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Abstract

The development of swimming was investigated in zebrafish aged 1.5 to 5

days postfertilization by examining both the swimming behavior and its

generation by the nervous system. Upon hatching (at day 2), swimming is

undirected and occurs in sustained bursts of high frequency (mean = 67 Hz) tail

undulations. By 4 days, the swimming pattern matures to a more directed, less

erratic, beat-and-glide pattern where slower (mean = 35 Hz) tail undulations,

lasting -200 ms, alternate with longer gliding rest periods. Swimming is powered

by two classes of embryonic muscles (embryonic red, ER and white, EW) that are

electrically coupled within (but not between) classes and have physiological

properties similar to vertebrate tonic and twitch muscle, respectively. ER fibers

have a lower chloride ion permeability than EW fibers and do not have sodium

dependent action potentials. In paralyzed preparations, motoneurons and muscle

fibers received coordinated excitatory synaptic activity (with left to right

alternation and head to tail propagation) corresponding to either burst or beat­

and-glide swimming. ER muscle was de-recruited at the fastest swimming rates

and EW fibers dropped out at the slowest swimming rates. Rhythmic motoneuron

output was generated by a phasic glutamatergic and a largely tonic glycinergic

synaptic drive. Glutamatergic synapses had either or both AMPAlkainate and

NMDA receptors and the kinetics of these synaptic currents were fixed thoughout

the developmental period examined. When depolarized, motoneurons fired high

frequency (up to 800 Hz) bursts of action potentials that rapidly accommodated

(within -20 ms) due to voltage and calcium dependent outwardly rectifying
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conductances. These intrinsic motoneuron properties are hypothesized ta interact

with the rhythmic synaptic drive ta pattern motor output (at -25-75 Hz) ta

locomotor muscles. The neural generation of swimming in developing zebrafish is

thus fundamentally similar ta locomotion in adult fishes and vertebrates in

general.
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Résumé

Le développement de la nage a été étudié chez le poisson zèbre âgé de

1.5 à 5 jours post-fécondation, par des analyses de son comportement et de sa

génération par le système nerveux. À l'éclosion (2ème jour), la nage n'est pas

dirigée et se manifeste par des bouffées d'ondulations soutenues de la queue,

produites à de hautes fréquences (moyenne de 67 Hz). Suite au 4ème jour, la

nage devient plus dirigée et moins erratique, avec un patron de battements suivis

de planage, dans lequel des ondulations de la queue (moyenne de 35 Hz) durent

-200 ms et alternent avec des périodes de repos ou planage plus prolongées. La

nage est engendrée par deux classes de muscles (rouge embryonnaire (RE) et

blanc embryonnaire (BE)) qui sont couplés électriquement à l'intérieur d'une

même classe, mais non entre-elles, et qui ont des propriétés physiologiques

ressemblant respectivement à celles des muscles toniques et de saccades chez

les vertébrés. Les fibres RE ont une perméabilité au chlore plus faible que les

fibres BE et n'ont pas de potentiels d'actions dépendant du sodium. Dans des

préparations paralysées, les motoneurones et les muscles reçoivent une activité

synaptique excitatrice (en alternant de gauche à droite et en se propagant de la

tête à la queue), qui correspond à la nage par bouffées ou par battements suivie

de planage. Les muscles RE ne sont plus recrutés aux taux de nage les plus

rapides, tandis que les muscles BE faillissent aux taux les plus lents. L'activité

rythmique chez les motoneurones a été générée par une pulsion synaptique

consistant en synapses glutamatergiques phasiques et en synapses

glycinergiques largement toniques. Les synapses glutamatergiques contenaient
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des récepteurs AMPA/kainate et\ou NMDA, seuls ou en combinaison. Les

cinétiques de ces récepteurs ont été établies durant la période du développement

examinée. Lors d'une dépolarisation, les motoneurones ont déchargés des

bouffées de potentiels d'action à une haute fréquence Uusqu'à 800 Hz) et se sont

accomodés rapidement (en 20 ms), dû à des conductances rectificatrices

externes qui dépendent du voltage et du calcium. Ces propriétés intrinsèques des

motoneurones pourraient interagir avec la pulsion synaptique rythmique pour

générer le patron moteur (de 25-75 Hz) des muscles locomoteurs. La génération

neuronale de la nage chez le poisson zèbre en voie de développement

ressemble donc à la locomotion chez les poissons adultes et chez les vertébrés

en général.
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Statement of Originality

The study of animal locomotion has interested biologists, physiologists,

and philosophers for centuries and there is a wealth of information on the neural

control of locomotion in both vertebrates and invertebrates. This thesis examines

the development and neural control of swimming in zebrafish and compares the

findings with locomotor control in other vertebrates. Zebrafish were chosen for

examination because they are an increasingly popular vertebrate genetic model

organism and hoId promise for identitying genes controlling locomotion and

development of locomotor systems. The studies presented in this thesis are the

first to examine the neural control of swimming, at the resolution of single,

identified cells, during early periods of fish development and in any ray-finned

fish. The findings of this thesis contribute to the fields of ichthyology, comparative

physiology, locomotor control, and provide a strong foundation for future studies

aimed at integrating genetic and physiological approaches to understand motor

control.
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Chapter One: Introduction to the Zebrafish Motor System

Studies into the workings of the spinal cord and the control of movements

have a rich history dating back more than a century. Prior to the advent of

intracellular recording techniques, Sherrington and co-workers (Sherrington 1947)

dominated the field with their studies of spinal reflexes in decerebrate cats and

dogs. Intracellular recording techniques (Brock et al. 1952) revolutionized the

field and permitted the identification of interneuron pathways that mediated these

reflexes (Jankowska 1992), a formidable task that continues to this day (Edgley

2001; Hultborn 2001; Jankowska 2001). During locomotion, these reflexes

provide sensory feedback to the nervous system for maintaining posture and

adapting to changes in terrain. Sorne interneurons in these reflex pathways are a

part of the rhythm generating neuronal network for locomotion and examination of

these reflexes has given insight into how locomotion is generated by the nervous

system (Burke 1999; McCrea 2001). The study of the neural control of locomotion

and spinal reflexes are complementary and offen one in the same.

ln a comprehensive review of vertebrate locomotor control, Grillner (1975)

concluded that there were fundamental similarities in the neural control of

locomotion throughout the vertebrate phylogeny. This led to the development of

many vertebrate model locomotor systems, including the lamprey (Grillner et al.

1991; Grillner et al. 1998b; Rovainen 1979) and frog embryo (Dale and Kuenzi

1997; Roberts et al. 1986; Roberts et al. 1998), which have provided valuable

contributions to our understanding of the neural control of locomotion. These

model systems have the experimental advantages of a simpler motor and
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sensory system, which is accessible to intracellular recording techniques and

pharmacological manipulation. Unfortunately, these locomotor model organisms

have not been chosen as genetic model organisms and the use of modern

molecular and genetic techniques is not feasible. Embryonic and larval zebrafish

share with the established locomotor model organisms the advantages of a

simpler nervous system as weil as the advantage of being an increasingly utilized

model for the study of vertebrate development, where modern genetic and

molecular techniques are routinely used and are increasingly being developed.

The goal of this Thesis is to show that it is feasible to study locomotor control in

larval zebrafish and to develop zebrafish as a vertebrate model organism for

studying the neural control of locomotion. As a first step, 1 examined the

development of the zebrafish locomotor unit and its activation during fictive

swimming. The findings are compared with what is known about locomotor

control in other vertebrates and many fundamental similarities are found with

other vertebrates. To begin, 1review the zebrafish nervous and muscular systems

involved in locomotion and then present my findings on the development of the

zebrafish motor unit.

Development of Zebrafish Motor Behaviors

During embryonic and larval development, zebrafish show several

stereotypie motor behaviors that have been described in varying detail by a

number of investigators (Budick and O'Malley 2000a; Eaton and Farley 1973;

Fuiman and Webb 1988; Grunwald et al. 1988; Kimmel et al. 1974; Myers et al.

1997; Saint-Amant and Drapeau 1998). The first motor behavior, slow and
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spontaneous side-to-side coiling contractions of the trunk and tail, is observed at

approximately 17 hours post fertilization (hpf; fish raised at 28.5 OC). The

spontaneous coiling contractions reach a rate of 1 Hz by 19 hpf and then slow to

0.1 Hz or less by 26 hpf. The first response to touch, a more vigorous coiling

contraction, where the tail wraps around the head, is observed at 21 hpf and

swimming is later observed at 26 hpf. At 26 hpf, tail touch evokes a partial coiling

contraction while head touch evokes a full coil of the tail around the head. At 26

hpf, swimming undulations are slow (approximately 7 Hz) and increase to 30 Hz

at day 1.5 and up to 100 Hz at day 2.5. At hatching (after day 2), larvae swim

only infrequently and in sustained bursts of high-frequency undulations. By day 4,

the swimming style changes to an intermittent beat-and-glide pattern where there

is a brief (approximately 200 ms) period of active tail undulation followed by a

longer and more variable period of rest and gliding. When startled, larvae make a

fast C-bend (or C-start) that is often followed by robust and rapid swimming (30­

75 Hz) with a large degree of yaw (14-27°). Routine swimming is characterized

by a slower undulation rate (25-40 Hz) where most of the undulation is in the tail

and there is very little yaw «3°). Slow turns may precede a bout of swimming. In

addition to the intensively studied C-start, which may or may not be followed by

swimming, startle can also initiate pectoral fin movements, evoke a slight tail

flexure, or vigorous tight coiling and twisting tail movements.

Adult zebrafish are strong swimmers (undulations from 16-56 Hz) that are

not easily fatigued and, for their size, are among the fastest swimming teleost

fishes (Liu and Westerfield 1988; Plaut 2000; Plaut and Gordon 1994).
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Intermittent swimming, startle evoked C-bends and struggling behaviors are

observed in adult zebrafish (Fuiman and Webb 1988; Liu and Westerfield 1988;

Muller et al. 2000).

The zebrafish motor behaviors are generated by the axial locomotor

muscles, which are innervated by spinal motoneurons that are synaptically driven

by spinal interneurons and neurons descending from the brain. This introduction

examines the development, anatomy, neurophysiology and function of zebrafish

locomotor muscle and neurons (motor and sensory) located within, or with

projections to, the spinal cord. The motor systems of related (i. e., ray-finned

fishes) fish species where neurophysiological investigations have been more

comprehensive are then compared to those of the zebrafish and inferences are

made. For brevity, jawless fishes and chondrichthyes are not discussed in the

general introduction but are, where relevant, in later Chapters.

Body Segmentation

Body segmentation is c1early visible in the trunk and tail where the axial

musculature is divided into approximately 30 myotomes (Kimmel et al. 1995;

Myers 1985). The spinal cord is also segemented (Myers 1985) and each spinal

segment corresponds to a myotomal segment, except for the most caudal

segments that contain ciliated epithelial cells and are devoid of neurons (Myers

1985). Segments 5 to 20 are very similar in gross morphology and contain

serially homologous sets of spinal neurons (Bernhardt et al. 1990; Myers 1985).

Rostral segments have neurons common to both the spinal cord and hindbrain,

which is divided into 9 neuromeres (Hanneman et al. 1988; Metcalfe et al. 1986;
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Trevarrow et al. 1990) and segments caudal to 20 have not been investigated. In

cross section, the spinal grey mater takes the shape of an inverted Y after two

weeks of development and grey and white mater is distinguishable at the 30

somite stage (Hisaoka and Firlit 1960; Weis 1968).

Development of Locomotor Muscle

At approximately 11 hpf (in rostral somites), midline Hedgehog signais

induce medial paraxial mesoderm to differentiate into adaxial muscle precursor

cells (Barresi et al. 2000; Blagden et al. 1997; Coutelle et al. 2001; Currie and

Ingham 1996; Devoto et al. 1996; Du and Dienhart 2000; Du et al. 1997; Lewis et

al. 1999; Norris et al. 2000). The ubo gene acts downstream of Hedgehog

signaling pathways, through activation of the slow muscle-specifie homeobox

gene prox1, to direct the specification and differentiation of slow fiber types (Roy

et al. 2001). One population of adaxial cells maintains its medial location and

develops into the first contractile myotomal fibers, the muscle pioneers, and a

second population migrates laterally where they elongate and form the

mononucleate superficial embryonic red muscle (ER) (Devoto et al. 1996;

Stickney et al. 2000). ER fibers are thought to develop into adult red muscle rim.

Ectopie expression of Dorsalin-1, a TGF-~ gene family member, prevents

differentiation of muscle pioneers, which indicates that spatially restricted TGF-~

signais may be involved in differentiation of adaxial cell precursors into muscle

pioneers and ER fibers via inhibition of Hedgehog signaling pathways (Du et al.

1997). The myogenic regulatory factors myf5 and myoD are early markers
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expressed in adaxial cells (Coutelle et al. 2001; Weinberg et al. 1996).

Lateral paraxial mesoderm later differentiates into lateral presomitic

muscle precursor cells independently of Hedgehog signaling, ultimately forming

the multinucleate embryonic white (EW) fibers that constitute the bulk of the

myotomal muscle. EW fibers develop into adult white muscle. MyoD and Myf5

expression also occurs in lateral presomitic cells but at a later stage of

development (Coutelle et al. 2001). Additional slow fiber types are added during

late larval development and arise trom dorsal and ventral myogenic precursors

independent of Hedgehog induction (Barresi et al. 2001). There are at least 5

types of muscle in the adult zebrafish. These include the superficial adult red

layer, intermediate pink layer, deep white layer, scattered dorsal and ventral fiber

layer, and the red muscle rim layer (van Raamsdonk et al. 1978; van Raamsdonk

et al. 1980; van Raamsdonk et al. 1982a; van Raamsdonk et al. 1987; Waterman

1969).

When embryonic myotomal segments first form they are block shaped with

ER and EW fibres running parallel to the notochord. Within a few hours, the

deeper EW fibers take on their characteristic oblique chevron-shaped (V)

orientations and ER fibers retain their parallel orientation forming a blanketing

layer of approximately 30 fibers per segment (van Raamsdonk et al. 1974).

Primitive myofibrils are first observed in the caudal segments (van Raamsdonk et

al. 1974), primary motoneurons form the first synapses ante muscle pioneers

(Melancon et al. 1997), and the first spontaneous coiling contractions (reviewed

above) are observed at approximately 17 hpf. At this time EW and ER (including

muscle pioneers) are the only muscle fiber types present (Stickney et al. 2000;
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van Raamsdonk et al. 1982b; Waterman 1969). EW fibers are innervated soon

afterwards and a second stage of motoneuronal innervation begins at

approximately 26 hpf (Myers et al. 1986) when innervation by secondary

motoneurons begins and undulatory swimming is first observed. Myotomal

morphology changes dramatically from the simple chevron (V) shape of the

embryo to the more complicated (W) shape of the adult myotome, which is

optimized for power production during undulatory swimming (Mos and van der

Stelt 1982; van Raamsdonk et al. 1974).

Locomotion and Muscle Recruitment

Liu and Westerfield (1988) examined the activation of zebrafish axial

muscle during swimming. Electomyographic recordings showed that adult white

muscle was active at a range of swimming speeds, but unfortunately red or pink

muscles were not examined. In fishes with muscular systems organized similarly

to zebrafish (e. g., goldfish and sunfish), red muscle is active during slow steady

undulatory swimming, pink muscle is recruited at intermediate speeds, and both

are maximally active at the fastest steady swimming speeds. Swimming becomes

unsteady at even greater speeds when white muscle is recruited and red muscle

de-recruited during short bursts of high-speed swimming. Ali muscle is maximally

activated in the escape response (Bone 1978; Coughlin and Rome 1996; Jayne

and Lauder 1996). This pattern of recruitment has been observed in a wide range

of fishes and is likely to be true for the zebrafish as weil.

Similar to other vertebrates (Jordan 1998), locomotion can be evoked in

ray-finned fishes (goldfish and carp) by electrical or chemical stimulation of a
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region of the midbrain, the mesencephalic locomotor region (Fetcho and

Svoboda 1993; Kashin et al. 1974; Uematsu and Ikeda 1993; Uematsu and Todo

1997). Furthermore, the swimming rhythm can be reset by activation of the

hindbrain Mauthner neuron (Svoboda and Fetcho 1996), a phenomenon similar

to the reseting of the tetrapod step cycle by sensory afferent activation (Burke

1999).

Development of Spinal Motoneurons

Spinal motoneurons undergo two waves of neurogenesis during embryonic

development. In each hemi-segment, a population of 3-4 large primary

motoneurons exit the cell cycle between 9 and 16 hpf and a larger population

(approximately 20) of smaller secondary motoneurons exit the cell cycle from 15­

25 hpf (the last age examined) (Bernhardt et al. 1990; Eisen et al. 1990; Myers

1985; Myers et al. 1986). Primary motoneurons migrate from the ventral neural

rod to their final, more dorsal location, between 18 hpf and day 2 (Myers et al.

1986). Some primary motoneurons are transiently dye coupled prior to exiting the

spinal cord (Eisen et al. 1989). Axons form as early as 18 hpf in primary

motoneurons and secondary motoneurons follow on average 6 hours later (Myers

et al. 1986). The innervation of muscle by primary motoneurons (Liu and

Westerfield 1990; Liu and Westerfield 1992) is c10sely correlated with

observations of the first embryonic movements (Myers et al. 1986; Saint-Amant

and Drapeau 1998) and rhythmic activity in primary motoneurons (Saint-Amant

and Drapeau 2000). By day 5, primary motoneurons have developed elaborate

dorsal and rostal-caudal dendritic trees and processes from their ventrally
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projecting axons (Myers 1985). Secondary motoneurons develop similar dorsal,

but smaller rostral-caudal, dendritic trees and their fine axons lack processes

(Myers 1985).

Two anatomically distinct classes of muscle fibers (ER and EW) are

present at day 5 (see Development of Locomotor Muscle), but it is not known if

these are selectively innervated by primary and secondary motoneurons.

However, primary motoneurons, and at least some secondary motoneurons,

innervate larval EW muscle (Liu and Westerfield 1990; Myers et al. 1986). The

number of motoneurons increases from less than two dozen at day 5 (Myers

1985) to 60-80, the adult complement, which is reached by 3 weeks (van

Raamsdonk et al. 1983; Westerfield et al. 1986). A number of these new

motoneurons likely innervate the growing population of adult red muscle, which is

innervated by approximately half of the motoneurons (van Raamsdonk et al.

1983). Contralateral primary and secondary motoneurons are active during

escape responses activated by head touches whereas only secondary

motoneurons are activated in the ipsilateral spinal cord (Fetcho and O'Malley

1995).

There is a greater number of motoneurons in adult zebrafish and this is

associated with the greater diversity of muscle fiber types, which include the

anatomically distinct white, pink and red muscle populations (see Development of

Locomotor Muscle). The ability to inject axonal tracers into distinct muscle

populations has allowed the retrograde labeling and identification of innervating

motoneurons (de Graaf et al. 1990; van Raamsdonk et al. 1996; van Raamsdonk

et al. 1983). The motoneurons to white muscle (white motoneurons) have the
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most dorsal location and motoneurons to red muscle (red motoneurons) have the

most ventral location in the longitudinal column in the ventral spinal cord.

Motoneurons located between the red and white motoneuron pools (intermediate

motoneurons) innervate pink (intermediate) muscle, although there is a partial

overlap of the intermediate motoneuron pool with the red and white motoneuron

pools (de Graaf et al. 1990; van Raamsdonk et al. 1996; van Raamsdonk et al.

1983). Red motoneurons have the smallest somata and white motoneurons the

largest (de Graaf et al. 1990; van Asselt et al. 1993; van Raamsdonk et al. 1983).

Examination of the histochemical profiles of five enzymes involved in glucose

metabolism led De Graaf et al. (1991) to suggest that red and pink motoneurons

are fueled by oxidative metabolism (like the muscle they innervate) while

glycolysis plays a greater role in white motoneurons.

Westerfield et al. (1986) has identified 3 large motoneurons in adult

zebrafish, with arborizations corresponding to those of the first developing

embryonic primary motoneurons (Liu and Westerfield 1990; Myers 1985), as weil

as numerous small motoneurons, with more restricted arborizations, that are

classified as secondary. However, the development of secondary motoneurons

from embryonic to adult stages has not been examined and it is probable that the

embryonic secondary motoneurons develop into what Westerfield et al. (1986)

calls secondary motoneurons as weil as into the motoneurons that innervate the

later forming muscle types (e. g., pink or red). It is weil established that the red,

pink and white muscle populations are recruited at different swimming speeds

(see Locomotor and Muscle Recruitment) and it is important, both functionally

and physiologically, to characterize motoneurons based on the muscle they
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innervate and not simply by their size. However, using their definition of adult

primary and secondary motoneurons, Liu and Westerfield (1988) concluded

(based on electromyograph waveforms) that secondary motoneurons are active

during slow swimming, while primary motoneurons are active during fast

swimming (swimming undulations ranged from 16-56 Hz), the startle response

and struggling.

ln addition to axial motoneurons, a population of less than 30 motoneurons

(Iocated in segments 3-6) innervates the pectoral fin muscle (Myers 1985). In

adult fishes, pectoral fins are used for a variety of functions including slow

swimming, steering and braking (Breder 1926; Lindsey 1978). Pectoral fins

rhythmically flex and extend in larval zebrafish, but the function of this movement

(Schneider et al. 2001) and the development of these motoneurons has not been

investigated.

Spinal Interneurons

Zebrafish spinal interneurons have been divided into ten classes (Table

1.1), based on anatomical (but not physiological) characteristics and time of

neurogenesis (Bernhardt et al. 1990; Hale et al. 2001). The neurotransmitter

phenotype is also known for sorne interneurons (Bernhardt et al. 1992;

Higashijima et al. 2001; Martin et al. 1998). Ali described interneurons are

propriospinal, having either ipsilateral or commissural axons that extend rostrally,

caudally or bifurcate through the dorsal lateral fascicle (dlf) or ventral lateral

fascicle (vif). As the retrograde labeling technique used to identify spinal

interneurons would only label neurons with long axonal projections, it is not
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known if additional local spinal interneurons (restricted to 1-3 segments) exist. In

addition to interneurons, there are also approximately 20 ventral floor plate cells

and approximately 5-8 Kolmer-Agduhr cells that contact the central canal and

express GAD65, GAD67 (enzymes in the pathway for GABA synthesis) and show

GABA immunoreactivity (Bernhardt et al. 1992; Kuwada et al. 1990b; Martin et al.

1998).

By 18-20 hpf, up to 7 neurons have undergone axogenesis in each

segment. These neurons include the VelD, DolA, CoPA and CoSA interneurons,

which are joined by CiD, CiA and CoB interneurons by 22-23 hpf (Bernhardt et al.

1990; Kuwada et al. 1990a; Kuwada et al. 1990b). Saint-Amant and Drapeau

(2001) recorded from these embryonic interneurons, when the embryonic coiling

behavior was occurring, and found that varying proportions of individual

interneurons in these classes (except for the DolA) were active. VelD and CoPA

interneurons were nearly always active, whereas many of the later forming

secondary interneurons were not. Gap junctional coupling synchronized the

activity of the active interneurons and chemical synaptic transmission played no

role in the generation of this rhythmic behavior (Saint-Amant and Drapeau 2001).

Presumably, intrinsic pacemaker properties of individual or connected

populations of interneurons pattern the rhythmic activity underlying embryonic

coiling contractions. It was hypothesized that with maturity, the then inactive

secondary interneurons would be added to the active network (Saint-Amant and

Drapeau 2001). However, it is also possible that the anatomically defined

interneurons are not functionally homogenous populations. For example,

interneurons classified as CaSA are nat ail GABAergic (Bernhardt et al. 1992;
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Martin et al. 1998).

Two ipsilateral interneurons, the DolA (dorsal longitudinal ascending) and

VelD (ventral lateral descending) interneurons have only been described in

embryos. DolA interneurons are located in the dorsal spinal cord and have an

axon that ascends in the dlf and terminates in the hindbrain (Bernhardt et al.

1990; Kuwada et al. 1990a). There are very few DolA interneurons in the spinal

cord. VelD interneurons are located in the ventral spinal cord and descend less

than 10 segments in the vif (Bernhardt et al. 1990; Kuwada et al. 1990a). Both

DolA and VelD interneurons react with GABA antibodies and express GAD65

and GAD67 (Bernhardt et al. 1992; Martin et al. 1998). Whether these neurons

die or dramatically change morphology in the adult is unknown. Hale et al. (2001)

suggested that VelD interneurons transform into commissural MCoD (multipolar

commissural descending) interneurons. However, since interneurons originally

classified as VelD have a GABAergic phenotype, and the MCoD interneurons

have a glutamatergic phenotype (based on the expression of glutamate

transporter genes; Martin et al. 1998), the transformation of VelD into MCoD

interneurons would also have to include a change in neurotransmitter phenotype.

less is known about the function of inteneurons at larval stages. There are

many more interneuron classes at larval stages and there is evidence supporting

functional divisions within classes. Interneuronal synaptic connectivity is

unknown, neurotransmitter phenotypes are just beginning to be investigated and

motor and sensory functions are largely unknown. In the adult, premotor

interneurons to white and red/pink motoneurons have been labeled

transynaptically (although with low definition) by injecting wheat-germ agglutinin
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into white or red/pink muscle (van Asselt et al. 1991).

The activation of CiD and MCoD interneurons during escape and

swimming has been examined using calcium imaging by Ritter et al. (2001). CiD

interneurons were only active during escape behaviors and not swimming

whereas MeoD were only active during swimming but not escape. Thus, Ritter et

al. (2001) concluded that the interneurons have unique roles in escape or

swimming. However, this study only examined very slow swimming rates (13-29

Hz) and an alternative explanation (which is dismissed in their discussion) is that

CiD interneurons are not recruited at slow swimming speeds. In light of the

complex patterns of muscle recruitment observed in larval zebrafish (Chapter 4),

the functional roles of CiD interneurons should be re-evaluated.

Hindbrain, Midbrain and Forebrain Projections to the Spinal Cord

Nineteen distinct brain nuclei, located in the diencephalon, mesencephalon

and hindbrain, project to the spinal cord of the adult zebrafish (Table 1.2) (Becker

et al. 1997; Lee and Eaton 1991; Wullimann et al. 1996). The development of

descending projections has been investigated from their first appearance to

approximately day 6, a time prior to the formation of ail descending tracts. In the

larval zebrafish, the majority of descending projections arise fram the reticular

formation (approximately 50 neurans on each side of the midline) and caudal

hindbrain (number unknown, likely >30 neurons) with minor projections from the

vestibular nucleus (approximately 8 neurons) and midbrain «10 neurons)

(Kimmel 1982; Kimmel et al. 1982; Kimmel et al. 1985; Mendelson 1986a;

Mendelson 1986b; Metcalfe et al. 1986). These larval neurons, as weil as
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neurons that have not yet developed, persist into adult life (Lee and Eaton 1991).

Most larval, and many adult, reticulospinal neurons can be uniquely

identified based on morphology and have been divided into three groups (rostral,

Ro; middle, Mi; caudal, Ca) based on their rostral-caudal location in the hindbrain

(Kimmel 1982; Kimmel et al. 1982; Lee and Eaton 1991; Mendelson 1986a).

Reticulospinal neurons have either ipsilateral or contralateral projections that

descend though the spinal cord in either the medial longitudinal fascicle (mlf) or

the lateral longitudinal fascicle (lIf). Nearly ail reticulospinal neurons project

caudally as far as segment 15, but only 2 descend to segment 25 (Metcalfe et al.

1986). The majority of reticulospinal neurons send an ipsilateral projection into

the spinal cord that descends in either the mlf (approximately 28 neurons) or the

IIf (approximately 13 neurons). There are fewer reticulospinal neurons with

contralateral projections (approximately 3 project in the mlf and 9 in the IIf). The

intensively studied Mauthner neuron is included in this group (Eaton et al.

1977b). Some reticulospinal neurons express GAD65 or GAD67 indicating an

inhibitory phenotype, but the majority are likely excitatory glutamatergic neurons

(Martin et al. 1998). Reticulospinal neurons exit the cell cycle at times ranging

from 6 to 30 hpf and the birth dates of identified reticulospinal neuron has been

determined; e. g., the Mauthner neuron is the first born reticulospinal neuron

exiting the cell cycle at an average age of 7.5 hpf (Mendelson 1985; Mendelson

1986b) and axogenesis begins approximately 10 hours later (range 10-19 hours)

at a rate of approximately 100 !-lm per hour (Mendelson 1986a). There are two

waves ofaxogenesis among the population of reticulospinal neurons, one
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beginning at 20-24 hpf and the second at 30-34 hpf (Mendelson 1986a).

Classically the Mauthner neuron has been considered as a command

neuron for activating the C-start (DiDomenico and Eaton 1988; Nissanov and

Eaton 1989). A key finding supporting this view came from studies in larval

zebrafish where y-irradiation of whole embryos just prior to Mauthner neuron birth

ablated the Mauthner neuron and abolished the C-start response (Eaton and

Kimmel 1980; Kimmel et al. 1980). However, as it is now known that over 80% of

reticulospinal neurons are activated during the head tap evoked startle response

(Gahtan et al. 2002; Q'Malley et al. 1996), y-irradiation undoubtedly affected more

than Mauthner neurogenesis.

The Mauthner neuron is the most intensively studied neuron in the

zebrafish. The Mauthner axon emerges at 17-18 hpf (Kimmel et al. 1990) and

projects to the spinal cord by 20 hpf, when vesicle filled axonal swellings,

presumed synaptic contacts, are observed (Jontes et al. 2000). The lateral

dendrite is distinguishable by 22-23 hpf (Kimmel et al. 1990) and an adult

morphology is present by day 6 at which time many distinct synaptic structures,

both chemical and electrical, have formed (Kimmel et al. 1981). Trigeminal and

cranial nerve VIII afferents reach the Mauthner neuron at approximately 18 hpf

and 23 hpf respectively (Kimmel et al. 1990). A large extracellular spike,

associated with the C-start, can be recorded when the Mauthner neuron spikes

(Eaton and Farley 1975) and one study has reported that this spike is large

enough to be recorded outside the body (Prugh et al. 1982). However, it is more

likely that the externally recorded activity is a compound spike composed of the



36

population of neurons and muscle fibers active during the startle response

(Featherstone et al. 1991). Intracellular recording has shown that the Mauthner

neuron of the adult zebrafish fires a single action potential when activated (Hatta

and Korn 1998) whereas a short burst of spikes is observed in larvae (Drapeau et

al. 1999). This difference could be due to incomplete development of recurrent

and reciprocal inhibitory circuits in the hindbrain (Takahashi et al. 2000) but this

remains to be determined (see The Mauthner Neuron). The C-bend remains affer

laser ablation of the Mauthner neuron but the latency to and speed of the C-bend

is decreased (Liu and Fetcho 1999). The Mauthner neuron itself is preferentially

activated by tail touch whereas its segmental homologues (MiD2cm and MiD3cm)

respond to head touch (Eaton et al. 1984; Q'Malley et al. 1996). Examination of

mutant zebrafish (Granato et al. 1996), such as space cadet (Lorent et al. 2001),

that have abnormal startle responses, may lead to a greater understanding of this

behavior. The kinetics of glycine-gated chloride channels and development of

glycinergic synapses has been examined in the zebrafish Mauthner neuron (Ali et

al. 2000b; Imboden et al. 2001 a; Imboden et al. 2001 b; Legendre 1997; Legendre

1998; Legendre 1999; Legendre and Korn 1994; Legendre and Korn 1995; Suwa

et al. 2001; Triller et al. 1997). The hindbrain and spinal circuitry of the Mauthner

neuron has been more fully examined in the adult goldfish (see The Mauthner

Neuron) and a comparative study has shown it to be indistinguishable fram the

zebrafish (Hatta and Korn 1998).

Three classes of descending neurons (T interneurons, ce interneurons

and le interneurons) are located in the caudal hindbrain (between the caudal

reticular formation and rostral spinal cord) (Kimmel et al. 1985). T interneurons



37

(approximately 10) have a bifurcating commissural axon that ascends as far as

the midbrain tegmentum (to innervate the occulomotor and numerous cranial

nerve nuclei) and descends to the pectoral (fin motoneuron) motor nucleus. Many

collaterals arise from both the ascending and descending axons and project to

the cell bodies of reticulospinal neurons including the Mauthner. The cell bodies

of T interneurons are in close proximity to ascending spinal tracts (Iikely sensory),

the descending tract of the trigeminal nerve, and descending reticulospinal tracts.

T interneurons are homologous to goldfish cranial relay neurons and hatchetfish

giant fibers (Barry and Bennett 1990; Kimmel et al. 1985). Hatchetfish giant fibers

project to the trigeminal, facial and pectoral fin motor nuclei and their activation is

believed to lead to closure of the operculum and mouth, and adduction of the

pectoral fins, during the escape response. The C-start and associated adduction

of the large pectoral fins propels the more streamlined (due to mouth and

operculum closure) hatchetfish forwards and upwards (often out of the water)

during the startle response (Wiest 1995). Morphological and electrophysiological

studies have shown chemical monosynaptic connections from the Mauthner

neuron to giant fibers (bilateral) and direct electrical activation of an electrically

coupied pool of pectoral fin adductor motoneurons (Auerbach and Bennett

1969a; Auerbach and Bennett 1969b; Barry and Bennett 1990; Day et al. 1985;

Gilat et al. 1986; Hall et al. 1985; Huse et al. 1985; Model et al. 1972). The

homologous T interneurons in larval zebrafish are activated by head-taps

(Gahtan et al. 2002) and likely function in streamlining, balancing or propelling the

larva during the startle response.

CC interneurons are interspersed among T interneurons and differ in
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having only a descending commissural projection and a more extensive dendritic

tree (Kimmel et al. 1985). The number of CC interneurons, their sites of spinal

termination, and behavioral roles have not been reported. T and CC interneurons

have not been observed in labeling experiments performed at 24 hpf and when

they exit the cell cycle is unknown.

The third class of neurons in the caudal hindbrain, which also project into

the rostral spinal cord are the ipsilateral descending IC interneurons (Kimmel et

al. 1985). le interneurons are the first hindbrain neurons to project into the spinal

cord (in the mlf) at 19-20 hpf. The first ascending spinal projections, originating

from Rohon-Beard neurons (Bernhardt et al. 1990), enter the caudal hindbrain

(via the IIf) at this time in close proximity (as observed using light microscopy)

with IC dendrites. If synaptic contacts are made, this would be the first spino­

reticulospinal reflex pathway. This pathway might play a role in coordinating

spontaneous coiling contractions and the embryonic touch response that appears

at 21 hpf. IC interneurons are active during spontaneous embryonic coiling

contractions (Saint-Amant and Drapeau 2001) but not during head-tap evoked C­

starts in day 5-7 larvae (Gahtan et al. 2002).

The octavolateralis area of the adult zebrafish contains 6 nuclei that have

spinal projections. There are only 8-10 descending vestibulospinal neurons in

larval zebrafish (Kimmel 1982; Kimmel et al. 1982; Metcalfe et al. 1986), which

are thought to correspond to the adult magnocellular octaval nucleus. The first

vestibulospinal neurons project to the rostral spinal cord (in the mlf) by 30-34 hpf

(Mendelson 1986a). Vestibulospinal neurons have not been examined

electrophysiologically or by using calcium imaging. They are expected to respond
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to changes in body orientation and acceleration.

The midbrain population is made of 4-10 neurons located in the nucleus of

the medial longitudinal fascicle (nMLF) and project descending ipsilateral axons

to the spinal cord in the mlf (Kimmel 1982; Kimmel et al. 1982). These neurons

are born at approximately 12 hpf, axons are first observed in the rostral spinal

cord at approximately 24 hpf, and by 36 hpf ail neurons in the population have

projected to the rostral spinal cord (Mendelson 1986a; Mendelson 1986b). At

least some neurons in the nMLF respond to head-taps (Gahtan et al. 2002).

Laser ablation of these neurons does not affect measured kinematic variables in

the escape response or swimming although it leads to occasional, multiple,

spontaneous C-bends in larvae (Budick and Q'Malley 2000b). Neurons in the

nMLF are immunoreactive to GABA (Doldan et al. 1999), which suggests an

inhibitory role consistent with the multiple C-starts observed after their ablation.

ln the adult zebrafish, there is a dense horizontal band of

catecholaminergic varicosities just dorsal to the central canal as weil as diffuse

varicosities at more dorsal and ventral locations (Ma 1997). The spinal

catecholaminergic fibers likely originate from the three medullary

catecholaminergic groups described by Ma (1997) and from the locus coeruleus

(Ma 1994a; Ma 1994b), as there are no catecholaminergic cell bodies in the

spinal cord (Ma 1997). Catecholaminergic cell bodies and fibers have been

reported in the locus coeruleus and rostral spinal cord, respectively, at

approximately 28 hpf and the adult complement of locus coeruleus neurons «10)

is present by day 4 (Guo et al. 1999). The medullary catecholaminergic groups

were not observed at the early larval stages examined by Guo et al. (1999).



40

Serotonergic fibers are distributed through large areas of the adult

zebrafish spinal cord but are in highest density in the dorsal and lateral neuropil,

the motoneuron pool, and the ventro-medial spinal cord (van Raamsdonk et al.

1996). The dorsal and lateral fibers arise from descending brainstem neurons

(van Raamsdonk et al. 1996), likely the inferior raphe nuclei described by Becker

et al. (1997), whereas the ventral fibers arise from serotonergic neurons intrinsic

to the spinal cord (van Raamsdonk et al. 1996). Serotonergic cell bodies are

present in the hindbrain and spinal cord by 2 days of development (Brustein et al.

2000). At this time the serotonergic innervation of the spinal cord arises from

intrinsic interneurons as hindbrain neurons have not begun their descent into the

spinal cord at day 5. Larva do not show a behavioral response to serotonergic

agonists or antagonists until after day 4 when a beat-and-glide style of swimming

has developed (Brustein et al. 2001). At this time, serotonin increases the

occurrence and number of cycles of beat-and-glide swimming, while serotonergic

antagonists reduce the occurrence of swimming as weil as the number of

consecutive beat-and-glide swimming cycles.

Cutaneous Free Nerve Endings

Rohon-Beard neurons are a transient population of cutaneous primary

sensory neurons located in the dorso-Iateral spinal cord. They undergo

programmed cell death by day 3.5-5 and are replaced by dorsal root ganglion

neurons (Bernhardt et al. 1990; Svoboda et al. 2001; Williams et al. 2000).

Rohon-Beard neurons are first observed at 15 hpf, most have axons by 24 hpf,

and by day 3-5 they number 1-4 per segment (Bernhardt et al. 1990; Kuwada et
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al. 1990a). Their axon bifurcates and projects in the dlf caudally (up to 10

segments) and rostrally to the level of the otolith, where they pass over the lateral

dendrite of the Mauthner neuron (Bernhardt et al. 1990). By day 3-4, when many

Rohon-Beard neurons are undergoing programmed cell death (Williams et al.

2000), there is approximately 1 dorsal root ganglion neuron per segment

(Bernhardt et al. 1990). Similar to Rohon-Beard neurons, dorsal root ganglion

neuron axons have both ascending and descending projections (up to 10

segments) in the dlf (Bernhardt et al. 1990). Rohon-Beard neurons were the first

electrophysiologically characterized spinal neurons in zebrafish (Ribera and

Nusslein-Volhard 1998). Whole-cell patch clamp recordings made from the soma

revealed a resting membrane potential of approximately -70 mV, a TTX sensitive

action potential and voltage activated potassium currents, but no spontaneous

synaptic inputs (Ribera and Nusslein-Volhard 1998). Electrical stimulation of the

body surface induces a calcium transient in larval Rohon-Beard neurons (Fetcho

and Q'Malley 1995). The sensory physiology of the Rohon-Beard and dorsal root

ganglion neurons has not been investigated; for example, it is unknown if or when

in development any of these sensory neurons respond to pain or thermal stimuli.

Furthermore, synaptic targets of these neurons in the spinal cord and hindbrain

have not been investigated.

Cutaneous sensation in the head is mediated by trigeminal ganglia

afferents that enter the hindbrain via the trigeminal nerve and project (in the dlf)

as far as the rostral spinal cord by 22-24 hpf (Kimmel et al. 1990; Mendelson

1986a). Trigeminal afferents pass by many hindbrain neurons, chemical

synapses onto the Mauthner neuron have been reported, and it is likely that
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synapses are made on other hindbrain neurons (Kimmel et al. 1990). Olfactory

receptors are also present on the dermis of many fish and the trigeminal nerve

may also contain these gustatory afferents (Kotrschal et al. 1991).

Lateral Line • Neuromast System

ln addition to the sensory free nerve endings, arising from Rohon-Beard or

dorsal root ganglia neurons, sensory neuromasts, free or within lateral line

structures, are also distributed on the skin surface (Metcalfe 1989). Neuromasts

contain a cluster of sensory hair cells that respond to local water currents

(Dijkgraaf 1962). They are innervated by afferent fibers originating in the anterior

and posterior lateral nerve ganglia (Iocated at the level of the otolith) and efferent

fibers originating in the rostral and caudal rhombencephalic nuclei (cholinergie

neurons) and diencephalic nuclei (catecholaminergic neurons) (Bricaud et al.

2001; Metcalfe et al. 1985; Raible and Kruse 2000). Afferent fibers are ipsilateral

with arborizations in the hindbrain that are in close proximity to the octavolateral

nuclei and reticulospinal neurons, including the Mauthner neuron (Metcalfe et al.

1985). Lateral line afferents first make contact with the Mauthner neuron at

approximately 25 hpf (Kimmel et al. 1990). The posterior lateral line ganglia is

first present at 18 hpf while the anterior ganglia forms between 24 and 40 hpf

(Raible and Kruse 2000). Neuromasts form soon after and by day 4 the adult

complement of lateral lines and associated neuromasts are present (Raible and

Kruse 2000). In addition to their efferent projection to neuromasts, which is

largely complete by day 3, diencephalic catecholaminergic neurons also project

into the spinal cord, reaching the 12th somite by 56 hpf (Bricaud et al. 2001).
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Sensory Evoked Reflexes

ln larvae and adult zebrafish, tactile stimulation of the head or trunk leads

to either a C-start, rapid swimming away from the stimulus, or a combination of

both. During development, responses to tactile stimulation are first observed at

21 hpf when head or tai! touch evokes a coiling of the trunk and tail around the

head (Saint-Amant and Drapeau 1998). The embryonic response to touch is

likely relayed via Rohon-Beard neurons as it appears prior to the differentiation of

dorsal root ganglion neurons and sensory neuromasts. Larval and adult

responses likely involve neuromast afferents and dorsal root ganglia neurons (as

weil as Rohon-Beard neurons during the first week of larval development).

Ali three sensory systems send projections to the hindbrain where they

activate a hindbrain initiated startle response. Acoustic, vibration, or visual stimuli

can also initiate this hindbrain initiated startle response, and an understanding of

this behavior and how it is generated by the nervous system has been subject to

much investigation. It is not known if the startle response is entirely due to the

activation of descending reticulospinal commands, or if local spinal reflexes also

contribute to the response.

The Mauthner Neuron

The C-start is the most extensively investigated motor behavior in

zebrafish. The Mauthner neurons and their postsynaptic targets are involved in

the generation of the C-start and have been examined at a detailed cellular level

in many fishes (e. g. goldfish) closely related to the zebrafish. The neurobiology

of the Mauthner neuron in ray-finned fishes is reviewed and shown to be similar
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to zebrafish.

The Mauthner neurons, named for their discoverer Ludwig Mauthner

(Seyfarth and Zottoli 1991), are a bilateral pair of neurons located in the medulla

oblongata that have contralateral descending axons in the spinal cord. These

prominent neurons, found in many fishes and amphibians, captured the interest

of early neurologists because of their large size and ease of identification

(Stefanelli 1951; Zottoli 1978). The first extracellular recordings of Mauthner axon

activity were reported by Graham and O'Leary (1941) and Berkowitz (1956) in

catfish and carp, and the first intracellular recordings (soma) were by Tasaki et al.

(1954) in catfish. Retzlaff (1957) and Berkowitz (1956) noted that electrical

stimulation of fiber pathways containing the Mauthner axon evoked rapid tail flips.

These findings were further substantiated by Wilson (1959) who showed that

electrical stimulation evoked rapid tail flips only when sharp, short latency, all-or­

none spike activity (corresponding to Mauthner neuron activation) was observed

in extracellular recordings, thus implicating a critical role for the Mauther neuron

in startle responses. Retzlaff (1957) also observed (in bullhead) that both

Mauthner neurons could not be evoked to fire simultaneously upon bilateral

stimulation of cranial nerve VIII and suggested an ipsilateral excitation and

contralateral inhibition by cranial nerve VIII fibers. Together, these studies laid the

foundation for our present understanding of the role of the Mauthner neuron in

the startle response and the neural circuitry underlying this response (Diamond

1971; Eaton and Hackett 1984; Eaton et al. 2001; Faber et al. 1989; Furukawa

1966; Korn et al. 1990; Nissanov and Eaton 1989; Roberts 1992; Zottoli and

Faber 2000).
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A series of papers published in the early 1960s (Fukami et al. 1965;

Furshpan and Furukawa 1962; Furukawa and Furshpan 1963; Furukawa et al.

1963; Furukawa et al. 1964) established the goldfish as the premier model

organism for the neurophysiological examination of the Mauthner neuron.

However, many of the properties described in the goldfish have been confirmed

in adult winter flounder (Zottoli 1981), gymnotid electric fish (Borde et al. 1991)

and zebrafish (Faure and Korn 1997; Faure et al. 2000; Hatta and Korn 1998;

Hatta and Korn 1999; Hatta et al. 2001). Antidromic activation (by stimulation of

the spinal axon) or orthodromie activation (by stimulation of cranial nerve VIII)

have been used to examine the electrical properties of the Mauthner soma and

the nature of excitatory and inhibitory synaptic inputs.

Action potentials are initiated at the axon hillock of the Mauthner neuron

and passively propagate, attenuating as they do so, into the soma and dendrites

(Furshpan and Furukawa 1962). A spike produces a large negative (up to 50 mV)

extracellular spike within the axon cap (Furshpan and Furukawa 1962), a dense

conglomeration of fine unmyelinated fibers ensheathed by a layer of glia that

envelopes the axon hillock and initial segment of the Mauthner neuron (Kohno

1970; Nakajima 1974). Passive dendritic spikes are observed as positive

potentials in extracellular recordings made at the soma (current sink) (Furshpan

and Furukawa 1962). Within the axon cap, the negative spike is followed «1 ms)

by a positive potential «15 mV, approximately 1 ms) that does not produce an

apparent change in membrane conductance (Furshpan and Furukawa 1962;

Furukawa and Furshpan 1963). The positive potential or "extrinsic

hyperpolarizing potential - EHP" is inhibitory as it blocks antidromic spikes and
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raises EPSP spike threshold (Fukami et al. 1965; Furukawa and Furshpan 1963).

The inhibition appears to be the result of an extracellular positivity within the axon

cap produced by the passive spread of action potentials into densely packed

unmyelinated fibers located within the cap. The large extracellular positivity

results in a hyperpolarization, and inhibition, of the Mauthner neuron at the axon

hillock. A longer lasting (>10 ms) strychnine-sensitive chloride conductance,

capable of attenuating EPSPs and passively propagating spikes, immediately

follows the EHP (Diamond et al. 1973; Fukami et al. 1965; Furukawa and

Furshpan 1963; Furukawa et al. 1964). This inhibition is referred to as "Iate

collateral inhibition - LCI", The chloride equilibrium potential is close to the resting

membrane potential (-70 to -80 mV) in the Mauthner neuron and the shunting

chloride conductance is only visualized when neurons are filled with chloride by

using KCI electrodes. In addition to the cranial nerve VIII evoked EPSP

attenuation, due to a postsynaptic conductance change, a presynaptic inhibition

(referred to as "the third type of inhibition"), or possibly a remote inhibition

(Diamond and Huxley 1968), mechanism also appears to be present (Furukawa

et al. 1963).

Initiation of a spike (antidromic, orthodromic or by intracellular current

injection) in one Mauther neuron generates an EHP and LCI in that Mauthner

neuron as weil as the contralateral Mauthner neuron. Thus, both chemical and

electrical inhibition acts to prevent bilateral Mauthner neuron activation. In the

event that both Mauthner neurons are activated at exactly the same time, both

neurons spike before the inhibitory mechanisms are activated. When this occurs,

both Mauthner neurons will propagate spikes into the spinal cord (Yasargil and
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Diamond 1968) but a startle response will not occur because of a short latency

strychnine-sensitive spinal inhibition of motoneurons (Yasargil and Diamond

1968).

Furukawa and Furshpan (1963) suggested that the EHP was produced by

passive spike propagation in small unmyelinated fibers within the axon cap but it

was not until Faber and Korn (1973) and Korn and Faber (1975a) that the

presence and identity of these neurons was confirmed. Neurons in the vicinity of

the axon cap were recorded from that displayed a small hyperpolarization

synchronous with the large negative Mauthner neuron extracellular spike, which

was termed a "Passive hyperpolarizing potential - PHP' (Faber and Korn 1973;

Korn and Faber 1975a). The PHP was inhibitory as it blocked the propagation of

spikes. These neurons sent a projection into the axon cap that approached the

Mauthner neuron and when stimulated produced a small extracellular

depolarization in the axon cap (i.e., an intracellular hyperpolarization and

electrical inhibition) and unitary IPSPs in the soma (Korn and Faber 1976; Korn et

al. 1978; Triller and Korn 1981; Zottoli and Faber 1980). PHP interneurons with

bath ipsilateral and contralateral projections were observed, which could

subserve the collateral and contralateral inhibition observed upon VIII nerve

stimulation. PHP interneurons are not spiral fiber neurons (Scott et al. 1994) as

originally suggested. Besides their projections ta the Mauthner neurons,

projections ta reticular and vestibular nuclei were also observed (Korn et al. 1978;

Triller and Korn 1981; Zottoli and Faber 1980).

ln the spinal cord, the Mauthner axon forms monosynaptic chemical

synapses onto contralateral primary motoneurons and descending interneurons,
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which are presynaptic and electrically coupied to secondary motoneurons (Fetcho

1992a; Fetcho and Faber 1988). The Mauthner axon also has an electrical

connection to glycinergic commissural interneurons that inhibit contralateral

motoneurons as weil as the excitatory descending interneurons (Fetcho 1990;

Fetcho and Faber 1988). Together, these neurons form a spinal circuit that would

activate contralateral axial muscle and inhibit the activation of ipsilateral muscle

during a C-start.

Sources of Excitation to the Mauthner Neuron

The startle response can be evoked by sound, vibration, visual or tactile

stimuli. Most species of fish (including goldfish and zebrafish) respond to startle

with a C-bend where there is a short latency unilateral contraction of the trunk

and tail into the shape of a C (stage 1) which is followed bya rapid straightening

of the tail (stage 2) which propels the fish away (Eaton and Emberley 1991;

Eaton et al. 1977a). Fishes such as eels and larval lampreys respond to startle by

retracting the head and forming a S shape and in some species the response is a

rapid forward burst of swimming (Eaton et al. 1977a). Only the neural control of

the C-bend startle has been examined. In addition to its role in the escape

response, the Mauthner neuron is also activated during feeding (Canfield and

Rose 1993) and its activation increases the frequency of electric organ discharge

in gymnotid electric fish (Curti et al. 1999; Falconi et al. 1995).

Saccular afferents located in the posterior branch of cranial nerve VIII are

a strong source of excitation to the Mauthner neuron (Casagrand et al. 1999).

These afferents form predominantly electric (with a small chemical component)
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synapses onto the lateral dendrite (Furshpan 1964; Lin and Faber 1988a; Lin and

Faber 1988b; Pereda et al. 1995). The afferents in the vestibular branch of

cranial nerve VIII also synapse (predominantly chemical) on the Mauthner neuron

(Zottoli and Faber 1979). Spiral fibers, arising from the contralateral trigeminal

nucleus, form electrical synapses on the axon hillock and provide another strong

source of excitation to the Mauthner neuron (Scott et al. 1994).

Stimulation of the lateralline nerves evokes monosynaptic EPSPs followed

by a strychnine sensitive disynaptic IPSP in the soma and proximal lateral

dendrite of the Mauthner neuron (Korn and Faber 1975b). Lateralline stimulation

also evokes EPSPs in PHP neurons which are facilitated to spike threshold when

the collateral inhibitory pathway is activated suggesting that these interneurons

are shared and are the source of the lateral line evoked disynaptic inhibition

(Faber and Korn 1975). Conversely, Mauthner neuron activation inhibits a

disynaptic pathway from the lateral line and excites lateral line efferent fibers

which "might" inhibit lateral line receptors (hair cells) (Russell 1974).

Chronic electrode implantation has been used to record the distinct

extracellular negative spike of the Mauthner neuron (and likely other co-activated

neurons) in the behaving fish. When the ipsilateral Mauthner neuron fires, robust

contralateral electromyograph activity or a C-bend away from the ipsilateral side

is observed. Startle responses were not observed in the absence of Mauthner

neuron firing (Eaton et al. 1981; Zottoli 1977).

Activation of a singe Mauthner neuron activates both ipsilateral and

contralateral muscle fibers (Yasargil and Diamond 1968). However, contralateral

fibers are activated at a slightly shorter latency and with a greater intensity (Eaton
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et al. 1988; Yasargil and Diamond 1968). Co-activation of ipslateral and

contralateral muscle during the C-start is prominent in the bowfin and bichir,

where it has been proposed to play a raie in muscle stiffening for maintaining

body form (Westneat et al. 1998). This finding indicates that the spinal

organization of the escape response is more complicated than originally

proposed.
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5ummary

Zebrafish display two main locomotor behaviors, C-starts and swimming.

The C-start has been intensively investigated behaviorally and the

neurophysiology and neuroanatomy of the neurons involved in this response is

largely known. In contrast, an understanding of the neural control of swimming is

minimal.

ln this thesis, 1examine the development of swimming in zebrafish larvae

through an investigation of the motor unit. Its component motoneurons and

muscles can be unequivocally identified anatomically. 1 begin by examining the

physiological properties of axial locomotor muscle (Chapters 2 and 3) and how it

is activated during swimming (Chapter 4). Motoneuron activity and how

motoneurons are activated to produce a rhythmic output during swimming is

examined last (Chapters 5, 6, and 7). These are the first neurophysiological

studies of the development of the motor unit and swimming in any fish.
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TABLES

Table 1.1. Spinal interneurons in larval (day 3-5) zebrafish (Bernhardt et al. 1990
and Hale et al. 2001).
Abbreviated Number per Spinal Tract Projection Projection Neuro-
Name seqment Distance transmitter
CiD ::;;3 DLF ipsilateral ::;;13 glutamate

descending
CiB ::;;1 DLF ipsilateral ::;;13 caudal unknown

bifurcating 1-2 rostral
CoPA 1 DLF commissural telencephalon glutamate

ascending
CoSA ::;;5 DLF commissural ::;;20 -2 GABA

ascendinQ -3 unknown
CoLA ::;;1 DLF commissural ::;;5 unknown

ascending
CoBL ::;;4 DLF commissural ::;;14 caudal unknown

bifurcating <1 rostral
VeMe ~1 VLF ipsilateral ::;;9 serotonin?

descending
UCoD ~1 VLF commissural ::;;14 unknown

descending
MCoD ~1 VLF commissural ::;;13 glutamate

descending
CoB unknown VLF commissural unknown glycine

bifurcating unknown
CID: clrcumferentlal descendmg mterneuron, CIB: clrcumferentlal blfurcatmg mterneuron, CoPA:
commissural primary ascending interneuron, CoSA: commissural secondary ascending
interneuron, CoLA: commissural longitudinal ascending interneuron, CoBL: commissural
bifurcating longitudinal interneuron, VeMe: ventral medial interneuron, UCoD: unipolar
commissural descending interneuron, MCoD: multipolar commissural descending interneuron,
CoB: commissural bifurcating interneuron. Transmitter phenotypes have been determined by
using antibodies to GABA and serotonin, by expression of GAD65 and GAD67, and expression of
the vesicular glutamate transporters and glycine transporters (Bernhardt et al. 1992; Brustein et
al. 2000; Higashijima et al. 2001; Martin et al. 1998).
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Table 1.2. Hindbrain, midbrain and forebrain nuclei that project ta the spinal cord
of adult zebrafish (Becker et al. 1997 and Wullimann et al. 1996).
Nuclei and Brain Regions Sources of Input or Function
Diencephalon
maQnocellular preoptic nucleus visual system
posterior part of parvocellular preoptic nucleus visual system
gigantocellular part of maQnocellular preoptic nucleus visual system
periventricular nucleus of posterior tuberculum unknown
Mesencephalon
*nucleus of the medial lonQitudinal fasicle cerebellum
nucleus ruber cerebellum
nucleus of the lateral lemniscus cerebellum
Reticular Formation
*superior reticular formation premotor integration and motor activation
*intermediate reticular formation premotor inteQration and motor activation
*inferior reticular formation premotor integration and motor activation
inferior raphe premotor inteoration and motor activation
Octavolateralis Area
anterior octaval nucleus vestibular system
*magnocellular octaval nucleus vestibular system
descendino octaval nucleus vestibular system
tanQential nucleus vestibular system
medial octavolateralis nucleus lateral line neuromasts system
caudal octavolateralis nucleus lateral line neuromasts system
Somato-sensory System
*nucleus of the descending trigeminal tract trigeminal nerve
medial funicular nucleus triQeminal and vaoal nerve
* descnbed ln day 5 larva.
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Chapter Two: Physiological Properties of Embryonic Red and White Muscle

Fibres During Early Development

L1NKING STATEMENT

The physiological properties and development of the two axial locomotor

muscle fiber classes (embryonic red and white) are examined first. Both fiber

types are found to be mechanically functional and synaptically innervated and this

study forms the groundwork for future studies aimed at understanding their roles

during swimming.
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AB5TRACT

The zebrafish is a model organism for studies of vertebrate muscle

differentiation and development. However, an understanding of fish muscle

physiology during this period is limited. The membrane, contractile and synaptic

properties of embryonic red (ER) and white (EW) muscle fibers were examined in

developing zebrafish from 1-5 days post-fertilization. Resting membrane

potentials were -78 mV in ER and -83 mV EW muscle and depolarised 17 and 7

mV, respectively, by 5 days. Action potentials were occassionally observed in EW

but never in ER fibers. Voltage-current relationships were linear in EW fibers and

day 1 ER fibers but were outwardly rectifying in some ER fibers at 3-5 days. Both

ER and EW fibers were contractile at ail ages examined (1 to 5 days) and could

follow trains of electrical stimulation of up to 30 Hz without fatiguing for up to 5

minutes. Synaptic activity consisting of miniature end-plate potentials (mEPPS)

was observed at the earliest ages examined (1.2-1.4 days) in both ER and EW

fibers. Synaptic activity increased in frequency, and mEPP amplitudes were

larger by 5 days. Miniature EPP rise times and half-widths decreased in ER fibers

by 5 days, while EW fiber mEPPs showed fast kinetics as early as 1.2-1.4 days.

Embryonic red and EW muscle fibers showed extensive dye coupling but not

heterologous (red-white) coupling. Dye coupling decreased by 3 days yet

remained at 5 days. Somites were electrically coupled and this allowed filtered

synaptic potentials to spread from myotome to myotome. It is concluded that at

early developmental stages the physiological properties of ER and EW muscle

are similar but not identical and are optimized to the patterns of swimming

observed at these stages.



56

INTRODUCTION

Two types of muscle fibers are easily recognized in most fishes (Greer­

Walker and Pull 1975) by their characteristic red and white coloration in fresh

specimens (Bone 1978; Johnston 1981). A typical teleost myomere, zebrafish

included, has a superficial band of red muscle fibers that runs parallel to the

rostral-caudal axis of the body and deeper layers of white muscle that run at an

oblique angle to this axis (Alexander 1969; van Raamsdonk et al. 1979).

Microscopic, immunological, and histochemical examination reveals a greater

diversity of fish muscle fiber types. The myotome of the adult zebrafish is

composed of 5 distinguishable layers of muscle cells: the superficial adult red

layer, intermediate pink layer, deep white layer, scattered dorsal and ventral fiber

layer, and the red muscle rim layer (van Raamsdonk et al. 1978; van Raamsdonk

et al. 1980; van Raamsdonk et al. 1982a; van Raamsdonk et al. 1987; Waterman

1969). At one extreme, superficial red fibers have small diameters, contain many

mitochondria, have high succinate dehydrogenase activity, low lactate

dehydrogenase activity, are richly innervated with blood capillaries, and show a

low level of myofibrillar ATPase activity. Such metabolic specialization make red

muscle suitable for sustained activity but not rapid contractions. At the other

extreme, the deep white muscle fibers have larger diameters, contain fewer

mitochondria, have low succinate dehydrogenase activity, high lactate

dehydrogenate activity, are sparsely innervated with blood capillaries and show

high levels of myofibrillar ATPase activity. These characteristics suggest a rapidly

fatiguing muscle capable of fast and powerful contractions. How these different

muscle fibers develop and their precise functional roles in the embryo are less
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weil understood.

Morphological development of muscle fibers has been studied in

considerable detail in the zebrafish, although the physiological roles of different

muscle fibers have not been directly examined. A functional characterization of

muscle development is important to understand motor control during normal

development and to assess dysfunction in the numerous interesting locomotor

mutants that have been isolated in the first large genetic screens of vertebrate

development (Granato et al. 1996). At a morphological level, a simpler pattern of

muscle fibers is observed in embryonic and young larval zebrafish. When

embryonic myotomal segments first form they are block shaped and composed

entirely of fibers running parallel to the notochord. Within a few hours the deep

embryonic white (EW) muscle fibers take on their characteristic oblique chevron­

shaped orientations (van Raamsdonk et al. 1974). A thin band of muscle

consisting of approximately 30 fibers per segment (embryonic red fibers, ER)

blankets these deep fibers and retains their parallel orientation. An anatomical

and histochemical division into these 2 fiber types at early developmental stages

is present in a diversity of fish species examined including guppy (Veggetti et al.

1993), whitefish (Forstner et al. 1983), herring (Batty 1984), northern anchovy

(O'Connell 1981), red sea bream (Matsuoka and Iwai 1984), trout (Proctor et al.

1980; Rescan et al. 2001; Stoiber and Sanger 1996), and a number of cyprinid

species related to zebrafish (EI-Fiky et al. 1987; Stoiber and Sanger 1996;

Stoiber et al. 1998; Vieira and Johnston 1992). During the first week of

development, the ER and EW fibers are the only muscle types present. EI-Fiky

and Weiser (1988) suggest the ER fibers are the main organs of gas exchange
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prior to gill development and that the deeper muscle layers are involved in

locomotion. In later larval development the ER fibers divide to ultimately form the

red muscle rim fibers (van Raamsdonk et al. 1979; van Raamsdonk et al. 1982b;

Waterman 1969).

Aspects of the genetic and cellular regulation of muscle development have

been studied in considerable detail in zebrafish. The differentiation of ER fibers is

regulated by the Hedgehog and TGF-~ gene families (Blagden et al. 1997; Currie

and Ingham 1996; Du et al. 1997). Embryonic red fibers (adaxial cells) form at the

midline next to the notochord and then migrate to the surface of the muscle

whereas EW fibers (Iateral presomitic cells) form mediolateraly and do not

migrate (Du et al. 1997). Primitive myofibrils are first observed in the caudal

segments around 16 hpf (van Raamsdonk et al. 1974); ages according to Kimmel

et al. (1995) for animais raised at 28.5 oC. Primary motoneurons extend axons

into myotomal muscle at 16-17 hpf and trigger transient acetylcholine receptor

c1ustering first on muscle pioneers and then stable clustering on other muscle

fibers (Liu and Westerfield 1992). The first movements (17 hpf; Liu and

Westerfield 1992; Saint-Amant and Drapeau 1998) are observed shortly after

neuromuscular innervation commences which is when muscle contractile

properties emerge (van Raamsdonk et al. 1977). Muscle pioneers are the first

fibers contacted by primary motoneurons, are the first to form functional

synapses, and the first to contract in response to motoneuronal output (Melancon

et al. 1997). Secondary motoneurons begin to innervate muscle at approximately

26 hpf (Myers et al. 1986) and swimming is first observed soon after at 27 hpf
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(Saint-Amant and Drapeau 1998). At this period, ail fibers have metabolic

praperties similar to adult white muscle i.e., they are fatigable, and it is not until

near the fifth day that the superficial fibers begin to acquire the metabolic

characteristics of adult red muscle (van Raamsdonk et al. 1978). However, even

at this early age, both fibers have distinct red and white myofibrillar properties

(Blagden et al. 1997). A rapidly fatigable muscle may be one reason why brief

periods of burst swimming, followed by extended periods of rest (van Raamsdonk

et al. 1974), are only observed at early larval stages. Rapidly fatiguing swimming

in early larval life appears to be a consequence of muscle metabolic praperties in

a variety of cyprinids (EI-Fiky et al. 1987) and whitefish (Forstner et al. 1983).

The goal of this study was to compare the physiological properties of, and

synaptic inputs to, developing ER and EW muscle fibers of the zebrafish.

Developmental changes in the properties of these muscles are examined fram

when swimming behaviour is first manifested (day 1) to when zebrafish actively

swim to capture prey (day 5).

METHOOS

Preparation
Experiments were performed on zebrafish (Tubingen and Longfin lines)

embryos and larvae raised at 28.5 oC and obtained fram a breeding colony

maintained according to Westerfield (1995). Results are taken fram recordings

made on 84 muscle fibers. Ali procedures were carried out in compliance with the

guidelines stipulated by the Canadian Council for Animal Care and McGill

University. Zebrafish were anaesthetised in 0.02% tricaine (MS-222) dissolved in
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physiological extracellular Evans (1979) solution consisting of (in mM; Drapeau et

al. 1999) 134 NaCI, 2.9 KCI, 2.1 CaCI2, 1.2 MgCI2, 10 HEPES and 10 glucose,

osmolarity adjusted to approximately 290 mOsm, pH 7.8. The fish was then

pinned through the notochord to a silicon elastomer Sylgard-Iined dish and the

skin overlying the axial musculature removed with a glass pipette and fine

forceps. The preparation was moved to the recording set-up and then

continuously perfused with a tricaine-free Evans solution containing 15 J-lM D-

tubocurarine or 1 J-lM tetrodotoxin (TTX) to paralyze the animais. In dye coupling

measurements (n =25) a high magnesium and low calcium extracellular Evans

solution (in mM: 123 NaCI, 2.9 KCI, 0.7 CaCI2, 10 MgCb, 10 HEPES, 10 glucose,

osmolarity adjusted to approximately 290 mOsm, pH 7.8) was used instead of a

paralyzing agent. Although these fibers were not used for electrophysiological

measurements, robust spontaneous synaptic activity was observed in ail 25 cells.

Recordings made in this solution were very stable due to an absence of muscle

contractions and for this reason this solution was used during paired recordings

(n = 5).

Whole-cell recordings
Standard whole-cell recordings (Hamill et al. 1981) were performed on the

superficial ER muscle fibers and the first 2 layers of EW muscle fibers (van

Raamsdonk et al. 1982b). Embryonic red and EW fibers correspond to the

adaxial and lateral presomitic cells of Devoto et al. (1996) and Du et al. (1997).

Ali physiological measurements were performed on dorsal and ventral fibers

located 1-2 segments rostral or caudal to the anus. A patch pipette controlled by

a micromanipulator was used to tease off 1-2 overlying ER fibers to expose the
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underlying EW fibers. Muscle fibers were visualized with Hoffman modulation

optics (X40 water immersion objective). Experiments were performed at room

temperature (approximately 22 OC). Patch-clamp electrodes were pulled from

thin-walled Kimax-51 borosilicate glass and were filled with either a K-gluconate

(for physiological measurements), Cs-gluconate (for paired recordings), or CsCI

(for dye coupling measurements) solution to yield electrodes with resistances of

1.5-3 MO as described previously (Drapeau et al. 1999). The K-gluconate

solution was composed of (in mM) 116 D-gluconic acid-potassium salt, 16 KCI, 2

MgCI2, 10 HEPES, 10 EGTA, 4 Na2ATP, osmolarity adjusted to 290 mOsm, pH

7.2. K-gluconate and KCI were replaced with Cs-gluconate and CsCI in the Cs-

gluconate solution or with CsCI in the Cs-chloride ion solution. The liquid junction

potential was -10 mV for K-gluconate and Cs-gluconate electrodes and -3 mV for

CsCI electrodes and records were corrected for this potential. Recordings were

made with an Axoclamp-2A amplifier (Axon Instruments) in bridge mode and

were low-pass filtered at 10kHz and digitized at 20-30 kHz. In paired recordings

an Axopatch 10 (Axon Instruments) was used as a second amplifier. Cells were

discarded if their resting membrane potential was more depolarised than -50 mV.

Measurements were made 3-5 min after obtaining whole-cell configuration to

ensure complete cell dialysis.

Dye coupling between muscle fibers
Ali fibers reported in this study were filled with fluorescent sulforhodamine

B to examine the extent of dye coupling between muscle fibers, and

electrophysiological measurements were taken from these same fibers. Images

were captured with a Panasonic BP510 CCD camera and a Scion Corporation
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LG3 frame grabber using Scion/NIH Image software. Whole-cell configuration

was maintained for 10-15 min in each fiber. Dye coupling was quantified by

counting the number of fluorescent fibers and the number of segments that

contained fluorescent fibers.

Voltage-current relationships and membrane time constants
Recordings were made in D-tubocurarine to eliminate central nervous

system evoked muscle contractions. Current steps were manually incremented

through an A-M Systems isolated pulse stimulator, captured using Axotape

software (Axon Instruments), and measurements were made in Axoscope 7

software (Axon Instruments). Current injections of 300 ms duration were made

once every 2-4 s. A small hyperpolarizing or depolarizing current was injected

and constantly adjusted to maintain a membrane potential of -70 mV in 3 and 5

day larvae. Some embryonic muscle fibers were unstable at -70 mV so ail

recordings were performed at -80 mV which is c10ser to the resting membrane

potential at this age. During recordings, the electrode response was constantly

monitored at high gain and high sweep speed on an analogue oscilloscope and

the electrode balanced using the bridge circuitry. Electrode resistance was

generally low (3-5 Mn) but was as high as 10 Mn in some recordings, and the

electrode capacitance was <3 pF. Both the electrode resistance and capacitance

were an order of magnitude smaller than those for the muscle membrane,

resulting in small and fast transients that were easily compensated and unlikely to

contribute to measurement errors.

Membrane time constants were determined by fitting the voltage response

to a hyperpolarizing current injection (15 to 25 mV deflection) with a sum of
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exponential curves. The presence of 1 or 2 exponential components was tested

by comparing the sum of squared errors of the fits.

Muscle contraction rates
ln many muscle fibers it was possible to inject sufficient current in the

centre of the fiber to evoke a muscle contraction and still maintain the whole-cell

configuration. Following voltage recordings, the current pulse duration was

reduced to 15-20 ms and the intensity increased to 2-7 nA, which was sufficient

to evoke a muscle contraction. A duration of 15-20 ms was chosen to mimic the

cycle duration of motoneuron output that must be occurring for the larvae to swim

at the observed tail beat frequencies of approximately 30 to 60 Hz (Budick and

O'Malley 2000a; Eaton et al. 1977b; Saint-Amant and Drapeau 1998). Briefer

durations of current were usually ineffective regardless of the intensity of

stimulation up to 10 nA. The contraction of the muscle was observed on a video

monitor and recorded on a VeR (Panasonic S-VHS) along with stimulus

parameters, which were recorded on Axotape for later analysis. Inter-pulse

interval was gradually decreased until the individual contractions fused together,

which is referred to as the tetanus fusion rate. Long (300 ms) depolarizing current

injections were used to determine the rheobasic contraction threshold, which was

recorded as the membrane potential at which the first twitch contraction was

observed.

Analysis of miniature endplate potentials (mEPPs)
Miniature endplate potentials (mEPPs) were recorded in Evans solution

containing TTX to block central nervous system-evoked muscle contractions but

not spontaneously occurring synaptic vesicle release. A small hyperpolarizing or

depolarizing current was injected into the fiber to hold the membrane potential at
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-70 mV (Iarvae) or -80 mV (embryos). Five minute recordings were made in

Fetchex (Axon Instruments) and analysis was performed off-line using Axograph

4.0 (Axon Instruments). Events were detected using the template function set at

4-5 SD above baseline noise. It was not possible to discriminate events less than

0.5 mV in amplitude due to the background noise even with Cs-gluconate

pipettes. Small events were excluded followed by visual examination and deletion

of erroneous events. The remaining events were used to calculate peak

amplitudes, 20-80% rise times, half-widths, and mEPP frequencies.

Paired Recordings
Paired recordings were performed in a high magnesium (10 mM) and low

calcium (0.7 mM) solution which abolished muscle contractions and allowed

stable recordings with 2 electrodes. A Cs-gluconate intracellular solution was

used to potentiate mEPPs and facilitate their detection. These fibers were not

used for calculating any parameters Iisted in Tables 2.1 or 2.2. Ali paired

recordings were made from longitudinally adjoining ER fibers of day 3 larvae.

Positive or negative current was ejected through the recording electrodes to

equalize the membrane potential of each cel!.

The goal of this experiment was to determine if the small and slow mEPPs

occurred simultaneously with large and fast mEPPs in adjacent fibers, the small

and slow events being due to filtering through intercellular junctions. Digitized

data were examined by scrolling through 50 ms windows in Axoscope 7.

Whenever an event was detected (>0.5 mV) in 1 fiber, a simultaneous

corresponding event was searched for in the other fiber. This preliminary analysis

revealed that events large enough to be detectable, i.e., >0.5 mV, always
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occurred simultaneously in both fibers with 1 mEPP appearing as a filtered and

attenuated version of the other mEPP. Time-to-peak and peak amplitude

measurements were then made by eye for fifty consecutive paired mEPPs. The

peak amplitude and time-to-peak values of the larger mEPP was divided by the

peak amplitude and time-to-peak value of the smaller mEPP and was normalized

to 100% to express the extent of filtering between each pair of mEPPs.

Results are presented as mean ± SE and significant relationships (P<0.05)

determined using the Student's t-test, Mann-Whitney rank sum test, ANOVA, or

Kruskal-Wallis ANOVA. Correlations were tested using the Pearson Product

Moment Correlation and a significant relation was noted when P<0.05.

Sulforhodamine B was purchased from Molecular Probes (Eugene, OR) and ail

other chemicals from Sigma Chemical Co. (St. Louis, MO).

RESULTS

To avoid the errors inherent in voltage-clamp recording from electrically

coupled muscle cells, e.g. Broadie (1999) and Nguyen et al. (1999), experiments

were performed in current-clamp mode. Muscle fibers were examined at 3 time

periods of development: in embryos (day 1.2-1.5; referred to as day 1) near the

time swimming-like behaviour is first observed (Saint-Amant and Drapeau 1998),

in quiescent post-hatching larvae (day 3.4-3.6; referred to as day 3 larvae) and in

active free-swimming larvae (day 4.9-5.8; referred to as day 5 larvae). As the

appearance of the 2 types of muscle fibers did not change over the brief (4 day)

interval examined, they are refered to as ER or EW muscle fibers. Resting

membrane potentials recorded with K-gluconate intracellular solutions (Table 2.1)
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were large in day 1 ER, (-78 ± 1.7 mV) and EW fibers, (-83 ± 1.0 mV) and

depolarised by 7 mV (EW) and 17 mV (ER) during development to the free

swimming larvae stage (day 5). At ail stages examined, the resting membrane

potentials of the EW fibers were more negative than that of the ER fibers. By day

5 the difference in resting membrane potential between EW and ER fibers was 15

mV.

Dye coupling
Dye coupling was observed in 69 of 74 muscle fibers examined in this

study, the exceptions being 5 EW fibers in 3-5 day larvae. No obvious differences

in dye coupling were observed in rostral or caudal segments (± 10 segments from

the anus) or in dorsally or ventrally located fibers. Dye coupling in ER fibers

spanned up to 5 segments (only 3 segments are shown in Figure 2.1) at ail

stages, which included up to 38 labelled fibers at day 1 and 12 at day 3. The

average number of dye coupled segments decreased by 38% and the number of

fibers filled decreased by 73% (Table 2.1) during the transition from day 1 to day

3 and there was no further change by day 5. Fibres were dye-coupied in bath

dorso-ventral and rostro-caudal directions (2. 1, A2 and B2).

Dye coupling was less extensive in the EW than in the ER fibers at ail

corresponding stages examined (Figure 2.1; Table 2.1) but showed a similar

decrease in segmental coupling (by 39%) and decrease (by 70%) in the number

of fibers coupied from day 1 to day 3, and similar to the ER fibers, no further

change in coupling was observed by day 5. Unlike ER fibers, coupling in the EW

fibers was generally restricted (21 of 26 fibers) to the rostro-caudal axis in larvae

where 1-4 segments could contain dye filled fibers. Dorso-ventral coupling in
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addition to rostro-caudal coupling was observed in day 1 EW fibers where 3 to 13

fibers were found coupled over 3 to 5 segments at later stages. Coupling

between EW fibers running in different oblique orientations (Figure 2.1, A3) was

observed occasionally. Coupling was never observed between ER and EW fibers.

Voltage-current (VI) relationships
The VI relationship of each type of muscle fiber was examined to reveal

any differences or changes in the membrane properties during development of

the ER and EW fibers. At day 1, ER fibers had mean input resistances of 31 ± 2

Mn (Table 2.1), showed no rectification near the resting membrane potential, and

the time course of the voltage response was similar in both depolarizing and

hyperpolarizing directions (Figure 2.2A1). The mean input resistance of day 3

ER fibers increased to 74 ± 10 Mn (Table 2.1) when hyperpolarizing currents

were injected. In some cells outward rectification was observed with depolarizing

currents and initial voltage response was steeper in the depolarizing direction

(Table 2.1 and Figure 2.2A2). The more extensive coupling in these cells may

have contributed to the rectification. Interestingly, the input resistance of day 5

larvae decreased to 30 ± 5 Mn, a value similar to that observed in embryos. It is

likely that the initial increase in input resistance from day 1 to day 3 was

principally due to muscle fiber uncoupling whereas the later decrease was due to

insertion of ion channels into the membrane. Similar to day 3, some day 5 fibers

rectified and showed a steeper initial voltage response in the depolarizing

direction (Figure 2.2A3; Table 2.1). Action potentials were not observed in any

ER fibers.

Day 1 EW fibers had a mean input resistances of 33 ± 6 Mn (Table 2.1)
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and showed a similar voltage response in both depolarizing and hyperpolarizing

directions (Figure 2.281). Similar to ER fibers, input resistance in day 3 fibers

were slightly higher (46 ± 8 Mn) and then decreased to 27 ± 5 Mn by day 5

(Table 2.1). Rectification was not observed in any EW fibers. The initial voltage

response was steeper in the depolarizing direction than the hyperpolarizing

direction in day 3 EW fibers (Figure 2.282) but this was not apparent in day 5 EW

fibers (Figure 2.283). Action potentials were rare and only observed in 2 EW

fibers.

Membrane time constants
Membrane voltage responses to 300 ms hyperpolarizing current injections

were fit with the sum of 2 exponential curves with membrane time constants

tfast and tslow. At ail ages and in both ER and EW fibers tfast mean values ranged

fram 0.5 to 4.4 ms, and tslow means ranged fram 16 to 76 ms (Table 2.1). At day

1, although EW fibers had a much faster tfast (0.5 ± 0.2 ms) than that of ER fibers

(3.2 ± 0.8 ms). The tfast exceeded the membrane time constant and may reflect

an active conductance, or the presence of unfused myoblasts as observed

previously (Nguyen et al. 1999). The tslow was very similar in both types of muscle

fibers (ER =71 ± 3 ms vs EW =76 ± 4 ms; Table 2.1). However, tslow contributed

to 75% of the response amplitude in ER fibers, whereas in EW fibers only 21 % of

the response amplitude was due to tslow. This difference might be explained by

the more extensive dye coupling observed in ER fibers. At day 3, tslow decreased

similarly in EW and ER fibers to 40 ± 9 and 39 ± 11 ms. The contribution of tslow

to the peak amplitude changed liUle (21 to 19%) in EW fibers while it decreased

from 75 to 36% in ER fibers. These changes in membrane time constants c10sely
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parallel the changes in dye coupling observed at these same ages. Accordingly,

"t'fast likely corresponded to the membrane response of the fiber recorded from and

perhaps immediately adjacent fibers (immediate compartment), whereas "t'slow

was the response of more distant coupled muscle fibers (remote compartment).

However, changes in fiber size and ion channel composition, which were not

examined in this study, are also Iikely to influence the changes in time constants

observed. By day 5, "t'slow changed little (36 ± 7 vs 40 ± 9 ms) and only contributed

to 12 ± 1% of the amplitude of the voltage response. At this age "t'slow contributed

to 49% of the amplitude of the voltage response in ER fibers, which by this time

had developed a significantly faster "t'slow (16 ± 3 ms vs 36 ± 7 ms) than day 5 EW

fibers.

Contraction thresholds and maximal contraction rates
During the VI recordings (300 ms current pulses) the membrane

depolarization required for muscle to twitch was noted. The voltage threshold for

muscle contraction changed liUle in day 1-5 ER fibers (means varied from -47 ± 4

mV to -53 ± 7 mV; Table 2.1). In contrast, EW fibers did not contract in response

to long depolarizing current which depolarised the membrane to -40 mV. Larger

current injections that depolarised the membrane weil above 0 mV resulted in

robust muscle twitches and the loss of whole-cell configuration. It was apparent

that EW muscle did not respond weil to focal stimulation, which was not

unexpected in these multiply innervated muscle fibers.

Following VI recordings, stimulus parameters were adjusted to resemble

more c10sely the currents the muscle fibers would presumably receive during

swimming. The electrode seal was lost in several fibers once muscle contractions
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started but recordings were relatively stable in others. The local (point) current

necessary to evoke a muscle contraction depolarized the membrane weil above 0

mV, providing further evidence for the requirement for distributed, multi-terminal

innervation to evoke muscle contraction. Of the successful recordings, ER and

EW fibers at ail stages were capable of following trains of 15-20 ms stimulation

delivered at frequencies up to 30 Hz (observed in a day 5 ER fiber), which

predicts a sustainable upper Iimit of 30 Hz for alternating taïl beat. 30 Hz is below

the maximum tail beat frequencies (approximately 40-80 Hz; Budick and O'Malley

2000a; Buss and Drapeau 2001 a) reported in larvae zebrafish. This discrepancy

is likely because this study measured sustained muscle contraction rates and

cannot rule out the possibility that more rapid muscle contraction rates, which

fatigue wïthin a few muscle contractions, are possible. In addition, the fusion

frequencies were measured on unloaded muscle and not during the cyclical

tension changes that are a result of the alternating ipsilateral and contralateral

muscle contractions occurring during undulatory swimming. The average muscle

tetanus fusion rates (Table 2.1) were fastest at day 5 and appear slower at day 1,

which correlates weil with the graduai increase in swimming tail beat frequency

observed in developing zebrafish embryos and larvae (Budick and O'Malley

2000a; Buss and Drapeau 2001 a; Eaton et al. 1977b; Saint-Amant and Drapeau

1998). Stimulation was generally delivered for 2-5 minutes, during which time

muscle fatigue was not observed.

Miniature endplate potentials
Figure 2.3A-D shows representative examples of mEPPs recorded in day

1 and day 5 ER and EW muscle fibers. Readily apparent are the higher
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frequency of events at day 5 vs day 1 and the prominence of large amplitude

events at day 5 compared with smaller event amplitudes at day 1. Representative

mEPPs are shown at an expanded time scale in Figure 2.3, A1-01. At day 1,

mean mEPP amplitudes were similar in ER (0.8 ± 0.1 mV) and EW (0.87 ± 0.04

mV) fibers and then increased approximately 3 and approximately 5 times,

respectively, by day 5 (Table 2.2). The mEPP time courses were highly similar in

day 5 ER and EW fibers and in day 1 EW fibers, but the time courses were

distinctly slower in day 1 ER fibers. Mean rise times and half-widths were 4 and 6

times faster, respectively, in day 1 EW fibers than they were in ER fibers (0.58 ±

0.06 ms vs 2.3 ± 0.2 ms rise times and 3.8 ± 0.1 ms vs 24 ± 2 ms half-widths;

Table 2.2). In contrast, by day 5 these values were comparable (0.33 ± 0.05 ms

vs 0.39 ± 0.04 ms rise times and 3.5 ± 0.2 ms vs 3.6 ± 0.2 ms half-widths; Table

2.2). The frequency of detectable mEPPs increased in both ER and EW fibers

from day 1 to day 5, but this increase was greatest in EW fibers where it

increased 10 times compared with ER fibers where the frequency increased only

1.5 times. Specifically, day 1 ER fibers received a higher frequency of mEPPs

(0.38 ± 0.04 Hz) than EW fibers (0.10 ± 0.02 Hz), but this difference was

reversed by day 5 when ER fibers received mEPPs at 0.57 ± 0.11 Hz compared

with frequencies of 1.00 ± 0.24 Hz observed in EW fibers. Differences in passive

membrane properties did not account for slow events in day ER 1 fibers. Even

though day 1 ER fibers had slower time constants than in day 1 EW fibers, these

values (as weil as the resistances) were more similar to those of both types of

fibers at day 5 (Table 2.2). Therefore, the kinetics of mEPPs recorded in day 1
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ER fibers were fundamentally slower than in day 1 EW fibers and in bath fiber

types at later stages.

The properties of mEPPs were further examined by comparing the

distributions of event amplitudes, rise times, and half-widths. Representative

mEPP distributions from a day 1 ER and EW fiber are shawn in Figure 2.4. The

amplitude distributions were very similar in the day 1 ER and EW fibers and

appeared ta be normally distributed, but the rise time and half-width distributions

are clearly wider and displaced ta the right in the ER fibers. Scatter plots of event

rise times vs amplitude and half-widths (Figure 2.5) do not reveal more than 1

population of events and further illustrate the difference between mEPPs in day 1

ER and EW fibers.

Miniature EPP distributions appeared normally distributed and were similar

in day 5 ER and EW fibers. Thus amplitude, rise time, and half-width distributions

are only shawn for EW fibers (Figure 2.6). Unlike day 1, sorne day 5 fibers

displayed 1 population of mEPP amplitude, rise time, and half-width distributions

(Figure 2.6A) while others displayed 2 distributions (Figure 2.68). This was also

apparent in scatter plots of rise times vs amplitudes (Figure 2.7, A1 and 81) or

half-widths (Figure 2.7, A2 and 82). The distribution cornmon ta ail fibers was

composed of events with large amplitudes (>1-2 mV), fast rise times «0.2-0.4

ms), and short half-widths «4-5 ms) (Figure 2.7A). In the majority of cells (3 of 5

ER; 3 of 4 EW) a second population of events with smaller amplitudes «1-2 mV),

slower rise times (>0.2-0.4 ms), and longer half-widths (>4-5 ms) were observed

(Figure 2.78). Closer examination of the fibers where this second population of

small and slow events was observed revealed a lower baseline noise in these
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fibers. Thus, 2 populations of events may be present in ail larval fibers but

baseline noise prevents the detection of these smaller and slower events. No

clear differences could be detected in the amplitude distributions of day 5 ER and

EW fibers, and mean mEPP amplitudes were not significantly different in EW (3.7

± 0.84 mV) and ER (2.3 ± 0.43 mV) fibers.

Evidence for the filtered propagation ofmEPPs between dye coupled
muscle fibers

A simple explanation for the 2 types of events is that the population of

large and fast mEPPs originated fram synapses located on the cell recorded

fram, whereas the population of smaller and slower mEPPs would represent

mEPPs originating in electrically coupied neighbouring fibers that were recorded

as filtered mEPPs. To test this possibility, simultaneous recordings were made

fram adjacent fibers, and the presence of a large, fast event in 1 fiber occurring

simultaneously with a small, slow event in the other fiber was investigated. A total

of 5 paired recordings were performed on adjacent ER fibers in day 3 larvae. A

pair of dye-coupied fibers is shown in Figure 2.8, A and B and the corresponding

paired recording is shown in Figure 2.8C. Apparent is the presence of a large and

fast event recorded fram 1 electrode paired with a smaller and slower event

recorded with the second electrade (Figure 2.8, C and D). The larger and faster

event was observed with equal occurrence in either of the electrades. Fifty

consecutive mEPPs were observed in each of the 5 paired recordings and time-

to-peak and peak amplitude measured. In every instance, a larger and faster

event occurred simultaneously with a smaller and slower event. On average the

amplitude of filtered events was one-half (45 ± 7%) as small and the time-to-peak
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twice (2.0 ± 0.1) as slow. In addition, a trend observed (R = 0.64) was that the

events with the least attenuated amplitudes also showed the smallest increase in

time-to-peak. These were events where the lowest amplitude was small to begin

with (e.g., Figure 2.8, C and D). Conversely, events with the greatest amplitude

attenuation showed the greatest increase in time-to-peak. These events

resembled 2 of Figure 2.8, C and D, where the large amplitude event was big to

begin with. Thus, the electrical coupling acted as a low-pass filter strongly

attenuating the synaptic events from immediately adjacent fibers while only

weakly attenuating synaptic events from more distant cells.

DISCUSSION

This is the first study examining the physiological development of red and

white fish muscle. At ail stages examined, the resting membrane potential of the

ER fibers was more depolarized than that of the EW fibers. A more depolarized

resting potential in fish red muscle has been reported in jawless fishes (hagfish,

Andersen et al. 1963; lamprey, Teravainen 1971), cartilaginous fishes (dogfish,

Stanfield 1972) and ray-finned fishes (snake fish, Takeuchi 1959; silver carp,

Hidaka and Toida 1969a). The absolute membrane potential of the EW muscle at

the latest stage examined (day 5) was -76 mV, which contrasts with a mean

resting potential of -82 mV in zebrafish adult white muscle (Westerfield et al.

1986). Chapter 3 reveals that this small difference is due to experimental error

introduced by using an electrode solution containing 20 mM cr in muscle fibers

developing a permeability to cr.
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The input resistance of adult red muscle is generally lower than that of

white muscle with the values for both fibers ranging from less than 1 Mn to over

10 Mn (hagfish, Nicolaysen 1976a; Nicolaysen 1976b; lamprey, Teravainen

1971; dogfish, Stanfield 1972; silver carp, Hidaka and Toida 1969a; green

sunfish, Klein and Prosser 1985). In contrast, the input resistances of zebrafish

ER and EW muscle were higher (means of 31 to 74 Mn) than in these other

preparations, presumably due to the smaller size of the muscle fibers, although

ER and EW fiber input resistances were similar at the same age. The red and

white muscle of adult fish shows rectification (near the resting membrane

potential) in some species of ray-finned fishes (5 species of marine teleosts) but

not in the silver carp (Hagiwara and Takahashi 1967; Hidaka and Toida 1969a)

and not in the cartilaginous fishes (3 species of rays, Hagiwara and Takahashi

1967). The VI curves of day 5 EW muscle were linear while the day 3 and 5 ER

muscle showed outward rectification.

Action potentials were not observed in ER, and only rarely in EW, muscle

fibers. However, when an electode solution containing 10 mM cr is used and

more negative resting membrane potentials are observed, action potentials are

routinely present in EW fibers (Chapter 3). The absence of action potentials in

some EW fibers is presumably due to inactivation of voltage gated sodium

channels. The absence of action potentials does not rule out the existence of

voltage-gated channels which is suggested by the presence of a faster rising

membrane response to positive, compared to negative, current injections in both

ER and EW fibers (Figure 2.2). The white fibers of adult fish generate action
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potentials which may or may not be overshooting, whereas adult red fibers in a

wide variety of fishes are incapable of generating action potentials (hagfish,

Andersen et al. 1963; lamprey, Teravainen 1971; ray-finned fishes including

snake fish, Takeuchi 1959; banjo catfish, Gainer 1967; sculpin, Hudson 1969;

silver carp, Hidaka and Toida 1969a; zebrafish, Westerfield et al. 1986). Although

both fiber types have distinct characteristics at day 1 and day 5, their resting

potentials, input resistances and excitatory properties are not comparable to

those reported in other adult fish, suggesting that the complement of ion channels

and pumps is not fully expressed at these stages.

Intercellular coupling between developing muscle cells has been reported

in mammals, birds, amphibia and fish and is lost with developmental maturation

(Dennis 1981). Intercellular junctions have been observed in ultrastructure

studies of embryonic zebrafish (Waterman 1969) and rainbow trout (Nag and

Nursall 1972). There was a clear trend toward fiber uncoupling with age in this

study (Figure 2.1), although fibers were not fully uncoupled at the latest stages

examined. It cannot be assumed that ail fibers are fully uncoupled in adult

zebrafish because in other fish, muscle fibers remain coupled into adulthood (e.

g., the lamprey; Teravainen 1971).

If it is assumed that the extent of detectable fiber coupling was limited by

diffusional barriers then it appears that the cytoplasm of ail myotomal muscle (ER

and EW) is connected at these developmental stages. The absence of coupling

between ER and EW fibers could restrict diffusion of intracellular factors involved

in muscle differentiation and growth to these distinct fiber types. No evidence was

found to suggest electrical coupling between motor axons and muscle (Dennis
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1981) as dye did not pass from muscle into motoneuron axons and the bursting

patterns of action potentials observed in motoneuron recordings (Drapeau et al.

1999) were not observed as patterns of depolarization in curarized muscle.

With the exception of the lamprey (Teravainen 1971), the white muscle

fibers of the typical teleost will contract in response to sub-threshold synaptic

stimuli (Bone 1964; Hagiwara and Takahashi 1967; Hidaka and Toida 1969a).

The maximal contraction rates (mean rates of 23-27 Hz, Table 2.1) of both the

ER and EW fibers changed little during day 3 to day 5, although contraction rates

may have been slower in embryonic (day 1) fibers. These contraction rates are

within the range of contraction rates observed in other fish myotomal muscle

which range from 13-20 Hz (eel), 40-60 Hz (sculpin), 5-10 Hz (cuckoo ray), and

35-45 Hz (cod) (Altringham and Johnston 1988; Johnston 1980). The similar

contraction rates observed in the ER and EW muscle show that ER muscle could

be co-active with EW muscle at undulation rates less than -30 Hz. However, this

would contrast with the situation in adult zebrafish muscle where red muscle is

believed to be active at slower swimming speeds and white muscle is recruited

during short bursts of rapid swimming (Liu and Westerfield 1988).

ln rays (Hagiwara and Takahashi 1967) and lamprey (Teravainen 1971)

membrane time constants were longer in red muscle than in white whereas the

opposite was true in the silver carp (Hidaka and Toida 1969a). In day 1-3

zebrafish the membrane time constants were similar in both ER and EW muscle

although the contribution of 'tslow was always greater in ER fibers. By day 5, the

ER fibers had faster time constants than that of the EW fibers, which is the same

pattern observed in the silver carp, which like zebrafish, is a member of the
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Cyprinid family.

There have been a limited number of studies examining synaptic

properties in fish muscle. Comparable mEPP amplitudes were observed in ER

and EW fibres at the same stages (approximately 1 mV at day 1 and 2-4 mV at

day 5, Table 2.2). Miniature EPP amplitudes are generally less than 2.5 mV in

silver carp, lamprey and hagfish (Alnaes et al. 1964; Balezina and Gulyaev 1985;

Hidaka and Toida 1969b) while events of 7 mV were found in the fast contracting

sonic muscle of the toadfish (Gainer and Klancher 1965; Skoglund 1959).

Synaptic events recorded in fish muscle have rapid decay kinetics. Excitatory

junction currents have half-widths of 1.5 ms in silver carp fin muscle (Hidaka and

Toida 1969b), approximately 2 ms in lamprey white muscle (Balezina and

Gulyaev 1985), and time constants of 1 ms (Trachurus novaezeJandiae;

Macdonald 1983) and 2-3 ms (Pagofhenia borchgrevinki; MacDonald and

Montgomery 1986) in extraocular muscles. Mean mEPP half-widths of

approximately 5 ms were found in toadfish sonic muscle (Gainer and Klancher

1965). The decay kinetics of day 5 zebrafish mEPPs were at least as fast having

mean half-widths of <4 ms (Table 2.2) due to mEPCs with decay time constants

of <2 ms (Nguyen et al. 1999) and were comparable to the mEPPs recorded in 2

day old zebrafish myotomal muscle shown in Figure 2.3 of Felsenfeld et al.

(1990). Rapid mEPC kinetics are consistent with the fast contraction rates during

swimming as the zebrafish is one of the fastest swimming teleosts of its size

(Plaut 2000).

Ali non-teleost and most basal teleost groups have terminally innervated

white muscle fibers (Bone and Ono 1982), which are innervated by a single motor
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axon in most groups with the exception of the Hagfish, Lampreys,

Elasmobranchs (e.g., sharks and rays), Dipnoe (e.g., lungfishes) and

Clupeomorpha (e.g., anchovies and herrings) where 2 motor axons are observed

at the terminal endings (Best and Bone 1973; Ono 1983). However, in the vast

majority of teleosts, including the zebrafish, red and white muscle receive

numerous distributed endings from a plexus of nerves spread over the surface of

the muscle fibers (Altringham and Johnston 1981; Barets 1961; Bone 1964;

Gainer 1969; Gainer and Klancher 1965; Hudson 1969; Ogata 1988; Shenk and

Davidson 1966; Takeuchi 1959; Westerfield et al. 1986). The function of this

multiterminal innervation may be to allow the presynaptic motoneuron action

potential to reach several points of the muscle fiber faster and with greater

efficiency than would be possible by active or passive conduction along the

muscle fiber if activated by a single terminal junction (Shenk and Davidson 1966).

Short duration «10 ms) current injected though the patch electrode was

ineffective at eliciting muscle contraction and in EW fibers long duration (300 ms)

current injections did not evoke a muscle twitch until the membrane potential

approached or overshot 0 mV.

Multiterminal innervation would distribute the action of the rapid mEPCs

over many sites of the muscle fiber to enable excitation contraction coupling. In

the zebrafish, the biophysical properties of individual acetylcholine receptor

molecules at the neuromuscular junctions are also optimized to maximize current

spread. At these junctions, the endplate current is generated upon reversai from

open channel block following removal of acetylcholine (Drapeau et al. 2001;

Legendre et al. 2000). This results in a delayed closing of the acetylcholine
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receptors and consequently a transient, rebound synaptic current. The net

consequence is a larger charge distributed over a broader time course,

presumably enhancing the distributed depolarization leading to muscle

contraction.

Distinct changes were observed in the properties of mEPPs over the

stages examined. Miniature EPP amplitudes increased in ER and EW fibers

suggesting an increase in acetylcholine receptor density postsynaptically or an

increase in the acetylcholine content of a transmitter quantum or both. The

increase in mEPP frequencies could be due to an increase in the number of

synaptic sites and/or probability of vesicle release. Liu and Westerfield (1992)

reported an increase in the number and size of acetylcholine receptor clusters

during synaptogenesis and a histological study on the development of toadfish

sonic muscle (Skoglund 1959) revealed an increased coverage of neuromuscular

junctions during development (Hirsch et al. 1998). Miniature EPP kinetics were

similar in day 1 and day 5 EW fibers but were distinctly slower in day 1 ER fibers.

Nguyen et al. (1999) reported a similar developmental increase in mEPC kinetics

as observed in ER fibers in this study, thus making it likely that the superficial ER

fibers were the fibers examined at the embryonic stages by Nguyen et al. (1999).

The large difference in synaptic kinetics and frequency of occurrence in ER and

EW fibers at the embryonic stages could be due to immaturity of the ER fibers or

differential innervation of ER and EW muscle by different populations of

motoneurons or both.

ln adult zebrafish, populations of motoneurons with dorsal and ventral

positions in the spinal cord have been found to innervate white and red muscle,
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respectively, with high specificity (Myers 1985; van Asselt et al. 1993; van

Raamsdonk et al. 1983). The dorsal population of motoneurons undoubtedly

include the primary motoneurons described by Myers et al. (1986), which are the

first motoneurons to exit the spinal cord and form synapses on muscle fibers. In

the adult zebrafish there is a greater diversity of fibers types and most secondary

motoneurons innervate more than one class of muscle e. g., white and

intermediate (de Graaf et al. 1990). It is possible that the outgrowing secondary

motoneurons are forming synapses on ER fibers as weil as EW fibers in this

period. 1 suggest that the primary motoneurons of Myers et al. (1986) only

innervate EW muscle fibers, and having started synaptogenesis at 17 hpf (Liu

and Westerfield 1992), have undergone upward of 10 hours of synaptic

development by the time of recording. 1therefore hypothesize that both the ER

and EW fibers are innervated by the population of ventral secondary

motoneurons (Myers et al. 1986), which do not exit the spinal cord until

approximately 26 hpf. Recordings made on ER fibers could potentially be at the

initial period of synaptogenesis when synaptic currents are expected to have slow

kinetics (Kullberg and Owens 1986; Kullberg et al. 1977; Nguyen et al. 1999;

Schuetze and Role 1987).

Paired recordings performed on day 3 ER fibers c1early demonstrate that

small amplitude mEPPs with slow kinetics do not ail arise as events with distinct

kinetics but are due to low pass filtering through an electrically coupled syncytium

of muscle fibers. Ali small and slow mEPPs are not necessarily filtered mEPPs

and 1 would expect that an unknown fraction of these events (including

undetected events <0.5 mV in amplitude) would arise from newly formed
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synapses. Electrical coupling between adjacent muscle fibers undoubtedly places

a limit on the possible movements of the zebrafish embryo and larvae. During

swimming, propulsion is generated by alternating, neural-mediated waves of

contractions progressing down the body of the fish (Lindsey 1978). Electrical

coupling would spread (Iimited by low pass filtering) the neurally evoked mEPPs

to adjacent myotomes, depolarizing the membrane closer to contraction

threshold. However, the electrical coupling would limit the degree of curvature in

the body of the fish only allowing shallow body bends like those observed in the

swimming movements of the eel. Larval zebrafish swim with eel-like movements

(Budick and Q'Malley 2000a; Buss and Drapeau 2001 a), which is an energetically

efficient means of movement for small larval fish (Batty 1984). Thus, the

physiological properties of larval zebrafish muscle complement the most

energetically favourable form of swimming in this developing fish.
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TABLES AND FIGURES

Table 2.1. Developmental changes in the properties of ER and EW muscle fibers

Day 1
Vm (mV)
RI (Mn)

hyperpolarizing
depolarizing

Tau (ms)

'fast

'slow
(% amplitude)

Dye Coupling
number of cells
number of segments

Tetanus Fusion (Hz)
Contraction Threshold (mV)

Embryonic Red
-78 ± 2 (n = 10)3,4,5

31 ± 2 (n = 5)9,10
no rectification

3.2 ± 0.8 (n = 5)15
71 ± 319,20
(75 ± 4)22,23,24

23 ± 2 (n = 13)30,31,32
5.0 ± 0.237,38,39
24-25 (n = 2)
-49 ± 3 (n =5)

Embryonic White
-83 ± 1 (n =10)1,2,3

33 ± 6 (n = 5)
no rectification

0.50 ± 0.16 (n =5)13,14,15
76 ±417,18
(21 ± 5)22

7.7 ± 1.3 (n = 10)28,29,30
3.6 ± 0.335,36,37
14-18 (n =2}
no response

Day 3 Embryonic Red Embryonic White
Vm (mV)
RI (Mn)

hyperpolarizing
depolarizing

Tau (ms)

'fast

'slow
(% amplitude)

Dye Coupling
number of cells
number of segments

Tetanus Fusion (Hz)
Contraction Threshold (mV)

-68 ± 1 (n = 5)4,6,7

74 ± 10 (n = 5)9,12
36 ±8

2.7 ± 0.3 (n = 5)16
39 ± 11 19

(36 ± 7)23,26

6.2 ± 0.8 (n = 14)31,33
3.1 ± 0.338,40
25 ± 1 (n = 5)
-53 ± 7 (n =3)

-74 ± 2 (n =5)1.6

46±8(n=5)11
no rectification

4.4 ± 0.7 (n =5)13
40 ± 917

(19 ± 0.4)25,26

2.3 ± 0.2 (n = 22)28,33
2.2 ± 0.235,40
23 ± 2 (n = 5)
no response

2.4 ± 0.5 (n = 5)14,42
36 ± 718,21
(12 ± 1)25,27

-76 ± 3 (n = 9)2,8

27±5(n=5)11
no rectification

Embryonic White

1.2 ± 0.1 (n = 5)16,42
16 ± 320,21
(49 ± 2)24,27

-61 ± 1 (n = 10)5,7,8

30 ± 5 (n =5)12
19±310

Embryonic Red
Vm (mV)
RI (Mn)

hyperpolarizing
depolarizing

Tau (ms)

'fast

Day 5

'slow
(% amplitude)

Dye Coupling
number of cells 6.4 ± 0.5 (n = 16)32,34 2.4 ± 0.3 (n = 9)29.34
number of segments 3.1 ± 0.1 39,41 2.0 ± 0.336,41

Tetanus Fusion (Hz) 27 ± 1 (n =5) 26 ± 1 (n =2)
Contraction Threshold (mV) -47 ± 4 (n = 4) no response

Values are means ± SE; number in parenthesis is the number of fibers examined. *, no twitch
contractions observed with depolarizations up to -40 mV. Paired superscript numbers indicate a
significant difference of means (Student's t-test, Mann-Whitney rank sum test, ANOVA, or
Kruskal-Wallis ANOVA) and comparisons were made both horizontally and vertically in the Table.
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Table 2.2. Developmental changes in the properties of mEPPs

Muscle Fibre Amplitude (mV) Rise time (ms) Half-width (ms) Frequency (Hz)
Day 1 ER (n = 5) 0.87 ± 0.042 2.3 ± 0.23

.
5 24 ± 26

.
7 0.38 ± 0.043

Day 1 EW (n =5) 0.80 ± 0.101 0.58 ± 0.063.4 3.8 ± 0.1 6 0.10 ± 0.023
.
9

Day 5 ER (n =5) 2.3 ± 0.42 0.39 ± 0.045 3.6 ± 0.27 0.57 ± 0.11
Day 5 EW (n = 4) 3.7 ± 0.81 0.33 ± 0.054 3.5 ± 0.2 1.0 ± 0.29

Values are mean ± SE, n is the number of fibers. Day 1 embryos were 29-33 hpf. Paired
superscript numbers indicate a significant difference of means (Student's t-test, Mann-Whitney
rank sum test, ANOVA, or Kruskal-Wallis ANOVA) and comparisons were made both horizontally
and vertically in the Table.
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Figure 2.1. Coupling between ER and EW muscle fibers. A1 and 81: bright field illumination
images corresponding to the fluorescent images shown in A2 and 82. Dye coupling in
sulforhodamine 8 filled day 1 ER (A2) and EW (A3) muscle fibers and in day 5 ER (82) and EW
(83) muscle fibers. The middle brightest cell in A3 was filled.
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Figure 2.2. Voltage-current relationships of 5 ER muscle fibers at day 1 (A1), day 3 (A2), and day
5 (A3) and 5 EW muscle fibers at day 1 (81), day 3 (82), and day 5 (83). Insets show voltage
responses to step depolarizing and hyperpolarizing current injections. Day 1 fibers were held at
-80 mV and day 3 and 5 fibers at -70 mV.
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Figure 2.3. Representative examples of spontaneous mEPP activity recorded in day 1 ER (A)
and EW (8) muscle fibers held at -80 mV. Day 5 ER (C) and EW (D) fibers were held at -70 mV.
A1 to D1 show representative examples of mEPPs on an expanded time scale.
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Figure 2.4. Parameters of day 1 ER and EW fiber mEPPs. Histograms of mEPP amplitude (A1
and B1), 20-80% rise time (A2 and B2), and halt-width (A3 and B3) distributions tram recordings
in Day 1 ER (A1-A3) and EW (81-83) muscle fibers. A: 89 events. 8 (17 events). A1 and 81: bin
width = 0.20 mV. A2 and 82: bin width = 0.33 ms. A3 and 83: bin width = 2 ms.
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Figure 2.5. Scatter plots of rise time vs amplitude for mEPPs recorded in day 1 ER (A1) and EW
(81) muscle fibers. A2 and 82 show scatter plots of rise time vs half-width for mEPPs recorded in
the same day 1 ER and EW fibers. The same mEPPs used ta construct Figure 2.4 are used here.
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Figure 2.6. Parameters of day 5 EW fiber mEPPs. Histograms of mEPP amplitude (A1 and 81),
20-80% rise time (A2 and 82), and half-width (A3 and 83) distributions fram recordings in Day 5
EW muscle fibers displaying 1 population of events (A1-A3) or 2 populations of events (81-83). A:
302 events. 8: 266 events. A1 and 81: bin width =0.25 mV. A2 and 82: bin width =0.05 ms. A3
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Figure 2.7. Scatter plots of rise time vs amplitude for mEPPs recorded in day 5 EW fibers
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of rise time vs half-width for mEPPs recorded in the same day 5 EW fibers. The same mEPPs
used ta construct Figure 2.6 are used.
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Figure 2.8. Paired recordings fram adjacent day 3 ER muscle fibers. Bright field (A) and
fluorescent image (B) of the pair of fibers recorded from in C and D. The recordings contain the
50 events used for analysis of the mEPPs. Representative mEPPs are numbered 1 to 5 in C and
are shown in an enlarged scale in D. The bold top trace in C corresponds to the bold mEPPs
shown in D.
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Chapter Three: Developmental Changes in Muscle Chloride Ion

Permeabi1ity

L1NKING STATEMENT

During the developmental stages examined, there were changes in the

input resistance and resting membrane potential of ER and EW muscle fibers that

were not explained by fiber uncoupling, but were consistent with the development

of a membrane leak conductance. 1 hypothesized and verified that this leak

conductance was due to developmental changes in the chloride ion permeability

of zebrafish muscle.
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ABSTRACT

Developmental changes in the chloride ion permeability (PCI) of embryonic

red (ER) and white (EW) muscle fibers was examined by dialyzing fibers with 10­

140 mM [Cr], using the whole-cell patch-clamp technique, in 1-5 day old

zebrafish. Changes in membrane potential (Vm) were examined as the Vm of

muscle fibers with large PCI will equilibrate near the cr equilibrium potential (Ecl).

Alternately, the Vm of fibers lacking PCI will be largely determined by the

permeability of other ion species (i.e., K+) and will be unaffected by patch pipette

[Cil Resting Vm determined using sharp electrode recordings confirmed whole­

cell patch-clamp values. From day 1 to 5, the PCI of EW fibers increased

substantially while only small changes were observed in ER fibers. In addition,

the resting membrane potential of ER fibers depolarized 15-20 mV between day

1 and day 3-5 and this was not due to a change in PCI.

INTRODUCTION

The membranes of many vertebrate and invertebrate muscles are

permeable to cr (Bretag 1987; Foskett 1998; Jentsch et al. 1999; Pusch and

Jentsch 1994) but the developmental changes in cr permeability (PCI) have been

studied in only a few species. In zebrafish, previous studies have focussed on

morphological and molecular aspects of muscle development, while little is known

of the physiological changes occurring during muscle development (Buss and

Drapeau 2000a). During the first week of development, zebrafish have 2 distinct

forms of striated skeletal muscle; embryonic white (EW) and embryonic red (ER)

(Buss and Drapeau 2000a). The goals of this study were to determine the PCI of



95

ER and EW muscle, the time-course of its development, and how these relate to

the development of locomotor behaviors.

Among the vertebrates, the skeletal muscle chloride ion conductance (GCI)

has been most fully characterized in amphibians in which its characteristics

include voltage dependency, pH sensitivity and slow kinetics (Bertran and Kotsias

1996; Hui and Chen 1994; Hutter and Warner 1967a; Hutter and Warner 1967b;

Hutter and Warner 1967c; Loo et al. 1981; Spalding et al. 1990; Vaughan and

Nok 1978; Vaughan and Trotter 1982; Warner 1972). Vertebrate fast-twitch

muscle has a higher G CI than slow-twitch muscle and G CI is negligible in slow­

tonic muscle fibers (Farnbach et al. 1978; Huerta and Stefani 1981; Hutter and

Warner 1967c; Lorkovic and Tomanek 1977; Poznansky and Steele 1984;

Stanfield 1972; Stefani and Steinbach 1969). The characteristics of the skeletal

muscle GCI of fish (Eugene and Barets 1982; Hagiwara and Takahashi 1967;

Hagiwara and Takahashi 1974; Klein 1985; Klein and Prosser 1985; Nicolaysen

1976a; Stanfield 1972) and mammals (Dulhunty 1978; Fahlke and Rudel 1995;

Palade and Barchi 1977) is similar to amphibians; less is known in birds (Huerta

and Stefani 1981; Lebeda and Albuquerque 1975; Poznansky and Steele 1984).

The CIC-1 voltage-gated cr channel underlies the macroscopic GCI observed in

mammalian skeletal muscle (Foskett 1998; Jentsch et al. 1999; Pusch and

Jentsch 1994) and mutation of this channel is the cause of myotonia congenita

(Lehmann-Horn and Jurkat-Rott 1999; Rudel and Lehmann-Horn 1985). Thus,

understanding how muscle PCI develops is important for addressing the

physiology and pathology of muscle cr homeostasis.

Rat and mouse skeletal muscle GCI increases during the first post-natal
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month (Conte Camerino et al. 1989; Farnbach et al. 1978), in parallel with

expression of CIC-1 mRNA (Klocke et al. 1994; Steinmeyer et al. 1991), fram

undetectable levels at birth. The GCI of chick fast-twitch muscle develops during

the last week of embryonic development reaching adult values at hatching

(Poznansky and Steele 1984). Therefore, in the rat and chick, a significant GCI is

present when weight support and locomotion develops (Bekoff 1992; Clarac et al.

1998). The skeletal muscle GCI decreases during aging in rats (De Luca et al.

1990; De Luca et al. 1997; Pierno et al. 1999). The membranes of rat and

Xenopus myogenic cells grown in culture are largely impermeable to cr

(Kidokoro 1975; Ritchie and Fambrough 1975; Spruce and Moody 1992) whereas

the GCI is sufficient to initiate a slow rising and long lasting regenerative action

potential in cultured chick skeletal muscle (Fukuda 1974; Fukuda 1975; Fukuda

et al. 1976a; Fukuda et al. 1976b). This aberrant development of muscle GCI in

tissue culture reinforces the need to study developmental changes in vivo.

To determine zebrafish muscle PCI, fibers were dialyzed with [Cr] in the

range of 10 mM to 140 mM using the whole-cell patch-clamp technique at days 1­

5 of development. This is the period when embryonic muscle is innervated (day

1), larvae hatch (day 2) and motor behaviors mature (day 5) (Buss and Drapeau

2001a). Changes in membrane potential (Vm) were examined as the Vm of

muscle fibers with large PCI will equilibrate near the cr equilibrium potential (Ecl).

Alternately, the Vm of fibers lacking PCI will be largely determined by the

permeability of other ion species (i.e., K+) and will be unaffected by patch pipette

[Cil Resting Vm determined using sharp electrode recordings confirmed whole­

cell patch-clamp values.
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METHOD5

Experiments were performed on zebrafish (Tubingen and Longfin lines)

larvae raised at 28.5 oC and obtained from a breeding colony maintained

according to Westerfield (1995). Ali procedures were carried out in compliance

with the guidelines stipulated by the Canadian Council for Animal Care and

McGill University. The experimental methodology has been described (Buss and

Drapeau 2000a; Chapter 2). A small positive pressure was applied to the patch

pipette, which was moved towards a muscle fiber until a slight dimple formed in

the membrane. Positive pressure was released, a gigaohm seal formed (with or

without suction), patches were ruptured by suction, and recording commenced.

Results are taken fram recordings made in 126 whole-cell patch-clamp and 7

sharp electrode recordings from ER and EW muscle fibers of zebrafish aged 1.3­

1.6 (day 1), 3.2-3.4 (day 3) or 5.1-5.4 (day 5) days post fertilization. Experiments

were performed at room temperature (appraximately 22 OC). The fish saline

recording solution (Buss and Drapeau 2001 a; Drapeau et al. 1999) contained (in

mM) 134 NaCI, 2.9 KCI, 2.1 CaCI2, 1.2 MgCI2, 10 HEPES, 10 glucose, 15 ~M D­

tubocurarine, osmolarity adjusted (with glucose) to 290 mOsm and pH 7.8. Patch­

clamp electrades (1.5-4 Mn) contained a K-gluconate solution consisting of (in

mM) 2 MgCI2, 10 HEPES, 10 EGTA, and 6, 36, 76 or 136 KCI added to sufficient

D-gluconic acid potassium salt to reach a final osmolarity of 290 mOsm, pH 7.2.

The liquid junction potentials of the electrade solutions containing 10, 40, 80 or

140 mM cr were measured as -12, -8, -6 and -3 mV respectively and records

were corrected for this potential.
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Recordings were performed with an Axoclamp-2A patch-clamp amplifier

(0.01 headstage; 1 kHz low-pass filter) and data were digitized at 1 KHz except

for when action potentials were evoked. A 10 mM cr patch-clamp electrade

solution was used during action potential recordings and data were filtered at 10

KHz (Iow-pass), digitized at 10KHz, and a 0.1 headstage used to pass the large

currents required to bring the EW fibers to threshold. Theoretical cr reversai

potentials were calculated, taking into consideration the activity coefficient of cr

(Parsons 1959), using the Nernst equation. The PdPK permeability ratio was

determined using the Goldman-Hodgkin-Katz equation. Sharp electrades were

filled with 3 M KCI and had resistances of 25-30 Mn. Ali chemicals were

purchased fram Sigma Chemical Co. (St. Louis, MO). Analyses were performed

using pClamp 8 software (Axon Instruments) and results are presented as mean

± SE thraughout the text.

RESULTS

Membrane potentials varied positively with patch pipette [Cr] in both ER

and EW fibers at ail ages examined (Figure 3.1). In ER fibers (Figure 3.1, A and

A1) this difference was relatively small, ranging on average fram 10 mV at day 1

to 18 mV at day 5 in fibers dialyzed with 10 vs 140 mM cr. The Vm of ER fibers

dialyzed with 10 mM cr was on average 19-34 mV positive to EK• In addition,

there was a clear 15-20 mV depolarizing shift in membrane potential between

day 1 and day 3-~ that was independent of patch pipette [Cil

ln contrast to ER fibers, large differences in Vm (54-68 mV) were observed
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in day 3-5 EW fibers (Figure 3.1, Band B1) dialyzed with 10 mM vs 140 mM cr,

which is attributed to the development of a larger PCI at these ages. The Vm of

EW fibers dialyzed with 10 mM cr approached EK (-96 ± 2 mV). At most ages Vm

was considerably hyperpolarized to Eci . PdPK was determined in day 5 EW

fibers which had developed a substantial PCI . PdPK varied from 0.15 (in fibers

dialyzed with 10 mM PCI where Vm remained close to the resting Vm) to values of

0.65 to 1.3 (in fibers dialyzed with 40-140 mM cr that had more depolarized Vm).

cr permeability was negligible in day 1 EW fibers (PdPK =0.04-0.30) and day 3

appeared to be a transition period where PCI was only observed in fibers dialyzed

with 140 mM cr. Action potentials were not evoked during the slow membrane

depolarization occurring during cr dialysis. At day 1, EW fibers had a slightly

more hyperpolarized (4-10 mV) membrane potential than ER fibers that was also

independent of patch pipette [Cil

Sharp electrode impalement led to a rapid deterioration of Vm and the

structure of the small and fragile EW and ER muscle fibers. To minimize

impalement damage, experiments were performed on day 5 zebrafish when

fibers had grown to a size more amenable for sharp electrode recording. An

impalement was considered successful if there was an immediate sharp and

rapid drop in Vm• The resting Vm of EW fibers was -84±1 mV (n =3) and that of

ER fibers -49±1 mV (n = 5).

The resting membrane potential of day 3-5 EW fibers, examined using 10

mM cr electrode solutions or sharp electrodes, was at least 15 mV more

hyperpolarized (due to the large cr permeability of the membrane) than reported

by Buss and Drapeau (2000a). Therefore, Buss and Drapeau (2000a) may not
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have observed action potentials in EW fibers because of sodium channel

inactivation. Action potentials, that were blocked by 1 J-lM TTX, were observed in

5 EW fibers dialized with 10 mM cr that a had resting Vm <-85 mV (Figure 3.2).

However, action potential were never observed in ER fibers, even when negative

current was used to hyperpolarize the membrane weil below normal values.

DISCUSSION

Developmental Changes in Muscle Chloride Ion Permeability
Ali zebrafish muscle fibers have some permeability to cr, as Vm was on

average more depolarized in fibers dialyzed with 140 vs 10 mM cr. During

development from day 1 to 5, PCI of EW fibers increased substantially while

smaller changes were observed in ER fibers. In day 5 EW fibers that had

developed a large PCI, PdPK varied (0.15-1.3) with intracellular [Cr] and Vm

(PdPK was larger at depolarized Vm). These values are considerably less than

those reported in elasmobranch fish (4-10), frog (approximately 2), chick (4-5)

and mammals (generally 2-6 but as high as 20) but are consistent with values

found in other teleost fish (Bretag 1987). The dominance of PCI at depolarized

potentials may be due to a combination of a larger PCI due to the voltage

sensitivity of CIC channels as weil as a lower PK due to inactivation of inward

rectifier K+ channels. The development of PCI between days 3 and 5 Iikely

contributes to the decrease in input resistance observed in EW fibers at this time

(Buss and Drapeau 2000a).

The acquisition of a large PCI in EW muscle occurs when mature goal

directed swimming develops in zebrafish larva (Buss and Drapeau 2001 a). A
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parallel maturation of locomotion and skeletal muscle PCI also occurs in rat and

chick (Bekoff 1992; Clarac et al. 1998; Conte Camerino et al. 1989; Poznansky

and Steele 1984). PCI is thought to provide an electrical shunt allowing rapid

membrane repolarization during muscle contractions (Bretag 1987). Interestingly,

zebrafish are capable of swimming (although erratically) prior to the development

of EW PCI. At this time, electrical coupling between muscle fibers may provide an

electrical shunt equivalent to PCI.

When EW fibers were dialyzed with 10 mM cr, Vm approached EK

whereas the Vm of ER fibers was considerably depolarized to EK• From day 1 to

days 3-5, ER fibers depolarized 15-20 mV, as shown previously by Buss and

Drapeau (2000a). The present study revealed that this change is not due to

developmental changes in ECI , nor is it likely due to a decrease in GK because Ri

approximately doubles (Buss and Drapeau 2000a) during this period. It is

hypothesized that the depolarization of ER fibers is due to the addition of a non­

selective cation conductance, possibly mediated by the channels described by

Chua and Betz (1991). Buss and Drapeau (2000a) also reported a slight

depolarization of EW fibers from day 1 to day 5. This is Iikely an experimental

artifact due to the use of 20 mM cr in their patch recording solution, as the

resting Vm of day 1 EW fibers was at a level found in adult zebrafish white muscle

(Westerfield et al. 1986) and the day 5 EW muscle examined with sharp

electrodes in this study.

It is generally believed that cr is distributed close to equilibrium in skeletal

muscle largely because of the difficulty in maintaining an electrochemical cr

gradient in tissue highly permeable to cr (Alvarez-Leefmans and Russell 1990;
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Bolton and Vaughan-Jones 1977). However, when the muscle GCI is blocked, an

intracellular accumulation of cr has been observed (Harris and Betz 1987). In

zebrafish, it is conceivable that cr levels are regulated to values out of

equilibrium in ER and day 1 EW muscle fibers that have a low PCI. If a passive

distribution of cr is assumed, ER fiber [cr] will be higher than EW fiber [cr] due

to differences in resting Vm.

Comparison of ER and EW Muscle Properties
ln the first study of the physiologieal properties of zebrafish ER and EW

muscle, Buss and Drapeau (2000a) eoneluded that ER and EW fibers have

similar but not identical physiological properties. The different PCI of ER and EW

fibers found in this study reveals that their membrane properties are more distinct

than originally thought. Buss and Drapeau (2000a) found that age matched ER

and EW fibers had similar input resistances. It is now evident that this similarity

was due to different amounts of electrical coupling in ER and EW fibers. The low

membrane permeability of ER being compensated by an inereased amount of

electrical coupling to neighboring cells. Physiologically, this would act to equalize

the synaptie drive to ER and EW muscles, which are similarly, but not identieally

activated during larva swimming (Buss and Drapeau 2001 b; Buss and Drapeau

2002), but that also have more eomplex patterns of reeruitment during larval and

adult swimming (Bone 1978; Buss and Drapeau 2002; Coughlin and Rome 1996;

Jayne and Lauder 1996).

The physiological differences in ER and EW fibers are similar to the

differences in vertebrate slow-tonie and twitch muscle. Slow-tonic and ER muscle

both display low PCI, outward rectification, depolarized resting Vm, a low
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contraction threshold, and an absence of action potentials. EW fibers are similar

to twitch muscle, both having large PCI, minimal rectification (-100 to -40 mV),

hyperpolarized resting Vm, high contraction threshold, and the presence of action

potentials. Action potentials (in EW fibers) were rarely observed by Buss and

Drapeau (2000a). However, their presence was consistently detected in this

study when low (10 mM) intracellular chloride ion concentrations were used and

fibers had resting potentials were <-85 mV (Figure 3.2).

It is interesting that separate populations of embryonic slow-tonie and

twitch muscle fibers (i.e., ER and EW) have not been described in amphibian

embryos. However, it may be that the thin dermatome layer of cells examined by

Blackshaw and Warner (1976) is homologous to fish ER muscle fibers. Similar to

zebrafish ER fibers, the dermatome layer is 1-2 cells thick, is located superficial

to the myotomal muscle, is electrically coupled to other fibers in the dermatome

layer but not to myotomal muscle, and has a more positive resting membrane

than the myotomal muscle fibers (Blackshaw and Warner 1976; Buss and

Drapeau 2000a). Furthermore, studies in zebrafish, using molecular and

histochemical techniques, have classified muscle fibers as fast and slow, and

have not physiologically distinguished fibers as slow-tonie and twitch muscle

(Hughes and Salinas 1999). Whether the development of zebrafish tonie and

twitch muscle will provide insight into the development of mammalian slow and

fast twitch muscle remains to be determined.
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Figure 3.1. (A) and (B): Average membrane potential values of zebrafish muscle fibers dialyzed
with patch pipette solutions containing 10-140 mM Cr. Each data point represents the mean ± SE
steady state membrane potential of 5-8 muscle fibers dialyzed with 10, 40, 80, or 140 mM cr
contained in the patch pipette solution. Day 1 (.), day 3 (.) and day 5 (.). Values below and
above Day 1 and Day 5 EW fiber data points are PdPK values determined for that data point.
Data points are joined by straight lines for clarity. EC1 values were calculated for 10, 40, 80 and
140 mM cr and fit with spline curves. A1 and B1: Changes in zebrafish muscle fiber membrane
potentials due to dialysis of patch pipette solutions containing 10-140 mM cr. Patch pipette [Cr] is
shown at the right of each trace. The * in day 1 traces show episodes of motoneuron evoked
synaptic activity.
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5ms

Figure 3.2. Action potentials in a day 3 EW muscle fiber. (A) The action potential is eliminated in
TTX (1Ilm). An afterhyperpolarization is revealed during a longer (10 ms) depolarization (8). The
EW fiber was held a -90 mV.
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Chapter Four: Activation of Embryonic Red and White Muscle Fibers During

Fictive Swimming

L1NKING STATEMENT

Chapters 2 and 3 established that ER and EW fibers have unique

physiological properties but did not address how these muscle fibers are used by

the motor system. This Chapter examines the synaptic activation of ER and EW

muscle fibers during two motor behaviors, fictive swimming and coiling, and

shows that they are uniquely activated during swimming.
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ABSTRACT

Sub-threshold, motoneuron-evoked synaptic activity was observed in

zebrafish embryonic red (ER) and white (EW) muscle fibers paralyzed with a

dose of D-tubocurarine insufficient to abolish synaptic activity, in order to

determine whether muscle activation was coordinated to produce the undulating

body movements required for locomotion. Paired whole-cell recordings revealed

a synaptic drive that alternated between ipsilateral and contralateral myotomes

and exhibited a rostral-caudal delay in timing appropriate for swimming. Both ER

and EW muscle were activated during fictive swimming. However, at the fastest

fictive swimming rates, ER fibers were de-recruited, whereas they could be active

in isolation of EW fibers at the slowest fictive swimming rates. Prior to hatching,

fictive swimming was preceded by a lower frequency, more robust and rhythmic

synaptic drive resembling the "coiling" behavior of fish embryos. The motor

activity observed in paralyzed zebrafish closely resembled the swimming and

coiling behaviors observed in these developing fishes. At the early developmental

stages examined in this study, myotomal muscle recruitment and coordination

were similar to that observed in adult fishes during swimming. The results

indicate that the patterned activation of myotomal muscle is set from the onset of

development.

INTRODUCTION

Studies on the locomotor behaviors of larval zebrafish have largely

focussed on the startle response (Eaton and DiDomenico 1986; Eaton et al.
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2001; Kimmel et al. 1974; Liu and Fetcho 1999, and references therein) while

swimming behaviors have received less attention (Budick and Q'Malley 2000a;

Buss and Drapeau 2001 a; Fuiman 1986; Fuiman and Webb 1988; Muller et al.

2000; Saint-Amant and Drapeau 1998). Knowledge of the neural control of larval

zebrafish swimming is restricted to motoneuron activity patterns and the synaptic

drive to motoneurons in paralyzed zebrafish during fictive swimming (Buss and

Drapeau 2001 a). Whether the activity of myotomal motoneurons is coordinated to

produce the undulating body movements required for locomotion, and whether

both forms of myotomal muscle, embryonic red (ER) and embryonic white (EW),

are activated during fictive swimming is unknown.

The activity of zebrafish motoneurons is fundamentally similar to the

motoneuron activity observed in lampreys and amphibian tadpoles during fictive

swimming. This is not unexpected considering similarities in locomotion and

spinal cord neuroanatomy (Grillner et al. 1998a; Roberts 2000; Roberts et al.

1998). Furthermore, similarities in synaptic drive to motoneurons during fictive

locomotion extend to mammalian (feline) preparations (see discussion in Buss

and Drapeau, 2001 a). Accordingly, studies of zebrafish spinal cord physiology

and locomotor control provide a framework for genetic and molecular

investigations (Granato et al. 1996) into locomotor control in this vertebrate model

which has the advantages of a simpler nervous system with identifiable

components.

ln the present study, paired whole-cell recordings of the rhythmic

activation of larval zebrafish (day 3) muscle fibers, paralyzed with a dose of 0­

tubocurarine insufficient ta abolish synaptic activity, were used ta test whether or
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not the circuitry of embryos is sufficient to generate swimming with the attributes

of the adult motor pattern. The recordings revealed a synaptic drive that

alternated between ipsilateral and contralateral sides and exhibited a rostral­

caudal delay in timing. Both ER and EW muscle fibers were active during fictive

swimming and at this early developmental period their recruitment was similar to

that of adult fish. Prior to hatching (day 1), fictive swimming was preceded by a

lower frequency (1-13 Hz), more robust rhythmic synaptic drive resembling the

"coiling" behavior of fish embryos (Herrick 1949; Hooker 1952; Whiting 1955).

The characteristics of fictive swimming are compared with the swimming patterns

observed in fishes and amphibian tadpoles.

METHOOS

Experiments were performed on zebrafish (Tubingen and Longfin lines)

larvae and embryos raised at 28.5 oC and obtained from a breeding colony

maintained according to Westerfield (1995). Ali procedures were carried out in

compliance with the guidelines stipulated by the Canadian Council for Animal

Care and McGill University. The experimental methodology has been described

(Buss and Drapeau 2000a). Results are taken from 25 paired and 28 single

whole-cell patch-clamp recordings from ER and EW muscle fibers of zebrafish

embryos aged 1.3-1.6 (day 1, length approximately 2.5 mm) and larvae aged 3.0­

3.3 (day 3, length approximately 3.5 mm) days postfertilization. Fictive swimming

and coiling occurred spontaneously or was evoked (day 3) by changes in

illumination. The swimming style of larval zebrafish changes from a sustained

burst swimming pattern to a beat-and-glide pattern between day 2 (hatching) and
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day 4. Day 3 is a transition period where a beat-and-glide like swimming pattern

emerges yet burst swimming is still observed (Buss and Drapeau 2001 a). Beat­

and-glide Iike fictive swimming was observed in ail day 3 larvae examined (n =

32) and burst swimming was additionally observed in 10 preparations.

Experiments were performed at room temperature (approximately 22 OC).

The Evan's fish saline recording solution (Buss and Drapeau 2001 a; Drapeau et

al. 1999) contained (in mM) 134 NaCI, 2.9 KCI, 2.1 CaCI2, 1.2 MgCI2, 10 HEPES,

5-10 glucose, 3 (day 3) or 15 (day 1) IJM D-tubocurarine, osmolarity adjusted

(with glucose) to 290 mOsm and pH 7.8. Patch-clamp electrodes (1.5-4 Mn)

contained a K-gluconate solution consisting of (in mM) 2 MgCI2, 10 HEPES, 10

EGTA, 10 D-gluconic acid sodium salt, and 6 KCI added to sufficient D-gluconic

acid potassium salt to reach a final osmolarity of 290 mOsm, pH 7.2. Ali

chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). A liquid

junction potential of -12 mV was experimentally determined according to Barry

and Lynch (1991) and Neher (1992) and records were corrected for this potential.

Recordings were performed with an Axoclamp-2A (0.1 headstage) and an

Axopatch-1 D (CV-4 headstage) amplifier. Data were low-pass filtered at 10 KHz

and digitized at 1KHz (day 1) or 10 KHz (day 3). Analyses were performed using

pClamp 8 software (Axon Instruments). ER fibers were distinguished by their

superficial distribution and longitudinal orientation, whereas EW fibers were

deeper and had an oblique orientation (Buss and Drapeau 2000a).

Measurements of fictive swimming and coiling duration, rhythmic end plate

potential (EPP) frequency, and rostral-caudal delay were made by eye (cursor
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measurement). Measurements on 50 consecutive EPPs were used to calculate

mean fictive swimming and coiling EPP frequencies and rostral-caudal delay.

Rostral-caudal delay was determined by measuring the fictive swimming rhythmic

EPP delay (from EPP onset) between 9-12 segments centered on the anal

segment. Rostral-caudal delay per segment was calculated by dividing the mean

time delay by the number of separating segments. Percent phase lag was

calculated by dividing the rostral-caudal delay per segment by the mean cycle

period (Wallen and Williams 1984). Paired recordings between ER and EW fibers

located within a segment revealed differences in recruitment at day 3. When

fictive swimming rhythmic EPPs were observed in EW fibers, synchronous

activity was observed in ER fibers. However, ER fibers were often active in the

absence of EW fiber activity. Instantaneous fictive swimming rhythmic EPP

frequencies were measured during ER-EW fiber co-activity and ER fiber activity.

Results are presented as mean ± SO throughout the text. The term significant

denotes a relationship with P<0.05 determined using the Student's f-fest.

RESULTS

Rostral-Caudal Delay and Ipsilateral-Contralateral Alternation of Synaptic
Drive to Myotomal Muscle During Fictive Swimming

The propulsive forces used in undulatory swimming are generated by an

alternating rostral-caudal wave of myotomal muscle contraction, initiated by a

synaptic drive originating fram myotomal motoneurons, which interacts with the

mechanical properties of body tissues (Blight 1977; Grillner and Kashin 1975;

Grillner et al. 1998a; Hoff and Wassersug 2000; Lindsey 1978; Roberts et al.
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1998; Roberts 1981; Wardle et al. 1995; Wassersug 1989). Therefore, during a

cycle of undulatory swimming, rostral myotomal muscle fibers receive synaptic

drive prior to caudal fibers and within a segment the synaptic drive alternates

between ipsilateral and contralateral sides of the musculature. To examine the

synaptic drive to myotomal muscle fibers, embryos and larvae were paralyzed

with a low concentration of the neuromuscular antagonist D-tubocurarine, which

reduced, but did not abolish neuromuscular synaptic drive. Thus, the rhythmic

synaptic drive (i. e., fictive swimming) underlying swimming, was examined in

immobilized larvae using the whole-cell patch-clamp technique.

Paired recordings revealed a synchronous synaptic drive to muscle fibers

within an ipsilateral myotomal segment (Figure 4.1; n = 11) and an alternating

synaptic drive to contralateral muscle fibers (Figure 4.2; n = 6). A rostral-caudal

delay was observed in paired recordings from ipsilateral muscle fibers separated

by 9-12 myotomal segments (Figure 4.3; n =7). On average, this delay was 0.55

± 0.20 ms per myotomal segment and there was strong negative relationship

(Figure 4.5C) between the time delay per segment and the rhythmic EPP

frequency (i. e., fictive tail beat frequency). Intersegmental phase lag per

segment ranged from 0.8% to 2.7% and averaged 1.8 ± 0.6%. Synchronous

activity within ipsilateral myotomal segments, alternation between ipsilateral and

contralateral segments, and rostral-caudal delays were similarly observed in

paired recordings between ER and ER (Figures 4.1 and 4.3), ER and EW

(Figures 4.2 and 4.4), and EW and EW fibers (data nat shawn).
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Differences in the Recruitment of ER and EW Muscle Fibers During Fictive
Swimming

Fishes that swim by undulatory propulsion generally use red muscle for

slow swimming, recruit white muscle for faster swimming, and de-recruit red

muscle at the fastest speeds of burst swimming (Bone 1978; Coughlin and Rome

1996; Jayne and Lauder 1996; Johnston 1981; Johnston 1983). Whether the

embryonic forms of red and white muscle (ER and EW) found in larval fish are

recruited as their adult forms has not been examined. Comparison of mean fictive

swimming rhythmic EPP frequencies measured in ER (24 fibers, 1200 EPPs) and

EW fibers (13 fibers, 650 EPPs) revealed a small but significantly different (P =

0.03) frequency of rhythmic EPPs in EW vs ER fibers (44 ± 7 Hz vs 39 ± 7 Hz).

Both ER and EW fibers were recruited during fictive swimming (Figures 4.2 and

4.4). However, within a swimming episode, there were periods, especially during

the end of a fictive beat period, when ER fibers were active in the absence of EW

fiber activation (Figure 4.4). Fictive swimming rhythmic EPP frequencies were

lower when ER fibers were active in isolation (Figure 4.40) of EW fibers. This is

graphically iIIustrated in Figure 4.5 (A and B) where intrasegmental paired ER-

EW recordings (n = 6) were used to measure rhythmic EPP frequencies during

periods when only ER fibers were active (mean = 32±3 Hz) and when both ER

and EW fibers were active (mean = 44±7 Hz). Furthermore, an attenuation of

synaptic drive to ER fibers was observed during periods of robust high frequency

synaptic drive to EW fibers (Figure 4.40). The duration of fictive swimming,

measured as long periods of repetitive brief swim episodes, was variable and

ranged from <1 s to 2-3 minutes (Figure 4.50).
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Fictive Cailing and Swimming Behaviars Priar ta Hatching
The rhythmic EPPs observed during fictive swimming strongly summated

in ER fibers, whereas EPPs quickly decayed to baseline in EW fibers (Figures

4.1-4.4). However, the time course of larval ER and EW muscle miniature EPPs

are similar (Buss and Drapeau 2000a; Nguyen et al. 1999) indicating that the

rhythmic EPP summation was likely due to other factors. EPP summation could

be due to EPPs originating from adjacent electrically coupied ER muscle fibers as

EW fiber coupling is minimal at day 3 whereas ER fibers are extensively coupled

(Buss and Drapeau 2000a). To test whether the summation of rhythmic EPPs in

ER but not EW fibers was due to electrical coupling, recordings were made from

day 1 ER and EW muscle fibers which are both extensively electrically coupied at

this age (Buss and Drapeau 2000a).

Rhythmic EPPs summated during fictive swimming similarly in both day 1

ER and EW fibers, providing evidence that the summation was due to electrical

coupling and not differences in EPP time course (Figure 4.6, A and B). However,

in addition to a rhythmic motor output expected for swimming, a slower and more

robust rhythmic motor pattern, resembling the coiling behavior of embryonic

fishes (Armstrong and Higgins 1971; Gideiri 1966; Gideiri 1968a; Gideiri 1968b;

Harris 1962; Myers et al. 1997; Richards and Pollack 1987; Saint-Amant and

Drapeau 1998; Whiting et al. 1992; Yoshida et al. 1996) was observed either

alone or following fictive swimming (Figure 4.6, A and B). A fictive coiling episode

contained 1-13 rhythmic EPPs, occurring at a mean frequency of 5.1 ±3 Hz (n =

21) (Figure 4.6D), and was offen (11/21) followed by rhythmic EPPs occurring at

a faster frequency (Figure 4.6C; mean = 24±12 Hz) that resembled fictive
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swimming. A faster frequency of rhythmic EPPs (mean = 60±3 Hz), characteristic

of day 2 burst swimming (Buss and Drapeau 2001a), was observed in 1 EW fiber

(Figure 4.6C). When this value was excluded from the average, no significant

difference in fictive swimming rhythmic EPP frequency was observed in ER

(mean = 20±2 Hz) and EW (mean = 22±2 Hz) fibers. Fictive coiling/swimming

episodes lasted from 0.3 to 10s (mean =2.2±2 s) and occurred every 10 to 420 s

(mean =140 ± 80 s). At this age, changes in illumination were not effective at

initiating fictive coiling or swimming behaviors.

DISCUSSION

Coordinated Synaptic Drive to Myotomal Muscle During Fictive Swimming
Requirements for fictive undulatory swimming are appropriate cycle

periods, alternating ipsilateral-contralateral motoneuron activity, a rostral-caudal

delay in motoneuron activity, and a relationship between rostral-caudal delay and

cycle period. By recording sub-threshold motoneuron evoked EPP activity in

myotomal muscle fibers, a coordinated motor output appropriate for swimming

was revealed in paralyzed larval zebrafish (Figures 4.1-4.5). An appropriate

motor coordination for swimming has previously been reported in paralyzed or

isolated spinal cord preparations of lamprey (Cohen and Wallen 1980; Poon

1980; Wallen and Williams 1984), dogfish (Grillner et al. 1976), goldfish (Fetcho

and Svoboda 1993), and amphibian tadpoles (Kahn and Roberts 1982; Kahn et

al. 1982; Soffe and Perrins 1997; Soffe et al. 1983); however, see (Blight 1977;

Stehouwer and Farel 1980).

Phase lag per segment averaged 1.8±0.6%, a value similar to the 2.1 %
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reported in a related cyprinid (goldfish; Fetcho and Svoboda 1993) but

considerably larger than the value (1 %) reported in the lamprey (Wallen and

Williams 1984). Therefore, a larval zebrafish with 30-34 myotomal segments will

have approximately 58% of a full wave of undulatory activity along its body at any

point in time. This compares with 63% in goldfish (29-30 segments) and a full

wave (100%) in lamprey (approximately 100 segments). A full wave of activity is

a characteristic of anguilliform swimming while the briefer wave of activity

observed in zebrafish and goldfish is a characteristic of subcarangiform

swimming (Lindsey 1978). Thus, although visual inspection of swimming larval

zebrafish revealed an eel-like (anguilliform) style of swimming (Buss and Drapeau

2001 a), due to a large amount of head yaw, examination of phase lag values

reveal the subcarangiform style used by the adult. During carangiform swimming,

anterior myotomes are active for a longer duration than caudal myotomes; i.e.,

some ipsilateral and contralateral muscle is synchronously active (Altringham and

Ellerby 1999; Wardle et al. 1995). Whether a rostral-caudal variation in the

duration of muscle activation exists in larval zebrafish was not determined. One

prediction of this pattern of muscle recruitment would be different motoneuron

outputs in the rostral and caudal spinal cord during fictive swimming.

Larval Locomotor Muscle Recruitment
ER and EW muscle fibers were recruited for both burst and beat-and-glide

swimming. At the highest rates of fictive undulatory swimming, ER fiber activity

was reduced but not abolished whereas at the slowest fictive swimming rates ER

fibers could be active in isolation. These swimming rates were comparable to

those observed in free swimming zebrafish (Budick and O'Malley 2000a; Buss
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and Drapeau 2001a) as weil as those previously observed during fictive

swimming (Buss and Drapeau 2001a). Thus, the pattern of muscle recruitment in

larval zebrafish was organized as in adult fishes, where red muscle is recruited

during slow undulatory swimming (Bone, 1978; Coughlin & Rome, 1996) and de­

recruited at the fastest unsteady burst speeds when white muscle is recruited

(Jayne & Lauder, 1996). The neural basis for this pattern of muscle recruitment is

unknown. However, the present findings and those of Bone (1966), Jayne and

Lauder (1994) and Mos et al. (1990a) indicate that 2 unique populations of

motoneurons, that can be activated or inactivated independently of each other,

innervate ER and EW muscle fibers.

A de-recruitment of slow (i.e., red muscle) muscle fibers during locomotion

is not unique to fishes. In crabs, tonic firing of the common inhibitor neuron

abolishes residual tension in slow tonic (but not fast phasic) muscle fibers during

rapid walking and swimming (Bevengut and Clarac 1990; Rathmayer 1990;

Wiens 1989).

The facilitation of fictive swimming EPPs in larval ER muscle fibers was

likely due to summation of filtered and attenuated EPPs from adjacent electrically

coupled ER fibers (Buss and Drapeau 2000a). ER fibers have a low contraction

threshold (approximately -40 mV) and many similarities to vertebrate slow tonic

muscle (i.e., outward rectification, a depolarized resting potential, and a low

chloride ion permeability - (Buss and Drapeau 2000a; Chapter 3). During

swimming, EPPs from neighboring ER fibers may summate to contraction

threshold and provide a tonic level of muscle contraction, on which is

superimposed the rhythmic swimming contractions. The locomotor function of
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tonie ER activation might include body stiffening, maintenance of posture or

steering, but its true function or existence during free swimming remain to be

determined. EW fibers have a high contraction threshold, which is likely reached

in an ail or none fashion via a regenerative voltage activated current. Thus tonic

muscle activation would not be expected in EW fibers which have characteristics

more similar to vertebrate twitch muscle (i.e., a nearly linear VI near the resting

potential, a hyperpolarized resting potential, and a high chloride ion permeability -

(Buss and Drapeau 2000a; Chapter 3). Recently Ono et al. (2001) observed

action potentials in dissociated larval zebrafish muscle, a property not frequently

observed by Buss and Drapeau (2000a). This was attributed to a combination of

weak, undeveloped voltage gated conductances and the inability to charge the

membrane fast enough from a point source of current due to fiber cable

properties. However, reexamination in vivo has revealed the presence of a TTX

sensitive action potential in some EW fibers (but not ER fibers) dialyzed with a

low chloride ion patch pipette solution and with resting potentials <-85 mV

(Chapter 4), thus revealing further similarities between EW fibers and vertebrate

twitch muscle. Thus, although ER and EW fibers have many similar

electrophysiological properties (i.e., input resistance, mEPP timecourse and

amplitude) they are functionally unique and are recruited differently during

swimming, and due to differences in electrical coupling, show different degrees of

synaptic facilitation.

Embryonic Fictive Swimming and Coiling
Embryonic (day 1) ER and EW fibers both have extensive electrical

coupling and were examined to provide evidence that the summated fictive
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swimming EPPs were due to electrical coupling and not EPP kinetics. As

predicted, EPPs summated in both day 1 ER and EW fibers during fictive

swimming. In contrast to larval fictive swimming (day 3), ER and EW fibers were

recruited similarly in embryos (day 1). Rhythmic EPPs assumed to underlie fictive

swimming occurred at a lower frequency in embryos than in larvae as observed

by Buss and Drapeau (2001a) and Saint-Amant and Drapeau (1998) in behaving

zebrafish. A second, slower and more robust fictive motor pattern that had the

characteristics of the coiling behavior of embryonic fishes was also observed in

embryos. However, the coiling observed in this study is not identical to the coiling

and fictive coiling behavior described in younger embryos (Myers et al. 1997;

Saint-Amant and Drapeau 1998; Saint-Amant and Drapeau 2000) where single

coils are observed. Rather they are more similar to the bursts of coils observed in

zebrafish embryos >24 hpf (Saint-Amant and Drapeau 1998) and in the angelfish

(Yoshida et al. 1996).

ln conclusion, the motor output observed in paralyzed larval zebrafish is

coordinated appropriately for generating undulatory swimming. Furthermore, at

the early developmental stages examined in this study, muscle recruitment and

swimming style (subcarangiform) were similar to that of adult fishes. Thus, there

is a considerable degree of sophistication in the organization of the locomotor

circuitry at the onset of development of locomotion in the zebrafish.
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FIGURES

ER

20 ms

ER
5~0~0-m-s

11 mV

~-~~,

A

B

A

Figure 4.1. Synchronous co-activation of ER fibers within an ipsilateral myotomal segment during
larval (day 3) fictive swimming (A and B). The region encompassing the black bar in A is shown
on an expanded time scale in C.
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Figure 4.2. Alternating activation of ipsilateral (A) and contralateral (B) muscle fibers during larval
(day 3) fictive swimming. The region encompassing the black bar in A is shown on an expanded
time scale in C. Note the lack of EPP summation in the EW fiber A and its presence in the ER
fiber B.
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Figure 4.3. Rostal-caudal delay of larval (day 3) fictive swimming EPPs (A and B). The region
encompassing the black bar in A is shown on an expanded time scale in C.
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Figure 4.4. Intrasegmental ER and EW fibers are synchronously active (A-C) but are recruited
differently during larval (day 3) fictive swimming (A, Band D). The region encompassing the black
bar in A is shown on an expanded time scale in C. During high frequency rhythmic EPPs,
synaptic drive ta ER fibers decreases D. ER fibers are activated in isolation at low fictive
swimming rhythmic EPP frequencies D. Bars in D and associated values state the mean rhythmic
EPP frequency during that time period.
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Figure 4.5. Range of fictive swimming rhythmic EPP frequencies during ER-EW fiber co­
activation (A) and during independent ER fiber activation (8) in day 3 larvae. Instantaneous
frequencies of 186-500 consecutive rhythmic EPPs observed in 6 larvae (n = 2273) are graphed
(bin width = 5 Hz). Rostral-caudal delay of fictive swimming rhythmic EPPs decreases with
increased fictive swimming rhythmic EPP frequency (C). Each data point represents the mean ±
SD rostral-caudal delay and EPP frequency during fictive swimming recorded in a single day 3
larva. Regression fit to mean values; Y = -0.035X + 1.78; R = 0.84. D: Range of durations of
fictive swimming observed in 32 day 3 larvae during 127 swimming episodes (bin width = 5 s).
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Figure 4.6. Fictive coiling and swimming behaviors observed in EW (A) and ER (6) fibers of 2
different day 1 embryos. Insets show rhythmic fictive swimming EPPs of the regions
encompassed by the black bar in A and B. Range of embryonic fictive swimming (C) and coiling
(D) rhythmic EPP frequencies. Values below - in C are fram a single day 1 embryo that
displayed fictive swimming rhythmic EPPs at a frequency characteristic of day 2 burst swimming.
C: bin width =5 Hz; n =550. D: bin width =1 Hz; n =126. Graphed values are taken from fictive
swimming episodes observed in 11 day 1 embryos and fictive coiling episodes observed in 21
day 1 embryos.
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Chapter Five: 5ynaptic Drive to Motoneurons During Fictive 5wimming

L1NKING 5TATEMENT

Rhythmic motor output from myotomal motoneurons patterns the synaptic

drive observed in ER and EW muscle fibers during fictive swimming. What

remained unknown was how the rhythmic motor output was generated in

motoneurons. This Chapter shows that motoneurons receive a rhythmic synaptic

drive that patterns motor output during swimming.
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AB5TRACT

The development of swimming behavior and the correlated activity

patterns recorded in motoneurons during fictive swimming in paralyzed zebrafish

larvae were examined and compared. Larvae were studied from when they hatch

(after 2 days) and are first capable of locomotion to when they are active

swimmers capable of capturing prey (after 4 days). High-speed (500 Hz) video

imaging was used to make a basic behavioral characterization of swimming. At

hatching and up to day 3 the larvae swam infrequently and in an undirected

fashion. They displayed sustained bursts of contractions ('burst swimming') at an

average frequency of 60-70 Hz, which lasted fram several seconds to a minute in

duration. By day 4 the swimming had matured to a more frequent and less

erratic 'beat-and-glide' mode, with slower (appraximately 35 Hz) beats of

contractions for approximately 200 ms alternating with glides that were twice as

long, lasting fram just a few cycles to several minutes overall. In whole-cell

current-c1amp recordings, motoneurans displayed similar excitatory synaptic

activity and firing patterns, that had similar timing to either fictive burst swimming

(day 2-3) or beat-and-glide swimming (day 4). The resting potentials were similar

at ail stages (approximately -75 mV) and the motoneurons were depolarized (to

approximately -45 mV) with generally non-overshooting action potentials during

fictive swimming. The frequency of sustained inputs during fictive burst swimming

and of repetitive inputs during fictive beat-and glide swimming corresponded to

the behavioral contraction patterns. Fictive swimming activity patterns were

eliminated by application of glutamate antagonists (kynurenic acid or CNQX and

AP-5) and were modified but maintained in the presence of the glycinergic
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antagonist strychnine. The corresponding synaptic currents underlying the

synaptic drive to motoneurons during fictive swimming could be isolated under

voltage-clamp and consisted of cationic (glutamatergic PSCs) and anionic inputs

(glycinergic PSCs). Either sustained or interrupted patterns of PSCs were

observed during fictive burst or beat-and-glide swimming, respectively. During

beat-and-glide swimming a tonic inward current and rhythmic glutamatergic PSCs

(approximately 35 Hz) were observed. In contrast, bursts of glycinergic PSCs

occurred at a higher frequency, resulting in a more tonic pattern with liUle

evidence for synchronized activity. 1 conclude that a rhythmic glutamatergic

synaptic drive underlies swimming and that a tonic, shunting glycinergic input

acts to more closely match the membrane time constant to the fast synaptic

drive.

INTRODUCTION

The use of simple model systems, such as the lamprey (Grillner et al.

1991; Grillner et al. 1998b; Rovainen 1979) and frog embryo (Dale and Kuenzi

1997; Roberts et al. 1986; Roberts et al. 1998), has greatly increased the

understanding of cellular aspects of the neural control of vertebrate locomotion.

Zebrafish embryos and larvae share with lampreys and frog embryos the

experimental advantages of a simple motor and sensory system (Drapeau et al.

1999) and are a popular vertebrate model system for a wide range of scientific

disciplines (Eisen 1996; Laale 1977; Vascotto et al. 1997). An advantage of

zebrafish is that they hold promise for identifying the genes controlling locomotion

during development of the nervous system (Granato et al. 1996). An
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understanding of the physiology of the zebrafish locomotor system is necessary

for eventually assessing genetic mutations and manipulations in zebrafish, which

will ultimately increase our understanding of the mammalian nervous system.

Movement depends on the activation of locomotor muscles, which are

under the control of spinal motoneurons. The myotomal locomotor muscle of

adult zebrafish is made up of 5 types of muscle fibers (see references in Buss

and Drapeau, 2000a) which include red, pink and white muscle. Red muscle is

innervated by small motoneurones located ventro-Iateral to the central canal and

in proximity to the descending Mauthner axons (de Graaf et al. 1990; van

Raamsdonk et al. 1983). Pink muscle motoneurones are larger and are located

dorsal to red motoneurones, although there is overlap of size and position (de

Graaf et al. 1990; van Raamsdonk et al. 1983). Motoneurones innervating the

white muscle are divided into 2 classes, primary and secondary motoneurones

(Myers 1985). Primary motoneurones form first in development, are the largest

motoneurones, are located dorsal to the central canal, and branch extensively

making contact with nearly ail fibers within their arborization (de Graaf et al. 1990;

Myers et al. 1986; van Raamsdonk et al. 1983; Westerfield et al. 1986).

Secondary motoneurones form later in development, are smaller than primary

motoneurones, overlap in size and location with pink motoneurones, branch less

extensively in the muscle, and contact fewer fibers (de Graaf et al. 1990; Myers

et al. 1986; van Raamsdonk et al. 1983; Westerfield et al. 1986). Primary

motoneurones are generally recruited during fast swimming and the startle

response (Fetcho and O'Malley 1995; Liu and Westerfield 1988).

ln fishes with muscular systems organized similarly to zebrafish, red
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muscle is active during slow steady undulatory swimming, pink muscle is

recruited at intermediate speeds, and both are maximally active at the fastest

steady swimming speeds. Swimming becomes unsteady at faster speeds when

white muscle is recruited for short bursts of high-speed swimming. At the fastest

swimming speeds red muscle activity decreases, whereas in the escape

response ail muscle is maximally activated (Bone 1978; Coughlin and Rome

1996; Jayne and Lauder 1996).

ln contrast to the sophisticated muscular organization found in adult

zebrafish, the organization is much less complex in embryos and larvae where

only 2 embryonic forms of muscle (ER and EW; Buss and Drapeau 2000a) and 2

classes of motoneurons (primary and secondary; Myers 1985)) are present. This

simplified motor system, when combined with the transparency of the zebrafish,

allows visualization of individual neurones for patch-c1amping, making the

zebrafish an excellent model organism for studying the neural control of

locomotion.

The purpose of this study was to examine the development of swimming in

zebrafish larvae, from when they hatch (after 2 days) and are first capable of

locomotion, to when they are active swimmers capable of capturing prey (after 4

days). High-speed video imaging was used to make a basic behavioral

characterization of swimming, which was then compared with electrophysiological

recordings made from identified motoneurons during fictive swimming in

paralyzed larvae. The synaptic pharmacology of the network of neurons

producing the swimming pattern was investigated by bath-applying antagonists of

the major spinal cord synaptic neurotransmitters and examining their effects on
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the membrane potential changes occurring during fictive swimming. Voltage-

c1amping was then used to isolate the cationic and anionic synaptic currents

underlying the synaptic drive to motoneurons during fictive swimming. The

findings are discussed in relation to the motoneuronal activity patterns observed

during fictive locomotion in fishes and mammals.

METHOOS

Swimming Behavior
High-speed video (Motionscope 500, Redlake Camera Opticon) was used

to analyze the swimming pattern of larval zebrafish aged 2.4-2.8 (n =11) and 4.9-

5.2 (n = 12) days post-fertilization, referred to as day 2 and day 4. Eighteen

larvae were placed in a 6 cm plastic Petri dish iIIuminated by overhead halogen

Iighting. Spontaneously occurring swimming was filmed at 500 frames S-1 and

frames were stored on VCRT120 tape with a Panasonic AG7300 VCR. Images

were captured to computer using NIH/Scion Image software for further viewing

and analysis. Average camera jitter was approximately 3% and was not

corrected.

Two distinct forms of swimming were observed in larval zebrafish:

continuous bursts of swimming at day 2 (burst swimming) and an intermittent

style of swimming characterized by tail beating followed by gliding (beat-and-glide

swimming) at day 4. The terminology is taken from Hunter (1972) who used it to

describe the swimming patterns of the larval anchovy. The swimming parameters

were related to those that were measurable in patch-clamped motoneurons

during fictive swimming. The parameters included swim duration, number of tail
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beats, tail beat frequency, distance covered, and duration of either phase of beat-

and-glide swimming. Figures were created by hand-tracing sequential computer

printouts of the high-speed video recordings. Tracings were scanned and

enhanced for display purposes using Adobe Photoshop.

Preparation for recording
Experiments were performed on zebrafish (Tubingen and Longfin lines)

larvae raised at 28.5 oC and obtained from a breeding colony maintained

according to Westerfield (1995). Physiological results are taken fram recordings

made in 66 morphologically identified (dye-filled) motoneurans. Zebrafish were

examined at 3 ages: after hatching (2.0-2.8 dpf; referred to as day 2), a day later

in development (3.1-3.4 dpf; referred to as day 3) and after the onset of active

swimming and feeding (4.1-4.5 dpf; referred to as day 4). Ali procedures were

carried out in compliance with the guidelines stipulated by the Canadian Council

for Animal Care and McGill University, as described previously (Drapeau et al.

1999). Larvae were anesthetized in 0.02% tricaine (MS-222, Sigma) dissolved in

fish saline, pinned thraugh the notochord to a Sylgard-lined dish, and the skin

overlying the axial musculature removed with a glass pipette and fine forceps.

Muscle fibers were removed fram 1-2 myotomal segments in the anal region by

aspiration with a braken patch pipette to expose the spinal cord. Experiments

were performed at raom temperature (approximately 22 OC). The fish saline

resembled the plasma of freshwater fish (Evans 1998; Heisler 1984; Holmes and

Donaldson 1969; McDonald and Milligan 1992) and contained (in mM) 134 NaCI,

2.9 KCI, 2.1 CaCI2, 1.2 MgCI2, 10 HEPES, 10 glucose, osmolarity 280 to 290

mOsm and pH 7.8. In most experiments (n =42) the neuramuscular blocker a-
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bungarotoxin (10 ~M, Sigma) was added to the dish for 10-20 minutes and then

replaced with a 0.1% collagenase (type XII, Sigma) fish saline solution for 8 to 10

minutes to facilitate the removal of muscle fibers. The collagenase was removed

and the preparation was perfused with fish saline for the remainder of the

experiment. When D-tubocurarine (15 /lM, Sigma) was used as a neuromuscular

blocker (n =24) it was added directly to the fish saline. There was no noticeable

difference in the fictive swimming activity of zebrafish paralyzed with a-

bungarotoxin or D-tubocurarine.

Whole-cell recordings
Standard whole-cell recordings (Hamill et al. 1981) were performed on

motoneuron cell bodies visualized with Hoffman modulation optics (X40 water

immersion objective). Patch-clamp electrodes (4-7 Mn) were pulled from thin-

walled Kimax-51 borosilicate glass and were filled with either a potassium

gluconate (for current-clamp recordings) or cesium gluconate solution (for

voltage-clamp recordings). Ali voltage-clamp recordings were performed on a-

bungarotoxin paralyzed larvae. The potassium gluconate solution was composed

of (in mM) 116 D-gluconic acid potassium salt, 16 KCI, 2 MgCI2, 10 HEPES, 10

EGTA, 4 Na2ATP, 0.2% sulforhodamine B, osmolarity 280 to 290 mOsm, pH

adjusted to 7.2. In the cesium gluconate solution, potassium gluconate and KCI

were replaced with cesium gluconate and CsCI and 0.5 to 1.0 mM QX314 was

added to antagonize voltage activated sodium and calcium currents. The liquid

junction potential was -10 mV and records were corrected for this potential.

Current-c1amp recordings were performed with an Axoclamp-2A patch-clamp

amplifier (0.01 headstage; 10kHz low-pass filter) and voltage-clamp recordings
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with an Axopatch 1D (CV-4 headstage; 5 kHz low-pass filter; series resistance

::;;10 Mn compensated 60 to 80%). The digitization rate was at 20-40 kHz. Each

neuron was positively identified as a motoneuron by its location just dorsal to the

central canal and the presence of an axon exiting the spinal cord and branching

throughout the myotomal muscle, as viewed under fluorescence optics. Images

were captured with a Panasonic BP510 CCD camera and a Scion Corporation

LG3 frame grabber using Scion/NIH Image software. Voltage steps of 20-40 mV

elicited fast, transient inward currents (tested immediately after whole-cell

configuration was achieved) in ail motoneurons. The QX-314 present in the

pipette abolished these transient currents within 1-2 minutes.

The motoneurons examined were fully dialyzed with the patch electrode

recording solution since sulforhodamine B fluorescence was detected throughout

the motoneurons including the extensive axonal arborization in the myotomal

muscle. The patch recording solution contained 20 mM chloride ion which, upon

consideration of the activity coefficient (Parsons 1959), places the chloride ion

reversai potential at -46 mV (calculated using the Nernst equation corrected for

Debye-Hückel activities). Thus, at the resting potential glycinergic post-synaptic

potentials (e.g. irregular IPSPs) were easily identified as small depolarizing PSPs.

Buss et al. (1999) and Saint-Amant and Drapeau (2000) have demonstrated that

the chloride ion is depolarizing in vivo in developing zebrafish such that ail post­

synaptic potentials are depolarizing at the resting membrane potential.

Pharmacological antagonists were dissolved in fish saline and applied by

bath perfusion. Strychnine hydrochloride (2 J-lM), kynurenic acid (1 mM), and
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tetrodotoxin (1 /lM) were purchased from Sigma and AP-5 (50 /lM) and CNQX

(10 /lM) from RBI (Natick, MA). Sulforhodamine B was purchased from Molecular

Probes (Eugene, OR) and ail other chemicals from Sigma Chemical Co. (St.

Louis, MO).

Analyses
Analyses were performed using pClamp 6 or Axograph 4.4 (Axon

Instruments). Measurements of fictive swimming rhythmic EPSP and EPSC

frequency or amplitude, tonic depolarization or current, action potential amplitude

or threshold were made by eye (cursor measurement). Rhythmic EPSCs were

detected using the template function ofAxograph 4.4. Detected events were

divided into 2 size groups, averaged and the decay phase ('t) of the averaged

EPSC fit to a single exponential function.

Mean rhythmic EPSC amplitudes and frequencies were determined from

consecutive measurements made on the first 30-50 EPSCs occurring in an

episode of fictive swimming. EPSP measurements were made on approximately

10 consecutive EPSPs, which occurred during periods of fictive swimming, where

the synaptic drive was sufficient to drive occasionally the membrane to action

potential threshold. The action potential threshold values presented are the

membrane potential at which rhythmic EPSPs initiated action potential firing.

Results are presented as mean ± SE throughout the text. The term significant

denotes a relationship with P<O.OS determined using the Student's t-test, Mann-

Whitney rank sum test, paired t-test, ANOVA, or Kruskal-Wallis ANOVA where

appropriate.
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RESULTS

Behav;oral Character;zat;on of Larval Sw;mm;ng
From hatching (after day 2) through day 3, zebrafish are largely inactive,

Iying on their sides upon the substrate. Spontaneous swimming is infrequent and

occurs in sustained bouts lasting from a few seconds to less than a minute.

Changes in light intensity often evoked episodes of swimming. Figure 5.1 shows

images taken every 10 ms while recording images at 500 Hz. The swimming

effectively propels the larvae but is erratic, with many turns and displacements of

the head, and lacks a definite direction (Figure 5.1A). Tail beat frequencies are

very rapid, approaching 100 Hz in sorne instances and averaging 67 ± 6 Hz (n =

11). This form of swimming will be referred to as "burst swimming". The

kinematics of swimming is similar in day 2 and day 4 larvae in that swimming

movements are eel-like (anguilliform) and are characterized by a wave travelling

in a rostral to caudal direction (Figure 5.1, insets). However, at day 4 the larvae

maintained a more constant (forward) orientation. Furthermore the structure of

the swimming changed from sustained burst swimming to an intermittent style of

swimming (Figure 5.1 B) where there is a period of active tail-beating and

propulsion (beat period) followed by a period of inactivity where the larvae rapidly

glide to a stop (glide period). Episodes of beating and gliding could repeat for

longer than a minute or could persist for only a few cycles. This form of swimming

will be referred to as "beat-and-glide swimming". Beat-and-glide swimming was

much less erratic than the earlier burst swimming; larvae made frequent turns but

their movements were more directed and they could maintain a suspended

position in the water column even though their swim bladders were usually not
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yet functional at this stage of development. The average duration of the tail beat

periods were 180 ± 20 ms (n = 12) and were followed by a period of gliding

lasting on average 390 ± 30 ms (Table 5.1). The mean distance traveled during

the tail beat period was 4.7 ± 0.5 mm while on average 37 ± 7% of this distance

was covered during the glide period. Two to 8 tail beats occurred during the beat

period (mean =4.7 ± 0.5) and tail beat frequencies averaged 35 ± 2 Hz (range =

25-63 Hz).

Properlies of Fictive Swimming
The preceding behavioral observations revealed that larval zebrafish

spontaneously initiate swimming and that changes in light intensity could induce

swimming. As ventral roots are too small and inaccessible for recording in the

zebrafish larva, we resorted to whole-cell patch-clamp recordings from

motoneurons in order to characterize the cellular and synaptic activity patterns

during swimming. Motoneuron activity patterns were examined in paralyzed larval

zebrafish with the expectation that the nervous system would continue to produce

rhythmic activity destined to activate the myotomal locomotor muscle in a way

appropriate for swimming. Current-clamp recordings revealed stable resting

membrane potentials ranging from -65 to -81 mV at ail stages examined (Table

5.2; mean = -74 ± 1 mV) and small, intermittently occurring (possibly

spontaneous) postsynaptic potentials which were never large enough to elicit

action potentials (Figure 5.2). Periodically, or in response to changes in

illumination, motoneurons depolarized and fired rhythmic action potentials with a

temporal pattern consistent with the motoneuron output expected for swimming.

This activity, believed to be fictive swimming, was further examined and
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compared with the free-swimming behavior.

The fictive swimming consisted of a tonic depolarization and rhythmic

postsynaptic potentials. At day 2 (Figure 5.2A) the tonic depolarization driving the

fictive swimming was sustained for tens of seconds (mean = 11 ± 2 s). In day 4

motoneurons (Figure 5.2C) the tonic depolarization lasted only a few hundred ms

and was followed by a repolarization of the membrane toward the resting

potential. At day 4, these periods of depolarization and repolarization could occur

repeatedly, often for several minutes or as long as the recordings (in this case

making it impossible to quantify the duration of beat-and-glide swimming) but

sometimes for only a few cycles. Each of these fictive swimming patterns

corresponded c10sely to the burst swimming observed in day 2 larvae and the

beat-and-glide swimming observed in day 4 larvae. Day 3 (Figure 5.28)

motoneurons behaved similarly to day 2 motoneurons. However, in some

recordings, an episode of fictive burst swimming was followed by activity

resembling beat-and-glide fictive swimming although there was an incomplete

membrane repolarization during the glide period. The addition of the beat-and­

glide like activity could prolong the day 3 swimming episodes for up to 2-3 min

(mean = 33 ± 11 s). As day 3 animais developed further, the swimming style

became increasingly more like beat-and-glide swimming. However, even at day

4, short lasting periods of burst Iike swimming could occur preceding a much

longer period of beat-and-glide fictive swimming.

The swimming parameters examined were related to those that were

measurable in patch-clamped motoneurons during fictive swimming. The
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parameters included swim duration, number of tail beats, tai! beat frequency and

duration of either phase of beat-and-glide swimming. Tables 5.1 and 5.2 present

the values for these and other parameters during free and fictive swimming. The

average membrane potential (Table 5.2) reached during the tonic depolarization

phase of fictive swimming was -59 ± 1 mV during both fictive burst swimming

(day 2-3) and fictive beat-and-glide swimming (day 4). The rhythmic post-synaptic

potentials (i. e. the network output) could reach action potential threshold (-46 ±

0.8 mV) at ail stages. The action potential threshold values were measured as

the membrane potential at which rhythmic EPSPs initiated action potential firing.

Rhythmic EPSPs during fictive burst swimming (day 2-3) occurred with a mean

frequency of 52 ± 2 Hz while the frequency during beat-and-glide fictive

swimming was significantly lower (35 ± 3 Hz). Ali rhythmic EPSPs did not evoke

action potentials, nor did ail motoneurons fire action potentials during fictive

swimming, even though a tonic depolarization and rhythmic EPSPs were c1early

visible. Some rhythmic EPSPs could evoke 1-4 action potentials on their rising

phase in ail larval age groups. Action potentials elicited during fictive swimming

reached an average peak membrane potential of -19 ± 2 mV that was similar at

ail stages but could on occasion be overshooting in an individual motoneuron.

Action potentials did not have a noticable afterhyperpolarization at these

membrane potentials.

A smaller PSP, occurring between the rhythmic EPSPs, was observed

occasionally, in 20 of the 38 motoneurons examined. When present (Figure

5.2, A and B, * in insets), these other PSPs did not occur regularly throughout the
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fictive swimming episodes. The irregular PSPs were more clearly resolved under

voltage-clamp (described below). The largest and most clearly defined irregular

PSPs usually occurred when the excitatory synaptic drive was greatest during a

fictive swimming episode. During periods of weak rhythmic synaptic drive,

especially during day 4 beat-and-glide fictive swimming, the irregular PSP was

not observed (Figure 5.2C, inset).

ln day 2 and day 3 larvae, bursts of fictive swimming were sometimes

followed by a small 0.5 to 3 mV hyperpolarization which was sustained for 10 to

40 s (Figure 5.2). At day 2, fictive swimming was followed by a 2.1 ± 0.2 mV

hyperpolarization lasting 14 ± 3 s, in 12 of 15 motoneurons. Five of 16 day 3

motoneurons displayed a hyperpolarization (mean amplitude = 1.3 ± 0.3 mV;

mean duration = 17 ± 3 s) following a burst of fictive swimming. Membrane

hyperpolarization was not observed following beat-and-glide swimming in day 4

motoneurons (Figure 5.2C).

From these recordings it was not possible to determine the nature of the

depolarizing drive to the motoneurons during fictive swimming. The depolarizing

drive appeared synaptic in origin and current pulses sufficient to depolarize or

hyperpolarize the membrane potential 20 to 40 mV (for tens to hundreds of

milliseconds) during episodes of fictive swimming did not disrupt the following

motoneuron output (not shown). Bath application of TTX (n = 4) abolished fictive

swimming. However, sorne motoneurons may have intrinsic oscillatory properties

as small «2 mV), long-lasting (approximately 1 s) membrane depolarizations

were observed (3 of 4 motoneurons) in the presence of TTX (see also Ali et al.
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2000a).

Pharmacology of Fictive Swimming
To gain insight into the pharmacology of the fictive swimming synaptic

drive, receptor antagonists of the major zebrafish spinal cord synaptic

neurotransmitters, glutamate (Ali et al. 2000a) and glycine (Ali et al. 2000b), were

bath applied to the preparation. Addition of the glutamate receptor antagonist

kynurenic acid or a combination of the specifie AMPA/kainate and NMDA

receptor antagonists (CNQX and AP-5) to the fish saline abolished spontaneous

or light induced fictive swimming (n = 4). The resting membrane potential was

unaffected by the glutamatergic antagonists and the remaining spontaneous

synaptic activity was blocked by the glycine receptor antagonist strychnine.

Cholinergie synaptic drive was not critical for the production of fictive swimming

as motoneuron activity was observed if a-bungarotoxin or D-tubocurarine were

used to paralyze the preparations.

ln contrast, blocking glycinergic transmission (n = 6) by bath application of

strychnine did not abolish rhythmic activity (Figure 5.3) even though it causes

spasms of bilateral contractions in intact larvae (Granato et al. 1996). Strychnine

did not significantly affect the frequency of rhythmic EPSPs (strychnine =54 ± 2

Hz, control = 51 ± 2 Hz) or the tonie synaptic drive (-58 ± 2 vs -58 ± 2 mV) during

a fictive swimming episode observed in single motoneurons. There was an

abolition of the irregular PSP and a distinct increase in motoneuron spiking during

fictive swimming. Significantly more action potentials occurred per second of

fictive swimming (6.5 ± 2 vs 2.4 ± 1) which was aUributable to the initiation of an

extra 1-2 action potentials by many of the rhythmic EPSPs. Action potential
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threshold significantly decreased by 5 mV (-45 ± 2 vs-50 ± 1 mV, P = 0.019) and

action potential height significantly decreased by 13 mV (-30 ± 4 vs -17 ± 2 mV)

in the presence of strychnine. Fictive swimming duration and resting membrane

potential were not noticeably affected by strychnine while a hyperpolarization

following fictive swimming was revealed in 2 cells that did not display it prior to

strychnine application.

Properties of Fictive Swimming Synaptic Drive
The preceding current-clamp recordings revealed that motoneurons

depolarized in both a phasic and tonic pattern during fictive swimming although

the nature of this depolarization was not positively identified. Bath application of

glutamatergic and glycinergic antagonists either abolished or changed,

respectively, the fictive swimming motor pattern, a result consistent with a

glutamatergic and glycinergic synaptic drive underlying the fictive swimming

depolarization. However, bath applied antagonists do not act solely upon

motoneurons and the changes observed could be due to indirect actions on other

neurons active during fictive swimming. To overcome this shortfall in the current-

clamp analysis of motoneuron activity patterns, motoneurons were voltage-

c1amped at the reversai potential for chloride ion to reveal isolated cation currents

(presumably glutamatergic) or at the cation reversai potential to reveal isolated

chloride ion currents (presumably glycinergic), without pharmacological

perturbation of network activity. Furthermore, due to the small size of larval

zebrafish neurons, an effective space-c1amp is achieved for synaptic currents (Ali

et al. 2000a; Ali et al. 2000b; Drapeau et al. 1999), allowing for a more

quantitative index of synaptic activity.
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Motoneurons that were voltage-c1amped at the chloride ion reversai

potential displayed spontaneous or light evoked bursts of inward synaptic

currents composed of a tonic inward current and rhythmic EPSCs (Figure 5.4).

The chloride ion reversai potential was set in each motoneuron by determining

the reversai potential of the spontaneously occurring glycinergic synaptic currents

i.e., the reversai potential was not calculated but determined experimentally

(approximately -47 mV). In general, the same frequency of activity was observed

in voltage-c1amped motoneurons as was observed in the current-clamped

motoneurons (Table 5.2). Day 2 and 3 motoneurons (Figure 5.4, A and B)

displayed activities consistent with the motor output required to produce burst

swimming and day 4 motoneurons (Figure 5.4C) that required to produce beat­

and-glide swimming. These findings indicated that the depolarizing drive

underlying fictive swimming was synaptic in nature and that the rhythmicity

producing the motor output was due to a cationic conductance (presumably

glutamatergic). The tonic inward current averaged -41 ± 6 pA and tended to vary

from cell to cell but did not change significantly with development (Table 5.2).

Rhythmic EPSC amplitudes sometimes exceeded -200 pA (mean = -49 ± 6 pA)

and increased significantly with development (Table 5.2). The frequency of the

rhythmic EPSCs (Table 5.2) were higher during day 2 and 3 fictive burst

swimming (mean = 45 ± 2 Hz) than during the fictive beat-and-glide swimming

(mean = 37 ± 3 Hz).

If the rhythmic EPSCs were glutamatergic, they should have kinetic

characteristics resembling those of the spontaneous, quantal glutamatergic
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synaptic currents previously characterized in zebrafish motoneurons (Ali et al.

2000a). That study revealed biexponential decay time constants for both

AMPAlkainate (faster 't = 0.5-0.8 ms, slower 't = 3-6 ms) and NMDA (faster 't =

5-8 ms, slower 't = 30-45 ms) components of spontaneous synaptic currents. To

examine the possible contributions of these 2 types of glutamate receptors,

decays were fit to a single exponential function to approximate roughly the time­

course of decay of the rhythmic EPSCs. Fits to more complex time courses were

not possible due to interruption of the summated evoked events. Rhythmic

EPSCs varied in amplitude and the largest EPSCs appeared to have a faster rate

of decay. To verify this apparent difference, the rhythmic EPSCs were divided

into 2 size groups containing small (10-25 pA) or large (>50 pA) EPSCs. The

decay time course of the rhythmic EPSCs varied from 2.8 ms (day 2 large

EPSCs) to 5.9 ms (day 4 small EPSCs). The time course of the large EPSCs was

faster than that of the small EPSCs at ail stages examined and this difference

was statistically significant in day 2 and day 3 motoneurons (Table 5.3).

Furthermore, in low-noise, high-resolution recordings (Figure 5.6C), the rhythmic

EPSCs were found to be composed of many small currents that closely

resembled the miniature AMPAlkainate synaptic currents described by Ali et al.

(2000a).

The preceding current-clamp recordings revealed the presence of an

occasional small, irregular PSP at days 2 and 3, which was presumably a

glycinergic chloride ion conductance as it was not observed in the presence of

strychnine. To gain a greater understanding of this PSP, motoneurons were
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voltage-clamped at a potential (approximately -33 mV) intermediate to the

chloride ion reversai potential and the cation reversai potential to reveal a mixture

of inward cation currents and outward chloride ion currents.

At the intermediate holding potential, rhythmic inward currents were

superimposed upon a sustained tonic chloride ion current. This was observed in

day 2-3 motoneurons (Figure 5.5B) displaying fictive burst swimming as weil as in

day 4 motoneurons (Figure 5.6B) displaying fictive beat-and-glide swimming. To

study the chloride ion current in isolation, the holding potential was depolarized

further to approximately 0 mV, the cation reversai potential (Ali et al. 2000a). At

this potential, it was readily apparent that there was mostly a sustained, tonic

chloride ion current occurring during fictive swimming (Figures 5.5A and 5.6A).

Closer examination revealed that the chloride ion current appeared to be

composed of many individual synaptic currents that closely resembled the

glycinergic synaptic currents described in larval zebrafish motoneurons (Buss et

al. 1999) and reticulospinal neurons (Ali et al. 2000b). The peaks of these

synaptic currents showed rhythmicity, which was likely to account for the

occasional glycinergic PSPs observed in the current-clamp recordings. Because

it was difficult to voltage-clamp motoneurons at such a depolarized level, the

rhythmicity of the chloride ion synaptic current peaks was only examined in 11

cells (day 2 =4; day 3 =3; day 4 =4).

Closer examination of the chloride ion PSCs revealed that they did not

always display (Figure 5.5A inset vs 5.6A) the same high degree of rhythmicity as

the rhythmic cationic EPSCs described above. The timing of the chloride ion PSC

peaks varied greatly and during a single episode of fictive swimming inter-peak
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frequencies could range from 20 to 500 Hz. Although the rhythmic cationic

EPSCs were invisible at this potential, it was reasonable to conclude that some of

the chloride ion current peaks would be occurring midway between the rhythmic

cationic EPSCs. However, many of these chloride ion current peaks could also be

occurring synchronously with rhythmic cationic EPSCs. The frequency of the

chloride ion current peaks was measured and normalized, on a cell by cell basis,

to the frequency of the rhythmic cationic EPSCs believed to underlie the timing of

tail beats in the free swimming larvae. On average, the chloride ion current peaks

occurred at a frequency 2-3 times higher than the rhythmic cationic EPSCs (2.6 ±

0.2 times, day 2; 2.0 ± 0.5 times, day 3; 2.7 ± 0.6 times, day 4). This finding

supports the occurrence of rhythmic synaptic chloride ion current peaks (irregular

PSPs) occurring with rhythmic cationic EPSCs. However, the additional

conductance added by the peak of the chloride ion current was small compared

with the magnitude of the tonic chloride ion conductance occurring during fictive

swimming, and the physiological significance of the chloride ion current most

likely lies in its tonic component. Noteworthy is the fact that the system-wide

antagonism of glycinergic currents did not disrupt rhythmic synaptic activity, while

it had clear affects on the firing properties of the motoneuron during this activity.

Comparison of Fictive Swimming and Free Swimming
Motoneurons displayed the same fictive swimming activity whether they

were examined using current or voltage-clamp recording techniques (Figures 5.2

vs 4-6). The measured parameters were not significantly different so ail fictive

swimming data were pooled and compared with the parameters measured in free

swimming larvae. In both fictive and free swimming, tail beat/rhythmic EPSP
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frequency was higher during burst swimming than during beat-and-glide

swimming (Table 5.2). The mean tail beat/rhythmic EPSP frequency during beat-

and-glide swimming was identical (35 Hz) during fictive and free swimming,

although during burst swimming it was significantly higher during the behavior

than during fictive swimming (Table 5.1). During day 4 beat-and-glide swimming

(Tables 5.1 and 5.2) the mean beat periods were very similar while the mean

glide periods were significantly longer during fictive swimming. Although there

were differences in the preceding mean values, ail values recorded during fictive

swimming were within the range of values observed in the free swimming

behavior. The higher observed free swimming values could be due to the

presence of active sensory feedback during free swimming, or could simply be

because the most active (and fastest swimming) larvae swam through the field of

view during the high speed video recording. Another difference between free and

fictive beat-and-glide swimming was the occurrence of approximately 2 fewer tail

beats per beat period (when compared with the mean number of rhythmic

EPSPs/EPSCs) occurring during fictive swimming (Table 5.1). This difference is

likely because of the inclusion of small sub-threshold EPSPs/EPSCs when

calculating the number of rhythmic EPSPs (i.e., fictive tail beats) in the fictive

beat period. The addition of these sub-threshold EPSPs would also explain the

longer mean burst periods observed during fictive beat-and-glide swimming

(Table 5.1).

Dye Coupling Between Motoneurons and Other Neurons
Dye coupling between the patched motoneuron and the axon of another

neuron was clearly observed in 3 of the 66 dye-filled motoneurons examined in
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this study. In 2 instances, the dye coupled axon could be traced to a dye filled cell

body which was always an ipsilateral descending interneuron. Whether the other

dye filled axon was a descending interneuron, propriospinal neuron, or

descending axon from the brainstem could not be determined. Dye coupling

between motoneurons and other motoneurons was never observed.

DISCUSSION

Free 5wimming
Beat-and-glide swimming has been previously examined in larval zebrafish

(Budick and Q'Malley 2000a; Fuiman and Webb 1988) while the transition from

burst swimming to beat-and-glide swimming has not. In addition, Saint-Amant

and Drapeau (1998) have described the earliest embryonic swimming. From the

onset of swimming at 28 to 36 hpf, a period when the embryo remains

encapsulated in the egg, the tail beat frequency increases from 7 to 27 Hz. The

present study shows a continued two-fold increase in tail beat frequency during

the next day of development.

The mean tail beat period (180 ms) and glide period (390 ms) described in

this study matched closely with the 130 ms tail beat period and the range of glide

periods (400-2000 ms; which average toward the lower range values) described

by Fuiman and Webb (1988). As described in this other study, episodes of beat-

and-glide swimming regularly began with a turn and swimming in a new direction.

The mean tail beat frequency observed in this study (35 Hz) corresponds to the

spontaneously initiated swimming described by Budick and Q'Malley (2000a). A

similar transition from burst swimming to beat-and-glide swimming has been
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observed in anchovies by Hunter (1972). Similar to zebrafish, at hatching,

anchovies remain motionless except for brief (1-2 s) spontaneous bursts of

swimming characterized by continuous tail beating at rates up to 50 Hz. Within a

few days, a new dominant mode of intermittent swimming emerges consisting of

alternating periods of swimming and gliding using lower tail beat frequencies. For

hydrodynamic reasons it is advantageous for small larval fish to swim

continuously and rapidly as gliding is not physically possible. Larger larval and

adult fish swim and glide, which is then possible due to their larger, more

streamlined shape (Webb and Weihs 1986; Weihs 1980). Much later in

development, the anguilliform swimming of larval zebrafish (the common mode of

swimming in larval fish) is replaced by the subcarangiform mode of the adults,

which is characterized by a reduced side-to-side eel-like motion in the anterior

end of the fish (Lindsey 1978).

Fictive Swimming
The spontaneous or Iight evoked episodes of depolarization and rhythmic

action potential firing in motoneurons are consistent with a fictive motor pattern

which would activate myotomal muscle in a pattern appropriate for swimming in a

non-paralyzed preparation. The frequency of rhythmic EPSPs, EPSCs, and

action potential firing recorded in paralyzed preparations closely matched the free

swimming tail beat frequencies (Tables 5.1 and 5.2). A developmental change

trom burst to beat-and-glide swimming was similarly observed in the free

swimming and paralyzed preparations, and the underlying structure of the beat-

and-glide swimming was similar.

A tonic depolarization and rhythmic EPSPs capable of initiating action
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potentials characterize fictive swimming in day 2-4 zebrafish. The tonie

depolarization arises from cationic synaptic currents, which likely sum with tonie

chloride ion synaptic currents, due to the depolarizing nature of chloride ions in

these developing motoneurons (Buss et al. 1999; Saint-Amant and Drapeau

2000). Synaptic cation currents are hypothesized to be glutamatergic based on 4

observations: glutamatergic antagonists abolished fictive swimming,

glutamatergic antagonists abolished ail cationic miniature EPSCs in zebrafish

motoneurons (Ali et al. 2000a), summing synaptic currents with the properties of

AMPAlkainate mEPSCs were observed in the rhythmic EPSCs, and cholinergie

synaptic currents were never observed in larval zebrafish motoneurons (Buss

and Drapeau 2000b).

1 hypothesize that the rhythmic EPSPs are formed by fast ('t = 0.5-0.8 ms

and 3-6 ms) AMPAlkainate synaptic currents, combined with the faster

component (with 't = 5-8 ms) of the NMDA synaptic currents (Ali et al. 2000a).

Table 5.3 shows that the decay time constant of the largest rhythmic EPSCs

(approximately 3 ms) is faster than the faster decay time constant of NMDA

synaptic currents. This indicates that the faster AMPAlkainate channels could

carry much of this current. The smaller rhythmic EPSC currents (approximately 6

ms) are close to the value of the slow time constant of AMPAlkainate synaptic

currents as weil as the fast time constant of NMDA synaptic currents and may

thus be due to a combination of inputs from these receptors. The prolonged

decay time course of NMDA synaptic currents (slower 't = 30-45 ms; Ali et al.

2000a) arising from either mixed NMDAIAMPA synapses or pure NMDA
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synapses, eould provide mueh of the sustained tonie depolarization. However, an

additional tonie drive mediated by slow acting metabotropie glutamate receptor or

muscarinic cholinergie receptor activated channels cannot be ruled out. The

glutamatergic synaptic transmission is mediated by action potential evoked

synaptic release as fictive swimming was abolished by TTX application.

Chloride ion mediated, glycinergic synaptic currents occurred concurrently

with the glutamatergic currents. These chloride ion mediated synaptic currents

were concluded to be glycinergic based upon 3 observations: strychnine

abolished the irregular PSP, glycinergic antagonists abolished ail chloride ion

mediated mPSCs (except for rare, infrequently occurring bicuculline sensitive

GABAergic mPSCs observed in a small percentage of motoneurons) in larval

zebrafish motoneurons (Buss et al. 1999) and resticulospinal neurons (Ali et al.

2000b), and the decay time course and appearance of the chloride ion mediated

synaptic currents observed during fictive swimming resembled glycinergic

synaptic currents described by Buss et al. (1999) and Ali et al. (2000b).

1 hypothesize that the peaks of these synaptic ehloride ion currents formed

the irregular PSPs, which were present in approximately one-half of the

motoneurons examined but represented only a third of ail the peaks observed.

Moreover the chloride ion currents were largely tonie in nature and were not

essential to the patterning of the locomotor rhythm since eliminating glycinergic

synaptic currents with strychnine had no significant effect on the frequency of the

rhythmic EPSPs. However, strychnine did affect motor output, causing a

significant increase in the frequency of action potentials during fictive swimming,

as weil as a decrease in action potential amplitude and threshold.
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The tonic chloride ion conductance occurring during fictive swimming could

act to decrease the input resistance and consequently the membrane length and

time constants of the motoneurons. Strychnine caused a decrease in action

potential threshold and amplitude and these effects may reflect an increased

motoneuron input resistance, length, and time constants. As the action potentials

of larval zebrafish motoneurons occur during the decay of the membrane

depolarization evoked by short (2 ms) current injections (Chapter 7), the spikes

are likely initiated in the axon and not the soma. A longer membrane length

constant, after application of strychnine, would lessen the attenuation of the

membrane depolarization fram the spike initiation zone to the soma, resulting in a

perceived lowering of the action potential initiation threshold measured at the

soma.

Blocking the chloride ion conductance with strychnine would increase the

membrane time constant and reduce the recording bandwidth, resulting in filtered

action potentials of smaller amplitude. Alternatively, shifting the spike initiation

zone to a more distal axonal location could also result in a decrease in action

potential amplitude. Shortening of the membrane time constant due to a

sustained, glycinergic chloride ion conductance will serve to shorten the time­

course of synaptic potentials. Larval zebrafish motoneurans have input

resistances an order of magnitude larger than reported in adult fish but have to

swim with much faster undulations in order to propel themselves through the

water. Glutamatergic synaptic currents (AMPA/kainate) have very fast kinetics

(0.5-0.8 ms; Ali et al. 2000a) and motoneurons praduce a coordinated rhythmic

synaptic output sometimes reaching 100 Hz during swimming.
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Electrical Transmission
Although the sources of synaptic drive to motoneurons during fictive

swimming are attributed to chemical synapses (glutamatergic and glycinergic), it

is probable given the results of dye coupling experiments that electrical synapses

provide an additional source of synaptic drive. In the zebrafish embryo, electrical

transmission appears to play a critical role in the production of the spontaneous

motor activity occurring during the first day of development prior to the

appearance of chemical synaptic transmission in embryonic motoneurons (Saint-

Amant and Drapeau 2000). Electrical synapses have been extensively examined

in adult fishes as weil (Batueva 1987; Bennett 1966; Bennett 1997; Pappas and

Bennett 1966; Rovainen 1979; Shapovalov 1980). A number of the descending

axons that were dye coupied to motoneurons originated from segmental

descending interneurons that are likely homologous to a Glass of descending

interneurons described in the goldfish (Fetcho 1992a). These interneurones are

active during the escape response receiving excitatory chemical monosynaptic

inputs from the Mauthner cell and forming electrical monosynaptic outputs onto

motoneurones (Fetcho 1992a). It is not known if these cells are active during

fictive swimming in the larval zebrafish but this is likely given the similarity of

these cells to descending interneurones, which are active during fictive

locomotion in the frog embryo and lamprey (Fetcho 1992b).

Deve/opmental Changes
The most obvious developmental change to occur, the switch from burst

swimming to beat-and-glide swimming, was associated with a lowering of tail beat

frequency. However, at a cellular level, there were few changes. The

hyperpolarization following fictive swimming common at day 2 was not observed
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in day 4 beat-and-glide fictive swimming. This could be due to the loss of this

conductance, to it being obscured by synaptic activity following the fictive

swimming, or because of a lower input resistance of day 4 motoneurons.

Rhythmic EPSC amplitudes increased from day 2 to day 4, which could

compensate for the reduction in input resistance and is likely due to the increase

in size of the unitary AMPA/kainate synaptic events described by Ali et al.

(2000a). There were no significant changes in most cellular properties including

resting membrane potential, fictive swimming tonic depolarization, action potential

amplitude or threshold, or rhythmic EPSC decay time course.

Comparison With Fictive Swimming Described in Other Fish
The neural control of swimming has been extensively examined at the

cellular level in the lamprey (reviewed in Grillner et al. 1991; Grillner et al. 1998b;

Rovainen 1979) through the use of the isolated or paralyzed spinal cord

preparations. The activity of motoneurons and unidentified interneurons has been

examined during fictive swimming in dogfish (Mos et al. 1990a; Mos et al. 1990b)

and stingray (Williams et al. 1984) with intracellular techniques. However, most

studies, in fishes other than the lamprey, have been limited to extracellular

recording techniques (goldfish, Fetcho and Svoboda 1993; carp, Uematsu et al.

1994; angelfish, Yoshida et al. 1996; stingray, Leonard 1986; dogfish, Roberts

1981 ).

During glutamate-induced fictive locomotion in lamprey, phasic excitation

alternates with a phasic inhibition which is mediated by a glycinergic chloride ion

conductance (Alford and Williams 1989; Dale 1986; Kahn 1982; Russell and

Wallen 1983). These alternating excitatory and inhibitory oscillations are
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superimposed upon a tonic depolarization when locomotion is evoked by sensory

stimuli (Alford and Williams 1989). Fictive swimming is antagonized by

glutamatergic antagonists (Brodin and Grillner 1985) and the phasic excitation is

mediated by glutamatergic synaptic inputs having both AMPA and NMDA

components (Alford and Sigvardt 1989; Alford and Williams 1989; Dale 1986;

Dale and Grillner 1986; Hagevik and McClellan 1994; Moore et al. 1987).

Spontaneously occurring fictive swimming recording in stingray motoneurons

(Williams et al. 1984) is characterized by a tonic depolarization with

superimposed rhythmic PSPs, with IiUle sign of alternating inhibition. Similarly,

fictive swimming recorded from dogfish motoneurons does not reveal alternating

inhibition (Mos et al. 1990a).

Blocking glycinergic inhibition, by bath application of strychnine, increases

the rate of fictive swimming in the lamprey (Cohen and Harris-Warrick 1984;

Grillner and Wallen 1980), but not in the zebrafish, and synchronizes normal

alternating ipsilateral/contralateral fictive motor output in the lamprey (Alford and

Williams 1989; Cohen 1987; Cohen and Harris-Warrick 1984). Thus, Cohen and

Harris-Warrick (1984) concluded that the neuronal network generating the

rhythmic excitatory oscillations, observed during fictive swimming, operates

independently of glycinergic inhibitory connections. The lack of effect of

strychnine on the rhythmicity of zebrafish fictive swimming supports this

conclusion. Furthermore, strychnine does not disrupt the rostral to caudal phase

lag of motor output that underlies the propulsion for undulatory swimming in the

lamprey (Alford and Williams 1989; Cohen 1987). The present study examined

the activities of individual motoneurons and could not determine whether the
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rostral-to-caudal phase lag of motoneuron activity was affected. The

ipsilateral/contralateral alternation during swimming is perturbed by strychnine,

resulting in bilateral contractions resembling the phenotype of accordion mutants

(Granato et al. 1996).

The synaptic drive to zebrafish myotomal motoneurons is very similar to

that observed in other fishes. The principal difference is the presence of a tonic

glycinergic drive, which 1 hypothesize to be an adaptation to the high frequencies

of motor output required for undulatory locomotion in these small larval fish. The

patterning of rapid undulatory movements by the nervous system may underlie

fundamental features in the vertebrate nervous system because this form of

locomotion is observed in phylogenetically distant organisms having a pre-

vertebrate chordate ancestry (e. g., Lancets; Stokes 1997). Phasic glycinergic

inhibition during fictive swimming is not prominent in the motoneurons of the 2

elasmobranch fish examined (Mos et al. 1990a; Williams et al. 1984), suggesting

that phasic glycinergic inhibition of motoneurons is not critical for locomotor

activity. The apparent necessity for the involvement of glycinergic inhibition in

ipsilateral/contralateral alternation likely lies at a pre-motoneuronal level.

Similarities with Mammalian Locomotion
The properties of the synaptic drive to zebrafish motoneurons during fictive

swimming have many similarities with the synaptic drive to feline motoneurons

during fictive locomotion. In both preparations, motoneuron output is determined

largely by a rhythmic excitatory synaptic drive (Jordan 1983; Pratt and Jordan

1987). In the cat, reciprocal relationships underlying extensor and flexor

motoneuron output during locomotion are believed to be determined at a
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premotoneuronal level by interactions among interneurons forming the flexor

reflex afferent pathways (Jankowska 1992; Jankowska et al. 1967a; Jankowska

et al. 1967b; Schomburg et al. 1998; Shefchyk and Jordan 1985a). Similarly,

motoneuron rhythmic activity remains after glycinergic inhibition is antagonized by

strychnine (Pratt and Jordan 1987), or nicotinic cholinergie transmission in

antagonized with mecamylamine (Noga et al. 1987), but not when glutamatergic

antagonists are administered (Douglas et al. 1993). The synaptic drive to

motoneurons is due to a sequential excitatory and inhibitory synaptic drive that

overlap during the step cycle (Orsal et al. 1986; Perret and Cabelguen 1980;

Shefchyk and Jordan 1985a; Shefchyk and Jordan 1985b). Two classes of

identified interneurons have been shown to provide this inhibitory synaptic drive

to motoneurons during fictive locomotion. Renshaw cel! activity provides an

inhibitory drive concurrent with the excitatory phase of the locomotor drive

potential and la inhibitory interneurons provide an inhibitory drive alternating with

the excitatory phase (i.e., midcycle inhibition) of the locomotor drive potential

(Feldman and Orlovsky 1975; McCrea et al. 1980; Noga et al. 1987; Pratt and

Jordan 1987). Although both interneurons provide inhibitory drive to motoneurons

during fictive locomotion, neither are believed to be components of the spinal

rhythm generating network (Pratt and Jordan 1987). It is possible that analogous

(or homologous) inhibitory interneurons, which are not elements of the spinal

rhythm generator, provide the glycinergic drive to zebrafish motoneurons during

fictive swimming. 1 conclude that there are many similarities between zebrafish

and mammals, in the properties of the synaptic drive to motoneurons during

fictive locomotion, and that the larval zebrafish is a useful preparation for gaining



new insights into the neural control of vertebrate locomotion.
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TABLES AND FIGURES

Table 5.1. Comparison of free and fictive beat-and-glide swimming.

Parameter Free Swimming Fictive Swimming
Mean Beat Period (ms) 180 ± 20 220 ± 30
Mean Glide Period (ms) 390 ± 30 * 910 ± 100 *
Mean Tail Beats / Beat Period 4.7±0.5* 6.9 ± 0.8 *
Mean Tail Beat Frequency (Hz) 35+ 2 35+2
Values shown are means ± SE. Mean beat periods were significantly different fram mean glide
periods during both free and fictive swimming (not indicated in the Table). The numbers of larvae
or motoneurons examined to calculate the presented mean values in free swimming was 12 and
in fictive swimming was 11. * Significant difference of means (Student's t-test or Mann-Whitney
rank sum test); comparisons were made horizontally in the Table.
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Table 5.2. Developmental changes in swimming parameters.

Parameter Day 2 Dav3 Dav4
Free Swimming Tail Beat Frequency (Hz) 67±6(11)* not measured 35±2(12)*
Fictive Swimming EPSP Frequency (Hz) 52±4(15)* 51±2(16)** 35 ± 3 (7) * **
Fictive Swimming EPSC Frequency (Hz) 44 ± 2 (6) 48 ± 4 (5) 37±3(4)
Pooled Fictive Swimming Frequency (Hz) 49 ± 3 (21) * 51 ± 2 (21) ** 35 ± 2 (11 ) * **
Fictive Swimming EPSC Amplitude (pA) 37 ± 5 (6) * ** 52±10(5)* 63±20(4)**
Fictive Swimming Tonic Potential (mV) -59 + 2 (15) -59 + 2 (16) -60 + 2 (7)

Fictive Swimming Tonic Inward Current (pA) 35 ± 10 (6) 35 ± 7 (5) 56±20(4)
Resting Membrane Potential -74+1 (15) -75 ± 1 (16) -74 ± 1 (7)

Action Potential Threshold Potential (mV) -46±1(15) -46 ± 1 (16) -48 ± 2 (7)
Action Potential Peak Potential (mV) -20 ± 3 (15) -18±3(16) -18 ± 7 (7)
Values shown are means ± SE. Values in brackets are the number of motoneurons examined to
calculate the presented mean values. EPSP and EPSC, excitatory postsynaptic potential and
current. * or ** indicates a significant difference of means (ANOVA, or Kruskal-Wallis ANOVA) ;
comparisons were made horizontally in the Table.
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Table 5.3. Developmental changes in the time course ('t) of decay of large and
small amplitude rhythmic EPSCs occurring during fictive swimming.

Parameter Day 2 Day 3 Dav4
Small EPSC 't (ms) 5.8 ± 0.2 * 4.5 ± 0.4 * 5.9 ± 0.7
Large EPSC 't (ms) 2.8 ± 0.2 * 3.0 + 0.3 * 5.1 + 0.7
Values shown are means ± SE. The numbers of motoneurons examined to calculate the
presented mean values were 5, 3, and 4, respectively, for days 2, 3, 4. * Significant difference of
means (Paired t-test); comparisons were made vertically in the Table.



162

A. Burst Swimming (day 2)

B. Beat-and-Glide Swimming (day 4) ~ ~J) ~ ~ ~ (~~
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Figure 5.1. Swimming is sustained and continuous (burst swimming) in 2 day-old larvae and
intermittent (beat-and-glide swimming) in 4 day-old larvae. A segment of burst swimming (A) and
beat-and-glide swimming (B) is shawn. The larva in A is gradually turning throughout the period
shown. In B, a gliding larva initiates the following tail-beat period with a small turn to the right and
then glides until the next tail beat period, which begins without a change in direction. High-speed
video imaging was perfarmed at 500 Hz (every fifth image is shown). Inserts: propulsion is
generated in both cases bya wave of body movement propagating in a rostral to caudal direction;
individual images are shown every 2 ms (i.e., at maximal camera rate). Inset scale bars are 2 mm
and 2 ms.
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A. Fictive Burst Swimming (day 2)

-71 mV

B. Fictive Burst Swimming (day 3)

10 mvl-------
1 50 ms

C. Fictive Beat-and-Glide Swimming (day 4)

-76 mv l
..J-!u.'I~"--,,,.........! J~_
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Figure 5.2. Membrane potential changes occurring during fictive burst swimming (A and 8) and
fictive beat-and-glide swimming (C) in 2 (A), 3 (8), and 4 (C) day-old larvae. Whole-cell current­
clamp recordings were made with a potassium gluconate based intracellular solution. Membrane
potentials are indicated to the left of each trace. ---- is centered on the peak hyperpolarization
following the burst of fictive swimming (A and 8) and is not present after the beat-and-glide fictive
swimming (C). Insets: enlargements of the portions of the fictive swimming episodes marked with
a -. * in A and 8 indicate irregular PSPs. Calibrations shown in C are the same for the traces and
insets shown in A and 8.



164

A. Fictive Burst Swimming (day 3)

1 -

-75 mV

B. Fictive Burst Swimming (day 3) - Strychnine

500 ms

Figure 5.3. Effects of Strychnine on fictive swimming activity patterns. Fictive burst swimming
observed before (A) and after bath application of 2 f..lM strychnine (B). Whole-cell current-c1amp
recordings were made with a potassium gluconate based intracellular solution. Membrane
potentials are indicated to the left of each trace. ---- -10 mV. Insets: enlargements of the portions
of the fictive swimming episodes marked with a -; * in A indicate irregular PSPs which are
absent in B. Calibrations shown in B are the same for the traces and insets shown in A.
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A. Fictive Burst Swimming (day 2)
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B. Fictive Burst Swimming (day 3)

C. Fictive Beat-and-Glide Swimming (day 4)
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Figure 5.4. Rhythmic and tonic inward cation currents occurring during fictive burst swimming (A
and B) and fictive beat-and-glide swimming (C) in 2 (A), 3 (B), and 4 (C) day-old larvae. Whole­
cell voltage-clamp recordings were made with a cesium-gluconate-based intracellular solution.
The membrane was c1amped at the reversai potential for chloride ions (-47 mV) to reveal isolated
cation currents. The fictive burst swimming shown in B is followed by a period of beat-and-glide
like swimming. Calibrations shown in C are the same for the traces shown in A and B.
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A. Cation Reversai Potential
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B. Intermediate Holding Potential

C. Chloride Ion Reversai Potential
500 ms
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Figure 5.5. The synaptic drive underlying fictive burst swimming is composed of a tonic and
slightly rhythmic chloride ion current (A) which occurs concurrently (B) with a tonic and highly
rhythmic cation current (C). Whole-cell voltage-clamp recordings were made with a cesium­
gluconate-based intracellular solution. Membrane voltage is clamped near the cation reversai
potential (0 mV) to reveal isolated chloride ion currents (A) and at the chloride ion reversai
potential (-47 mV) to reveal isolated cation currents (C). A mixture of inward cation and outward
chloride ion currents is revealed at an intermediate holding potential (-33 mV; B). The day 3 fictive
burst swimming is followed by a period of beat-and-glide like swimming. Insets: enlargements of
the portions of the fictive swimming episodes marked with •. The vertical scale bar in C
represents 50 pA in C and 100 pA in A and B. Calibrations shown for the inset in C are the same
for the insets shown in A and B.
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A. Cation Reversai Potential

B. Intermediate Holding Potential

~ ~ ~

1 ~ ~ Yl 1

C. Chloride Ion Reversai Potential
50 ms

Figure 5.6. The synaptic drive underlying fictive beat-and-glide swimming is composed of a tonic
and slightly rhythmic chloride ion current (A), which occurs concurrently (8) with a tonic and highly
rhythmic cation current (C). Whole-cell voltage-clamp recordings were made with a cesium­
gluconate-based intracellular solution. Format as in Figure 5.5 except that single episodes of
synaptic activity are shown. Voltage-clamp near the cation (A; 0 mV) and chloride ion reversai
potential (C, -47 mV) and at an intermediate potential (8, -33 mV). Clearly defined synaptic
currents closely resembling fast AMPAlkainate synaptic currents are visible in the rhythmic cation
currents shown in C. Time calibrations shown in C are the same for the traces shown in A and 8,
while the vertical scale bar in C represents 20 pA in 8 and C and 100 pA in A.
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Chapter Six: Properties of Miniature Glutamatergic EPSCs in Neurons of

the Locomotor Regions

L1NKING STATEMENT

A rhythmic glutamatergic synaptic drive underlies the rhythmic activation of

motoneurons during fictive swimming. This Chapter examines the synaptic

physiology of these glutamatergic synapses at the level of spontaneous activity of

individual synapses in neurons of the locomotor regions.
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ABSTRACT

To further our understanding of the development of synaptic activation in

the locomotor network of the zebrafish, we examined the properties of

spontaneous, glutamatergic miniature excitatory postsynaptic currents

(mEPSCs). Whole-cell patch-clamp recordings were obtained from visually

identified hindbrain reticulospinal neurons and spinal motoneurons of curarized

zebrafish 1-5 days post-fertilization (Iarvae hatch afier the 2nd day of

embryogenesis). In the presence of tetrodotoxin (TTX) and blockers of inhibitory

receptors (strychnine and picrotoxin), we detected fast glutamatergic mEPSCs

that were blocked by the AMPAIkainate receptor-selective antagonist 6-cyano-7­

nitroquinoxaline-2,3-dione (CNQX). At positive voltages or in the absence of

Mg2
+, a second, slower component of the mEPSCs was revealed that the N­

methyl-D-aspartate (NMDA) receptor-selective antagonist DL-2-amino-5­

phosphonovalerate (AP-5) abolished. In the presence of both CNQX and AP-5,

ail mEPSCs were eliminated. The NMDA component of reticulospinal mEPSCs

had a large single channel conductance estimated to be 45 pS. Larval

AMPAIkainate and NMDA components of the mEPSCs decayed with

biexponential time courses that changed little during development. At ail stages

examined, approximately one-haIf of synapses had only NMDA responses

(Iacking AMPAIkainate receptors) while the remainder of the synapses were

composed of a mixture of AMPAIkainate and NMDA receptors. There was an

overall increase in the frequency and amplitude of mEPSCs with an NMDA

component in reticulospinal (but not motoneurons) during development. These

results indicate that glutamate is a prominent excitatory transmitter in the
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locomotor regions of the developing zebrafish and that it activates either NMDA

receptors alone at functionally silent synapses or together with AMPAlkainate

receptors.

INTRODUCTION

Glutamate is the major excitatory neurotransmitter of the vertebrate central

nervous system, where it mediates fast synaptic transmission through activation

of N-methyl-o-aspartate (NMDA) and non-NMDA (AMPAlkainate and kainate)

receptors. Glutamatergic ionotropic receptors have been suggested to play

important roles in synaptic transmission (Edmonds et al. 1995; Madden 2002),

plasticity (Nicoll and Malenka 1995) and development (Scheetz and Constantine­

Paton 1994), although in vivo studies of development have been Iimited. One of

the first central neural networks to develop is that for locomotion, where

glutamatergic inputs are essential components of the motor circuits in adult

animais (Grillner et al. 1997). Application of glutamate or NMDA can induce

fictive activity patterns in the embryonic spinal cord of Xenopus (Dale and

Roberts 1984), chick (Barry and O'Donovan 1987), and rat (Ozaki et al. 1996).

However, little is known of the properties of synaptic glutamate receptors on

neurons in the developing locomotor network. Pure AMPAlkainate and NMDA­

mediated excitatory postsynaptic potentials (EPSPs) as weil as mixed responses

have been observed in spinal neurons of the Xenopus embryo (in vivo and in

culture) in the absence of Mg2
+ (Dale and Roberts 1985; Gleason and Spitzer

1998; Rohrbough and Spitzer 1999; Sillar and Roberts 1991). Recent studies of

spontaneous mEPSCs (Gao et al. 1998) and evoked responses (Bardoni et al.
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1998; Hori and Kanda 1996) recorded in neonatal rat spinal cord slices have

indicated an early role for AMPAIkainate receptors. This contrasts with

observations in the developing rat hippocampus (Durand et al. 1996; Isaac et al.

1995; Kullmann 1994) or frog tectum (Wu et al. 1996) where functionally silent

synapses with an NMDA component but lacking an AMPAIkainate component

have been described. Whether changes in the proportion of AMPAIkainate and

NMDA components occur in the intact spinal cord in other preparations and in

locomotor regions in general remains unanswered.

We have examined the in vivo development of glutamatergic synapses by

recording from neurons in the locomotor regions of the embryonic and larval

zebrafish. An advantage of the zebrafish for studies of locomotor network

development is that there are relatively few types of neurons within these regions.

The two regions that are essential for motor behaviors in the developing zebrafish

(in the absence of added neuromodulators) are the hindbrain and spinal cord

(Saint-Amant and Drapeau 1998), which are common regions for the locomotor

networks of ail vertebrates (Grillner et al. 1997). In the developing zebrafish,

many neurons have been identified morphologically both in the hindbrain (Kimmel

et al. 1981; Mendelson 1985; Mendelson 1986a; Metcalfe et al. 1990) and spinal

cord (Bernhardt et al. 1990; Kuwada et al. 1990a; Myers et al. 1986). In this

study, we have characterized the properties of spontaneously occurring

mEPSCs, including their AMPAIkainate and NMDA components, in hindbrain

reticulospinal neurons and spinal motoneurons as an index of the features of

excitatory synapses in the locomotor network. We found that glutamate is a

prominent excitatory transmitter in the locomotor regions of the developing
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zebrafish and that it activates either NMDA receptors alone at functionally silent

synapses or together with AMPAlkainate receptors

METHOOS

Preparations
Embryos and larvae were raised at 28.5 Oc and were obtained from a

zebrafish (Tubingen and Longfin lines) colony maintained according to

established procedures Westerfield (1995). Ali procedures were carried out in

compliance with the guidelines stipulated by the Canadian Council for Animal

Care and McGill University. Embryos and newly hatched larvae were

anaesthetized in 0.02% tricaine (MS-222) (Sigma Chemical Co., St. Louis, MO)

and dissected as described by Drapeau et al. (1999). Briefly, the entire hindbrain

was exposed after removing rostral structures, but leaving the spinal cord intact,

and recordings were obtained from reticulospinal neurons located in the central

rhombomeres. For spinal neuron recordings, muscle overlaying the spinal cord

was removed from 1-3 somites in the mid-trunk region in otherwise intact larvae.

The preparations were moved to the recording set-up and the chamber was

continuously perfused with an aerated recording solution that contained 15 ~M d-

tubocurarine (Sigma Chemical Co., St. Louis, MO) to paralyze the preparations

but lacked tricaine. The recording solution contained (in mM; Evans 1979: 134

NaCl, 2.9 KCI, 2.1 CaCIz, 1.2 MgCI2, 10 HEPES and 10 glucose, osmolarity

adjusted to 280-290 mOsm, pH 7.8. For Mg2+-free solution, MgCI2 was omitted

from the recording solution without any further change. Preparations remained

healthy for several hours under these recording conditions. We did not need to
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add glycine to the solutions during the recording of NMDA-mediated mEPSCs as

these were always apparent in its absence and their frequency was unchanged

throughout the recordings, presumably due to a maintained endogenous level of

spontaneously released glycine.

Cell bodies were easily identified under Hoffman modulation optics. In

preliminary experiments, cells were filled with Lucifer Yellow or sulforhodamine B

to confirm their identity (Drapeau et al. 1999), and in this study, 6 spinal neurons

located dorsal to the central canal were filled with sulforhodamine Band their

identity confirmed as motoneurons. However, as not ail spinal neurons were filled

it is possible that a small percentage could be interneurons. As no differences

were found in the properties of the glutamatergic mEPSCs between the Mauthner

cells and other reticulospinal neurons, these cells are referred to collectively as

reticulospinal neurons.

Who/e-cell recordings
Standard whole-cell recordings (Hamill et al. 1981) were performed 20-40

minutes after dissection (Drapeau et al. 1999). Patch-clamp electrodes were

pulled from thin-walled, Kimax-51 borosilicate glass and filled with a Cs-gluconate

solution and had resistances of 4-7 Mn. Cs-gluconate intracellular solution was

composed of (in mM) 115 Cs-gluconate, 15 CsCI, 2 MgCI2, 10 HEPES, 10 EGTA,

4 Na2ATP, osmolarity adjusted to 290 mOsm, pH 7.2. Whole-cell currents were

recorded using Axopatch 1A and 10 amplifiers (Axon Instruments) and were low-

pass filtered at 5-10 kHz (-3 dB) and digitized at 20-25 kHz. The series resistance

was monitored during whole-cell recordings by applying 2 mV hyperpolarizing

pulses. Series resistances «10 Mn) were uncompensated, and neurons that had
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input resistances <100 Mn or resting membrane potentials less than -50 mV

were discarded. In ail cells examined, voltage steps of 20-30 mV elicited fast,

transient inward currents that were blocked by TTX. The liquid junction potential

for Cs-gluconate recording solution was -10 mV and was corrected.

Measurements were performed ~5 min after obtaining the whole-cell

configuration to ensure cell dialysis. Ali drugs were dissolved in the aerated

recording solution and applied by bath perfusion. Tetrodotoxin (1 /-lM), strychnine

(5 /-lM) and picrotoxin (100 /-lM) were obtained from Sigma Chemical Co. (St.

Louis, MO) while CNQX (10 /-lM), AP-5 (50 /-lM) and L-glutamic acid were

obtained from RBI (Natick, MA).

Analysis of mEPSCs
Synaptic activity was monitored using pClamp 6 software (Axon

Instruments). The data was refiltered at 2 kHz using a second order Chebychev

digital filter and the synaptic events were detected (using the template function

for events >2.5 SO above the basal noise) and analyzed with Axograph 3.56

software (Axon Instruments). The software detected ail events that could be

visually recognized. Ali events were inspected visually, and those with uneven

baselines or overlaying events «5%) were discarded. The decay time course

was analyzed over the first 40 ms for pure AMPAlkainate events and 400 ms for

pure NMOA or mixed AMPAlkainate-NMOA events, and was fitted with a sum of

exponential curves. The presence of 1, 2, or 3 exponential components during

the decay of the mEPSCs was tested by comparing the sum of squared errors of

the fits over the same decay ranges (Clements and Westbrook 1991). The rise

times were defined as the time from 20% to 80% of the mEPSC amplitude, and
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the half-widths were defined as the time between the rising and decay phases of

each mEPSC at 50% of the peak amplitude. The amplitude and decay of the

NMDA component was determined by analyzing events with both AMPA/kainate

and NMDA components. Averages of these events were best fit with 3

exponential curves; 2 exponential curves were sufficient in some motoneurons

where the AMPA/kainate component was too small to contribute to the peak

amplitude of the mEPSC. The fastest exponential had a time course nearly

identical to that of pharmacologically isolated AMPA/kainate events. The

amplitude of this exponential was subtracted from the total average amplitude,

yielding an estimate of the amplitude of the NMDA component. The 2 slower

exponential curves were attributed mainly to the slower AMPA/kainate

component and the NMDA component. As there was essentially no

developmental change in the kinetics of pharmacologically isolated AMPA/kainate

events, any changes observed in the decay of the mixed events could be

attributed to the NMDA component. The frequency of synaptic events was

determined manually because the Axograph detection software could not always

detect the variably shaped pure NMDA or mixed events. Results are presented

as means ± SE throughout the text unless otherwise noted. Correlations were

tested using the Pearson product moment correlation and a significant

relationship was noted when P<O.05. The term significant denotes a relationship

with P<O.05 determined using the paired t-test, Student's t-test, Mann-Whitney

test, ANOVA, Kruskal-Wallis ANOVA, or Kruskal-Wallis test, as appropriate.

RESULTS

ln this study, we examined mEPSCs in 1-5 day-old (post-fertilization)
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animais, from when embryos (which hatch on day 2) first show motor behaviors

(day 1) to when larvae actively swim to feed (day 4 or 5).

Properties of reticulospinal neurons
The embryonic zebrafish hindbrain is segmented into 9 neuromeres, 7 of

which possess a few bilateral pairs of descending reticulospinal neurons that

innervate the spinal cord (Kimmel et al. 1981; Mendelson 1985; Mendelson

1986a; Metcalfe et al. 1990). These include the largest pair, the Mauthner

neurons, whose morphological development has been weil characterized in the

zebrafish (Kimmel et al. 1981). In addition, their physiological properties have

been studied in the adult zebrafish (Hatta and Korn 1998), whereas glycinergic

miniature inhibitory postsynaptic currents (mIPSCs) have been characterized in

the isolated hindbrain of the zebrafish larva (Legendre and Korn 1994). The

Mauthner neurons together with other reticulospinal neurons in the caudal

rhombomeres are active during the escape response (O'Malley et al. 1996).

Reticulospinal neurons were recorded fram 1.2 day-old embryos to 3.1

day-old larvae. The low input resistance of the larger cells in older larvae

precluded high-resolution recordings at later times. The values of the

electrophysiological parameters are summarized in Table 6.1. The resting

potential was on average -61 ± 1.6 mV (n =28) and ranged fram -50 mV to -74

mV. The input resistance (Ri) of reticulospinal neurons decreased significantly

(approximately 5-fold) during developrnent, from 1.0 ± 0.18 GO in ernbryos to

0.19 ± 0.02 GO in 3.1 day old larva.

Properties of spinal motoneurons
The spinal cord of the early zebrafish is segmented into sorne 30 somites,
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each half of which contains 2 anatomical classes of sensory neurons, 10

morphologically defined classes of interneurons (Bernhardt et al. 1990; Hale et al.

2001; Kuwada et al. 1990a) and 2 classes of motoneurons (Myers et al. 1986). In

the adult zebrafish, the 2 classes of motoneurons underlie activation of the trunk

musculature during swimming (Liu and Westerfield 1988). Motoneurons (29 cells;

see Table 6.2) from 2.3 to 5.4 day old larvae had a mean resting potential of -68

± 1.1 mV (range, -55 to -79 mV) and input resistances of 0.35 ± 0.04 GO. Resting

potentials in motoneurons were significantly more negative in older animais and

in comparison with reticulospinal neurons. There was also a trend to decreasing

input resistance in motoneurons of older animais. In preliminary current-clamp

experiments (n = 4), application of L-glutamic acid (0.7 to 2.0 mM) in the

presence of 1 /lM TTX was observed to depolarize spinal neurons close to 0 mV

(data not shown). This indicated the presence of glutamate receptors and we

sought to characterize their synaptic properties at different stages of development

by voltage-clamp recording of pharmacologically isolated miniature synaptic

currents.

Basal synaptic activit~ and the AMPAIkainate component of mEPSCs
ln Mg2+ and Mg +-free saline with a Cs-gluconate intracellular solution, ail

reticulospinal neurons in newly hatched (day 2) larvae exhibited a high level of

synaptic activity, including regular bursting episodes as shown in Figure 6.1 A1.

Motoneurons generally received a lower level of basal synaptic activity and

bursting episodes that occurred spontaneously or could be evoked by dimming

the lights (Figure 6.1 B1). These bursts of synaptic activity are likely related to

'fictive' swimming or escape behaviors. In one-half (10/20) of the motoneurons,
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small (approximately 10 pA) long-lasting (appraximately 1 s) inward currents were

observed in the presence of TTX and did not resemble the synaptic currents

described here.

The chloride ion reversai potential was -50 mV such that inhibitory

currents would be inward at a holding potential of -70 mV. Therefore, to

distinguish inward, excitatory currents fram inhibitory currents we recorded in the

presence of 5 !-lM strychnine and 100 !-lM picrotoxin to block glycine- and GA8A­

mediated currents (Triller et al. 1997). Spontaneous miniature events were

recorded in the presence of 1 !-lM TTX to block Na+-dependent action potentials.

The preparation was continuously perfused with 15 !-lM D-tubocurarine to prevent

muscle contractions during the recordings. The high level of spontaneous

synaptic activity was greatly reduced in the presence of TTX, strychnine, and

picratoxin (Figure 6.1, A2 and 82). The remaining spontaneous miniature

synaptic events (mEPSCs) recorded in the presence of Mg2
+ ion were completely

abolished by 10 !-lM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Figure 6.1, A3

and 83), a potent AMPAIkainate receptor antagonist, suggesting that they were

due to the activation of glutamatergic AMPA/kainate receptors.

Application of AP-5 had no effect on the decay of the mEPSCs (Figure 6.1,

A4 and 184) or on their amplitude or frequency (data not shown). Thus, near the

normal resting potential (-70 mV holding potential) NMDA receptors were unlikely

to contribute to the synaptic response. AMPA/kainate-dependent mEPSCs

(recorded in the presence of AP-5 or Mg2
+ ion) had fast rise times (20-80%) of

appraximately 0.2 ms and averaged traces were weil fit with 2 exponential decays
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in both reticulospinal and motoneurons (P<O.OS). The kinetic parameters of

AMPAlkainate events were similar in reticulospinal neurons and spinal

motoneurons and were largely unchanged throughout the developmental stages

examined (Tables 6.1 and 6.2). The mean event amplitudes and frequencies

(the latter of which were highly variable) did not differ significantly but tended to

increase in older animais.

An amplitude histogram from a representative cell (reticulospinal, Figure

6.2A) showed that the large majority of AMPAlkainate events were clustered

between 10-30 pA, although the distribution was skewed towards larger

amplitudes. The 20-80% rise times in both types of neurons were tightly clustered

between 0.1 and 0.3 ms (Figure 6.28), although there were some rare events

«1 %) with larger rise times. A concern when recording in the whole-cell

configuration is the effectiveness of the space-clamp. Miniature synaptic events

that are not space-clamped will be filtered and will appear to have longer rise

times, smaller amplitudes and longer decays (Rail 1969). We therefore examined

the correlation between the rise time and half-width (Figure 6.2C) or amplitude

(Figure 6.20) of events. The lack of correlation (R<O.4 for the reticulospinal

neuron of Figure 6.2C and 0) in the recordings in both reticulospinal neurons and

motoneurons suggests that cells at various developmental stages were

adequately space-c1amped. This is consistent with our ability to resolve such fast

events; except for a minute fraction of the events that were either less weil

clamped or perhaps were less mature synapses.

NMDA component of the mEPSCs
ln order to overcome the voltage-dependent Mg2

+ ion block of NMOA
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receptors (Mayer and Westbrook 1987) and detect their possible contribution to

mEPSCs, we voltage-clamped cells at +40 mV (Figure 6.3A). Under these

conditions, we were able to detect mEPSCs that were blocked only by adding

both CNQX and AP-5, and which reversed near 0 mV. A recording performed on

a day 3 motoneuron (Figure 6.3) shows that at +40 mV, averaged mEPSCs had

rapid rise times and decayed with a fast component and a much slower, second

component. The slow component disappeared in the presence of 50 /lM AP-5,

and 10 /lM CNQX abolished the remaining fast component (not shown),

confirming that they were due to the activation of NMDA and AMPA/kainate

receptors, respectively. The NMDA component was larger as the holding

potential was made more positive. This is shown in Figure 6.38, where averaged

traces of mEPSCs at various holding potentials (-80, -60, -40, -20, and +40 mV)

are normalized, inverted where appropriate, and overlaid. The inset shows

similarly normalized AMPA/kainate mEPSCs at 3 different potentials (-80, -40,

and +40 mV) isolated in the presence of 50 /lM AP-5. The later events decayed

with similar time courses indicating that the AMPA/kainate component of the

mEPSCs was voltage-independent. The above observations were confirmed in 4

other spinal motoneurons and 5 larval reticulospinal neurons.

Recordings made at positive potentials, where the NMDA component was

fully revealed, were noisy due to the opening and c10sing of background voltage­

dependent channels. Therefore, in order to resolve better the NMDA events we

recorded mEPSCs in Mg2+ion-free extracellular solution as shown in Figure 6.4.

Averages of events in the presence of either 10 /lM CNQX or 50 /lM AP-5 are
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shown, respectively, in Figure 6.4A while the inset reveals on an expanded time

scale the slower rise time of the CNQX-insensitive events. Arise time-amplitude

scatter plot (Figure 6.48) suggests that there are 2 separate classes of events:

slower events (>O.S ms rise times) with smaller amplitudes «30 pA), and larger

events (>30 pA) with faster rise times «O.S ms). Application of CNQX (Figure

6.4C) followed by washout and then application AP-S (Figure 6.4D) to the same

cell revealed separate populations of slow and fast events. The AP-S-resistant

events (Figure 6.4, A and D) resembled the AMPAlkainate component of the

mEPSCs described above in the presence of Mg2+(Figures 6.1A4, 6.184, and

6.2D). A clear separation of events based upon amplitude and rise time as shown

in Figure 6.4C was not always observed, thus it was not possible to distinguish

AMPAlkainate events from NMDA events based on rise time alone.

To estimate the proportion of the NMDA events without a distinguishable

AMPAlkainate component, the frequency of events that were detected affer

application of AP-S (AMPAlkainate only) was compared with the frequency of ail

events (a mixture of AMPAlkainate and NMDA) detected prior to addition of AP-S.

ln AP-S, the frequency of events in reticulospinal neurons and motoneurons was

significantly reduced by S2 ± 4.4% (P<O.OS, paired t-test for ail ages pooled:

reticulospinal n =17, motoneuron, n =16). This indicated that approximately one­

half of the mEPSCs were due ta activation of NMDA receptors at synapses with

an undetectable AMPAlkainate component, and thus these synapses would be

functionally silent at resting membrane potentials. The proportion of these

functionally silent synapses did not change significantly during development in



182

motoneurons where the reduction of mEPSC in AP-5 was 43 ± 9.2%, 43 ± 10%

and 57 ± 15 % in 2-3, 3-4, and 4-5 day larvae respectively. In the reticulospinal

neurons, the event frequency was reduced by 64 ± 5.6%, 59 ± 10%, and 38 ±

16% in 1.2-1.5,2.2-2.3 and 3.0-3.1 day old animais respectively.

Isolated NMDA events
The CNQX-insensitive, isolated NMDA events were usually small in

amplitude and had highly variable rise times, and prolonged decays (Figure 6.4A

inset). Thus, it was difficult to detect the NMDA events in most cells by the

automated procedure, which was reliable in only 5 preparations: 4 embryonic

reticulospinal neurons and 1 motoneuron (Figure 6.4) at 2-3 days. Figure 6.5

shows pooled data for the NMDA events from the 4 reticulospinal neurons. The

majority of the detected events had amplitudes c1ustered around 10-15 pA

(Figure 6.5A). The 20-80% rise times (Figure 6.58) were 12-fold slower (0.4-18

ms: 2.4 ± 0.13 ms; n = 4 cells) than those of the AMPAIkainate component. Such

ranges of rise times were comparable to the rise times of the slower population of

mixed glutamatergic mEPSCs observed in both reticulospinal neurons and

motoneurons. Figures 6.5 (C and D) reveal the lack of negative correlation

(R<O.4) between the rise times and amplitudes or half-widths suggesting that the

space-c1amp was effective. The NMDA events in reticulospinal neurons was best

fit with 2 decay time constants of 14.1 ± 2.1 ms and 132 ± 25 ms (14 ± 4%). The

2 decay time constants for the motoneuron were 7.3 ms and 51 ms (21%). The

difficulty in detecting these pure NMDA synaptic events prevented a more

detailed analysis of developmental changes. However, developmental changes of

NMDA synapses were examined indirectly by subtracting the AMPAIkainate
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component from synaptic events, recorded in the absence of Mg2
+ ion (see

below).

Single NMDA channel conductances
Some mixed synaptic events in young reticulospinal embryos (day 1.2 to

1.5) with high input resistances showed single channel openings (Figure 6.6),

indicating either a low probability of channel opening or a low density of post-

synaptic receptors at these early synapses. The events often started (Figure

6.6A) with a large and brief AMPAIkainate current transient and ended with

repeated single, presumably NMDA channel openings. The AMPAIkainate

current was presumably generated by the opening of several channels as we

could not distinguish single channel events; this is not suprising as the

AMPAIkainate channel conductances are reported to be small (Edmonds et al.

1995). In other cases (Figure 6.68), the fast AMPAIkainate component could not

be distinguished because of the opening of few or possibly no channels. These

events had highly variable time courses that represent NMDA channel openings

rather than spurious openings of background channels as the activity was largely

abolished by perfusion with AP-5 (not shown). An amplitude histogram of the late

currents of a single mixed event recorded at -70 mV (Figure 6.6C) indicated a

primary peak of -3.2 pA. Since the mEPSCs reversed near 0 mV (data not

shown), this corresponds to a single NMDA channel conductance of 46 pS. The

average single channel conductance (13 events trom 4 cells) was estimated as

45 ± 2 pS in embryonic reticulospinal neurons. More detailed single channel

studies over a range of potentials will be needed to confirm this estimate of the

conductance. We were unable to detect single-channel NMDA events in
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motoneurons due to the lower input resistance of the cells.

Deve/opmental changes in the properties of mEPSCs
As previously presented, the changes in the kinetics of isolated

AMPAlkainate mEPSCs were minimal or absent during the developmental

periods studied. Therefore any developmental changes in those events detected

in the absence of Mg2
+ ion without any glutamatergic antagonists present could

be attributed to changes in the NMDA component of these mixed events.

However, it is not definitively known whether an individual event arose from a

synapse containing only AMPAlkainate channels, only NMDA channels, or a

mixture of both AMPAlkainate and NMDA channels. To explore the composition

of these mEPSCs, ail events were manually detected and classified as pure

AMPAlkainate, pure NMDA, or mixed AMPAlkainate - NMDA events based upon

our knowledge of the appearance of the pharmacologically isolated events. Less

than 10% of the events resembled pure AMPAlkainate events. The analysis of

functionally silent synapses (using AP-S) presented in the preceeding text

revealed that as many as one-haIf of the events could have been pure NMDA.

However, as the variably shaped NMDA events were not automatically detected,

only a portion of these events would be included in the averages, resulting in an

underestimate of their contribution.

A c1ear developmental trend that we observed was an increase in the

amplitude of the extrapolated NMDA component of the reticulospinal (but not

motoneuron) mixed synapses. Mixed synapse NMDA event amplitudes in

reticulospinal neurons (Table 6.2) more than doubled (4.9-11.6 pA, P<O.OS) in the

transition from embryonic to larval stages. No such trend was observed in the
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motoneurons where the average NMDA component was large (ranging from 9.6­

12.3 pA, Table 6.2) at ail stages examined. In both reticulospinal cells and

motoneurons, the difference was statistically significant when average rise times

were compared in the same cells before and after AP-5, and average half-widths

were 2-4 times slower for mixed events (not shown). These rise times were

nonetheless faster than observed for the isolated NMDA events due to the mixed

contribution of NMDA and AMPAIkainate receptors under these conditions. The

average frequency of these mixed events increased significantly in larval (4.2 ±

1.4 Hz) compared to embryonic (1.2 ± 0.4 Hz) reticulospinal neurons (Table 6.1),

whereas in motoneurons (Table 6.2), the frequency remained at approximately 1

Hz throughout the stages of larval development examined.

ln some motoneurons (see Methods) the AMPAIkainate component did

not contribute to the peak amplitude, but its presence was inferred from the

presence of fast rise times in the mixed events. Furthermore, 2 exponentials were

used to fit the averaged events, both being attributed to NMDA receptor

activation. The decay of the majority of averaged, mixed events was best fit with

3 exponentials where the fast exponential was attributed to the AMPAIkainate

component and the slower 2 exponentials to the NMDA component. The slower 2

exponentials attributed to the NMDA component are labeled 'toff1 and 'toff2 in Tables

6.1 and 6.2. The time course of 'toff1 and 'toff2 were variable at ail stages of

development in both reticulospinal and motoneurons, making it difficult to

distinguish developmental trends. The NMDA component of ail the mixed events

(calculated from the means presented in Tables 6.1 and 6.2) was 'toff1 =11 ms,
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'toff2 =60 ms (34%), and 'toff1 =7.4 ms, 'toff2 =37 ms (22%) in reticulospinal

neurons and motoneurons respectively.

DISCUSSION

We observed that reticulospinal neurons and motoneurons of the curarized

zebrafish embryo and larva had spontaneous mEPSCs that were entirely

glutamatergic. This is not surprising as glutamate is the main excitatory

transmitter of the vertebrate nervous system. However, because we included D­

tubocurarine, this would have blocked cholinergie synapses if these occurred, as

reported in spinal interneurons (Perrins and Roberts 1995b) and between

motoneurons (Perrins and Roberts 1995a) of the Xenopus embryo. In preliminary

(unpublished) experiments (n = 8) using a high magnesium/low calcium solution

instead of D-tubocurarine to suppress muscle contractions, we failed to detect

spontaneous cholinergie mEPSCs. This indicates that glutamate is indeed the

main if not sole excitatory transmitter in the developing zebrafish. In the absence

of TTX, both types of neurons we examined showed bursts of PSCs, suggesting

that these may be related to fictive swimming or escape behaviors, although we

did not examine this in any detail. The amplitude histograms of the mEPSCs were

skewed (non-gaussian) towards larger events, as described for glycinergic

mlPSCs in the larval zebrafish hindbrain (Legendre and Korn 1994). Such

variability in quantal size may be accounted for by presynaptic factors, such as

variation in quantal content or multiquantal release, or by postsynaptic factors

including receptor properties and densities (Bekkers and Stevens 1996; Bekkers



187

et al. 1990; Legendre and Korn 1994; Nusser et al. 1997; Ulrich and Luscher

1993).

The AMPA/kainate component of the mEPSC
ln the presence of TTX and at -70 mV, near the normal resting potential,

the mEPSCs were entirely due to AMPAlkainate receptor activation and these

were weil space-clamped in the whole-cell recordings. The AMPAlkainate

component of the mEPSCs showed voltage-independent kinetics that were fast,

both in their rise times and biexponential decay time constants. These fast

kinetics are consistent with those reported for synaptic potentials in the Mauthner

neuron of the goldfish (Woiszon et al. 1997) and at central synapses in the

mammalian brain (reviewed by Edmonds et al. 1995) where the decay time

course of EPSCs is usually monoexponential. However, a second decay phase

has been reported for cerebellar granule cells (Barbour et al. 1994; Silver et al.

1992).

The NMDA component of the mEPSC
An NMDA component of the mEPSCs was revealed only in the absence of

Mg2
+ ion or at depolarized potentials, as expected if Mg2

+ ion blocks NMDA

receptors at the resting membrane potential in zebrafish as in other preparations.

Recently the NR1 subunit has been cloned in another teleost and shows a high

degree (overall 88%) of homology with the mammalian subunit, including

essentially identical (>98%) ligand binding sites and pore region (Bottai et al.

1998), the latter being the presumed Mg2
+ ion binding site. The kinetics of the

NMDA component of the mEPSCs were an order of magnitude slower than those

of the AMPAlkainate component with respect to both the rise times and

biexponential decays. In reticulospinal neurons of the youngest embryos
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examined, single channel openings with a conductance of approximately 45 pS

were estimated. This is similar to the conductances described for other native

NMDA receptors activated at single synapses in the immature mammalian brain

(Gibb and Colquhoun 1991; Lester and Jahr 1992; LoTurco et al. 1991; Silver et

al. 1992), in cultured spinal neurons (Robert et al. 1998), and in embryonic

Xenopus spinal neurons (Zhang and Auerbach 1995).

The NMDA component remained essentially biexponential over the stages

examined, and the time constants did not vary much with development,

remaining relatively fast with the slower decay being between 30 and 60 ms. At

several immature (early post-natal) mammalian central synapses, the evoked

NMDA responses last several hundred milliseconds, and a decrease in the decay

phase has been observed during development (Carmignoto and Vicini 1992;

Crair and Malenka 1995; Goishani et al. 1998; Hestrin 1992; Ramoa and

McCormick 1994). This has also been observed at the level of single NMDA

channels isolated in outside-out patches (Carmignoto and Vicini 1992; Hestrin

1992), indicating a developmental alteration of NMDA channel properties that is

likely due to a switch in subunit composition (Flint et al. 1997; Monyer et al.

1994). The mEPSCs in zebrafish embryos and larvae were apparently already

fast, suggesting that at these early stages there are no major changes in the

kinetic praperties of the receptors. Glycinergic synapses in the Mauthner neuron

are also thought to be mature by hatching (appraximately 52 hpf; Triller et al.

1997). It thus appears that the zebrafish has a remarkably rapid maturation of

central synapses, occurring during embryonic development. As we recorded fram

neurons 1.2 days (28 hpf) and older in the hindbrain, where axogenesis starts
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between 20-21 hpf (Mendelson 1985), it may be that the earliest period of

functional synaptogenesis is as brief as a few hours.

A developmental trend that was observed in the NMDA component of

mixed synapses was a doubling in event amplitudes in reticulospinal neurons but

not in motoneurons during the stages examined. A likely expianation is an

increase in the number of NMDA receptors at synapses onto reticulospinal

neurons. The frequency of mixed glutamatergic mEPSCs also tended to increase

in the reticulospinal neurons throughout the stages examined, presumably

reflecting synaptogenesis. It thus appears that new synapses are continually

added in the hindbrain of the zebrafish embryo and larva and that these vary in

their AMPAIkainate and NMDA receptor content with one-half of the synapses

lacking the former and thus being functionally silent under resting conditions.

Interestingly, the hindbrain appears to mature over a longer period than the spinal

cord in the developing zebrafish. Thus swimming, which is mediated by a spinal

central pattern generator, begins at 28 hpf and reaches a maximal rate by

approximately day 2 (Buss and Drapeau 2001 a; Saint-Amant and Drapeau 1998).

ln contrast, hindbrain Mauthner neurons mediating escape behaviors are

responsive to sensory inputs from the auditory and visual systems only a few

days after hatching (Eaton and Farley 1973), which is the period when large

numbers of afferent synapses are formed onto the Mauthner cell dendrites

(Kimmel et al. 1981). Thus, the extended development of the NMDA component

of glutamatergic synapses may be related to the protracted development of

afferent innervation in the hindbrain.
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Functionally Si/ent Synapses
Approximately one-half of the mEPSCs had an NMDA component but

lacked an AMPA/kainate component both in reticulospinal and motor neurons at

ail stages examined. A smaller fraction (approximately 20%) of these types of

responses also was observed for dorsal hom neurons in the neonatal rat spinal

cord (Bardoni et al. 1998). These responses thus resemble 'silent' central

synapses (Durand et al. 1996; Isaac et al. 1995; Kullmann 1994; Liao et al. 1995;

Losi et al. 2002; Wu et al. 1996) at which the evoked NMDA component is

thought to precede the AMPA/kainate component, thus being functionally silent

due to Mg2
+ ion block at the resting potential. The activation of NMDA responses,

presumably coincident with a depolarizing event, and consequent calcium influx

has been proposed as a mechanism of plasticity for the induction of

AMPA/kainate receptor expression at synapses in these brain regions, triggering

conversion from functionally silent to mature synapses (Wu et al. 1996). It may be

that these functionally silent synapses in zebrafish locomotor regions are

activated during swimming once the cells have passed spike threshold and the

Mg2
+ ion block is removed from the NMDA channel. The functionally silent

synapses could thus contribute to locomotor drive potentials and be especially

important in providing a positive feedback pathway.
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Table 6.1. Reticulospinal neurons
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Vm (mV)
Ri (GO)

1.2-1 .5 days
embryonic
-57 ± 2.0
1.0 ± 0.18*

2.2-2.3 days
larval
-63 ± 2.4
0.45 ± 0.08

3.0-3.1 days
larval
-61 ± 3.7
0.19 ± 0.02*

Isolated AMPAlkainate EPSCs

'toff1 (ms) 0.71 ± 0.08 0.56 ± 0.04 0.60 ± 0.04
'toff2 (ms) 4.0 ±0.7 3.5 ± 0.4 3.3 ± 0.6
(% amplitude) (14 ± 3) (11 ± 1) (5 ± 1)

Amplitude (pA) 12.9 ± 0.9 17.4±1.8 17.1 ±2.2

20-80 % Rise time (ms) 0.22 ± 0.02 0.24 ± 0.02 0.25 ± 0.02

Frequency (Hz) 0.5 ±0.3 2.1 ±0.5 2.6 ± 1.4
n 6 15 4

Mixed EPSCs

'toff1 (ms) 12.5 ± 4.3 9.8 ± 3.4 10.6 ± 2.5
'toff2 (ms) 59± 18 71 ± 22 50 ± 14
(% amplitude) (32 ± 8) (28 ± 8) (42±12)

Extrapolated NMDA

Amplitude 'toff1 and 2 (pA) 4.9 ± 0.9* 8.8 ± 1.7 11.6 ± 1.1 *

20-80 % Rise time (ms) 0.45 ± 0.08 0.46 ± O.OS 0.63 ± 0.13

Frequency (Hz) 1.2±0.4* 2.3 ±O.S 4.2±1.4*
n 7 7 4
EPSes, excitatory postsynaptic currents; NMDA, N-methyl-o-aspartate. P<O.OS.
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Table 6.2. Spinal Motoneurons

2-3 days 3-4 days 4-5 days
hatching larval larval

Vm (mV) -65 ± 1.8* -69 ± 2.1 -71 ± 1.2*
Ri (GO) 0.41 ±0.07 0.39 ± 0.10 0.23 ± 0.05

Isolated AMPA/kainate EPSCs

'toff1 (ms) 0.78±0.16 0.54 ± 0.06 0.54 ± 0.03
'toff2 (ms) 6.2 ±0.9 3.3 ±0.6 3.2 ±0.2
(% amplitude) (16±5) (20 ± 4) (13±2)

Amplitude (pA) 13.7 ± 2.3 18.3 ± 2.7 16.7 ± 3.3

20-80 % Rise time (ms) 0.22 ± 0.02 0.18 ± 0.01 0.19 ± 0.01

Frequency (Hz) 0.39 ± 0.12 0.49 ± 0.14 1.62 ± 1.11
n 7 7 6

Mixed EPSCs

'toff1 (ms) 8.6 ±2.2 5.5 ± 1.0 8.2 ± 2.0
'toff2 (ms) 44.6 ± 10.2 36.3 ± 8.6 30.1 ± 9.1
(% amplitude) (21 ± 5.6) (20 ± 2.7) (24 ± 4.4)

Extrapolated NMDA

Amplitude 'toff1 and 2 (pA) 12.3 ± 1.9 9.6 ± 1.0 10.6 ± 1.6

20-80 % Rise time (ms) 0.79±0.16 0.41 ± 0.09 0.75±0.18

Frequency (Hz) 0.71 ± 0.36 0.82 ± 0.32 1.02 ± 0.18
n 8 8 7
* P<0.05.
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MOTONEURON
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Figure 6.1. Spontaneous synaptic activity. Whole-cell recordings of spontaneously occurring
synaptic activity in a reticulospinal neuron (A) and a motoneuron (8). Activity before (A1 and 81)
and after (A2 and 82) bath application of 1 J.lM TTX, 5 J.lM strychnine, and 100 J.lM picrotoxin.
Holding potential for both neurons was -70 mV. (A3 and 83) No miniature EPSCs were recorded
after bath application of 10 J.lM CNQX. (A4 and 84) Individual (overlapped) mEPSCs recorded in
the presence of TTX, strychnine, and picrotoxin. Right traces in A4 and 84 show averaged,
normalized mEPSCs overlaid with a similar trace of mEPSCs recorded in the presence of 50 J.lM
AP-5 (dashed line).
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Figure 6.2. Isolated AMPAIkainate mEPSCs. A: Amplitude histogram of mEPSCs from a
reticulospinal neuron recorded in the presence of 1 J.lM TTX, 5 J.lM strychnine and 100 J.lM
picrotoxin (average: 24.0 ± 0.5 pA; n = 710 events; bin width = 1 pA). B: 20-80% rise time
distribution of mEPSCs (average: 0.172 ± 0.001 ms; bin width =10 J.ls). C: scatter plot of the rise
time vs half-width of the events. 0: scatter plot of rise time vs mEPSC amplitude. Note the lack of
correlation in C (R =0.31) and in D (R = 0.16). Holding potential was -70 mV.
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Figure 6.3. NMDA component of the mEPSCs at positive holding potentials. A: recording fram a
day 3 motoneuran at 2 different holding potentials (-SOmV and +40 mV). Note the appearance of
a slowly decaying component at +40 mV that is AP-5-sensitive. B: normalized traces at several
different holding potentials (-80, -60, -40, -20, and +40 mV). The NMDA component is more
apparent at positive holding potentials. Inset: normalized, overlaid AMPAlkainate mEPSCs in the
presence of 50 f.lM AP-S at -SO, -40, and +40 mV. Note that the traces ail have similar decay time
courses. Ali traces are averages of ~2S individual events.
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Figure 6.4. Isolation and detection of individual AMPAIkainate and NMDA events in Mg2+-free
recording solution. A: Averaged mEPSCs recorded in a day 3 motoneuron in the presence of
either 10 !-lM CNQX or 50 !-lM AP-S. Inset: peak currents and rising phases on an expanded time
scale. B: scatter plots of 20-80% rise time vs amplitude and in the presence of 10 !-lM CNQX (C)
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The holding potential was -70 mV.



197

2015105o10 20 30 40 50 60o

A B

25 40

20
30

15 ........... c
C :::J
:::J 0 20
0 U
U 10 c
c i:ëi:ë

105

mEPSC Amplitude (pA) 20-80% Rise time (ms)

C o
20 20

•

li) 15
E........, •

252015

•• •.'

•

10

•

•

5o

5

li) 15
E........,
Q)

E:;::::; 10
Q)
(j)

a:
"#.
o
00

1o
N

50

•

40302010o

5

10

Q)

E
:;::::;
Q)
(j)

a:
"#.
o
00

1o
N

mEPSC Amplitude (pA) Half width (ms)

Figure 6.5. Parameters of isolated NMDA mEPSCs taken from 4 separate reticulospinal neurons.
A: amplitude distribution (average: 15.8 ± 0.5 pA; n = 246; bin width = 1 pA). B: 20-80% rise time
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Figure 6.6. Late currents show NMDA single channel events in Mg2+-free recording solution. A:
examples of 4 glutamatergic mEPSCs detected in a reticulospinal neuron of a 1.5 day-old embryo
held at -70 mV in which the signal to noise ratio is high. B: examples of predominantly NMDA
events from the same cel!. C: point by point histogram of the tirst mixed event from A (shown in
the inset) revealing a principal peak at -3.2 pA which corresponds to a single-channel
conductance of 46 pS.
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Chapter Seven : Electrophysiological Characteristics of Motoneurons

L1NKING STATEMENT

Although it was clearly established that a rhythmic glutamatergic drive

patterns motoneuron output during fictive swimming, intrinsic firing properties of

the motoneurons themselves could also play a role in patterning motor output to

ER and EW locomotor muscle. This Chapter examines the intrinsic

electrophysiological properties of motoneurons by studying the conductances that

contribute to bursts of action potentials and the termination of these bursts.
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AB5TRACT

The physiological and pharmacological properties of the motoneuron

membrane and action potential were investigated in larval zebrafish using whole­

ceIl patch current clamp recording techniques. During larval development

(hatching to free-swimming, days 2-4), the resting membrane conductance

increased in a population of motoneurons, which tended to reduce the apparent

outward rectification of the membrane. Depolarizing current injection evoked a

brief (approximately 10-30 ms) burst of action potentials. Action potentials were

eliminated in tetrodotoxin (TTX), repolarized by tetraethylammonium (TEA)- and

3,4-diaminopyridine (3,4-AP)-sensitive potassium conductances, and had a

cobalt-sensitive, high-threshold calcium component that activated a potassium

conductance. In the presence of TTX, TEA, and 3,4-AP, a transient calcium spike

of similar duration as the bursts of action potentials was evoked. With large

depolarization, repetitive firing of calcium spikes could be observed at a

frequency comparable to that of bursts of action potentials normally seen during

fictive swimming. The conductances contributing to action potential burst

termination are hypothesized to play a role in paUerning the motoneuron output in

these rapidly swimming fish.

INTRODUCTION

Larval zebrafish swim with rapid undulating body movements (Budick and

Q'Malley 2000a; Buss and Drapeau 2001 a; Fuiman and Webb 1988; Saint-Amant

and Drapeau 1998) powered by the contraction of embryonic red and white
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myotomal muscle (Buss and Drapeau 2000a). Myotomal muscle is driven by a

motoneuron-evoked synaptic drive that alternates between ipsilateral and

contralateral myotomes and propagates in a rostral to caudal direction (Buss and

Drapeau 2002). The coordinated motor output generated during swimming is

maintained in paralyzed preparations (Buss and Drapeau 2001 a; Buss and

Drapeau 2002), thus allowing an electrophysiological analysis of motoneuron

activation. During fictive swimming, motoneurons receive a glutamatergic and

glycinergic synaptic drive (Buss and Drapeau 2001 a). The glutamatergic drive is

highly rhythmic, driving motoneurons to spike threshold and patterning the motor

output to myotomal muscle. There has been considerable investigation of the

activity of motoneurons during zebrafish motor behaviours (Fetcho and O'Malley

1995; Saint-Amant and Drapeau 2000; Saint-Amant and Drapeau 2001),

including synaptic inputs to (Ali et al. 2000a) and from motoneurons (Buss and

Drapeau 2000a; Drapeau and Legendre 2001; Drapeau et al. 2001; Legendre et

al. 2000; Nguyen et al. 1999) and their growth and development (Eisen 1999;

Eisen and Melancon 2001; Lewis and Eisen 2001; Westerfield and Eisen 1988).

However, there is a paucity of information on the intrinsic electrophysiological

properties of zebrafish motoneurons in general and larval motoneurons in

particular.

ln this study, the electrophysiological and pharmacological properties of

the motoneuron action potential and membrane were investigated in larval

zebrafish using whole-cell patch current clamp recording techniques. Fast

sodium-dependent action potentials, a high threshold calcium conductance and

repolarizing potassium conductances were observed and their features were
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related to the motoneuron firing pattern during swimming.

METHOOS

Experiments were performed on zebrafish (Tubingen and Longfin Iines)

larvae raised at 28.5 oC and obtained from a breeding colony maintained

according to Westerfield (1995). Ali procedures were carried out in compliance

with the guidelines stipulated by the Canadian Council for Animal Care and

McGill University. The experimental methodology has been described (Buss and

Drapeau 2001a; Drapeau et al. 1999). Results are taken from 84 morphologically

identified (dye-filled) motoneurons (Iocated dorsal or lateral to the central canal)

of zebrafish aged 1.9-2.5 (day 2), 3.0-3.5 (day 3), and 4.1-4.4 (day 4) days

postfertilization, that encompass the period from hatching to free-swimming.

Experiments were performed at room temperature (approximately 22 OC).

The Evan's fish saline recording solution (Buss and Drapeau 2001 a; Drapeau et

al. 1999) contained (in mM) 134 NaCI, 2.9 KCI, 2.1 CaCI2, 1.2 MgCI2, 10 HEPES,

0-10 glucose, osmolarity adjusted (with glucose) to 290 mOsm and pH 7.8.

Larvae were paralyzed by immersion in a-bungarotoxin (10 ~M; n=16) for 10-20

minutes, or D-tubocurarine (15 ~M; n=68) for the duration of the experiment.

Similar observations were made using a-bungarotoxin or D-tubocurarine. Patch

clamp electrodes (4-7 MO) were pulled from thin-walled Kimax-51 borosilicate

glass and were filled with either a potassium gluconate (n=70) or cesium

gluconate solution (n=14). The potassium gluconate solution was composed of

(in mM) 116 D-gluconic acid potassium salt, 16 KCI, 2 MgCb, 10 HEPES, 10
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EGTA, 4 Na2ATP, 0.2% sulforhodamine B, osmolarity 280-290 mOsm, pH

adjusted to 7.2. In the cesium gluconate solution, potassium gluconate and KCI

were replaced with cesium gluconate and CsCI. Tetrodotoxin (TTX; 1 f.LM),

tetraethylammonium chloride (TEA; 5 mM), 3,4-diaminopyridine (3,4-AP; 1 mM),

or cobalt chloride (1 mM) were dissolved in fish saline (constant osmolarity was

maintained by replacing glucose with equivalent amounts of TEA, 3,4-AP, or

cobalt) and applied by bath perfusion. The actions of TTX, TEA, 3,4-AP, cobalt,

and cesium intracellular solution on the action potential and membrane properties

were investigated in day 2 (newly hatched) larvae. A Iiquid junction potential of ­

10 mV was experimentally determined according to Barry and Lynch (1991) and

Neher (1992) and records were corrected for this potential.

Recordings were performed with an Axoclamp-2A patch clamp amplifier

(0.01 headstage; 10kHz low-pass filter) and digitized at 20-40 kHz. Ali chemicals

were purchased from Sigma Chemical Co. (St. Louis, MO). Analyses were

performed using pClamp 8 or Axograph 4.4 software (Axon Instruments).

Motoneurons were held at -75 mV by current injection and ail measurements

were made from this potential. Short (2 ms) or long (300 ms) depolarizing current

pulses were used to evoke single spikes or bursts of action potentials,

respectively. The steady state membrane potential at the end of long current

pulses was used to construct VI curves. Input resistances (RI) were calculated

from the slopes of the VI relation for voltages between -105 to -75 mV, -75 to-45

mV, and >-45 mV. The ratio of RI (>-45 mV) to RI (-75 to -45 mV) was used as an index

of outward rectification (rectification ratio) of the membrane; a ratio of 1 indicates
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a linear relationship. Membrane time constants ('tfast and 'tS!ow) were determined

by fitting the voltage response to long current pulses (resulting in

hyperpolarizations of 15-25 mV) with a sum of exponential curves. Capacitance

was calculated by dividing 'tfast by RI (-105 ta -75 mV). Rheobase was the smallest

current that could initiate an action potential during long (300 ms) current pulses.

Spike after-hyperpolarization measurements were performed on the single action

potential evoked at rheobase; the steady state potential following the spike was

used as baseline. Instantaneous firing frequency was determined by taking the

inverse of the time between the 1st and 2nd, 2nd and 3rd, and 3rd and 4th action

potentials in a burst. Because of the wide range of motoneuron input resistances,

injected current was normalized to rheobase current and firing frequencies are

presented for current pulses 1.5 and 2.0 times rheobase current. Spike threshold,

amplitude, rise time, and half-width measurements were made on single action

potentials evoked during threshold short current pulses. Action potentials initiated

on the decay of the short pulse; spike threshold was measured as the most

negative potential reached during the decay prior to spike initiation. Rise time was

defined as the time between the action potential upstroke and peak, and half­

width as the time from peak amplitude to when the action potential had decayed

to 50% of its amplitude. Results are presented as mean ± SE throughout the text.

The term significant denotes a relationship with P<0.01 determined using the

Student's t-test, paired t-test, Mann-Whitney rank sum test, Wilcoxon signed rank

test, or Spearman rank order correlation test.
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RESULTS

Active and Passive Properties
The resting membrane potential of motoneurons ranged from -63 to -79

mV (mean = -74 ± 0.4 mV) and did not change during the developmental period

examined (Table 7.1). Nearly ail (93%) motoneurons responded to sustained

depolarization by firing a short (approximately 10-30 ms) burst of action potentials

followed by a period of silence, erratically occurring action potentials, or delayed

c1usters of action potentials (Figures 7.1, 7.4, 7.5, 7.6 and 7.8). However, five

motoneurons (7%) responded by firing throughout the current injection. Four of

these were day 2 motoneurons having a high input resistance (mean = 640 ± 78

Mn; -75 to -45 mV range), and small to medium sized amplitude action

potentials (mean = 53 ± 9.3 mV), and one was a day 4 motoneuron with an

average spike amplitude (79 mV) and a low input resistance (84 MO). During the

burst, instantaneous firing frequencies of up to 800 Hz were observed.

Instantaneous firing frequencies accommodated rapidly during the first four

spikes and significantly higher (P=<0.001) frequencies were observed when

stimulation strength was increased from 1.5 to 2.0 times rheobase (Table 7.2).

Instantaneous firing frequencies were significantly higher (P=<0.001) in day 3-4

vs day 2 motoneurons (Table 7.2). During the sustained depolarization, when the

membrane is more positive than EK, a hyperpolarization following the action

potential was observed in 90% of motoneurons. Measured at rheobase, the after-

hyperpolarization could reach up to 13 mV and last up to 40 ms (Table 7.1).

Membrane potentials used for constructing VI relationships were

measured at the end of 300 ms current steps, when the initial burst of action
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potentials had terminated and a steady state potential had been reached. Three

distinct components were observed in the VI relationship (Figure 7.1 C), which

included an inward rectification at potentials negative to Vm and an outward

rectification at potentials near spike threshold (mean spike threshold = -37 ± 0.6

mV). Input resistances were calculated from the slopes of the VI relation over

these three voltage ranges, i.e., negative to Vm (-75 to -105 mV), positive to Vm (­

75 to -45 mV), and near spike threshold (>-45 mV). From day 2 to day 3-4, there

was a significant decrease in the input resistance of the membrane measured

during subthreshold steps negative and positive to the resting potential, while

there was no significant change in the input resistance at potentials near spike

threshold (Table 7.1). Consistent with the decrease in input resistance negative

to spike threshold, rheobase current increased significantly from day 2 to day 3-4

(Table 7.1). Interestingly, while there was no significant change in the input

resistance of the outwardly rectifying portion of the VI relationship (i. e., Vm >-45

mV), there was a change in the apparent outward rectification (i. e., the VI curve

became more linear), as quantified by the rectification ratio (RI (>-45 mv/RI (-75 to -45

mV)), which increased 73% from day 2 to day 3-4 (Table 7.1). Together, these

findings indicate that the decrease in outward rectification was due to a

conductance increase at membrane potentials negative to spike threshold (i. e., <

-45 mV).

ln addition to the parallel developmental changes in input resistance and

rheobase, there was also a strong negative relationship (rs=-0.96; P=<0.001)

between input resistance and rheobase (Figure 7.2A). Figure 7.2A also shows
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that although mean input resistance (RI (-105 to -75 mV) and RI (-75 to -45 mV)) and

rheobase values changed significantly from day 2 to day 3-4 (Table 7.1), their

values overlap in many motoneurons at ail ages. However, a population of

motoneurons (n= 11) with input resistances less than 125 Mn, and rheobase

values greater than 250 pA (values never observed in day 2 motoneurons),

appeared at day 3-4. Motoneurons within this population had larger rectification

ratios (means of 0.59 ± 0.06 vs 0.27 ± 0.01; P<0.001) and contained the neurons

with the most linear VI relationships (Figure 7.1) observed in this study (three

motoneurons with rectification ratios ranging from 0.79 to 0.86).

The developmental changes in input resistance and rheobase could be

due to an increase in conductance per unit area of membrane (e.g., ion channel

insertion) or because of a developmental increase in motoneuron size. However,

the values of capacitance (a measure of membrane area and motoneuron size)

overlapped considerably at ail ages (Figure 7.28), and mean values did not

change significantly from day 2 to day 3-4 (Table 7.1), ruling out motoneuron size

as the only changing variable. A decrease in the fast component of the

membrane time constant ('tfast), that accounted for approximately 85% of the

membrane charging, accompanied the decrease in input resistance (Table 7.1).

Conductance and capacitance were strongly correlated (Figure 7.28; rs=0.75;

P<0.001) indicating that the largest neurons had the highest conductance. A

closer examination of individual age classes revealed an additional trend in this

relationship. The relationship of day 3 and day 4 motoneurons was shifted to the

left and was steeper, indicating that there is an increase in specifie membrane



208

conductance during development. Thus, the decrease in outward rectification

observed in this study is due to an additional "Ieak" conductance that is active at

the resting membrane potential (although small changes in motoneuron

capacitance, obscured by the large overlap in motoneuron capacitances and

sizes, cannot be ruled out).

Interestingly, the duration of the action potential burst was approximately

the length of a swim cycle (Buss and Drapeau 2001 a; Buss and Drapeau 2002).

The conductances active during the outwardly rectifying portion of the VI curve

were thus likely to be responsible for the termination of the action potential burst

and so these conductances were investigated pharmacologically. Because there

was no change observed in the action potential bursting from day 2 to 4, a

pharmacological investigation of motoneuron membrane and bursting properties

was only performed in day 2 larvae, an age where stable, high resolution

motoneuron recordings were made with the greatest success.

Pharmacology
Action potentials were initiated during the decay of voltage transients

generated following short 2 ms current injections (Figure 7.3) indicating a remote

spike initiation site. Mean spike threshold was -37 ± 0.6 mV and ranged from -49

mV to -24 mV and was correlated with input resistance (rs=-0.407; P=<0.001; -75

to -45 mV range) and spike rise time (rs=-0.51; P=<0.001). Spikes were

generally close to 0 mV at their peak (mean amplitude = 75 ± 1.4 mV; range 30

mV to 95 mV). These findings are also consistent with an axonal spike initiation

site. Spikes elicited by short 2 ms current injections were not followed by a

noticeable hyperpolarization (Figure 7.3). However, EK (approximately -97 mV) is
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close to the resting potential and closer examination revealed that the decay

time-course of voltage transients following action potentials were faster, in 68% of

motoneurons, than the decay of sub-threshold voltage transients. Indeed, as

stated above, spikes evoked by rheobasic current pulses displayed a marked

after-hyperpolarization.

Action potentials were generated by a voltage-activated sodium

conductance as they were abolished by TTX (Figure 7.3A; n=6) and not cobalt

(Figure 7.38; n=5), although cobalt increased spike threshold by 11 ± 2 mV

(p=0.004). Addition of the potassium channel blockers TEA (Figure 7.3C; n=6) or

3,4-AP (Figure 7.30; n=5) prolonged the duration of the action potential (Table

7.3), revealing that it is terminated by potassium conductances. Rise times

increased in TEA and 3,4-AP whereas there was no large change in spike

threshold (Table 7.3).

When sodium-dependent action potentials were blocked by TTX, and

potassium conductances antagonized with TEA and 3,4-AP, a high-threshold

transient potential was observed at membrane potentials between -10 and -25

mV (Figure 7.4). This depolarizing potential was blocked by cobalt and is thus

defined as a calcium-dependent action potential. The calcium spike activated

slowly and 2 ms current pulses were ineffective whereas 10 ms pulses were.

ln addition to a calcium spike, TTX also unmasked a slowly activating

outward conductance, which was presumably responsible for late outward

rectification (Figure 7.5). In the presence of TEA and 3,4-AP, the outward

rectification was reduced and addition of cobalt reduced it further (Figure 7.6).
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Sustained trains of high-threshold (>OmV), cobalt-sensitive, calcium-dependent

action potentials (at 60-80 Hz) were also observed (3/4 motoneurons) following

the initial calcium spike (Figure 7.6B). When applied alone, cobalt reduced the

outward rectification, decreased the firing frequency of the action potential burst

(33 ± 12% decrease; determined from the first inter-spike interval normalized to

1.5 or 2.0 times rheobase), and blocked the erratically occurring or delayed

c1usters of action potentials that can follow the bursts (Figure 7.7). Cobalt also

reduced the level of membrane noise. Although TEA, 3,4-AP, and cobalt had the

greatest effect on the outwardly rectifying portion of the VI relationship, they also

had minor effects at more negative potentials. Rheobase current decreased 26 ±

3% in TEA and 3,4-AP, while it increased 35 ± 14% in cobalt.

It was anticipated that TEA and 3,4-AP would facilitate repetitive action

potential firing if the outward rectification they reduce contributed to burst

termination. Application of TEA or 3,4-AP led to repetitive firing, at 20 to 70 Hz,

following the initial prolonged action potential (Figure 7.8). However, these

potassium channel blockers do not block ail potassium channels (e.g., the

calcium dependent potassium conductance discussed below) and, to further

reduce potassium conductances, intracellular potassium ion was replaced with

the less permeant ion cesium. With a cesium ion based intracellular solution,

short 2 ms current pulses initiated a prolonged after discharge (lasting 170-1000

ms), sustained bya plateau potential (5/14 motoneurons), that was not observed

in cobalt solutions (Figure 7.9). Even in motoneurons that did not fire an after

discharge, the action potential was broadened similarly to action potentials



211

observed in TEA or 3,4-AP (Figure 7.9B). Motoneurons examined using cesium­

ion based intracellular solutions had significantly larger mean half-widths (27 ± 3

ms), rise times (0.61 ± 0.05 ms), and a lower spike threshold (-43 ± 0.8 vs -37 ±

0.6 mV) than those recorded with potassium gluconate-based intracellular

solutions. In cobalt, the prolonged action potential was attenuated to 57 ± 0.1 % of

its duration (n=5; P=0.001) and short pulse current threshold increased by 24 ±

2% (P=0.003). The prolonged action potential was completely blocked in TTX

(not shown).

DISCUSSION

The action potential recorded from motoneurons of larval zebrafish is

initiated distal to the soma, is generated primarily by a TTX sensitive sodium ion

conductance, but also features a voltage-dependent calcium ion component, and

is terminated by a potassium ion conductance sensitive to TEA and 3,4-AP.

Steady state VI curves revealed an inwardly rectitying conductance at voltages

negative to resting potential and an outwardly rectitying conductance at voltages

near spike threshold. From hatching to the free-swimming stage, average

membrane input resistance at potentials negative to spike threshold decreased,

and VI relationships became more linear even though the input resistance of the

suprathreshold outwardly redifying segment of the VI curves did not change

significantly. The decrease in input resistance was not accounted for simply by

increases in motoneuron size, as reflected by less variable membrane

capacitance estimates, but rather by an increase in specifie membrane
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conductance. The population of motoneurons examined had a wide range of

input resistances, capacitance values (sizes), and rheobase current thresholds,

supporting the presence of graded motoneuron recruitment during swimming at

these larval stages (Buss and Drapeau 2002).

Greater than 90% of motoneurons responded to long depolarizing current

pulses by firing a brief (approximately 10 to 30 ms) burst of action potentials at ail

ages. A strong outward rectification, antagonized by voltage-activated potassium

channel antagonists (TEA and 3,4-AP), intracellular cesium, and cobalt,

contributes strongly to burst termination. The role of potassium conductances in

burst termination is most clearly demonstrated in Figure 7.9 where a sustained

plateau potential appears when intracellular potassium ions are replaced with

impermeant cesium ions. Although not tested directly, cobalt is likely preventing

the activation of a calcium-dependent potassium ion (and/or chloride ion)

conductance by blocking a voltage activated calcium influx. A high-threshold,

cobalt-sensitive, calcium conductance was also observed when sodium and

potassium conductances were decreased in TEA, 3,4-AP, and TTX (Figure 7.6)

and this calcium spike could fire repetitively during a long current pulse.

Furthermore, the sustained afier discharges observed using cesium ion-based

intracellular solutions were not observed, short pulse current thresholds were

increased, and action potential half widths were reduced, in the presence of

cobalt. Based on these observations, we hypothesize that the high-threshold

calcium spike, activated by sodium dependent action potentials, may provide an

electrogenic contribution to action potential bursting.

This is the first study to examine the electrophysiological properties of
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motoneurons in a larval fish. With the exception of the lamprey, there have been

few physiological investigations of fish locomotor motoneurons. Fish

motoneurons generally have low resting membrane potentials: mean = -75 mV in

goldfish, (Fetcho 1992a); mean = -75 mV in a Japanese teleost, (Bando 1975); <­

80 mV in 25% of stingray motoneurons, (Williams et al. 1984); mean = -75 mV in

lamprey (Buchanan 1993) and similar to that observed in larval zebrafish with a

mean = -74 mV. Depolarizing after potentials have been observed in goldfish, a

Japanese teleost, and stingray motoneurons while an after-hyperpolarization was

observed in stingray motoneurons (Bando 1975; Fetcho 1992a; Williams et al.

1984) and lamprey (see below). In larval zebrafish, an after-hyperpolarization

was not observed when action potentials where evoked by short pulses from the

negative resting membrane potential but was observed when the membrane was

heId at more depolarized levels. The after-hyperpolarization of larval zebrafish

motoneurons could be obscured by the fast membrane time constant, the

proximity to EK, or to calcium chelation by the intracellular solution. However,

examination of the VI relationship after the calcium conductance was blocked

with cobalt did reveal the presence of a calcium-activated conductance, which

was likely mediated by potassium ions.

Interestingly, Buss and Drapeau (2001 a) reported a mean spike threshold

of -46 ± 0.8 mV; determined by measuring the amplitude at which rhythmic

locomotor drive potentials initiated action potentials during fictive swimming. This

value is approximately 9 mV closer to the resting potential than the spike

threshold determined by using somatic current injections in this study (-37 ± 0.6
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mV). The more negative spike threshold observed during fictive swimming could

be because excitatory locomotor synapses are located electrically c10ser to the

axonal spike initiation zone than the somatic patch electrode point current source.

ln addition, there could be a locomotor-related reduction in spike threshold, as

reported in the cat (Krawitz et al. 2001).

Fin (Rovainen and Birnberger 1971) and myotomal (Teravainen and

Rovainen 1971) motoneurons have been examined in detail in lamprey, where

motoneurons to twitch fibers have lower input resistances than those to slow

fibers (Teravainen and Rovainen 1971). The VI relation determined at potentials

20 mV positive and negative to the resting membrane potential are linear and

input resistances, action potential thresholds, and instantaneous firing

frequencies are considerably lower in the lamprey (Buchanan 1993). Similar to

larval zebrafish, the action potential is prolonged in TEA or 4-AP, and blocked by

TTX (Hess and El Manira 2001; Kemnitz 1997; Matsushima et al. 1993; Wallen et

al. 1989). A calcium-activated potassium conductance, transient A-type current,

and high-threshold calcium current has also been described in lamprey

motoneurons (El Manira and Bussieres 1997; Grillner and Wallen 1985; Grillner

et al. 2001; Hess and El Manira 2001; Hill et al. 1992; Matsushima et al. 1993;

Wallen et al. 1989).

The duration of the action potential bursts observed during long

depolarizing current pulses closely approximates the duration of the active period

of a swim cycle (Buss and Drapeau 2001 a; Buss and Drapeau 2002). The factors

contributing to burst termination may include a high-threshold inactivating calcium

spike and voltage- and calcium-dependent potassium conductances. Together
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these conductances would help sculpt the period of action potential firing so that

it is consistent with the period of rhythmic excitatory drive to the motoneurons. If

the same conductances are present in interneurons of the central pattern

generator for swimming, they could also underlie the generation of rhythmic

locomotor network activity.
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TABLES AND FIGURES

Table 7.1. Action potential and membrane properties of day 2 and 3-4
motoneurons
Parameter Day 2 (n=47) Day 3-4 (n=23)
Vm(mV) -74 ± 0.5 -73 ± 0.6
Spike Threshold (mV) -38 ± 0.6 -36 ± 1.1
Spike Amplitude (mV) 75 ± 1.9 75 ± 1.6
Spike Rise Time (ms) 0.34 ± 0.02 0.30 ± 0.03
Spike After Hyperpolarization (mV) 6 ± 004 (n=42) 5 ± 0.6 (n=22)
Spike After Hyperpolarization (ms) 11 ± 1.3 (n=42) 9.1 ± 1.9 (n=22)
Rheobase (pA) 120 ± 8 * 222 ± 25 *
Capacitance (pA) 15.6±0.7 1704 ± 1.3
"Clasl (ms) 304 ± 0.2 * 2.6 ± 0.3 *
"Cslow (ms) 36 ± 2.6 47 ± 5.8
"Cslow (%) 15±1A 13 ± 1.6

RI (-105 la -75 mVI (MO) 255 ± 28 * 180 ± 32 *
RI (-75 la -45 mVl (MO) 315±31 * 215 ± 36 *
RI (>-45 mVI (MO) 84 ± 11 77±8
Rectification Ratio 0.26 ± 0.02 * 0045 ± 0.04 *
RI 1>-45 mvlRI1-75 la -45 mV\
Values shown are means ± SE. * Significant difference of means (P<0.01) determined using the
Student's t-test or Mann-Whitney rank sum test.
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Table 7.2. Instantaneous action potential firing frequency in day 2 and 3-4
motoneurons
Rheobase Day 2 (Hz) Day 3-4 (Hz)
(R) 1SI 2na 3ra 1SI 2na 3ra

1.5X R 235±10.4 182 ± 10.5 154 ± 10.3 331 ± 16.7 289 ± 15.5 252 ± 13.3
(n=46) (n=40) (n=24) (n=46) (n=45) (n=38)

2.0XR 335 ± 10.3 269± 11.5 222 ± 11.0 409 ± 28.4 403 ± 21.6 354 ± 21.1
(n=20) (n=20) (n=18) (n=20) (n=18) (n=18)
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trirtthfTEA d 34 APT bl 73 A ra e .. C Ions 0 an , - on e mo oneuron ac Ion po en la
Parameter TEA (n=6) 3,4-AP (n=5)
Spike Half Width 14 ± 3 times lonqer * 13 ± 3.3 times lonqer *
Spike Rise Time 2.7 ±0.2 times longer * 2.0 ± 0.1 times longer *
Spike Voltage Threshold 6 ±2 mV decrease 2 ± 1 mV decrease
Values shown are means ± SE. * Significant difference of means (P<0.01) determined using the
Student's t-test or Mann-Whitney rank sum test.
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Figure 7.1. Motoneurons of day 2 (A) and day 4 (8) zebrafish respond to long depolarizing
current pulses by firing a short burst of action potentials. VI curves (C) of the day 2 (0) and day 4
(.) motoneurons shown in A and 8. 80th motoneurons have a similar input resistance at
membrane potentials >-30 mV whereas large differences are apparent at more negative
membrane potentials. Traces shown are from a typical day 2 motoneuron and a day 4
motoneuron with a high rectification ratio.
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R=O.77), day 3 (----; R=O.88), and day 4 (...; R=O.90) values.
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Figure 7.3. Pharmacological properties of the motoneuron action potential. Motoneuron response
and stimulus waveform are shown as solid (control traces) and dashed (treated traces) lines. The
action potential is eliminated by TTX (1 f..lm) (A) but not cobalt (1 mM) (8), although spike
threshold increased in 1 mM cobalt. TEA (1 mM) (C) and 3,4-AP (1 mM) (0) broaden the action
potential. Day 2 motoneurons.
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Figure 7.4. A high theshold calcium spike (*) is revealed when sodium and potassiun
conductances are antagonized. The first 40 ms of 300 ms long depolarizing current pulses are
shown in A-C. The traces in A and B-O are fram two difterent motoneurans also shown in Figures
7.5 and 7.6 respectively. The calcium spike (*) is revealed when the potassium conductances are
blocked by TEA and 3,4-AP (A-B), and is blocked by cobalt (C). The peak of the calcium spike
was measured and plotted before (~) and after (V) it was antagonized with cobalt (0). The steady
state outward rectification observed prior to pharmacological treatments (.) is shown in O.
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depolarization. Control (A, -; C, .) and TTX (B, ----; C, l'). At steady state values, TTX has liUle
effect on the VI relationship (C). * indicate a burst of action potentials in A and an apparent
transient depolarization of comparable duration in B. Day 2 motoneuron.
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Figure 7.6. A high-threshold, TTX-resistant, cobalt-sensitive oscillation (B) due to a calcium
conductance (C) is observed in motoneurons after sodium and potassium conductances are
antagonized with TTX, TEA, and 3,4-AP. Control (A, -; D, .); TTX, TEA, and 3,4-AP (B, ----; D,
T); TTX, TEA, 3,4-AP, and cobalt (C, ----; D, .). TEA, 3,4-AP, and cobalt reduce the steady state
outward rectifiation observed in the VI relationship (D). Day 2 motoneuron.
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Figure 7.9. A prolonged after discharge, sustained bya plateau potential, is observed in 5/14 day
2 motoneurons when a cesium based intracellular pipette solution is used (A). Prolonged action
potentials (-) are observed in motoneurons that do not display after discharges (B). Cobalt
shortens the duration of the prolonged action potentials observed with intracellular cesium
solutions (B, ----).
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Appendix: Calculation of the Iiquid-Iiquid junction potential

Liquid-liquid junction potentials (Barry and Lynch 1991; Neher 1992) were

determined experimentally by recording the steady state voltage difference

between a patch pipette (containing an electrode solution) and a bath solution of

extracellular fish saline or the patch pipette electrode solution. A 3 M KCI agar

bridge separated the bath solution from a Ag-AgCI electrode immersed in 3 M

KC!. Experimentally determined junction potentials were 1 to 3 mV more positive

than junction potentials calculated using the generalized Henderson Liquid

Junction Potential Equation included in Axon Instruments pClamp 8 software.

This difference is likely due to a small junction potential of the salt bridge

reference electrode as weil as to errors in the estimation of ion activity (derived

from ion concentration) in the generalized Henderson Liquid Junction Potential

Equation. The error in estimating ion activity is likely to be significant in these

electrolyte solutions where [Cr] varies from 10-145 mM. Ali membrane potential

values have been corrected for liquid-liquid junctions potential using

experimentally determined values.

" 1L" "d r "d"IqUi - iqUI junctlon potentla 5
Intracellular [Cn Experimental Henderson Equation
10 +12 +15
20 +10 +14
40 +8 +12
80 +6 +9
140 +3 +4
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General Discussion

The development of the zebrafish motor unit and its activation during

swimming were examined. Larval swimming is powered by two types of axial

locomotor muscle that have the properties of tonic (embryonic red) and twitch

(embryonic white) vertebrate muscles. These muscles are recruited in the adult

pattern very early in larval development. The locomotor muscle is synaptically

driven by rhythmically active myotomal motoneurons. Motoneurons receive a

highly rhythmic glutamatergic synaptic drive (with AMPAlkainate and NMDA

components), which drives motoneurons to spike threshold, as weil as a less

structured glycinergic synaptic drive. Motoneurons have intrinsic conductances

that facilitate the generation of short, high frequency, bursts of action potentials

that are sustained, and then actively terminated, for a period as long as the active

period of a swimming cycle. The physiological properties of the muscle contractile

apparatus, synaptic drive and the excitability of the motoneuron membrane are

optimized for producing the rapid undulatory swimming that is required for

propelling the small inert larvae through their viscous aquatic environment.

Locomotion has been studied at a detailed cellular level in a variety of

vertebrates (mammals, reptiles, birds, amphibians, elasmobranch fishes and

lampreys) but never, until now, at early developmental stages in a fish (Grillner et

al. 1986; Herman et al. 1976; Stein et al. 1997). The generation of locomotor

rhythms is fundamentally similar in ail vertebrates, including zebrafish. In ail

vertebrates examined, a glutamatergic synaptic drive rhythmically excites

motoneurons to spike threshold and intrinsic motoneuron properties contribute to
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the generation of rhythmic output. The development of the spinal cord, anatomie

division of spinal motor and sensory systems, neurotransmitter phenotypes and

spinal neuron projection patterns are recognizably similar in ail vertebrates. Of

course there are differences, as would be expected after nearly half a billion

years of evolution. These include the locomotor glycinergic drive, which although

necessary for coordinated locomotion in ail vertebrates, occurs both on and off

cycle in cat and zebrafish motoneurons but is highly phasic in amphibian tadpoles

and lamprey, occurring as a rhythmic mid-cycle inhibition. Aiso very different are

the mechanics of locomotion, which range from undulatory swimming to tetrapod

locomotion. What is learned from studies on zebrafish locomotion and motor

control will further our understanding of mammalian motor systems.

An understanding of the development and function of the zebrafish motor

system, which was investigated in this Thesis, is still at a preliminary stage. In

particular, the kinetic and pharmacological properties of the conductances

responsible for membrane excitability and polarization in both motoneurons and

locomotor muscle need to be examined. For example, which potassium channels

contribute to burst termination in motoneurons and which chloride channels

contribute to the different chloride ion permeability of ER and EW muscle fibers?

These questions would be best approached using voltage-clamp techniques

combined with pharmacological and ion substitution manipulations. The

physiology of ER and EW muscle also requires further study including why

contraction thresholds differ and what are the mechanisms of excitation­

contraction coupling in the two fiber types. Furthermore, the distribution of

motoneuron endplates and whether ion channels (e. g. sodium and chloride ion
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channels) are uniformly distributed on the membranes of ER and EW fibers

should be examined. An obvious next step in understanding how motoneurons

are synaptically activated during swimming is to identify and then study the

synaptic physiology and intrinsic membrane properties of the premotor

interneurons that provide the glutamatergic and glycinergic synaptic drive to

motoneurons. It would be very interesting to determine the neural mechanisms

underlying the unique recruitment of ER and EW muscle during swimming. To do

this motoneurons that innervate ER and EW muscle would need to be identified

and then examined during different fictive swimming undulation rates. Whether

the intrinsic membrane properties or synaptic activation of motoneurons to ER

and EW muscle differ would be worth investigating. Furthermore, this Thesis only

examined a limited, though behaviorally significant, developmental time window

and it would be interesting to find out what further changes occur in late larval

and adult Iife, as weil as during the transition from the embryonic coiling to

swimming behaviors.

The ultimate goal of this research should be to elucidate how the nervous

system generates the coordinated motor output required for swimming. To solve

this problem, it will be necessary to identify the interneurons and descending

neurons that contribute to the swimming behavior as weil as understand the

connectivity and intrinsic membrane properties of these neurons. Future studies

will need to unequivocally identify the interneurons and descending neurons

active during locomotion and this will not be an easy task. It will not be sufficient

to rely only on morphological identification and neurotransmitter phenotype as

synaptic connectivity (e. g., location in reflex pathways) will need to be
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considered. At present, this will not be an easy task, but the use of molecular

markers uniquely expressed by interneuron populations (Briscoe and Ericson

2001) may aid in this investigation (see below).

There is a greater understanding of the neural basis of motor control in

other vertebrate model organisms, compared to zebrafish. A continued

comparative physiology approach would be useful for gaining a greater

understanding of the zebrafish motor unit and learning what fundamental

principles of motor control have been conserved during vertebrate evolution. Few

studies have addressed the functioning of the zebrafish axial sensory system,

reflex pathways, state dependent reflex modulation, presynaptic inhibition,

neuromodulation, synaptic plasticity, descending systems or segmental spinal

cord organization. The organization of the pectoral fin motoneuronal pool, how

rhythmic activity is generated for fin movements, and whether there are

differences between axial and fin motoneurons would be worthwhile pursuing.

Such a comparison would be particularly interesting because of the homologies

between tetrapod limbs and pectoral fins. Clearly there is still much to be learned.

ln addition to the more classical approaches, the stage is also set for

approaching the study of motor control and locomotion using genetic and

molecular techniques. Zebrafish are amenable to forward genetics approaches

and many mutants have been identified in genetic screens that are necessary for

embryonic development as weil as motor control (Driever et al. 1996; Golling et

al. 2002; Granato et al. 1996; Haffter et al. 1996). Thus, there is the potential for

identifying the genes involved in the development of the locomotor system.

However, genetic screens are designed ta gain understanding of what individual
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genes do and not how genes control the development of motor behaviors.

Hundreds of genes may contribute to something as rudimentary as the growth of

a motoneuron axon into locomotor muscle and individual genes may have

different functions when expressed in different tissues. 1think it is unlikely that

individual genes could have evolved to control complicated aspects of locomotor

behavior such as rostral-caudal phase lags during swimming. The forward

genetic approach is indispensable for identitying genes but its immediate value

(the long term value of knowing the function of every gene is not disputed) for

gaining understanding of how motor behaviors develop remains to be

determined. However, a detailed understanding of the function and development

of the motor system (as undertaken in this Thesis) will allow for a precise

characterization of zebrafish mutant phenotypes affecting the motor unit and

locomotor behaviors.

Reverse genetic approaches are becoming increasingly feasible in

zebrafish and within the next decade knock-in and knock-out technology may be

routine. This would allow the restricted over-expression or under-expression of

selected genes, in selected tissues, at selected times of development, thus

allowing the effects of genes that cause gross abnormalities or death when

mutated to be examined in select tissues. However, this is already possible in

mice and any important genes that are discovered in zebrafish will undoubtedly

have homologues in mice, where the experiments can performed, although with

greater difficulty and expense. So why develop the zebrafish as a model?

There are other advantages for studying zebrafish and these are what

attracted investigators prior to its status as a genetic model organism. Embryonic
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and larval zebrafish are small, easy to rear, transparent, and have far fewer

neurons than rats and cats. They are the vertebrate equivalent of invertebrate

motor control model organisms, such as the locust or leech (Burrows 1996;

Muller et al. 1981), which have a relatively small number of accessible and

identifiable neurons. In addition, larval zebrafish have small, electrically compact,

spinal neurons that allow voltage clamp recording techniques to be used during

locomotor behaviors in vivo. These are important advantages for the cellular

neurophysiologist and with decades of dedicated work we would elucidate

neuronal connectivity and synaptic and membrane properties in zebrafish without

the use of molecular or genetic techniques. However, using the genetic and

molecular tools available in the zebrafish will speed the process and lead to a

deeper, genetic, molecular and neurophysiological understanding of motor

control. In the near future, we will be able to use the promoters of interneuron

specifie transcription factors to drive fluorescent markers in identified neurons in

living animais. This will revolutionize the study of synaptic connectivity between

identified neurons and facilitate the deciphering of neuronal connectivity. We will

be able to stop the expression of selected ion channels in specifie interneurons,

or remove selected interneurons from the locomotor network, and understand

their function. In addition to understanding locomotion in zebrafish, we should be

able to apply much of this knowledge in biomedical research and ultimately

increase our understanding of how we control, or lose control, of our own

movements.

This thesis takes the first of many steps to fulfil these goals. It

characterizes the development of the zebrafish motor unit and compares these
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findings with what is already known in other vertebrates. My findings indicate that

the motor system of zebrafish is organized similarly to other vertebrates. These

similarities are what make this organism such a good model organism for

learning about the development of vertebrate motor control and locomotion.

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
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