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THE MOTOR INFRASTRUCTURE:
FROM ION CHANNELS TO
NEURONAL NETWORKS

Sten Grillner

The vertebrate motor system is equipped with a number of neuronal networks that underlie
different patterns of behaviour, from simple protective reflexes to complex movements. The
current challenge is to understand the intrinsic function of these networks: that is, the cellular
basis of motor behaviour. In one vertebrate model system, the lamprey, it has been possible to
make the connection between different subtypes of ion channels and transmitters and their roles
at the cellular and network levels. It is therefore possible to link the role of certain genes or

molecules to motor behaviour in this system.

The motor system is the only available external output
channel of the brain, or as formulated by Sherrington?,
“To move things is all mankind can do ... whether whis-
pering, or felling a forest”” Various networks at different
levels of the nervous system coordinate different motor
patterns, be they eye or hand movements or those that
underlie respiration, locomotion and posture. Together,
these networks provide a‘motor infrastructure’ that can
be used by the nervous system? to generate the elegant
movements of a ballet dancer or the demanding postural
control of a tight-rope walker. Some networks are present
at birth, whereas others mature during development to
be modified and perfected through learning.

This review considers the conceptual framework that
is used to understand the generation of motor behaviour.
I focus first on the neural bases for execution of move-
ment, from basic to more complex aspects. From a
discussion of the general principles that underlie motor
behaviour, I move on to address, in some detail, the
motor system of a lower vertebrate, the lamprey. Owing
to its relative simplicity, compared with mammals, it has
been possible to describe not only the different networks
that are present in the lamprey, but also the intrinsic
function of these networks in terms of interacting
neurons, transmitters and ion channels, and to provide a
detailed computational model based on experimentally
derived facts from the molecular (gene) level to that of

networks and motor behaviour. Direct and indirect
evidence indicate that the knowledge obtained in lower
vertebrate models such as the lamprey also applies
to higher vertebrates. In analogy, the lamprey can be
considered a vertebrate prototype® — a Ford Model T, if
primates are equated with the most recent Ferrari.
Although the latter is more advanced, the same general
control principles apply. At the same time, it must be
acknowledged that moving from water, where gravity is
not a large problem, to land has added significant chal-
lenges to the nervous system. Evolution has progressively
favoured the development of fins and later legs to
develop efficient locomotion over ground and in the air.

Movements are performed in relation to the
surrounding world, which requires a fast interpretation
of the location of objects and the entire terrain.
Consider, for instance, a bat moving rapidly in the dark
through a dense forest, or our own ability to catch a
ball that is thrown at us at high speed. Although this is
an important aspect of movement control, this type of
sensorimotor processing will have to await another
review, as the space available is limited.

General control structure

Neural networks that coordinate movements. Both
vertebrates and invertebrates have a common type of
neural control structure for the generation of different
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Figure 1 | The motor infrastructure. a | Location of different networks (central pattern
generators, CPGs) that coordinate different motor patterns in vertebrates. The spinal cord
contains the CPGs for locomotion and protective reflexes: the brainstem, those for breathing,
chewing, swallowing and saccadic eye movements; and the hypothalamus, centres that regulate
eating and drinking. These areas can coordinate the activation of different CPGs in a behaviourally
relevant order. For instance, if the fluid intake area is activated, an animal will look for water, walk
towards it, position itself and start drinking. The cerebral cortex is important in particular for fine
motor coordination involving hands and fingers and for speech. b | General control strategy for
vertebrate locomotion. Locomaotion is initiated by activity in reticulospinal neurons (RS) of the
brainstem locomotor centre, which produces the locomotor pattern in close interaction with
sensory feedback. With increased activation of the locomotor centre, the speed of locomotion
increases and interlimb coordination can change (from a walk to a gallop, for example). The basal
ganglia exert a tonic inhibitory influence on motor centres that is released when a motor pattern is
selected. Experimentally, locomotion can also be elicited pharmacologically by administration of
excitatory amino-acid agonists and by sensory input. DLR, diencephalic locomotor area;

MLR, mesopontine locomotor area.

patterns of motor behaviour, despite the fundamental
differences in anatomical organization between their
neural systems. Movements are generated by dedicated
networks of nerve cells (FIG. 1a) that contain the informa-
tion that is necessary to activate different motor neurons
in the appropriate sequence and intensity to generate
motor patterns?*. Such networks are referred to as
CENTRAL PATTERN GENERATORS (CPGS). The most basic CPGs
coordinate protective reflexes, swallowing or coughing.
At the next level are those that generate rhythmic move-
ments®. Some, such as respiratory CPGs, are active
throughout life, but are modulated with changing meta-
bolic demands®. Others, such as locomotor CPGs, are
inactive at rest, but can be turned on by signals from
command centres®®. Sensory input that is generated by
ongoing movements can help to regulate the duration
of different phases of the movement.

Another level of complexity is added when one
considers saccabic eve movemenTs, Which are generated
from the superior colliculus. This structure contains a
topological map, and the location of activity within each
microregion determines the specific direction and

CENTRAL PATTERN GENERATOR
A neural circuit that produces
patterns of behaviour
independently of sensory input,
for instance the pattern of
activity in different motor
neurons that results in
respiration or locomotion.

SACCADIC EYE MOVEMENTS

A rapid eye movement (with
speeds of up to 800 degrees per
second) that brings the point of
maximal visual acuity — the
fovea— to the image of interest.

amplitude of the saccade®**. The collicular saccade map
can be considered as a modular CPG organization.
An eye movement is usually followed by a reorientation
of the head and body to face the target. The generation of
reaching movements might follow a similar logic.
Another class of motor patterns*# are used to express
species-specific, innate emotions (in man, for example,
crying, smiling or laughter).

For each category of movement, there is an innate
machinery, which can be adapted and perfected by
experience. In addition, this machinery can be used
to learn new, skilled tasks, such as the sequence of motor
patterns required to play a musical instrument. The
learning of such sequences of motor patterns is referred
to as motor or procedural memory.

This motor infrastructure allows various adaptable
and flexible movements, the combination of motor
programs and the ability to learn new patterns of coord-
ination**15, Together, these represent the entire motor
repertoire of an individual or species>”6, Most of these
motor patterns, such as locomotion, speech or gaze, are
voluntary — they can be recruited and modified at
will'”. The use of the word ‘voluntary’ in the context of
motor control should therefore not be restricted, as it
often is, to aspects such as arm-hand coordination. This
common subdivision creates a false dichotomy.

Sensory contribution to movement control. An impor-
tant aspect of motor control is correction, whether for
errors or for unexpected perturbations (such as obsta-
cles). Sensory signals can aid the control of movement in
several ways, but in general, sensory feedback systems
are used for slow movements, which allow time for the
feedback to operate. In contrast to engineering systems,
conduction times in biological systems are often long in
comparison to the time needed to execute a given move-
ment. The relative importance of the conduction delays
differs in different species, for example between a fruitfly
and a giraffe. When time allows, as during respiration®
and slower forms of locomotion?®-?, feedback systems
can help to regulate the duration of different phases of a
movement controlled by a CPG and can also contribute
to the degree of muscle activation. When movements are
faster, though, sensory feedback may be insufficient.
Consider a tall person with long conduction delays from
the foot to the spinal cord. Add the central processing
time, efferent conduction time to the muscle and finally
the neuromechanical lag. The time lag to onset of change
in mechanical muscle response can be 0.1 to 0.2 seconds,
which is substantial if one considers the need for fast
corrective responses during rapid movements such as
downhill skiing. This is why nervous systems are designed
to use predictions? of necessary changes whenever possi-
ble, rather than making corrections after a perturbation
has occurred. Immediate compensation for obstacles or
other perturbations can only rely on muscle and tendon
stiffness®® — many species have ‘springy’ legs that can
momentarily absorb perturbations. Sensory input is
also used in a non-feedback mode, when a movement or
a component of a motor pattern is initiated. The sensory
information before the movement starts is crucial for
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Box 1 | Invertebrate model systems

The crustacean stomatogastric system — which is responsible for chewing food at the gastric level — has been analysed in
great detail'®>%*, 1t comprises two subsystems in the same ganglion, the gastric mill system (14 neurons) and the pyloric
system (12 neurons), with a small network in the oesophageal ganglion that can be coordinated with the two other
systems to propel food forward. These three networks can work together or individually, and have separate functions. The
motor pattern generation of the gastric mill and pyloric networks have been identified in terms of synaptic interaction,
electric coupling, pacemaker properties, subtypes of ion channels and presynaptic modulation. Peptidergic and aminergic
modulation tune the network to allow changes in the phase relations between different neurons or muscles. It is assumed
that the different patterns of muscle activity match the needs of the gastric mill system for chewing different foods. The
leech heartbeat is similarly controlled by a small network of which the cellular basis of the output pattern is understood®.

Locomotion has been studied in several invertebrate systems. In the leech, swimming and crawling have been analysed
and for each assignificant part of the neuronal network and the role of sensory feedback are understood**. The locomotion
of two molluscs, Tritonia and Clione limacina, has also been analysed. Clione is a small, free-swimming mollusc with
paired wings that flap as it swims through the water. The motor pattern is produced by a network of paired neurons
that generate alternating rhythmic contractions of the antagonistic muscle groups. The general properties of these
neurons are adapted to the motor pattern, and the system for controlling body orientation (posture) has been deduced**”.
Tritonia generates a brief bout of escape swimming using a network with three phases of motor pattern**, Locomotor
systems in insects and crustaceans have also been intensely studied. Although the possible roles of different sensory
systems have been addressed with success, less knowledge is available about the mode of operation or cellular properties
of the CPGs.

What conclusions can be drawn from these studies in terms of general mechanisms used to generate motor activity?

« Groups of neurons with antagonistic functions are connected through reciprocal inhibition.
« Neurons with a similar function often mutually excite each other, or are connected by gap junctions.
* Inducible plateau potentials or pacemaker properties of network neurons are common.

« Burst termination can be induced by frequency adaptation of action potentials and progressive activity-dependent
activation of specific membrane currents such as Ca?*-dependent K* channels.

* Post-inhibitory rebound can be important for triggering burst onset. It is generated by low-voltage-activated Ca?*

channels, and the hyperpolarization-activated current ,,.

» Aminergic, peptidergic and metabotropic receptors modulate intrinsic pre- or postsynaptic ion channels. Fine tuning
of ion channel subtypes (Ca?*, K*) can modify both cellular and network properties.

» Some networks can operate separately, or be combined into concerted action.

deciding, for instance, how locomation will be initiated
from a standing position (depending on asymmetries in
the position of the two feet), or from one phase of a task
to the next, as in the sequence of formants in speech.

Intrinsic function of neuronal networks
The knowledge of the general control structure of
motor systems in terms of CPGs, sensory feedback
and command systems for initiation of movements
originated in parallel from invertebrate and vertebrate
studies by investigators using various techniques
and experimental models®®24?", The next level to be
addressed, the intrinsic mode of operation of these
neuronal systems, is more difficult — it requires know-
ledge of which neurons comprise a network, their synap-
tic interactions (including transmitters and receptors),
membrane properties (palette of ion channels) and so
forth. In mammals, the large number of neurons and
general complexity of the nervous system cause great
problems to investigators. To simplify the situation,
lower vertebrate and invertebrate model systems have
been developed (8ox 1). However, mammalian models, in
particular neonatal mouse and rat in vitro preparations,
now also provide important new information?-%2,

In this review, | highlight the lamprey nervous system,
which is the only adult vertebrate nervous system
in which the cellular bases of locomotor control are

well understood. The swimming coordination that
underlies locomotion in the developing frog (embryo/
tadpole) has also been well analysed®-%, and comp-
arisons with this and other systems are made when
appropriate.

Neuronal networks: a lamprey perspective

The vertebrate nervous system is organized in a similar
way throughout vertebrate phylogeny, although the
level of complexity increases. From lamprey to man,
the forebrain, brainstem and spinal cord have the same
general features, including basal ganglia, hypothalamic
nuclei, cranial nerves and descending motor systems.
Although different areas of pallium (the forerunner
of cortex) are present in lower vertebrates, there is no
layered cerebral cortex and in the lamprey only a vestigial
cerebellum. Lampreys are jawless vertebrates known as
cyclostomes that are more ‘primitive’ than fish. They
have changed comparatively little during evolution,
and became separated from the main vertebrate line
450 million years ago. The lamprey central nervous
system (CNS) can be regarded as a vertebrate prototype,
with the experimental advantages that it has fewer
neurons than higher vertebrates and that it can be
maintained in vitro. The motor pattern that underlies
locomotion or respiration can be maintained in the
isolated nervous system for several days¥ (FIG.2).
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Intact lamprey — locomotion

Isolated spinal cord — fictive locomotion

Figure 2 | Similarities of locomotor pattern generation in an intact lamprey and an
isolated spinal cord. The bilateral segmental electromyogram activity in two segments along
the spinal cord of the intact lamprey is shown on the left. Activity alternates between segments 1
and 3, and 2 and 4, and there is an intersegmental lag between 1 and 2, and 3 and 4. To the right,

112

the corresponding activity recorded from the isolated spinal cord of the lamprey is shown™*“.
Locomotor coordination can be generated by the isolated spinal cord in the same way as the

intact behaving lamprey.

DIENCEPHALIC LOCOMOTOR
REGION

Area corresponding to ventral
thalamus, which contains
neurons that project to
reticulospinal neurons, and that
thereby can activate the spinal
locomotor networks.

MESOPONTINE LOCOMOTOR
REGION

Avrea located at the border
between mesencephalon and
pons (mesopontine), which
contains neurons that project to
reticulospinal neurons, and
thereby can activate the spinal
locomotor networks. This area is
often referred to as the
mesencephalic locomotor
region.

VENTRAL THALAMUS
Nucleus in diencephalon that
sends axonal glutamatergic
projections to reticulospinal
neurons, thereby eliciting
locomotor activity. Ventral
thalamus should not be
confused with the dorsal
thalamus, which projects to
pallium (corresponding

to cortex) as in mammals.

Conserved command areas for CPGs. Different command
systems control the level of activity of CPGs. In the lam-
prey, as in other vertebrates (F1Gs 1band 3), locomotion
can be initiated by stimulation of a biencerHALIC and a
MESOPONTINE LocomoTor RecloN (DLR and MLR, respec-
tively)?+25%3_ From cyclostomes to mammals, the MLR
is found in an area that contains cholinergic and gluta-
matergic neurons. The DLR corresponds to groups of
neurons with descending connections that make up the
VENTRAL THALAMUs in the lamprey and zona incerta in
mammals. These two areas project independently and
monosynaptically to reticulospinal neurons in the middle
and posterior reticulospinal nuclei, which in turn activate
the spinal CPGs that generate locomotor activity. Both
pathways are glutamatergic and project bilaterally. From
the MLR there is also a monosynaptic cholinergic pro-
jection that acts on nicotinic receptors on reticulospinal

Figure 3 | Locomotor network of the lamprey. Schematic
representation of the forebrain, brainstem and spinal
components of the core neural circuitry that generates
rhythmic locomotor activity. All neuron symbols denote
populations rather than single cells. The reticulospinal (RS)
glutamatergic neurons excite all classes of spinal interneurons
and motor neurons. The excitatory interneurons (E) excite all
types of spinal neurons — the inhibitory glycinergic
interneurons (I) that cross the midline to inhibit all neuron types
on the contralateral side, and motor neurons (M). The stretch
receptor neurons are of two types; excitatory (SR-E), which
excite ipsilateral neurons, and inhibitory (SR-I), which cross the
midline to inhibit contralateral neurons. RS neurons receive
excitatory synaptic input from the diencephalic and
mesopontine locomotor regions (DLR and MLR, respectively),
which receive input from the basal ganglia as well as visual
and olfactory input. Metabotropic receptors are also activated
during locomotion and are an integral part of the network
(5-HT (5-hydroxytryptamine, serotonin), GABA (y-aminobutyric
acid) and mGIuR (metabotropic glutamate receptor)). Dashed
lines, indirect connections.

neurons. The reticulospinal neurons (RS in FIG.3)
can respond with plateau depolarizations that result
from activation of NMDA (N-methyl-p-aspartate)
receptors and Ca?*-activated cation channels*°. The
level of activation of the locomotor regions deter-
mines the drive to the spinal locomotor CPGs and
therefore the speed of locomotion (FIG. 1b).

Locomotor pattern generation by spinal CPGs. In all
classes of vertebrates, the spinal cord contains the basic
networks that coordinate locomotor activity, be it swim-
ming, flying or walking’*2#., In the lamprey spinal cord,
alternating left-right locomotor activity is produced in
each segment along the spinal cord with a frequency
ranging from 0.1 to 8-10 Hz during normal swimming
(F1G.2, left). Locomotor activity can be produced not only
by brainstem stimulation but also in the isolated spinal
cord by superfusion of glutamate agonists to replace the
supraspinal drive® (FiG. 2, right). Normally, a stable burst
frequency can occur across the full frequency range. A
longitudinal hemisection, which isolates the left and
right hemicords from each other, results in marked
acceleration of this burst activity, but each hemicord can
still produce both fast and slow bursting under different
conditions*2. This finding is in contrast to previous
studies®, probably because of differences in time of
observation and in resolution. Bursting in the hemicord
can also be elicited by electrical stimulation of the spinal
cord, which activates reticulospinal fibres. Remarkably,
locomotor burst activity can be elicited even when only
one hemisegment is intact. Moreover, in the hemicord
bursting remains when glycinergic synaptic transmis-
sion is blocked, indicating that ipsilateral excitatory
interneurons can drive bursting*.

A lesion of the crossed glycinergic fibres between the
hemicords results in a speeding up of the burst rate,
showing that crossed inhibitory fibres both slow down
the rhythm and ensure that the two sides alternate.
Similarly, a pharmacologically induced partial blockade
of glycinergic transmission with strychnine causes the
frequency to speed up and finally to change to a burst
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Figure 4 | The roles of the slow afterhyperpolarization (sSAHP) and K, channels at the
single cell and network level. a | Drawing of an action potential with the slow (SAHP) and fast
afterhyperpolarization, and the effect on the firing pattern of reducing the sAHP (blue dashed line).
During the action potential, Ca?* enters through N and P/Q channels, which triggers the opening
of K, channels. Activation of 5-HT (5-hydroxytryptamine, serotonin), dopamine (DA) and GABA,
(y-aminobutyric acid B) receptors reduces Ca?* entry and causes a decrease in the SAHP, which
alters frequency regulation and adaptation. A small component of the SAHP remains after a
blockade of Ca* channels with cadmium (right). This component is due to K, channels®¢’.
b | Frequency adaptation in a control situation and when the sAHP is reduced. The upper dashed
line indicates spike threshold and the lower indicates the level of the first SAHP. The effect of a
partial blockade of K, with apamin on the motor pattern is shown. Particularly at slow rates of
motor activity, the rhythm can break down entirely. Modified, with permission, from REF. 65 O
(1994) American Physiological Society.

pattern in which both sides are active simultaneously*.
The fact that the coordination shifts from alternation to
in-phase indicates that the crossed excitatory inter-
neurons* provide sufficient mutual excitation between
the CPGs to produce in-phase coordination.

The burst-generating machinery in a single hemi-
segment relies on ipsilateral excitatory interneurons
(E inF1G.3), which excite each other within the excitatory
interneuron population*-%. The excitatory interneurons
are glutamatergic and activate postsynaptic AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid) and NMDA receptors. They monosynaptically
excite not only excitatory interneurons, but also ipsilateral
motor neurons and crossed glycinergic inhibitory
neurons (I in FiG.3) that inhibit contralateral neurons*,
There are two types of crossed inhibitory neurons: larger
neurons with a long descending axon, and smaller

SPIKE-FREQUENCY ADAPTATION
A decrease in the rate of action
potentials fired by a neuron
under prolonged depolarization.

interneurons with much shorter axons®. The
latter provide larger unitary inhibitory postsynaptic
potentials (IPSPs) than the former®. There are also some
small ipsilateral glycinergic interneurons that are co-
activated with motor neurons, probably by excitatory
interneurons, and that provide monosynaptic inhibition
to motor neurons and crossed inhibitory inter-
neurons®®®2, In addition, the rostral part of the spinal
cord contains a few large glycinergic ‘lateral inter-
neurons’ with fast-conducting, long ipsilateral axons,
which probably subserve mainly a propriospinal func-
tion. Burst activity can continue during a glycinergic
blockade, and in the hemicord a blockade does not have a
significant effect on the burst frequency. So ipsilateral
glycinergic neurons are not required for burst generation
to occur, although whether they contribute to burst
termination under some conditions is unknown.

The core of the lamprey locomotor network therefore
consists of ipsilateral glutamatergic neurons and glycin-
ergic neurons with contralateral axons*~® (riG.3). The
descending reticulospinal axons (RS in FiG. 3) drive the
network by activating AMPA and NMDA receptors on
excitatory interneurons, crossed inhibitory interneurons
and motor neurons®. NMDA receptors are particularly
important owing to their voltage dependence, which
contributes to plateau-like depolarizations that are
important for slow bursting. All the evidence indicates
that spinal locomotor networks in other adult and devel-
oping vertebrates are also built on a core of glycine and
glutamate neurons?:28:3654-57,

In addition, there is evidence that tadpole and lamprey
motor neuron collaterals can provide recurrent excitation
to other motor neurons and to excitatory internerons®>,
In the tadpole, locomotor episodes are prolonged when
cholinergic activity is potentiated®. Network activity
also continues when GABA, (y-aminobutyric acid A)
receptors are blocked, but the rate of bursting increases,
indicating that GABA interneurons contribute to slowing
down the motor activity®:-,

lon channels in the locomotor CPG. The behaviour of
a neuron is determined by the ion channels that are
expressed in its cell membrane, and by transmitter-
activated receptors. In spinal neurons, frequency
regulation and spiKE-FREQUENCY ADAPTATION (FIG. 4a,b) are
determined primarily by the slow afterhyperpolariza-
tion (SAHP) that follows an action potential, which is
mainly (80%) due to Ca*-dependent K* channels (K _,)
of the SK3 type, and to a lesser degree to Na*dependent
K* channels (K, FIG.4a)*%". K . channels are activated
by Ca?* entry through N and P/Q channels (FIG. 4a) during
the action potential®. A partial blockade of K _, with
apamin markedly reduces the SAHP, and reduces spike
frequency adaptation. The latter affects burst termina-
tion and causes longer bursts and a slowing of the burst
rate, which in addition often becomes irregular and
can break down altogether (FiG. 4b). K, channels
are particularly important for the CPG activity at slow
burst rates. Similarly, transmitters® ™ that reduce the
SAHP by acting on Ca?* channel subtypes (F1G. 4a) slow
the burst rate.
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Figure 5 | Factors controlling burst onset and termination. a | Several factors contribute to
the initiation, maintenance and termination of the depolarizing phase. In addition to conventional
synaptic, voltage-dependent NMDA (N-methyl-p-aspartate) receptors, low-voltage-activated
Ca?* channels (LVA-Ca?*) and Na* channels might be activated. Ca?* enters the cell through these
channels, activates K, channels, and initiates a progressive hyperpolarization leading to closure
of the NMDA channels. The initiation of depolarization is facilitated by activation of ipsilateral
excitatory stretch receptors, whereas its termination is partially a result of activation of contralateral
inhibitory stretch receptors. E-IN, excitatory interneuron. Dashed line indicates the resting membrane
potential. Modified, with permission, from REF. 72 [J (2001) Cambridge Univ. Press. b | Mechanism of
modulation in neurons of the locomotor network. The left panel shows NMDA-induced plateau
potentials that depend on the interaction between voltage-dependent NMDA receptors and
voltage-dependent K* channels. Modified, with permission, from REF. 72 0 (2001) Cambridge Univ.
Press. Ca?* entry during the NMDA plateau activates K., channels and terminates the plateau. If K.,
channels are blocked the plateau terminates later, or the termination is blocked altogether as when
Ba?*(dashed line) is substituted for Ca?* (REF. 79). In the middle panel, the synaptic drive potentials
that occur intracellularly in neurons that do not fire action potentials are amplified by activation of Na*
channels. If Na* channels are blocked by intracellular injection of QX-314, the amplitude of the
synaptic potential is reduced by 20%. Modified, with permission, from REF. 77 J (2002) American
Physiological Society. The current carried by NMDA channels is markedly enhanced by tachykinins
such as substance P and metabotropic glutamate receptors (MGIUR1)!%, The right panel shows a
reticulospinal excitatory postsynaptic potential (EPSP) that is facilitated by substance P. The
facilitation is limited to the NMDA component, whereas AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid) and gap junction components are not affected'®.
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N- and P/Q-type Ca?* channels are also responsible
for triggering exocytosis™ in synapses of lampreys and
other species. A partial blockade of these channels will
markedly disturb rhythmic activity. They are therefore
an ideal and frequent target for presynaptic modulation.
A selective blockade of L channels, on the other hand,
has little or no effect on the burst pattern7, Finally, low-
voltage-activated (L\VA) Ca?* channels are responsible for
generating post-inhibitory rebound and can contribute
to the generation of a stable burst patterns:7,

Two types of voltage-gated K* channel affect the
repolarization of the action potential in these spinal
lamprey neurons: the delayed rectifier type and a very
fast-activating type of Kv3.4 channel. The latter is
important for maintaining the action potential at a
constant duration, at both the soma and axon-terminal
level>78, In both cases, the duration of the action potential
determines the Ca?* entry and thereby the amplitude of
the sSAHP and the efficacy of synaptic transmission.

If the fast K* current is selectively blocked, the efficacy of
synaptic transmission varies greatly with the presynaptic
frequency of action potentials and so becomes unpredic-
table. A blockade of this fast K* current leads to marked
changes in locomotor burst frequency and regularity.

Active dendritic properties. The excitatory synapses that
are activated in a neuron when the network is active will,
locally at the postsynaptic site in a dendrite, produce a
certain excitatory current and a corresponding mem-
brane depolarization. The effect that this will exert at the
soma or initial segment level depends on the attenua-
tion of the synaptic signal that occurs along the dendrite.
Several mechanisms can amplify or boost the synaptic
signal (FIG. 5a). One factor is subthreshold and asynchro-
nous activation of dendritic Na* channels, which may be
of the inactivating rather than persistent type’” (FIG.5b,
middle panel). Na* channels can be selectively blocked
by QX-314 at low concentrations. When injected into
single neurons during locomotor network activity,
QX-314 reduced the synaptic drive potential from the
CPG by around 20%, indicating that this is the amplifi-
cation factor provided by dendritic Na* channels under
these conditions (FIG. 5b).

Other factors that boost the synaptic drive are LVA
Ca* channels, which provide a postinhibitory
rebound™7® that facilitates depolarization directly after
the inhibitory phase and thereby the phase transition.
The voltage-dependent properties of NMDA channels,
which are directly activated by glutamate, provide
another type of direct amplification, when the membrane
potential is close to the spike threshold (FIG. 5a).

The voltage-dependent properties of NMDA recep-
tors also confer plateau properties on the neurons under
certain conditions™ (FIG.5b, left panel). A brief synaptic
excitation can therefore elicit a long-lasting depolariza-
tion. This depolarization results from activation of
voltage-dependent NMDA channels that interact with
ion channels intrinsic to the cell (FiG. 5b). K ., channels that
are activated by the Ca?* entry through NMDA channels,
and possibly also K, channels, contribute to the termina-
tion of the plateau®” 2%, The plateau properties are
important in particular to maintain long-lasting bursts
and a slow, regular locomotor activity. Plateau potentials
can also be elicited by activation of low-threshold L-type
Ca?* channels, as shown in the turtle and in mammalst.

Presynaptic modulation of synaptic efficacy. The terminals
of network interneurons (excitatory and inhibitory) and
sensory cells conveying touch and pressure sensations are
subject to phasic presynaptic modulation of synaptic
efficacy during each locomotor cycle®?. This isdue to a
phasic activation of presynaptic GABA, and GABA,
receptors, which allows phasic adaptation of synaptic
efficacy in the locomotor network. This means that, at
the sensory level, there is a phase-dependent gating of
synaptic transmission. Such a CPG-induced gating
of sensory signals has also been described in mammals
and invertebrates®?. The modulation originates from
segmental interneurons; bipolar GABA neurons termi-
nate on sensory afferents, whereas the larger GABA
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Table 1 | Spinal modulation — G-protein-coupled receptors

Presynaptic HVA., LVA.,
GABA, | ! !
mGIuR, 0 0 0
mGIuR_, | 0 0
5-HT,, | U
D2 | ! !
TK F T
NPY |
Som. 0 0
NT 0 0

K* NMDA Network References

! 61,62,70,78,84

! 1 1 82,96-98

! 71

L 69,89,92-94,99,102

! 69,72

! 1 1 49,85,101,105
0 86,72

1 ! 86,72

i 86,72

Metabotropic amino acid, aminergic and peptidergic G-protein-mediated modulation of ion channel, synaptic, cellular and network activity
in the lamprey spinal cord. Presynaptic actions can be targeted to sensory afferents, excitatory or inhibitory interneurons and descending
reticulospinal axons. Different transmitters have selective actions on different cellular targets (I indicates presynaptic inhibition and F,
facilitation; O indicates no known effect). Sometimes the effects are cell-type specific. The locomotor network is modulated phasically in
each cycle by sensory afferents and interneurons. The modulation of high-voltage-activated calcium channels (HVA_ ), low-voltage-
activated calcium channels (LVA_), K_,, K* and NMDA (N-methyl-o-aspartate) channels is indicated with a downward arrow for depression

» Rear

and an upward arrow for facilitation. HVA_, includes N, P/Q and L-type calcium channels; K* indicates subtypes of K* channels. Finally, the
effects on the network level have been studied on the background of locomotor activity (arrows relate to locomotion burst frequency) and in

related modelling experiments. 5-HT, 5-hydroxytryptamine (serotonin) receptor; D.

,» type 2 dopamine receptor; mGIuR, metabotropic

glutamate receptor; NPY, neuropeptide Y; NT, neurotensin; Som., somatostatin; TK, tachykinin.

neurons probably mediate the presynaptic modulation
of locomotor interneurons. The presynaptic modula-
tion is in most cases produced by a reduction in Ca?*
entry, through direct or indirect actions on presynaptic
Ca?* channels.

Various metabotropic modulators (5-HT (5-hydroxy-
tryptamine, serotonin), dopamine, glutamate, GABA,
neuropeptide Y and tachykinins) also depress or
facilitate synaptic efficacy at a presynaptic level*%#2858
(TABLE 1). These effects can be synapse-specific.

Mathematical modelling of CPGs. Although knowledge
of interneuron connectivity, types of synaptic trans-
mission and membrane properties is required for an
understanding of CPGs, it is not in itself sufficient. The
many interactive processes on the subcellular, cellular
and network levels are dynamic and complex.
Computational methods are therefore required to test
whether tentative explanations derived by intuition can
account for experimental findings. Biophysically realistic
models of both the lamprey and the frog embryo sys-
tems have been developed®*<78-°, |n the models of the
lamprey network, populations of neurons have been
simulated. Each neuron is modelled with Na*, K*, Ca?*
and K_, channel subtypes, and in most cases with three
dendritic, one somatic and one initial segment compart-
ment. Simulated neurons mimic their biological coun-
terparts in terms of some aspects, such as the size and
shape of the action potential and the dynamic relation
between depolarizing current and frequency of action
potentials (FIG. 6a). Within each pool of neurons there is
some variability in terms of input resistance of different
neurons, again simulating the distribution that is found
experimentally. This distribution has turned out to be
important for providing stable network activity®®.

Next, populations of model excitatory and inhibitory
interneurons were synaptically connected into a network
as established experimentally, with excitatory postsynaptic
potentials (EPSPs) mediated by a conductance increase to

cations (Na*and K*), and IPSPs to CI-ions. The voltage
dependence of NMDA receptors has also been
simulated®”°*, The segmental network, with populations
of excitatory interneurons and crossed inhibitory
interneurons, can generate alternating phases of activity,
if supplementary excitatory drive is provided by simu-
lated reticulospinal neurons®* (riG. 6b). So, a network
configuration with modelled neurons that simulate their
natural counterparts can produce alternating burst activ-
ity that would result in swimming. Moreover, if the
reticulospinal drive is varied, the burst frequency changes
within the biological range. At lower rates of swimming,
NMDA receptors are particularly important for main-
taining lasting bursts of activity. These simulations show
that the available experimental data can account for the
intrinsic function of the segmental network. Simulations
of this type are an indispensable analytical tool, in which
one can test the contributions of different components
such as ion channel subtypes, and go back and forth
between modelling and biological experiments.

Intrinsic modulator systems. The core of the CPG,
which regulates the basic burst activity, consists of gluta-
matergic and glycinergic interneurons acting through
ligand-gated ion channels. However, G-protein-
mediated systems are also integrated into the normal
operation of the locomotor network.

In the lamprey spinal cord, 5-HT neurons that also
contain dopamine are located below the central canal,
and form a dense bilateral plexus of varicosities into
which network interneurons extend their dendrites®®.
The 5-HT neurons are active during fictive loco-
motion®2%, and contribute to the burst pattern through
activation of 5-HT, receptors on interneurons and
motor neurons. Blocking these receptors causes the
burst pattern to speed up and often to become less regu-
lar. Although 5-HT neurons show a phasic burst pattern
during locomotor activity, 5-HT acts through slow,
G-protein-mediated modulation of the SAHP and
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Figure 6 | Modelling the lamprey locomotor network. a | Neurons of the network were
simulated in a realistic fashion, with the different voltage-dependent ion channels (Na*, K* (1), Ca?*),
Ca?"-dependent K* channels (K_,) and ligand-gated channels (AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid)/kainate, NMDA (N-methyl-o-aspartate), glycine). Action potentials with
an early and late afterhyperpolarization (AHP) and spike frequency adaptation can be simulated,
together with postsynaptic potentials in different compartments. Modulation of spike-generating, ion
channel and synaptic properties can also be simulated. b | Simulation of the segmental network
using a pool of excitatory (E), inhibitory () and lateral (L) interneurons. The activity is driven by
excitatory reticulospinal neurons (RS). Activity on the left and right sides alternates. ¢ | Pattern of
intersegmental coordination, produced by a simulated network of 60 segments. This circuitry
produces 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 swimming movements using a neuromechanical model. Frames (B1-B5) show steady-state
swimming at 4 Hz, resulting from tonic excitation of the network, with the model lamprey moving
forwards at a speed of 0.73 m s*. Time interval between frames is 50 ms. Modified, with
permission, from REF. 156 [] (1995) Elsevier Science.

synaptic efficacy. The 5-HT system is therefore an integral
part of the locomotor network, which fine-tunes neu-
ronal properties*92%, Dopamine has a complementary
action to that of 5-HT. 5-HT seems to promote a regular
locomotor pattern in all vertebrates studied, although
in some species this modulation depends mainly on
descending projections36:57.%,

The GABA system in the spinal cord is also active
during network activity, although locomotor activity
continues when GABA receptors are blocked?6:61-6384,
Both GABA, and GABA,, receptors are activated during
locomotor network activity, and a blockade of either
causes the burst pattern to speed up. The mechanisms
of this action include presynaptic depression of inter-
neuronal synaptic transmission (as discussed earlier),
and an action of GABA, receptors on Ca?* channels
that indirectly affects the SAHP™. The GABA system
can therefore also be regarded as an integral part of the
locomotor system in the lamprey, and it has a similar
action in the frog tadpole after hatching®™.

Glutamate also has a modulatory effect, acting
through metabotropic glutamate receptors (mGIuRs) at
presynaptic (type 1l and I11) and postsynaptic sites (type I,
mGIuR1 and 5)%-. Postsynaptic mGIuRs are activated
during fictive locomotion, and mGIuR1 speeds up
locomotor activity (a subtype-specific blockade slows
activity). mGIuR1 acts by potentiating NMDA receptors
and blocking a Leak current®®, The mGIuRs are therefore
also an integral part of the locomotor network that
contributes to the level of activity.

Mode of action of modulators

As we have seen above, some modulator systems, like the
5-HT/dopamine or GABA systems, are intrinsic to
the central network operations. The same modulator
systems, and other, extrinsic systems, can also be acti-
vated, for example by descending brainstem fibres, to
separately adapt the locomotor networks to different
external demands, modulating the locomotor network
from the outside when needed. By contrast, the ‘intrinsic’
modulation described above is turned on whenever the
CPG is active. TABLE 1 summarizes the actions of different
metabotropic receptors on different ion-channel sub-
types and at the presynaptic level. By understanding the
transmitter-induced effects exerted on certain target
molecules at the cellular and network levels, we can make
the link from gene products to network activity and
motor behaviour. Below, the mode of action of the differ-
ent modulator systems is summarized in terms of cellular
target mechanisms.

Modulation of SAHP modifies burst frequency. By reduc-
ing the Ca?* current though N and P/Q channels (FIG. 4a),
the 5-HT, dopamine and GABA systems indirectly
decrease the current through apamin-sensitive K,
channels, and thereby reduce the amplitude of the SAHP.
This reduction in the SAHP decreases SAHP summation
and thereby reduces frequency adaptation, which in turn
delays burst termination%-707289.99.100 A delay in burst
termination prolongs the cycle duration and thereby
reduces the burst frequency.
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Figure 7 | Effects on the central pattern generator (CPG) of
sensory input from stretch receptors activated during the
movement. a | The locomotor activity from one ventral root
(-VR) under resting conditions, and when a slower and a faster
movement than the rest rate is superimposed. The CPG activity
is entrained in both cases. The experimental situation is
ilustrated to the right: the caudal part of the spinal cord resting
on the notochord is moved back and forth, simulating locomotor
movement. b | The underlying neural organization of stretch
receptor neurons and the CPG that allows sensory control is
shown. The crossed inhibitory stretch receptors (SR-Is) are
glycinergic and inhibit the CPG neurons of the contralateral side
(the inhibitory postsynaptic potential (IPSP) is blocked by
strychnine), and the ipsilateral glutamatergic stretch receptors
activate ipsilateral CPG neurons. The CPG in turn has motor
neurons (M, yellow) as its output stage. CNQX, AMPA (a-amino-
3-hydroxy -5-methyl-4-isoxazole propionic acid) receptor
antagonist; SR-E, excitatory stretch receptors. Modified, with
permission, from REF. 156 [1 (1995) Elsevier Science.

NMDA current increases burst frequency. Both
tachykinins and mGIuR1 activation cause an enhanced
NMDA current (FIG. 5b). Tachykinins achieve this by
phosphorylating NMDA channels through protein
kinase C (PKC)%1% |eading to a potentiation of the
NMDA component in glutamatergic synapses (FIG.5b,
right). This leads to increased Ca?* entry through
NMDA receptors, and thereby to activation of K, chan-
nels and early burst termination, which increases the
frequency of bursting.

Modulation of IPSPs affects burst frequency. In a train of
IPSPs, the amplitude of the individual IPSPs decreases.
The degree of depression is markedly affected by modu-
lators. Tachykinins cause the IPSP amplitude to decline
more rapidly, whereas 5-HT causes the amplitude to
remain higher than in untreated neurons®. A reduction
in the crossed inhibition results in an increase in bursting
frequency — as found with tachykinins*®* — and
potentiation of this inhibition probably contributes to

the slowing of the burst rate that results from application
of 5-HT®®1%2,|n the tadpole, both noradrenaline and
nitric oxide can modulate the burst frequency by
potentiating inhibition in the locomotor network®1%,

mGIuR1 depresses a leak current. mGIuR1 activation
reduces a leak current that is probably carried by K*.
This reduction leads to depolarization of the neuron,
which contributes to an increase in burst frequency®.
The effect of mGIuR1 activation on network activity is
reduced by cannabinoid receptor antagonists. During
locomotion, a blockade of cannabinoid receptors results
in a slowing of the burst frequency, which can be
explained at least partially by a cannabinoid-induced
reduction in the crossed inhibition®.

ATP and adenosine in the tadpole. In the tadpole, ATP
has an important role. Tadpoles swim in bouts of a few
seconds. At the beginning of each bout, ATP is released
and exerts an excitatory effect on the network through
P2X receptors. During the swimming bout, the ATP is
converted to adenosine, which instead has a depressant
action on the network through P2Y receptor subtypes
acting on K* channels. This action contributes to the con-
trol of bout duration®%1%, The role of ATP and adeno-
sine in other locomotor networks remains to be explored.

Peptidergic modulation and plasticity. Detailed studies
have been carried out on the effect of tachykininsand in
particular substance P on synaptic transmission, cellular
properties and network activity. Some of the midline
5-HT/dopamine neurons® also express tachykinins'®,
A brief (10 min) application of tachykinins to the
network causes a lasting (24 h) and pronounced
enhancement of the locomotor burst rate®®%,
Administration of D, receptor antagonists produces a
similar lasting increase in the burst rate, and this is
blocked by co-administration of tachykinin antagonists.
This indirect effect of the D, receptor antagonist
indicates that endogenous release of tachykinins can
produce a similar lasting increase in locomator activity
during a constant excitatory drive. This long-lasting
effect is elicited by three consecutive mechanisms, the
first of which involves potentiation of NMDA receptors
caused by PKC activation. After about an hour, this is
followed by a protein-synthesis-dependent phase that
relies on pre-existing RNA. The last phase starts at
around 10-15 hours and depends on synthesis of new
RNAB5101106 The effects of neuropeptide Y, neurotensin
and somatostatin are summarized in TABLE 1.

Feedback action on the CPG

Sensory feedback to the CPG is a prominent part of the
control system for vertebrate locomotion, but only in the
lamprey is it understood how sensory input affects
the neurons of the CPG. Stretch receptors at the lateral
margin of the spinal cord sense the lateral bending
movements that occur during each swim cycle'””. As
the muscle fibres in one hemisegment contract, the
stretch receptors on the contralateral side are extended.
These stretch receptor neurons are of two types.
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Figure 8 | Intersegmental coordination in the lamprey. The
lamprey swims by producing a mechanical wave that is
transmitted along the body. As illustrated during forward
locomotion, there is a lag between consecutive segments in
the spinal cord. This lag is always a certain proportion of the
cycle duration (a constant phase lag). It can be reversed into a
wave that is propagated from tail to head, as during backward
locomotion. In the isolated spinal cord (bottom panel) a rostro-
caudal phase lag can also be produced, so the ability to
generate a constant phase lag is inherent to the spinal cord.
The pattern can be reversed if extra excitation is added to the
caudal spinal cord (right). The segments of the caudal part
have higher excitability and generate a high rate that can
entrain the more rostral segmental networks. The rostral
segments have a lower inherent burst rate and are therefore
entrained but with a certain lag™.

Inhibitory glycinergic stretch receptors (SR-1 in FIGs 3
and 7) inhibit the CPG interneurons on the actively
contracting (contralateral) side, and help to terminate
the activity of this CPG. Excitatory glutamatergic stretch
receptors (SR-E in Figs 3and 7) provide excitation to the
ipsilateral CPG neurons, which are activated as the activity
of the contralateral CPG terminates'®. This sensory
input therefore provides a sensory overlay of the CPG.
The input is so strong that rhythmic activation of the
stretch receptor neurons by alternating locomotor-like
movements will faithfully entrain the locomotor rhythm
generated by the CPG (FiG. 7). This will also occur when
the superimposed movements are faster or slower than
the control burst frequency (see Rer. 37). The stretch
receptors receive phasic inhibition and excitation from
the CPG during the locomotor cycle. The unloading of the
stretch receptor neurons during ipsilateral muscle
contraction is partially compensated for by an additional
excitatory input from the CPG during this phase®.
This arrangement is similar to the co-activation of
muscle spindles through activation of y-motor neurons
during muscle contraction in mammals (a/y-linkage
during locomotion, see REF. 8).

Intersegmental coordination

So far we have focused on segmental pattern generation
and paid little attention to the intersegmental coordina-
tion that is needed for locomotion. The lamprey swims
like an eel, with an undulatory wave that passes along the
body and pushes the animal forwards through the water.
This is achieved by a lag between the activation of con-
secutive segments along the body (Fi1G.8). The faster the
wave is propagated backwards, the faster the animal will
move forwards through the water. The lag between con-
secutive segments decreases with increasing speed in a
characteristic fashion so that it is always a certain propor-
tion of the cycle duration, whether itis5sor 0.1s. This
arrangement has the advantage that the phase lag between
the most rostral and the most caudal segments will always
be constant, usually around 100% of cycle duration in
most species. Such a phase lag was first described in the
dogfish and later in other species including lamprey*1%-112,
This is the standard coordination during swimming, but
the phase lag can be reversed to allow backward swim-
ming when the fish is caught in a blind alley. A change in
phase lag can be induced by sensory stimuli in the spinal
dogfish or lamprey, and this pattern of coordination is
therefore not dependent on supraspinal control.

Each hemisegment has the potential to generate
locomotor CPG activity through its excitatory inter-
neurons. The interneurons in one segment also extend
their axons over a few rostral and a greater number of
caudal segments. Also, in the isolated spinal cord, the
rostral segments lead with a constant rostro-caudal
phase lag (FiG.8). If the excitability of the caudal spinal
cord is enhanced experimentally by local application of
glutamate agonists, the caudal segments instead become
the leading segments and the phase lag is reversed into a
caudo-rostral lag’. The simplest explanation for the
intersegmental phase lag is that under normal conditions
the rostral segments entrain more caudal segments that
have the tendency to be active at a slower rate, but if
additional excitatory input reaches the caudal segments
(F1G.8), they will instead become the fastest and entrain
more rostral segments (see also ‘Virtual lamprey’ section).
The intersegmental coordination has also been analysed
through modelling in different contexts**-11,

Steering and body orientation

Symmetrical bilateral activation of the reticulospinal
neurons in the middle and posterior rhombencephalic
reticular nucleus generates forwards locomotor activity.
If there is a bias towards greater activation on one side,
this results in longer ventral root bursts on this side, and
consequently the direction of locomotion will deviate
towards this side. Such asymmetric reticulospinal
activation occurs during left-right turning in the
lamprey 16117 \fertical deviations are probably
achieved by reticular neurons that preferentially activate
ventral or dorsal myotome neurons.

All vertebrates maintain a characteristic body config-
uration during locomotion, usually with the dorsal side
up, as in the lamprey. Rotation of the head is achieved
predominantly by a vestibular input acting through
interneurons on contralateral reticulospinal neurons.
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Box 2 | Potential for rehabilitation after spinal cord injury

In all classes of vertebrates, including primates, the spinal cord can generate stereotypic
locomotor movements even when it has no connections to the brainstem®#1:5457:138-140,
After a low, thoracic spinal cord transection, amphibians, reptiles, birds and mammals
can produce walking movements of the hindlimbs that are coordinated by the
lumbosacral spinal cord. This was first shown in spinal cats®, which can perform
walking movements on a treadmill, and within a certain range can adapt to its speed.
The kinematic details of the joint movements, and the detailed pattern of muscle
activity, were the same as in the intact cat. Directly after a spinal cord lesion in the adult
cat, pharmacological activation by noradrenergic agonists is required to induce walking
movements'*. Later, chronically spinal cats can be made to walk but only if they are
‘trained’ on a treadmill every day**?. The neural substrate for walking is therefore
present in the feline spinal cord directly after the lesion, but without transmitter
agonists, repeated locomotor training is required**>'4. In addition to the central
network;, there is a sensory overlay from receptors signalling the load on the limb during
the support phase and the rostrocaudal position of the limb at the level of the
hip!&-20140.142 The treadmill training produces the appropriate ‘compound’ sensory
signal throughout the step cycle. The most likely explanation for the importance of
training is use-dependent facilitation of the synapses that are activated during
locomotion. Chronically spinal animals that are trained to stand but not to walk will
achieve efficient standing, at the expense of walking#3144, So, the effect is directed
towards the specific pattern of coordination that is trained.

Could patients that had a spinal cord lesion that had bound them to a wheelchair,
sometimes for years, be trained to walk again with a similar training programme to that
used for chronic spinal rats and cats? Several laboratories have explored this possibility
by training patients with incomplete spinal cord lesions on a treadmil 20145155 initially
supporting the body weight with a harness. The two limbs are manually moved forward
by physical therapists to be placed on the moving treadmill belt, and brought backwards
by the belt, to be moved forward again by the therapist along the same trajectory that
the limb would normally move during the swing phase. This will produce a similar type
of sensory input as would occur during normal locomotion. With training over several
weeks, a proportion of patients regained the ability not only to walk on the treadmill,
but also to walk over ground, initially with a walker and later even with a cane. These
results indicate that use-dependent facilitation of the spinal circuitry can make the
spinal cord operational again in humans. In these cases the spinal cord lesion cannot be
complete, and a certain number of axons from the brainstem must remain intact. In the
case of patients with a complete spinal cord lesion, a spinal locomotor automatism can
be demonstrated, but the patient will be unable to control it actively. It therefore seems
that a proportion of the patients that are confined to a wheelchair, but have the cervical
cord intact, can regain a locomotor control that is sufficient to walk for limited distances,
such as to a car, given intensive initial treadmill training. Once the patients have started
to walk, they will maintain this ability by practicing every day.

When the vestibular input is symmetrical on the left and
right, reticulospinal neurons are activated symmetrically.
A deviation of the head towards the left or right will
produce asymmetric activation of the reticulospinal
neurons, which will produce an automatic correction of
body orientation*'®*°, An asymmetric light stimulus
applied to one eye will lead to a bias in the body position,
so that the dorsum of the body becomes oriented
towards the light source (dorsal light response)*?°.

The vestibular input is the main source for postural
control for fish and also for the orientation of the head
in higher vertebrates, in which the correction of body
position also depends on input from the limbs.

Virtual lamprey

We have discussed how to reproduce segmental motor
pattern generation using mathematical modelling (F1G.6).
The same type of analysis has also been applied to

intersegmental coordination and steering®®121-123,
Similar models as for the segmental network have been
used, but they have taken into consideration that the
axons of both excitatory and inhibitory crossed
interneurons have ascending and descending axons
that extend over a limited number of segments. It is
possible to model the entire network with populations
of neurons and to show that the rostrocaudal phase lag
can be produced by the simulated network (FIG. éc).
Moreover, the direction of the wave can be reversed, as
in backward swimming. The network can be made to
produce a phase lag in the normal frequency range of
the biological system. We subsequently simulated a
neuromechanical model (FiG. 6d), which simulates
swimming through water at different speeds, and with
maintained body configuration®2!, These models can
also simulate turning movements and swimming back-
wards. So, to a first approximation we have created a
‘virtual lamprey’ built on detailed information from the
biological system. The solutions used for describing
the lamprey system have recently also been applied to
newt swimming'?, and the tadpole has been modelled
with neuronal populations®12,

Higher level control

A fundamental question is how different patterns of
behaviour are selected and initiated in the CNS. Indirect
evidence indicates that the basal ganglia are important in
the context of locomotion. The lamprey striatum con-
tains the same cell types as the primate striatum, with
GABA-mediated medium spiny cells and interneurons
and the same type of input from thalamus, pallium and
dopamine neurons in the brain stem!%27, The basic neu-
ronal design is therefore conserved. In the lamprey, the
basal ganglia project to the DLR*? (FiGs 1b and 3), but it is
not known whether the basal ganglia also project to the
MLR (as in mammals'?). Activation of the ventral stria-
tum (nucleus accumbens) in rodents, elicited by local
injection of dopamine or glutamate agonists, leads to the
initiation of locomotion channelled through the MLR®,
Conversely, lesions of the dopamine input to the striatum
lead to characteristic deficits in locomotor initiation and
exertion in humans (for example, in Parkinson’s disease)
and lamprey®, It seems likely that the basal ganglia can
contribute to the initiation of locomotion through disin-
hibition of either of the two locomotor regions.
It has been proposed that the two locomotor regions
are activated in different behavioural contexts, such as
foraging and aggressive behaviour, respectively®.

Concluding remarks

This review outlines the general organization of the
motor system, including central networks, CPGs and
sensory control, which I have referred to as the motor
infrastructure. | have focused on one example from the
lamprey — the motor system that underlies locomotion,
extending from the brainstem command systems —and
have detailed the different mechanisms involved in the
intrinsic function of the motor pattern generator net-
works. The effects of modulation of specific ion channel
subtypes have been analysed and it is understood how
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this affects the neuronal activity at the cellular, network
and behavioural levels. In these cases it is now possible
to make the link between the chain of events that extend
from genes/molecules to behaviour. The way in which
the network operates using mathematical models has
subsequently been shown, beginning at the segmental
level. Finally, intersegmental coordination, steering and
the control of body orientation during movements have
been discussed.

How do the results from the lamprey CNS compare
with those from other vertebrates? Many aspects of the
organization of basic motor function are similar
throughout evolution, although additional mechanisms
have been added. The overall organization of the verte-
brate locomotor system is conserved, including
diencephalic and mesencephalic locomotor regions that
control the activity of spinal CPGs. Sensory regulation
of the locomotor CPG is also present in all adult systems
investigated. All vertebrate locomotor CPGs seem to be
built from a core of glutamate and glycine interneurons
that provide the basic motor pattern. From the left—right
alternation of the lamprey, the CPG output has become
more complex with the development of legs. In different
tetrapods and bipeds, the efferent locomotor pattern
remains surprisingly similar, indicating that under-
standing one limb CPG would provide crucial informa-
tion for other species. The activity of spinal CPGs is

modulated by various monoamines and metabotropic
GABA and glutamate receptors that act pre- or post-
synaptically, often with synapse- and cell-specific effects.
These effects are exerted at both a pre-and postsynaptic
level and they seem to be similar in the different model
systems studied (lampreys, amphibian tadpoles, neonatal
rodents and cats).

The challenges now are to reach an understanding of
the intrinsic function of mammalian CPGs, and to
explore the more complex mechanisms of selection and
initiation of goal-directed motor behaviour in different
animal models. Understanding the conservation of
CPGs through evolution also has important clinical
implications for humans with spinal injuries (8ox 2). The
lamprey model has provided important insights into
the intrinsic functions of its locomotor control system.
Evolution has probably acted on these networks to
adapt them to the control of appendages. In the future,
genomic analyses will also be important in this context.
The zebrafish genome should complement the informa-
tion from the lamprey, and the comparison between
zebrafish (with fins) and the mouse should provide
important insights into the modifications made when
changing from an aquatic to a terrestrial life. The animal
models in which both genetic and experimental infor-
mation are available will probably be at an advantage,
but soon this might apply to many species.
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