption 

A. Illustration of one- and two-photon absorption giving rise to one-photon emis-
sion, using Jablonski diagram. B. Fluorescence excitation in a specimen by one- and 
two-photon absorption. As two-photon absorption is nonlinear the emission decreas-
es as 1/z2 from the focal center, where z is the axial distance. 

Calcium imaging for recording neuronal activity 
Calcium signaling is involved in many cellular functions such as contraction 
of cardiac, smooth and skeletal muscles, gene transcription, regulation of ion 
channels, ATP production and exocytosis (Berridge et al., 2000; Grienberger 
and Konnerth, 2012). Intracellular calcium is either free or bound to calcium 
buffering proteins such as calretinin, calmodulin, calbindin and parvalbumin. 
The intracellular calcium concentration is around 100 nM and when this 
rises to 1000 nM, the cell is activated (Berridge et al., 2000). Increase in 
concentration of cytosolic calcium is caused by entry from the outside or 
release from intracellular stores (Berridge et al., 2000). The entry of calcium 
into the cytosol occurs by the opening of channels: voltage operated calcium 
channels (VOC), receptor operated calcium channels (ROC), second mes-
senger operated calcium channels (SMOC), mechanically operated calcium 
channels (MOC), or tonically active calcium channels (Berridge et al., 2000; 
Tsien and Tsien, 1990). The release of calcium from internal stores is medi-
ated by Inositol-tri-phosphate receptors (InsP3R) and Ryanodine receptors 
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(RyRs). The InsP3 receptors form intracellular calcium channels that are 
regulated by InsP3 concentration as well as cytosolic calcium (Taylor, 1998).  

There are several cellular events that give rise to an increase in intracellu-
lar calcium, which can be restricted to sites within a cell, the entire cell or be 
a propogating wave of synchronized population activity (Cheng et al., 1993; 
Kirkby et al., 2013; Thomas et al., 1998). Localized calcium release events 
occur at and are restricted to sites of intracellular stores. These calcium re-
lease events are mediated by Ryanodine receptors (RyRs) termed ‘calcium 
sparks’ (Cheng et al., 1993) or by InsP3 receptors called ‘calcium blips’ for 
smaller calcium release events and ‘calcium puffs’ for larger calcium events 
(Thomas et al., 1998). The calcium release events can be stereotypic or vari-
able in both amplitude and duration (Cheng et al., 1993; Thomas et al., 
1998). These variable calcium release events are believed to reflect interac-
tions between multiple calcium channels made of either InsP3 or Ryanodine 
receptor cluster. When the frequency of the calcium release events increases 
and sufficient intracellular calcium concentration is reached, a calcium wave 
is generated (Thomas et al., 1998). Intracellular calcium can also increase by 
influx of calcium. Of particular interest are propagating waves of synchro-
nized activity in populations of neurons early in development. These propa-
gating waves of calcium activity are generated throughout the nervous sys-
tem across different species (Blankenship and Feller, 2010; Kirkby et al., 
2013; Rosenberg and Spitzer, 2011). They are mediated through ATP, nico-
tinic acetylcholine, Glutamate, GABAA receptors in different parts of the 
nervous system and are implicated in refinement of synaptic connections in 
the nervous system (Ackman et al., 2012; Hanson and Landmesser, 2006; 
Kirkby et al., 2013). 

Suitable dyes have been developed that can bind to cytosolic free calcium 
and transduce a change in intracellular calcium concentration reported as a 
change in fluorescence intensity (Grienberger and Konnerth, 2012; 
Miyawaki et al., 1997). Such dyes, combined with two-photon microscopy 
have permitted measurements of cellular activity from populations of neu-
rons with good temporal and spatial resolution (Garaschuk et al., 2000; 
Gobel et al., 2007).  

Spinal motor circuits 
The spinal cord contains neuronal circuits that can, in  the absence of de-
scending or sensory inputs, generate simple rhythmic movements and simple 
reflex movements such as myotactic, reciprocal, withdrawal and crossed-
extensor reflexes (Goulding, 2009; Guertin, 2009; Kjaerulff and Kiehn, 
1996). These neuronal networks are called central pattern generators or 
CPGs (Goulding, 2009; Grillner, 2003; Marder and Bucher, 2001). A CPG 
consists of premotor interneurons that drive motor neurons (Andersson et al., 
2012; Guertin, 2009; Hägglund et al., 2013). The locomotor CPG has been 
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extensively investigated using behavioural, in vivo and in vitro experiments 
(Andersson et al., 2012; Gosgnach et al., 2006; Talpalar et al., 2013; Wallén-
Mackenzie et al., 2006). A widely used locomotor assay known as fictive 
locomotion has been employed to characterize the locomotor CPG across 
species (Figure 2A) (Cowley and Schmidt, 1994; Gabriel et al., 2008; 
Kriellaars et al., 1994; Kudo and Yamada, 1987; Wallén and Williams, 
1984; Zhong et al., 2007). Fictive locomotion can be elicited in isolated spi-
nal cords, hindlimb-attached spinal cords or decerebrate preparations by bath 
application of drug cocktails or by electrical stimulation of descending tracts 
or sensory afferents (Cowley and Schmidt, 1994; Kudo and Yamada, 1987; 
Noga et al., 2003). The locomotor-like rhythm in fictive locomotion is a 
sequence of rhythmic bursts that is alternating between the left and the right 
as well as between flexors and extensors (Figure 2B). The ventral spinal cord 
has been found to contain circuits necessary and sufficient for locomotor-
like activity (Cina and Hochman, 2000; Dai et al., 2005; Goulding, 2009; 
Kjaerulff and Kiehn, 1996) using activity dependent labeling (Cina and 
Hochman, 2000; Dai et al., 2005) or by eliciting fictive locomotion in dorsal 
horn removed preparations (schematics of a dorsal horn removed preparation 
shown in Figure 2C) (Dougherty and Kiehn, 2010; Kjaerulff and Kiehn, 
1996). Further it has been shown that several genetically identified premotor 
interneurons necessary for normal locomotion are located in the ventral part 
of the spinal cord (Crone et al., 2008; Gosgnach et al., 2006).          

 
Figure 2. Schematics of an in vitro preparation of a mouse spinal cord for fictive 
locomotion experiments 

A. Ventral roots L2 (flexor related) and L5 (extensor related) are connected 
to suction electrodes (arrowhead) to measure locomotor output during fictive 
locomotion.  Alternating rhythm (raw trace), generated by bath application 
of drugs, measured from the right L2 and L5 ventral roots are indicated by 
arrows. B. The locomotor output (electroneurograms, ENG) measured from 
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three ventral roots are shown after rectification and smoothing. Note the 
alternation between left-right (rL2 – lL2) and flexor-extensor (rL2 – rL5). C. 
Schematics of a dorsal horn removed spinal cord preparation that is suffi-
cient to generate fictive locomotion. 

Motor neurons 
Motor neurons can be classified as upper and lower motor neurons. Upper 
motor neurons are present in the motor regions of the cerebral cortex and 
brainstem. They innervate lower motor neurons and are not involved in gen-
erating movement directly (Stifani, 2014). Lower motor neurons are present 
in the brainstem and spinal cord and send their axons through the ventral 
roots and cranial nerves. A subset of lower motor neurons called somatic 
motor neurons innervate skeletal muscles and hence bring about movement. 
The somatic motor neurons can be classified into: alpha, beta and gamma 
motor neurons (Stifani, 2014). The somatic motor neurons innervating 
hindlimb muscles are located in the lumbar spinal cord at lamina IX. Activi-
ty patterns of motor neurons in the lumbar spinal cord during locomotor-like 
activity have been the focus of recent investigations (Hinckley et al., 2015; 
Machado et al., 2015). 

Alpha, beta and gamma motor neurons 
Contractions of skeletal muscles are initiated by motor neurons called alpha 
motor neurons. Alpha motor neurons are the largest of the 3 somatic motor 
neurons. Gamma motor neurons do not play a role in force generation and 
innervate specialized organelles interspersed in muscles called the muscle 
spindles (Friese et al., 2009; Hunt, 1951; Kuffler et al., 1951; Shneider et al., 
2009). Muscle spindles are capsular structures contained in muscles called 
intrafusal fibres, and are sites of a specialized sensory afferent innervation. 
Muscle fibres outside the muscle spindles are called extrafusal. Further, 
gamma motor neurons innervate muscle spindles and regulate the sensitivity 
of the muscle spindle receptors (Shneider et al., 2009). Alpha and gamma 
motor neurons differ considerably in their soma size (Friese et al., 2009; 
Shneider et al., 2009) and axonal diameters and conduction velocities 
(Eccles and Sherrington, 1930; Hunt, 1951; Kuffler et al., 1951). Beta motor 
neurons form the least understood group of somatic motor neurons and in-
nervate both muscle spindles and extrafusal fibres (Bessou et al., 1965; 
Stifani, 2014). 

Motor pools and their topographical organization 
Muscles are controlled by populations of motor neurons, and motor neurons 
alone are the output system of the nervous system (Carp and Wolpaw, 2001). 
Populations of motor neurons innervating a muscle are called a motor pool, 
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and each motor pool innervates a muscle (Figure 3B). Motor pools lie side-
by-side along the length of the spinal cord (Figures 3Ai and ii). Motor pools 
and the muscles they innervate in the hindlimbs show a topographic relation 
(Romanes, 1951; Sürmeli et al., 2011; Vanderhorst and Holstege, 1997). The 
proximal muscles for the hindlimbs have their motor pools ventral to those 
for distal muscles in mice (Sürmeli et al., 2011). That means, when moving 
from the ventral to the dorsal part of the ventral horn in the spinal cord, mo-
tor pools that innervate proximal muscles are followed by those that inner-
vate distal muscles.  

Proprioception 
Proprioceptors are sensory units that detect changes in the length and forces 
generated in muscles. There are at least two types of proprioceptors: golgi 
tendon organs (GTO) and the muscle spindles (Donoghue and Sanes, 2001). 
GTOs detect forces generated in the muscles, and convey this information to 
the CNS through 1b sensory afferents. Muscle spindle afferents detect 
changes in length of the muscles and convey this information to the CNS. 
These sensory afferents are called proprioceptive 1a afferents and are the 
only sensory afferents that make monosynaptic connections onto motor neu-
rons (Figures 3B and C). 
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Figure 3. Motor pools, proprioceptive 1a afferents and monosynaptic reflex 

A. Schematics of a spinal cord with distribution of motor pools and their axons exit-
ing through the ventral roots. i) Three different pools each represented in a different 
colour and occupying different spatial positions along the dorso (d) – ventral (v), 
medio (m) - lateral (l) and rostro (r) – caudal (c) axis. ii) Transverse section through 
the spinal cord showing the motor pools. B. Schematics of a spinal cord showing a 
pool of motor neurons, in red, that innervates a muscle. Motor roots exit the spinal 
cord through the ventral roots (in red) and sensory roots (in black) enter the spinal 
cord and have their cell bodies in the dorsal root ganglion (DRG). C. Transverse 
section of a spinal cord showing direct inputs from proprioceptive 1a afferents 
(black) onto motor neurons (red). A monosynaptic reflex response (MSRR) meas-
ured at the ventral root, is elicited by stimulation of the dorsal root. 

Spinal reflexes 
Stereotyped behaviours generated in response to sensory stimuli are known 
as reflexes. Reflexes are produced by the central nervous system and involve 
both the brain and spinal cord. Reflexes are comprised of a sensory and mo-
tor component. Sensory inputs are conveyed by the sensory afferents whose 
cell bodies are located in the dorsal root ganglion. The motor component 
consists of motor neurons that can induce contraction of muscles or auto-
nomic effector organs (Burke, 2001). Motor neurons from one motor pool 
innervate one muscle (Figure 3B). In turn, the proprioceptive 1a afferents, 
that detect changes in muscle length project back onto the homonymous 
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(same) motor pool thereby giving rise to a highly specific connectivity pat-
tern (Figure 3B) (Mears and Frank, 1997; Sürmeli et al., 2011). Electrical 
stimulation of the dorsal roots in rodents has been employed to elicit propri-
oceptive 1a afferents evoked monosynaptic reflex response from motor neu-
rons (Figure 3C). The monosynaptic reflex response can be measured from 
segmental ventral roots and has a latency of 6-8 ms (Machacek and 
Hochman, 2006). There could be one or more interneurons interposed be-
tween the sensory and motor components, in the case of the presence of a 
single interneuron the reflex is called a disynaptic reflex.  

Renshaw cells  
Renshaw cells are a group of spinal interneurons that are the only identified 
targets for motor neuronal axon collaterals into the central nervous system. 
They receive functional excitatory inputs from motor neuron axon collat-
erals.  In response to ventral root stimulations (antidromic stimulations) the 
Renshaw cells produce a high frequency burst of action potentials (almost 
1500 Hz) (Alvarez and Fyffe, 2007; Mentis et al., 2006; Renshaw, 1946). 
The phenomenon of Renshaw cells receiving excitatory inputs from motor 
neuron axon collaterals and in turn mediating inhibition of the motor neurons 
is termed recurrent inhibition (Bhumbra et al., 2014; Eccles et al., 1954). 
Their identification has been aided by their location, anatomy and electro-
physiological signature (Alvarez and Fyffe, 2007). 

Renshaw cell discovery 
Antidromic stimulation of motor neuron axons resulted in suppression of the 
output from non-stimulated motor neurons (Renshaw, 1941, 1946). This 
phenomenon is known as conditioning and has been investigated in the con-
text of the monosynaptic reflex response (Devanandan et al., 1965; Eccles et 
al., 1961b; Eccles et al., 1963; Machacek and Hochman, 2006; Rudomin and 
Dutton, 1969). Thus, it was argued that subsequent to the arrival of the 
antidromic impulses to the motor neuron soma there had to be neural activity 
that conditioned activity in the other motor neurons (Renshaw, 1946).  Fur-
ther investigations lead to the discovery of a group of spinal interneurons 
located in the ventral horn that responded with a high frequency burst of 
action potentials in response to antidromic stimulation. These neurons were 
named Renshaw cells by John Carew Eccles, as it was Birdsey Renshaw 
who had carried out the systematic investigations that lead to the discovery 
of these interneurons (Eccles et al., 1954; Renshaw, 1946). 
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Location, anatomy and electrophysiological properties of 
Renshaw cells 
Renshaw cells are located in the lamina VII of the ventral horn (Alvarez et 
al., 1999; Alvarez et al., 2005; Benito-Gonzalez and Alvarez, 2012; Perry et 
al., 2015). They have dendritic arborisations that extend dorsoventral or 
mediolateral, further they are a morphologically unclassified group of inter-
neurons (Perry et al., 2015). Distinctions can be made between motor neu-
rons, 1a inhibitory interneurons and Renshaw cells based on the dendritic 
trees and the path lengths – which is the distance from the soma to the den-
drite terminal (Bui et al., 2003). Motor neurons have elaborate dendritic trees 
with complex branching patterns; the path length of 1a inhibitory interneu-
rons is similar to those in motor neurons but the branching not as complex; 
and Renshaw cells have smaller and simpler dendritic trees. The average 
path length in motor neurons is 5 times greater than in 1a interneurons and 
18 times that of Renshaw cells (Bui et al., 2003). The Renshaw cells are 
electrophysiologically homogeneous, and show hyperpolarization-activated 
cation current ( ), and small calcium-activated potassium currents ( ), 
(Perry et al., 2015).  

Immunohistochemical identification of Renshaw cells  
Renshaw cells are identified by the combined expression of the calcium 
buffering protein, calbindin and the presence of large Gephyrin clusters on 
the soma and proximal dendrites (Alvarez et al., 1997; Carr et al., 1998; 
Geiman et al., 2000). Gephyrin clusters are scaffolds onto which receptors 
for Glycine and GABAA colocalize (Tyagarajan and Fritschy, 2014). 
Renshaw cells are the only group of spinal interneurons that show unusually 
large Gephyrin clusters on soma and proximal dendrites whereas most spinal 
interneurons and motor neurons show the opposite, i.e., large Gephyrin clus-
ters on distal dendrites (Alvarez et al., 1997). Both soma size of motor neu-
rons and the cluster sizes of Gephyrin increase during development (Geiman 
et al., 2000). The size of Gephyrin cluster on Renshaw cells correlates with 
the inhibitory synaptic currents and is regulated by excitatory inputs from 
motor neurons (Gonzalez-Forero et al., 2005). 

Synaptic inputs and outputs of Renshaw cells 
Renshaw cells receive motor neuronal, descending and interneuronal (in-
cluding other Renshaw cells) inputs and in turn synapse onto motor neurons 
and interneurons (Alvarez and Fyffe, 2007). 

Excitatory synaptic inputs to Renshaw cells 
Individual adult Renshaw cells receive cholinergic inputs from multiple mo-
tor neurons as revealed by vesicular acetylcholine transporter (VAChT)-
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immunohistochemistry and most of these inputs are localized on the den-
drites (Alvarez et al., 1999). Cholinergic inputs from motor neurons to 
Renshaw cells can be detected as early as E18 and remain functional across 
development into adulthood (Eccles et al., 1954; Mentis et al., 2006; Perry et 
al., 2015). Primary afferent inputs to Renshaw cells as revealed by vesicular 
glutamate transporter 1 (VGLUT1)-immunohistochemistry indicates there 
are no VGLUT1 synapses on Renshaw cells at E18, by P0 about 60%, and 
by P15 all Renshaw cells have received these synapses (Mentis et al., 2006).  
However, adult Renshaw cells do not respond to inputs from primary affer-
ents, whereas neonatal Renshaw cells do so (Mentis et al., 2006). While 
there is a loss of functional primary afferent inputs there is no elimination of 
synapses on Renshaw cells. In adult Renshaw cells, the density of VAChT 
inputs is two to four times greater than the density of VGLUT1 (primary 
afferents) or VGLUT2 (interneuronal) inputs (Alvarez and Fyffe, 2007). In 
addition to monosynaptic excitatory inputs, Renshaw cells also show poly-
synaptic activity in response to cutaneous and high threshold afferent inputs 
(Piercey and Goldfarb, 1974). 

Inhibitory synaptic inputs to Renshaw cells 
Renshaw cells receive functional inhibitory synaptic inputs, which are 
GABAergic or Glycinergic as identified by immunohistochemical (Geiman 
et al., 2002) and electrophysiological studies (González-Forero and Alvarez, 
2005; Nishimaru et al., 2010).  It is assumed that the inhibitory control of 
Renshaw cells occurs in order to modulate the motor output (Hultborn and 
Pierrot-Deseilligny, 1979; Nishimaru et al., 2010). The evidence for this 
hypothesis is that during spontaneous activity, Renshaw cells receive inhibi-
tory input that is ‘symmetrical’ with the excitatory input to synaptically con-
nected or unconnected motor neurons belonging to the same segment 
(Nishimaru et al., 2010).  

Renshaw cell inputs to other neurons 
Apart from their role in the recurrent inhibition circuit, Renshaw cells also 
synapse onto -motor neurons, other interneurons including 1a inhibitory 
interneurons and Renshaw cells. Of particular interest is the inputs to 1a 
inhibitory interneurons, which gives rise to recurrent facilitation by 
disinhibition of motor neurons by inhibition of tonically firing 1a inhibitory 
interneurons (Hultborn et al., 1971). 

Role of Renshaw cells in motor control 
Activity in motor neurons has been shown to drive bursts of action potentials 
in Renshaw cells (Eccles et al., 1954; Renshaw, 1946; Ryall et al., 1971). 
There are divergent views on the role of Renshaw cells in motor control. 
Some are of the opinion that recurrent inhibition of motor neurons mediated 
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by Renshaw cells is not strong enough to exert a strong influence on the 
motor neuron output (Fyffe, 1991; Lindsay and Binder, 1991). There have 
been other studies that have implicated a role for Renshaw cells in motor 
control (Eccles et al., 1954). Renshaw cells have been posited to preferen-
tially inhibit smaller motor units compared to larger ones, in the order fast 
fatiguable < fast fatigue resistant < slow motor units (Friedman et al., 1981). 
Tonic motor neurons have been shown to have preferential distribution of 
recurrent inhibition (Granit et al., 1957). There is a linear relation between 
RIPSP amplitude and the duration of motor neuron activity after hyperpolar-
ization (Eccles et al., 1961a). Further, recent data from paired recordings of 
connected Renshaw cell – motor neurons, have shown that single or trains of 
action potentials can transiently suppress motor neuron firing (Bhumbra et 
al., 2014). It still remains to be determined if Renshaw cells can modulate 
locomotor output. 

Central pattern generators (CPG) 
Central pattern generators are neuronal networks that are capable of produc-
ing rhythmic motor output in the absence of descending or sensory input 
(Marder and Bucher, 2001). The spinal cord and brainstem can produce the 
rhythms for swimming, walking, scratching, hopping, chewing and breathing 
(Bellingham, 1998; Morquette et al., 2012; Nakamura and Katakura, 1995; 
Nishimaru and Kudo, 2000; Smith et al., 2013; Whelan et al., 2000; Whelan, 
2010). These networks can function upon suitable stimulation without senso-
ry or descending inputs (Brown, 1911). Locomotor CPGs have been the 
subject of numerous investigations in the field of neuroscience and there is 
sustained effort to understand the components of the CPG. While the search 
for the CPG components continues, there have been great advances in terms 
of novel technologies. Advances in fluorescence microscopy techniques such 
as two-photon fluorescence microscopy have enabled fast imaging of activi-
ty patterns in neurons (Hinckley et al., 2015; Hinckley and Pfaff, 2013). 
Advances in genetics have permitted targeting of neuronal populations 
(Gosgnach et al., 2006) and optogenetics have enabled acute light dependent 
activation or silencing of populations of neurons (Bouvier et al., 2015; 
Llewellyn et al., 2010). Cre-dependent monosynaptic tracing can label pre-
motor interneuronal networks and is an additional example of tools used to 
delineate the components of the locomotor CPG (Callaway and Luo, 2015; 
Tripodi et al., 2011). While motor neurons integrate a wide range of inputs, 
there is no consensus on their role in locomotor CPGs. Rhythmic coordinat-
ed output is believed to be generated at the premotor interneuronal level 
(Goulding, 2009), but an alternative view is that motor neurons together with 
the interneurons are necessary for rhythm generation (Song et al., 2016). 
Another feature that remains to be determined is whether CPGs are com-
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prised of different modular units or whether there is reconfiguration of neu-
rons in a task dependent manner (Goulding, 2009). 

Walking mammals possess distributed and interconnected networks at the 
cervical and lumbar regions related to the forelimb and hindlimb movement 
(Grillner, 1975; Goulding, 2009). The hindlimb CPG located in the lumbar 
levels of the spinal cord can function without the cervical and rostral thorac-
ic segments (Kjaerulff and Kiehn, 1996). In a series of elegant experiments 
using lesion of spinal cord in-vitro preparations, the anatomical distributions 
of CPG networks have been uncovered (Kjaerulff and Kiehn, 1996). The 
connections that are essential for left-right alternation are located in the ven-
tral commissure, the CPG is primarily distributed in the ventral third of the 
spinal cord and the segments extending from Thoracic 12 - Lumbar 6 are 
sufficient to produce left-right and flexor-extensor alternation.  

Does activation of CPGs always produce an alternating rhythm between 
flexor-extensors as well as left and right? Glutamatergic cells are found to be 
necessary and sufficient for the generation of fictive locomotion (Hagglund 
et al., 2013). Several rhythmogenic modules have been identified in the lum-
bar cord and these can be activated by stimulating glutamatergic cells in 
mice (Hagglund et al., 2013).  Depending on site of stimulation, rhythmic 
activity can be elicited only in the corresponding ventral root for instance L2 
(or L5) (Hagglund et al., 2013). These studies show that there are distributed 
networks that are capable of generating rhythmic motor output. It is also 
known that antagonists of inhibitory neurotransmitters produce synchronized 
bursting between flexor-extensors as well as left-right sides (Cowley and 
Schmidt, 1995). Hence it remains to be determined how the glutamatergic 
and inhibitory systems synergize to produce alternating rhythmic motor out-
put. 

Genetics to define components of the locomotor CPG 
Expression of two morphogen gradients imparts dorsoventral positional in-
formation in the ventricular zone of the embryonic spinal cord (Jessell, 2000; 
Goulding, 2009). Signaling molecules that are secreted by cells and act to 
organize a field of surrounding cells into patterns are called morphogens 
(Gurdon and Bourillot, 2001). On the ventral side the notochord and the 
floor plate secrete sonic hedgehog (Shh) (Jessell, 2000) and dorsally bone 
morphogenetic protein (bmp) is secreted from the epidermis overlying the 
neural tube and the roof plate (Lee and Jessell, 1999). This results in a gradi-
ents of morphogens that result in the creation of progenitor domains from the 
ventricular zone (11 in chicken and mice) from which different classes of 
neuronal progenitor cells derive (Goulding, 2009; Arber, 2012). Of the 11 
progenitor domains in mice 6 are dorsally derived and 5 are ventrally de-
rived (Figure 4). The 5 dorsal progenitor domains (pd1-pd5, Figure 4) give 
rise to the spinal sensory circuits, and the ventral progenitor domains (pV0-
pV3 and pMN, Figure 4) along with the intermediate progenitor domain 



22 

(pd6) comprise the spinal locomotor circuitry. Neurons derived from the 5 
ventral progenitor domains have been fairly well characterized. One class of 
ventrally projecting neurons that are derived from a dorsal progenitor do-
main (pd6) are currently the substrate for many studies (Dyck et al, 2014; 
Andersson et al., 2013) 

 
Figure 4. Cross-section through a hemisected mouse spinal cord during embryonic 
development (adapted from Goulding, 2009). The 11 progenitor domains and their 
neuronal progeny (pointed by arrows) are indicated. 

Interneurons derived from progenitor domains and their roles in 
locomotion 
The selective expression of transcription factors during development drives 
differentiation of interneurons and provides a means for identification of 
different interneuron populations. Using advanced genetic techniques 
interneuronal populations have been visualized, manipulated or eliminated, 
which has resulted in the identification of several interneuronal modules that 
are part of the locomotor CPG. 

V0 population 
The V0 population derives from the ventral pV0 progenitor domain in the 
embryonic spinal cord (Figure 4). They are a major source of commissural 
interneurons in the ventral spinal cord where the networks for locomotor 
central pattern generation are primarily located (Kjaerulff and Kiehn, 1996). 
The V0 interneurons are made of 2 distinct populations that have a dorso-
ventral distribution. The dorsal population (V0D) make up 2/3s of the total 
V0 population and comprise inhibitory interneurons. The rest of the V0 pop-
ulation is made up of the excitatory ventral V0V interneurons (Talpalar et al., 
2013). Ablation of V0 interneurons in mice resulted in a synchronous gait of 
the forelimbs and hindlimbs at all locomotor frequencies (Tapalar et al., 
2013). Selective ablation of the V0D population results in uncoordinated 
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rhythm at low frequencies, while for high frequencies L2 output was alter-
nating. Selective ablation of the V0V neurons results in clear alternation at 
lower frequencies and synchronization at higher frequencies. Thus there 
seems to be a modular organization of V0 interneurons that are necessary for 
left-right alternation at different locomotor frequencies. Taken together, the 
V0 interneuron population is necessary for producing alternation at all 
locomotor frequencies, and does not affect normal flexor-extensor alterna-
tion. 

V1 interneurons 
The V1 population derives from the ventral pV1 progenitor domain in the 
embryonic spinal cord, and is ipsilaterally projecting (Figure 4). V1 neurons 
include Renshaw cells that mediate recurrent inhibition, as well as 1a inhibi-
tory interneurons mediating reciprocal inhibition of motor neurons. They 
require the transcription factor Engrailed-1 for their differentiation. Knock-
ing out/ablating/acute silencing the V1 population of spinal neurons results 
in slowing of locomotor rhythm while normal flexor-extensor and left-right 
alternation remain unaffected (Gosgnach et al., 2006). Thus the V1 spinal 
interneurons have a role in speed regulation.  

V2 interneurons 
The V2 population derives from the ventral pV2 progenitor domain in the 
embryonic spinal cord (Figure 4), and is comprised of V2a and V2b subpop-
ulations. The V2a interneurons are a ipsilaterally projecting excitatory popu-
lation of interneurons that are characterized by the expression of the tran-
scription factor Chx10 (Crone et al., 2008). Ablating V2a interneurons re-
sults in impaired left-right coordination as seen during fictive locomotion 
whereas flexor-extensor alternation is not impaired (Crone et al., 2008). Ab-
lating V2a interneurons results in normal alternation during treadmill loco-
motion at low speeds, however this is replaced by synchrony of both fore- 
and hindlimbs at higher speeds (Crone et al., 2009). V2a neurons contact V0 
as well as other commissural interneurons, hence they may provide the ex-
citatory drive necessary for maintaining left-right alternation (Crone et al., 
2008). Ablation of V2a interneurons disrupts the fictive locomotor output 
evoked by reticulospinal and sensory stimulation. Thus the V2a interneurons 
are necessary for neurally-evoked locomotor activity (Crone et al, 2008). 
Further intracellular recordings V2a neurons revealed the existence of 2 sub-
populations: one that shows a speed dependent increase in recruitment of 
these neurons, and another group that does not participate in CPG activity 
(Zhong et al., 2011). Recently it has been shown that the V1 and V2b inter-
neuron populations are together responsible for securing flexor-extensor 
alternation (Zhang et al., 2014).   
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V3 interneurons 
The V3 population is an excitatory population of spinal interneurons that 
derives from the ventral pV3 progenitor domain in the embryonic spinal cord 
(Figure 4). V3 interneurons make most of their synapses contralaterally as 
well as a small number of ipsilateral synapses (Zhang et al., 2008). V3 inter-
neurons make synapses onto motor neurons and other interneurons- includ-
ing 1a inhibitory interneurons and Renshaw cells (Zhang et al., 2008). Selec-
tively blocking synaptic transmission from the V3 neurons results in an al-
tered locomotor rhythm, that shows a variation in the frequency of bursting. 
Acutely silencing these neurons in adult mice showed an effect on their 
locomotor pattern, showing variability in frequency of bursts as well as burst 
and inter burst periods (Zhang et al., 2008). 

Glutamate as the main neurotransmitter for central pattern 
generation 
It has been shown that glutamate acting through both NMDA as well as non-
NMDA receptors can generate locomotor rhythm (Talpalar and Kiehn, 
2010). In lampreys, glutamate acting via NMDA and non-NMDA receptors 
drive distinct speeds of the locomotor rhythm (Brodin et al., 1985; Alford 
and Grillner, 1990). However such an organization does not exist in the 
mammalian locomotor system, and both NMDA and non-NMDA receptors 
can generate overlapping frequency ranges (Cazalets et al., 1992; Beato et al, 
1997). Glutamate has further been shown to be necessary for the generation 
of different locomotor speeds, acting through inotropic glutamate receptors 
(Talpalar and Kiehn, 2010). Another study reveals that VGLUT2 is dispen-
sable for locomotor rhythm generation (Mackenzie et al., 2006).  

Effect of inhibitory neurotransmitters on central pattern 
generation 
Application of antagonists for glycine and GABA receptors during drug 
induced fictive locomotion produce synchronized rhythmic bursting between 
flexor-extensor and left-right sides (Cowley and Schmidt, 1995; Hinckley et 
al., 2005). Thus inhibitory neurotransmitters are dispensable for rhythm gen-
eration but are necessary for alternation between the flexor-extensors and the 
left-right sides. 
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Aims of the projects 

The overall aim of the thesis is to characterize the activity patterns in popula-
tions of genetically identified interneurons as well as motor neurons in the 
spinal cord. Further to determine how the interneurons may contribute to 
generation of functional locomotor output. 
 

Project I: To probe the functional connectivity from intersegmental sensory 
and motor roots to Renshaw cells at a developmental stage when they are 
known to integrate sensory and motor information. 

 
Project II: Characterizing the activity patterns of Dmrt3 interneurons during 
fictive locomotion. Removal of inhibitory transmission results in defective 
locomotor rhythm, functional investigations were carried out on microcir-
cuits of motor neurons to determine if there is any effect during fictive lo-
comotion. 

 
Project III: Rhythmic locomotor output is the sum of the individual motor 
neuronal activity. In this study we set out to characterize the activity patterns 
of individual motor neurons generating rhythmic locomotor output.  

 
Project IV: Neuronal networks are distributed in three-dimensional (3D) 
space, and most cellular phenomena occur with sub-second resolution. 
Hence the project involved implementation of user-configurable fast 3D 
imaging. 
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Materials and Methods 

Mice 
All animal procedures were approved by and performed following the guide-
lines of the appropriate local Swedish Ethical Committee (Ethical permit 
C248/11, C135/14, Uppsala Animal Ethics Committee, Jordbruksverket).  
In vitro spinal cord preparation  

Mice were anesthetized with isofluorane (Baxter) and decapitated using 
sharp scissors. Incision was made on either side of the ventral thorax and 
abdomen with scissors, and the mice was then eviscerated. Further dissection 
of the spinal column was performed in a Sylgard (Dow Corning) coated dis-
section chamber and the tissue was immobilized by using insect pins. The 
spinal column was then rinsed in ice-cold dissection buffer containing (in 
mM): 128 NaCl, 4.69 KCl, 25 , 1.18 , 3.5, 0.25 and 22 D-Glucose; equili-
brated with 95% Oxygen and 5% Carbondioxide. A longitudinal ventral 
laminectomy was performed by cutting the bony spinal column using fine 
scissors . The spinal cord was then removed by disconnecting the nerve roots 
on both sides of the spinal cord and cutting the meninges. Dissected spinal 
cords were pinned down with the ventral side facing up and perfused with 
artificial cerebrospinal fluid (aCSF) (containing in mM: 128 NaCl, 4.69 KCl, 
25 , 1.18 , 1.25, 2.5 and 22 D-Glucose; equilibrated with 95% Oxygen and 
5% Carbondioxide). Flow-rate of aCSF was 6ml/min and the spinal cord was 
incubated at room temperature for an hour for good dye loading. Reagents 
and chemicals were, if not otherwise stated purchased from Sigma Aldrich.  

Two-photon microscopy  
We built a custom designed two-photon laser scanning microscope 
(2PLSM), in collaboration with the Helmchen Group, University of Zurich, 
based on the 2PLSM described previously (Gobel et al., 2007). Briefly, a 
mode locked Ti:Sapphire laser system (COHERENT) was used to deliver 
laser pulses at 100-fs with a repetition rate of 80 MHz at 870 nm wave-
length. A telescope was used to focus the beam size and the laser intensity 
was modulated by a Pockel’s cell (Conoptics). Two galvanometric scan mir-
rors (model 6210; Cambridge Technology) were used to perform 2-D frame 
scanning (x-y scanning). In order to perform 3D imaging, a third piezoelec-
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tric device (PIFOC) was used for scanning along the z-axis. The PIFOC is 
coupled to the objective and hence directly displacing the objective along the 
z-axis (Gobel et al, 2006). A 40X water-immersion objective with a numeri-
cal aperture (NA) of 1 was used to acquire fluorescence signals (Plan 
Apochromat; 1 numerical aperture (NA); ZEISS). Emitted fluorescence sig-
nals were passed through bandpass filters for the red (610/75 nm) and green 
(535/50 nm) channels respectively (AHF Analysentechnik). The signals 
were amplified through two photomultiplier tubes (PMT) (R6357; Hamama-
tsu), sampled at 10 MHz and digitally integrated over pixel dwell times. 
Laser power at the focal spot never exceeded 50 mW. The microscope was 
controlled by the software HelioScan (Langer et al., 2013). Functional imag-
es were acquired at at a rate of 6 Hz with 128 × 128; 256 x 256 pixel resolu-
tion.  

Electrophysiology  
Stimulations of ventral or dorsal roots were performed by applying glass-
suction electrodes. Stimuli were generated using a constant-current stimula-
tor (A365, World Precision Instruments, Sarasota, FL) and delivered to the 
chosen roots. Motor neuron activity was measured from lumbar ventral root 
by connecting the roots to suction electrodes. The signals were amplified 
10,000 times and band pass filtered 100 Hz to 1 kHz (Model EX4-400, Da-
gan Corporation). Signals were converted from analog-to-digital using 
Digidata 1440A AD-converter (Axon CNS, Molecular Devices, Sunnyvale, 
CA) and recorded with Clampex 10.2 (Molecular Devices).  
Drug induced fictive locomotion and change in frequency of rhythm 

Spinal cords from neonatal mice (0-4 days old) were used to induce 
locomotor-like activity by bath application neuroactive drugs. Most experi-
ments were performed at a single frequency of locomotor rhythm, elicited by 
bath application of N-methyl-d-aspartate (NMDA; 5 μM), dopamine (DA; 50 
μM) and serotonin (5HT; 10 μM). Different frequencies of locomotor 
rhythm were generated by keeping serotonin and dopamine constant:  50 μM 
and 10 μM, and varying N-methyl-d-aspartate (NMDA; 1–10 μM) (Talpalar 
and Kiehn, 2010). 

Conditioning of monosynaptic reflex response 
Stimulations of ventral or dorsal roots were performed by applying glass-
suction electrodes. Stimuli were generated using a constant-current stimula-
tor (A365, World Precision Instruments, Sarasota, FL) and delivered to the 
chosen roots. Motor neuron activity was measured from lumbar segment 1 
ventral root (VRrL1) by connecting glass-suction electrodes. Experiments on 
conditioning of monosynaptic reflex response were adapted after Machacek 
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et al., 2006. A test reflex response (TRR) is a monosynaptic reflex response 
and is elicited by dorsal root stimulation. In our experiments we chose the 
right lumbar segment 1 (rL1) for measurement of monosynaptic reflex re-
sponse. The stimulus for eliciting a TRR is termed test stimulus (TS). Its 
amplitude was fixed at twice the threshold for evoking a monosynaptic re-
flex response, typical values were in the range 10-50 μA. The monosynaptic 
reflex response has a latency onset of 6-8 ms. and it is quantified by measur-
ing the amplitude in the following 3 ms (Machacek et al., 2007). The TRR 
output was measured at the corresponding ventral root (VRrL1).  When a 
conditioning stimulus (CS) is applied to an adjacent root preceding the test 
stimulus, the resulting response measured at the VRrL1 is defined as condi-
tioned reflex response (CRR). It has been observed that conditioning results 
in either suppression of monosynaptic reflex response. The CS consisted of a 
pulse train with an amplitude of 300 uA, a duration of 2 seconds, a frequen-
cy of 20 Hz and a pulse width of 200 μs, ending 50 ms before the delivery of 
test stimulus (TS). The conditioning-test interval was 50 ms. The condition-
ing stimulus and the conditioning-test interval were empirically chosen as 
they elicited the maximum suppression of monosynaptic reflex response. 
Each conditioning of monosynaptic reflex response experiment involved 
TRR and CRR measurements in alternation to avoid sequential effects. Each 
single experiment was preceded by a rest phase of at least two minutes. Am-
plitude suppression (%) was defined as ((TRR
CRR )/	TRR )*100, where TRR 	is the amplitude of TRR and 
CRR  is the amplitude of CRR. At least 6 repetitions (for both TRR and 
CRR) were performed for each experiment. The amplitudes of response was 
determined as the mean value of all the repetitions.  

Calcium indicator loading  
Two complementary strategies were used to label neurons with calcium in-
dicators for two-photon imaging: 
Bulk loading of dye Oregon green BAPTA 

Activity was visualized using a calcium indicator dye Oregon Green 
BAPTA-1 AM (OGB-1 AM; Molecular Probes, Life technologies). OGB-1 
AM was dissolved in DMSO/20% Pluronic F-127 and diluted in Ringer so-
lution to a concentration of 1 mM (Johannssen and Helmchen, 2013). Multi-
cell bolus loading of calcium indicator dye (Stosiek et al., 2003) Populations 
of neurons were loaded in intact, hemisected or dorsal horn removed prepa-
rations. A glass micropipette filled with calcium indicator dye was posi-
tioned close to the surface of the spinal cord at the desired region under vid-
eo guidance and a 10X air objective (Plan Apochromat; 0.45 numerical aper-
ture (NA); ZEISS). In two-photon imaging mode (40X objective), a positive 
pressure was applied to the dye and advanced into the tissue at a shallow 
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angle. The pipette tip was positioned in the tissue where dye loading is de-
sired. The dye was pressure-ejected (150–700 mbar for several minutes) at 
an approximate depth, ranging from 60-140 μm from the surface of the cord. 
This was repeated at 2 or 3 more spots in the regions close to the first inject-
ed spot. The spinal cord was incubated with the dye for one hour for good 
loading.  

Retrograde labeling of motor neurons by crystals of Calcium 
Green 
The second technique involved retrograde labeling of motor neurons by ap-
plying suitable tracers at cut ventral roots (Kosumacic et al., 2010). Crystals 
of Calcium Green-1-conjugated dextran amine (CGDA, 3000 MW, Molecu-
lar Probes) were applied at the cut end of the lumbar segment 2 (L2) ventral 
root as previously described (Rabe et al., 2009). The L2 ventral roots are 
largely innervated by flexor related motor neurons and hence our studies are 
concerned with flexor burst generation. The L2 ventral root was cut first 
before the other roots in order to prevent leakage into neighboring roots.  
Further they were cut close to the spinal cord in order to minimize labelling 
time. The spinal cord was incubated in the dark at room temperature for 3 
hours (Kosumacic et al., 2010).  

 
Imaging  

After incubation with Oregon green Bapta dye (OGB) or calcium green-1 
conjugated dextran amine salts (CGDA), a spot is chosen for imaging. The 
spot is chosen such that there are a good number of neurons loaded with the 
calcium indicator. As an additional step, stimulations of segmental ipsilateral 
ventral or dorsal roots are performed and activity responses in neurons ob-
served. This helps in determining that the loaded cells were functional and 
capable of producing activity. Each experiment comprised of 6-30 loaded 
neurons in one field of view. The region of interest (ROI) for each imaged 
neuron was manually outlined to extract only the somatic activity profiles. 
Only neurons with a clearly visible soma in the field of view were included 
for analysis.  

Combined ventral root electrophysiology and imaging  
During root stimulations 
Experiments involving activity imaging of neurons in response to stimula-
tions involved the following steps. The electrophysiological and imaging 
signals are acquired by different systems and need to be temporally aligned 
in order to extract meaningful information. Hence the shutter opening and 
closing signals from the imaging system were recorded along with the elec-



30 

trophysiological measurements to indicate the start- and endpoint of the im-
aging session. The stimulation artifact was recorded to indicate the onset of 
stimulation during the imaging period. The stimulus consisted of a pulse 
train with an amplitude of 300 uA, a duration of 2 seconds, a frequency of 20 
Hz and a pulse width of 200 μs.  
Quantification and normalization of activity responses 

Calcium imaging was performed on neurons in response to dorsal, ventral or 
simultaneous dual root stimulations. Each imaging experiment comprised of 
stimulations of single or simultaneous dual roots in alternation with right 
lumbar segment 1 ventral root (VRrL1) stimulations. Calcium response in 
neurons was quantified by measuring the peak amplitude (PA). The differ-
ence between the peak value of fluorescence intensities (peak) after the onset 
of stimulation and the mean of the baseline fluorescence intensities (base-
line) pre-stimulation was defined as the peak amplitude. Peak amplitudes 
(PA) were considered significant and included in further analysis if it was 
greater than 2 standard deviations from the mean of baseline intensities. Ac-
tivity response in neurons to different root stimulations were normalized to 
VRrL1. Normalized peak amplitude is defined as [( /
	 )*100], where  is the peak amplitude in response 
to single or simultaneous dual root stimulation and  is the peak 
amplitude in response to VRrL1 stimulation. Peak amplitudes for individual 
cells in the field of view as well as the population were determined. The 
mean responses in a population of cells, imaged in a field of view, were de-
termined and used as a representative population response. The mean popu-
lation responses were also normalized to VRrL1.  
Imaging during fictive locomotion 

After incubating for calcium indicator uptake, fictive locomotion is elicited 
by bath application of drugs. A spot is selected with a good number of load-
ed neurons at the L2 segment for calcium imaging. The neurons were either 
OGB loaded interneurons or motor neurons that are retrogradely labeled 
with calcium indicator dye. We defined the baseline ( ) as the 10th percen-
tile value of the fluorescent intensities for the respective neuron.  

Imaging data analysis  
Time-lapse imaging data was acquired and saved as multi-page TIFF files. A 
mean projection image from the time lapse imaging data was generated us-
ing the image processing program ImageJ. The mean projection image has 
sharper quality and aids in better identification of somata for demarcation of 
the region of interest. After background subtraction, the mean of fluores-
cence intensities per ROI /frame was extracted for the entire time-lapse im-
aging series. The fluorescence time-series were extracted for all the ROI’s in 
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the field of view. Analysis of imaging data was carried out using the pro-
grams IGOR Pro (Wavemetrics Inc.) and Excel (Microsoft). Fluorescence 
time- series extracted from the neurons in the field of view were smoothened 
using box smoothing in IGOR Pro. The region of interest (ROI) for each 
imaged neuron were manually outlined to extract only the somatic activity 
profiles. Only neurons with clearly visible somata in the field of view were 
included for analysis. The activity response for each neuron was quantified 
as the percentage change in fluorescence (∆F) over the baseline fluorescence 
( ), (∆F/  (%) = ((F – )/ )*100). Imaging experiments were per-
formed and data acquired with the software HelioScan (Langer et al., 2013). 
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Results and Discussions 

Paper 1 
Renshaw cell mediated recurrent inhibition of motor neurons has been of 
great interest in locomotor function. After their discovery about 7 decades 
ago many studies have been carried out to elucidate their functional signifi-
cance. While a lot is known about their anatomical, functional, molecular 
characteristics and the neural systems they interact with, their overall contri-
bution to locomotor function remains a challenge (Alvarez et al., 2007. This 
study extends the body of knowledge about the Renshaw cells, and deals 
particularly with the ability of Renshaw cells to integrate sensory and motor 
information early in development (Alvarez et al., 2007; Mentis et al., 2006). 
Renshaw cells can be genetically targeted through their selective expression 
of the α2 subunit of nicotinic acetylcholine receptor (Chrna2; Perry et al., 
2015). The Chrna2:Cre mouse has provided a tool to carry out investigations 
on populations of genetically identified Renshaw cells. The Chrna2 positive 
cells have been verified to label Renshaw cells selectively in the ventral part 
of the spinal cord (Perry et al., 2015).  

We used two-photon calcium imaging in order to visualize activity pat-
terns in Renshaw cells in response to inputs from segmental and 
intersegmental sensory and motor roots. Two-photon calcium imaging ena-
bles sampling of activity from populations of Renshaw cells with cellular 
resolution. It is known that at neonatal stages, Renshaw cells receive sensory 
inputs in addition to motor inputs (Mentis et al., 2006). We confirmed and 
extended these observations on Renshaw cell populations in spinal cords of 
P0 mice at lumbar segment 1. All the Renshaw cells simultaneously imaged 
show response to segmental sensory and motor inputs across experiments. 
Further, individual Renshaw cells show variability of responses and greater 
numbers showed larger response to segmental dorsal (75%) compared to 
ventral root stimulations.  

Renshaw cell identification has been based on morphology, location and 
electrophysiological patterns of response, thus limiting studies to individual-
ly identified Renshaw cells (Alvarez and Fyffe, 2007; Mentis et al., 2006). 
Identification of Renshaw cells based on genetic labeling of fluorescent pro-
teins enables measurement of activity from populations of Renshaw cells 
(Perry et al., 2015). Thus population activity was investigated at lumbar 
segment 1 in response to intersegmental inputs. Five intersegmental  dorsal  
and ventral roots were chosen located rostral and caudal to lumbar segment 
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1, of which two were ipsilateral (rT11  and  rL5) and three were contralateral 
(lT11,  lL1  and  lL5).  Analysis  of  intersegmental  root  stimulations  
showed  that  Renshaw cells were  responding  to  all  the roots  tested to 
different extents.  The  mean  population  response  amplitudes  showed a 
trend depending on the root  stimulated for  both  ventral  and  dorsal  root  
stimulations.   

The rostral root stimulations elicited significantly larger population re-
sponse compared to caudal inputs, irrespective of dorsal or ventral root test-
ed, whereas contralateral inputs did not differ significantly from ipsilateral 
inputs. The development of the nervous system proceeds along the 
rostrocaudal axis (Ensini et al., 1998; Jessell, 2000) and this could be reflect-
ed in the rostrocaudal graded influence onto Renshaw cells. Interestingly, 
dorsal inputs were more efficient in producing a response in Renshaw cells 
compared to ventral root inputs. This may indicate a profound influence on 
the formation of functional circuitry involving Renshaw cells at these devel-
opmental stages. 

Intersegmental inputs are known to influence the functional motor output, 
this has been extensively characterized in the context of 1a afferent mediated 
monosynaptic reflex response (Machacek et al., 2007; Talpalar et al., 2011; 
Rudomin and Schmidt, 1999). This phenomenon is termed conditioning. We 
have shown that intersegmental dorsal and ventral root inputs elicit response 
in populations of Renshaw cells. Further we have shown that dorsal inputs 
seem to have a profound influence on the formation of functional circuitry 
involving Renshaw cells. Hence we wanted to investigate intersegmental 
sensory input mediated conditioning monosynaptic reflex response at lumbar 
segment 1. All intersegmental dorsal root inputs resulted in significant sup-
pression of monosynaptic reflex response. Further, caudal inputs resulted in 
significantly greater suppression compared to rostral inputs.  

Thus, intersegmental sensory inputs resulted in a rostrocaudal gradient of 
activation of Renshaw cells as well as conditioning mediated suppression of 
the monosynaptic reflex response, but the two are anti-correlated. While 
greater activation in Renshaw cells should mediate greater suppression of the 
monosynaptic reflex response, what caused the anticorrelation? It is known 
that early in development Gaba and Glycine mediate depolarization and that 
there is a developmental shift towards hyperpolarization.  

There is variability of response in individual Renshaw cells that are im-
aged at a spot. Further the same Renshaw cells show variability in response 
to different root stimulations indicating a heterogeneity in the inputs from 
different roots. Based on the number of cholinergic inputs it is estimated that 
on average, 75 motor neurons synapse onto a Renshaw cell (Moore et al., 
2015). Our data begin to reveal that the inputs may not be limited to segmen-
tal levels and that there could be considerable cross coupling between motor 
pools. We were not able to determine the extent of cross coupling, but used a 
limited paradigm of simultaneous inputs to Renshaw cells from dual roots in 
order to estimate this effect. The resulting responses in Renshaw cells due to 
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simultaneous dual root inputs fell in 5 categories, which were either larger or 
smaller or similar to the response compared to individual root stimulations. 
Remarkably, the largest response was obtained by simultaneous stimulation 
of two dorsal roots, and it was greater than the sum of individual root stimu-
lation responses. This is additional support for the importance of sensory 
inputs early in development. Thus, our study begins to shed light on the abil-
ity of Renshaw cells to integrate sensory and motor information early in 
development. 

Paper II 
The transcription factor doublesex and mab-3 related transcription factor 3 
(Dmrt3) is necessary for normal differentiation of the dI6 population of spi-
nal interneurons (Andersson et al., 2012). Mutations in the gene affects gat-
ing patterns in horses and effects locomotor central pattern generator output 
(Andersson et al., 2012). This study aimed to characterize anatomical and 
physiological properties of Dmrt3 expressing neurons. Further the aim was 
to determine if there is an effect on locomotor output due to loss of inhibito-
ry neurotransmission by conditional deletion of Viaat from the Dmrt3 posi-
tive neurons. 

The dI6 population of spinal interneurons, of which the Dmrt3 neurons 
are a subset, are derived from the progenitor domain p6 that is located in the 
dorsal half of the ventricular zone during embryonic development (Jessell, 
2000; Goulding, 2009). The dI6 population is the only dorsally derived and 
ventrally migrating population of spinal interneurons found so far. They are 
also the least characterized for their role in locomotion as compared to other 
ventrally derived spinal neuronal populations. The ventrally located neurons 
in the spinal cord are necessary and sufficient for generation of locomotor 
rhythm that is alternating between the flexor-extensor and left-right sides 
(Kjaerulff and Kiehn, 1996).  

A Cre mouse was generated that was bred with a tomato reporter mouse 
GT(ROSA)26Sortm14(CAG-tdTomato)Hze (tdT) to create a Dmrt3Cre;R26tdTomato 
(D3;tdT). Using immunohistochemistry it was determined that there was 
99.6% co-localization between the DMRT3 immunolabeled cells and 
Dmrt3Cre;R26tdTomato neurons. There was 74% overlap between 
Dmrt3Cre;R26tdTomato neurons and DMRT3 immunolabeled cells. The 
Dmrt3Cre;tdT labeled the corticospinal tract and this tract appears around 
P7, hence there is no labeling of the tract embryonically. The 
Dmrt3Cre;R26tdTomato neurons settle in laminae VII and VIII, with a small 
percentage settling dorsal of the central canal. The Dmrt3 neurons are com-
missural and send ascending, descending and bifurcating projections. It re-
mains to be determined what the functional significance of these ascending 
and descending commissural projections are. 
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It is also known that these neurons send projections to ipsilateral and con-
tralateral motor neurons (Andersson et al., 2012). Based on their involve-
ment in locomotor rhythm generation, earlier studies on dI6 populations 
have reported the existence of two functional subpopulations. One subpopu-
lation is implicated in rhythm while the other is implicated in pattern genera-
tion (Dyck et al., 2012). In this study, both single cell electrophysiology as 
well as two-photon activity imaging on populations of Dmrt3Cre;R26tdTomato 
neurons have been carried out in the presence of fictive locomotor drugs. 
Accessibility to these neurons is a challenge in intact spinal cord prepara-
tions because of the more medial location of these interneurons both along 
the dorso-ventral as well as the medio-lateral axis. Hence, to gain access to 
these neurons we first used a hemisected cord preparation and performed 
activity imaging of these neurons during fictive locomotion. We confirmed 
that Dmrt3Cre;R26tdTomato neurons are rhythmically active during fictive lo-
comotion. In addition, and surprisingly we found that individual 
Dmrt3Cre;R26tdTomato neurons showed rhythmic oscillations that were differ-
ent and distinct in relation to the stable and constant ipsilateral ventral root 
rhythm. Hemisecting the cord transects the axons of commissural neurons 
and Dmrt3Cre;R26tdTomato neurons being commissural, their physiology could 
be altered by hemisecting the cord. To further examine this possibility, we 
instead used a dorsal horn shaved preparation to image Dmrt3Cre;R26tdTomato 
neurons during fictive locomotion. This further corroborated the existence of 
different and distinct oscillation frequencies in individual 
Dmrt3Cre;R26tdTomato neurons. Further single cell electrophysiology also cor-
roborated the rhythmic oscillations in these neurons in the presence of fictive 
locomotion inducing drugs in hemisected cord preparations. 

In Dmrt3Cre;ViaatKO animals, inhibitory neurotransmission from Dmrt3Cre 
neurons is conditionally deleted. Behavioral analysis on Dmrt3Cre;ViaatKO 
mice revealed a disturbed CPG output that was particularly affected when 
frequency of locomotion increased. This was further corroborated by fictive 
locomotion experiments involving spinal cords form neonatal mice, confirm-
ing that Dmrt3 neurons are required for normal CPG function in mice. This 
behavioral phenotype in the Dmrt3Cre;ViaatKO animals prompted us to ask 
what happens at the level of motor neuron microcircuits. We chose to look at 
the activity in motor neurons innervating the flexor related lumbar segment 2 
during drug induced fictive locomotion. In order to visualize activity in mo-
tor neurons we retrogradely applied the calcium indicator dye Calcium 
green. Dmrt3Cre;ViaatKO animals showed a clear effect on motor neuronal 
activity patterns in relation to littermate controls. Their activity was uncou-
pled with the ventral root rhythm as well as between motor neurons. Thus, 
we uncovered that variable patterns of activity in motor neurons explained 
the disturbed ventral root output.  



36 

Paper III 
Individual motor neurons imaged during fictive locomotion were found to 
oscillate with distinct frequencies. Some motor neurons showed slower 
while other showed faster frequencies in relation to the ipsilateral segmental 
ventral root rhythm (iVR). A small percentage (20%) of motor neurons also 
showed the same frequency as the ipsilateral ventral root rhythm. Such pat-
tern of activity was found across experiments (20 of 21 experiments, involv-
ing 248 motor neurons). The different frequencies of oscillation seen in an 
ensemble of motor neurons were independent of the motor neuron labeling 
technique or calcium indicator used (OGB or CGDA). Amplitude modulated 
outputs from the ventral roots have been obtained and are believed to be due 
to overlapping outputs from different pools of motor neurons (Tresch and 
Kiehn, 2000). Motor neurons in our experiments could belong to different 
pools that innervate the lumbar segment 2 ventral root (L2VR). Each imag-
ing experiment was performed from a field of view (FOV) of 200um x 
200um and in such a small region we have recorded up to 15 different oscil-
lation frequencies. There is a definite organization of pools in longitudinal 
columns, with a dorsoventral and mediolateral arrangement along the spinal 
cord (Surmeli et al., 2011). We conclude that motor neurons showing multi-
ple rhythmicities may not all belong to different pools, as the possibility of 
15 pools existing in a small area 200um x 200um is unlikely. Motor neuron 
size impacts physiology as well as it forms a basis for classification between 
alpha and gamma motor neurons (Henneman et al., 1965; Friese, 2009; 
Zampieri, 2014). We found that there was no dependence of the motor neu-
ron oscillation frequency on the size of the motor neuron somata. Hence, the 
different oscillation frequencies in individual motor neurons may arise 
across motor neuron subtypes.  

After application of drugs there is a period of tonic baseline activity, that 
we term pre rhythm, and subsequently the rhythm stabilizes after 5-10 
minutes. The baseline activity continues even after a rhythm is established. 
We have imaged activity in motor neurons during the pre rhythm period, as 
well as during a stable rhythm in the ventral roots. Whenever possible, we 
have followed the same set of motor neurons in a field of view through the 
pre rhythm and stable rhythm periods. Multiple rhythmicities were observed 
both during the pre rhythm as well as during the rhythm period of drug in-
duced fictive locomotion. We find it likely that motor neurons with oscilla-
tion frequencies outside the frequency of locomotor rhythm underlie baseline 
activity.  

With increase in the speed of locomotor rhythm, we found a correspond-
ing increase in the mean value of the motor neuron oscillation frequencies on 
a population level. But not all the underlying motor neurons show a corre-
sponding increase in their oscillation frequencies, some show a decrease in 
oscillation frequencies. Almost all of the motor neurons imaged showed 
different oscillation frequencies with change in speed of the iVR rhythm. 
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Entirely different or slightly overlapping groups of motor neurons tuned to 
the rhythm with change in speed of the locomotor rhythm. There exists a 
topographical organization in the recruitment of motor neurons with increas-
ing swimming speeds in zebrafish (Gabriel, 2011). From our data, we could 
not determine any particular order of motor neuron recruitment, during a 
rhythm as well as with change in speed of the rhythm, and it seems that this 
property is emerging with progressing development of the network. Motor 
neurons that tune-in to a ventral root rhythm have a certain degree of free-
dom in following the ventral root rhythm, while some follow the rhythm 
robustly others may show variations with respect to the rhythm.  

Paper IV 
Neuronal networks are distributed in the three-dimensional (3D) space, 
whereas most imaging experiments involve sampling activity from a two-
dimensional (2D) plane. This has an inherent drawback: in order to sample 
activity from 3D space, several 2D images are acquired resulting in slowing 
down the entire process. Most cellular phenomena occur with sub-second 
resolution. Acquisition of stacks of 2D images to sample activity from neu-
ronal networks in 3D space is infeasible. Hence, in order to improve the 
temporal resolution, activity from neurons is not sampled uniformly but 
along a predefined user configured linescan trajectory. The linescan trajecto-
ry defines the path along which the laser scans the tissue, and emissions are 
only restricted to the scanned regions.  

There are several advantages of the 3D linescan imaging to sample activi-
ty from neuronal networks.  It enables fast scanning through the tissue, 
thereby making it possible to resolve action potential driven calcium transi-
ents. The use of linescans limit excitation and consequently reduce 
photobleaching and toxicity. This would also increase the ability to deter-
mine the activity patterns of neurons and identify them by their location.  
Information on anatomy-physiology-location of populations of neurons can 
the more readily be studied in relation to functional output. This would ulti-
mately help delineate the neural substrates for generation of functional out-
put.  
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