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Abstract: The neuronal networks that generate locomotion are well understood in swimming animals
such as the lamprey, zebrafish and tadpole. The networks controlling locomotion in tetrapods remain,
however, still enigmatic with an intricate motor pattern required for the control of the entire limb
during the support, lift off, and flexion phase, and most demandingly when the limb makes contact
with ground again. It is clear that the inhibition that occurs between bursts in each step cycle is
produced by V2b and V1 interneurons, and that a deletion of these interneurons leads to synchronous
flexor–extensor bursting. The ability to generate rhythmic bursting is distributed over all segments
comprising part of the central pattern generator network (CPG). It is unclear how the rhythmic
bursting is generated; however, Shox2, V2a and HB9 interneurons do contribute. To deduce a
possible organization of the locomotor CPG, simulations have been elaborated. The motor pattern
has been simulated in considerable detail with a network composed of unit burst generators; one
for each group of close synergistic muscle groups at each joint. This unit burst generator model can
reproduce the complex burst pattern with a constant flexion phase and a shortened extensor phase
as the speed increases. Moreover, the unit burst generator model is versatile and can generate both
forward and backward locomotion.

Keywords: locomotion; premotor interneurons; unit burst generator network; CPG simulations

1. Introduction

The graceful locomotor movements that we observe as a cheetah runs after a prey or a
ballet dancer performs utilize most parts of the nervous system, from the spinal cord to the
cortex and cerebellum. The very core of the locomotor system is, however, composed of
spinal circuits under the control of locomotor command centers in the brainstem [1]. The
general pattern of motor coordination during walking is ancient and similar in rodents, cats
and humans and also in birds, which suggests that it had evolved already in reptiles and
possibly earlier [2]. In the spinal cord, there is a locomotor network of neurons coordinating
the pattern of muscle activation in each step cycle, a central pattern generator network
(CPG). This network is also subject to a profound sensory control from receptors/afferents
activated by the limb movements [3–6]. During a step cycle, the limb goes through four
different phases, (1) the support phase, (2) the lift off phase, (3) the forward flexion during
the swing phase and (4) finally, a touch down phase, which is the most demanding part,
when the limb is extended to make contact with the ground with appropriate speed in
relation to ground. The pattern of muscle activation is more complex than a mere alternation
between flexors and extensors, and ensures that the lift off and touch down phases are
adequately controlled. This complex pattern remains after a complete denervation of the
afferents from the limb, and it is thus coordinated by the CPG itself [7,8]. Under normal
conditions all phases are subject to modulation due to sensory input arising from the
limb as it is subject to a variety of perturbations as, for example, we walk on a slope or
experience obstacles. The sensory elements that influence the CPG are of critical importance
for normal locomotion and have been dealt with extensively elsewhere [1,6,9]. Suffice
it to mention that the extensor Golgi tendon organs activated during the support phase
and receptors signaling the hip position can affect the transition from stance to swing and
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thus has an impact on the CPG. This review is, however, dedicated specifically to the limb
CPG and particularly that of mammals, and we will not consider the important sensory
aspects below.

The forms of locomotion can be varied in many ways in humans, as well as other
mammals. For instance, one can walk forwards, backwards, sideways, tiptoeing or crouch-
ing. This means that there is a need for changing, for example, the coordination between
the hip and the lower leg when changing from the forward to the backward direction.
It is reasonable to assume that there is not a separate locomotor CPG for each of these
possibilities, but rather that the CPG needs to be versatile, and be able to coordinate each
of these motor patterns.

To understand the intrinsic operation of a CPG will require detailed information of
not only which neurons are part of the CPG, but also their membrane properties and the
synaptic interaction between subtypes of interneurons and finally how the CPG is turned
on from the brainstem. Easy to state, but more difficult to deliver, given that this is a
technically very demanding task. It has been largely solved regarding the CPGs of the
zebrafish, lamprey and frog tadpole. It has, however, been difficult to reach a similar
degree of understanding in the CPGs controlling limbs since the network needs to be more
complex, controlling different groups of muscles in a precise manner. In Section 3 we
will discuss what is known about different aspects of the limb CPG of mammals mostly
from experiments on cat, rat and mouse. In Section 2, we will consider the design of the
swimming CPGs, which is largely understood, and subsequently discuss the limb CPGs,
what is known–the facts–and then an evaluation of conceptual schemes analyzed through
detailed modelling [10–14].

2. The CPG in Lamprey, Zebrafish and Tadpole

In the zebrafish, lamprey and frog tadpole the intrinsic function of the CPG pro-
viding alternation in a given segment is in principle understood [1]. The recent data
from the El Manira laboratory has shown that there are three subtypes of glutamatergic
excitatory interneurons (V2a-type), projecting directly to slow, intermediate and fast mo-
toneurons [15–18]. The “slow” interneurons projecting to the slow motor neurons have the
lowest threshold for activation from descending drive signals and a tendency to oscillate
when depolarized, due to their intrinsic membrane properties (Figures 1 and 2D). Within
the slow interneuron population there is mutual excitation that reinforces and coordinates
the activity in this subpopulation of interneurons, which provides the rhythmic excitatory
drive to the slow motoneurons. A further increase in the descending drive signal will
recruit the “intermediate” interneuron population. In addition, these interneurons receive
excitation from the slow interneuron population, which allows for synchrony. The same
applies with a further increased descending drive, when the “fast” interneuron popula-
tion can be brought in to generate swimming at the highest speeds of locomotion. The
burst termination is due to intrinsic membrane properties. Inhibitory interneurons with
a commissural action are also brought in that inhibit premotor interneurons and motor
neurons on the contralateral side and ascertain that when the CPG on one side is active the
other side will be inhibited and vice versa. Previous less-detailed work on the lamprey and
frog tadpole had shown a similar organization with populations of excitatory glutamater-
gic premotor interneurons responsible for providing the excitation of motoneurons and
reciprocal inhibition [19,20]. The segmental lamprey network, as shown in Figure 2B, de-
pends on pools of interacting excitatory interneurons (E in Figure 2B), which are activated
by a descending drive, but also through mutual excitation between the E-interneurons
(Figure 2E). The network has been simulated in great detail (Figure 2A) with the different
neurons having properties similar to their biological counterparts and with biological vari-
ability introduced. The cellular mechanisms that determine burst termination are shown in
Figure 2D. Essentially, during the burst the level of Ca2+ will increase intracellularly, which
will activate calcium-dependent potassium channels, which will gradually hyperpolarize
the E-interneurons. A segmental population of 100 E-interneurons generates burst activity
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(Figure 2F) when submitted to descending excitatory drive [12,13,21]. The alternation
between the left and right side is achieved by inhibitor interneurons. The intersegmental
coordination based on available connectivity has also been simulated as detailed in the
references provided above.
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Figure 1. The modular zebrafish central pattern generator (CPG). As described in the text, the
excitatory V2a interneurons are further subdivided into three modules, each controlling fast (blue), in-
termediate (green), and slow (red) motoneurons and muscle fibers. Each module consists of excitatory
interneurons, some of which also have gap junctions in their synapse on motoneurons (as indicated
by the resistor in the drawing). The gap junctions play an important role in providing feedback
between motoneurons and interneurons, thereby amplifying the chemical synaptic transmission
when depolarized. To the left is indicated that at slow speeds the slow (red) module is recruited,
and with increasing speed the intermediate (green) and the fast (blue), respectively. Modified from
Grillner and El Manira (2020) [1].

During swimming a rostrocaudal wave is transmitted along the length of the body that
pushes the animal forward through the water, and in the spinal cord there is a correspond-
ing rostrocaudal wave of activity that results from an interaction between the segmental
networks. As shown in the lamprey, a somewhat higher excitability in the lead-segment
will result in a constant phase lag along the spinal cord (Figure 2F). This mechanism will
produce forward swimming, but also backward swimming if the lead segment is located
in a caudal position [12,13,22].
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Figure 2. Cellular properties explored in simulations of the lamprey spinal locomotor networks. (A) The morphology of the
CPG neurons is captured using a five-compartment model consisting of an initial segment, a soma and a dendritic tree.
Active ion currents are modeled using a Hodgkin–Huxley formalism. Both ion channels involved in spiking behavior (Na+,
K+) and slower Ca2+ or potassium-dependent processes (KCa, KNa) are modeled based on available data. Spiking behavior
of a CPG neuron. Spike frequency can be regulated by the AHP (afterhyperpolarization). (B) The segmental locomotor
network in lamprey. Red, excitatory interacting interneurons excite motoneurons (green) and commissural inhibitory
interneurons (blue) that inhibit all neurons on the contralateral side. (C) Fast synaptic transmission is included in the form
of excitatory glutamatergic (AMPA and voltage-dependent NMDA) and inhibitory glycinergic inputs. (D) Main ionic
membrane and synaptic currents considered to be important during activation within the CPG network. Slower processes
can cause spike frequency adaptation, such as Ca2+ accumulation during ongoing spiking and resulting activation of KCa.
(E) Unilateral CPG activity can be evoked in local networks of excitatory interneurons (EINs). This basic EIN network can
sustain the rhythm seen in ventral roots in vitro during evoked locomotor activity. The left–right alternating activity requires
the presence of contralateral inhibition provided by glycinergic interneurons (see below). (F) The burst activity along the
simulated spinal cord is illustrated in segments 4, 10 and 16. Note the sequential activation of the different segments.

3. The Hindlimb CPG in the Lumbosacral Spinal Cord

The mammalian CPG is more complex in that it needs to coordinate all the different
muscles in the limb. Furthermore, the different CPGs of the four limbs can be coordinated
in many different ways, as in walking, trotting and galloping. Let us now consider the CPG
of a single limb. The hindlimb CPG has by far received the most attention experimentally
over several decades, primarily in the cat and then in rodents (mice). The early work on
the cat showed that the spinal cord could generate the complex motor pattern [7,8] even
without any afferent input. The CPG could be released by activation of noradrenergic
precursors [23–25]. To attempt to understand how the CPG is designed, recordings of rhyth-
mically active interneurons were performed, and it was shown that inhibitory premotor
neurons mediating the reciprocal inhibition between flexor and extensors, the so-called 1a
interneurons, were rhythmically active and thus part of the CPG network [26–29]. Further,
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the Renshaw cells were active and receiving input from the CPG. However, the likelihood
that one should be able to obtain sufficient rigorous knowledge of interneuronal connec-
tivity was very low, particularly with the techniques available in the seventies. This was
the reason why one of us (SG) shifted over from cat to lamprey many years ago, which
allowed for paired recordings between pre- and postsynaptic neurons in the CPG.

The situation changed radically some decades ago, when it became possible to study
the CPG in action in the isolated mouse spinal cord [30,31], combined with the fact that
molecular techniques entered the scene. The definition of developmentally defined sub-
types of interneurons V0 to V3, which included physiologically defined subtypes of in-
hibitory and excitatory interneurons and dorsal subtypes of precursor neurons, opened up
a wealth of new possibilities [32–37]. Subtypes of interneurons could be deleted and/or op-
togenetically activated or inhibited, while the behavioral effects on the locomotor network
could be investigated.

Despite these new possibilities and a dedicated effort of many prominent research
groups such as those of Martyn Goulding, Ole Kiehn, Sam Pfaff, Tom Jessel, Rob Brown-
stone and many more, it has not yet been possible to crack the code of the limb CPG. The
periodic inhibition of flexors is mediated by V1 interneurons and of extensors via V2b
interneurons. A simultaneous inactivation of both groups abolishes the flexor–extensor
alternation and makes them discharge in synchrony, but the rhythmic bursting still con-
tinues. This indicates that the burst generation is not crucially dependent on inhibition,
which experiments with blockade of glycinergic inhibition had also suggested [38]. In the
frog tadpole, recent experiments have indicated the burst generation requires commissural
inhibition [39], however, in contrast to the situation in lamprey [40].

A wealth of information has been gathered concerning different subtypes of excitatory
interneurons that when interfered with may either lower or make the rhythm more irregular.
For instance, V2a interneurons provide excitation of motoneurons but is thought not to
initiate the rhythmic burst activity as they do in the zebrafish. A population of non-
V2a interneurons that expresses Shox2 has recently come in focus, which is composed
by electrically coupled excitatory interneurons [41,42] and they may contribute to the
generation of rhythmic bursting and provides excitation of V2a interneurons. An excellent
and more detailed account for the activity in different subtypes of interneurons is provided
by Rancic and Gosgnach [43] that are part of this volume.

The overall conclusion so far is that we have information on many subtypes of in-
terneurons, but no overall understanding of the integrated CPG network that coordinates
the whole limb with its complex motor pattern, except that V1 and V2b interneurons are
required for the generation of the flexor–extensor alternation. More knowledge is required
regarding connectivity between interneurons, synaptic properties and membrane proper-
ties. There is also little knowledge of the interaction between the premotor interneurons
located in different segments along the spinal cord that are engaged in the control of
different muscle groups.

4. Is the Ability to Generate Rhythmic Activity Distributed within the Lumbosacral
Spinal Cord?

One important question to consider is if the rhythm-generation in the isolated spinal
cord of the mouse locomotor activity is located in one or two segments, or if it is distributed
along the entire lumbosacral spinal cord. Locomotor activity can be induced pharmaco-
logically, by stimulation of descending pathways or optogenetically (channelrhodopsin
(ChR2)) by activation of glutamatergic interneurons, including not only V2a interneu-
rons. Hägglund et al. [44] could show that shining light on the entire spinal cord elicited
coordinated locomotor activity, while light limited to only one side of the spinal cord
produced coordinated locomotor bursting only on the side exposed to light. Furthermore,
when the light was limited to only one segment burst activity was produced in only that
segment. Furthermore, by recording activity in single flexor and extensor nerves, they
could show that exclusive flexor or extensor activity could be induced separately. Thus,
discrete bursting could be induced in either a flexor or an extensor. The ability to generate
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locomotor-related burst activity is thus distributed along the spinal cord and not limited to
one part of the spinal cord. Burst activity can be generated independently in either flexors
or extensors.

These findings agree with earlier findings reported in the cat [10] showing that the
spinal cord could be divided into two parts, both of which could be made to generate
burst activity, and that flexor bursting could occur with tonic activity in extensors or vice
versa. This led Grillner [10,45] to suggest a conceptual scheme, the unit burst generator
model (UBG-model), in which each group of synergists at the different joints would be
by a “unit burst generator”. Each unit CPG would be comprised by the interneurons that
are presynaptic to one group of close of synergists such as the hip extensors or the ankle
flexor. The different unit CPGs would interact by reciprocal inhibition as between the hip
flexor UBG and that of the hip extensors, or by mutual excitation between the UBGs of hip
and knee extensors. Moreover, the more complex patterns of muscle activity that occur in
knee-flexors and toe extensors at the transition between main flexors and extensors at the
hip could also be accounted for. We will discuss simulations of the UBG further below.

5. Facts regarding the Limb CPG for Locomotion—Summary

The focus of this brief account is the mammalian limb CPG; although not understood
in all aspects, we feel that it is important to briefly summarize facts regarding the different
parts of the CPG jigsaw puzzle—which parts are in place, and which are undefined. Below,
we will consider all interneurons being presynaptic to the motoneurons or upstream that
contribute to the generation of the motor pattern as part of the locomotor CPG. Within
the family of interneurons some may be more important for generating the frequency
of bursting and others for inhibiting or activating a specific muscle group. We will not
subdivide the CPG in one layer concerned with rhythm generation and a second down-
stream layer providing the motor pattern, because they operate, as far as I can see, as an
integrated whole.

• The CPG produces a motor pattern that includes flexor and extensor alternation and it
activates in addition motoneurons with a burst in the transition between extensors and
flexors as the knee-flexors (lift up) and the conversely at touch down (the E1 phase).

• The ability to induce locomotor bursting is distributed along the lumbosacral spinal
cord on each side.

• Bursts can be induced independently in flexor and extensor groups in one part of the
spinal cord.

• Motoneurons receive glutamatergic excitation alternating with glycinergic inhibition
in the inactive periods.

• V2a interneurons contribute to motoneuron excitation and they represent a family
of interneurons with many subpopulations each of which target a separate group of
motoneurons.

• Shox2 (non-V2a) interneurons are electrically coupled and may contribute to bursting
and to activation of V2a interneurons. Shox2 interneurons are rhythmically active in
phase with extensors or flexors.

• HB9 (homeobox) interneurons are rhythmically active and provide monosynaptic
excitation to motoneuron, but do not appear to contribute to the rhythm generation

• Monosynaptic glycinergic inhibition of motoneurons is mediated to flexors via V1
interneurons and to extensors via V2b interneurons, some of which are also referred
to as 1a interneurons. The flexor and extensor groups of 1a interneurons are further
subdivided in subgroups each acting on a limited set of synergist motoneurons (Eccles
and Lundberg 1958).

• V1 and V2b groups include in addition to 1a interneurons a variety of inhibitory
neurons including Renshaw cells.

• Deletion of V1 and V2b interneurons abolishes alternation between flexors and exten-
sors while synchronous burst activity is maintained.
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6. Conceptual Schemes—Models—Fiction Based on Facts
6.1. The Unit Burst Generator Model for the Locomotor CPG

The network for a single limb needs to be flexible, and to allow the generation of
locomotor movements with different limb configurations such as walking forwards and
backwards and more subtle modifications.

A conceptual model of the limb CPG that is compatible with the available facts is the
UBG model [10,45,46]. Figure 3 (left) illustrates that locomotion results from the interaction
between the four limb CPGs, and further suggests that the limb CPG can be subdivided
into a set of UBGs, each controlling a group of close synergists such as hip flexors or knee
extensors. Each UBG is composed of a pool of excitatory neurons that can isolation generate
burst activity if receiving an excitatory input. With current knowledge (see above) such a
UBG could be composed of V2a and Shox2 (non-V2a; see above) interneurons that could
independently generate the burst pattern.
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Figure 3. Systems of interacting unit CPGs – intralimb coordination – forward locomotion. (A) The diagram to the left
shows the four limb CPGs of a tetrapod and possible modes of coordination (in phase or alternation for fore- and hindlimbs,
respectively). The CPGs are turned on by the descending drive from the MLR (mesencephalic locomotor region) or the
DLR (diencephalic locomotor region). (B) Within each limb CPG there is most likely a further subdivision in unit CPGs
controlling the synergists at one joint, such as hip (H), knee (K), ankle (A) and foot (F) extensors (E) or flexors (F). EDB
(extensor digitorum brevis) has a particular pattern. The normal pattern of activity results from the interaction between the
different unit CPGs at different joints. The advantage is that the unit CPGs may be recombined as in backward or forward
walking, in the same way as with the different limb CPGs that can be recombined in the different gaits. Circles indicate
inhibition, and forks/triangles excitation. (C) Exploratory simulation of locomotor activity, with a network arranged as in
the diagram in which each unit CPG is designed in a similar way to the lamprey unit CPGs consisting of 100 excitatory
interacting neurons–and the interaction between the 9-unit CPGs arranged as in the middle diagram. The output of the
model network captures essential features of the locomotor output.

In the lamprey, segmental network presumed V2a interneurons can generate the burst
pattern without inhibitory interaction. They would be analogous to a UBG. To explore this
possibility, we have used detailed simulations that have been performed on the lamprey
locomotor network [12,21], which were based on simulations of 100 excitatory interneurons
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in each segment. The simulations provided detailed representations of the somato-dendritic
properties including subtypes of ion channels (Figure 2A), synaptic interaction including
both AMPA and voltage-dependent NMDA channels (Figure 2C). The burst termination
would depend on cellular mechanisms, including accumulation of Ca2+ and Na+ during the
burst that activate Ca 2+ and Na+-activated potassium channels (Figure 2D). The unit CPG
would be composed of pools of interacting excitatory interneurons (Figure 2E) and within
each pool of interneurons the variability within the population was introduced which is an
important factor which provides increased range of stable bursting. The intersegmental
coordination is also illustrated for forward and backward swimming (Figure 2F).

To simulate the limb CPG, we have utilized the lamprey segmental core of E-interneurons
that provide independent bursting as UBGs [21]. We assume reciprocal inhibition between
flexor and extensor UBGs at each joint (see scheme in Figure 3) similar to the crossed
inhibition in the lamprey network. In addition, we have considered the knee flexors (KF)
that are active in the transition between support and swing phase (lift off) and let them
receive inhibition from the flexors acting at the hip and ankle. This will relieve the KF-UBG
from inhibition in the transition phase and discharge a burst at liftoff. The same is true
for the toe extensors that are activated specifically when the limb makes contact with the
ground. The EDB-UBG is indicated to receive inhibition from both flexor and extensors and
thereby be active in the transition. Figure 3 shows the coordinated motor pattern produced
by the network when simulated with all UBGs activated. Below is indicated the activity
of the interneurons in the different unit CPGs. Note the alternation between flexors and
extensors, and also knee flexors and toe extensors are active in the transition phase. This
scheme captures most aspects of the mammalian locomotor pattern.

During locomotion the flexion phase remains constant while the extension phase short-
ens progressively as the speed of locomotion increases. The activity of the UBG-network
depends on the excitatory drive corresponding to reticulospinal neurons and indirectly
from the mesencephalic locomotor center (MLR, Figure 3). If the drive to the flexor UBGs
was kept constant, while that to the extensor UBGs was progressively increased, there was
a progressive shortening of the extensor burst duration, as the flexion phase remained
constant (Figure 4A). In this sense the UBG network reproduces the flexor and extensor
asymmetry observed during locomotion in rodents, cats and humans [47,48].

When walking backwards, the coordination between the hip and the lower leg must
be reversed, the liftoff face will then be in a rostral limb position and the touch down in a
caudal position opposite to forward locomotion. The flexibility of the UBG network can
account for this. If we hypothesize that one can switch the connectivity between the hip
extensor UBG to that of the knee UBG (Figure 3, middle), from excitatory interaction to
inhibition the phase relation would change as shown in Figure 4C. Note that now the hip
flexors are active together with knee extensors. There are several examples of networks
with a dynamic shift of connectivity between excitation and inhibition within the spinal
cord [49,50].

A UBG-model is most likely a simplification, but it does show that kernels of unit
CPGs in considerable detail can reproduce the complex motor pattern of the mammalian
limb during locomotion. It can reproduce the asymmetry between flexors and extensors
as the speed increases, and it can easily produce a flexible motor coordination as seen in
forwards and backwards locomotion. Thus, it is possible to consider a fairly simple and
flexible design of the limb CPG that is compatible with the facts so far available. In addition,
it is versatile, a characteristic of the mammalian limb CPG. To what a degree it will apply
will need more research of a demanding type to be resolved. A similar organization has
been suggested for the stick insect with independent circuits operating at each joint [51].
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6.2. Two Level Models

Several early reports had indicated that lesions of the upper lumbar segments innervat-
ing hip flexors resulted in an abolition of locomotor activity, which lead to the supposition
that there was only one rhythm generator, despite the fact that it had been shown that also
caudal segments can generate rhythmic activity [10] and the more recent demonstration in
the rodent spinal cord referred to above [44]. Many researchers still favor a model with only
one rhythm generator. Rybak et al. [14] have modelled such a network with a reciprocally
coupled extensor and a flexor burst generator [14,52,53]. The central rhythm generator
(RG) sets the coordinated burst frequency and only at that level a change in pace can be
achieved. The RG in turn is thought to activate a pattern generating network (PG) which
consists of a set of excitatory and inhibitory premotor interneurons. So far, this network
has been modelled to generate rhythmic alternating activity, but not the finer details of
the motor pattern. A question to consider is also the fact that the locomotor network is
affected by sensory signals from the moving limb, and this form of control is also included
in their simulations.

One further argument that has been used to support this single RG model is that
during rhythmic continuous bursting, a deletion of one burst in one muscle group can
occur while the other muscles continue to be active without any change. This could easily
be explained if one had only one RG that was dictating the rhythm, but it could equally
well be explained with the UBG model. In fact, in the UBG configuration, one could
think that the hip UBGs could have a role of having a higher level of drive and thereby
represent the lead segment and the UB at other joints would be entrained by the hip UBGs
under some conditions. The RG/PG concept consists of one rhythm generator with the
activation/inhibition of the different muscle groups handled downstream by PG circuits.
In contrast, the UBG model has rhythm and pattern generation integrated and the hip
UBGs are responsible for activation of flexors and extensors at the hip, and will also affect
the lower limb UBGs.

Another aspect to consider is whether the CPG network is used exclusively for loco-
motion or if parts of the network can be used in the context of other patterns of behavior.
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The first example to consider is an integrated pattern such as that used during the scratch
reflex when the hindlimb is used to target a specific area on the skin which is itching. An
additional possibility is whether small parts of CPG network can be selectively activated
from the forebrain to elicit volitional movements of parts of the limb, for instance, moving
only the ankle or wiggling the big toe [45]. It would seem useful to utilize the preformed
circuitry rather than to recreate new circuits, but this needs to be explored.

6.3. The Swimming and Walking Motor Patterns Can Be Accounted for by One CPG Network

The swimming motor pattern is, in contrast to over ground locomotion, characterized
by very short extensor burst and longer flexor burst in mice (3). This is most likely explained
by the fact that the mechanical resistance to the forward movement of the limb in the flexion
phase will necessarily be much greater in water than in air. When, however, the muscle
spindle afferents have been eliminated the motor pattern reverts to that of walking. This
case shows that the mouse uses the same “central” motor program for both walking and
swimming, but in the latter case the extreme mechanical difference of the movement
resistance allows afferents, perhaps from the hip, to prolong the flexion phase by action on
the CPG [54].

7. Conclusions

Whereas the swimming CPGs are largely understood, the limb CPG remains enig-
matic. It is clear that V2b and V1 interneurons are required for generating the alternation
between flexors and extensors and after a deletion of these interneuron populations, flexors
and extensors burst together. The generation of bursting activity may depend on Shox2
interneurons that activate V2a interneurons and in turn motoneurons and other groups
such as HB9 may contribute. The ability to generate burst activity is distributed along
the lumbosacral spinal cord and local circuits can activate flexors or extensors in one seg-
ment independently. It is shown that the motor pattern underlying locomotion could be
explained by the unit burst generator model. In addition, it can account for the asymmetry
between flexors and extensors as the speed increases and it is a versatile conceptual model
that allows for, for example, forward and backward locomotion. Although a model is
compatible with available experimental data, it may of course reflect only part of the spinal
cord reality.

Funding: This research was funded by the Swedish Medical Research Council (VR-M-K2013-62X-
03026, VR-M-2015-02816, and VR-M-2018-02453), EU/FP7 Moving Beyond grant ITN-No-316639,
European Union Seventh Framework Programme (FP7/2007-2013) under grant agreement no.604102
(HBP), EU/Horizon 2020 no.720270 (HBP SGA1), no. 785907 (HBP SGA2) and no. 945539 (HBP
SGA3), and the Karolinska Institutet.

Institutional Review Board Statement: The data discussed in this review originate from published
articles. The experiments originating from my own laboratory are performed according to the guide-
lines of the Declaration of Helsinki, and approved by the Institutional Review Board (Stockholms
Norra Djurförsöksetiska Nämnd) and were in accordance with The Guide for the Care and Use of
Laboratory Animals (1996). Every effort was made to minimize suffering and to reduce the number of
animals used.

Acknowledgments: We are grateful for the valuable comments of Brita Robertson and Abdel El
Manira on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Grillner, S.; El Manira, A. Current Principles of Motor Control, with Special Reference to Vertebrate Locomotion. Physiol. Rev.

2020, 100, 271–320. [CrossRef]
2. Dominici, N.; Ivanenko, Y.P.; Cappellini, G.; d’Avella, A.; Mondi, V.; Cicchese, M.; Fabiano, A.; Silei, T.; Di Paolo, A.; Giannini,

C.; et al. Locomotor Primitives in Newborn Babies and Their Development. Science 2011, 334, 997–999. [CrossRef]

http://doi.org/10.1152/physrev.00015.2019
http://doi.org/10.1126/science.1210617


Int. J. Mol. Sci. 2021, 22, 5882 11 of 12

3. Akay, T.; Tourtellotte, W.G.; Arber, S.; Jessell, T.M. Degradation of mouse locomotor pattern in the absence of proprioceptive
sensory feedback. Proc. Natl. Acad. Sci. USA 2014, 111, 16877–16882. [CrossRef]

4. Duysens, J.; Pearson, K.G. Inhibition of Flexor Burst Generation by Loading Ankle Extensor Muscles in Walking Cats. Brain Res.
1980, 187, 321–332. [CrossRef]

5. Grillner, S.; Rossignol, S. On the initiation of the swing phase of locomotion in chronic spinal cats. Brain Res. 1978, 146, 269–277.
[CrossRef]

6. Rossignol, S.; Dubuc, R.; Gossard, J.P. Dynamic sensorimotor interactions in locomotion. Physiol. Rev. 2006, 86, 89–154. [CrossRef]
7. Grillner, S.; Zangger, P. How detailed is the central pattern generation for locomotion? Brain Res. 1975, 88, 367–371. [CrossRef]
8. Grillner, S.; Zangger, P. On the central generation of locomotion in the low spinal cat. Exp Brain Res. 1979, 34, 241–261. [CrossRef]
9. Grillner, S. The execution of movement: A spinal affair. J. Neurophysiol. 2021, 125, 693–698. [CrossRef]
10. Grillner, S. Control of locomotion in bipeds, tetrapods and fish. In Handbook of Physiology, The Nervous System, Motor Control;

Brooks, V.B., Ed.; American Physiological Society: Rockville, MD, USA, 1981; Volume II, pp. 1179–1236.
11. Grillner, S. Biological pattern generation: The cellular and computational logic of networks in motion. Neuron 2006, 52, 751–766.

[CrossRef]
12. Kozlov, A.; Huss, M.; Lansner, A.; Kotaleski, J.H.; Grillner, S. Simple cellular and network control principles govern complex

patterns of motor behavior. Proc. Natl. Acad. Sci. USA 2009, 106, 20027–20032. [CrossRef]
13. Kozlov, A.K.; Kardamakis, A.A.; Kotaleski, J.H.; Grillner, S. Gating of steering signals through phasic modulation of reticulospinal

neurons during locomotion. Proc. Natl. Acad. Sci. USA 2014, 111, 3591–3596. [CrossRef]
14. Rybak, I.A.; Dougherty, K.J.; Shevtsova, N.A. Organization of the Mammalian Locomotor CPG: Review of Computational Model

and Circuit Architectures Based on Genetically Identified Spinal Interneurons. Eneuro 2015, 2, 5. [CrossRef]
15. Ampatzis, K.; Song, J.R.; Ausborn, J.; El Manira, A. Separate Microcircuit Modules of Distinct V2a Interneurons and Motoneurons

Control the Speed of Locomotion. Neuron 2014, 83, 934–943. [CrossRef]
16. Ausborn, J.; Mahmood, R.; El Manira, A. Decoding the rules of recruitment of excitatory interneurons in the adult zebrafish

locomotor network. Proc. Natl. Acad. Sci. USA 2012, 109, 21190. [CrossRef] [PubMed]
17. Song, J.; Dahlberg, E.; El Manira, A. V2a interneuron diversity tailors spinal circuit organization to control the vigor of locomotor

movements. Nat. Commun. 2018, 9, 3370. [CrossRef] [PubMed]
18. Song, J.; Pallucchi, I.; Ausborn, J.; Ampatzis, K.; Bertuzzi, M.; Fontanel, P.; Picton, L.D.; El Manira, A. Multiple Rhythm-Generating

Circuits Act in Tandem with Pacemaker Properties to Control the Start and Speed of Locomotion. Neuron 2020, 105, 1048–1061.
[CrossRef] [PubMed]

19. Buchanan, J.T.; Grillner, S. Newly Identified Glutamate Interneurons and Their Role in Locomotion in the Lamprey Spinal-Cord.
Science 1987, 236, 312–314. [CrossRef] [PubMed]

20. Roberts, A.; Li, W.C.; Soffe, S.R.; Wolf, E. Origin of excitatory drive to a spinal locomotor network. Brain Res. Rev. 2008, 57, 22–28.
[CrossRef]

21. Kozlov, A.K.; Lansner, A.; Grillner, S.; Kotaleski, J.H. A hemicord locomotor network of excitatory interneurons: A simulation
study. Biol. Cybern. 2007, 96, 229–243. [CrossRef]

22. Matsushima, T.; Grillner, S. Neural Mechanisms of Intersegmental Coordination in Lamprey—Local Excitability Changes Modify
the Phase Coupling Along the Spinal-Cord. J. Neurophysiol. 1992, 67, 373–388. [CrossRef]

23. Forssberg, H.; Grillner, S. The locomotion of the acute spinal cat injected with clonidine i.v. Brain Res. 1973, 50, 184–186. [CrossRef]
24. Grillner, S. The influence of DOPA on the static and the dynamic fusimotor activity to the triceps surae of the spinal cat. Acta

Physiol. Scand. 1969, 77, 490–509. [CrossRef]
25. Jankowska, E.; Jukes, M.G.; Lund, S.; Lundberg, A. The effect of DOPA on the spinal cord. 5. Reciprocal organization of pathways

transmitting excitatory action to alpha motoneurones of flexors and extensors. Acta Physiol. Scand. 1967, 70, 369–388. [CrossRef]
26. Edgerton, V.R.; Grillner, S.; Sjöström, A.; Zangger, P. Central Generation of Locomotion in Vertebrates. In Neural Control of

Locomotion; Herman, R.M., Grillner, S., Stein, P.S.G., Stuart, D.G., Eds.; Springer, Plenum Press: New York, NY, USA, 1976;
pp. 439–464.

27. Feldman, A.G.; Orlovsky, G.N. Activity of Interneurons Mediating Reciprocal 1a Inhibition during Locomotion. Brain Res. 1975,
84, 181–194. [CrossRef]

28. Hultborn, H.; Jankowska, E.; Lindstrom, S. Recurrent Inhibition of Interneurones Monosynaptically Activated from Group Ia
Afferents. J. Physiol. London 1971, 215, 613–636. [CrossRef] [PubMed]

29. Jankowska, E.; Roberts, W.J. Synaptic actions of single interneurones mediating reciprocal Ia inhibition of motoneurones. J.
Physiol. 1972, 222, 623–642. [CrossRef]

30. Ozaki, S.; Yamada, T.; Iizuka, M.; Nishimaru, H.; Kudo, N. Development of locomotor activity induced by NMDA receptor
activation in the lumbar spinal cord of the rat fetus studied in vitro. Brain Res. Dev. Brain Res. 1996, 97, 118–125. [CrossRef]

31. Smith, J.C.; Feldman, J.L. In vitro brainstem-spinal cord preparations for study of motor systems for mammalian respiration and
locomotion. J. Neurosci. Methods 1987, 21, 321–333. [CrossRef]

32. Arber, S. Motor Circuits in Action: Specification, Connectivity, and Function. Neuron 2012, 74, 975–989. [CrossRef]
33. Gosgnach, S.; Bikoff, J.B.; Dougherty, K.J.; El Manira, A.; Lanuza, G.M.; Zhang, Y. Delineating the Diversity of Spinal Interneurons

in Locomotor Circuits. J. Neurosci. 2017, 37, 10835–10841. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1419045111
http://doi.org/10.1016/0006-8993(80)90206-1
http://doi.org/10.1016/0006-8993(78)90973-3
http://doi.org/10.1152/physrev.00028.2005
http://doi.org/10.1016/0006-8993(75)90401-1
http://doi.org/10.1007/BF00235671
http://doi.org/10.1152/jn.00656.2020
http://doi.org/10.1016/j.neuron.2006.11.008
http://doi.org/10.1073/pnas.0906722106
http://doi.org/10.1073/pnas.1401459111
http://doi.org/10.1523/ENEURO.0069-15.2015
http://doi.org/10.1016/j.neuron.2014.07.018
http://doi.org/10.1073/pnas.1216256110
http://www.ncbi.nlm.nih.gov/pubmed/23236181
http://doi.org/10.1038/s41467-018-05827-9
http://www.ncbi.nlm.nih.gov/pubmed/30135498
http://doi.org/10.1016/j.neuron.2019.12.030
http://www.ncbi.nlm.nih.gov/pubmed/31982322
http://doi.org/10.1126/science.3563512
http://www.ncbi.nlm.nih.gov/pubmed/3563512
http://doi.org/10.1016/j.brainresrev.2007.06.015
http://doi.org/10.1007/s00422-006-0132-2
http://doi.org/10.1152/jn.1992.67.2.373
http://doi.org/10.1016/0006-8993(73)90606-9
http://doi.org/10.1111/j.1748-1716.1969.tb04592.x
http://doi.org/10.1111/j.1748-1716.1967.tb03636.x
http://doi.org/10.1016/0006-8993(75)90974-9
http://doi.org/10.1113/jphysiol.1971.sp009488
http://www.ncbi.nlm.nih.gov/pubmed/4253675
http://doi.org/10.1113/jphysiol.1972.sp009818
http://doi.org/10.1016/S0165-3806(96)00139-3
http://doi.org/10.1016/0165-0270(87)90126-9
http://doi.org/10.1016/j.neuron.2012.05.011
http://doi.org/10.1523/JNEUROSCI.1829-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29118212


Int. J. Mol. Sci. 2021, 22, 5882 12 of 12

34. Goulding, M. Circuits controlling vertebrate locomotion: Moving in a new direction. Nat. Rev. Neurosci. 2009, 10, 507–518.
[CrossRef]

35. Grillner, S.; Jessell, T.M. Measured motion: Searching for simplicity in spinal locomotor networks. Curr. Opin. Neurobiol. 2009, 19,
572–586. [CrossRef]

36. Jessell, T.M. Neuronal specification in the spinal cord: Inductive signals and transcriptional codes. Nat. Rev. Genet. 2000, 1, 20–29.
[CrossRef]

37. Kiehn, O. Decoding the organization of spinal circuits that control locomotion. Nat. Rev. Neurosci. 2016, 17, 224–238. [CrossRef]
38. Bracci, E.; Ballerini, L.; Nistri, A. Localization of rhythmogenic networks responsible for spontaneous bursts induced by strychnine

and bicuculline in the rat isolated spinal cord. J. Neurosci. 1996, 16, 7063–7076. [CrossRef]
39. Moult, P.R.; Cottrell, G.A.; Li, W.C. Fast silencing reveals a lost role for reciprocal inhibition in locomotion. Neuron 2013, 77,

129–140. [CrossRef]
40. Cangiano, L.; Hill, R.H.; Grillner, S. The hemisegmental locomotor network revisited. Neuroscience 2012, 210, 33–37. [CrossRef]
41. Dougherty, K.J.; Zagoraiou, L.; Satoh, D.; Rozani, I.; Doobar, S.; Arber, S.; Jessell, T.M.; Kiehn, O. Locomotor Rhythm Generation

Linked to the Output of Spinal Shox2 Excitatory Interneurons. Neuron 2013, 80, 920–933. [CrossRef]
42. Ha, N.T.; Dougherty, K.J. Spinal Shox2 interneuron interconnectivity related to function and development. Elife 2018, 7, e42519.

[CrossRef] [PubMed]
43. Rancic, V.; Gosgnach, S. Recent Insights into the Rhythmogenic Core of the Locomotor CPG. Int, J. Mol. Sci. 2021, 22, 1394.

[CrossRef] [PubMed]
44. Hägglund, M.; Dougherty, K.J.; Borgius, L.; Itohara, S.; Iwasato, T.; Kiehn, O. Optogenetic dissection reveals multiple rhythmo-

genic modules underlying locomotion. Proc. Natl. Acad. Sci. USA 2013, 110, 11589–11594. [CrossRef] [PubMed]
45. Grillner, S. Neurobiological Bases of Rhythmic Motor Acts in Vertebrates. Science 1985, 228, 143–148. [CrossRef]
46. Grillner, S.; Wallen, P.; Saitoh, K.; Kozlov, A.; Robertson, B. Neural bases of goal-directed locomotion in vertebrates—An overview.

Brain Res. Rev. 2008, 57, 2–12. [CrossRef]
47. Goslow, G.E., Jr.; Reinking, R.M.; Stuart, D.G. The cat step cycle: Hind limb joint angles and muscle lengths during unrestrained

locomotion. J. Morphol. 1973, 141, 1–41. [CrossRef]
48. Grillner, S.; Halbertsma, J.; Nilsson, J.; Thorstensson, A. The adaptation to speed in human locomotion. Brain Res. 1979, 165,

177–182. [CrossRef]
49. Forssberg, H.; Grillner, S.; Rossignol, S. Phase Dependent Reflex Reversal during Walking in Chronic Spinal Cats. Brain Res. 1975,

85, 103–107. [CrossRef]
50. Holmqvist, B.; Lundberg, A. Differential supraspinal control of synaptic actions evoked by volleys in the flexion reflex afferents

in alpha motoneurones. Acta Physiol. Scand. Suppl. 1961, 186, 1–15.
51. Buschges, A. Sensory control and organization of neural networks mediating coordination of multisegmental organs for

locomotion. J. Neurophysiol. 2005, 93, 1127–1135. [CrossRef]
52. Ausborn, J.; Shevtsova, N.A.; Caggiano, V.; Danner, S.M.; Rybak, I.A. Computational modeling of brainstem circuits controlling

locomotor frequency and gait. Elife 2019, 8, E43587. [CrossRef]
53. Ausborn, J.; Snyder, A.C.; Shevtsova, N.A.; Rybak, I.A.; Rubin, J.E. State-dependent rhythmogenesis and frequency control in a

half-center locomotor CPG. J. Neurophysiol. 2018, 119, 96–117. [CrossRef]
54. Andersson, O.; Grillner, S. Peripheral control of the cat’s step cycle II. Entrainment of the central pattern generators for locomotion

by sinusoidal hip movements during "fictive locomotion. Acta Physiol. Scand. 1983, 118, 229–239. [CrossRef]

http://doi.org/10.1038/nrn2608
http://doi.org/10.1016/j.conb.2009.10.011
http://doi.org/10.1038/35049541
http://doi.org/10.1038/nrn.2016.9
http://doi.org/10.1523/JNEUROSCI.16-21-07063.1996
http://doi.org/10.1016/j.neuron.2012.10.040
http://doi.org/10.1016/j.neuroscience.2012.03.007
http://doi.org/10.1016/j.neuron.2013.08.015
http://doi.org/10.7554/eLife.42519
http://www.ncbi.nlm.nih.gov/pubmed/30596374
http://doi.org/10.3390/ijms22031394
http://www.ncbi.nlm.nih.gov/pubmed/33573259
http://doi.org/10.1073/pnas.1304365110
http://www.ncbi.nlm.nih.gov/pubmed/23798384
http://doi.org/10.1126/science.3975635
http://doi.org/10.1016/j.brainresrev.2007.06.027
http://doi.org/10.1002/jmor.1051410102
http://doi.org/10.1016/0006-8993(79)90059-3
http://doi.org/10.1016/0006-8993(75)91013-6
http://doi.org/10.1152/jn.00615.2004
http://doi.org/10.7554/eLife.43587
http://doi.org/10.1152/jn.00550.2017
http://doi.org/10.1111/j.1748-1716.1983.tb07267.x

	Introduction 
	The CPG in Lamprey, Zebrafish and Tadpole 
	The Hindlimb CPG in the Lumbosacral Spinal Cord 
	Is the Ability to Generate Rhythmic Activity Distributed within the Lumbosacral Spinal Cord? 
	Facts regarding the Limb CPG for Locomotion—Summary 
	Conceptual Schemes—Models—Fiction Based on Facts 
	The Unit Burst Generator Model for the Locomotor CPG 
	Two Level Models 
	The Swimming and Walking Motor Patterns Can Be Accounted for by One CPG Network 

	Conclusions 
	References

