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ABSTRACT
NMDA-receptor dependent membrane potential oscillations and postinhibitory rebound are examples of
intrinsic membrane properties of many neurons of rhythm-generating networks, and are considered to
play major roles in the operation of the spinal locomotor network of the lamprey vertebrate model. A
significant feature of many lamprey spinal cord neurons is their ability to generate pacemaker-like
membrane potential oscillations in the presence of the glutamate agonist NMDA. These plateau potentials
are voltage-dependent, resistant to sodium channel blockade by tetrodotoxin (TTX), and persist in the
absence of action potentials and synaptic interaction, thus representing an intrinsic membrane property of
the individual neuron. NMDA-receptor dependent, TTX-resistant plateau potentials are found both in
network interneurons and motoneurons, and are believed to be important for the maintenance of a slow
and stable locomotor activity. Postinhibitory rebound (PIR) can play a significant role for producing
stable rhythmic motor patterns, like locomotion, by contributing to burst initiation following the phase of
inhibition. Like other membrane properties, PIR may also be a target for modulatory systems acting on
the network. For both the plateau oscillation and the PIR property, the calcium influx into different parts
of the neuron during activity is of key importance. The goal of this thesis has been to elucidate (I) the
involvement of novel ion channel subtypes like calcium activated non-selective cation (CAN) channels
and low voltage activated (LVA) calcium channels in NMDA oscillations; (II) the relation between the
level of NMDA-receptor activation and membrane potential oscillation frequency, by combining
experimental and mathematical modelling methodologies; (III) the spatial and temporal characteristics of
calcium influx during NMDA-induced membrane potential oscillations; (IV) The PIR in identified
neurons of the spinal locomotor network in lamprey, - the ionic bases of the rebound response as well as
the modulatory actions exerted on the PIR property by 5-HT and dopamine.
To explore the putative involvement of an ICAN current in lamprey spinal neurons, the commonly used
blocker flufenamic acid (FFA) was utilized to observe the effect on fictive locomotion and on NMDAinduced oscillations. FFA deteriorated both fictive locomotion and NMDA-induced oscillations.
However, several non-specific effects of FFA were found, like an influence on calcium channels and on
NMDA receptors. These effects may account for the observed influence of FFA on fictive locomotion
and on NMDA-induced oscillations. Thus, unlike in reticulospinal neurons of the lamprey brainstem,
CAN channels do not appear to play any significant role in lamprey spinal neurons.
By combining experimental and computational strategies, the relation between the level of NMDAreceptor activation and the frequency of NMDA-induced membrane potential oscillations was analyzed.
The frequency increased with higher concentrations of NMDA in both experiments and model
simulations, to reach a maximal frequency at even higher levels. This concentration dependence is similar
to that of the network rhythm during fictive locomotion.
Electrophysiological recordings and confocal laser scanning microscopy were combined to investigate
intracellular calcium fluctuations in lamprey spinal neurons during NMDA-induced oscillations. Calcium
fluorescence fluctuations were detected in different compartments of the neuron, in the soma as well as in
proximal and distal dendrites. The calcium fluctuations were more prominent in distal dendrites than in
proximal dendrites and the soma. During the oscillation cycle, an abrupt rise in calcium is initiated at the
onset of depolarization and the calcium level then increases during the depolarized plateau, to reach its
maximum by the end of the plateau. The timing of the calcium peak could differ between different distal
dendrites. This may indicate that different regions of the dendritic tree could act partly independently and
contribute to different aspects of the oscillatory trajectory.
In pharmaocological experiments, LVA calcium channels of the L-type (Cav 1.3) were found to
contribute to the generation of NMDA-induced membrane potential oscillations. Calcium imaging
experiments corroborated the involvement of this subclass of calcium channels, which appear located
primarly in distal dendritic regions in a non-uniform manner. Together with calcium entering via e.g.
NMDA-channels, calcium entry via Cav 1.3 channels will activate calcium-dependent potassium (KCa)
channels during the oscillation plateau and contribute to its termination and the subsequent repolarization.
The calcium current via Cav 1.3 channels may also contribute to the depolarizing phase of NMDAinduced oscillations.
Using injection of hyperpolarizing prepulses, postinhibitory rebound responses were demonstrated in
both motoneurons and commissural interneurons in the lamprey spinal cord. The amplitude of the PIR
response depends on the membrane potential level, as well as on the amplitude and duration of the
hyperpolarizing prepulse. PIR responses were more prominent in commissural interneurons, suggesting

that this property may be of particular significance for the reciprocal inhibition generated by these
interneurons, resulting in distinct alternating activity between the hemisegments of the lamprey
locomotor network.
Also for the PIR property, an involvement of LVA Cav 1.3 L-type calcium channels was established.
Together with T-type (Cav 3) LVA calcium channels, Cav 1.3 L-type channels may account for the PIR
response, while there appears to be no significant contribution from a hyperpolarization-activated (Ih)
current to the PIR response in lamprey spinal neurons. Both the 5-HT and the dopamine modulatory
systems will reduce the PIR response, and this action is mediated via 5-HT1A and dopamine D2 receptors
respectively. The modulatory effect of 5-HT and dopamine is due to a depressing action mainly on Cav
1.3 L-type calcium channels. The PIR effects complements previously established modulatory actions of
5-HT and dopamine on the operation of the spinal network for locomotion.
Keywords: Ion channels, calcium activated non-selective cation current (ICAN), L-type LVA calcium
channels (Cav 1.3), calcium channels, calcium imaging, NMDA, postinhibitory rebound (PIR), lamprey,
central pattern generator (CPG), locomotion.
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1 INTRODUCTION
Locomotion is the act of self-propulsion by an animal or human being, and has many
manifestations, including running, jumping, swimming, flying and walking. Animals
move for a variety of reasons, such as to find food, a mate, or a suitable microhabitat,
and to escape predators.
Central pattern generators (CPGs) are neural circuits that produce patterns of motor
behaviour, and may do so even in the absence of sensory input. For instance, the
patterns of many vital behaviours, like digestion, respiration, and locomotion are all
generated by CPGs. The interplay between the intrinsic membrane properties of
network neurons and their synaptic interactions determines the operation of these
networks. Both the network connectivity and the neuronal intrinsic properties depend
on Ca2+ signalling. Ca2+ entry not only determines synaptic transmitter release, essential
for communication between cells, but is also a critical factor that affects intrinsic
membrane properties. A deeper understanding of the operation of CPGs requires
knowledge of how molecular components determine the properties of individual
neurons, and consequently, the operation of the network in which they are embedded.

1.1

THE LAMPREY AND ITS CPGS

Although the lamprey is a “lower” vertebrate, it is evident that much of the knowledge
obtained from studying it is applicable to higher vertebrates, including mammals, and
even humans. In lamprey, as in other vertebrates, the network of neurons generating the
locomotor rhythm is located within the spinal cord.

Figure 1. Top: The lamprey feeds on fish by attaching to it with its suction mouth. Bottom: Illustration of
the general anatomy of the lamprey. (Public domain image from Wikimedia Commons.)
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The lamprey is an eel-like, jawless vertebrate (cyclostome) which swims with
rhythmic, undulatory body movements. In the adult stage lampreys are parasites which
attach to the skin of other fishes (Fig. 1), whereas in the larval stage, a period which
lasts for some years, they are buried in the sand and feed on microscopic material. They
diverged from the main vertebrate line around 450 millions years ago (Forey 1993).
The lamprey is used as a model system for vertebrate locomotion, enabling studies
from the single channel level to the behaviour level (Grillner et al. 1998). and providing
several advantages: (1) The basic features of the lamprey central nervous system (CNS)
are similar to those of higher vertebrates (Butler 1996); (2) The central pattern
generator for locomotion in the lamprey spinal cord can be activated to produce
“fictive” locomotion in the isolated spinal cord in vitro (recorded from the ventral
roots), by pharmacological application of excitatory amino acids such as NMDA or by
electrical stimulation of brainstem locomotor centers in the brainstem-spinal cord
preparation (Cohen and Wallen 1980; Grillner et al. 1981); (3) The preparation of the
spinal cord can be maintained in proper condition for several days in a perfusion
chamber at 6-10°C. The lamprey spinal cord has a relative low density of cells, with
approximately 1000 cells in each of the 100 segments (Grillner et al. 1995). This low
density of cells makes it relatively easy to obtain stable intracellular recordings for
longer periods of time (up to several hours) while applying pharmacological substances
either extra- or intracellularly; (4) In this way, detailed information about the cellular,
synaptic and neural network properties involved in the control of locomotion can be
obtained.
Fictive swimming is characterized by an alternation of ventral root bursts on opposite
sides of the spinal cord and a rostal-to-caudal propagation of the wave of activity. This
pattern of rhythmic activity is similar to the pattern of myotomal electromyographic
activity recorded during swimming in the intact animal (Fig. 2; (Wallen and Williams
1984).

Figure 2. Locomotor pattern generation in an intact lamprey and an isolated spinal cord. The same type of
electrical activity is recorded from the ventral roots in a live swimming lamprey (left) and in an isolated
spinal cord preparation perfused with excitatory amino acid (NMDA) (right). The latter type of activity is
called fictive swimming.
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As few as two to three spinal segments taken from any rostal-caudal level can exhibit
rhythmic activity, so the spinal locomotor network is conceived of as a distributed
chain of segmental unit generators (Grillner et al. 1981; cf. Cohen et al. 1992).

1.2

THE SEGMENTAL CPG AND CLASSES OF NEURONS IN THE
LAMPREY SPINAL CORD

1.2.1

Motoneurons

Motoneurons in lamprey spinal cord can be divided into myotomal motoneurons,
projecting to the trunk musculature, and fin motoneurons, projecting to the fin muscles
(Rovainen and Dill 1984; Shupliakov et al. 1992; Mentel et al. 2008). Myotomal
motoneurons have been further subdivided into dorsal and ventral motoneurons,
supplying the dorsal and ventral aspects of the myotomes, respectively (Wallén et al.
1985). Early experimental evidence suggests that motoneurons serve as output elements
that relay the rhythmic motor activity generated by the interneuronal segmental
network (Wallén and Lansner 1984).

1.2.2

Excitatory interneurons

Excitatory interneurons (EIN) refer to a class of small ipsilaterally-projecting neurons
that excite nearby motoneurons and interneurons. These cells have been identified
electrophysiologically using paried intracellular recordings of presynaptic interneurons
(Buchanan and Grillner 1987; Buchanan et al. 1989). The EINs appear quite numerous
as judged from random microelectrode impalements of neurons in the grey matter area
of the spinal cord (~8% of impalements). There are both ipsilateral EINs, - projecting to
the same side of the spinal cord and contralateral EINs, - projecting to the opposite part
of the cord. Their postsynaptic targets are motoneurons, lateral interneurons and
commissural interneurons and also other EINs (Buchanan and Grillner 1987; Buchanan
et al. 1989; see Grillner 2003).

1.2.3

Commissural interneurons

Commissural interneurons (CINs) are neurons with a main axon branch crossing the
spinal cord midline (Buchanan and Cohen 1982; Ohta et al. 1991). The axon extends
directly towards the midline from the soma or from a dendrite and crosses in the ventral
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commissure. CINs with a contralaterally and caudally projecting axon (also termed CC
interneurons) can be identified electrophysiologically by their axonal projection by unit
recordings from a caudal location of the contralateral spinal cord (Buchanan and Cohen
1982). The inhibitory CINs are twice as numerous as excitatory CINs based on the
frequency of encounters with intracellular microelectrodes (Buchanan and Cohen
1982). The CINs have postsynaptic targets that include motoneurons, lateral
interneurons, and other CINs. The membrane potential of CINs is strongly modulated
during fictive swimming (Buchanan and Cohen 1982; Buchanan and Kasicki 1995),
and these cells are considered to play a key role in the generation of fictive swimming,
and in particular for the reciprocal inhibition in the segmental network (Buchanan and
Cohen 1982; Buchanan et al. 1989; Hellgren et al. 1992). The excitatory CINs provide
monosynaptic excitation to fin motoneurons that are active in antiphase to the
myotomal motoneurons (Mentel et al. 2008).

1.2.4

Inhibitory interneurons with ipsilateral axons

Lateral interneurons (LIN) were first characterized by (Rovainen 1974). They have
large cell bodies, prominent lateral dendrites, and an ipsilaterally and caudally
projecting axon. The membrane potentials of lateral interneurons are rhythmically
modulated during fictive swimming (Buchanan and Cohen 1982; Buchanan and
Kasicki 1995), but are not considered to contribute to rhythm generation of the spinal
network (Cangiano and Grillner 2005) Small inhibitory interneurons produce IPSPs in
nearby ipsilateral motoneurons. Small inhibitory interneurons appear less numerous
than EINs (~1% of impalements; Buchanan et al. 1989).

1.2.5

The segmental CPG network

The segmental core CPG network consists basically of glutamatergic EINs that
generate the burst activity, and commissural inhibitory interneurons (see Fig 4). Within
the population of EINs there is mutual excitation, and if the population of EINs is
activated from the brainstem or via bath-applied glutamate agonists (see Grillner 2003),
this will result in a generation of rhythmic burst activity (Cangiano and Grillner 2005).
The burst termination is due to intrinsic membrane properties involving a progressively
increasing contribution of both calcium- and sodium activated potassium channels (El
Manira et al. 1994; Wallen et al. 2007). The alternation between the left and right side
is produced by the inhibitory commissural interneurons that also cause the burst
frequency to be lowered (Cangiano and Grillner 2005, see Grillner 2003).
4

1.3
1.3.1

INTRINSIC MEMBRANE PROPERTIES
NMDA induced oscillations

NMDA (N-methyl-D-aspartate) – receptor dependent membrane potential oscillations
have been found in many types of neurons in the central nervous system. Notably, these
oscillations have been found in spinal cord neurons participating in locomotor pattern
generation in many organisms (Wallén and Grillner 1985; 1987; Sillar and Simmers
1994; MacLean et al. 1997; Guertin and Hounsgaard 1998). They have also been
observed in many parts of the mammalian brain (Schmidt et al. 1998; MacLean et al.
1997)
A significant feature of many lamprey spinal cord neurons is their ability to generate
such NMDA-receptor dependent pacemaker-like plateau potential oscillations. These
plateau potentials are voltage-dependent, resistant to sodium channel blockade by
tetrodotoxin (TTX), and persist in the absence of action potentials and synaptic
interaction, thus representing an intrinsic membrane property of the individual neuron
(Sigvardt et al. 1985; Wallén and Grillner 1985; 1987). NMDA-receptor dependent
plateau potentials are found in network interneurons and in motoneurons, and they are
likely to play a significant role in the locomotor network, particularly during lower
rates of rhythmic activity (Wallén and Grillner 1987). Plateau potentials, unlike action
potentials, do not function well for long-distance axonal signalling, but serve to
regulate neuronal excitability and synaptic transmission. Most plateau potentials are
relatively long-lasting (tens of milliseconds to seconds in duration) and constitute an
example of membrane bistability (Marder 1991). Plateau potentials are generally
thought to contribute to the excitatory drive producing bursts during pattern generation
(Grillner 2003). Intrinsic bursting can indeed be thought of as repetitive plateau
formation, - much like intrinsic repetitive spike production in spontaneously active
neurons (Wang XJ 1995).

Figure 3. Schematic representation of some factors involved in the NMDA-induced, TTX-resistant
membrane potential oscillations in lamprey spinal neurons.
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The main ionic mechanisms underlying the NMDA-receptor dependent plateau
potentials in lamprey spinal neurons have been detailed (Wallén and Grillner 1985;
1987). Basically, the depolarization phase relies on the activation and voltagedependent gating (due to release from magnesium block) of NMDA-receptor channels,
with subsequent influx of sodium and calcium ions. The NMDA induced depolarization
is counteracted by voltage-dependent K+ channels (sensitive to TEA), which results in
an equilibrium level and a depolarized plateau. The duration of the plateau is dependent
on a progressive Ca2+ entry and a subsequent activation of calcium-dependent
potassium channels (KCa). Blockade of KCa channels (by apamin) will prolong the
depolarized plateau phase (El Manira et al. 1994; Grillner et al. 2001), since the
repolarization phase back to a hyperpolarized level depends on the activation KCa
channels, in addition to the voltage-dependent block (by magnesium) of the NMDAreceptor channels. Previous findings indicate that during the depolarized plateau phase,
Ca2+ channels of the L-type also contribute to some degree, while N-type channels play
only a marginal role (Wikstrom and El Manira 1998; Wikstrom et al. 1999). Which
subtype of L-type calcium channels that contributes was, however, not determined.

1.3.2

Postinhibitory rebound responses

Postinhibitory rebound (PIR) responses refer to a period of increased neuronal
excitability following the cessation of inhibition (Friesen 1994). PIR is an intrinsic
property of many central neurons and in some cases it results in a burst of action
potentials following a period of inhibitory synaptic input. One possible mechanism is
that the inhibitory hyperpolarization deinactivates an inward current so that release
from inhibition produces a regenerative depolarization (action potential or plateau
potential), which eventually subsides (due to inactivation), and the neuron returns to
rest. The intrinsic membrane properties at potentials near firing threshold of the
rhythmically active network neurons are particular significance. PIR has been described
in motoneurons in the lamprey spinal cord (Matsushima et al. 1993) and model
simulation data suggest that the PIR property is important for the generation of a stable
burst pattern during locomotion, by contributing to burst initiation following the phase
of inhibition (Tegnér et al. 1997). Whether PIR also exists in commissural interneurons,
providing reciprocal inhibition in the lamprey locomotor network, has not, however,
been previously investigated.

6

Figure 4. Lamprey locomotor network. A schematic representation of the brainstem input to the local
spinal segmental network. The symbols for the different neuron classes denotes populations of neurons.
Glutamatergic reticulospinal neurons from the brainstem provide descending excitation to all the neurons
in the box. The glycinergic commissural inhibitory neurons (CIN) provide inhibition to the contralateral
neurons. Thus, all neurons in the contralateral box, which represent a hemisegment, receives that
inhibition. The excitatory neurons (E) excite all neurons in the box, including the motoneurons (MN).
Postinhibitory rebound has been described in MNs (Matsushima et al., 1993), but whether also in CINs
was unknown.

Another possible mechanism involves the hyperpolarization-activated inward current
(Ih). Ih is slow to activate and also relatively slow to deactivate. Neurons with a strong
Ih can escape from sustained inhibition and return to firing level. Other mechanisms for
producing postinhibitory rebound are possible – e.g. de-activation of a slow outward
current by the hyperpolarization. In the context of neuronal networks with reciprocally
inhibitory neurons, postinhibitory rebound is also often considered a basic membrane
characteristic that promotes oscillation (Friesen 1994; Roberts and Tunstall 1990). PIR
may contribute to the maintenance of oscillatory activity in neural networks that are
characterized by mutual inhibitory connections, like those involved in locomotor
behaviours. PIR is a common property of rhythm-generating networks in both
vertebrates and invertebrates (Angstadt and Friesen 1993a; b; Angstadt et al. 2005;
Bertrand and Cazalets 1998; Fan et al. 2000; Serrano et al. 2007).
Activity in commissural interneurons on one side inhibits the activity of cells on the
opposite side, and when these inhibited commissural interneurons escape or are
released from inhibition, they become active and inhibit cells on the previously active
side. A key to the functioning of reciprocal inhibition in a rhythm-generating network is
the mechanism for this escape or release. Here the PIR property is likely to play a
significant role (Tegnér et al. 1997).
7

1.3.3

Hyperpolarization-activated inward current (Ih)

A sag potential is a slowly developing relaxation in membrane potential following
hyperpolarization (Bertrand and Cazalets 1998; Serrano et al. 2007). It is generated by
the hyperpolarization-activated inward current, Ih, shown to, for example, participate in
the pacing of the vertebrate cardiac rhythm (DiFrancesco 1989). Ih is slow to active and
also relatively slow to deactivate. Neurons with a strong Ih can escape from sustained
inhibition and return to firing level. Because of its slow deactivation, Ih persists long
enough after the return to the depolarized level to provide some extra excitatory drive.
Thus, in neurons of motor pattern generators, Ih can act as a rhythmic pacemaker. Ih
appears to play an important role in producing oscillation of reciprocally inhibitory
interneurons in medicinal leech (Angstadt and Calabrese 1989). In lamprey a sag
potential and an Ih current has been demonstrated in neurons of the striatum (Ericsson
2007), but whether Ih exists in lamprey spinal neurons as a mechanism underlying PIR
has not previously been determined.

1.4
1.4.1

ION CHANNELS
Calcium channels

Voltage-gated calcium channels are of different types (Hess, 1990; Hille 1992; Nooney
et al., 1997). Different types of calcium channels behave in slightly different ways and
have different gating characteristics. They have been classified into two main groups,
high (HVA) and low voltage activated (LVA) calcium channels (Nowycky et al. 1985;
Tsien et al. 1991; Bean 1989; Tsien and Miyawaki 1998). The HVA channels are
activated above the threshold for an action potential. A variety of subtypes have been
found such as, the N(Cav 2.2), P/Q(Cav 2.1) and L-type(Cav 1) (Mintz et al. 1992;
Usowicz et al. 1992), across the vertebrate line (Hounsgaard and Mintz 1988),
including lamprey (El Manira and Bussieres 1997). The T-channel (Cav 3), which is
included in the LVA group, activates below threshold, and may thus boost the potential
up to threshold. When a neuron is kept depolarized the LVA calcium channels become
inactivated, whereas a hyperpolarization will remove the inactivation and a LVA
calcium current could produce a rebound depolarization (PIR). LVA calcium channels
have been observed in a number of systems, such as sensory dorsal cells in the lamprey
(Christenson et al. 1993), and mammalian dorsal root ganglion cells (Carbone and Lux
1984), thalamic relay neurons (Coulter et al. 1989; Huguenard and Prince 1992;Bal and
McCormick 1993) and cerebellar inferior olivary neurons (Llinas and Yarom 1981).
Moreover, the Cav 1.3 subtype of L-type calcium channels has been shown to active at
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negative membrane potentials, thus typical for the LVA class of calcium channels
(Lipscombe et al. 2004; Fan et al. 2000; Xu and Lipscombe 2001), while the Cav 1.2
subtype actives at positive potentials (Koschak et al. 2001; Lipscombe et al. 2004). In
turtle spinal motoneurons, L-type LVA calcium channels (Cav 1.3) have been shown to
be involved in the generation of plateau potentials(Perrier et al. 2002; Perrier and
Hounsgaard 2003). L-type calcium channels are blocked by dihydropyridines, with the
Cav 1.3 form requiring somewhat higher concentrations than the Cav 1.2 form (Koschak
et al. 2001). Several different types of calcium channels exist in one single neuron but
the distribution of them is generally unknown. Obviously, the distribution of these
calcium channels is of importance when considering the integrative properties of a
neuron.

1.4.2

Calcium dependent potassium channels (KCa)

Calcium dependent K+ channels will be activated by a rise in intracellular calcium
concentration (Sah and McLachlan 1991). Different types of KCa currents exist in
neurons of many preparations. A fast, large conductance (BK) type of KCa channel
which is voltage dependent has been described. Another type is the small conductance
(SK) KCa channel which shows no voltage dependence. The SK channels are blocked
by apamin (Blatz and Magleby 1986; Pineda et al. 1992). A third type of KCa channel
which is of the small conductance type, has been found which is not sensitive to
apamin (Sah 1995). The influx of calcium during a single action potential via in
particular N- type channels (Wikstrom and El Manira 1998) can activate KCa channels,
giving rise to a late, or slow afterhyperpolarization (sAHP). This has been found in
lamprey neurons (Hill et al. 1985; Wallén et al. 1989; Buchanan 1993). In lamprey the
sAHP is mediated by the apamin sensitive KCa type (Hill et al. 1992; Meer and
Buchanan 1992). Apamin-sensitive KCa currents are also important for the NMDAreceptor dependent membrane potential oscillations. When apamin is applied during
oscillations, the depolarized plateau durations are prolonged due to a reduced
hyperpolarizing influence by the KCa channels (El Manira et al. 1994).

1.4.3

CAN channels

Calcium-activated non-selective cation (CAN) channels are found in a broad range of
cells, including cardiac cells, secretory cells, and neurons (Ehara et al. 1988; Fraser and
MacVicar 1996; Gogelein and Pfannmuller 1989; Klink and Alonso 1997; Morisset
and Nagy 1999; Partridge et al. 1994; Zhang et al. 1995). CAN channels appear to be a
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unique class of channels with an important role in excitation-secretion coupling and in
determining neuron firing patterns (Rubin et al. 2009; Sheroziya et al. 2009). The
unique function of these channels results from three important characteristics. First,
their activation depends on intracellular Ca2+. Second, CAN channels do not undergo
voltage- or Ca-dependent inactivation and are thus capable of maintaining a
depolarization. Third, they can provide a route for Ca2+ entry into the cell (Partridge et
al. 1994). CAN channels are present in lamprey brainstem reticulospinal neurons, and
an ICAN current has been suggested to contribute to maintaining plateau potentials in
these cells and thereby to the drive for locomotor initiation (Di Prisco et al. 2000).

1.5

FACTORS CONTROLLING BURST ONSET AND TERMINATION

Factors involved in the control of the initiation and of the termination of a burst of
activity, are obviously very important for the operation of the network.
At the initiation of a burst, synaptic, voltage-dependent NMDA-receptor channels will
be activated, and in addition low voltage-activated Ca2+ channels and Na+ channels will
open. Furthermore, during actual locomotor movements sensory feedback signals from
intraspinal stretch receptors will excite the ipsilateral side of the network (Grillner
2003) and thus contribute to burst initiation (Figure 5A).

A.

B.

Figure 5. A: Factors controlling burst onset and termination during the locomotor cycle. Several factors
contribute to the initiation, maintenance and termination of the depolarizing phase. Ca2+ influx via
NMDA channels and low-voltage-activated (LVA) Ca2+ channels, will activate KCa channels, producing
a depolarized plateau and a subsequent hyperpolarization. B: Summation of slow AHPs during the burst
will contribute to burst termination. A smaller sAHP results in higher spike frequency and a prolonged
burst. Dashed line indicates the resting membrane potential.
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For burst termination, the summation of the late slow afterhyperpolarization (sAHP)
following the action potential is one main factor. The sAHPs are temporally summed
during the burst, thereby slowly hyperpolarizing the cell until the membrane potential is
below the threshold for spike initiation (Figure 5B). The sAHP is due to the activation
of KCa-channels, caused by the calcium influx via HVA channels during the action
potential, but also Na+-dependent K+-channels (KNa), activated by the Na+ influx during
the spike, will contribute to the sAHP (Wallen et al. 2007). At the end of the burst and
upon membrane hyperpolarization, the voltage-dependent NMDA channels will close
and, in the presence of sensory feedback, contralateral inhibitory stretch receptors will
further depress the active side of network and thus contribute to burst termination (Fig.
5A).
NMDA-induced TTX resistant intrinsic membrane potential oscillations play a role for
burst initiation and termination, and for the control of the locomotor rhythm (Sigvardt
et al. 1985; Wallén and Grillner 1985; 1987; Hill et al. 1989; Grillner 2003) Due to the
voltage-dependent Mg2+ blockade of the NMDA receptor channels (Ascher and Nowak
1988; Nowak et al. 1984), they will open and close depending on the membrane
potential during the locomotor cycle, and thus contribute to both burst onset and
termination (Figure 5A; cf. above). At the onset of membrane depolarization, calcium
influx via NMDA channels and LVA calcium channels will activate KCa channels,
which in turn will counteract further depolarization and result in maintained plateau,
and subsequently membrane hyperpolarization and NMDA channel closure which will
end the plateau (Figure 5A).

1.6

CALCIUM AND CALCIUM INFLUX

Calcium entry into the different network neurons upon activation of NMDA channels
and various types of voltage-activated calcium channels have a number of roles
essential for the operation of a multitude of cellular mechanisms: NMDA-mediated
plateau

potentials,

spike

afterhyperpolarizations,

and

postinhibitory

rebound

depolarization. Detailed information on the spatial and temporal dynamics of calcium
influx in different compartments of the neuron is, however, very scarce. To provide
such information, which is needed for the continued cellular analysis of the network,
fluorescent calcium indicators and fast-scanning confocal microscopy have been used
to measure intracellular calcium fluctuations during different forms of activation
(Present thesis, paper III; Bacskai et al. 1995). The calcium level oscillates in relation to
the ongoing rhythmic activity of the network; the largest fluctuations occur in
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dendrites, which receive phasic synaptic input from rhythmically active network
interneurons (Figure 6; Bacskai et al. 1995). Accordingly, a local increase of
intracellular calcium has been recorded in distal motoneuron dendrites in response to
synaptic excitatory input evoked by stimulation of reticulospinal axons. The calcium
increase occurred even when the excitation was subthreshold for eliciting a spike in the
postsynaptic cell and was only partially blocked by the NMDA-receptor antagonist
APV, indicating that calcium entered the dendrite through LVA-type Ca2+ channels as
well as through NMDA channels (Bacskai et al. 1995).

Figure 6. Postsynaptic calcium influx in distal dendrites of a motoneuron during fictive locomotion
(Modified from Bacskai et al., 1995).

1.7

MODULATORY EFFECTS OF 5-HT AND DOPAMINE DURING
LOCOMOTION

5-HT and dopamine are co-stored in the same terminals and constitute two major
modulatory systems influencing the lamprey spinal locomotor network (Schotland et al.
1995). 5-HT and dopamine are co-localized and presumably co-released from a
ventromedial plexus that extends along the full length of the spinal cord. The sAHP,
which involves activation of KCa channels, is depressed by 5-HT, an action mediated by
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a blockage of calcium entry (Hill et al. 2003). Thus, a release of 5-HT increases the
firing rate (Wallén et al. 1989; Di Prisco et al. 1992; Wikstrom et al. 1995) and on the
network level burst durations are prolonged (i.e burst rate is decreased) by an
application of 5-HT (Harris-Warrick and Cohen 1985; Christenson et al. 1989; Zhang
et al. 1996). Dopamine has modulatory effects similar to those of 5-HT. 5-HT acts
through 5-HT1A receptors, and DA via the activation of D2 receptors, to increase spike
intensity and duration of ventral root bursts during NMDA-induced locomotor activity
(Svensson et al. 2003; Wikstrom et al. 1995). These modulators also influence other
properties of spinal neurons, like presynaptic inhibition (Buchanan and Grillner 1991;
El Manira et al. 1997). It has not been investigated, however, whether the
postinhibitory rebound (PIR) property is also subject to modulation by 5-HT and
dopamine.

1.8

COMPUTATIONAL MODELLING

Mathematical modelling and computer simulations of neurons and networks is an
important and most valuable tool in the analysis of neural systems. This includes
models of detailed sub-cellular processes to more abstract models of larger systems,
depending on the aim and the amount of available experimental data. In several,
continuously developed models of the lamprey network (Brodin et al. 1991; Hellgren et
al. 1992; Kozlov et al. 2002; 2009), simulations have been performed of, for example,
populations of neurons where each neuron has Na+, K+, Ca2+ and KCa channels, and in
most cases with three dendritic, one somatic and one initial segment compartment. The
voltage dependence of NMDA receptors has also been modelled as well as the NMDAinduced-TTX resistant oscillations (Grillner 2003, Brodin et al. 1991; Tegnér and
Grillner 1999; Tegnér et al. 1998). Whenever new experimental data becomes
available, existing neuron and network models of the lamprey locomotor control
system are being updated and further developed, in a continuous interaction between
experiments and computational modelling.
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2 AIMS
The overall aim of this thesis has been to enhance our understanding of the role of
novel ion channel subtypes and different regulatory factors for the cellular properties of
neurons of the spinal locomotor network in lamprey; and in particular how they might
govern the expression of plateau potentials and postinhibitory rebound. The main focus
has been on the following issues:

• The possible involvement of a novel ion channel – a calcium activated, nonselective cation current (ICAN) - in the spinal mechanisms for locomotor pattern
generation.

• The relation between the level of NMDA receptor activation and the endogenous
NMDA-induced membrane potential oscillations and a refined analysis of these
oscillatory properties by combining new experimental evidence with computational
modelling.

• The nature of the calcium influx during NMDA-mediated membrane potential
oscillations in lamprey spinal neurons, and in particular the role of low-voltage
activated L-type calcium channels (CaV 1.3).

• The postinhibitory rebound (PIR) response in identified neurons of the spinal
locomotor network in lamprey; the ionic bases of the rebound response as well as
the modulatory actions exerted by 5-HT and dopamine.
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3 METHODS AND MATERIALS
In this thesis the lamprey spinal cord was used as an experimental model. The lampreys
were kept in fresh-water aquaria with a temperature of approximately 5°C and were
subject to a 12-12 hour dark-light cycle. All experiments were performed on adult
specimens of Lampetra fluviatilis or Ichthyomyzon unicuspis. Preparations from the
two species yielded similar results in all studies. All experimental procedures were
approved by Stockholms Norra Försöksdjursetiska Nämnd, according to the Swedish
regulations for the care and use of laboratory animals. Methods are briefly summarized
below; for details see papers I-IV.

3.1

THE LAMPREY SPINAL CORD PREPARATION

Lampreys were anesthetized with tricaine methane sulphonate (MS-222, 100 mg/l,
Sigma, St. Louis, MO, USA) and decapitated caudal to the gills. Muscle tissue was
removed and the spinal cord exposed from the dorsal side. For imaging experiments the
isolated spinal cord without notochord attachment were used. During recordings in the
isolated spinal cord or the spinal cord with the notochord attached, the preparation was
kept at a temperature of 6-10°C in a sylgard-lined chamber that was continuously
perfused with physiological solution. The chamber was illuminated from below and the
preparation observed through a dissection microscope.

Figure 7. Schematic drawing (not to scale) of the lamprey spinal cord in the recording configuration
used. Suction electrodes were placed on two ventral roots (VR) on the left (L) or right (R) side of the
spinal cord segment, and used to record the burst activity; one suction electrode was located on the
surface of the spinal cord for extracellular stimulation of reticulospinal axons (RS), while postsynaptic
responses were recorded in individual neurons. A microelectrode was introduced in the neuron for
intracellular (IC) recording in current clamp mode.
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3.2

3.2.1

RECORDING TECHNIQUES

Extracellular recordings

Extracellular recordings were made from ventral roots to monitor the output from the
spinal locomotor pattern generator during fictive locomotion induced by NMDA.
Recordings were made by placing extracellular recording pipettes, filled with
physiological solution, against the ventral roots or on fiber tracts to record the action
potentials of single neurons.

3.2.2

Intracellular recordings

Recordings from the somata of gray matter neurons of the spinal cord were made in
current-clamp configuration in which the voltage was recorded. Whenever required, the
membrane potential of the cell was controlled by current injection in discontinous
current clamp (DCC) mode. Neurons were stimulated to produce action potentials by
intracellular current injection, using a variety of stimulus paradigms like single and
trains of brief (2ms) depolarizing pulses. A programmable pulse stimulator unit
(Master-8, A.M.P.I., Israel) was used to set and deliver stimulus protocols. For cell
identification, neurons were stimulated to produce action potentials by intracellular
current injection, using single depolarizing pulses. Motoneurons were identified by
recording unit spikes occurring one for one at constant latency in a nearby ipsilateral
ventral root which was sucked into a glass tip suction electrode (Fig. 8). Commissural
interneurons were identified by stimulating cell bodies intracellularly and testing for
spikes in the contralateral and caudal end of the spinal cord (distance 10-20 segments
from the recorded cell). The ends of the spinal cord were cut 2-3 mm along the midline
and the halves drawn into the tips (diameter 350-500 µm) of separate glass suction
electrodes. The mean axonal conduction velocity of recorded commissural interneurons
was 1.49  0.44 m/s (n=5;  S.D.), corresponding to previously published data for
inhibitory commissural interneurons in the lamprey spinal cord (Buchanan 1982).
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Figure 8. Schematic drawing of the lamprey spinal cord and the recording configuration used.
Commissural interneurons were identified by extracellular recording of units in the caudal, contralateral
half of the spinal cord, using a suction electrode. Motoneurons were identified by extracellular recording
of units in a ventral root by using a suction electrode.

3.2.3

Calcium imaging

Live imaging of calcium dynamics was performed on a Zeiss LSM 510 NLO
microscope system, adapted for simultaneous electrophysiological recordings. After
intracellular injection of the calcium dye Fluo-4 from the recording microelectrode,
membrane potential oscillations were induced by addition of NMDA-TTX and
recorded during simultaneous imaging using the 488nm line of an Argon laser for
fluorophore excitation. Imaging was typically performed with a 40x water-dipping
objective (N.A. 0.8) at 8 frames/sec. Focus was adjusted to allow imaging of the
soma/proximal dendrites and of distal dendrites, respectively, of the same neuron. For
high-speed imaging, fast line scanning (500 Hz) was performed over predetermined
parts of the cell.

Figure 9. The configuration used for live cell imaging of calcium dynamics of lamprey spinal neurons
and the different parts of the filled neuron.
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For time synchronization of acquired images and recorded membrane potential
oscillations, marker pulses indicating the occurrence of each frame was obtained from
the imaging system and recorded together with the intracellular signal using pClamp
software (Axon Instruments Inc., USA). Time-series of images were acquired and
stored using LSM 510 software (Carl Zeiss). Time course plots were generated by
averaging the pixel intensities within several regions of interest (ROIs) for successive
images throughout the time series.

3.3

ANALYSIS

In Papers I and IV, two-group comparisons were made using Student´s t-test, between
the control group and each test group (e.g. after drug application; ***, p<0.001; **,
p<0.01; *, p<0.05). All imaging data were analysed using LSM 510 (Carl Zeiss) and
Spike 2 (CED, Cambridge, England) software protocols. Averages of response sweeps
or cycle averages were computed and represented as means ±SEM.

3.4

DRUGS AND DRUG APPLICATIONS

Drugs were applied into the bathing solution via the perfusion pump and/or pressure
ejected as droplets from glass micropipettes above the spinal cord surface close to the
recorded cell body. Commercially available drugs were used (Sigma; RBI; Tocris and
Molecular Probes – Invitrogen). Drugs used in the different studies are listed in each
paper.
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4 RESULTS AND DISCUSSION
In this thesis, the specific questions addressed are as follows:
Are Ca2+-activated non-selective cation (CAN) channels involved in NMDA-induced
oscillations in lamprey spinal neurons? (Paper I);
What is the relationship between the level of NMDA receptor activation and the
endogenous NMDA-induced oscillation frequency? (Paper II);
What are the characteristics of calcium dynamics during NMDA-induced oscillations?
Are low voltage activated (LVA) calcium channels involved in NMDA-induced
oscillations? Where are these channels located along the soma-dendritic membrane?
(Paper III);
Are postinhibitory rebound (PIR) responses present in commissural interneurons of
lamprey spinal cord? Is there any difference between motoneurons and commissural
interneurons with regard to the PIR? What are the ionic bases underlying the PIR
property in lamprey spinal neurons? Is the PIR subject to modulation by 5-HT and
dopamine? (Paper IV).

4.1 ARE CAN CHANNELS INVOLVED IN NMDA-INDUCED
OSCILLATIONS IN LAMPREY SPINAL NEURONS? (PAPER I)

This study was initiated to investigate the involvement of a calcium-activated nonselective (CAN) cation current (ICAN) in lamprey spinal network neurons. Such a
current could contribute to the maintenance of the depolarized plateau during
membrane potential oscillations (Fraser and MacVicar 1996; Klink and Alonso 1997;
Morisset and Nagy 1999; Partridge et al. 1994; Zhang et al. 1995). Flufenamic acid
(FFA), is a commonly used blocker of ICAN, and has been utilized in several studies and
in a number of cell types (Lee et al. 1996; Morisset and Nagy 1999; Chen et al. 1998).
It has been reported previously that FFA abolishes the sensory stimulus-evoked,
maintained depolarizing plateau of reticulospinal neurons in the lamprey brainstem,
indicating an involvement of ICAN in these neurons (Di Prisco et al. 2000).
If ICAN were to be involved in plateau potentials and during locomotor pattern
generation in the lamprey spinal cord, FFA would influence the amplitude of bursting
and the regularity of the locomotor pattern, which indeed was found to be the case.
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Figure 10. Effects of FFA on activity of the spinal locomotor network. Fictive locomotor activity was
induced by bath application of NMDA (100µM) and was recorded from the ventral roots. The rectified
and filtered (integrated) version of the ventral root recording (iVR) is shown below each raw trace. (A).
Perfusion with only NMDA induced regular rhythmic activity with a burst frequency of approximately 3
Hz. (B). Addition of FFA (200µM, 25min) reduced the amplitude of the activity and the burst pattern
became less regular.

FFA influenced both the amplitude of the rhythmic burst activity and the regularity of
the pattern during fictive locomotion in the isolated lamprey spinal cord (Fig.10). In
addition, FFA markedly decreased the amplitude and duration of the depolarizing
plateau phase during NMDA-induced membrane potential oscillations (Fig.11). Both of
these findings thus suggest an involvement of CAN channels in the generation of
membrane potential oscillations and of the locomotor rhythm.

Figure 11. Effects of FFA on NMDA-induced TTX resistant membrane potential oscillations.
Intracellular recording from a spinal neuron using discontinuous current clamp. A. Bath application of
150µM NMDA and 1.5µM TTX induced membrane potential oscillations. (B-D) FFA(150µM)
progressively reduced the amplitude and duration of the plateau depolarizations, eventually ceased.

Intracellular Ca2+ activates the putative CAN channels but also calcium-dependent
potassium channels (KCa), which are of key importance during membrane potential
oscillations (Wallén and Grillner 1987; El Manira et al. 1994). In bursting neurons,
Ca2+ influx through NMDA channels and voltage-gated channels could thus activate
nearby CAN channels, which then may contribute to the maintenance of the
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depolarized plateau during the burst, while the Ca2+ influx at the same time would also
activate KCa channels which, in contrast, contribute to the termination of the plateau
(Fig. 12A). Since FFA has been reported to act as a non-specific drug, influencing also
other channels than CAN channels (Ottolia and Toro 1994; Harks et al. 2001; cf.
Schiller 2004; Tryba et al. 2006), we performed independent tests for an involvement
of CAN channels in lamprey spinal neurons without using FFA, by manipulating the
effects of intracellular Ca2+.

Figure 12. Hypothetical drawing of ICAN involvement in the NMDA-induced oscillations and the
influence on the depolarization plateau by BAPTA and Apamin.

Figure 13. Effects of BAPTA in combination with apamin on NMDA-induced plateau potential
oscillations. (A). Control recording from a spinal neuron showing membrane potential oscillations
induced by perfusion of NMDA(150µM) together with TTX(1.5µM).(B). After BAPTA intracellular
injection (200mM in microelectrode), plateau depolarizations were prolonged. (C-E) In the presence of
apamin, BAPTA still prolonged plateau depolarizations.(C) Control recording after preincubation of the
spinal cord with apamin (2.5µM) for 80 min. (D,E) After 5 and 12 min of intracellular BAPTA injection,
the depolarized plateau were progressively prolonged.

After intracellular injection of the fast calcium chelator BAPTA, the depolarized
plateaus of NMDA-induced membrane potential oscillations were prolonged (Fig. 13AB), suggesting that the dominating role of intracellular Ca2+ is to activate KCa channels
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which take part in the repolarization and termination of the plateau. Accordingly, after
blockade of KCa channels with apamin, plateau depolarizations also become prolonged
(El Manira et al. 1994). Thus, if the effect of intracellular Ca2+ on KCa channels has been
first compromised by apamin blockade, then a BAPTA injection would cause a
shortening of the plateau if CAN channels would contribute to its maintenance (Fig.
12B). This did, however, not occur; instead BAPTA still resulted in a prolongation,
presumably due to an incomplete block by apamin (Fig.13C-E). This test, without
utilizing FFA, thus failed to demonstrate any contribution of ICAN to the depolarized
plateau and CAN channels may not be present in spinal neurons of the lamprey, at least
not to a degree that would render them a significant role during NMDA-induced
membrane potential oscillations.

4.1.1

What are the alternative mechanisms underlying the effects of
FFA on the locomotor pattern and NMDA-induced oscillations?
(Paper I)

After FFA application, the amplitude of the slow AHP, as well as the duration of the
action potential in TEA, was markedly reduced, suggesting an influence on calcium
channels. Furthermore, the NMDA component of the EPSP evoked from reticulospinal
axons was reduced in size by FFA, as were NMDA induced depolarizations,
demonstrating an influence on NMDA receptors. Both of these influences will clearly
lead to effects also on the locomotor pattern produced by the spinal network and on the
NMDA-dependent plateau potentials. A blockade of NMDA receptor activation will
obviously affect synaptic transmission within the network, and will also compromise
the ability to generate membrane potential oscillations. FFA also influenced gapjunction mediated synaptic transmission and this could also contribute to its influence
on the locomotor burst pattern. These unspecific effects of FFA may thus explain the
influence of this drug on locomotor pattern generation and the oscillatory membrane
properties.

4.2

THE RELATIONSHIP BETWEEN THE LEVEL OF NMDA RECEPTOR
ACTIVATION

AND

THE

ENDOGENOUS

NMDA-INDUCED

OSCILLATION FREQUENCY. (PAPER II)
NMDA-receptor activation is an important factor for initiating and shaping the activity
of the lamprey locomotor network (Brodin and Grillner 1985). Also, NMDA-receptor
dependent, TTX-resistant membrane potential oscillations are considered to be
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important for the operation of the lamprey locomotor network (Wallén and Grillner
1987). The presence of NMDA-TTX oscillations shows that there is an intrinsic
NMDA-induced rhythmicity at the level of single cells. The activity of the network
may reflect the rhythmicity in single cells, or it may arise mainly due to population
effects in the network, or reflect a combination of both.
To find out the relationship between the level of NMDA receptor activation and the
NMDA-induced membrane potential oscillation frequency, we performed experiments
where NMDA concentration was varied and the subsequent effect on NMDA-TTX
oscillation frequency was observed.

A.

B.

Figure 14. The relationship between bath-applied NMDA concentration and oscillation frequency. (A).
Oscillations were induced by varying concentrations of NMDA from 100µM to 250µM. Oscillation
frequency markedly increased when concentration was raised from 100 to 150µM. (B). Oscillations
became obvious at 100µM, with a frequency increase at 150µM. At higher concentrations, frequency
remained constant in most neurons.

It was found that the frequency dependence is similar to that of the network rhythm
during fictive locomotion; i.e. a higher NMDA concentration gives a higher oscillation
frequency up to a “saturation level” above which no further frequency increase is
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achieved (Fig. 14; cf. Brodin and Grillner 1985). The plateau duration is only slightly
affected by NMDA concentration. Guided by these experimental results, an idealized
point-neuron model was developed capable of generating NMDA-TTX oscillations
similar to those seen in experiments.

Figure 15. NMDA-TTX oscillation simulation model. Oscillation frequency increased when simulated
bath NMDA concentration (gnmda) was increased.

The model is robust with respect to parameter changes, and effects of channel blockers
and other kinds of experimental manipulation can be simulated. By isolating the
NMDA-TTX oscillation generating system, it will be easier to identify the crucial
factors that need to be understood when trying to update more complex models.

4.3

CALCIUM DYNAMICS DURING NMDA-INDUCED OSCILLATIONS
(PAPER III)

To gain further insight into this central aspect of the cellular mechanisms underlying
rhythm generation in the lamprey locomotor network, we have utilized live-cell
confocal calcium imaging in combination with intracellular recordings from the same
neuron in the isolated lamprey spinal cord preparation, measuring local calciuminduced fluorescence fluctuations in different parts of the neuron. Calcium fluctuations
were present in both the soma-proximal dendrite regions and in distal dendrites of the
cell, timed to the NMDA-induced membrane potential oscillations; and the amplitude
of calcium fluctuations were more prominent in distal dendrites than in proximal
dendrites and the soma (Fig. 16).
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Figure 16. Live imaging of calcium dynamics during NMDA oscillations. (A) Calcium fluorecence
fluctuations in different regions of interest (ROIs) in the same neuron during NMDA-induced
oscillations(150µM NMDA and 1.5µM TTX). (B) Cycle averages of calcium fluctuations in different
compartments of the same neuron as in A (same color code), in relation to the membrane potential
oscillations. The dotted vertical lines indicate the timing of the calcium fluctuation peak in different
ROIs, particularly evident in distal dendrites.

This is in accord with previous findings instead made during NMDA-induced fictive
locomotion in the lamprey spinal cord, with a larger increase in calcium concentration
in distal dendrites (levels reaching up to 450 nM) than in proximal dendrites and the
soma (Viana di Prisco and Alford 2004). The local fluctuations of calcium in distal
dendritic regions may thus play a significant role in the generation of the NMDAinduced membrane potential oscillations.

Figure 17. Timing of calcium fluctuations in relation to the NMDA-induced membrane potential
oscillations. Timed with the onset of membrane depolarization (black trace), calcium levels (grey trace)
increase sharply to reach the maximum by the end of the depolarized plateau. At this time the activation
of KCa channels and the closure of NMDA channels will terminate the plateau and the membrane
potential will again hyperpolarize.
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Variations in timing of the calcium fluctuations, in relation to the membrane potential
oscillations, could be detected among different distal dendritic locations (Fig.16);
synchronized timing was also seen, and even between distant dendrites. Differences in
timing may indicate that different dendritic regions could act partly independently and
contribute to different aspects to the oscillatory trajectory.

At the onset of the depolarizing phase of the NMDA-induced oscillations, calcium will
enter the cell both via NMDA channels and via voltage-gated calcium channels,
primarily of the LVA-type (Cav 1.3; see also Paper II). As illustrated in Figure 17, the
membrane potential depolarization is accompanied by a sharp rise in calcium (clearly
reproduced in this high-speed line scanning trace), followed by a further increase
during the depolarized plateau and with the maximal calcium level reached by the end
of the plateau. As described above, calcium will activate KCa channels, which will
prevent further depolarization and thereby contribute to shaping the plateau phase, and
then to the subsequent repolarization (El Manira et al. 1994; Grillner et al. 2001).

During NMDA-induced membrane potential oscillations, calcium will enter the neuron
via both NMDA channels and voltage-gated calcium channels. With the oscillations
occurring within a membrane potential range of approximately -70 to -40 mV, mainly
low-voltage activated (LVA) calcium channels are activated, in contrast to HVA
channels (see also Paper II). Lamprey spinal neurons possess L-type LVA calcium
channels (CaV 1.3; Koschak et al. 2001), which contribute to the postinhibitory rebound
depolarization following a period of inhibition/hyperpolarization (Wang et al. 2008a
Wang 2008b; 2009; PaperIV) To study the involvement of L-type LVA calcium
channels during NMDA induced membrane potential oscillations, the effects of both its
antagonist Nimodipine and the agonist BayK 8644 were first observed, followed by
pharmacological experiments in combination with calcium imaging and intracellular
recordings of membrane potential oscillations. Nimodipine caused two kinds of effects
on NMDA-induced oscillations: an increased duration of the plateau phase of the
membrane potential oscillations; or a depression of the oscillations and cessation at a
hyperpolarized level. BayK 8644 instead showed opposite effects, respectively (Fig.
18).
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Figure 18. Effects of the L type calcium channel agonist BayK 8644 and antagonist Nimodipine on
NMDA-induced oscillations. Continuous recording from one neuron in one trail. The depolarized plateau
phase of the oscillation was first shortened by BayK 8644 (2µM), and was then prolonged by Nimodipine
(10µM).

From distal dendritic calcium measurements, Nimodipine was found to either increase
or decrease the amplitude of calcium fluctuations, even along restricted portions of the
same distal dendrite, suggesting a non-uniform distribution of Cav 1.3 calcium channels
in distal dendrites (Fig. 7 in Paper III). A decrease in calcium fluctuation amplitude
suggests a relatively large contribution by Cav 1.3 calcium channels to the calcium
influx measured, whereas an increase in amplitude could be explained by the increased
calcium influx associated with the plateau prolongation seen with Nimodipine, in
combination with a smaller contribution by Cav 1.3 calcium channels in the dendritic
portion measured from.

These results indicate that Cav 1.3 calcium channels are activated during NMDAmediated membrane potential oscillations. This calcium influx activates KCa channels
involved in membrane repolarization at the end of the depolarized plateau, and it may
also contribute to the initiation of depolarization following the hyperpolarized phase.
The results indicate that the Cav 1.3 calcium channels, and possibly also KCa channels,
are primarily localized to distal dendrites, and in a non-uniform manner.
The short calcium transients occurring during the action potential are known to trigger
the KCa dependent, slow afterhyperpolarization via HVA N- and P/Q-type but not via
L-type calcium channels (Wikstrom and El Manira 1998). These KCa channels seem
preferentially located in the soma-proximal dendrite region (Tsvyetlynska et al. 2007)).
The activation of KCa channels by CaV 1.3 L-type channels observed here, may thus
relate to different locations of the channels or, possibly, to a longer time allowed for
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diffusion of calcium from L channels to KCa channels during the slower NMDAinduced membrane potential oscillations (Fig. 19).

Figure 19. Soma-dendritic distribution of calcium channels in lamprey spinal neuron. Reconstruction
imaging of a well filled neuron with Fluo 4 and the locations of different calcium channels in the neuron.

4.4

PIR IN NEURONS OF THE SPINAL CIRCUITRY GENERATING

LOCOMOTION (PAPER IV)
Postinhibitory rebound can play a significant role for producing stable rhythmic motor
patterns, like locomotion, by contributing to burst initiation following the phase of
inhibition (Angstadt and Friesen 1993a; b; Angstadt et al. 2005; Bertrand and Cazalets
1998; Serrano et al. 2007; Fan et al. 2000 ; Tegnér et al. 1997), and PIR may also be a
target for modulatory systems acting on the network (Angstadt and Friesen 1993a;
Angstadt et al. 2005; Peck et al. 2001; Merrywest et al. 2003; Matsushima et al. 1993).
The rebound response was investigated in neurons recorded in the quiescent lamprey
spinal cord by injection of hyperpolarizing current pulses. The nature of the LVA
calcium channels underlying the PIR in lamprey spinal neurons, as well as the putative
modulatory action on the PIR exerted by two major modulatory systems in the lamprey
spinal cord, the 5-HT and dopamine systems, were explored.
The PIR depends on the membrane potential, as well as on the amplitude and duration
of the hyperpolarizing pulse by the more depolarized potential, the larger amplitude and
the longer duration of the hyperpolarizing pulse, the larger amplitude of PIR will be.
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Figure 20. Postinhibitory rebound responses in commissural interneuron (CIN) and motoneuron (MN) in
lamprey spinal cord. A commissural interneuron and a motoneuron (the same resting membrane
potential, the similar spike threshold -56mV and -57mV respectively) was stimulated with
hyperpolarizing current pulses (-1.0nA, 100ms) to evoke a postinhibitory rebound (PIR) response as
arrows indicating. The PIR is more prominent in CIN than in MN.B.Voltage dependence of the PIR
responses in CIN and MN. The PIR amplitude increased at more depolarized potential levels.
C.Collective plots of the PIR dependence on holding potential in CINs and MNs. Each point represents
the PIR amplitude at a particular distance from the spike threshold of the individual cell. The PIR
amplitude increased more markedly in CINs as the holding membrane potential was brought closer to
spike threshold (T). D.D1.The PIR amplitude increased with stronger stimulus current in both CINs and
MNs. In CINs the amplitudes reached significantly higher valves than in MNs at all tested current
strengths. D2.The PIR amplitude increased with longer stimulus pulse duration in both CINs and MNs. In
CINs the amplitudes reached significantly higher valves than in MNs at all tested pulse durations.

4.4.1

Comparision of the PIR in commissural interneurons and
motoneurons

PIR was found to be present in commissural interneurons, providing reciprocal
inhibition in the spinal locomotor network in lamprey, and PIR responses were more
prominent in commissural interneurons than in motoneurons (Fig. 20A), particularly
when the holding membrane potential was close to spike threshold (Fig. 20B-C). The
PIR amplitude increased with the larger amplitude and longer pulses in both the
motoneurons and the commissural interneurons (Fig.20D)
These results suggest that the PIR property in commissural interneurons of the lamprey
locomotor network may play a significant role in the operation of the network by
causing a faster recovery from inhibitory phase, thus more efficient alternation between
exciation and inhibition and thereby in an increased burst frequency. When the
ipsilateral burst is terminated, due to e.g. summation of spike afterhyperpolarizations
and cessation of endogenous plateau depolarizations (Grillner 2003), the neurons on the
contralateral side will be released from inhibition and start to fire. In order to maintain a
symmetric, alternating burst activity, it is then imperative that the commissural
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interneurons on the contralateral side will rapidly and effectively start to inhibit the
previously active ipsilateral side. As shown in modelling studies in which PIR in this
class of network neurons was found to be important, in particular for the regulation of
rhythm frequency (Tegnér et al. 1997).

4.4.2

The ionic bases underlying the PIR

LVA calcium channels have previously been shown to be involved in the generation of
the PIR response in lamprey spinal neurons (Matsushima et al. 1993), but which
subtype is responsible (e.g. L or T) was not determined. We have investigated the
possible involvement of L-type LVA channels (Cav 1.3) which, like HVA calcium
channels of the L type, are sensitive to dihydropyridines, albeit at micromolar
concentrations (Koschak et al. 2001; Xu and Lipscombe 2001; Perrier et al. 2002).

A

B

C

Figure 21. The ionic bases underlying the rebound response. A. A PIR was induced by a hyperpolarizing
pulse (pulse not shown). After Nimodipine( 10µM) application, the PIR amplitude was reduced. B. The
Ih current blocker ZD 7288 (50µM) reduced the PIR response. C. Bath application of Nimodipine
(10µM) reduced the PIR, and in addition of Nimodipine, ZD7288 (50µM) application did not reduce PIR
further.

The L-type calcium channel antagonist nimodipine reduced PIR amplitude by
approximately 50% (Fig.21A), whereas the L-channel agonist BayK 8644 enhanced
PIR amplitude, suggesting that LVA calcium channels of the L-subtype (Cav 1.3) are
involved in the PIR response. The remainder of the response was blocked by nickel,
indicating that T-type (Cav 3) LVA calcium channels also contribute. A possible
contribution of a hyperpolarization-activated cation current (Ih) to the rebound response
was also investigated (cf. Angstadt et al. 2005; Bertrand and Cazalets 1998; HarrisWarrick et al. 1995). Addition of ZD 7288, a commonly used Ih current blocker, indeed
reduced the PIR response (Fig.21B), but when applied in combination with
Nimodipine, no further reduction was observed (Fig.21C). Thus, ZD 7288 and
Nimodipine appear to block the same component of the response, and therefore no
support for the involvement of an Ih current was obtained. Instead, ZD 7288 appears to
have an antagonistic effect on Cav 1.3 calcium channels in lamprey spinal neurons. A
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blockade produced by ZD 7288 is often taken to suggest an action mediated by Ih , but
this can clearly not be used as the sole piece of evidence (see also Felix et al. 2003;
Sanchez-Alonso et al. 2008)

4.4.3

Modulation of the PIR

The fine tuning of network activity produced by 5-HT and dopamine involves a
modulation of Ca2+-dependent K+ channels, high-voltage activated (HVA) Ca2+
channels and presynaptic inhibitory mechanisms (Hill et al. 2003; Wikstrom et al.
1999; Schwartz et al. 2005; Svensson et al. 2003). It has not been determined, however,
whether the postinhibitory rebound may also be modulated by these systems, and if so,
by targeting L-type (Cav 1.3) LVA calcium channels. 5-HT reduced the PIR response,
and the specific 5-HT1A agonist 8-OH-DPAT also decreased the PIR, suggesting that 5HT modulates PIR via 5-HT1A receptors. PIR amplitude was also decreased by
dopamine application, as well as by application of the specific D2 agonist TNPA (Gao
et al. 1990). Thus, dopamine appears to modulate postinhibitory rebound in spinal
neurons via an action on D2 receptors.

To investigate whether the modulatory action of 5-HT and dopamine are directed
toward the Cav 1.3-mediated component of the PIR, applications in combination with
nimodipine were performed. The amplitude of the rebound response was first decreased
upon nimodipine application, and after addition of 5-HT or dopamine, there was no
further reduction (Fig. 22), indicating that these modulators specifically target Cav 1.3
calcium channels.

Figure 22. 5-HT and dopamine modulate PIR by targeting Cav 1.3 L-type calcium channels. Bath
application of nimodipine (10µM) reduced PIR amplitude, and after 5-HT (10µM) (A) and DA (50µM)
(B) applications, no further reduction, with partial or complete recovery upon washout respectively.
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The results presented in Paper IV thus suggest that PIR, by virtue of its prominent
appearance in commissural interneurons, may play an important role in the generation
of alternating activity in the spinal locomotor network, and that the Cav 1.3 and Cav 3
subtypes of LVA calcium channels together underlie the PIR response. The PIR
property is also subject to modulatory influence; the 5-HT and dopamine systems both
reduce the size of the PIR response, and they do so by an action on Cav 1.3 calcium
channels. This newly described targeting on the PIR property of network neurons adds
to the many actions of the 5-HT and dopamine systems on the spinal network activity,
and may contribute significantly to their modulatory influence during fictive
locomotion.
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5 CONCLUSIONS
In the present thesis, I have used a ”lower” vertebrate, the lamprey, as an experimental
model system to investigate the connection between different subtypes of ion channels
and transmitters and their roles at the cellular and network levels. My studies have
encompassed the influx of Ca2+ ions, ion channel mechanisms like the involvement of
low-voltage activated calcium channels, intrinsic membrane properties - NMDAreceptor dependent membrane potential oscillations and postinhibitory rebound
responses – as well as the modulatory influence of 5-HT and dopamine on
postinhibitory rebound, including the ionic bases underlying these effects.
A

B

Figure 23. A: As figure 4. Factors controlling burst onset and termination during the locomotor cycle.
Several factors contribute to the initiation, maintenance and termination of the depolarizing phase. Ca2+
influx via NMDA channels and LVA Ca2+ channels (Cav 1.3 L type), will activate KCa channels,
producing a depolarized plateau and a subsequent hyperpolarization. B: As Figure 5. Lamprey locomotor
network. A schematic representation of the brainstem input to the local spinal segmental network. The
symbols for the different neuron classes denotes populations of neurons. Glutamatergic reticulospinal
neurons from the brainstem provide descending excitation to all the neurons in the box. The glycinergic
commissural inhibitory neurons (CIN) provide inhibition to the contralateral neurons. Thus, all neurons in
the contralateral box, which represent a hemisegment, receives that inhibition. The excitatory neurons (E)
excite all neurons in the box, including the motoneurons (MN). Postinhibitory rebound present in MNs
(Matsushima et al., 1993) and in the present thesis also in CINs.

During activity of the locomotor network, calcium entry into the different types of
rhythmically active neurons will play several roles that are essential for the operation of
a multitude of cellular mechanisms: for instance NMDA-receptor dependent plateau
potentials, spike afterhyperpolarizations, and postinhibitory rebound depolarizations.
By using calcium fluorescence imaging in combination with intracellular recordings
during plateau oscillations, time-locked fluctuations in calcium were demonstrated and
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characterized in different parts of the neuron, with the largest effects seen in distal
dendrites (Paper III). One possible role for this influx of calcium could be to activate
calcium-dependent, non-selective cation (CAN) channels. CAN channels have been
found to exist in reticulospinal neurons (RS in Figure 23 B) of the lamprey brainstem,
and these neurons respond with long-lasting plateau depolarizations as a result of
activation of NMDA-receptors and CAN channels (Di Prisco et al. 2000). The presence
of CAN channels in spinal network neurons could not, however, be demonstrated
(Paper I). In lamprey reticulospinal neurons, the depolarized plateau is non-regenerative
and long-lasting (tens of seconds), whereas in spinal neurons, the NMDA plateau
potentials are regenerative at a rate corresponding to low to medium locomotor
frequencies (up to about 2Hz). Thus, for rhythmic plateau oscillations, an involvement
of CAN channels may not be appropriate. Instead, the activation by the calcium influx
of calcium-dependent K+ channels (KCa) to assure a reliable repolarization and plateau
termination seems essential. During the NMDA-induced oscillations, the calcium level
increases sharply at the onset of depolarization; it then slowly increased further during
the depolarized plateau, to reach the maximum level by the end of the plateau (Paper
III). The resulting activation of KCa channels will then contribute to the termination of
the plateau.

During NMDA-receptor induced plateau oscillations, calcium will enter via NMDA
channels. The question whether NMDA channels and KCa channels could be sufficient
to produce membrane potential oscillations, was addressed in Paper II. Indeed it was
found that a minimal neuron model with only these two types of channels (and leak
channels), may produce oscillations. However, this minimal model did not fully
reproduce the experimentally established characteristics of the oscillations, and in
particular the relation between the frequency of oscillations and NMDA concentration.
For this, a more detailed model with voltage-dependent K+ - and Ca2+ channels was
required (Paper II).

With the NMDA-induced oscillations occurring between approximately -70 to -40 mV,
mainly low-voltage activated (LVA) calcium channels are activated, in contrast to the
different HVA channels. Using specific blockade of L-type calcium channels, evidence
was obtained that suggest an involvement of the LVA subtype of L-channels (Cav 1.3)
in NMDA-induced oscillations, and calcium entering via these channels will also
activate KCa channels (Paper III). Experiments with calcium imaging further indicate
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that these channels are primarily localized to distal dendrites. The short calcium
transients occurring during the action potential are known to trigger the KCa dependent,
slow AHP via HVA N- and P/Q-type but not via L-type calcium channels (Wikström
and El Manira 1998). These KCa channels seem preferentially located in the somaproximal dendrite region (Tsvyetlynska et al. 2007). The activation of KCa channels by
Cav 1.3 L-type channels observed here, may relate to different locations of the channels
or, possibly, to a longer time allowed for diffusion of calcium from L channels to KCa
channels during the slower NMDA-induced membrane potential oscillations.

Postinhibitory rebound responses were demonstrated in both motoneurons and
commissural interneurons in lamprey spinal cord, with more prominent responses in
commissural interneurons (Paper IV). In a cyclic network with alternating excitation
and inhibition, it is likely that a PIR would contribute to burst initiation following the
phase of inhibition, and thereby to a well-coordinated burst pattern. By causing a faster
recovery from the inhibitory phase, the PIR would be expected to result in a more
efficient alternation between excitation and inhibition and thereby in an increased burst
frequency. In an earlier modeling study of the lamprey network (Tegnér et al. 1997), an
addition of PIR specifically to commissural model interneurons was found to increase
the frequency. Thus it is likely that the prominent PIR response found in the subtype of
commissural interneurons recorded from in Paper IV could contribute to the generation
of a stable, fast rhythm in the active locomotor network.

LVA channels of the L-type (Cav1.3) were found to also contribute to the PIR response
in lamprey spinal neurons, and these channels could, together with the T- (Cav 3)
subtype of LVA calcium channels together account for the PIR response (Paper IV).
The core of the CPG, which regulates the basic burst activity, consists of glutamatergic
and glycinergic interneurons acting through ligand-gated ion channels. However, the 5HT, dopamine (DA) and GABA modulatory systems are also integrated into the normal
operation of the locomotor network. The spinal 5-HT and DA systems are known to be
turned on during locomotion in the lamprey (Grillner 2003; Schotland et al. 1995;
Zhang and Grillner 2000). DA has a complementary action to that of 5-HT and is coreleased from the same plexus (Grillner 2003; Schotland et al. 1995). Network
interneurons and motoneurons extend their medial dendritic processes into the plexus,
and both 5-HT and dopamine influence the rhythmic activity of the locomotor network
(Schotland et al. 1995; Wallén et al. 1989). The present findings (Paper IV) that these
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two modulatory systems also affect the PIR (as is the case for the GABAergic system
(Matsushima et al. 1993; Tegnér et al. 1993), thus add to the diversity of membrane
properties that are targeted by the different modulatory systems.

Figure 24. Schematic drawing of the main issues discussed in this thesis and the interaction and relation
between them.
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