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ABSTRACT
Locomotion is of vital importance for animals to survive in a complex
environment. Locomotor movements are generated by neuronal networks that reside
in the spinal cord and are composed of motoneurons and interneurons. The aim of this
thesis was to investigate the organization of the spinal circuitry with emphasis on the
recruitment and origin of excitation therein.
We used an in vitro adult zebrafish preparation to investigate the recruitment
pattern of the motoneurons and the underlying mechanisms. We found that the
motoneurons in the adult zebrafish are organized into four pools with a specific
topographic location in the spinal motor column. These motoneuron pools are
recruited from ventral to dorsal with increasing swimming frequencies. In contrast to
the larval zebrafish, the recruitment order of motoneurons in adult zebrafish is not set
by their input resistance, but instead by a combination of their biophysical properties
and the strength of the synaptic drive to motoneurons.
V2a interneurons constitute an important class of excitatory interneurons that
make monosynaptic connections with motoneurons. To test if these interneurons
provide the excitatory drive underlying locomotion, we used larval zebrafish.
Photoablation of a part of the V2a interneuron population decreased the excitability
of the spinal network. In zebrafish with ablated V2a interneurons the threshold for
inducing locomotion was increased both pharmacologically and with electrical
stimulation. These animals also showed an increase in the rostro-caudal delay. These
results indicate that V2a interneurons represent an intrinsic source of excitation
necessary for the normal expression of swimming activity.
Finally, we used optogenetic tools to determine if activation of V2a interneurons is
sufficient to elicit swimming activity in larval zebrafish. For this transgenic zebrafish
were used in which ChR2 was selectively expressed in V2a interneurons. Light
activation of V2a interneurons induced synaptic excitatory inputs in other V2a
interneurons that was sufficient to induce rhythmic locomotor activity. These results
show that selective optogenetic activation of V2a interneurons is able to generate
swimming activity in larval zebrafish.
The work presented in this thesis has provided new insights into the organization
of the zebrafish spinal locomotor circuitry. We have gained novel insights into the
mechanisms governing recruitment of motoneurons. In addition, we have uncovered
the excitatory interneurons at the origin of the excitatory drive necessary for the
generation of locomotion.

Key words: zebrafish, locomotion, motoneuron, recruitment order, V2a, Chx10, excitatory
interneuron, ChR2
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INTRODUCTION
CENTRAL PATTERN GENERATORS
Generation of motor behavior is the key component to survival of the animal
in a complex environment. The ability to move allows animals and humans to seek
food, interact and avoid dangers. Locomotor movements are generated by neuronal
networks in the spinal cord producing the rhythmic pattern responsible for the
sequential activation of muscles (Grillner, 1975). These networks are composed of
interneurons and motoneurons and are called central pattern generators (CPGs)
(Orlovsky, Deliagina and Grillner, 1999). These CPGs are capable of generating
organized locomotor activity in the absence of rhythmic inputs from higher brain
regions or sensory feedback (Grillner, 2003, 2006; Kiehn, 2006).
Animals display complex motor behaviors, some of which are repetitive such
as locomotion, breathing, chewing and scratching making them easier to study than
non-repetitive behaviors. In addition, the networks underlying these behaviors are
well suited for a detailed cellular and molecular analysis due to their experimental
accessibility both in vertebrate and invertebrate model animals (Ramirez and Richter,
1996; Marder and Bucher, 2001; Grillner 2003; McDearmid and Drapeau 2006;
Fetcho et al 2008). Much effort has been put into unraveling the organization and
function of the nervous system (Pearson, 1993; Marder 2000; Grillner 2003; Kiehn,
2006).

MOTOR CONTROL
The control structure for locomotion has a common organization in all
vertebrates and is divided into three broad modules that perform selection, initiation
and pattern generation (Grillner 2003; Goulding, 2009) (Fig. 1). While the selection
of the motor programs takes place in the basal ganglia in the forebrain (Pombal et al,
1997a; Pombal et al, 1997b), the initiation is controlled in the brainstem, which
contains descending command neurons that project to the spinal CPGs (El Manira et
al, 1997). The mesopontine (MLR) and diencephalic (DLR) locomotor regions can
induce well-organized locomotor activity in the spinal cord, when stimulated (Shik
and Orlovsky, 1976; Orlovsky, Deliagina and Grillner, 1999; Sirota et al, 2000).
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Figure 1: Schematic of the motor control structure common to all vertebrates. The selection of motor
programs takes place in the basal ganglia in the forebrain. Locomotion is initiated by stimulation of
diencephalic and mesopontine locomotor regions, which project independently to RS neurons that
provide excitation to the CPG. Sensory feedback generated by the ongoing movement can help to finetune the different phases of locomotion. Experimentally locomotion can be induced by the application
of pharmacological agents or activation of sensory input. (Modified from Grillner, 2003)

These two areas project independently to reticulospinal neurons (RS), which in turn
activate the CPGs generating locomotor activity (Fig. 1).
Fine-tuning of motor control is of vital importance for the organism. Sensory
feedback systems can help regulating the ongoing locomotion by adjustment of the
different phases of the movement (Grillner and Rossignol, 1978; Duysens and
Pearson, 1980; Lam and Pearson, 2002). Feedback from muscle and skin afferents as
well as visual, vestibular and auditory input can help adapting the motor pattern to the
environment (Rossignol, Dubuc and Gossard, 2006).
Under experimental conditions, the input from higher brain regions can be
removed and replaced by the application of pharmacological agents or by electrical
stimulation to induce locomotor activity. This was shown in the in vitro lamprey
preparation (Cohen and Wallén, 1980; Poon, 1980; Wallén and Williams, 1984) and
has since then been done in the cat (Deliagina et al, 1981), the Xenopus tadpole
(Roberts et al, 1981), the neonatal mouse (Kiehn, 2006), and larval and adult
zebrafish (Masino and Fetcho, 2005; McDearmid and Drapeau, 2006; Gabriel et al,
2008), which are all model systems used to study fictive locomotion.
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THE SWIMMING CPG
Studies in the lamprey have shown that the swimming CPG is made up of
three main groups of neurons (Fig. 2). These have been shown to have functional and
anatomical equivalents in other swimming species such as the zebrafish and the
Xenopus tadpole (Grillner, 2006; Goulding, 2009).
•

Motoneurons (MNs), which are segmentally organized and innervate the
musculature. They represent the final stage of neuronal processing in the
spinal cord.

•

Inhibitory commissural interneurons (CINs), which project to the contralateral
side of the spinal cord and provide inhibitory connection to ensure left-right
alternation (Cohen and Harris-Warrick, 1984; Buchanan, 2001).

•

Excitatory glutamatergic interneurons (EINs), which are ipsilaterally
projecting and the major source of excitation within the locomotor CPG
(Dale, 1986; Buchanan and Grillner, 1987).

Figure 2: Schematic overview of the core elements of the lamprey CPG. E, excitatory interneurons
(red); I, inhibitory commissural interneurons (blue); M, motoneurons (green). (Modified from Grillner,
2006)

Even though locomotion differs between swimming vertebrates and
vertebrates that use limbs, the basic organization of the neuronal networks seems to
be conserved across vertebrate species (Grillner, 2003; Kiehn, 2006). Model
organisms such as the Xenopus tadpole, the lamprey and the zebrafish can, due to
3

their simplicity and experimental accessibility provide information about the
organization of the locomotor networks of higher vertebrates.

SWIMMING IN THE ZEBRAFISH
Already at 17 hours post fertilization (hpf) the zebrafish embryo will show
spontaneous behavior consisting of alternating side-to-side contractions of the trunk.
After 26 hpf the embryo will respond with an escape movement to a touch of either
the head or the tail (Saint-Amant and Drapeau, 1998). The embryo hatches at day 2
and at this stage the zebrafish is largely inactive (Buss and Drapeau, 2001). By
approximately day four the larva is free swimming. At these early developmental
stages the swimming pattern is characterized by episodes of swimming intermingled
with episodes of non-swimming called “beat-and-glide” (van Raamsdonk et al, 1982;
Buss and Drapeau, 2001, 2002).

The episodic swimming pattern undergoes a

developmental switch from long to short swimming episodes between 3 and 4 days
post fertilization (Buss and Drapeau, 2001). It was shown that the orthopedia
expressing

dopaminergic

population

that

constitutes

the

dopaminergic

diencephalospinal tract mediates this developmental switch (Lambert et al, 2012).
The “beat-and-glide” pattern can be observed in the in vitro preparation of the
larval zebrafish when fictive locomotion is induced by NMDA (Masino and Fetcho,
2005; McDearmid and Drapeau, 2006). The rhythmic activity in the larval zebrafish
is generated by a network of interneurons and motoneurons (Saint-Amant and
Drapeau, 2001) which are recruited in a topographic manner with increasing
swimming speed (McLean et al, 2007).
As the zebrafish grows older they develop an increasing number of red muscle
fibers (van Raamsdonk et al, 1982) and at the same time the locomotor pattern
switches from the high-frequency “beat-and-glide” swimming (up to 100 Hz) to a
slower, continuous swimming pattern (Johnston, 1983; Müller and van Leeuwen,
2004; Gabriel et al, 2008). The swimming frequency of the freely moving adult
zebrafish in vivo is in the range of 1-20 Hz (Kyriakatos et al. 2010). A continuous
swimming pattern with a similar range of frequencies can be elicited in an in vitro
preparation by electrical stimulation of descending excitatory axons.
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TRANSCRIPTIONAL CODE UNDERLYING DEVELOPMENT
To be able to unravel the connectivity of the different interneurons in the
spinal network, we have to be able to divide them into specific groups. Recently,
investigation of the physiological and anatomical properties of the different
interneuronal subclasses has been facilitated by the molecular labeling of different
subclasses based on the transcription factors they express during early development
(Jessell, 2000; Goulding, 2009; Grillner and Jessell, 2009). The molecular
mechanisms underlying the diversity of interneurons forming the locomotor circuitry
have begun to emerge. Two morphogen gradients impart dorso-ventral positional
information to neural progenitors. Sonic hedgehog (Shh) is produced by the
notochord and floor plate, while bone morphogenetic proteins (BMPs) are secreted
dorsally from the roof plate. The opposing activities of Shh and BMPs generate
different classes of embryonic neurons along the dorso-ventral axis of the spinal cord
(Henneman et al, 1974; Lee and Jessell, 1999; Shirasaki and Pfaff, 2002). Neurons in
the ventral part of the spinal cord are considered to be part of the circuitry controlling
locomotor movement. These neurons belong to four different classes each expressing
specific transcriptional factors. The interneurons in the ventral part of the spinal cord
are derived from four progenitor populations and these progenitor populations give
rise to interneuron classes termed V0, V1, V2 and V3 each expressing a specific
transcription factor (Matise and Joyner, 1997; Saueressig et al, 1999; Jessell, 2000;
Pierani et al, 2001; Shirasaki and Pfaff, 2002; Goulding et al, 2002; Peng et al, 2007;
Lundfald et al, 2007; Al-Mosawie et al, 2007; Zhang et al, 2008).
The V0 interneurons are commissural interneurons that project 2-4 segments
rostrally (Moran-Rivard et al, 2001; Pierani et al, 2001), the V1 neurons are a group
of inhibitory interneurons that project ipsilaterally and rostrally (Saueressig et al,
1999; Higashijima et al, 2004), and the V3 neurons are excitatory commissural
interneurons that project caudally (Zhang et al, 2008). The V2 interneurons are a
group of interneurons that comprise of both excitatory V2a interneurons and
inhibitory V2b interneurons. Both subgroups project ipsilaterally and caudally over
several segments (Kimura et al 2006). The transcriptional coding of the interneuron
populations has been shown to be conserved across vertebrate species (Lupo et al,
2006). The molecular characterization of the putative interneurons of the locomotor
circuitry has fuelled new investigations aiming at determining their connectivity and
function.
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MOTONEURONS
Motoneurons are the final stage in the processing of motor control. The
classification of the motoneurons is defined by the type of muscle fibers they
innervate (slow, intermediate and fast), their position, axon trajectory, and spatial
pattern of muscle innervation. Motoneurons are all derived from one single
progenitor domain (Ericson et al, 1997; Briscoe et al, 1999). In higher vertebrates, it
has been shown that motoneurons have three levels of organization. First,
motoneurons are organized into different columnar groups, each column occupying a
defined position along the rostrocaudal axis of the spinal cord (Landmesser, 1978a).
The most prominent of these columnar groups are the lateral motor columns (LMCs)
which are located at the limb levels of the spinal cord and innervate the limb muscles.
In contrast to these segmentally restricted motor columns, motor neurons in the
median motor column (MMC) are distributed along the spinal cord and innervate the
axial musculature (Fetcho, 1987; Gutman et al., 1993). Second, motoneurons within
one column are divided into medial and lateral motoneurons and their axonal
projections are separated from each other. For example, within the lateral motor
column the medial motoneurons will project to ventral limb muscles, whereas the
lateral motoneurons will project to the dorsal ones (Landmesser, 1978b). Third,
motoneurons are grouped into operational units called motor pools that each innervate
a single muscle (Landmesser, 1978a). Each motoneuron pool will have a constant
position along the rostro-caudal, medio-lateral and dorso-ventral axis of the spinal
cord (Romanes, 1951).
In the zebrafish, motoneurons develop from dorsal to ventral with early born
large primary motoneurons located dorsally and late born small secondary
motoneurons located ventrally (van Raamsdonk et al, 1983; Myers, 1985;
Westerfield, McMurray and Eisen, 1986; Lewis et al, 2003). In adult zebrafish, each
myotomal muscle fiber is innervated by a single primary motoneuron and one or
more secondary motoneurons (Westerfield, McMurray and Eisen, 1986). During slow
swimming, secondary motoneurons are active whereas the primary motoneurons are
mainly active during fast swimming, struggling and escape (Liu and Westerfield,
1987). The primary motoneurons within each segment can be distinguished by their
position and by their muscle innervation pattern (Eisen et al, 1986). There is to date
no anatomical or molecular technique to separate the different populations of
secondary motoneurons.

6

The motoneurons within each pool have to be recruited in an orderly fashion
to be able to produce smooth movements. Initially, it was thought that the order of
recruitment was dependent on the input resistance of the neurons, with small neurons
having high resistance and therefore reaching threshold before larger neurons with
lower resistance (Haneman et al 1965; Kernell and Zwaagstra 1981; Mendell, 2005).
This order of recruitment of motoneurons with increasing force or speed is called the
“size principle” (Henneman, 1957; Henneman et al, 1965; Heneman and Mendell,
1981, Cope and Pinter, 1995; Mendell, 2005). Although the size principle has been
very helpful to describe motor-unit recruitment, the importance of input resistance as
the main factor defining the recruitment order of motoneurons has not been firmly
demonstrated.

EXCITATORY INTERNEURONS WITHIN THE SPINAL LOCOMOTOR
CPGS
The locomotor CPGs consist of networks of interconnected excitatory and
inhibitory interneurons (Grillner, 2003). The inhibitory commissural interneurons
ensure the alternating activity of the two sides of the spinal cord, and that between
antagonistic muscles (Grillner, 2003; Kiehn, 2006; Jankowska, 2008). Blockade of
inhibitory synaptic transmission switches the rhythmic alternating pattern into
synchronous bursting in ventral roots on both sides of the spinal cord (Grillner, 2003;
Kiehn, 2006). These results indicate that the locomotor circuitry consists of burst
generating networks that can operate in the absence of inhibition which is further
supported by the fact that when completely separated (hemi-cord), the two sides of
the spinal cord continue to generate rhythmic activity (Cangiano and Grillner, 2002).
For example, in both the lamprey and the Xenopus tadpole rhythmic activity can be
generated in a completely hemisected spinal cord because each hemi-cord contains a
network of excitatory interneurons with mutual excitation that is sufficient to sustain
bursting (Soffe, 1989; Cangiano and Grillner, 2002).
In mammals different types of excitatory interneurons have been characterized
that can play a role in the generation of locomotion (Kiehn, 2006). In cat, different
presumably excitatory interneurons have been identified based on their activity
pattern and the sensory inputs they receive (Angel et al., 2005; Cavallari et al. 1987;
Edgley, Jankowska, 1987a, 1987b). Advances in the development of molecular tools
have enabled the identification of specific classes of excitatory interneurons in mice
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(Goulding, 2009; Grillner and Jessell, 2009; Kiehn, 2011) and the connectivity and
role of these interneurons in the generation of locomotor activity is starting to
emerge.
Electrophysiological analysis in the lamprey and the Xenopus tadpole has
shown that the neurons generating rhythmic activity are glutamatergic interneurons
with mostly descending axons that make monosynaptic connections with
motoneurons and commissural interneurons (Xenopus: Roberts et al., 1998, 2010;
lamprey: Grillner, 2003). In the lamprey spinal cord, the analysis of the synaptic
connections between excitatory interneurons and motoneurons has shown that each
motoneuron receives excitation from a small proportion of interneurons. In this
preparation, stimulation of a single excitatory interneuron can elicit activity in the
ventral root and change the frequency of the locomotor rhythm; however, it is unable
to produce a sustained rhythm (Buchanan and Grillner, 1987, Buchanan et al., 1989).
The excitatory interneurons are likely to be subdivided into groups which may enable
different motor functions.
Similar interneurons with descending axonal projections (CiDs) also exist in
the zebrafish. These interneurons make monosynaptic connections with motoneurons
(McLean et al, 2008, Kimura et al, 2006) and express the transcription factor Alx, a
homolog of the mammalian Chx10, corresponding to the V2a interneuron class.
To determine if the V2a interneurons are indeed providing the excitatory drive
necessary for locomotor activity, they were completely eliminated during
development using diphtheria toxin in transgenic mice (Crone et al, 2008). In these
mice, rhythmic activity could still be induced pharmacologically in vitro in the
isolated spinal cord and intact animals could walk on a treadmill (Crone et al, 2009).
However, left-right alternation was altered leading to the conclusion that V2a
interneurons are primarily excitatory commissural interneurons controlling left-right
alternation (Crone et al, 2009). It has been difficult to characterize such synaptic
connections electrophysiologically, possibly due to sparse interactions in the spinal
cord (Crone et al, 2009). It should be noted that elimination or inactivation of a class
of interneurons during early development can lead to homeostatic compensations that
allow the remaining excitatory connections to fill the gap by scaling their synaptic
gain enabling the circuitry to generate locomotor activity
In larval zebrafish, one class of contralaterally projecting excitatory
interneurons (MCoDs) has been thought to be involved in producing slow swimming.
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These interneurons make monosynaptic connections with contralateral motoneurons
and are active at slow swimming speeds. Ablation of these interneurons prevented
slow speed swimming (McLean et al, 2007), suggesting that the fast swimming
activity is mediated by the recruitment of V2a (CiD) interneurons. In embryonic and
larval zebrafish, the whole range of swimming frequencies is generated by different
groups of excitatory interneurons. The recruitment follows a topographic order, with
one group of neurons gradually switching off as another group is recruited, thus
allowing for different groups to drive different swimming speeds (Mclean et al,
2007). The situation changes as the zebrafish develop towards adulthood. The pattern
of recruitment of the V2a interneurons shifts from being topographic into a more
distributed organization (Ausborn et al., 2012). In the adult zebrafish the recruitment
of the V2a interneurons is determined by scaling of their excitatory synaptic drive
with their input resistance. Results from the adult zebrafish suggest that the locomotor
network is composed of multiple microcircuits with overlapping connectivity,
recruited sequentially in a continuum to cover the full range of locomotor speeds
displayed by the intact animals.
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AIMS
The aim of this thesis has been to study the organization of the locomotor network in
the larval and adult zebrafish. We have used complementary experimental techniques
to address the following questions:

1. What are the principles that govern the recruitment order of motoneurons in
adult zebrafish?

2. Does the excitatory drive from V2a interneurons contribute to the normal
expression of swimming activity in larval zebrafish?

3. Is optogenetic activation of V2a interneurons sufficient as a source of
excitation to drive the generation of swimming activity in the larval zebrafish?

11
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METHODS
ZEBRAFISH AS A MODEL ORGANISM
Transgenic animals
For the work described in this thesis four different transgenic zebrafish lines
have been used. The first line, Chx10:GFP expresses green fluorescent protein (GFP)
under the Chx10 promoter and was used in paper II. In this line only neurons that
express the transcription factor Chx10 will be expressing GFP, giving us the
opportunity to selectively study this group of neurons. The second line, Et(1.5hsp70I:Gal4-VP16)s1011t (referred to as s1011t) expresses Gal4-VP16 in V2a
interneurons and has been used in paper III. The remaining two lines are the
UAS:kaede and the UAS:ChR2-mCherry lines. These two UAS lines express their
protein/channel only after being crossed with a Gal4-VP16 line. For studies in paper
III, we crossed the s1011t with the UAS:kaede to obtain green fluorescing neurons
and we crossed the s1011t with the UAS:ChR2-mCherry to express channelrhodopsin
and mCherry in the V2a interneurons.

Larvae
Larval zebrafish were used for studying the contribution of the V2a
interneurons to the generation of locomotion (papers II & III). For extracellular
recordings the animals were anesthetized and the skin was removed from the animal.
The fish was placed dorsal side up and treated with α-bungarotoxin to block the
neuromuscular junctions. During locomotion left-right alternation and rostro-caudal
delay were monitored.

Adult
Adult zebrafish were used to investigate the recruitment of motoneurons
(paper I). The animals were anesthetized and dissected in slush of frozen saline. The
skull was opened and the epaxial musculature (sparing the tail) of the animal was
removed. The bones overlying the spinal cord were removed and the spinal cord,
vertebral column and the tail muscles and the vertebra column were cut out from the
surrounding muscles. The preparation was placed on the side in the recording
chamber and treated with α-bungarotoxin to abolish muscle twitches.
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PHOTO ABLATION OF NEURONS
Larval zebrafish were anesthetized and embedded in low melting point
agarose. Targeted ablation of specific neurons was performed using a two-photon
laser (paper II). After ablation of the desired number of neurons, the animals were left
to recover from the anesthetics. In this way we could study the impact of the V2a
interneurons on the generation of locomotion. A huge advantage with laser ablation
of neurons is the possibility to study the acute effect of the ablation, before any
compensatory mechanisms have started. The drawback is that the ablated neurons
release toxins that will affect the surrounding neurons. This sets a limit to how many
neurons can be ablated while leaving the phenotype unchanged.

ELECTROPHYSIOLOGY
Extracellular recordings
Extracellular recording electrodes were pulled from borosilicate glass and
broken to the desired tip diameter after which they were fire polished. Extracellular
recordings were made from motor nerves in the intermyotomal cleft and locomotion
was induced with either NMDA application (paper II), electrical stimulation (paper I
& II) or with channelrhodopsin driven light activation (paper III).

Intracellular recordings
Intracellular recordings were made from identified neurons in the spinal cord
of adult (paper I) and larval zebrafish (paper III). Electrodes were pulled from
borosilicate glass and filled with an intracellular solution. Neurons were visualized
with a microscope equipped with infrared-DIC optics and a CCD camera.
Intracellular recordings were amplified and low-pass filtered.

BACKFILLING OF NEURONS
Motoneurons were backfilled by dissolving rhodamine dextran in deionized
water and applying it to the skin of the animal. An etched tungsten wire was then
used to puncture the skin introducing the dye into the muscles and damaging the
motor axons to allow uptake of the dye. The animal was then left to recover overnight
(adult) or for 1 h (larvae) before dissection or fixation.
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Long projecting interneurons were backfilled by cutting the axons in the
caudal part of the animal with a dye-filled patch pipette. The animals were then left to
recover for 1 h before fixation and imaging with confocal microscopy.

IMMUNOHISTOCHEMISTRY
Immunohistochemistry was used to detect colocalization of Chx10 and Gal4
in the larval zebrafish (paper III). Embryos were fixed and incubated with a Chx10
antibody and a fluorescent secondary antibody was used to image the neurons under
the confocal microscope.
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RESULTS AND DISCUSSION
PAPER I: PRINCIPLES GOVERNING RECRUITMENT OF
MOTONEURONS DURING SWIMMING IN ZEBRAFISH.
During locomotion, motoneurons need to be recruited in an appropriate order to
produce coordinated movements. It has been shown that motoneurons in the larval
zebrafish are recruited according to the size principle, with small high-resistance
motoneurons being recruited first at slow swimming speeds and larger, low-resistance
motoneurons being added as the swimming speed increases (McLean et al, 2007).
Zebrafish motoneurons develop from dorsal to ventral with early born large
motoneurons situated dorsally and late born smaller motoneurons located ventrally (van
Raamsdonk et al, 1983; Myers et al, 1985; Lewis et al 2003). Thus motoneurons in
larval zebrafish are recruited from ventral to dorsal with increasing swimming
frequencies. As the zebrafish develops from larval to adult stages, the swimming
pattern changes from a beat-and-glide pattern to continuous swimming. This is
associated with an increase in the amount of red muscle fibers and a lateral extension of
the motor column (van Raamsdonk et al, 1978; van Raamsdonk et al, 1982; Buss et al,
2000). The question we asked in this first study of the thesis was if the maturation of
the swimming pattern and muscle fiber composition is accompanied by a refinement of
the recruitment of the motoneurons in the adult zebrafish.
To address this question we used an in vitro brainstem-spinal cord preparation
of adult zebrafish. In this preparation, the spinal cord together with the vertebral
column is dissected out from the surrounding tissue. The vertebral column was opened
up by removing bones along 3-4 rostral segments to place a stimulating electrode at the
junction between the brainstem and spinal cord and along 4-5 segments in the spinal
cord to allow patch clamp recordings from motoneurons (Fig. 3). Rhodamine dextran
was injected into muscles to backfill motoneurons and hence allow their identification
in the in vitro preparation (Fig. 3). Intracellular patch-clamp recordings were made
from the motoneurons while motor activity was simultaneously monitored by recording
from motor nerves extracellularly.
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Figure 3: (A) Schematic drawing of the brainstem-spinal cord In vitro preparation. (B) Overlay of
differential interference contrast and fluorescence image showing the location of rhodamine dextran
backfilled motoneurons. (C) Example traces showing a locomotor episode (upper traces) and an
enlarged section of the locomotor episode (lower traces) elicited by electrical stimulation and
monitored intracellularly and extracellularly.

We found that motoneurons were organized into four different pools with a
specific topographic location for each pool in the adult zebrafish spinal cord. These
motoneuron pools were incrementally recruited with increasing swimming frequencies
following a latero-medial and ventro-dorsal pattern. No correlation was found between
the input resistance and the position of the motoneurons, or their oscillation amplitude.
This indicates that the recruitment order is not a consequence of the input resistance,
but is determined by the intrinsic and synaptic properties of the motoneurons. Indeed,
the low frequency recruited ventrolateral motoneurons received large synaptic drive
(Fig. 4) and displayed intrinsic pacemaker bursting. High frequency recruited
ventromedial motoneurons received intermediate synaptic drive, but did not show any
pacemaker properties. Rather, they fired continuously. In contrast, the non-recruited
dorsal secondary and primary motoneurons received weak synaptic drive and displayed
strong spike frequency adaptation (Fig. 4). Thus our results show that in adult
zebrafish, motoneurons are organized into four different pools with distinct locations in
the motor column. The ventrolateral motoneurons are recruited first, followed by the
ventromedial ones, while the dorsal secondary motoneurons are recruited only at higher
swimming frequencies (Fig. 4). In contrast, primary motoneurons do not participate in
swimming and are only recruited during escape.
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The order of recruitment of motoneurons is crucial for the generation of
locomotion of the correct speed and force. The size principle has been suggested to
explain the order of recruitment of motoneurons with the input resistance as the
determining property (Mendel, 2005). The underlying assumption for this is that all
motoneurons will receive the same synaptic input and thus small motoneurons with
high input resistance will be recruited before large ones (Henneman and Mendell, 1981;
Kernell and Zwaagstra, 1981; Gustafsson and Pinter, 1984; Cope and Pinter, 1995;
Mendell, 2005). In the anesthetized cat, the recruitment of motoneurons in a given pool
has been suggested to depend on both the input resistance and the synaptic current
(Heckman and Binder, 1988). Our results indicate that the input resistance is not the
primary factor setting the recruitment order of the motoneurons in the adult zebrafish
spinal cord, but instead it is determined by the amplitudes of the synaptic drive they
receive and their membrane properties.

Figure 4: Summary of results. Gradients indicate high (red) to low (blue) parameters in all figures. (A)
Motoneurons are recruited from ventral to dorsal with increasing locomotor frequencies. (B) Ventral
motoneurons receive more synaptic input than dorsal motoneurons. (C) Spike frequency adaptation is
stronger in dorsal motoneurons than in ventral motoneurons

The motor column of the larval zebrafish extends only in the dorso-ventral
direction and not the lateral (van Raamsdonk et al, 1983; Lewis, Elsen, 2003; Myers,
1985). It consists of primary motoneurons and dorsal secondary motoneurons (Myers,
1985). Motoneurons in the larval zebrafish are recruited from ventral to dorsal
according to the size principle (McLean et al, 2007). Our results indicate that the
topographic organization of the motoneurons is maintained in the adult zebrafish, but
that the rules for recruitment are changed during development. Therefore our results
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provide novel information about the organization of motor pools in the adult zebrafish.
In addition, we show that the mechanisms for setting the recruitment of motoneurons
are refined as the zebrafish develop from larval to adult stages.

PAPER II: ORIGIN OF EXCITATION UNDERLYING LOCOMOTION IN
THE SPINAL CIRCUIT OF ZEBRAFISH.
The generation of the basic locomotor pattern is mediated by a network of inhibitory
and excitatory interneurons (Fig. 1). The inhibitory interneurons ensure the alternation
of the two sides of the spinal cord and the excitatory interneurons are believed to
provide the drive necessary for the generation of the rhythm (Pearson, 1993; Kiehn,
2006; Grillner, 2003; Berkowitz et al, 2010; Brownstone, Bui, 2010; Fetcho,
Higashijima, McLean, 2008; Gabriel et al, 2010; Grillner, Jessell, 2009; Roberts et al,
2008; Wyart et al, 2009). These excitatory interneurons are considered to project
ipsilaterally and drive the activity of motoneurons and inhibitory interneurons and have
been characterized electrophysiologically and morphologically in the lamprey and in
the Xenopus tadpole (Roberts et al, 2010; Berkowitz et al, 2010; Roberts et al, 2008;
Buchanan and Grillner, 1987; Dale and Roberts, 1985). They provide monosynaptic
excitation to motoneurons and interneurons and display rhythmic activity during
locomotion (Kimura et al, 2006; McLean et al, 2007; McLean et al, 2008; McLean et
al, 2009). These interneurons are homologous to the V2a interneurons and are defined
molecularly in mice and zebrafish by the expression of the transcription factor Chx10
(Goulding, 2009; Jessell, 2000; Kimura et al, 2008; Ladle et al; 2007). The available
information suggests that these ipsilaterally projecting V2a interneurons are a source of
excitation underlying locomotion.
In this part of the thesis, we investigated if acute elimination of the V2a
interneurons affected the generation of locomotion in the larval zebrafish. We used
two-photon laser microscopy to specifically ablate ~30% of the V2a interneurons in 10
segments in the midbody of the animal (Fig. 5). We induced swimming, either with
electrical stimulation or pharmacologically and compared the locomotor pattern
between control animals and those with a V2a interneuron ablation. When electrical
stimulation was used, the threshold stimulation for initiation of swimming in V2a
ablated animals had to be was six fold increase compared to control and once
locomotion was induced, the duration of the swimming bout was significantly shorter.
To determine the contribution of the V2a interneurons to the excitability of the spinal
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Figure 5: Ablation of V2a interneurons using two-photon laser. (A) V2a interneurons were ablated
over 10 segments in the larval zebrafish. (B) Reconstruction of 1.5 segments in the spinal cord before
and after photoablation of V2a interneurons (asterisks).

circuitry we analyzed the cumulative distribution of the swimming frequencies. We
concluded that in the V2a ablated animals swimming frequencies were shifted towards
lower values compared to control (Fig. 6). To test whether V2a interneurons act
directly on the rhythm generation or if they act as relays for descending input we
induced swimming by pharmacological activation with NMDA. To induce locomotion
in V2a interneuron ablated animals a higher concentration of NMDA was needed
compared to control animals. When the locomotion pattern was analyzed an increase in
the rostro-caudal delay could be observed (Fig. 6), however the left-right alternation
remained intact.
To ascertain that the changes in the swimming pattern were due to the loss of
V2a interneurons and not due to loss of neurons per se, we laser-ablated the same
number of glycinergic interneurons. This ablation did not have the same impact on the
excitability of the spinal cord as the ablation of V2as.
For the spinal circuitry to be able to generate locomotor behavior an intrinsic
source of excitation is needed. The identity of these excitatory interneurons has been
unclear (Kiehn, 2006; Brownstone, Bui, 2010; Grillner, Jessell, 2009). We now
propose that the V2a interneurons are a source of excitation since even partial ablation
of this population causes considerable changes in the generation of swimming activity.
It affects the threshold for locomotion induction, increases the rostro-caudal delay and
decreases the swimming frequency.
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Figure 6: Ablation of V2a interneurons affects the swimming pattern. (A) Experimental setup showing
the position of the stimulation and recording electrodes. (B) Phase lag is increased in V2a ablated
animals. (C) Burst frequency and bout duration is decreased in V2a ablated animals. (D) Cumulative
distribution of the burst frequencies

The connectivity of the V2a interneurons in the zebrafish shows similarities to
what has been described for the swimming circuitry in the lamprey and the Xenopus
tadpole (Roberts et al, 2010; Berkowitz et al, 2010; Roberts et al, 2008; Buchanan,
Grillner, 1987; Buchanan et al, 1989; Dale, Roberts, 1985). There is also evidence for
similar connections between V2a interneurons and motoneurons in rodents (AlMosawie et al, 2007; Lundfald et al, 2007; Stepien et al, 2008; Stepien et al, 2010). The
V2a interneurons have been suggested to be the main candidate for supplying
excitation at the core locomotor generating circuitry (Kiehn, 2006, Fetcho,
Higashijima, McLean, 2008, Grillner, Jessell, 2009). When V2a interneurons were
genetically eliminated in newborn mice, little effect on the generation of rhythmic
output was observed (Crone et al, 2008; Crone et al, 2009; Kiehn et al, 2010). In mice it
seems that the V2a interneurons are not essential for normal rhythm generation but are
mostly involved in the coordination of left-right alternation at medium to high
frequencies (Crone et al, 2008; Crone et al, 2009; Dougherty et al, 2010). An
explanation for this could be that the V2a interneurons have a different role in the
zebrafish spinal network than in the mouse. Another possibility is that the mouse has
overlapping classes that are underlying the rhythm generation and that the elimination
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of one of these classes is not sufficient to induce changes in the rhythm activity (Kiehn,
2006; Brownstone, Bui, 2010; Grillner, Jessell, 2009).
Our results indicate that the V2a interneurons contribute to the excitability of
the spinal network in the zebrafish and that they are important for the generation of a
normal locomotor pattern.

PAPER III: OPTOGENETIC ACTIVATION OF V2A INTERNEURONS
PRODUCES LOCOMOTION IN THE VERTEBRATE SPINAL CORD
In paper II we showed that the V2a interneurons in the larval zebrafish are
necessary for normal expression of the locomotor rhythm and that they contribute to the
excitability of the spinal network. The question we wanted to address in this part of the
thesis was if the activation of V2a interneurons can generate rhythmic activity in the
spinal network of the larval zebrafish.
We started with characterizing a transgenic zebrafish line Gal4s1011t which
was derived from an enhanced trap screen. Crossing this line with UAS-kaede
transgenic fish showed that the expression of Gal4-VP16 was limited to interneurons
with morphology and axonal projections similar to those of the V2a interneurons (Fig.
7; Bernhardt et al., 1990; Kuwada et al., 1990; Hale et al., 2001). To determine if the
expression is limited to interneurons and does not leak to motoneurons, we backfilled
motoneurons with rhodamine dextran in transgenic animals Gal4s1011t-UAS-GFP.
There was no overlap between backfilled motoneurons and the neurons expressing
GFP. To ensure that the expression of Gal4 is indeed limited to only V2a interneurons,
we performed immunohistochemistry using an antibody against the transcription factor
Chx10, commonly known to be expressed by V2a interneurons (Karunaratne et al.,
2002; Kimura et al, 2006). For this we used transgenic zebrafish obtained by crossing
Gal4s1011t and UAS-kaede. Results from these experiments show that almost all
interneurons expressing kaede are double positive for Chx10 immunoreactivity (Fig. 7).
These results show that in the Gal4s1011t transgenic line the expression of Gal4 is
restricted to V2a interneurons.
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Figure 7: Imaging of Gal4-VP16 neurons in the spinal cord. (A) Reconstruction of 1.5 segments in the
spinal cord of the larval zebrafish. (B) Immunohistochemistry against Chx10 shows double labeling
with Gal4-VP16.

The Gal4s1011t zebrafish line was then crossed with a line carrying
channelrhodopsin (ChR2) under an upstream activator sequence (UAS) together with
mCherry. This way we could express ChR2 in the V2a interneurons while mCherry
made it possible for us to visualize the ChR2 positive interneurons. We first determined
if light activation could depolarize V2a interneurons using the patch-clamp technique.
Application of a short blue light pulse (465nm) indeed depolarized ChR2-expressing
V2a interneurons and the amplitude of the depolarization increased with increased light
intensity, driving the interneurons to fire action potentials.
The ability of excitatory interneurons to produce rhythmic locomotor activity is
considered to arise from their formation of a mutually excitatory network. To test if the
V2a interneurons are receiving excitatory drive from other neighboring V2a
interneurons, we recorded from mCherry-labeled V2a interneurons and applied short
light pulses. Activation of ChR2 induced a direct depolarization of the recorded V2a
interneurons followed by a delayed synaptically-mediated depolarization. This was also
seen in voltage-clamp mode where light activation of ChR2 induced a fast direct
inward current followed by a delayed synaptic excitatory current. These results show
that activation of V2a interneurons can excite other V2a interneurons suggesting that
they constitute an excitatory network.
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Figure 8: Fictive locomotion elicited in the spinalized preparation. (A) Schematic drawing showing
the experimental setup and position for the recording electrodes. (B) Fictive locomotion induced by
light stimulation. (C) Correlation analysis of the swimming trace shown in (B). Red line –
autocorrelation, blue line – cross-correlation showing rostro-caudal delay of the locomotor activity and
green line – cross-correlation showing left-right alternation of the locomotor activity

To test whether the activation of V2a interneurons could induce swimming in
the zebrafish, we first tested if a long light pulse is able to induce rhythmic bursting in
intracellular recording of V2a interneurons. Indeed, applications of long light pulses
induced repetitive bursting that persisted after termination of the light pulse. This
pattern of activity was similar to the swimming pattern generated by larval zebrafish.
We then tested if the activation of V2a interneurons is able to produce coordinated
swimming activity. For this we used spinalized zebrafish expressing ChR2 in V2a
interneurons to avoid any unspecific activation of descending brainstem neurons.
Application of light stimulation to the spinal cord induced fictive swimming in the in
vitro preparation with the characteristic left-right alternation and rostro-caudal delay
(Fig. 8). The swimming was induced when the light reached a specific intensity, as
shown by a ramp increase in the intensity; however the duration of the swimming
episodes and the swimming frequency were independent of the light intensity. These
results show that the excitatory drive provided by the V2a interneurons is sufficient to
induce locomotion in the spinal cord of larval zebrafish. Finally, we tested if the
excitatory drive produced by the V2a interneurons was sufficient to generate
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rhythmicity in the absence of crossed inhibition. For this we blocked glycinergic
receptors with strychnine in a spinalized in vitro preparation. Application of light in this
preparation could induce repetitive burst activity that occurred simultaneously in the
recorded left and right motor nerves.
Lesion studies in lamprey have shown that a network of excitatory interneurons
is able to produce the basic rhythmic activity (Cangiano et al., 2003; Cangiano et al.,
2005). It has also been shown in Xenopus tadpoles that hindbrain excitatory descending
neurons mutually excite each other and generate basic rhythmic activity (Li et al,
2006). In the mouse, light activation of excitatory interneurons evokes rhythmic
activity (Hägglund et al, 2010). Results of this part of the thesis together with our
previous results from paper II identify the V2a interneurons as necessary for the normal
expression as well as sufficient to generate locomotor activity in the larval zebrafish.
The identity of the excitatory interneurons responsible for the generation of locomotor
activity has been elusive and our results have now identified the V2a interneurons as a
source of excitation sufficient to produce a coordinated swimming pattern. It is likely
that in other vertebrates the V2a interneurons play a similar role. A previous study has
shown that optogenetic activation of the GABAergic Kolmer-Agduhr (KA) neurons
located close to the central canal is able to produce swimming activity in the larval
zebrafish (Wyart et al., 2009). The swimming activity induced by KA neurons appears
as a rebound after terminating the light stimulation. It is possible that these GABAergic
neurons elicit rebound activation of other interneurons that produce the swimming
activity. V2a interneurons could be the downstream interneurons producing the
rebound excitation necessary for the generation of the swimming activity following
light activation of KA neurons. Further analysis is required to determine how KA
neurons mediate their effects. It is still unclear how the V2a interneurons are activating
each other and whether any functional heterogeneity in these interneurons exists that
allows them to play different functional roles within the zebrafish spinal locomotor
circuits.
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CONCLUDING REMARKS AND FUTURE
PERSPECTIVES
New technological advances are facilitating the characterization of the
organization of the neural networks underlying motor behavior. The work presented
in this thesis has provided novel insights into the rules governing the recruitment of
motoneurons in the adult zebrafish as well as the identification of the interneurons
underlying the excitatory drive necessary for the normal expression of swimming in
the larval animal. The results of this thesis add to previous knowledge in the
zebrafish, the lamprey, the Xenopus tadpole and the new-born mouse where some of
the critical components of the locomotor networks have already been elucidated.
An important aspect of our work is the possibility to examine molecularly
defined neurons in an adult model system. This allows us to determine how the
mechanisms underlying locomotion are refined as the animal develops from early
stages to adulthood. The zebrafish is one of the few vertebrate systems in which a
detailed electrophysiological examination of the processing that is taking place within
the locomotor network is possible from embryonic to adult stages. The analysis of the
spinal networks in accessible adult vertebrates such as the zebrafish will allow a
comparison of the organization of these networks with those of limbed animals such
as mammals to discriminate between the conserved principles and those that have
arisen during evolution.
Zebrafish have the ability to regenerate axonal tracts and cells, as well as
entire tissues in the central nervous system. They can regrow one or several axons
from a neuron that has been axotomized, and they can replace lost neurons from
neuronal stem cells. This makes the zebrafish an attractive model organism for the
study of regeneration after spinal cord injury (Becker and Becker, 2008).
Taking this ability to regenerate together with our results it would be
appealing to investigate how the spinal network changes after a V2a ablation if the
animals are left to recover and develop to adult stages. Will they acquire a normal
locomotor pattern? If so is this due to replacement of the missing neurons or by
rewiring of the existing spinal networks to compensate for the loss of V2a
interneurons?
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