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Abstract
The cellular bases of vertebrate locomotor behaviour is reviewed using the lamprey as a model system. Forebrain and brainstem cell
populations initiate locomotor activity via reticulospinal fibers activating a spinal network comprised of glutamatergic and glycinergic
interneurons. The role of different subtypes of Ca2q channels, Ca2q dependent Kq channels and voltage dependent NMDA channels at
the neuronal and network level is in focus as well as the effects of different metabotropic, aminergic and peptidergic modulators that
target these ion channels. This is one of the few vertebrate networks that is understood at a cellular level. q 1998 Elsevier Science B.V.
All rights reserved.
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1. Introduction
One major challenge of current neuroscience is to bridge
the huge gap between the studies at molecular–cellular
level and the behavioural level, in the process of gaining
further insight into nervous system function. Actually,
even with a ‘complete molecular description’ of every
single cell present in the entire central nervous system
ŽCNS., one would still know nothing about the function of
the CNS, because the essence of the CNS is its intricate
and specific neural organization. The nervous system is
modular, with discrete networks sub-serving various functions such as generating different patterns of motor behaviour, being feature detectors in sensory systems, critical
modules in memory formation, or being involved in the
expression of emotions. In order to account for the intrinsic function of these networks, it is necessary to define the
dynamic synaptic interactions between the different nerve
cells that form the network, the blend of ion channels
expressed in the component nerve cells, as well as the
different transmittersrmodulators and their receptors. This
is easy to state, but more difficult to achieve.
During the last few decades, innumerable new facts
about the molecular and cellular components of the CNS
have accumulated in mammals, but there has been no
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corresponding gain in insight concerning the intrinsic function underlying the network and systems level. In all areas
of biology, simple experimental model systems have played
a crucial role. In neuroscience, the squid giant axon has
provided important information, and invertebrate integrative models like the stomatogastric system or the gill
withdrawal reflex w52,36,29,5x have been very influential.
Due to the vast complexity of the mammalian CNS, to
understand a particular aspect of vertebrate behaviour at
the cellular level, it has become necessary to use simple,
experimentally amenable vertebrate model systems with
relatively few neurons. Moreover, the particular neural
function of interest should be conserved in other vertebrates, to allow a possible generalization of the findings.
The vertebrate CNS has, with the exception of the cerebral
cortex, most basic and characteristic features in common
from cyclostomes to man. These include the gross neuronal organization with the brainstem — forebrain, the
different nuclei, connectivity and transmitter systems, etc.
w48,3x.
The neural network underlying locomotion is recruited
as a component of most goal-directed patterns of vertebrate behaviour ŽFig. 1.. In all classes of vertebrates the
overall locomotor control system is designed in a similar
way w23,25x, which is not surprising when viewed in an

Fig. 1. General control scheme for vertebrate locomotion. The basal ganglia exert a tonic inhibitory influence on different motor centres. Once a pattern of
motor behaviour is selected the inhibition is released, allowing in this case the locomotor centre in the brainstem to be activated. Locomotion is then
initiated by an increased activity in reticulospinal neurons which activate the central spinal network, which in turn produces the locomotor pattern in close
interaction with sensory feedback. With increased activation of the locomotor centre the speed of locomotion will also increase. In quadrupeds this also
leads to a shift in interlimb coordination, from walk to trot and then to gallop. Experimentally, locomotion can also be elicited pharmacologically by
administration of excitatory amino acid agonists and by sensory input.
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evolutionary perspective. Thus, the same meso-pontine and
diencephalic centres initiate locomotor activity in lampreys
as in primates, via an activation of lower brainstem reticulospinal neurons. These in turn activate the spinal networks
of nerve cells ŽCPG. which generate the motor pattern, be
it swimming or walking. Sensory feedback acting on the
CPG is an integral part of the control system and helps
adapt the motor pattern to external events. The larger
building blocks in the control system have thus been
defined in mammals w53,32x, but the intrinsic mode of
operation on the cellular level is now being revealed using
simple model systems from frog embryo w47,55x and lamprey w24,6x.
In this chapter we will review the cellular basis of the
neural control system for locomotion in the lamprey CNS.
The lamprey is a lower vertebrate that separated from the
main vertebrate line 450 million years ago. Its nervous
system contains comparatively few neurons. The brainstem
spinal cord can be isolated and maintained in vitro for one
or several days. Moreover, different brainstem areas that
evoke locomotion can be stimulated and the motor activity
underlying locomotion can then be recorded in the ventral
roots or intracellularly in the different components of the
neural control system ŽFig. 2.. These two conditions have
allowed a comparatively detailed analysis on the cellular

level. Below we will discuss the forebrain control of
locomotion, followed by a review of the network including
a detailed account for the contribution of different types of
ion channels, and the importance of presynaptic modulation and synaptic plasticity involving peptidergic modulation of glutamatergic pathways.

2. Forebrain and brainstem control of locomotion
Fig. 3 shows a block diagram demonstrating that locomotion can be initiated from a diencephalic Žventral thalamus–zona incerta. and mesopontine area, both of which
project to glutamatergic reticulospinal neurons, which in
turn activate the spinal network underlying locomotion
w38,19,65x. These different structures are presumably involved in the control of goal-directed locomotion in different behavioural contexts w25x. The diencephalic locomotor
area in turn receives fiber projections from the olfactory
bulb and the opthalmic nerve — two sensory inputs which
are known to activate goal-directed locomotor behaviour
w34,61x.
The lamprey basal ganglia has a neural organization
that histochemically appears closely related to that of
mammals and primates w45,46x. The striatum contains neu-

Fig. 2. In vitro preparation of the lamprey CNS. The brainstem–spinal cord of the lamprey can be maintained alive for several days in isolation, and the
motor pattern underlying locomotion can be produced by stimulating the brainstem locomotor centres. The motor activity can be recorded in the ventral
roots Žmotor nerves. that normally activate the musculature on the left Žl. and right Žr. sides. The activity in single or pairs of cells can be recorded
intracellularly with microelectrodes ŽIC.. An intracellular record ŽIC. of a network neuron with subthreshold membrane potential oscillations is shown
above together with the alternating motor activity in the ventral roots on the left and right sides. The experimental chamber is kept cold Ž4–78C., and it is
continuously perfused with physiological solution.
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Fig. 3. Forebrain and brainstem structures important for initiation of locomotion in lamprey. The striatum of the basal ganglia receives dopaminergic,
serotonergic, histaminergic and peptidergic inputs, as well as input from thalamus and telencephalon. GABAergic striatal neurons project to ventrolateral
pallium, which in turn sends GABAergic projections to ventral thalamus. This nucleus also receives olfactory and visual input, and projects to the
brainstem where reticulospinal neurons are excited. In addition to this diencephalic locomotor control, the brainstem MLR area also may initiate
locomotion by exciting reticulospinal neurons. The brainstem reticulospinal neurons will then in turn activate the spinal locomotor network.

rons with extensive dendritic trees with spines distributed
in the neuropil. Striatal neurons consist of GABAergic
neurons and cells which contain substance P and AChesterase. The inputs to striatum include a dense dopaminergic, 5-HT-ergic and histaminergic inputs, as well as peptidergic Ženkephalin, neurotensin. inputs and presumed
glutamatergic input from thalamus and telencephalon.
GABAergic projections from the striatum extend to the
ventrolateral pallium, which contains GABAergic neurons
that in turn project to the ventral thalamus ŽFig. 3.. The
latter nucleus gives rise to the diencephalic locomotor
control. Stimulation of the ventral thalamus elicits locomotor activity which can be recorded in the ventral roots of
the isolated brainstem–spinal cord. The basal ganglia may
thus exert a gate control of goal-directed locomotion
elicited by olfactory and visual stimuli. Since olfactory and
visual stimuli are both potent activators of locomotion w25x,
it is likely that these effects are exerted over the ventral
thalamus. This would mean that goal-directed locomotion
can be elicited via an oligosynaptic pathway which in-

volves only two relays Žventral thalamus, reticulospinal
nuclei. from sensory structures to the spinal cord.

3. Brainstem–spinal cord network underlying locomotion
Fig. 4 shows the cellular components of the
brainstem–spinal cord network underlying locomotion. It
consists of glutamatergic excitatory and glycinergic inhibitory neurons Žsee w24x.. These provide dynamic interactions on the millisecond time scale. In addition there are a
number of G-protein mediated modulatory effects exerted
by monaminergic and peptidergic systems.
The brainstem reticulospinal neurons ŽRS. are responsible for initiating and maintaining the excitatory drive to
the locomotor pattern generators. They exert their effects
through both NMDA and AMPA kainate receptors onto all
neurons in the spinal network w39x. The main components
of the spinal network that are responsible for the actual
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Fig. 4. Lamprey locomotor network. A schematic representation of the forebrain, brainstem and spinal components of the neural network that generate
locomotor burst activity. All neuron symbols denote populations of neurons rather than single cells. The reticulospinal ŽRS. glutamatergic neurons excite
all classes of spinal interneurons and interneurons. The excitatory interneurons ŽE. excite all types of spinal neurons, that is, the inhibitory glycinergic
interneurons ŽI. that cross the midline and inhibits all classes of neurons on the contralateral side, the lateral interneurons ŽL., which inhibits I interneurons
and motoneurons ŽM.. The stretch receptor neurons are of an excitatory type ŽSR-E. that excites neurons on the ipsilateral side and an inhibitory type
ŽSR-I. that inhibits all neurons on the contralateral side. RS neurons receive excitatory synaptic inputs from cutaneous afferents ŽTrigem.., the
mesencephalic locomotor region ŽMLR. and from the ventral thalamus ŽVTh., which in turn receives inputs from the basal ganglia.

pattern generation are the ipsilateral excitatory interneurons, which provide a phasic excitatory drive to motor
neurons during each locomotor cycle w6x, and glycinergic
interneurons with crossed axons that inhibit all contralateral network neurons, including motor neurons, at the
segmental level w8,24x. The inhibitory interneurons provide
phasic inhibition during contralateral activity. In addition
there are in the rostral part of the spinal cord other types of
inhibitory interneurons called lateral interneurons which
receive phasic depolarization and hyperpolarization during
locomotor activity but do not appear to play any major role
in pattern generation w22x. The motor neurons on the left
and right side show alternating activity. All motor neurons
undergo one half cycle with excitatory drive and another
half cycle with inhibitory drive w49,70x. During slow activity many motor neurons generate sub-threshold oscillations

while at higher burst rates the motor neurons are recruited
progressively.
Dynamic interactions among network interneurons are
responsible for the pattern generation. The more tonic
excitatory drive the interneurons are provided with Žfrom
the brainstem or by administering glutamate agonists in the
bath. the faster the network will oscillate Žrange 0.2–10
Hz.. The reciprocal inhibition is of prime importance for
generating the alternating pattern Žsee w24x.. During activity on one side, both excitatory and inhibitory interneurons
will be active. The net result will be that ipsilateral motor
neurons are excited, while contralateral interneurons and
motor neurons become inhibited. This inhibition is strong
enough to overcome the excitatory drive from the brainstem. One crucial factor in a network like this is the
control of the locomotor burst termination ŽFig. 5.. In the
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Fig. 5. Spike frequency regulation, NMDA-plateau potentials and control of burst termination. A: The amplitude of the slow afterhyperpolarization ŽsAHP.
will determine whether one or several action potentials will occur during the phase of synaptic excitation in locomotor cycle. A large and long-lasting
sAHP will make locomotor bursts shorter. B: Ca2q-dependent Kq channels ŽK Ca . not only cause the sAHP but will also promote the termination of
NMDA-receptor induced plateau potentials. The control plateau Žsolid trace. is markedly prolonged in the presence of the K Ca -channel blocker apamin
Ždotted trace.. C: Several different factors contribute to the initiation of the depolarizing phase, its maintenance, and its termination. In addition to
conventional synaptic excitation, voltage-dependent NMDA receptors and low-voltage activated Ca2q channels ŽLVA-Ca. are activated. Ca2q will enter
the cell through these channels, cause activation of K Ca , and thereby a progressive hyperpolarization leading to closure of the NMDA channels. The
initiation of the depolarizing phase is facilitated by activation of ipsilateral excitatory stretch receptor neurons ŽSR-E., while the termination of the
depolarized phase is partially a result of activation of contralateral inhibitory stretch receptor neurons ŽSR-I.. Abbreviation: E, excitatory interneuron.

isolated spinal cord, the membrane properties of the inhibitory interneurons play an important role. In particular,
these include the calcium dependent potassium channels
ŽK Ca . which are of two types, activated by Ž1. the calcium
entry through high voltage activated calcium channels of N
and PrQ type ŽFig. 5A. w20,57,71x, and Ž2. a separate set
of K Ca channels that are activated by calcium entry through
NMDA channels ŽFig. 5B w57x.. Frequency adaptation in
the interneurons through summation of the afterhyperpolarization due to K Ca is one major factor for controlling burst
termination. Plateau-like depolarizations elicited by activation of NMDA channels may also contribute, as well as
low voltage activated calcium channels ŽFig. 5C.
w24,69,58x.
The network can thus operate at different burst rates. To
prove that the K Ca channels have a critical role, experi-

ments with channel-specific toxins have been carried out.
Apamin blocks the K Ca channels activated by the calcium
entry through N and PrQ channels occurring during the
action potential. If apamin is administered during continuous burst activity, burst duration will increase Žcf. Fig. 5.,
but burst frequency decrease, and at lower frequencies the
burst pattern will break down altogether w20,59x. Endogenous modulators like 5-HT, that also act on K Ca channels,
cause more intense bursts with much longer burst durations w30,68,73x.

4. Role of low voltage-activated calcium channels
Low voltage-activated ŽLVA. calcium channels are also
present in network neurons w37,18x. These are activated
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when the cells are depolarized from a comparatively
hyperpolarized level, and open below the threshold for the
action potential. The LVA Ca2q channels can thus boost
the membrane depolarization enabling it to reach the
threshold for an action potential. The calcium entry through
LVA Ca2q channels thus provides a post-inhibitory rebound. This can contribute to the stability of network
activity w58x, since during rhythmic burst activity, a blockade of LVA Ca2q channels in modelling experiments may
cause a change from a strict reciprocal pattern to more or
less irregular activity. Thus, both LVA Ca2q channels and
voltage- dependent NMDA channels may contribute to
burst stability.

during synaptic activation Žsub-threshold EPSPs. there are
local increases of calcium in the dendrites at the synaptic
region ŽFig. 6B.. The Ca2q entry during the glutamatergic
EPSPs was due to both NMDA channels Ž50%. and to
LVA Ca2q channels, and possibly AMPA channels ŽFig.
6B.. During locomotor activity there is a phasic Ca2q
entry occurring in the dendrites in neurons, even in the
absence of action potentials. This synaptically driven Ca2q
entry peaks during the ipsilateral burst and reaches a
minimum during the trough ŽFig. 6C.. To what extent
these changes in Ca2q levels during the locomotor cycle
affect the activation of K Ca channels is thus far unknown.

6. Role of sensory feedback
5. Calcium imaging in lamprey neurons
In calcium imaging experiments in the spinal cord of
the lamprey w4x, it was shown that in both soma and
dendrites of the network, there is entry of Ca2q ions
during activation ŽFig. 6.. During an action potential, Ca2q
entry occurs in both soma and dendrites ŽFig. 6A., and

The segmental network can thus operate in its physiological frequency range with a surprisingly simple drive
signal, i.e. changing the level of excitatory drive in the
bath, that is level of excitatory amino acid w13,27x. Under
normal conditions, however, the undulatory movements of
the body provide phasic sensory feedback from stretch

Fig. 6. Calcium dynamics in lamprey neurons. A: Fluorescence increase ŽFluo-3; arbitrary units. in a portion of a proximal dendrite of a motoneuron, in
response to a single action potential, evoked by intracellular stimulation. B: Calcium transients recorded in a small portion of a distal dendrite of a
motoneuron, elicited by synaptic activation Žresulting in subthreshold EPSPs. via stimulation of reticulospinal axons. The NMDA-receptor blocker 2-APV
did not completely block the calcium transient. C: Phasic fluctuations of the calcium level in a motoneuron dendrite during ongoing fictive locomotion.
Lower trace is the corresponding ventral root recording. The peak of the calcium trace occurs in phase with the burst, corresponding to the depolarizing
phase of the locomotor cycle. D: A train of 3 action potentials was evoked by intracellular stimulation every 1 s. Calcium increases in a stepwise fashion
with each spike train. ŽModified from w4x..
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receptors located at the lateral margin of the spinal cord
Žedge cells; w28,26x.. The stretch receptor neurons are of
two kinds, one that provides excitation to ipsilateral interneurons and motor neurons, and a second that provides
inhibition contralaterally w66x ŽSee Fig. 4.. The sensory
input is powerful enough to entrain the central network
activity. Sensory feedback thus provides an overlay that
can adapt the motor activity to different types of perturbations that may occur during locomotion under natural
conditions, for instance by changing water currents. It is
easy to realize that the connectivity discussed above can
produce entrainment of the central network. Essentially if
the muscles on one side contract, the curvature of the other
half of the segment will be affected and the stretch receptors on this side activated. This will result in an inhibition
of the ongoing activity on the contracting side and ipsilateral excitation. This coupling will thus make the activity of
the central pattern generator become entrained by peripheral movements within a certain range above or below the
rest rate of the spinal network.
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7. Mathematical modelling of the locomotor network
Even with a fair knowledge of the properties of each
type of neuron, the types of synaptic interaction, and the
neuronal activity that occurs, it is very difficult to understand intuitively how the network operates ŽFig. 4.. This is
due to the fact that an immense number of events occur in
parallel in each cell, as well as in the interaction between a
number of cells. In order to test rigorously if different
plausible interpretations could apply, mathematical modelling is a very useful tool. We have therefore developed
biophysical models of each type of neuron in the network
w17x. These neurons are simulated with five different compartments, each of which may have Naq, Kq, Ca2q, K Ca
conductances, as well as synaptic conductances for EPSPs
and IPSPs and voltage dependent NMDA receptors ŽFig.
7A.. These neurons are thus assigned a certain input
resistance and respond to simulated current injection in a
way similar to their natural counterparts. Populations of
excitatory and inhibitory interneurons with properties vary-

Fig. 7. Modelling of the lamprey locomotor network-simulations at neuronal, network and behavioral levels. A: Neurons of the network were simulated in
a realistic fashion, with the different voltage-dependent ŽNaq, Kq, Ca2q ., Ca2q-dependent Kq channels, and ligand-gated channels ŽAMPArkainate,
NMDA, glycine.. Action potentials with early and late afterhyperpolarization ŽAHP., and spike frequency adaptation, can be simulated, together with
postsynaptic potentials occurring in different compartments. B: Simulation of the segmental network using a pool of excitatory ŽE. and inhibitory ŽI.
interneurons and lateral ŽL. interneurons. The activity is driven by excitatory reticulospinal neurons ŽR.. Activity on the left and right sides alternates. C:
Pattern of intersegmental coordination, produced by a simulated network of 60 segments. This circuitry will produce a rostro-caudal phase lag along the
simulated spinal cord, and this lag can be reversed if the excitability is increased in the caudal end, which results in backward locomotion. D: Simulation of
actual swimming movements using a neuro-mechanical model. Frames show steady-state swimming at 4 Hz, resulting from tonic excitation of the network,
with the model lamprey moving forward at a speed of 0.73 mrs. Time interval between frames is 50 ms. See text for further details. ŽModified from w24x..
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ing as in the natural population of cells were then connected as in the network described above w60,31x. Such a
network will respond to excitatory drive with burst activity
with the appropriate phasing of the different cell types
ŽFig. 7B.. The simulated network can be made to cover the
physiological range of burst rates between 0.2 and 10 Hz.
This means that the simulated network can mimic the
segmental central pattern generator, and consequently that
sufficient biological information is available to account for
the behaviour. Obviously that does not mean that all
relevant factors have been identified.
If, in addition, segmental networks along the cord are
connected in series, a rostrocaudal pattern of activation
with a constant phase lag can be achieved, similar to that
occurring in the swimming lamprey ŽFig. 7C.. This means
that the intersegmental coordination can also be mimicked.
Subsequently, this network was used to control a segmental viscoelastic muscle model such that motor activity in
the rostral segments control rostral myotomes, which are
coupled in series with caudal myotomes, which in turn are
controlled from caudal network oscillators. By also simulating the viscous properties of water, it is possible to
simulate actual swimming movements ŽFig. 7D.. The lamprey movements are controlled by the neural network
which activates the different segments along the body in
the appropriate sequence. This results in a mechanical
undulatory wave that is propagated from head to tail and
which pushes the lamprey model through the simulated
water w67,16,24x. The model was initially made in 2D but
later developed into a 3D model that can ‘swim’ through
the simulated water and turn left, right, upwards, downwards and even produce screw-like movements. This is
achieved by dividing the myotomes into dorsal and ventral
compartments Žcf. w70x. on each side, which in turn is
controlled by a dorsal and ventral compartment of the
ipsilateral spinal network. The actual motor pattern of this
model lamprey is similar to its biological counterpart, not
only with regard to the propulsive movements but also
with regard to the movement pattern used during turning.
At the network level turning is produced by providing
extra excitation via reticulospinal neurons to different combinations of the spinal compartments. For example, providing extra excitation to the dorsal and ventral compartments
of the network on one side will produce turning toward
this side. Correspondingly, an excitatory bias of the dorsal
compartments on the left and right side will produce an
upward turning movement.

8. Modulation of the central pattern generator network
— presynaptic effects
The prime targets for different monoamine modulators
Ždopamine, 5-HT., metabotropic GABA and glutamate
receptors, and peptides Žsomatostatin, NPY, tachykinins.
are the different types of Ca2q channels, K Ca channels,

and Kq channels in the network neurons. Each of the
target ion channels may affect either the somadendritic
membrane properties of the interneurons, or synaptic transmission. This will in turn affect the firing properties of the
cells and the strength of synaptic transmission. The properties of the cells then determine the activity pattern of the
network. Dopamine and GABA B receptors act on N and
PrQ Ca2q channels w37,51,18,9x, and reduce Ca2q entry
occurring during the action potential, thereby reducing the
activation of K Ca channels. This will result in a smaller
post-spike afterhyperpolarization and thereby higher frequency of firing, and at the network level, longer bursts.
At the presynaptic level, dopamine and GABA B receptors
reduce Ca2q entry and thereby depress synaptic transmission w12,2x.
At the interneuronal level in the pattern generator network, a phasic GABAergic modulation of synaptic transmission occurs from both excitatory and inhibitory interneurons to motor neurons, which results in a gating of
the synaptic efficacy in phase with the locomotor burst
activity ŽFig. 8A–C. w1x. A similar GABA B modulation
occurs at the sensory side and there is also a phasic
modulation of afferent neuron synaptic transmission
w12,21x. Sensory dorsal cells provide glutamatergic excitation to target interneurons. Small bi-polar interneurons
which contain both GABA and NPY immunoreactivity
w42,56x form close appositions onto the axons of the dorsal
cells ŽFig. 8E.. Both GABA Žvia GABA B receptors. and
co-stored NPY cause a depression of synaptic transmission
by a presynaptic action. The action of GABA is shorterlasting than that of NPY. NPY is stored in dense core
vesicles in the terminals and GABA immunoreactivity
occurs over clusters of small vesicles. It would therefore
seem likely that GABA is released during low levels of
activity in the bi-polar interneurons, whereas NPY would
be released from the dense core vesicles only when the
level of cytoplasmic calcium is elevated, as will occur
during high activity levels. If so, the presynaptic GABAergic action would be potentiated by co-released NPY only
during high levels of activity. The dorsal root monosynaptic sensory transmission is also modulated by 5-HT ŽFig.
8D. w21x which provides presynaptic inhibition, and by
tachykinins which instead generate presynaptic facilitation
w41x. Both these modulatory inputs to originate from sensory afferents with smaller diameters than dorsal cells
which mediate touch and pressure ŽFig. 8E..
Synaptic transmission from the large reticulospinal axons is the target for a presynaptic modulation by
metabotropic group II and III glutamate receptors
ŽmGluRs., which are co-localized on the same reticulospinal axon ŽFig. 9A. w35x. This glutamatergic presynaptic inhibition of a glutamatergic synapse will thus presumably serve to provide autoinhibition, perhaps during overflow of glutamate during high levels of activity. In addition to the presynaptic Group II and II mGluR, there are
also postsynaptic Group I MgluRs that increase the ex-
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Fig. 8. Phasic membrane potential depolarization and modulation of sensory transmission. A: Dual intracellular recordings are made from a dorsal cell
soma ŽDC-soma. and its axon ŽDC-axon. during fictive locomotion. The DC-axon recording shows phasic membrane depolarizations with the peak
amplitude at the midpoint of the ipsilateral ventral root Ži-vr. burst, whereas the membrane potential of DC-soma shows no phasic modulation. B:
Monosynaptic compound EPSPs elicited in a giant interneuron by stimulation of dorsal column stimulation, which activates axons of dorsal cells as well as
other sensory neurons. The EPSP amplitude is smaller when the stimulation is delivered at the midburst, as compared with the burst onset. C: The GABA B
receptor agonist baclofen depresses a sensory-evoked monosynaptic EPSP. D: 5-HT reduces the amplitude of monosynaptic EPSP elicited in a giant
interneuron by dorsal column stimulation. E: Presynaptic modulation of sensory transmission. Dorsal root ganglion ŽDRG. contains small cells with 5-HT
immunoreactivity and tachykinin fibers with their cell body in the peripheral dorsal root. 5-HT causes presynaptic inhibition of sensory dorsal cell synaptic
transmission. GABA and NPY, which are co-localized in bipolar interneurons, also mediate presynaptic inhibition of sensory transmission. The locomotor
oscillator also provides presynaptic modulation of excitatory glutamatergic transmission to postsynaptic neurons.

citability of network neurons and increase the frequency of
the locomotor rhythm ŽFig. 9B.. mGluRs can be activated
by their specific agonists, and the presynaptic receptors
require somewhat higher glutamate concentration than the

postsynaptic metabotropic glutamate receptors belonging
to the type I category.
Just below the central canal in the midline of the spinal
cord, there is a group of cells that are immunoreactive to
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Fig. 9. Metabotropic glutamate receptor-mediated presynaptic inhibition of reticulospinal synaptic transmission. A1: The effects of the mGluR agonists
Ž1S,3R.-ACPD and L-AP4 on the amplitude of the reticulospinal evoked EPSP were tested before and during application of the group III mGluRs
antagonist MAP4. A2: The decrease in the monosynaptic EPSP amplitude by Ž1S,3R.-ACPD was not antagonized by MAP4. A3: The L-AP4-induced
decrease of the monosynaptic EPSP was antagonized by MAP4. Neither Ž1S,3R.-ACPD nor L-AP4 affected the electrical component of the EPSP or the
input resistance of the postsynaptic target neuron. B: Two types of mGluRs are co-localized on single reticulospinal axons and mediate presynaptic
inhibition. These receptors are pharmacologically similar to group II and III mGluRs. Group I mGluRs are present at the postsynaptic soma-dendritic level
where they increase the excitability of neurons and thereby increase the frequency of the locomotor rhythm. Reticulospinal axons are also subject to
presynaptic inhibition by 5-HT and dopamine ŽDA.. Both 5-HT and DA are co-localized in neurons located ventral to the central canal and which make
close appositions with reticulospinal axons. Modified from w35x.

5-HT, dopamine and tachykinins. They form a dense bilateral plexus at the ventromedial surface of the spinal
cord. In this plexus the network interneurons and motor
neurons distribute their ventromedial dendrites. The vari-

cosities in this plexus do not form point to point synapses,
and thus rely on paracrinic release of the transmitters w11x.
The plexus extends throughout the spinal cord and is very
dense. The concentration of transmitterrmodulator in the
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ventromedial part of the spinal cord presumably will be
substantial. Co-release of 5-HT and dopamine will target
K Ca and calcium channels, respectively, on network interneurons, and thereby exert complementary actions Žsee
above.. Furthermore, both dopamine and 5-HT elicit
presynaptic inhibition on synaptic transmission from reticulospinal axons w7,72x ŽFig. 9B.. The fact that the neurons
of the 5-HTrdopamine plexus are distributed along the
spinal cord and are activated by sensory as well as descending fibers means that the activity in this plexus can
be regulated segmentally w50x. This in turn suggests that
the level of presynaptic inhibition along the reticulospinal
axons can be regulated locally. In fact, the segment can
presumably control how efficient synaptic transmission
from descending supraspinal fibers will be. Consequently
the level of descending drive may be varied through
segmental presynaptic inhibition in different parts of the
spinal cord.
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level. This network resembles in many aspects the locomotor network of the developing frog embryorlarva, particularly at the later stages when a burst pattern has evolved
w54x. In mammals Žcat, neonatal rat. comparatively little
information is available at the cellular level, although the
general neural organization, as well as its neuropharmalogical data indicate that the basic mechanisms are similar
w10,33x.
We have limited this chapter only to the propulsive
synergy and have not included the other motor component
which is critical for behaviourally successful locomotion,
that is maintaining an appropriate postural control during
ongoing movements. In the lamprey model, we now have a
detailed understanding also of the visuovestibular control,
which is critical for maintaining an appropriate body orientation during swimming in turbulent water w40,14,15x.
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