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Cover figure: Kinematic study of swimming in fish.
Part of Plate XIV, from De Motu Animalium, “On the movement of ani-
mals” by Giovanni Alfonso Borelli (1680).

«It is, however, Borelli (1608-1679) who is credited as 
being the father of modern biomechanics. Borelli was an 
Italian physiologist and physicist with a strong mathemati-
cal leaning. Born in Naples in January 1608, he was a pupil 
of Galileo and his association with Malpighi gave him an 
interest in anatomy. His two major works, De Motu Anima-
lium I (1680) and De Motu Animalium II (1681), in which 
he sought to equate animals with machines, contain detailed 
studies of the fundamental actions of muscles in both internal 
and external movements. In his analyses of the movements 
of lever arms and the relationship of the muscle forced to the 
angle of application, he considered the bones as levers, and 
that muscles worked on mathematical and geometrical prin-
ciples. After determining the centre of gravity of the human 
body, he formulated the theory that forward progression in-
volved the displacement of the centre of gravity beyond the 
area of support and that the swinging of the limbs saved the 
body from losing balance. His other considerations were of 
the motor force involved, the resistance to be overcome, and 
the point of body support during walking.» (excerpt from 
Thurston 1999)





SUMMARY

Animals propel themselves through space, swimming, walking or flying, 
by rhythmic oscillatory movements of their body and limbs. In vertebrates 
these movements are mainly generated by specialized neuronal circuits in 
the spinal cord, called central pattern generators (CPGs) for locomotion. 
Spinal networks integrate sensory feedback about body position and the 
environment, together with supra-spinal motor commands, to produce pre-
cise and goal-directed locomotion. The lamprey, an aquatic vertebrate that 
swims by rhythmic left-right bending of its body, is an advantageous system 
for the study of CPGs. It conserves ancient features of the vertebrate nervous 
system, with a lower complexity and limited number neurons. Its isolated 
spinal cord, when activated pharmacologically, produces at the ventral roots 
the rhythmic motor pattern of swimming. This allows the experimenter to 
investigate in vitro, the neuronal mechanisms responsible for locomotion. 
Individual neurons or pairs of a pre- and a postsynaptic neuron can be re-
corded from, to study their cellular and synaptic properties and gain an un-
derstanding of how different cells are wired together in a network. The work 
presented in this thesis aims at clarifying three crucial aspects of how the 
locomotor rhythmicity arises.

The core of the CPG is considered to be organized in two populations 
of excitatory interneurons (EINs), one on the left and one on the right side 
of the spinal cord, each providing phasic glutamatergic excitation to the 
ipsilateral motoneurons (MNs). Moreover, these two groups of EINs inhibit 
one another by way of interposed glycinergic interneurons with crossed 
projections, ensuring a proper alternation of activity. It has been proposed 
that this crossed inhibition plays an essential role, not only in the left-right 
alternation, but also in the generation of rhythmic bursting. We tested this 
hypothesis by performing complete midline sections of spinal cord pieces 
and found that the hemicord of the lamprey expresses rhythmic locomotor 
bursting during pharmacological activation, as well as following electrical 
stimulation. Thus, the generation of the basic swimming rhythm is provid-
ed by unilateral spinal networks in each hemicord, and crossed inhibition 
is not required for rhythmogenesis. We then explored the firing pattern of 



single MNs and interneurons during locomotor bursting in the hemicord, 
and found that active neurons fire one action potential for every locomotor 
cycle. This has lead to a tentative model for the operation of the unilateral 
networks in the absence of crossed inhibition.

Among the mechanisms that regulate the frequency of locomotor burst-
ing in the lamprey spinal network, are Ca2+-activated K+ channels (KCa). 
These open as a consequence of Ca2+ influx during each action potential and 
generate a slow afterhyperpolarization (sAHP). Summation of the sAHP 
helps terminate bursts on either side the spinal cord. A crucial question was 
whether a KCa mediated conductance increase might also take place as a 
consequence of Ca2+ entry during subthreshold excitatory synaptic input. 
This would modify the integrative properties of the neuron. We examined 
this possibility in a classic model of synaptic contact, the giant reticulospinal 
axon to MN synapse, as well as during the cyclic excitation-inhibition of 
fictive swimming in MNs. No evidence for a direct interaction between 
synaptic input and KCa channels was found, thus simplifying dendritic com-
putation.

We also characterized the pharmacology of the sAHP, describing a previ-
ously unknown component, mediated by Na+-dependent K+ channels (KNa). 
We found that during repetitive firing, this component represents a progres-
sively larger proportion of the sAHP. This will make it an important factor 
contributing to the regulation of the spike frequency of spinal neurons, and 
potentially also of the locomotor CPG.
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INTRODUCTION

The lamprey is one of a limited number of animal species, vertebrate and in-
vertebrate, that have been used as a model system in the attempt to unravel 
the neural mechanisms underlying locomotion. This is the particular form 
of movement by which animals propel themselves through space, clearly 
being one of the earliest behaviors that appeared during evolution, starting 

from unicellular organisms. De-
spite the dazzling variety in mor-
phology observed throughout 
the animal kingdom, a few basic 
principles appear to have been 
followed in achieving the same 
final goal of propulsion (Gray 
1968). One or more body seg-
ments (referring generally to stiff 
or flexible portions of the body) 
rhythmically oscillate around 
one or more axes, and the differ-
ent segments maintain appropri-
ate phase delays between each 
other (Fig. 1). To understand the 

neural bases of locomotion, we need to answer the following questions.
1. What drives the rhythmic oscillations, and which mechanisms are in-
volved? (rhythm generation)
2. How is the timing between different segments controlled? (intersegmental 
coordination).
3. How are rhythmicity and timing modified in different behavioral condi-
tions?
The comparative approach of using of different species in the study of 
locomotion is based on the possibility that, throughout evolution, similar 
solutions to problems 1-3 have emerged (between invertebrates and ver-
tebrates) or have been conserved (across vertebrate species). It is now be-
lieved that in the vertebrate phylum a common motor control scheme has 

oscillatory activity
intersegmental coordination

Figure 1. Shared principles underlying body pro-
pulsion. Left: lamprey swimming. Right: bipedal 
walking.
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been maintained (Fig. 2), with pattern generation in the spinal cord, drive 
and regulation from brainstem locomotor regions, selection of motor pat-
tern in the basal ganglia (Pearson 1993; Kiehn et al. 1997; Selverston et al. 
1997; Orlovsky et al. 1999; Grillner 2003). The work included in this thesis 
addresses certain aspects of problem 1, locomotor rhythm generation.

Different preparations offer specific advantages and disadvantages in the 
study of locomotor generation and the evaluation of these factors is neces-
sarily biased by the implicit long-term goal of understanding human loco-
motion. Lampreys are limbless (lacking paired fins) aquatic animals related 
to a group of early vertebrates living 450-550 MYr ago (Rasmussen and 
Arnason 1999). They are believed to maintain many of the morphological 
characteristics of proto-vertebrates, while of course having evolved some 
specific adaptations (Kuratani et al. 2002). Thus, any feature that is com-
mon to lampreys and other vertebrates can be assumed to be very ancient 
in evolutionary terms. This is true, for example, in the case of the general 
organization of locomotor control outlined in figure 2. As a consequence 
of this ancestry, lampreys provide many of the advantages of working on 
a vertebrate nervous system while maintaining the lower complexity and 
experimental robustness typical of the invertebrates. The main subdivisions 

Central spinal network

Movement feedback

Locomotion

Basal
ganglia

DLR

MLR
RS

Selection Drive Pattern generation
Forebrain Brainstem Spinal cord

Figure 2. The vertebrate control scheme for locomotion. Selection of the locomotor program oc-
curs in the basal ganglia. Initiation and regulation takes place in the reticular formation of the 
brainstem. Neuronal networks within the spinal cord produce the locomotor pattern in close 
interaction with sensory feedback. DLR, diencephalic locomotor region; MLR, mesopontine 
locomotor region; RS, reticulospinal neurons. Adapted from Grillner 2003.
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of the lamprey CNS have analogues in the higher vertebrates (Rovainen 
1979), although they are smaller and have fewer neurons, such as the bas-
al ganglia and brainstem with cranial nerves. The spinal cord in particular 
contains dorsal sensory- and ventral motor-related neurons. At each of the 
approximately 100 segments there are a pair of dorsal rootlets composed 
primarily of sensory afferents and a pair of ventral roots mainly convey-
ing motor axons toward the axial and fin musculature (Rovainen and Dill 
1984). Lamprey transmitters and neuromodulators correspond to the mam-
malian ones (Brodin et al. 1988). A strong similarity is also found for glu-
tamate-, glycine-, GABA-, as well as aminergic- and peptidergic-receptor 
neuropharmacology (Homma and Rovainen 1978; Dale and Grillner 1986; 
Alford and Grillner 1990; Wikström et al. 1995; Krieger et al. 1996; Parker 
and Grillner 1996). Ion channels respond to same blockers effective in mam-
mals (El Manira and Bussières 1997; Hu et al. 2002). Nonetheless, caution 
should be always applied (Hallböök et al. 1998; Cangiano et al. 2002).

Apart from the many similarities, the lampreyʼs CNS is simpler than that 
of mammals. Each spinal segment in the adult animal has been estimated to 
contain in the order of 1000 neurons for a rough total of 100̇000 in the en-
tire cord (Rovainen 1979). Limited body size alone cannot account for these 
relatively small numbers (Purves 1988; Van Dongen 1998) since the adult 
rat, an animal roughly similar in size to the lamprey, was estimated to have 
8 million neurons within the spinal cord, translating to almost 300̇000 per 
segment! (Bjugn and Gundersen 1993). The explanation for this difference 
lies in the much more complex behavioral repertoire of the rat involving the 
use of multi-jointed limbs. The comparative simplicity of the lamprey body, 
of its swimming pattern, and of the underlying nervous system make it a 
much less difficult model system to study and understand than a mammal. 
Lampreys lack paired fins and except for a limited control of the dorsal and 
caudal fins, their propulsive musculature is distributed along the rostro-cau-
dal axis in a repetitive segmental pattern of four functional quadrants: left-
dorsal, left-ventral, right-dorsal, right-ventral (Wallén et al. 1985; Wannier 
et al. 1998; Zelenin et al. 2001). Swimming in open water is performed by 
rhythmically contracting the left and right myotome quadrants in alternation 
(1-8 Hz) while maintaining a roughly constant phase delay from segment 



6

to segment (~1 % of the swim cycle/segment in forward swimming; Wallén 
and Williams 1984). As a result the body, straight at rest, acquires a travel-
ling S-shape during swimming (Fig. 1 left). This motor pattern is essentially 
analogous to the primary one employed by most teleost fish (Gray 1968) 
except that in lamprey, as in other elongated animals like eel, the length of 
the body and tail is longer and the oscillation amplitude more pronounced 
(teleosts and elasmobranchs in addition have bilateral fins used for steering 
and maneuvering).

A major achievement in vertebrate motor research was establishing 
that the neuronal circuitry generating locomotion is localized to the spi-
nal cord (reviewed in Grillner 1981, p.1194; Kiehn and Kjaerulff 1998). 
This circuitry has been referred to as the central pattern generator (CPG) 
for locomotion. Higher centers, mainly the reticular nuclei in the brainstem 
(Fig. 2), activate and regulate the CPG thus tuning ongoing locomotion 
to the current behavioral requirements of the animal (speed, steering, for-
ward/backward direction, posture and, in higher vertebrates, accurate limb 
placement). Rhythmic activation with appropriate timings of the different 
motoneuron pools is arranged by the spinal CPG, a network consisting of 
various types of interneurons. Limb and/or trunk muscle forces are thus re-
cruited in a pattern which, when applied to the complex mechanical system 
body-environment result in the propulsive segmental oscillations outlined 
in the first paragraph. In addition to this feedforward layout, proprioceptive 
and somatosensory feedback can regulate the duration of the different phas-
es and to some degree also contribute to the amplitude of the motor output 
(Grillner 1985; Pearson 1993; Pearson et al. 1998). Pivotal in obtaining 
some of this information was the spinalized dogfish preparation. It was used 
to show that both the rhythm and intersegmental coordination of swimming 
can be generated by the spinal cord in the deafferented and curarized animal 
(Grillner 1974; Grillner et al. 1976). The timing role of sensory feedback on 
swimming was demonstrated by entraining the efferent locomotor rhythm 
of the spinal curarized animal, to externally imposed oscillations of the tail 
(Grillner and Wallén 1977, 1982).

All of these basic mechanisms were later shown to operate also in lam-
prey (for a review see Grillner et al. 1981, 2000; McClellan 1987; Sirota et 
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al. 2000; Deliagina et al. 2002; Grillner 2003). Because of the advantages 
mentioned previously, the lamprey nervous system (as well as other organs) 
has been an early target of histological and physiological investigation (re-
viewed in Rovainen 1979). The larger brainstem and spinal cord neurons 
had been studied, as well as some of the synaptic interactions between them, 
but it was only in the late 70ʼs that this preparation acquired a central role in 
the field of locomotor pattern generation. The turning point was provided by 
the demonstration that the in vitro spinal cord, isolated from the brain, when 
perfused with L-DOPA or D-glutamate could generate the locomotor pattern 
underlying swimming (Poon 1980; Cohen and Wallén 1980). Of great im-
portance in establishing the central role of the spinal circuitry in generating 
this pattern was the fact that it could be evoked in a preparation deprived of 
sensory feedback. Poon severed the dorsal roots but left some musculature 
to contract, not realizing that in lamprey stretch receptors are present in the 
spinal cord itself and could still provide sensory feedback (later demonstrat-
ed by Grillner et al. 1981). Cohen and Wallén chose the ʻcleaner  ̓approach 
of removing all muscles. Essentially, extracellular recordings at the ventral 
roots (VRs) showed rhythmic bursts of efferent action potentials. In each 
segment, independently of its level along the spinal cord, bursts were alter-
nating between the left and right VR, while at the same time bursts in caudal 
segments were delayed in their onset compared to the rostral ones. This pat-
tern of “fictive locomotion” was to be expected from the body kinematics in 
the freely behaving animal (see previous paragraph) and matched the pat-
tern of electromyographic (EMG) activity recorded with the aid of a swim 
mill (Wallén and Williams 1984). The capability for expressing this basic 
motor program was found to be distributed along the spinal cord, requiring 
only few segments. The possibility of inducing fictive locomotion in the 
isolated spinal cord was crucial to our understanding of CPG function. The 
active neuronal networks could be accessed by single or paired intracellular 
recordings, as well as manipulated by surgical lesions or perfusion of spe-
cific receptor and ion channel agonists/antagonists.

In the following years, in vitro spinal cord preparations displaying fic-
tive locomotion have been developed for several other animals: the embryo 
of Xenopus laevis (amphibian swimming; Kahn and Roberts 1982), the 
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mudpuppy (amphibian stepping; Wheatley and Stein 1992), and the neo-
natal rat and mouse (mammalian stepping; Kudo and Yamada 1987; Jiang 
et al. 1999). These confirmed, to varying degrees, a distributed capabil-
ity for locomotor rhythmicity across spinal segments (Kiehn and Kjaerulff 
1998; Lev-Tov and Delvolvé 2000; Cazalets and Bertrand 2000). Recent 
kinematic-EMG studies of patients with different spinal lesions have been 
suggestive of a distributed locomotor potential in humans as well (Grasso 
et al. 2004).

The observations of Poon, and Cohen and Wallén were the basis for the 
first abstract model of the lamprey swim-CPG: a chain of mutually coupled 
segmental oscillators (Cohen et al. 1982; Cohen 1986). The purpose of this 
latter study was to constrain the possible central mechanisms that generate 
a constant intersegmental phase delay along the rostro-caudal axis (question 
2 at page 3). The model disregarded the origin of the locomotor rhythmic-
ity (question 1 at page 3), essentially treating each segmental oscillator as a 
black box capable of generating rhythmic output in antiphase between left 
and right sides. In the same period, other studies were beginning to address 
instead the problem of rhythm generation. In line with an analogous debate 

Figure 3. Two models for the gen-
eration of left-right alternating con-
tractions in lamprey, and the antici-
pated effect of blocking reciprocal 
inhibition. From Cohen and Harris-
Warrick 1984.

A: The ʻhalf center  ̓model.
B: The unit burst generator model.
C: A variant of model B, with weak 
reciprocal excitation.
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in mammals (reviewed in Grillner 1981), it was recognized that in principle, 
at the segmental level, the CPG could be organized in two ways.
1. A pair of intrinsically non-rhythmic ʻhalf center  ̓networks provides ex-
citation, one to the left motoneuron pool and the other to the right pool. 
Rhythmic activation and alternation arise from reciprocal inhibition be-
tween these two networks.
2. A pair of intrinsically rhythmic ʻburst generator  ̓networks provides exci-
tation, one to the left motoneuron pool and the other to the right pool. Alter-
nation arises from reciprocal inhibition between these two networks.

These alternative models were tested by two different techniques, one 
pharmacological and the other surgical. In the first, crossed glycinergic in-
hibition is blocked with strychnine. If the half center model was correct, 
VR bursting would be expected to vanish (Fig. 3 A), while in the burst 
generator model VR bursting would continue independently on each side 
(Fig. 3 B). A caveat with this test is that, if the burst generators themselves 
depended internally on inhibition, the vanishing of bursting in strychnine 
would erroneously lead to support the half center model! The studies fol-
lowing this route generally reported a progressive acceleration of frequency 
in strychnine, followed in some experiments by a breakdown of VR activ-
ity (Poon 1980; Grillner and Wallén 1980; McPherson et al. 1994; Aoki 
et al. 2001), while in others by either fast or very slow synchronous bilat-
eral bursts (Cohen and Harris-Warrick 1984; Alford and Williams 1989; 
Hagevik and McClellan 1994; Aoki et al. 2001). Despite some variability in 
the results, this supported the burst generator hypothesis. Moreover, weak 
crossed excitation had to be introduced to explain the synchronized bursting 
in strychnine (Fig. 3 C).

In the second type of discriminating test, the spinal cord is sagittally 
hemisected along the midline, to physically separate the left and right 
hemicords. A persistence of rhythmic output after the split would support 
the burst generator model, while its vanishing would instead make a case 
for the half center model. The validity of this test is based on the assumption 
that the half centers or burst generators controlling the left and right body 
musculature are lateralized (and not interleaved) in the spinal cord. From 
the late 70ʼs onwards, several unsuccessful attempts at demonstrating rhyth-
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mic VR output in the lamprey hemicord were made (Cohen and Wallén 
1980; Grillner et al. 1983; Buchanan and McPherson 1995; Buchanan 
1999b, 2001; Parker D, Kotaleski JH and Ullström M, Woolley J personal 
communications). The only exception was one paper reporting having ob-
served some bursting in an electrically stimulated hemicord perfused with 
strychnine (Grillner et al. 1986). Two of the studies included in this thesis 
re-examine this issue and garner strong evidence in support of the unilateral 
burst generator model (Papers I and II). Our results might also help explain 
the different observations made with strychnine in the past.

The problem of understanding how the locomotor rhythm is generated 
was attacked not only by a top-down systems approach (with experiments  
such as those just described), but also bottom-up by dissecting the underly-
ing neuronal network. This was and remains a daunting task, requiring to 
identify different neuron types, their passive/active electrical properties and 
synaptic interactions, using single or paired intracellular recordings. While 
it is well beyond the scope of this introduction to review in detail the prog-
ress made in mapping the CPG in lamprey (see Grillner et al. 1991, 1998, 
2000; Grillner 2003; Buchanan 1993, 1996, 2001; Parker 2001), a brief 
mention of the key findings relevant to this thesis follows.

Descending commands from the brain are relayed by reticulospinal (RS) 
axons, with somatas located in brainstem nuclei. A subgroup of them, the 
Müller and Mauthner cells, are particularly large and have thus been known 
since very early anatomical studies (reviewed in Rovainen 1978). RS axons 
connect to the majority of spinal neurons (Rovainen 1974b; Brodin et al. 
1988), and normally provide the background excitation required to initiate 
and maintain swimming, as well as turning and postural adjustment com-
mands (Deliagina et al. 2002). The first spinal neurons to be studied were 
the large and medium sized ones, easily identified by their morphology 
and by their axonal projection pattern (reviewed in Rovainen 1983). These 
are the myotomal motoneurons (MNs), the lateral interneurons (LINs), 
the contralaterally and caudally projecting interneurons (CCINs), the gi-
ant interneurons (GIs), mechanosensory edge cells and sensory afferent 
dorsal cells. MNs number in the order of 100/hemisegment (Rovainen and 
Dill 1984). While MNs may form collateral connections within the spinal 
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cord (Buchanan 1999a) it is not clear if these play a functional role in the 
CPG (Rovainen 1983; Wallén and Lansner 1984; Quinlan et al. 2004). LINs 
are inhibitory, limited in number (50-100 per animal) and located in the 
rostral part of the spinal cord (Rovainen 1974a; Selzer 1979). They project 
ipsilaterally and caudally along most of the spinal cord. Speculation about 
a possible role of the LINs in rhythm generation has been made (Buchanan 
and Grillner 1987) but it appears more likely they are of importance for 
long-range intersegmental coordination and turning (Rovainen 1974a, 1979; 
Fagerstedt 2000). The CCINs have been estimated to be as few as 10 (Ohta 
et al. 1991) or between 10-45 per hemisegment (Buchanan 1982). They can 
be either inhibitory or excitatory, with the main axonal projection running 
contralaterally and caudally. These relatively large cells have been the first 
candidate neuron type responsible for crossed inhibition, and thus alterna-
tion, in the CPG (the crossed inhibitory connections in Fig. 3; Buchanan 
1986; Buchanan and Grillner 1987). GIs, edge cells and dorsal cells have a 
sensory function (Grillner et al. 1982, 1983, 1984; Rovainen 1983) and thus 
cannot play a role during fictive locomotion (isolated preparation), but only 
in the freely behaving animal.

Motoneurons and interneurons recorded intracellularly during fictive 
swimming were found to display two distinct phases of synaptic input dur-
ing each locomotor cycle: an excitatory one in-phase with the ipsilateral 
VR burst, and an inhibitory one in-phase with the contralateral VR burst 
(Kahn 1982; Russell and Wallén 1983). The first is produced by summation 
of many converging EPSPs and the second by IPSPs. The phasic excita-
tion had clearly to be provided by a population of glutamatergic pre-motor 
interneurons as yet unidentified (Dale 1986), the excitatory interneurons 
(EINs). These were first described by Buchanan and Grillner (1987) and lat-
er further characterized in their morphology and pharmacology (Buchanan 
et al. 1989), and electrical properties (Buchanan 1993). EINs are medium-
small in size, estimated to number several dozens in each hemisegment and 
project ipsilaterally both in the rostral and caudal directions, synapsing onto 
MNs, LINs, and CCINs. Following their discovery, Buchanan and Grillner 
were able to propose the first detailed model of the segmental component of 
the CPG, based on the known neuronal classes and connections (Buchanan 
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and Grillner 1987) and supported by numerical simulations (Grillner et al. 
1988; Hellgren et al. 1992). Excitation would be provided on either side of 
the spinal cord by two pools of EINs. These would also activate the CCINs 
which in turn inhibit the contralateral network to prevent left-right co-acti-
vation. A mechanism was needed which would reliably turn off the active 
side, ensuring rhythmic bursting rather than tonic unilateral contraction. 
The LINs were proposed to play this role: by silencing with an appropriate 
delay the ipsilateral CCINs, they would release the contralateral hemicord 
from inhibition. In a similar way, a progressive summation of the spike 
afterhyperpolarization (AHP) in the CCINs themselves would contribute 
to terminating their firing. Note that a scheme such as that just outlined, 
with rhythmicity arising at the level of crossed inhibition, implies a half 
center model (if LINs were shown to act also on EINs, this restriction could 
be removed). This model could account for the generation of medium-fast 
rates of swimming, whereas for the slow rates (< 1 Hz) the properties of 
bistability endowed onto neurons by NMDA receptors were considered es-
sential (Grillner and Wallén 1985; Sigvardt et al. 1985; Brodin and Grillner 
1986; Wallén and Grillner 1987). Following this period, similar swim-CPG 
network diagrams were derived for other lower vertebrates (reviewed in 
Fetcho 1992).

Soon after the original proposal of the lamprey model, came the discovery 
of smaller but much more numerous counterparts to the LINs and CCINs. 
One is a population of ipsilaterally inhibitory interneurons probably greater 
than five/hemisegment (Buchanan and Grillner 1988), while the other con-
sists of 200-300 interneurons/hemisegment with contralaterally projecting 
axons, both inhibitory and excitatory (Ohta et al. 1991; Buchanan 1996; 
Biró et al. 2003). Due to their small size, little is known about these neurons 
(Parker and Grillner 2000), but given their short projection distance of only 
a few segments and sheer numbers, they have been considered more likely 
candidates to replace the LINs and CCINs in a model of the segmental CPG 
(Buchanan 1996, 2001; Parker 2001; Grillner et al. 2001).

During the late 80ʼs and 90ʼs, other potential mechanisms regulating lo-
comotor burst rate were investigated for inclusion in the model (reviewed 
in Grillner et al. 2000, 2001; Parker and Grillner 2000). Part of this work 
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involved numerical simulations using the first relatively detailed models of 
the lamprey spinal networks (Hellgren et al. 1992; Wallén et al. 1992). The 
model in its current form is shown in figure 4.

Of importance in the context of this thesis, is the role attributed to cal-
cium-dependent K+ channels (KCa). It was suggested already by Buchanan 
and Grillner (1987) that, in addition to the delayed LIN inhibition, a progres-
sive summation of the action potential afterhyperpolarizations (AHPs) in 
CCINs could contribute to stop their firing during a locomotor cycle. Early 
evidence (Hill et al. 1985) demonstrated that in the larger spinal neurons of 
the lamprey, the slowest component of the AHP (referred to as the sAHP) is 
due to KCa channels (Wallén et al. 1989). This was later confirmed by using 
apamin (Meer and Buchanan 1992; Hill et al. 1992), a peptide toxin from 
honey bee venom which specifically blocks small-conductance KCa chan-
nels (Grunnet et al. 2001). Apamin enabled also to show that in lamprey, 
as in other animals (Gustafsson et al. 1978; Kawai and Watanabe 1986), 
the sAHP does indeed contribute to the regulation of neuronal firing (Meer 
and Buchanan 1992; El Manira et al. 1994). The hypothesis that an sAHP 

Figure 4. The lamprey lo-
comotor network. Higher 
brain centers provide ex-
citation to spinal  network 
neurons. The excitatory 
interneurons (E) contact 
all ipsilateral neurons. 
The inhibitory glycinergic 
interneurons (I) cross 
the midline to inhibit 
all neuron types on the 
contralateral side. Stretch 
receptor neurons are ex-
citatory (SR-E), project-
ing ipsilaterally, and in-
hibitory (SR-I), crossing 
the midline. Integrated 
in the network are modu-
latory neurons. Adapted 
from Grillner 2003.
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summation in CCINs would contribute to burst termination was tested by 
perfusing apamin during fictive swimming (Meer and Buchanan 1992; Hill 
et al. 1992; El Manira et al. 1994). While in the initial experiments Meer 
and Buchanan could not demonstrate this, in later ones Hill, El Manira and 
colleagues concluded that apamin-sensitive KCa channels are an important 
factor in the regulation of rhythmic output by the spinal cord, particularly at 
slow rates of fictive locomotion.

In the classic concept outlined above, the Ca2+ ions activating KCa chan-
nels would enter a neuron via channels gated by the membrane potential up-
swing during each action potential. A later imaging study confirmed that the 
intracellular Ca2+ concentration does increase during firing, but also found 
that during fictive swimming, phasic Ca2+ oscillations appear at specific 
spots in the dendrites likely to be sites of impinging excitatory synaptic con-
tact (Bacskai et al. 1995; confirmed by Viana Di Prisco and Alford 2004). 
This observation prompted the possibility that the Ca2+ influx evoked by 
synaptic input would be sufficient to activate KCa channels, thus modifying 
the integrative properties of the neuron. Work included in this thesis found 
no evidence in support of this hypothesis (Paper III), but described a new 
Ca2+-independent component of the sAHP mediated by sodium-activated 
K+ channels (Paper IV). In analogy to the KCa, these channels might contrib-
ute, not only to the regulation of firing frequency in individual neurons, but 
also to the overall burst rate of the locomotor CPG.



15

QUESTIONS ADDRESSED IN THIS THESIS

On the basis of the brief historical background given above, the binding 
theme of this thesis is a critical re-investigation of certain crucial aspects of 
locomotor rhyhtm generation in lamprey.

– What model of rhythm generation: half center or burst generator? This 
long-standing issue was resolved in favour of the latter by successfully ob-
taining locomotor bursting in the hemicord (Paper I).

– How does locomotor bursting emerge in the hemicord? The main prop-
erties of the unilateral network as well as the pattern of firing of single neu-
rons were explored, leading to a tentative concept for rhythm generation in 
the absence of crossed inhibition (Paper II).

– Are KCa channels activated not only during neuronal firing, but also 
by subthreshold excitatory synaptic input? In this case, the increased mem-
brane conductance might shunt later synaptic potentials. This intriguing 
possibility was examined in a classic model of synaptic interaction, the gi-
ant reticulospinal axon to MN synapse (Paper III), as well as during the cy-
clic excitation-inhibition of fictive swimming in MNs (unpublished obser-
vations). No evidence for this mechanism was found, but this study better 
characterized the pharmacology of the sAHP, describing a new component 
possibly mediated by sodium-dependent K+ channels (KNa). This last result 
was confirmed and expanded upon in another study (Paper IV), which gar-
nered strong evidence in support of a contribution of KNa channels to the 
sAHP.
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METHODS

The main techniques that have been used to answer the questions outlined 
in the previous chapter can be essentially divided in electrophysiological 
and mechanico-surgical. They have been described, in a relatively greater 
detail than what is customary, in their respective published reports (Papers 
I-IV). Here they will be briefly listed, providing some additional informa-
tion not included for publication.

Electrophysiological
Extracellular recordings with large glass pipette electrodes, usually applied 
onto the proximal stump of the motor nerve (ventral root). These have been 
used, depending on the particular needs of a project, to acquire:
— The summed spiking activity of a motoneuronal pool;
— Single action potentials;
— Electrotonically conducted synaptic potentials.
Extracellular single unit recordings with sharp micropipettes inserted in the 
spinal cord.
Intracellular recordings with sharp micropipette electrodes in continuous 
current-clamp mode, impaling:
— Somata of spinal interneurons and motoneurons;
— Giant axons of larger reticulo-spinal cells;
— Axons of motoneurons.

Mechanico-surgical
Dissection of the spinal cord together with the dorsal half of the notochord 
(half-notochord preparation).
Sagittal section of multi-segmental pieces of spinal cord, thus separating the 
neuronal circuitry in the left side of the spinal cord, from that in the right.
Subdivision of the perfusion chamber in two water-tight compartments, so 
as to subject the rostral and caudal parts of a spinal cord piece to different 
bathing solutions. This is typically referred to as a “split-bath”.

The majority of these techniques and procedures belong to the classical 
toolkit of a ʻlamprey neurophysiologistʼ, not requiring further discussion. 
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Two of them on the other hand, the extracellular recording of synaptic po-
tentials and the sagittal sections, have seen a first successful application in 
lamprey within the course of this thesis. It is therefore appropriate to present 
some additional information about them, which was not given in Papers II 
and I, respectively.

Extracellular detection of population synaptic potentials
When spinal interneurons are recorded from intracellularly, their identity 
is normally established by simultaneously recording from another neuron 
(most often a motoneuron). The second cell is used to test for the presence 
of a monosynaptic connection from the first one, this being either excitatory 
or inhibitory. With sharp electrodes, holding one neuron while searching 
for a presynaptic companion is a relatively difficult and very time consum-
ing task. The two micropipettes, which are kept within a few segments of 
each other, are not mechanically independent due to the stiffness of the 
intervening tissue. Moreover, since a given neuron of one class does not 
receive synaptic input from all those of another (see for example Buchanan 
et al. 1989), a proportion of the interneurons remain unidentified, requiring 
a longer search. In paper II (Fig. 1), this method has been supplemented by 
another in which the synaptic potentials evoked by an interneuron in the 
motoneuronal pool, are recorded with an extracellular electrode placed on 
a VR. This technique, originally pioneered in the cat (Lüsher et al. 1979; 
Brink et al. 1981), was recently used in the neonatal rat spinal cord by Butt 
and Kiehn (2003). Our renewed attempt to apply it on lamprey was inspired 
by the work of these two colleagues.

Briefly, a normal glass pipette electrode is juxtaposed to a VR stump 
immediately beside the spinal cord. It is essential that the greatest signal-to-
noise (S/N) ratio is obtained. This requires that the motor axons are undam-
aged and that the electrode tip forms a good seal on the root. To guarantee 
the first condition we used the half-notochord preparation. As for the second, 
careful sizing of the glass tip in relation to the caliber of the root and subse-
quent stone polishing were done. It was clearly of great importance to ob-
tain a correct placement and pressure of the electrode on the root. This stage 
was guided by the goal of maximizing the signal amplitude of VR bursts 
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evoked by electrical stimulation of the hemicord. Finally a microelectrode 
was inserted in the quiescient hemicord impaling candidate interneurons. 
These were stimulated to produce action potentials at 10 Hz, while the sig-
nal from the extracellular electrode was recorded with the high-pass filter of 
the amplifier reduced to a cutoff frequency of 0.1 Hz (quasi-DC recording). 
A large number of trials were spike-trigger-averaged together to reduce the 
S/N ratio, thus revealing an underlying population synaptic potential.

Here is presented an example of an excitatory population potential (Fig. 
5). The intracellular electrode was used to impale a giant reticulospinal 
(RS) axon. Action potentials evoked in the axon gave a triple component 

RS Axon

Effect of electrode position Effect of Glu blockade

10 ms

a-b c-d
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c
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Figure 5.  A population EPSP is recorded at the VR by stimulating a giant reticulospinal axon. 
Left: subtracting the signal recorded by the electrode when in contact with the VR (a), from 
that recorded when slightly lifted (b), reveals that the EPSP signal originates at the VR. Right: 
subtracting the signal recorded in control conditions (c), from that recorded during a blockade 
of ionotropic glutamate receptors with 15 µM CNQX and 50 µM d-AP5 (d), reveals the chemi-
cal component of the EPSP.
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response in the extracellular record: a stimulus artifact, followed with a de-
lay by the large spike, followed by the slower EPSP. The large amplitude of 
the extracellularly recorded spike in relation to the EPSP is a consequence 
of the caliber of the giant RS axon (spinal interneurons, which have much 
thinner axons, do not give a significant spike in the VR-DC recording). Fig-
ure 5 shows the effect that two different manipulations had on this EPSP. 
In the first, the extracellular electrode was raised very slightly from the 
VR stump. The result of this was that, while the spike remained essentially 
unchanged, the EPSP was dramatically reduced (Fig. 5 left traces, from a 
to b). In the second test, ionotropic glutamatergic transmission was blocked 
with CNQX (15 µM) and d-AP5 (50 µM). Also in this case the EPSP was 
strongly reduced (Fig. 5 right traces, from c to d) although to a lesser extent, 
probably due to a residual electrotonic component normally present in this 
synapse (Paper III).

We have also observed several inhibitory population potentials. In one  
such case, two adjacent VRs were recorded from extracellularly and a 
motoneuron impaled with a microelectrode. The intracellular stimulation 
of a small axon evoked a large IPSP in the motoneuron (which could be 
reversed by hyperpolarization), and inhibitory population potentials in both 
the VRs.

Three different types of sagittal section
Papers I explored the burst generating capabilities of the unilateral spinal 
networks, when separated from each other by sagittal sections. Figure 6 
presents the three types of section used this study. In the large majority 
of experiments, a complete mid-sagittal section of a piece of spinal cord 
was performed. The line of cut coincided with the anatomical midline, thus 
obtaining a symmetrical pair of hemicords (Fig. 6, top left). In a limited 
number of cases (described in the next chapter), a para-sagittal section was 
used. The line of cut was lateral to the anatomical midline, but medial to the 
spinal gray as visible in the microscope. This procedure resulted in a ʻwide  ̓
hemicord, which was used in the experiment, and a ʻnarrow  ̓ hemicord, 
which was discarded (Fig. 6, middle). The last type of sagittal section was 
performed along the anatomical midline, but was not complete. The micro-
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scalpel tip was inserted in the spinal cord at regular intervals, resulting in 
a partial separation of two sides (Fig. 6, bottom right). This intermittent 
hemisection could be further extended during an experiment, by driving 
the scalpel in the same slits, down to a greater depth. In Paper II we only 
performed complete mid-sagittal sections (Fig. 6, top left).

PARA-sagittal section

mid-sagittal INTERMITTENT section

MID-sagittal section

micro-scapel

Figure 6.  Schematics for the three types of sagittal sections used in Paper I. The ependymal 
canal, which runs longitudinally along the midline of the cord, is shown with a black dot. Note 
that the dorsal half of the notochord is not represented here, but was always retained during 
the experiments to provide mechanical support for the spinal cord.
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RESULTS AND DISCUSSION

What model of rhythm generation: half center or burst generator?
(Paper I)
As described in the Introduction, this important issue had been the target of 
several past lamprey studies. While those employing the pharmacological 
approach of perfusing strychnine had obtained relatively coherent results, 
the surgical approach had not encountered a similar success. Essentially, 
complete midline sectioning of the spinal cord abolished the rhythmic VR 
bursting of fictive swimming (see Introduction, page 9). The possible con-
clusions to draw from these experiences were: either the burst generator 
model was incorrect (in contrast to what had been suggested by the strych-
nine experiments), or a mechanical split of the spinal cord was a too crude 
technique, damaging essential components of the ipsilateral networks.

We re-investigated the problem assuming that the second alternative was 
correct. If tissue damage was to be avoided, perhaps a para-sagittal split, run-
ning slightly lateral to the midline, might have been a better solution (Fig. 
6, middle). In our first experiments, performed together with J.D. Woolley 
on pieces of spinal cord during NMDA fictive swimming, we applied this 
variant and observed a slow rhythm in the resulting ʻwide  ̓hemicords. One 
point of criticism could, however, have been that the para-sagittal split 
might have spared not only the ipsilateral hemicord, but also some of the 
contralateral circuitry! This doubt was cleared when we observed the same 
slow burst activity in mid-sagittal hemicords (Fig. 6, top left). The two types 
of preparation were found to differ only in the time required for recovery 
after the lesion. Two spinal cord pieces of equal length were taken from the 
same animal, and cut in the para-sagittal and mid-sagittal lines, respective-
ly. Under identical conditions of perfusion the para-sagittal hemicord sys-
tematically developed better rhythmic quality (Fig. 7, legend), but a similar 
burst frequency (Cangiano et al. 2000b). One possible interpretation of this 
difference is a survival, in the para-sagittal hemicord, of the small aminergic 
neurons located in the ventromedial plexus (Van Dongen et al. 1985).

Why was this slow rhythm (0.1-0.4 Hz) not reported by previous investi-
gators? Our observations strongly suggest that this pattern is rather sensitive 
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to mechanical injury and a recovery period is often necessary before it ap-
pears as a slow amplitude modulation of tonic spiking. It is likely that previ-
ous studies did not wait for a sufficiently long time, or did not focus on the 
low frequency range in which the slow rhythm is expressed. We know that 
in at least two instances the experimenters used a normal dissection scalpel 
to split the cord (personal communications). This tool is much coarser than 
the needle tip initially used by us, later replaced by an ophtalmic scalpel 
(Paper I).

One more relevant observation on the slow NMDA rhythm is that it ap-
peared to undergo a certain seasonal variation in quality: preparations in 
the spring were generally more successful than those in the fall (Fig. 8, 
p<0.001). This seasonality may perhaps be related to changes in the physi-
ology of lampreys, either as they enter the spawning phase or simply due to 
their long permanence in the aquaria. An interesting corollary of the former 
possibility, would be that the slow rhythm underlies a motor pattern some-
how involved in spawning. It will be interesting to verify if this pattern ap-
pears every year.

As reported in Paper I, the mid-sagittal hemicord is also able to express 
fast rhythmic bursting (>2-3 Hz). This rhythm is more robust than the slow 
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Figure 7.  The recovery in quality of rhythmic bursting expressed by a hemicord in NMDA 
(slow rhythm), is faster following a para-sagittal compared a mid-sagittal lesion. The two types 
of lesion are compared in pieces of spinal cord from the same animal and perfused in the same 
chamber. Rhythmic quality is represented by a dimensionless coefficient with values between 0 
(tonic/irregular activity) and 1 (regular bursting with no activity between bursts), as defined in 
Cangiano and Grillner (2003).
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one, and can be induced in the 
hemicord with NMDA, d-Glu-
tamate, or simply by brief elec-
trical stimulation. In a set of 
experiments we ʻlinked  ̓ fictive 
swimming in the intact cord to 
the fast rhythm in the hemicord. 
This was done by progressively 
reducing crossing connections 
with intermittent midline sec-
tions (Fig. 6, bottom right), and 
observing a parallel increase in 
burst frequency. We thus reached 
the important conclusion that the 
fast hemicord rhythm, but not 
the slow, is directly related to 
fictive locomotion under these experimental conditions. Moreover, crossed 
inhibition serves the dual role of ensuring alternation, and downregulating 
the burst rate of the unilateral networks. It cannot be excluded that the slow 
rhythm in the hemicord, is related to the slow locomotor bursting that can 
be seen in the intact cord (see Fig. 6D in Paper I). These observations are in 
strong support of a burst generator model for the lamprey locomotor net-
work: it is the fast rhythm that represents the output of the unilateral burst-
generating modules, when crossed connections (mainly inhibitory) are ab-
sent. This same fast rhythm was occasionally observed in previous studies 
that sectioned the midline (electrical stimulation in strychnine: Grillner et 
al. 1986, NMDA: Buchanan 1999).

In Paper I we also tested the role the voltage-dependence of NMDA re-
ceptors (NMDAR) plays in these two rhythms, by removing Mg2+ from the 
perfusate. While the fast rhythm in d-Glutamate or NMDA was found to be 
resistant to this manipulation, the slow rhythm in NMDA disappeared. The 
slow rhythm is therefore reliant on the gating properties of the NMDAR 
and shares this, as well as other features, with the membrane potential oscil-
lations induced in many spinal neurons by NMDA in the presence of TTX 
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(Wallén and Grillner 1987; see also Discussion in Paper I). The persistence 
of the fast hemicord rhythm in Mg-free solution is in agreement with the 
robustness of fictive swimming to this same treatment, particularly at higher 
rates of swimming (Brodin and Grillner 1986).

Another important finding of this project is that ipsilateral glycinergic in-
hibition is not essential for rhythmogenesis. This is in agreement with much 
previous evidence that strychnine does not abolish rhythmic bursting in the 
intact spinal cord (see the Introduction for references).

Finally, we were able to show that one single hemisegment can produce 
organized bursting. This implies that local interneurons, numbering at most 
a few dozen, in all likelihood sparsely interconnected (Parker and Grillner 
2000), are nonetheless sufficient to form a core burst generating unit. The 
fact that bursts in neighboring VRs are correlated with small timing delays 
(Paper I), as well as the direct relationship between hemicord length and 
locomotor bout duration (Paper II), suggest that different hemisegments co-
operate by integrating in a more excitable longitudinal network (Kotaleski 
et al. 1999).

How does locomotor bursting emerge in the hemicord?
(Paper II)
On the basis of the evidence just discussed, addressing this question re-
quired that we focus on the fast rhythm, the output of the unilateral burst 
generators that coordinate the overall pattern of swimming. Our choice of 
using the electrically activated hemicord in this second study, was driven 
mainly by two advantages offered by this preparation: firstly the good qual-
ity displayed by the fast rhythm, and secondly the possibility of analyzing, 
within a very short time during the experiment, the properties of spinal neu-
rons at rest and during network activity. Another attractive feature was that, 
following a brief stimulus, burst activity in the hemicord was maintained for 
up to several minutes by its endogenous neuronal interactions. This allowed 
us to hope that manipulation of the experimental conditions could provide 
information on these interactions. A number of interesting tests have been 
carried out to this date (Paper II), but a great deal more work deserves to be 
done on this preparation!
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We have documented the existence of a rather sharp threshold in stimulus 
strength. If it is overcome, the hemicord expresses a minutes-long bout, else 
some VR activity is generated that decays within a few seconds. This con-
stitutes evidence for a positive feedback, in all likelihood due to a sparsely 
recurrent network of EINs. Ionotropic glutamate receptors (of the AMPA, 
Kainate and NMDA types) were shown to be necessary – although probably 
not sufficient – for such bouts to be maintained.

Bout termination was preceded by a progressive decrease in the frequen-
cy of bursting and the number of active motor units. An activity-depen-
dent mechanism progressively reduces network excitability during a bout, 
and slowly recovers when the hemicord is inactive. This same mechanism 
was likely to be engaged also when the hemicord was activated pharmaco-
logically (Paper I), thus explaining the lower burst rates expressed by the 
hemicord in d-Glutamate or NMDA, as compared to those reached imme-
diately after an electrical stimulus. Could an analogous activity-dependent 
decrease in spinal excitability be taking place at the onset of a swim episode 
in the intact animal? This is a question that will need to be investigated.

A second phase of this project was dedicated to surveying the firing pat-
tern of individual spinal neurons, during a bout of fast rhythmic activity. In 
carrying out this study, some emphasis was placed on the principle that the 
electrical characteristics of neurons should not be interfered with, if one is 
to observe their natural behavior (Dale 1995; Aiken et al. 2003; but see Li 
et al. 2004). A knowledge of the neuronal firing pattern is essential if one 
is to formulate hypotheses on the mechanisms that contribute to generating 
the locomotor rhythm.

We found that only a fraction of the interneurons and motoneurons 
depolarize sufficiently to spike during a bout. When most active, typically 
at the beginning of a bout, these emit one action potential per VR burst 
cycle. Thus, it is likely that at any given instant a subgroup of spinal neu-
rons exist, that fire at the same frequency as the overall output burst pattern 
recorded in the VRs. Alternative findings could have been either burst- or 
occasional firing in the most active neurons.
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The simplest explanation for our observations is depicted in the network 
diagram of figure 9 (see also Paper II). The hemicord should contain a core 
network of EINs that, by mutual excitation and the aid of slower receptors 
(NMDAR, mGluRs) maintains a longlasting depolarization. Firing in the 

100 ms

Figure 9. The simplest neuronal network that could explain the fast locomotor-related rhythm  
expressed by the lamprey hemicord. E, excitatory interneuron; MN, motoneuron; VR, ventral 
root. From Paper II.
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individual cells would tend to occur at a frequency given by the total input 
current, certain components of the AHP, and the neuronal time constant. 
Fast synaptic transmission (AMPA, Kainate receptors, axo-dendritic gap 
junctions) would act to partially synchronize action potentials across the 
population, giving rise to bursting at the VRs.

One way to test this model is to modify uniformly the amplitude (or the 
time course) of the AHP in the subpopulation of EINs that drives the fast 
rhythm in the hemicord. A number of past studies have analyzed the phar-
macology of the AHP in motoneurons and large interneurons (including 
Papers III and IV). Only recently, Z. Biró has provided direct evidence that 
the sAHP of EINs can be reduced by the neuromodulator serotonin (Biró 
et al. 2003; Biró et al. Manuscript in preparation). Serotonin also depress-
es synaptic transmission from 
EINs to motoneurons (Parker 
and Grillner 1999; Biró et al. 
2003). We have recently tested 
serotonin on the electrically 
evoked fast hemicord rhythm 
(n = 6) observing higher peak 
burst frequencies and, at a 
given frequency, less efferent 
activity (translating to fewer 
active motoneurons, as dis-
cussed in Paper II). Data from 
one such experiment is shown 
in figure 10, which represents 
the relationship between effer-
ent activity and burst frequency 
during a bout, in control (black 
circles) and during perfusion of 
1 µM serotonin (white circles). Given the aforementioned cellular effects of 
serotonin, its influence on the hemicord network fits with our rhythm-gen-
eration model: the EINs would fire at a higher rate because of the smaller 
sAHP, but fewer motoneurons would be recruited because of the depressed 
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incoming excitation. In contrast to slow locomotion, in fast unilateral CPG 
activity serotonin produces a speeding up, as anticipated in a previous mod-
elling study (Tegnér 1997).

Numerical simulations of burst activity generated by model hemisegmental 
networks are being carried out as a complement to the experimental ap-
proach of this thesis (Kozlov et al. 2003).

In the second part of this thesis we shift from discussing architectural prin-
ciples of locomotor rhythm generation, to cellular-level factors that might 
contribute to CPG function.
Are KCa channels activated not only during neuronal firing, but also by 
subthreshold EPSPs?
(Paper III)
Here we investigated the possibility that calcium-activated K+ currents (IKCa) 
play a role in the integrative properties of the motoneuron. With reference 
to the introductory chapter, KCa channels had been known to be present in 
lamprey motoneurons and to contribute to the slow component of the AHP. 
Their gating was later shown to be mediated by Ca2+ ions entering via N- 
and P/Q-type channels during the action potential (Wikström and El Manira 
1998). The increasing importance attributed in many systems to intracellular 
Ca2+ fluctuations, and its proposed key role in lamprey locomotion, prompt-
ed the first imaging study using fluorescent calcium-sensitive dyes (Bacskai 
et al. 1995). New evidence was presented that, not only action potentials in 
the motoneuron, but also subthreshold glutamatergic synaptic input could 
evoke changes in the intracellular Ca2+ concentration. These changes took 
the form of transient increases lasting hundreds of ms when stimulating 
giant reticulospinal (RS) axons, and cyclic oscillations during fictive swim-
ming, in either case localized at specific dendritic spots.

The hypothesis to be tested in our study was if these dendritic Ca2+ tran-
sients could activate KCa channels. The latter might then play a role in the in-
tegration of prolonged synaptic input, for example by shunting late EPSPs. 
The protocol used in Paper III consisted in evoking trains of EPSPs in a 
motoneuron by the intracellular stimulation of a giant RS axon. The ampli-
tude and time course of the EPSP were compared before and after perfusion 
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of the KCa channel (SK subtype) blocker apamin. No evidence for changes 
in the individual EPSPs were found. An increased temporal summation dur-
ing trains at higher frequencies was attributed to the recruitment of parallel 
(hetero-synaptic) pathways between the axon and the motoneuron.

These results seemed to exclude a functional interaction between 
glutamatergic RS input to the motoneurons and KCa channels. But what 
about the input from spinal interneurons? In a second set of experiments 
(n = 5; Cangiano et al. 2000a) a vaseline barrier was used to separate the 
cord in two sealed compartments (split-bath configuration). Fictive swim-
ming was induced in the rostral pool (NMDA 150 µM), while the caudal 
pool was perfused with normal Ringerʼs solution. Motoneurons caudal to 
the barrier were impaled, and if displaying membrane potential oscillations 
due to excitatory drive from the rostral cord, they were injected with the fast 
calcium chelator BAPTA by passive diffusion. After one hour, a time suffi-
cient in calibration experiments to substantially reduce the sAHP (see Paper 
III), the amplitude of the membrane potential oscillations was essentially 
unchanged (Fig. 11).

In summary, no evidence could be found that synaptically-induced Ca2+ 
entry in motoneuron dendrites activates KCa channels to a degree sufficient 
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Figure 11.  Intracellular injection of the Ca2+ chelator BAPTA does not affect network-driven 
membrane potential oscillations. On the left: sample raw recordings 1 min and 54 min after 
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to influence the integrative properties of the cell. As a consequence, bio-
physical modelling of lamprey motoneurons is simplified. The lack of a KCa 
activation could still be compatible with a presence of these channels in the 
dendritic membrane of motoneurons, as long as they were spatially segre-
gated from the synaptic sites of Ca2+ entry (Marrion and Tavalin 1998).

In contrast to lamprey motoneurons, in neurons of the leech and in pyra-
midal cells of the rat hyppocampus, an interaction between EPSPs and KCa 
channels has been shown (Wessel et al. 1999; Lancaster et al. 2001; Shah 
and Haylett 2002).

A new component of the sAHP mediated by Na+-activated K+ channels
(Papers III and IV)
During the experiments described in the previous section, the efficacy of 
apamin was verified by monitoring its effect on the sAHP of the postsyn-
aptic motoneuron. The sAHP was previously thought to be entirely due to 
KCa channels. Apamin in concentrations up to 20 µM, on the other hand, did 
not abolish the sAHP but left about 20% of it (Paper III). This residual com-
ponent was further analyzed and found to be resistant to the voltage-gated 
Ca2+ channel blockers cadmium and nickel. The possibility that it could 
be due to an apamin-insensitive Ca2+-activated current (suggested in Hill 
et al. 1992) seemed highly unlikely, as it persisted even after injecting the 
fast Ca2+ chelator BAPTA. Based on this preliminary evidence, and on data 
from other preparations (Dale 1993; Safronov and Vogel 1996) we pro-
posed that this might be a K+ current activated by sodium ions entering the 
neuron during the upswing of the action potential (KNa).

In Paper IV we observed that modifying the equilibrium potential of po-
tassium, but not chloride, affected the Ca2+-insensitive sAHP component, 
showing that this is mediated by a K+-permeable channel. The hypothesis 
that the underlying K+ current is gated by sodium was strongly supported 
by substituting lithium for sodium ions, which caused a reduction in sAHP 
amplitude. A precise identification of the responsible channel will depend 
on the future availability of specific blockers.

One important finding of paper IV is that this putative KNa component, 
becomes a greater fraction of the overall sAHP during burst firing of the 
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motoneuron. This on the one hand is added evidence for a diversity in the 
structure of the sAHP, while raising the possibility that KNa play a signifi-
cant functional role during intense locomotor activity.

From Lamprey to Man
Apart from the lamprey, the other well-studied CPG for swimming is that of 
the Xenopus embryo. Although developmentally an immature model, this 
has revealed general features of operation in common with the lampreyʼs 
(Roberts et al. 1998). Of particular relevance to this thesis, each side of 
the spinal cord has been shown to have rhythm generating capability, with 
left-right alternation being coordinated by crossing inhibitory fibers (Soffe 
1989). The latter, similarly to the lamprey, also downregulate locomotor 
burst frequency (Soffe 1989; Dale 1995). On the other hand, features ex-
hibited by the adult lamprey, such as multiple spike firing during each swim 
cycle, develop only during the larval stage of Xenopus, in parallel with the 
expression of new ion channels (Sun and Dale 1998; Jiménez-González et 
al. 2003).

In the Introduction we highlighted a few essential kinematic principles 
shared across different species to obtain locomotion. To implement such 
principles, the nervous system has had to evolve appropriate circuitry in 
parallel with a body plan of increasing complexity. Of particular impor-
tance is the transition from the limbless aquatic locomotion of the early 
vertebrates, to the use of sophisticated multi-jointed limbs in tetrapods. The 
vital question is: how much of what we have learnt studying the CPGs for 
swimming is relevant to the function of those for stepping?

Amphibian preparations might allow to address this question directly, the 
advantage being that one and the same animal undergoes, during metamor-
phosis, the phylogenetic transition from axial swimming to limbed locomo-
tion. In a brief intermediate phase for the frog (Combes et al. 2004) and 
throughout adult life in the salamander (Delvolvé et al. 1997; Cabelguen et 
al. 2003), both behaviors and their respective spinal CPGs coexist and are 
active in a coordinated fashion. Their operation is thus accessible for inves-
tigation. Note that as for swimming, limbed locomotion involves rhythmical 
contractions of the axial body musculature (Delvolve et al. 1997). Features 



34

of the swimming CPG are thus likely to have been exploited in this aspect 
of tetrapod locomotion (Bem et al. 2003).

Indirect experimental evidence from the cat led to the proposal that the 
mammalian locomotor CPG is organized in burst-generating modules, each 
controlling a group of close muscle synergists at a joint (Grillner 1981). A 
flexible set of connections between the modules for each limb, and across 
limbs, would set the correct phase relationships required for the execution 
of a particular gait (e.g. forward or backward walking, trotting, etc). Each 
module would, in essence, correspond to a lamprey hemisegment. Direct 
testing of this model with surgical sections has been elusive because, in 
contrast to lamprey, in mammals the interneurons controlling muscle an-
tagonists largely overlap within the spinal cord (see Kiehn and Kjaerulff 
1998). This is not the case for the mudpuppy, another amphibian, in which 
rhythmic capability could be demonstrated after separation of the flexor and 
extensor centers of the elbow (Cheng et al. 1998; Jovanović et al. 1998).

Progress in understanding the neuronal mechanisms underlying the gen-
eration of locomotion in limbed vertebrates is proceeding with complemen-
tary approaches. On the one hand, the in vitro preparations allow a bot-
tom-up approach of mapping the intricate spinal networks and the role of 
the numerous neuronal classes, with electrophysiology, pharmacology and 
more recently genetic tools (Cheng et al. 2002; Kiehn and Kullander 2004; 
Combes et al. 2004). On the other, interesting results are coming from stud-
ies using a top-down approach on a variety of species, including humans. 
Here, information on the locomotor CPG is inferred by simultaneously 
recording the activity of a large number of muscles during various motor 
tasks, and extracting underlying ʻcommon denominator  ̓motor command 
patterns. The latter are postulated to be the expression of individual sub-
generators within the spinal cord (dʼAvella et al. 2003; Ivanenko et al. 2003, 
2004). Here again we find the concept of modularity, but under a slightly 
different perspective (Tresch et al. 2002; Bizzi et al. 2002).
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The existence of common features in the movement of different animal species, 
was recognized as early as in the seventeenth century. Plate XIII from De Motu 
Animalium, “On the movement of animals” by Giovanni Alfonso Borelli (1680).
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WORTHWHILE FUTURE GOALS

The following is a non-exaustive list of interesting questions directly related 
to the themes dealt with in Papers I to IV.
— A successful protocol capable of evoking robust fictive locomotion in 
the intact spinal cord by electrical stimulation, has not yet been developed 
(Fagerstedt et al. 2000). The fact that electrical stimulation is effective in 
evoking locomotor rhythmicity in the hemicord, might be exploited by 
optimizing the stimulation parameters in intermediate preparations of the 
kind shown in figure 6 (intermittent hemisections, bottom right). These 
preparations express the left-right alternation of fictive swimming (Paper I), 
but should be expected to be more excitable than an intact piece of spinal 
cord.
— What role, if any, is played by segmental crossed excitation in the gen-
eration of the swimming rhythm? (see Fig. 3 C) One obvious test would 
be to see if, and how, commissural neurons fire during fictive locomotion: 
while they should be responsible for synchronizing left and right VR bursts 
in strychnine, this does not necessarily imply they are active normally. The 
technique of choice would be intra- or extracellular recordings of individ-
ual crossing axons, during fictive swimming. This would avoid perturb-
ing the zone of spike initiation at the soma, while taking advantage of the 
high density and superficial location of axons as they traverse the ventral 
commissure (Tang and Selzer 1979).
— Intersegmental coordination: is the hemicord able to maintain a constant 
rostro-caudal phase lag between consecutive segments, independently of 
burst frequency? This property, which can be observed in the intact prepa-
ration during fictive locomotion, contribues to the S-shape of the swim-
ming lamprey (Question II, page 3). An open problem is the relative role of 
ipsi- versus contralaterally projecting intersegmental fibers in controlling 
the phase lag (Hill et al. 2003). The electrically-activated hemicord appears 
well-suited to address this question, expressing a range of burst frequen-
cies during every bout. Nonetheless, a well crafted experiment would be 
technically rather demanding to perform. To minimize potential distortions 
due to the lack of appropriate boundary conditions at the rostral and caudal 
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ends, long preparations should be used. This will increase the likelihood of 
errors in positioning the knife blade during hemisection, and thus of dam-
age. Physico-chemical gradients (temperature, pH, metabolites) must also 
be minimized along the recording chamber. A critical validity test will be 
to invert the preparation longitudinally in the recording chamber, and check 
that the observed intersegmental phase relationship does not change.
— What is the relative contribution of KCa, KNa and other currents to the AHP 
in excitatory interneurons, including the smaller ones? In a similar context, 
the origin and potential significance of the wide range of observed principal 
time constants in lamprey neurons (Paper II), should be investigated.
— What factors are involved in sustaining the minutes-long locomotor 
bouts in the hemicord? Although we have shown in Paper II that ionotropic 
glutamatergic transmission is necessary, this alone might not be sufficient. 
When a threshold-level electrical stimulus is delivered to the hemicord, ef-
ferent activity grows with a slow time course (20-50 seconds; Paper II). 
These slow dynamics are puzzling, given that fast synaptic transmission 
operates in a time scale of tens of milliseconds. The role of slower metabo-
tropic mechanisms should be explored.
— Also of interest would be to study the velocity of propagation of activity 
along the rostro-caudal axis of the hemicord. The initial activating stimulus 
could be confined to a single hemisegment, for example by focal application 
of glutamate. Differences in the spread of activity in the two directions may 
imply an asymmetry in the functional projection of EINs.
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