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A longitudinal gradient of synaptic drive in the spinal cord of
Xenopus embryos and its role in co-ordination of swimming

Mark J. Tunstall and Alan Roberts*
School of Biological Sciences, University of Bristol, Woodland Road, Bristol BS§1UG

Intersegmental co-ordination in Xenopus embryos could be influenced by longitudinal
gradients in neuronal properties or synaptic drive. To determine if such gradients exist
intracellular recordings were made from putative motoneurones at different spinal
levels.

No evidence was found of a longitudinal gradient in neuronal resting potentials. In a
rostrocaudal direction the duration of current-evoked spikes increased and the amplitude
of the spike after-hyperpolarization (AHP) decreased.

During fictive swimming the amplitude of the tonic excitatory synaptic input and the
mid-cycle IPSPs declined in a rostrocaudal direction. The rise-time and fall-time of mid-
cycle IPSPs increased in a rostrocaudal direction.

Rostral to the eighth post-otic segment mid-cycle IPSPs occurred on all cycles of fictive
swimming episodes. More caudally IPSPs became irregular in occurrence and caudal to
the twelfth post-otic segment no mid-cycle IPSPs could be detected, even during the
injection of depolarizing current or when recording with KCl-filled electrodes.

The duration of spikes occurring during fictive swimming increased and the amplitude of
spike AHP decreased in a rostrocaudal direction. A spike AHP was absent during fictive
swimming activity in neurones caudal to the ninth post-otic segment even though it was
present in current-evoked spikes in the same neurones.

On-cycle IPSPs (occurring shortly after the spike at phase values less than 0'4) were
observed predominantly at the beginning of swimming episodes in neurones recorded
rostral to the eighth segment, but were not detected at all in more caudal neurones.

If the rostrocaudal gradients in synaptic excitatory and inhibitory drive to putative
motoneurones during fictive swimming are also present in premotor spinal interneurones
they would be expected to have a strong influence on rostrocaudal delays. Such gradients
could therefore be important components of the mechanism underlying intersegmental

co-ordination.

During swimming in a wide range of animals, including
leeches, fish, amphibian embryos and tadpoles, alternating
waves of bending pass along the body from head to tail. The
generation of these waves of bending can be attributed to an
underlying pattern of muscular and neural activity that
alternates between opposite sides (intrasegmental co-
ordination) and travels in a head-to-tail (rostrocaudal)
direction along the body (intersegmental co-ordination). In
a range of swimming animals it has been shown that the
central nervous system has intersegmental co-ordination
mechanisms which can generate a rostrocaudal wave of
motor activity suitable for producing swimming without
reflexes (leech: Pearce & Friesen, 1984; lamprey: Wallen &
Williams, 1982; dogfish: Grillner, Perret & Zangger, 1976,
Xenopus: Roberts, 1990). In the crayfish central nervous
system intersegmental co-ordination mechanisms exist to

control the caudorostral wave of swimmeret movements
(Ikeda & Wiersma, 1964).

For the swimming animals mentioned, considerable
progress has been made in understanding the neurones and
mechanisms underlying intrasegmental co-ordination
(leech: Friesen, 1989; lamprey: Grillner, Buchanan, Wallen
& Brodin, 1988; Xenopus embryos: Roberts, 1990). In
contrast, the mechanisms underlying intersegmental co-
ordination, which introduce delays between activity at the
front and back, are less well understood.

Since some degree of distributed rhythm-generating
capacity has generally been demonstrated (crayfish
swimmeret system: Ikeda & Wiersma, 1964; Paul &
Mulloney, 1986; leech: Pearce & Friesen, 1985q, b; lamprey:
Cohen & Wallen, 1980; Xenopus embryo: Kahn & Roberts,
1982; Roberts & Alford, 1986), a common approach used to
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investigate intersegmental co-ordination is to view the
central nervous circuitry as a population of coupled
oscillators (Pavlidis, 1973). Experimental and theoretical
studies have suggested two mechanisms that determine the
magnitude and direction of longitudinal intersegmental
delays. Firstly, co-ordination may depend on a longitudinal
difference in the intrinsic frequency of a population of
coupled oscillators (lamprey: Grillner, 1974; Cohen, Holmes
& Rand, 1982; Grillner et al. 1988). Such longitudinal
differences in frequency were not found in the lamprey
(Cohen, 1987) but in the leech, where only the first sixteen
segments out of thirty-two can generate rhythm, the
oscillator frequency increases caudally within the first
sixteen segments (Pearce & Friesen, 1985a,b). Secondly,
intersegmental co-ordination depends on the nature of the
coupling between the oscillators (crayfish swimmeret system:
Stein, 1976; Paul & Mulloney, 1986; lamprey: Rovainen,
1986; Kopell, 1988; Buchanan, 1992; Williams, 1992). The
difficulty here has been to obtain direct evidence about the
nature of axonal projections and synaptic strengths of
neurones mediating such coupling. Direct paired recordings
from individual neurones are very difficult, but necessary to
give a general picture (Dale & Roberts, 1984; Buchanan,
Grillner, Cullheim & Risling, 1989). Experiments like those
of Williams, Kopell, Sigvardt, Ermentrout & Remler (1990)
provide indirect evidence about the coupling.

Recently we proposed a gradient hypothesis to explain
intersegmental co-ordination during swimming in Xenopus
embryos (Tunstall & Roberts, 1990, 1991a,b). We suggested
that rostrocaudal delays may result from a gradient in
neuronal excitability along the spinal circuitry. Since the
premotor interneurones active in swimming are present at
higher densities rostrally and only project for a few
segments (Roberts & Alford, 1986; Roberts, Dale, Ottersen &
Storm-Mathisen, 1988), rostral neurones might be expected
to have stronger synaptic input resulting in higher
excitability. This synaptic input from premotor inter-
neurones drives the oscillations of swimming and provides a
signal to couple oscillations in neighbouring segments. As a
consequence more rostral regions with stronger synaptic
drive may have higher intrinsic frequencies of oscillation and
stronger interoscillator coupling. Our experiments showed
that caudal application of excitants decreased rostrocaudal
delay, while application of excitatory antagonists increased
it. Such results are compatible with the notion that the
spinal circuitry is organized as a population of coupled
oscillators. Similar experiments have been performed by
Matsushima & Grillner (1990, 1992) for agonist-induced
fictive swimming in the lamprey spinal cord preparation.
They have shown that any segmental oscillator which has
the highest frequency (usually as a result of treatment with
the highest concentration of excitant) can entrain adjacent
oscillators to the same frequency but with a phase delay.
Thus in both the Xenopus embryo and the lamprey,
artificial imposed gradients can influence intersegmental co-
ordination, but we still do not know how this occurs
naturally.
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If a longitudinal gradient in cellular properties or in the
synaptic drive to rhythmically active neurones during
fictive swimming contributes to intersegmental co-ordination
the first step is to obtain evidence for the existence of such
gradients. In this study we have recorded intracellularly
from putative motoneurones at different spinal positions
and looked for longitudinal variation in their properties and
the levels of synaptic drive that they receive during fictive
swimming activity. Longitudinal variation in motoneurone
properties might indicate that variation could also occur in
interneurones. The levels of excitatory and inhibitory
synaptic drive to the motoneurones should indicate whether
there is longitudinal variation in synaptic output from
premotor interneurones. A preliminary report of some
aspects of this work has been published (Tunstall & Roberts,
1991a).

METHODS

Experiments were performed on Xenopus embryos at develop-
mental stage 37/38 (Nieuwkoop & Faber, 1956). Prior to
experimentation embryos were anaesthetized in MS-222, and
the dorsal fin was slit along its length to facilitate access of the
neuromuscular blocker a-bungarotoxin (10 #m), into which they
were placed after recovery from anaesthesia. Animals were left
until they no longer displayed activity in response to normally
effective stimuli. The embryos were then secured on their sides
to the Sylgard surface of a rotatable Perspex platform located
within a preparation bath. In all experiments preparations were
perfused by saline solution (composition (mm): Na*, 115; K*, 2:5;
Ca®t, 4-0; Mg**, 1-0; CI™, 108-5; HCO,", 15), which was buffered
to pH 72 with 5% O, and 95% CO, (Soffe, 1989). Mg** was
present at physiological levels and not as a caleium channel
blocker. The trunk skin overlying the myotomes was removed
using fine pins. Extracellular recordings from ventral roots were
made by placing a suction electrode over an intersegmental cleft
at variable positions between the third and seventh post-otic
segments. To enable intracellular recordings to be made the
myotomes overlying the spinal cord were removed from the
level of the otic capsule to the level of the fifteenth post-otic
segment. Neurones were impaled using glass microelectrodes,
which were filled with either 3 M potassium acetate or 2m
potassium chloride and had DC resistances of 150-350 MQ. By
recording in the ventral quarter of the cord the probability of
recording from motoneurones is very high, as anatomical studies
have shown this region contains very few interneurones
(Roberts & Clarke, 1982; Soffe & Roberts, 1982a). Normal
swimming activity was evoked by a 1 ms current pulse, applied
via a glass suction electrode (50 #m tip opening), to the ipsi-
lateral tail skin of the quiescent preparation at about the level of
the anus. Signals were stored on magnetic tape and later
captured using a CED 1401 analog-to-digital interface in
conjunction with CED SPIKE2 software (Cambridge Electronic
Design, Cambridge, UK), the latter also being used to analyse
the signals and, in conjunction with a Hewlett-Packard X-Y
plotter, to make permanent records. The data presented here are
based on recordings from thirty-two ventral neurones at
longitudinal positions along the spinal cord from the second to
the fourteenth post-otic segments in twenty-five preparations.
For seventeen of these neurones, spike properties were examined
during swimming and in response to current injection. The point
of entry of the microelectrode into the spinal cord was used to
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define the approximate position of an impaled motoneurone.
Lines of linear regression were determined using the least-
squares method. Curve fitting of spike falling phases was
performed using the Marquardt—Levenberg least-squares
algorithm.

RESULTS

Longitudinal variation of resting potentials
and of current-evoked spike features

In this section we describe the measurements made of resting
potentials and the magnitudes of some features of just-
superthreshold current-evoked spikes. Recordings were
made from ventral, putative motoneurones at different
longitudinal positions in unstimulated embryos at rest and
using potassium acetate-filled microelectrodes.

Resting potentials

The resting potential of putative motoneurones was deter-
mined as the difference between the stable potential
attained during impalement and the small potential which
often remained immediately after withdrawal of the
electrode. Resting potentials ranged from —55 to —90 mV
(mean —74 + 5mV, n=32) but no significant longitudinal
trend was found (P > 0-05).

Spike features

Measurements in this section are based on recordings from
seventeen putative motoneurones from seventeen different
animals. In response to sustained depolarizing current
injection putative motoneurones usually fired only a single,
non-overshooting spike at just-superthreshold current
(n=14, Fig.14) although in a small number of putative
motoneurones up to three spikes were fired (n=3). This

Figure 1. Examples of current-evoked spikes and
definitions of spike features

4, just-superthreshold current-evoked spikes recorded
from: a, segment 5 in response to 0-54 nA of current; and b,
segment 10 in response to 0-43 nA of current. B, diagram of
a current-evoked spike to show the measurements made of
spike features. V; is the resting potential, V., is the peak
spike amplitude and V,; eenoiq is the amplitude of the spike
threshold. The arrows in 4 indicate 0 mV.
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tendency to exhibit membrane accommodation is consistent
with the findings of Soffe (1990) and may be due to the effects
of one or more types of K* channel since putative
motoneurones can fire repetitively when recorded with
microelectrodes containing Cs**, a blocker of K* channels
(Soffe, 1990). The peak spike amplitude (V .y, Fig. 1B) and
the amplitude of the spike threshold (Vi esnoias Fig. 1B)
were determined for putative motoneurones recorded at
different longitudinal positions. Peak spike amplitudes
ranged from 66 to 98 mV (mean 80-82 % 812 mV) and the
amplitude of the thresholds ranged from 23 to 39 mV (mean
38 +4:73 mV). Neither of these parameters varied signifi-
cantly with spinal position (P > 0-05).

We examined a number of other features of current-
evoked spikes to see if significant longitudinal differences
existed which could influence intersegmental delays. The
amplitude of the spike after-hyperpolarization (V,gp,
Fig. 24) decreased significantly in a rostrocaudal direction
(P < 0:05; Fig. 2B). Spike durations, which were measured
at half peak amplitude (d, Fig. 24), increased significantly
in a rostrocaudal direction (P < 0-05, Fig. 2C). Input resist-
ances were calculated by dividing the steady-state membrane
potential (V) by the current (Ig) (Fig.24). Input
resistances ranged from 50 to 125 MQ, but no significant
longitudinal variation was found (P > 0-05, Fig. 2D). These
results indicate that, compared to rostral neurones, current-
evoked spikes in caudal neurones have longer durations and
smaller amplitude AHPs.

Longitudinal variation in synaptic drive and
spike features during fictive swimming

We now turn our attention towards looking for the
existence of longitudinal differences in the properties of the
spikes and synaptic drive which occur during fictive
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swimming. Intracellular recordings were made from putative
motoneurones using either potassium acetate- or potassium
chloride-filled electrodes during swimming episodes evoked
by applying a brief electrical stimulus to the tail skin. For
each of the thirty-two neurones recorded, six swimming
episodes were used for analysis and the following procedure
was adopted. During fictive swimming episodes in Xenopus
embryos frequency decreases (Roberts & Kahn, 1982). Thus,
for each component of the swimming activity investigated,
measurements were made over each of four frequency ranges
(11-5-135, 13:5-155, 15:5-17-5 and 17-5-19'5 Hz), chosen to
encompass the entire range of frequencies expressed by all
the swimming episodes measured. Each component was
measured on all cycles of swimming within each frequency
range. Linear regression analysis was used to check that
there was no significant trend in the values of each
component within each frequency range; no such trend was
found (P > 0-05). For each frequency range the data from
the six swimming episodes were compared using analysis of
variance in order to ensure that there was no significant
difference between the six data sets. No such difference was
detected on any occasion (P> 0:05). An overall mean was
then determined based on the pooled data from all the six
swimming episodes measured. For each frequency range
linear regression was used to determine whether there was a
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significant relationship between the measured components
and longitudinal position. To check that the slopes of these
regression lines were not significantly different for each
frequency range, analysis of covariance was used. No
significant difference was found (P > 0-05), and in view of
this the data for all the components measured in the
following sections refers to a single representative frequency
range (13-5-15'5 Hz), which was the mean range found over
all the swimming episodes measured. In all episodes this
frequency range was achieved 500 ms after the start of
swimming, thus eliminating the possibility that our results
may be influenced by the initiating sensory stimulus applied
to the tail since the sensory postsynaptic potentials should
be over by this time (Sillar & Roberts, 1988).

Synaptic drive

During fictive swimming membrane potentials of rhythmie-
ally active motoneurones (Roberts & Kahn, 1982; Soffe &
Roberts, 1982a; Dale & Roberts, 1984) and interneurones
(Soffe, Clarke & Roberts, 1984; Dale, 1985; Dale & Roberts,
1985) are tonically depolarized from the resting potential
and the single spikes fired on each cycle are separated at
mid-cycle by hyperpolarizing, inhibitory postsynaptic
potentials (IPSPs). There are three principal components
underlying this pattern of swimming activity: the cycle-by-
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Figure 2. The definition of some spike features and the relationship between these features and

spinal position

A, V,yyup is the amplitude of the spike after-hyperpolarization and d is the spike duration measured at
the point of half peak amplitude. The relationship between spinal position and V,yp (B) and spike
duration (d, panel C) is significant (P < 0-05). In D, input resistance, which is calculated by dividing
the amplitude of the steady-state potential (V) by the steady-state current (I), does not vary
significantly with spinal position (P > 0-05). In B, C and D, the dashed lines indicate the 95 %
confidence limits associated with the line of linear regression.
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cycle summation of slow, NMDA-mediated potentials,
which gives rise to the tonic depolarization (Dale & Roberts,
1985); the fast kainate/quisqualate potentials, which underlie
the spikes fired on each cycle (Dale & Roberts, 1985); and the
glycine-dependent mid-cycle IPSPs (Dale, 1985; Soffe, 1987).
Our investigations have focused on the amplitude of the
tonic depolarization and the amplitude and time course of
the mid-cycle IPSPs; no measurements have been made of
the fast component.

Recordings from different longitudinal levels revealed a
clear rostrocaudal decline in the amplitude of the tonic
depolarization and the mid-cycle IPSPs (Fig. 3). To evaluate
these trends numerically we measured the amplitude of the
tonic depolarization and the amplitude and time course of
the mid-cycle IPSPs. Tonic depolarization amplitudes were
measured at a cycle phase of 04, a point when the fast
component would be expected to be very small (Dale &
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Roberts, 1985) and the amplitude of the mid-cycle IPSPs
was measured from the point of take-off to the peak (Fig. 44).
IPSP rise-times were measured from the time of take-off to
the time of the peak and fall-times were measured from the
time of the peak to the time of half-fall (indicated by the
dotted and dashed lines respectively in Fig. 44).

The decline in amplitude of the tonic depolarization was
linear and significant (P < 0-05), with amplitudes ranging
from a maximum of approximately 30 mV rostrally to a
minimum of 10 mV caudally (Fig. 4Ba).

Whereas prominent mid-cycle IPSPs were present during
activity recorded from rostrally located putative moto-
neurones they appeared to be absent for neurones recorded
caudal to the twelfth post-otic segment (Fig. 3). In between
these two extremes mid-cycle IPSPs tended to decline in
amplitude in a linear fashion with spinal position, this
rostrocaudal decline being significant (P < 0-05, Fig. 4Bb).
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Figure 3. Activity recorded from motoneurones at different spinal positions

The vertical arrowheads indicate the position along the spinal cord from which recordings were made;
the numbers above the arrowheads are the corresponding segment numbers. Positions are also
indicated in terms of segment number and distance from the otic capsule (e.g. a recording made at the
level of the fifth post-otic segment at a distance of 1:00 mm from the midbrain is given as segment 5,
1:00 mm). The distance between the pair of horizontal arrows at the right of each voltage—time curve is
proportional to the amplitude of the tonic depolarization. The filled arrows indicate the mid-cycle
IPSPs and the open arrow in the lowermost record indicates the expected position of a mid-cycle IPSP.
Note that there is a rostrocaudal decline in the amplitude of the tonic depolarization, V., and a
decrease in the amplitude of the mid-cycle IPSPs. In D, IPSPs are absent where activity was recorded

from extreme caudal positions.
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There was also a significant (P < 0-05) rostrocaudal increase
in the rise-time (Fig. 4Bc¢) and fall-time (Fig. 4Bd) of the
mid-cycle TPSPs. Taken together these findings indicate
that mid-cycle ITPSPs become smaller in amplitude and
longer in duration in a rostrocaudal direction.

As well as the longitudinal decline in the amplitude of the
mid-cycle IPSPs there was also a tendency for mid-cycle
IPSPs to be absent on some cycles of swimming episodes
recorded caudal to the eighth post-otic segment (Fig. 5). On
those cycles where they did occur their amplitudes ranged
from 2 to 30 mV, rise-times from 6 to 10 ms and fall-times
from 12 to 15 ms. Numerically the reliability of mid-cycle
IPSP occurrence for a given swimming episode was expressed
as the percentage of the total number of cycles of the

Cycle phase
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swimming episode on which an IPSP occurred (Fig. 5B).
Mid-cycle IPSPs occurred on all cycles of swimming episodes
recorded rostral to the ninth post-otic segment, but more
caudally reliability decreased markedly. Mid-cycle IPSPs
were absent for swimming episodes recorded caudal to the
twelfth post-otic segment.

There is strong evidence that the mid-cycle IPSPs occur
due to the action of glycine increasing conductance to CI™
(Roberts & Kahn, 1982; Soffe, 1987). In view of this a possible
explanation for the apparent absence of mid-cycle IPSPs in
neurones recorded caudal to the twelfth segment is that
membrane potentials were close to the C1™ reversal potential.
To investigate this possibility two strategies were used. The
first was to inject neurones with pulses of depolarizing
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Figure 4. Definitions of the amplitude of the tonic depolarization and the features of the mid-
cycle IPSPs and their relationship with spinal position

A, the amplitude of the tonic depolarization (V,4,;,) was measured relative to the resting potential (V;)
at a cycle phase of 04. The amplitude of the mid-cycle IPSPs (V;pgp) was measured from the point of
take-off of the IPSP to its peak. The dotted line indicates the rising phase of the IPSP and the dashed
line indicates the falling phase to the point of half-fall. B, graphs showing the relationship between
spinal position and the amplitude of the tonic depolarization (a), and the amplitude (b), time to peak
(c) and time to half-fall (d) of the mid-cycle IPSPs. In all cases the error bars are the s.n. and the
dashed lines are the 95 % confidence limits for the regression line.
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Figure 5. The reliability of occurrence of mid-cycle IPSPs

4, in two motoneurones, one recorded at segment 10 and the other at segment 12, mid-cycle IPSPs do
not occur on the cycles of swimming indicated by the open arrowheads. B, the reliability of occurrence
of mid-cycle IPSPs during a swimming episode can be measured as the percentage of the total number
of cycles of the swimming episode on which an TPSP was present. The graph shows that mid-cycle
IPSPs occur on all cycles of swimming in motoneurones recorded at positions 0:1-1'7 mm from the otic
capsule (segments 2-8). Beyond these positions IPSP reliability declines and IPSPs do not occur at all
for activity recorded from motoneurones caudal to the twelfth segment (2:5 mm from the otic capsule).

A Segment 3, 0-5 mm
a b
0-00 nA 0-56 nA
B Segment 13, 2-5 mm
a b
0-00 nA 0-49 nA
C Segment 5, 0-9 mm Segment 13, 2:56 mm
a b

Figure 6. Investigating the presence of mid-cycle IPSPs by the injection of depolarizing current
and the use of KCl electrodes

Aa, during fictive swimming, prominent IPSPs occurred in a rostral motoneurone recorded at
segment 3. Ab, injection of depolarizing current into this motoneurone resulted in a decrease in the
amplitude of the spikes and increased the amplitude of the mid-cycle IPSPs. Ba, in a motoneurone
recorded at segment 13 IPSPs were absent during fictive swimming. Bb, injection of depolarizing
current reduced the amplitude of the spikes but failed to reveal the presence of mid-cycle IPSPs. Ca,
recording from a motoneurone at segment 5 using a KCl-filled electrode. Note that the mid-cycle
IPSPs are reversed to become depolarizing. Cb, activity recorded from a motoneurone at segment 13
using KCl electrodes fails to reveal the presence of mid-cycle IPSPs. In panels A-C the convention for
indicating the location from which recordings were made is as described for Fig. 3.
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Figure 7. The definition of some features of spikes recorded during fictive swimming and the

relationship between these features and spinal position

A, V,yup is the amplitude of the spike after-hyperpolarization and d is the spike duration measured at the

point of half peak amplitude (¥, ). The relationships between spinal position and Ve (B), Ve (C)

and spike duration (d, panel D) are all significant (P < 0-05). In B, C and D the dashed lines indicate the
. 95 % confidence limits associated with the line of linear regression. The error bars are the s.p.

current during fictive swimming activity and the second
was to record from neurones using KCl-filled electrodes.
Injecting depolarizing current into eight rostral neurones,
whose activity showed the presence of IPSPs without current
injection, led to an increase in the amplitude of the IPSPs

A

Segment 4, 0-65 mm

(e.g. Fig.64). However, injection of current into four
neurones located caudal to the twelfth segment failed to
reveal the presence of IPSPs (e.g. Fig. 6.B). Recordings made
using KCl electrodes from three neurones located rostral to
the twelfth segment revealed reversed IPSPs on cycles of

B Segment 5, 1-00 mm

Figure 8. On-cycle inhibition in motoneurones

Recordings from motoneurones at segment 4 (4) and segment 5 (B). In both cases the beginning and
the end of the swimming episode are shown. The arrowheads indicate inflexions in the falling phase of
the spike which probably correspond to the turning on of on-cycle IPSPs. The stars indicate cycles
where inflexions were not apparent but where the falling phase could be fitted by more than two
curves, suggesting that the spike AHP was coincident with an on-cycle IPSP. Note that the incidence
of on-cycle IPSPs is higher at the beginning of swimming episodes than at the end.
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swimming episodes (e.g. Fig. 6Ca), whereas recordings made
from two neurones located caudal to the twelfth segment
failed to reveal the presence of IPSPs on any cycles (e.g.
Fig. 6Cb).

Spike properties

Spikes occurring during fictive swimming are non-
overshooting, and peak spike amplitudes, measured from
the resting potential to the peak of the spike (V..
Fig. 74), decreased significantly in a rostrocaudal direction
(P <005, Fig. 7B). Given that no significant longitudinal
trend was found for peak spike amplitudes for current-
evoked spikes it is likely that the decline in peak spike
amplitudes for spikes occurring during swimming is due to
the decline in amplitude of the tonic depolarization.

Of the thirty-two putative motoneurones investigated in
this study, in twenty-three, recorded rostral to the tenth
post-otic segment, a spike AHP was evident (e.g. Fig. 34-C),
whereas in nine motoneurones, recorded caudal to the ninth
post-otic segment, no AHP could be detected (e.g. Fig. 3D).
AHP amplitudes (V, p, Fig. 74) decreased significantly in a
rostrocaudal direction (P < 0-05, Fig. 7C). Spike durations
measured at half peak amplitude (d, Fig.74) increased
significantly in a rostrocaudal direction (P < 0-05, Fig. 7D).
Hence, spikes occurring during fictive swimming in caudal
versus rostral putative motoneurones have smaller amplitude
AHPs, longer durations and smaller peak amplitudes.

On-cycle inhibition

In addition to the prominent phase-locked mid-cycle IPSPs
(e.g. filled arrows in Fig. 3), on-cycle IPSPs are also sometimes
evident during fictive swimming (Dale, 1985; arrowheads in
Fig. 8). These IPSPs occur shortly after a spike at cycle
phases less than 0'4, and it has been suggested that they
could be mediated by the ipsilateral branches of the
commissural (inhibitory) interneurones (Roberts & Clarke,
1982; Dale, 1985). The role of on-cycle IPSPs is uncertain,
but it is possible that they could limit multiple firing or
contribute to rhythm generation since a single side of the
spinal cord, in which the effect of contralateral (mid-cycle)
inhibition is absent, can generate rhythm (Kahn & Roberts,
1982; Soffe & Roberts, 1982b; Soffe, 1989; Tunstall & Roberts,
1990).

Due to the similarity in the timing of on-cycle IPSPs and
spike AHPs, measurement of AHP amplitudes was only
performed using cycles where on-cycle inhibition was absent
and several criteria were established to distinguish such
cycles. Examples of cycles of swimming activity recorded
rostral to the eighth post-otic segment where on-cycle IPSPs
were absent have been illustrated (e.g. Fig.3). In many
cases on-cycle IPSPs could often be easily distinguished by
clear points of inflexion in the voltage—time curve following
the spike (e.g. arrowheads in Fig. 8). Another criterion used
to select cycles stemmed from the observation, indicated
above, that on-cycle IPSPs become less reliable at lower
swimming frequencies. This finding is based on the change
in the form of the spike falling phase, which is smoother at
the end than at the beginning of episodes (e.g. Fig. 8). Since
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spikes would always be expected to be accompanied by an
AHP, such a frequency-related difference in the form of
spikes may be due to the failure of on-cycle inhibition at
lower swimming frequencies.

An alternative method of distinguishing between cycles
with on-cycle IPSPs from those without was to use a
quantitative approach based on the number of curves
required to fit the spike falling phase. This method
depended on the finding that in cases where an on-cycle
IPSP was clearly absent (e.g. cycles not indicated by either
arrowheads or stars in Fig. 8) the spike falling phase could
be fitted by just two exponential curves. However, where an
on-cycle IPSP was present (cycles marked by arrowheads in
Fig. 8) the falling phase of the spike required up to four
curves. This procedure was applied to cycles where it was
difficult to determine whether on-cycle IPSPs were present
or not (e.g. cycles indicated by stars in Fig. 8).

On-cycle IPSPs were detected on between 20 and 80 % of
swimming cycles recorded from putative motoneurones
rostral to the eighth post-otic segment. Caudal to the eighth
post-otic segment no on-cycle IPSPs could be detected. In
cases where they were present the incidence of on-cycle
IPSPs decreased as the swimming frequency decreased from
the beginning to the end of episodes (e.g. Fig. 8).

DISCUSSION

Intersegmental co-ordination could depend on gradients in
neuronal properties or synaptic drive along the spinal cord;
the aim of this study has been to determine if such gradients
exist. Direct evidence has been presented for longitudinal
gradients in neuronal spike duration and AHP properties in
putative motoneurones. Perhaps more significantly, we
have also shown a longitudinal gradient in excitatory and
inhibitory synaptic drive to putative motoneurones during
fictive swimming. We have not made any recordings from
rhythmically active spinal interneurones, but in other
studies made in the rostral spinal cord their pattern of
activity during swimming was found to be very similar to
motoneurones in the same region (Dale, 1985; Roberts, 1990).
If such gradients in synaptic drive were also present in
interneurones then they could lead to a longitudinal decline
in coupling strength and intrinsic frequency and thereby
contribute to the rostrocaudal delay in motor activity
observed during fictive swimming (Cohen ef al. 1982; Kopell,
1988).

As in other vertebrates there is a longitudinal gradient in
development in the Xenopus embryo. This is clear in the
development of gross features of the body such as the
muscles or pigmentation (Nieuwkoop & Faber, 1956) and in
the differentiation of spinal neurone populations (Dale,
Ottersen, Roberts & Storm-Mathisen, 1986; Roberts et al.
1988). In such a system we cannot establish whether the
gradients that we describe are a functional or developmental
feature. This will have to be done by examining adult
vertebrates. What seems certain is that the gradients will
have significant effects on the longitudinal delays observed
during fictive swimming and so presumably also on the
properties of the swimming behaviour itself.
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Significance of the longitudinal gradients

The way that longitudinal gradients affect the timing of
motor discharge will depend on the mechanisms that
determine neuronal firing during fictive swimming. At
present no direct evidence for endogenous cellular rhythmi-
city has been obtained in Xenopus embryo spinal neurones
(N. Dale & S. R. Soffe, personal communication) despite
suggestive indirect evidence for its existence (Soffe, 1989).
We have therefore concluded that rhythmicity depends
importantly on spinal network properties and particularly
on rebound from reciprocal inhibition between the two sides
of the cord and on recurrent inhibition within each half of
the nervous system (Kahn & Roberts, 1982; Soffe, 1989;
Roberts & Tunstall, 1990). Such rebound only occurs when
neurones are depolarized by excitation and depends on the
fact that 80 % of spinal neurones do not fire repetitively
when depolarized (Soffe, 1990).

If neurone firing during fictive swimming depends on
rebound from inhibition then the interpretation of the
longitudinal gradients is complex. In more rostral regions,
where excitatory tonic depolarization and mid-cycle IPSPs
are large, spikes arise from the falling phase of these IPSPs
(see Fig. 3). If mid-cycle IPSPs remained constant, a higher
level of excitatory depolarization could bring neurones
closer to their firing threshold and may increase the local
intrinsic frequency. However, in more rostral regions the
IPSPs also become larger and it is not clear whether this will
increase or decrease intrinsic frequency. This is because
larger IPSPs could increase the effectiveness of post-
inhibitory rebound. Mid-cycle IPSPs hyperpolarizing the
membrane could have excitatory effects by allowing the
deactivation of voltage-gated potassium channels and
permitting the reactivation of sodium channels. Both of
these processes should lead to an effective increase in
intrinsic frequency.

In more caudal regions the situation is more straight-
forward. The longitudinal decline in the amplitude of both
the tonic excitation and the mid-cycle IPSPs could result in
a decrease in the efficiency of postinhibitory rebound
excitation and consequent fall in intrinsic frequency. IPSPs
also have slower rise- and fall-times in caudal neurones and
this too may reduce the effectiveness of postinhibitory
rebound. However, as IPSPs become smaller caudally it is
possible that rebound firing could occur earlier. More caudally
still, the mid-cycle IPSPs are absent so rebound can play no
part in initiation of firing. This suggests that more caudal
neurones (caudal to the twelfth segment 24 mm from the
midbrain) may be directly driven by excitatory synaptic
input from more rostral regions (see below, section on
rhythm-generating capacity).

The longitudinal decline in the amplitude of the on-cycle
IPSPs may also influence coupling strength and intrinsic
frequency since it is a form of recurrent inhibition within
each side that could lead to rebound firing in a similar
manner to that described for mid-cycle IPSPs. The
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importance that a gradient in on-cycle IPSPs could have in
influencing longitudinal delays would be emphasized in the
single-sided preparations, where mid-cycle IPSPs are absent
(Kahn & Roberts, 1982; Soffe, 1989).

The rostrocaudal decline in synaptic excitation and
inhibition is compatible with anatomical evidence showing
that the population density of the excitatory and inhibitory
interneurones, that are thought to be active during
swimming, declines in a rostrocaudal direction along the
spinal cord (excitation: Roberts & Alford, 1986; inhibition:
Dale et al. 1986; Roberts et al. 1988). Since axonal projection
distances are usually less than 1 mm for these interneurones,
lower neuronal population densities would be expected to
lead to fewer synaptic contacts and a consequent reduction
in synaptic drive.

For rostrally located neurones both spikes evoked by
current and spikes occurring during fictive swimming have
shorter durations and larger amplitude AHPs than those in
more caudal neurones. One possible explanation for these
findings is that K* currents decline in a rostrocaudal
direction. The rostrocaudal decline in the amplitude of the
AHPs could contribute to a general longitudinal decrease in
intrinsic frequency by reducing the efficiency of potassium
repolarization processes, which would reduce hyperpolar-
ization-dependent sodium channel reactivation. During
swimming in neurones caudal to the eighth post-otic
segment no AHPs are evident even though they are
revealed in the same neurones during current injection. One
explanation for this observation is that during swimming
there is some kind of synaptically mediated suppression of
AHPs in caudal neurones, but further work is needed to
ascertain the precise mechanism underlying this finding.

Distribution of rhythm-generating capability

We have shown that the amplitude of the synaptic excitatory
and inhibitory drive to neurones during fictive swimming
decreases along the spinal circuitry. Earlier studies had
shown that progressively more caudal transection of the
spinal cord reduces the ability of spinal regions caudal to the
transection to sustain fictive swimming, and that transection
beyond the fifth post-otic segment eliminates this ability
(Kahn & Roberts, 1982; Roberts & Alford, 1986). Related
experiments had shown that lower spinal preparations
required higher concentrations of bath-applied NMDA to
evoke fictive swimming (Soffe & Roberts, 1989). The
evidence therefore suggests that both rhythm-generating
capability and synaptic drive decline caudally. The spinal
cord can be divided into three parts. In the intact animal
spinal regions rostral to the fifth post-otic segment appear to
possess reliable oscillator capability. Caudal to the fifth post-
otic segment the situation is less clear. It seems likely that
the region from the fifth to the tenth post-otic segment has
sufficient mid-cycle inhibition and receives sufficient
excitatory tonic drive from more rostral regions for it to
participate actively in thythm generation. In the absence of
external drive these segments cannot generate rhythm.



J. Physiol. 474

Regions caudal to the tenth post-otic segment lack mid-
cycle inhibition and behave as passive elements which are
driven by phasic excitation from more rostral regions. This
view suggests that the cord as a whole cannot be regarded as
a system of coupled oscillators.

There are, however, some problems with the idea that
more caudal spinal regions cannot generate rhythmic
oscillations. In a previous paper (Tunstall & Roberts, 1991b)
we showed that activity recorded from the twelfth post-otic
segment could sometimes lead that at the third segment
when NMDA was applied caudal to the seventh segment. It
is possible that the applied NMDA imparted sufficient
additional excitatory drive to the caudal regions to enable
them to produce autonomous rhythmic activity. This could
have occurred directly, and also indirectly by increasing the
drive to regions at segment 7, which in turn led to an
increase in the drive to the more caudal regions. In view of
the fact that both on-cycle IPSPs and mid-cycle IPSPs are
absent during activity recorded from spinal regions caudal
to the twelfth segment the nature of rhythm generation in
these regions is not clear. However, Soffe (1989) has shown
that when one-half of the spinal cord is removed surgically
the remaining half spinal cord can generate a few cycles of
swimming even in the presence of 10 mm strychnine (i.e.
where both mid-cycle and on-cycle inhibition is expected to
be blocked) provided Mg** is present in the saline. This
finding raises the possibility that beyond the twelfth segment
excitatory drive may enable some rhythm generation to
occur in the absence of inhibitory synaptic input.

Relation to other systems

The only other swimming system where a longitudinal
gradient has been demonstrated is the leech. Isolation of
regions of the nerve cord has shown that there is a
caudorostral frequency gradient where frequency increases
from the head to the twelfth segment (Pearce & Friesen,
1985a). However, caudal to this, isolated regions of nerve
cord cannot produce fictive swimming activity, and the
reasons for this are not clear (Pearce & Friesen, 1985a). In
the leech there is no evidence that the frequency gradient is
due to a decline in synaptic drive or intersegmental
connections (Pearce & Friesen, 1985a,b). Pearce & Friesen
(1988) have concluded that the nature of the intersegmental
coupling ensures that a rostrocaudal delay occurs even
though there is a caudorostral gradient in intrinsic fictive
swimming frequency. The gradients in the leech and
Xenopus embryos contrast with the findings for the systems
controlling crayfish swimmeret beating (Paul & Mulloney,
1986) and lamprey swimming (Cohen, 1987), which showed
that ganglia or segments, taken from anywhere along the
nervous system, could generate rhythm and furthermore,
that there was no systematic longitudinal change in the
frequency of this rhythm. However, both these studies are
difficult to interpret since rhythm was artificially induced
by applied excitants which may activate receptors such as
those on sensory pathways that are not activated during
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normal rhythm generation. Where gradients have been
found, in the leech and Xenopus preparations, rhythm was
evoked by stimulating pathways that normally evoke
swimming.

The ‘trailing oscillator hypothesis’, advanced by
Matsushima & Grillner (1990) to explain intersegmental co-
ordination in the lamprey suggests that rostrocaudal delays
can be obtained by means of a discrete rostral region of high
excitability, which then entrains other more caudal regions,
all of which possess the same level of excitability. This
contrasts with the findings presented in the leech (Pearce &
Friesen, 1985a,b), which showed a continuous decline in
oscillator frequency along the nervous system. The data we
have presented here suggest that in Xenopus, there is also a
longitudinal gradient in intrinsic frequency as well as
coupling strength. In both the leech and the Xenopus
embryo the caudal part of the nervous system does not
generate rhythm.

Conclusions

The gradients in synaptic excitation and inhibition and in
spike and AHP duration and amplitude demonstrated here
would be expected to have profound effects on the rostro-
caudal delays. We have already shown that changing the
gradient artificially changes rostrocaudal delay (Tunstall &
Roberts, 1990, 1991). Whether the gradients in synaptic
drive provide a sufficient explanation for longitudinal co-
ordination is currently being investigated by computer
simulations of the spinal networks.

Changes in synaptic drive along the spinal circuitry offer
a fast, flexible and reversible means of changing the
magnitude and direction of longitudinal delays. Such a
mechanism seems in keeping with the fact that survival
depends critically on being able to respond quickly and
flexibly to sudden and unpredictable stimuli. In the
Xenopus embryo pinching the head with forceps can lead to
a behaviour termed struggling where slower waves of
bending pass from the tail to the head (Soffe, 1991). Fictive
struggling is characterized by bursts of ventral root activity
which occur with caudorostral delay (Soffe, 1991). The
reversal in the direction of co-ordination that occurs during
struggling may be explained by an increase in the excitatory
drive in more caudal regions leading to an increase in
intrinsic frequency and coupling strength and thereby
permitting caudal neurones to fire before their rostral
neighbours.
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