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Abstract. Swimming in vertebrates such as eel and lamprey
involves the coordination of alternating left and right activ-
ity in each segment. Forward swimming is achieved by a lag
between the onset of activity in consecutive segments rostro-
caudally along the spinal cord. The intersegmental phase lag
is approximately 1% of the cycle duration per segment and
is independent of the swimming frequency. Since the lam-
prey has approximately 100 spinal segments, at any given
time one wave of activity is propagated along the body.
Most previous simulations of intersegmental coordination in
the lamprey have treated the cord as a chain of coupled os-
cillators or well-defined segments. Here a network model
without segmental boundaries is described which can pro-
duce coordinated activity with a phase lag. This ‘continuous’
pattern-generating network is composed of a column of 420
excitatory interneurons (E1 to E420) and 300 inhibitory in-
terneurons (C1 to C300) on each half of the simulated spinal
cord. The interneurons are distributed evenly along the sim-
ulated spinal cord, and their connectivity is chosen to reflect
the behavior of the intact animal and what is known about
the length and strength of the synaptic connections. For ex-
ample, E100 connects to all interneurons between E51 and
E149, but at varying synaptic strengths, while E101 connects
to all interneurons between E52 and E150. This unsegmented
E-C network generates a motor pattern that is sampled by
output elements similar to motoneurons (M cells), which
are arranged along the cell column so that they receive in-
put from seven E and five C interneurons. The M cells thus
represent the summed excitatory and inhibitory input at dif-
ferent points along the simulated spinal cord and can be
regarded as representing the ventral root output to the my-
otomes along the spinal cord. E and C interneurons have five
simulated compartments and Hodgkin-Huxley based dynam-
ics. The simulated network produces rhythmic output over a
wide range of frequencies (1–11 Hz) with a phase lag con-
stant over most of the length, with the exception of the ‘cut’
ends due to reduced synaptic input. As the inhibitory C in-
terneurons in the simulation have more extensive caudal than
rostral projections, the output of the simulation has positive
phase lags, as occurs in forward swimming. However, unlike
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the biological network, phase lags in the simulation increase
significantly with burst frequency, from 0.5% to 2.3% over
the range of frequencies of the simulation. Local rostral or
caudal increases in excitatory drive in the simulated net-
work are sufficient to produce motor patterns with increased
or decreased phase lags, respectively.

1 Introduction

Undulatory swimming in vertebrates is produced by rhyth-
mic alternating burst activity in the left and right sides of
each spinal segment with a frequency ranging from 0.25 Hz
to 8–10 Hz in the lamprey. There is, in addition, a rostrocau-
dal delay between the burst onset in each segment along the
cord, resulting in a wave propagated along the body, pro-
pelling the animal forwards through the water. The lamprey,
a primitive eel-like vertebrate, has been used extensively
for investigating vertebrate locomotion, since it has fewer
neurons and a simpler form of movement compared with
higher vertebrates (Cohen and Wallén 1980; Grillner et al.
1995). The isolated lamprey spinal cord can produce rhyth-
mic motor patterns with as few as two of its approximately
100 segments (Grillner et al. 1983). This illustrates that the
ability to produce coordinated burst activity is distributed
along the spinal cord, and a local network was suggested
(Buchanan and Grillner 1987) and later simulated (Grillner
et al. 1988a). The whole brainstem–spinal cord network re-
sponsible for burst generation including sensory modulation
has further been investigated in terms of circuitry, types of
synaptic transmission, and general membrane properties (for
reviews see Grillner et al. 1991, 1995). The properties of the
network model are based on these studies and it has been
modeled in a series of detailed computer simulation stud-
ies (Brodin et al. 1991; Ekeberg et al. 1991; Hellgren et al.
1992; Walĺen et al. 1992; Tr̊avén et al. 1993).

This study is concerned with modeling intersegmental
coordination in the lamprey. Here, the phase lag (Fig. 1) dur-
ing forward swimming is independent of swimming speed
and is approximately 100% of the cycle duration (i.e., a
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Fig. 1a,b.Schematic of lamprey and motor pattern underlying forward and
backward swimming. Phase lags are a constant proportion of the cycle
duration. a Forward swimming is achieved by a lag between the onset
of activity in consecutive segments rostrocaudally along the spinal cord.
b Backward swimming, however, is characterized by a lag between the
onset of activity in consecutive segments caudorostrally

full cycle) from segment 1 to segment 100, i.e., 1%/seg-
ment (Walĺen and Williams 1984), both in the intact and in
the in vitro preparation, as was first shown in the dogfish
(Grillner 1974; Grillner and Kashin 1976). Therefore at any
given time there is one mechanical wave along the body, a
condition believed to be of hydrodynamic importance (for
a review see Lighthill 1969; Sigvardt 1989). Later studies
have demonstrated that phase lags in different in vitro prepa-
rations vary around this value of 1%. Of the preparations
two thirds vary between 0.3% and 1.6% but the full range is
between−1% and +2% (Matsushima and Grillner 1992b).
Neurophysiological experiments have shown that the inter-
segmental phase lag along the spinal cord can be influenced
by local increases of the excitatory drive in a dose-dependent
manner (Matsushima and Grillner 1992b). Segments with a
higher degree of excitation will, at least in pieces of the
spinal cord (20 segments) and regardless of their location
along it, become the leading segments from which a lag
will be produced between each segment in the rostral and
caudal direction (Matsushima and Grillner 1990, 1992a; for
a review see Grillner et al. 1993). An excitability difference
also produced a phase lag in a model with realistic model
neurons and segmental oscillator circuits. Twenty segments
were coupled using symmetric nearest-neighbor excitatory
couplings (Wadden et al. 1993). This model, however, did
not directly account for the fact that the isolated spinal cord
can produce a phase lag without any induced change in de-
gree of excitation.

Chains of segmental oscillator circuits have been used
as a simplifying assumption for studying intersegmental co-
ordination. The basis for considering the spinal cord as a
series of separately coupled oscillators has been that the in
vitro lamprey is capable of producing alternating burst ac-
tivity with only small sections of its cord (see above). In
the first model of this type Cohen et al. (1982) used a cou-
pling function between two oscillators which depended si-
nusoidally on the phase difference. In the nearest-neighbor
coupling strategy used, forward swimming occurred when
the rostral oscillators had higher intrinsic frequencies than
the caudal ones. It was proposed that a control center could
easily retune the oscillators in order to reverse the direction

of propagation when required. Further development of cou-
pled oscillator theory (Ermentrout and Kopell 1984; Kopell
and Ermentrout 1986, 1988; Nishii et al. 1994a,b) has added
valuable information as to how intersegmental locomotion
can be achieved. It was proposed that a dominant ascending
coupling is the basis for the positive phase lags, based on
previous mathematical modeling and experimental studies
of sensory entrainment and computer modeling (Williams
et al. 1990; Cohen et al. 1992; Williams 1992). Williams
and Sigvardt (1994) showed the existence of a boundary re-
gion at the rostral end of a 20-segment preparation. When
taken in the context of the previous mathematical theory it
also suggested a dominant ascending coupling. Hagevik and
McClellan (1994) have used neuropharmacological methods
and found that blocking local inhibition had larger effects in
the descending direction on burst patterns in the more cau-
dal segments compared with the ascending direction. It was
concluded, based on this evidence and computer modeling,
that there is a stronger descending than ascending coupling
(for a critical evaluation of opposing views see Grillner et
al. (1993) and Sigvardt (1993)).

Ekeberg (1993) introduced a combined neuromechanical
model of fish swimming which incorporated multisegmental
synaptic connectivity. Here each unit was nonspiking and
equipped with certain adaptive membrane properties, repre-
senting a population of neurons. In this model it was also
possible to achieve constant phase lag, over a limited range
of swimming frequencies, by using suitable model parame-
ters.

The present study further develops the model of Wad-
den et al. (1993). It includes the multisegmental connectivity
from excitatory and inhibitory interneurons, the latter pos-
sessing long descending axons. The extent of this longitudi-
nal connectivity in the model is matched to the available ex-
perimental data (Buchanan 1982; Dale 1986; Dale and Grill-
ner 1986; Rovainen 1986). The intersegmental connections
are modeled as an extension of the local synaptic connec-
tivity as further developed in this model and separately by
Williams (1992) and Buchanan (1992). In the real lamprey
motoneurons and interneurons are arranged in longitudinal
cell columns without any apparent subdivision in segments
(Wallén et al. 1985; Grillner et al. 1991), the exception be-
ing that the motoneurons in each segment send their axons
into a common ventral root, and conversely afferents enter
the spinal cord through a common dorsal root. In keeping
with this there are no segmental subdivisions in the model,
except through the arrangement of the M cells (motoneuron
equivalents). These M cells are output integrators, and are
distributed at even intervals along the length of the network
(spinal cord). The model incorporates Hodgkin-Huxley type
neurons and can be viewed as a longitudinal extension of
a previous segmental population network (Hellgren et al.
1992). Cell sizes, synaptic conductances and axonal con-
duction delays are randomly distributed around a mean – a
condition which is known to result in a more robust network
(Hellgren et al. 1992; Ferrar and Williams 1993; Tråvén et
al. 1993). As will be described below, the resulting network
produced phase lags which were constant over the length of
the cord but varied significantly with frequency. Although
the simulation, as constructed, produces positive phase lags
as in forward swimming, other bursting patterns as in back-
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ward swimming can also be produced by adjusting the levels
of local excitation.

2 Methods

2.1 Cell model

We use compartmentalized Hodgkin-Huxley type model neurons, con-
taining a soma with a small initial segment compartment, and a three-
compartment dendritic tree. The soma is equipped with Na+, K+, Ca2+,
and Ca2+-dependent K+ ion channels. The dendritic compartments, aside
from the passive properties, have their ion channels activated only through
synapses. Parameters of the cell model have previously been presented in
detail (Brodin et al. 1991; Ekeberg et al. 1991; Hellgren et al. 1992; Wallén
et al. 1992). Conductance changes in the different compartments are used to
model conventional excitatory (AMPA/kainate) and inhibitory (glycinergic)
synaptic interactions. Voltage-dependentN -methyl-d-aspartate (NMDA)
receptor channels are also included (Brodin et al. 1991; Grillner et al.
1991; Walĺen et al. 1992). The axonal conduction delay is proportional
to the distance between the pre- and postsynaptic cells and the velocity
is set to 1.4 m/s for C and 0.6 m/s for E cells (Buchanan 1982; Grillner
et al. 1988b; Buchanan et al. 1989). Assuming that the length of a seg-
ment in a lamprey is 2 mm, the conduction delay, for this length, would
be 1.4 ms and 3.3 ms for C and E cells, respectively. Cell sizes, synaptic
conductances and axonal conduction delays are normally distributed with
a standard deviation of 15%, as modeled by Hellgren et al. (1992). This is
done since if all cells are identical a synchronization effect occurs, whereas
if the cellular properties are distributed the pattern becomes more stable
and no synchronization occurs. In the biological system, cell sizes, etc.,
vary. The exact degree of the variation is not known, but we have chosen
the values we used previously (Hellgren et al. 1992). One addition to the
cell model was the use of saturating synapses. This means that if an ac-
tion potential arrives while a residual conductance remains from a previous
action potential on the postsynaptic cell, the new summed conductance is
limited by the maximal level reached by a single action potential (Tråvén
et al. 1993; Franśen and Lansner 1995). Three types of cells are modeled,
with excitatory interneurons (E cells) and crossed inhibitory interneurons
(C cells) constituting the pattern-generating network. Motoneurons serve as
pure output elements (Wallén and Lansner 1984) and are modeled here as
output integrators (M cells), which are used for phase lag calculations (see
below). Ipsilateral inhibitory interneurons (L cells) with long descending
axons were later added to the network in order to test possible effects on
the phase lag (see Sect. 4.6).

2.2 Simulations

In simulations corresponding to a length of 120 mm (equivalent to ap-
proximately 60 segments) 1560 simulated cells are evenly spread along the
length of the network. Of these 840 are E cells, 600 C cells and 120 M cells,
with the total number of synapses being over 415 000. Simulations were
run for ten simulated seconds on a 2-CPU, 256 MByte memory, SPARC-
station 10-52 and on an 8-CPU, 512 MByte memory, SPARCcenter-2000,
both using version 1.5beta of the SWIM simulator (Ekeberg et al. 1990).

2.3 Calculation of phase lags

The interneuronal motor pattern along the network is sampled by output
elements (M cells), similar to motoneurons. These do not contribute to the
pattern generation and are hence modeled as passive followers without ac-
tion potentials of their own. Sixty M cells are arranged bilaterally along
the simulated network and receive input locally from E and C cells. Cy-
cle durations are obtained by calculating the time between the midpoint
of each consecutive plateau depolarization (burst) for each M cell. The in-
tersegmental time lags are calculated as the delay between activity in M
cells at different levels (e.g., from M10 to M50) divided by the number
of intervening M cell intervals (i.e., 40). Phase lags (means and standard
deviations) were then calculated over the length of the cord and multiplied
by 100 to give the percentage (referred to hereafter as the phase lag).

3 The network model without segmental boundaries

The rhythm-generating network consists of longitudinal col-
umns of evenly spread E and C cells along the length of the
simulated cord. The M cells are used as probes to measure
local E and C activity (Fig. 2a) and could also be seen as
representing the segmental output to the myotome. Look-
ing at a small part of the network corresponding to a length
of 2 mm (equivalent to one segment for a 20-cm real lam-
prey), there are one M, seven E and five C cells on each
side. For the C and E cells this corresponds to at least one
third of their estimated number (Buchanan 1986; Buchanan
et al. 1989; Ohta et al. 1991). This subsampling was done to
restrict the computational demands. The M cells represent
what would be the segmental output to the myotome, but all
other neurons are arranged in continuous columns without
any segmental subdivision. A network corresponding to a
length of 120 mm (approximately equivalent to 60 segments
out of the 100 present in the lamprey) is simulated.

Detailed quantitative knowledge of synaptic connectiv-
ity in the lamprey is not available but significant qualita-
tive information has been reported (Buchanan 1982; Dale
1986; Dale and Grillner 1986; Rovainen 1986; Buchanan
and Grillner 1987). These simulations include the central
network but not the identified sensory control on network
interneurons (Viana Di Prisco et al. 1990). C neurons, for
example, project at least 14 segments caudally while some
recordings have shown projections extending more than 20
segments. They also have rostral projections but these are
shorter and thinner (Buchanan 1982). In addition there exist
a large number of small neurons with crossed axons, some
of which are inhibitory, which project fewer than five seg-
ments and might help in the production of locomotor activity
(Ohta et al. 1991). Excitatory neurons are thought to provide
excitation over more than five segments caudally and possi-
bly somewhat less in the rostral direction (Dale 1986). The
synaptic strengths measured from identified E neurons ap-
pear, however, to be symmetrical in the rostral and caudal
directions (Buchanan et al. 1989). In the model each E cell
form synapses ipsilaterally to approximately 49 other E cells
and 35 C cells (approximately equivalent to 14 mm or seven
segments) both rostrally and caudally. Since the E and C cell
projections do not have segmental boundaries, the next most
caudal E cell will then synapse on one cell more caudally
and one less rostrally than its rostral neighbor. C cells project
rostrally in the same manner as E cells, yet possess caudal
projections to approximately 140 E cells and 100 C cells
(a length corresponding to 40 mm or approximately 20 seg-
ments). Each M cell receives synaptic input from the nearest
seven E cells and five C cells. Long ipsilaterally projecting
inhibitory (L) neurons are also a part of the experimentally
established circuitry (Buchanan and Grillner 1987; Grillner
et al. 1991). In the simulated segmental population (26 cells)
network of Hellgren et al. (1992) it was found that L cells
were not crucial for the generation of burst activity. They
could, however, play a role as burst terminators in the higher
frequency range (Grillner et al. 1995) but there is no exper-
imental support for this view (Fagerstedt et al. 1995). In
light of this they are not added to the initial network but
will, however, be considered later (see below).
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The synaptic strengths between cells at the same spinal
level were the same as those used in the segmental model of
Hellgren et al. (1992). To adjust for the addition of saturating
synapses (see above) and the increased input from the ex-
tended rostrocaudal connectivity, we have multiplied these
synaptic values by a factor of 0.4. Little is as yet known
about the distribution of the synaptic strengths or the fre-
quency of synaptic contacts of these projections along the
cord. After considering and testing several different func-
tions which might possibly represent these distributions, we
have modeled relative synaptic strength (Fig. 2b,c) as a func-
tion which exponentially decreases over distance according
to the equation [(1− α) ∗ exp(−(x/3.0)2) + α] (see below).
Herex is the rostrocaudal distance in units of M cell inter-
vals between the pre- and postsynaptic cells andα is 0.05 for
caudal C cell projections and zero otherwise. The C connec-
tivity thus differs from the E connectivity in that the synaptic
strengths level off after a distance equivalent to about seven
M cell intervals caudally (14 mm), thereafter retaining a 5%
relative strength for the remainder of its projections. The rel-
atively stronger inhibition locally can in part also be thought
of as coming from the small inhibitory cells described by
Ohta et al. (1991). The reduced synaptic input at both ends
of the cord (see below) is not compensated for.

4 Simulation results

4.1 Frequency range and burst proportion

General activation of glutamate receptors of the AMPA/kain-
ate type (referred to hereafter as kainate) provides a de-
polarization due to a simple conductance increase and can
activate the in vitro lamprey network to produce swim-
ming at frequencies between 1 and 8 Hz, whereas voltage-
dependent glutamate receptors of the NMDA type induce
slower swimming in the range between 0.1 and 3 Hz (Wallén
and Williams 1984; Brodin et al. 1985; Grillner et al. 1991).
Figure 3a shows the rhythmic burst activity in eight consec-
utive E cells taken from one part of the simulated network
along with the corresponding integrated output from the M
cell. The drive signal used to activate the simulated network
corresponds to a baseline level of NMDA drive (important
for simulating at low frequencies; Tråvén et al. 1993) and
a kainate drive that is varied (see legend to Fig. 3). There-
fore by raising the kainate drive to the entire network, a
frequency range of 1–11 Hz could be obtained (Fig. 3b).
Simulated swimming at very low frequencies (0.5 Hz) pro-
duced periods of irregular and asynchronous bursting, and
at frequencies above 10 Hz (above the biological frequency
range) a tonic activity could be recorded in the first few M
cells while the rest of the cord exhibited well-coordinated
burst activity. This tonic activity in the most rostral part
of the network is due to the strong excitatory kainate drive
combined with less descending C inhibition than is found
more caudally.

The ratio of burst duration to cycle duration is approxi-
mately independent of burst frequency when recorded from
intact, spinal and in vitro preparations, with an average value
of approximately 0.4 in the lamprey (Wallén and Williams
1984) as well as in the dogfish (Grillner 1974). In the model
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Fig. 2a–c.Schematic of the continuous network model.a E and C cells,
which constitute the rhythm-generating network, are spread out evenly
along the length of the spinal cord, i.e, without segmental subdivisions.
Each E cell excites other E and C cells ipsilaterally while C cells inhibit
contralateral E and C cells. M cells integrate local activity and are used
solely for phase lag calculations. E cells (b) extend symmetrically both
rostrally and caudally, while the C cells (c) have longer caudal projections
extending a distance equivalent to 20 M cell intervals. Relative synaptic
strength (ordinate) is an exponentially decreasing function of the rostro-
caudal distance between the pre- and postsynaptic cells expressed in M cell
intervals (abscissa). Note that after a distance of 7 M cell intervals the
synaptic strengths of the caudally projecting C cells remain constant along
the extent of its projections, after which it is set to zero

(Fig. 4) this burst proportion is approximately 0.4–0.45, ex-
cept at low frequencies where it may increase to near 0.5.
There are thus short periods of silence, or interburst inter-
vals, between the activity on the left and right sides (5–10%
of the cycle duration). In single-segment simulations, how-
ever, there is sometimes overlapping activity between the
two sides. The absence of this in the present network can be
attributed to the fact that part of the termination of bursting
in the cells is due to descending inhibition from more rostral
C cells that are somewhat phase-advanced and therefore start
to produce inhibition in more caudal cells earlier than would
have been the case in simulations of single segments. This
is also in accordance with the observation that an overlap
in reciprocal bursting exists in the most rostral part of the
simulated continuous network.

4.2 Forward swimming

In the model, stable forward swimming motor patterns re-
sult when all neurons are connected according to Fig. 2. A
given level of excitation will produce a certain swimming
frequency, which is equal throughout the cord (Fig. 3a).
Higher or lower levels of excitation result in faster or slower
bursting frequencies respectively. Figure 5 shows selected E
cell output at two different levels of excitatory drive (repre-
senting 3 and 6 Hz). Only one E cell from each of the five
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to the random generation of synaptic strengths and cell sizes (see Sect. 2).
A constant lowN-methyl-d-aspartate (NMDA) activation was used (0.3 in
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equally spaced levels (at M cell 10, 20, 30, 40, 50) is repre-
sented. The dotted line is used to highlight the delay between
bursts along the spinal cord. Stable rostrocaudal phase lags
were seen over the full frequency range (1–11 Hz).

In the simulations the synaptic projections from C cells
were functionally stronger than those from E cells in that
they decided the sign and approximate size of the phase lag.
If the C coupling was extended further caudally the phase lag
decreased and vice versa. This is also predicted in theoretical
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Fig. 5a,b. A rostrocaudal phase lag results when all cells in the network
are equally activated. Here E cell activity from five different M cell levels
(indicated at theleft in M cell number from the rostral end) is shown for
two different frequencies, approximately 3 Hz ina and 6 Hz inb. The
vertical dashed lineis used to highlight phase lag

work on coupled oscillators (Kopell et al. 1990). The rather
long-range caudal coupling of the C cells was effective in
setting the phase lag even if it was comparatively weak,
which is in accordance with theoretical results (Cohen and
Kiemel 1993).

4.3 Effects of local increases in degree of excitation

In addition to common forward swimming the lamprey en-
gages in other motor activities with different phase coupling,
such as backward swimming. Experimental investigations
(Matsushima and Grillner 1992b) have shown that when
spinal cord sections of about 20 segments are partitioned
into three pools and local changes in the degree of excita-
tion are made in one of these, the intersegmental phase lag
can be modified. Under control conditions when the entire
cord is perfused with excitatory amino acids there is a rostro-
caudal phase lag of around 1%. When the most rostral part
is perfused with a higher concentration of excitatory amino
acid, the lag is increased in all pools as well as over the
boundary (see, however, Sigvardt 1993). The larger the dif-
ference in degree of excitation the larger the phase lag will
become. Conversely, if more excitatory drive is added to the
most caudal section then the phase lag can be decreased and
even reversed as in backward swimming (see Sect. 4.4).

To test how phase lags, in the model, are modified by
local differences in degree of excitation the simulated spinal
‘cord’ was divided into three equal sections. In the most ros-
tral section the excitatory drive was increased, by increas-
ing the simulated kainate concentration. The result was an
increased phase lag, both in absolute terms and as a func-
tion of the frequency (compare Fig. 6c,d with Fig. 6a,b and
see Sect. 4.5). The rostral pool with the highest background
drive also determined the approximate frequency, which is
in accordance with experiments (Matsushima and Grillner
1992b), and although the phase lag in the model increases
with frequency there is a further increase in phase lag in
this situation in both the rostral and the caudal pool (com-
pare Fig. 6b and d). It might also be noted that especially
in Fig. 6d the phase lag in the caudal pool increases rela-
tively more than the phase lag in the rostral pool. This can
be seen in simulations where the difference in excitatory
drive is relatively large between the two sections. Theoreti-
cal work by Kopell and Ermentrout (1990) predict a result
for nearest-neighbor coupling which is rather similar to this,
i.e., a change in phase lag in the caudal pool and no change
in the rostral pool, if there is a descending dominating cou-
pling (compare, however, Sigvardt 1993).

Stepwise increases in the relative excitatory drive in the
simulated rostral section over that of the remaining section
resulted in a progressive increase in phase lag values (Fig. 7).
This graph was produced from results taken at one base level
of kainate. Similar results were obtained when using both
higher and lower base levels of kainate representing a range
of different frequencies. When the differences between the
rostral section and the rest of the cord became too large (after
approximately 30–35%), the simulated swimming became
unstable with a decoupling between the sections. At this
point phase lag values of up to 3.5% could be obtained.
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drive, as inb (K = 8), whereas the remainder of the cord has the same
drive as ina (K = 6). By comparing the phase lags ina,b andc,d (accented
by the use of thedotted vertical line) one can clearly see the relatively
increased phase lag generated inc and d. The frequency inc is between
the frequency ina andb and ind it is near that inb. Note ind the extended
lag in the caudal section. This is often seen when there is a relatively large
difference in the excitatory drive in the different pools
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4.4 Backward swimming

The lamprey does not spend much of its time swimming
backwards – only occasionally when, for example, it is
trapped in a narrow passage. Yet when doing so the move-
ments are well coordinated with a reversed phase coupling.
In the isolated spinal cord backward swimming can be
elicited by increasing the concentration of excitatory amino
acids in the caudal nine segments of a 21-segment prepara-
tion (Matsushima and Grillner 1992a,b). To test backward
swimming, the simulated network was divided into two sec-
tions. When the caudal half was given approximately 30%
extra kainate, a caudorostrally directed wave representative
of backward swimming was obtained (Fig. 8). There was a
short transient period of about 0.5–2 s before stable back-
ward swimming occurred in the simulated network and, un-
like in forward swimming, the frequency range was limited
to a narrow interval around 1.0 Hz. When the excitatory drive
of only the most caudal third of the simulated cord was
increased above that of the other sections, forward swim-
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Fig. 8a,b. Backward swimming is achieved by increasing the excitatory
drive to the caudal half of the network. After an initial transient period,
stable backward swimming is produced. The frequency range for backward
swimming was narrower and centered around 1.0 Hz in contrast to forward
swimming.a The activity after approximately 1 s in E cells is chosen from
the indicated M cell levels, and shows a reversed direction of wave propaga-
tion. b M cell output during the first 4 simulated seconds from the network.
Grey andblack represent periods of bursting and inactivity, respectively

ming was altered but stable backward swimming did not
occur. The phase lag in the caudal section was decreased, or
even reversed, with increasing concentrations of simulated
kainate, yet the most rostral section was reduced in phase lag
but not reversed. This may sometimes occur in sections of
about 20 segments of the isolated spinal cord (Matsushima
and Grillner 1992b; Grillner et al. 1993). Our simulations
suggest that longer in vitro sections of the spinal cord (50–
60 segments) may be even more difficult to reverse, since
it is easier to reverse a shorter 40-mm (equivalent to 20-
segment) section of the simulated network.

If the relative strength of the C cells were too large in
the descending direction compared with the ascending one it
was hard, or impossible, to reverse to backward swimming,
especially for longer sections of the simulated cord. This
sets restrictions upon the relative strength of the long caudal
projections (α in the C coupling function, here set to 0.05)
that could be used in the present simulated network.

4.5 Phase lag versus rostrocaudal position and frequency

Time lag has been shown to be a constant proportion of cy-
cle duration during forward swimming in intact, spinal and
in vitro preparations of the lamprey (Wallén and Williams
1984; Matsushima and Grillner 1992b). Figure 9 shows a
three-dimensional plot of phase lag versus burst frequency
and M cell number in the model. There were stable phase
lags over the entire frequency range after short transient pe-
riods of a few tenths of a second, and they were constant
over the length of the cord, with the exception of the ends
(Figs. 9, 10b). These end effects are caused by a decrease
in the synaptic input from caudally and rostrally projecting
C and E cells at the rostral and caudal ends respectively.
This results in a decreased inhibition and subsequent higher
entrained local frequency at both ends leading to, in forward
swimming, increased phase lags at the rostral end and de-
creased phase lags at the caudal end. End effects like these
are also predicted by theoretical models that have multiseg-
mental bidirectional couplings (Kopell et al. 1990). These
end effects are rather local, however, and the remaining parts
of the simulated network show uniform phase lag values.
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The phase lag did not, however, remain constant within
the frequency range investigated. The phase lag values mea-
sured between M cells 10 and 50 (a distance of 80 mm
or 40 segments) increased gradually from approximately
0.5% to 2.3% over the frequency range of 1–11 Hz (see
also Fig. 10a), with standard deviations between 0.10% and
0.26%. Systematic changes in synaptic strengths, coupling
functions and axonal conduction delays were made. Increas-
ing or decreasing the synaptic strengths decreased or in-
creased, respectively, the swimming frequency of the net-
work for a certain kainate level as in Hellgren et al. (1992)
without affecting the dependency of phase lag on frequency.
Changing the shape of the coupling function could also affect
the relative frequency if this implied a change in total exci-
tatory or inhibitory input to the interneurons in the network.
As mentioned above the phase lag value and the network’s
capability of backward swimming were also affected. These
manipulations did not, however, alter the fact that phase lag
increased with frequency.

4.6 Effects of long ipsilaterally projecting inhibitory
neurons

Long ipsilaterally projecting inhibitory (L) neurons are known
to inhibit ipsilateral C interneurons (Buchanan and Grillner
1987; Grillner et al. 1991). They are activated with occa-
sional spikes during midburst, but whether they play any
role during normal bursting is unclear. They are located in
the rostral segments of the lamprey spinal cord with their
projections extending ipsilaterally towards the tail for ap-
proximately 50 segments, with no known rostral projections
(Buchanan 1982; Buchanan et al. 1989). Assuming simula-
tion of a rostral spinal cord section, L cells were added to
the network to examine what effect long-range couplings of
this type would have on the phase lag. Ten L cells, receiving
excitation from ipsilateral E cells and inhibition from con-
tralateral C cells, were placed in the most rostral part (20 mm
or what would correspond to 10 segments), while their pro-
jections extended 100 mm (equivalent to a length of about
50 segments) caudally using the same function as for the
C cell connectivity but with longer descending projections
and excluding the ascending ones (Fig. 2b). The inclusion of
L cells resulted in an increased swimming frequency for a
given base excitatory drive (Hellgren et al. 1992). This was
due to the inhibitory projections from the L cells onto the
C cells, which made the ipsilateral C cell bursting terminate
earlier and in doing so increased the burst frequency. Making
the L synapses stronger increased the swimming frequency,
while further increases lead to a decoupling between the ros-
tral and most caudal ends. The presence of L cells in this
network did not, however, affect the fact that phase lag in-
creased with frequency (Fig. 10a). More work with this and
reduced networks is being done to further elucidate the role
of L cells (Fagerstedt et al. 1995).

5 Discussion

A ‘continuous’ network model for studying intersegmental
coordination in the lamprey has been introduced. This net-
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Fig. 9. Phase lag versus frequency and rostrocaudal position. Stable phase
lags were recorded along the entire length of the simulated network over
a large frequency range. A frequency range of 1–11 Hz (frequency axis)
was produced by changing the tonic excitatory drive to the network. The
vertical axisshows the intersegmental phase lags recorded between M cells
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Fig. 10a,b.Cross-sections from the three-dimensional plot in Fig. 9.a Phase
lags (± SD) increased with frequency and varied between approximately 0.5
(1 Hz) and 2.3 (11 Hz).b Phase lags (± SD) were constant over the length
of the simulated cord, with the exception of the most rostral and caudal
positions. Reduced synaptic inputs at the ends of the network resulted in
increased phase lag values in the rostral end and decreased values in the
caudal end

work with biophysically based model neurons and appro-
priate connectivity was designed to resemble the biological
vertebrate counterpart. It differs from most previous simula-
tion studies in which the models typically consist of coupled
mathematical oscillators or discrete segments using simpli-
fied graded-output model neurons. Simulations representing
a 120-mm, or about a 60-segment piece of spinal cord, pro-
duced stable phase lags over a wide frequency range. Burst
proportion was stable along most of the frequency range with
an increased value at the lowest swimming speeds (Fig. 4).

The network simulation of the lamprey spinal cord pre-
sented here is a model based on what is known from experi-
mental studies about the biophysical and synaptic properties
of lamprey neurons. This model has reproduced a number of
findings in the biological system as well as previous results
using more abstract models.

1. The burst frequency, which in the model is between 1
and 11 Hz (Fig. 3), is proportional to the excitatory drive
applied to the entire network in both the simulated (see
also Hellgren et al. 1992) and the biological network.

2. A rostrocaudal phase lag is generated at all burst frequen-
cies yet increases over this frequency range from 0.5% to
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2.3%. The model network gives rise to forward swim-
ming (Fig. 5), since the inhibitory C cells have more
extensive caudal than rostral projections, which makes
the onset of bursting appear later more caudally. As in
the biological system, increasing the excitatory drive of
the entire network simply increases the frequency while
retaining the bias for forward swimming.

3. By changing the degree of excitation (Fig. 6) to the ros-
tral one third of the spinal cord the phase lag along the
simulated spinal cord will increase in proportion to the
increase in excitatory drive. This reproduces results from
split bath experiments in the in vitro preparation con-
sisting of about 20 segments (Matsushima and Grillner
1992b) which also have shown increases in phase lag in
proportion to the increase in NMDA concentrations.

4. By increasing the excitatory drive in the caudal part of
the network (Fig. 8) the rostrocaudal lag can be reduced
and even reversed as in (in vitro) backward swimming
(Matsushima and Grillner 1992b). For the simulated net-
work it was, however, possible to reverse to backward
swimming only in a limited frequency range. This is
probably due to the extent of the caudal inhibitory con-
nections.

5. At any given burst frequency the phase lag is con-
stant along the simulated spinal cord except for the ends
(Figs 10b, 9). End effects were caused by the reduced
synaptic input at these locations which gave rise to an in-
creased phase lag in the rostral end and a reduced phase
lag in the caudal end (Figs. 10, 9) (compare also Kopell
et al. 1990). Recent experimental data, however, suggest
that phase lags are actually reduced at the rostral end
(Williams and Sigvardt 1994).

6. Although somewhat variable, the phase lag in the iso-
lated spinal cord as well as in the intact preparation
remains around 1% independent of frequency (Wallén
and Williams 1984). In the current simulations (Fig. 10)
phase lag increases progressively with burst frequency
(see below).

The increase in phase lag with frequency observed here
differs from what is known from swimming in intact an-
imals as well as from experiments and simplified models.
Since quantitative experimental data on intersegmental con-
nection strength is lacking, during the course of the devel-
opment of this model different synaptic strengths, axonal
conduction delays and coupling functions have been tested
(see above). Changes in these parameters, however, did not
qualitatively change the fact that phase lag increased with
frequency. Adding L cells to the original network was not
able to overcome this either. Despite the extensive testing
done it is not clear what the explanation is for this difference
in the phase lag versus bursting frequency relation.

In conclusion, the unsegmented network model presented
here is capable of reproducing most aspects of intersegmen-
tal coordination in the lamprey, such as those responsible
for forward, backward and narrow swimming movements,
but exhibits an increase in phase lag with burst frequency
in contrast to the biological system and to more abstract
mathematical models. We are presently using reduced net-
works and/or less detailed neuron models in order to give

more insight into this discrepancy. Also further experimental
investigation is in progress.
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