
cal signs indicating risk for SIDS are 
manifested in the newborn, these signs 
may not be due solely to postnatal envi- 
ronmental influences. Early neonatal 
deaths and death from SIDS share a 
variety of common epidemiological fac- 
tors (14). The antecedents of SIDS might 
therefore lie in a disturbance in fetal 
development. 
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Neural Control of Swimming in a Vertebrate 

Abstract. An excitatory drive to the spinal cord neurons supplying rhythmic loco- 
motor output in swimming was demonstrated in paralyzed late Xenopus embryos. 
The motor system for a single muscle can independently generate rhythmic motor 
discharge with the normal swimming cycle period. 

In many groups of animals, including 
mammals, the basic alternating pattern 
of motor discharge required for locomo- 
tion can be generated within the central 
nervous system without reflex feedback 
from the movement itself (1). Current 
hypotheses favor the idea that the rhyth- 
mic activity underlying locomotor pat. 
terns in vertebrates is generated within 
the spinal cord. Higher centers are 
thought to activate and modulate this 
spinal cord pattern generator by means 
of a descending tonic excitatory drive. In 
most hypotheses, reciprocal inhibition 
between antagonistic motor systems in 
the spinal cord is crucial, either being 
fundamental to the rhythmicity of the 
spinal cord pattern generator (2) or be- 
ing necessary for the coordination of 
phase relationships between separate, 
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inherently rhythmic motor systems (3, 
4).  Despite the long history of most of 
these proposals, direct evidence for ex- 
citatory drive during locomotion and on 
the role of reciprocal inhibition is not 
available for vertebrates. We have there- 
fore sought a simple vertebrate prepara- 
tion in which to explore the origins of 
locomotory rhythms and their control by 
higher centers. 

The behavior of embryos of fish and 
amphibians is limited, and they are neu- 
roanatomically simple. They therefore 
offer a model system in which tu explore 
fundamental features of nervous organi- 
zation. We have studied late embryos of 
the clawed toad (Xenopus laevis) at stage 
37138 (5) (Fig. IA). When released from 
their egg membranes, embryos will swim 
spontaneously or in response to mechan- 
ical stimuli or dimming of the light (6); 
swimming can be stopped by bumping 
the head or cement gland (7). Filming 

Fig. 1. (A) Side view of a late embryo of 
Xenopus laevis at stage 37138 ( 5 ) .  (B) Tracings 
of swimming movements from cine films tak- 
en at 300 frames per second. Waves of bend- 
ing pass caudally down the body. (C) Muscle 
potentials during swimming in restrained em- 
bryos were recorded by placing saline-filled 
suction pipettes on exposed myotomal swim- 
ming muscles. Activity on left and right sides 
of one segment alternated (upper traces). Ac- 
tivity was delayed at the more caudal of two 
recording sites on the same side, 2 mm apart 
(lower traces). (D) Motoneuron discharge in 
the ventral roots (VR) of paralyzed embryos 
(9)  recorded with suction pipettes placed at 
the junctions between segmented myotomes 
where muscle fibers are innervated. Rhythmic 
discharge, evoked by dimming illumination 
(6), alternated on left and right of one segment 
(upper traces). Discharge was delayed at the 
more caudal of two recording sites on the 
same side, 1.5 mm apart (lower traces). (E) 
Rhythmic ventral root bursts on both sides of 
a paralyzed embryo lacked strict alternation 
when left and right halves of the nervous 
system were surgically separated caudally 
from the first postotic myotome (15). (F) 
Rhythmic ventral root bursts recorded from 
the isolated right half of the hindbrain-spinal 
cord (16). 
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(Fig. 1B) has shown that the period of 
the swimming cycle is 40 to 100 msec, 
and waves of bending propagate caudally 
down the body. Muscle potentials re- 
corded (8) during swimming in restrained 
embryos alternate on left and right sides 
and appear after a delay at more caudal 
segments (Fig. IC). In embryos para- 
lyzed by the neuromuscular blocking 
agent curare (9) ,  stimuli that normally 
initiate swimming evoke alternating 
bursts of ventral root activity on either 
side of the trunk (Fig. ID). Motor root 
activity is usually delayed in caudal seg- 
ments relative to that in the more rostral 
roots. The cycle period of the rhythmic 
motor root discharge is similar to that of 
unrestrained swimming movements and 
in both tends to increase during episodes 
of activity. Like the swimming move- 
ments, the alternating ventral root bursts 
can be stopped by bumping the head and 
can also be obtained in spinal embryos 
(with the brain removed), although epi- 
sodes of activity are then present only 
during stimulation. This evidence indi- 
cates that the paralyzed embryo can gen- 
erate a pattern of motor activity similar 
to that observed during normal swim- 
ming locomotion. Xenopus embryos are 
therefore similar to adult vertebrates and 
invertebrates, in which the basic loco- 
motory pattern can be generated within 
the central nervous system or spinal cord 
without sensory feedback. Pattern gen- 
eration is not a property of a unique site, 
since separated rostral and caudal seg- 
ments can generate swimming activity 
independently. 

To provide an anatomical basis for our 
electrophysiological studies, we have 
retrogradely labeled spinal cord neurons 
with horseradish peroxidase (HRP) (10). 
Motoneurons can be distinguished by a 
ventral soma, lateral and dorsal den- 
drites in the lateral longitudinal tracts, 
and by their peripheral axons, which 
u!jually project caudally before leaving 
the cord to innervate the myotomes (Fig. 
2, A and B). Using HRP, we have also 
seen interneurons in the spinal cord 
whose axons cross to the contralateral 
side of the cord by way of the ventral 
commissure (there is no dorsal commis- 
sure) and which could mediate reciprocal 
inhibition. 

Using paralyzed animals, we have 
made intracellular recordings (11) from 
cells in the ventral part of the cord, 
which we know to contain predominant- 
ly motoneurons, at levels from the third 
to ninth postotic myotome. During 
"swimming," these putative motoneu- 
rons fire rhythmic spikes in phase with 
the motor root discharges on the same 
side of the cord (Fig. 2, D and E). 
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Furthermore, iontophoresis of Lucifer 
yellow dye (12) into some of the record- 
ed neurons showed their anatomy to be 
typical of motoneurons (Fig. 2C). We 
therefore call these cells motoneurons 
until further evidence indicates other- 
wise. 

When impaled with a microelectrode, 
motoneurons are normally silent and 
have a resting potential of -50 to -67 
mV. A single episode of "swimming" 
generally starts with a gradual depolar- 
ization of the motoneuron membrane po- 
tential and terminates with its gradual 
repolarization (Fig. 2, D and E). Be- 
tween these lies a period when the mem- 
brane potential is tonically depolarized 
(13), usually by 10 to 20 mV from the 
resting potential. Throughout the epi- 
sode, motoneuron membrane conduct- 
ance increases, as indicated by a de- 
crease in the amplitude of hyperpolariz- 
ing constant current pulses, injected into 
cells through the microelectrode. A high- 

A Spinal cord B 

er amplitude of tonic depolarization is 
associated with a larger increase in con- 
ductance. This shows that the tonic de- 
polarization is a genuine excitatory drive 
and not, rather, a release from inhibition. 

Superimposed on the tonic depolariza- 
tion during an episode is rhythmic activi- 
ty whose cycle period is similar to that 
of unrestrained swimming movements. 
Each cycle of this rhythmic activity con- 
sists of a period of phasic excitation, 
usually evoking a single spike, alternat- 
ing with phasic inhibition (14) (Fig. 2E). 
Rhythmic spikes occur in phase with 
motor root discharges on the same side, 
and the onset of the period of inhibition 
is in phase with the motor root dis- 
charges on the opposite side. The cycle 
period, which tends to lengthen during 
an episode (Fig. 2E), is related to the 
amplitude of the tonic depolarization. A 
higher amplitude of tonic depolarization 
is associated with a shorter cycle period. 

From our intracellular recordings, we 

Fig. 2. (A) Horseradish peroxidase-filled, spinal cord motoneuron with its dendrites in the 
longitudinal axon tract (dotted) and its axon leaving the ventral part of the cord. The dorsal 
extent of the myotomes and the notochord are also indicated. Drawn from 15-pm transverse 
wax section. (B) HRP-filled motoneuron with characteristic dorsal dendrites and an axon 
running caudally before branching and leaving the spinal cord in two places (arrows). Lateral 
view, drawn from whole mount. About 100 pm of caudal axon is omitted. (C) Lucifer yellow- 
filled neuron showing anatomical features characteristic of motoneurons, such as in (A) and (B), 
drawn from whole mount. Orientation as in (B). (D) A single spontaneous episode of 
"swimming" in a paralyzed embryo, recorded intracellularly from a motoneuron (MN) and 
extracellularly from an adjacent ventral root (VR), as indicated in the diagram. The episode 
starts with a smooth, gradual depolarization and terminates with a smooth, gradual repolariza- 
tion of the motoneuron membrane potential. Between these, the rhythmic motoneuron spikes 
are superimposed on a background tonic depolarization. (E) The rhythmic motoneuron activity 
consists of single spikes. in phase with ventral root bursts on the same side, alternating with 
midcycle IPSP's. The level of the resting potential is indicated by dots. Swimming cycle period 
tends to elongate at the end of the episode and finally after rhythmic activity ceases, the 
background tonic depolarization smoothly returns to the resting potential. (F) Injection of 
hyperpolarizing current pulse into a motoneuron during a "swimming" episode in a curarized 
embryo delays the rhythmic spikes sufficiently to reveal underlying depolarizing potentials and 
reduces the amplitude of the midcycle IPSP's. Note that two IPSP's after the current pulse 
undershoot the resting potential. 



are able to draw some conclusions re- 
garding the nature of the rhythm genera- 
tor within the spinal cord. In each cycle 
of a "swimming" episode, motoneurons 
spike once. Injection of hyperpolarizing 
current reveals a phasic depolarizing po- 
tential that increases in amplitude with 
hyperpolarization and underlies each 
spike (Fig. 2F). While motoneurons can 
be made to fire by injecting depolarizing 
current, they show no inherent rhyth- 
micity. It appears, then, that the depolar- 
izing potentials underlying motoneuron 
spikes represent phasic drive from a sep- 
arate spinal cord rhythm generator. 

Consecutive motoneuron spikes are 
separated by a period of inhibition (14), 
which starts in phase with motor root 
discharges on the opposite side of the 
cord. In order to investigate reciprocal 
interactions in the swimming pattern 
generator, we made motor root record- 
ings in surgically altered embryos. Using 
a fine needle, we completely separated 
the two sides of the nervous system to 
interrupt any crossed commissural path- 
ways between the two sides. The roof of 
the hindbrain was opened along the mid- 
line and the cut continued caudally along 
the neurocoele into the spinal cord. Ven- 
tral connections between the two sides 
were then cut until the notochord was 
clearly visible between the left and right 
sides. Normally alternating activity, 
evoked by stimulation, was present pro- 
vided that commissural connections in 
about 150 ym of the rostral spinal cord 
were intact. Complete midline separa- 
tion of the left and right sides from the 
midbrain caudally (15) did not upset the 
rhythmic burst production on either side, 
but the normally strict alternation be- 
tween the two sides was lost (Fig. 1E). 
When one whole side of the hindbrain 
and spinal cord was removed (16), the 
remaining half could still generate rhyth- 
mic burst activity (Fig. IF). 

Our experiments indicate that a capa- 
bility to generate rhythmic bursts of mo- 
toneuron discharge with normal swim- 
ming cycle periods lies on either side of 
the central nervous system. This rhyth- 
mic pattern generation does not depend 
on mutual interconnections between an- 
tagonistic motor systems of the left and 
right sides. Models of pattern generation 
in which reciprocal inhibition is funda- 
mental to rhythmicity (2) are therefore 
not applicable here. However, reciprocal 
inhibitory interactions are implicated in 
the organization of the usual strict alter- 
nation in activity of the left and right 
sides that underlies swimming. We sug- 
gest that spinal interneurons involved in 
swimming pattern generation are activat- 
ed, like the putative motoneurons, by a 

tonic excitatory drive which is the result crushed onto axons in myotomes. Processing 
was conventional. of the descending excitation previously 11. Intracellular recordines were made from 62 cells 

hypothesized as an important compo- 
nent of locomotor pattern generation. 
The nature and source of this excitation 
remains to be ascertained. 
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Hyperthermia-Induced Seizures in the Rat Pup: 
A Model for Febrile Convulsions in Children 

Abstract. Seizures were produced in rat pups by ambient hyperthermia. Seizure 
threshold temperatures, measured rectally and intracerebrally, increased between 2 
and 10 days of age. Electrocortical paroxysmal discharges were confirmed in 
hyperthermic 6- and 10-day-old pups. The increasing resistance to hyperthermic 
seizures with maturation and the electroencephalographic changes induced by 
hyperthermia are similar to those in young children. 

Febrile convulsions occur in about 3 to 
5 percent of children between 6 months 
and 5 years of age (1-3). Victims are 
normal children with a genetic predispo- 
sition and children with brain damage or 
idiopathic epilepsy (1-3). Clinical studies 
have led to strong disagreement as to 
whether febrile seizures contribute to 
brain damage in very young children (3- 
5). Seizures induced by hyperthermia 
have been observed in the rat pup (6). 
We have further characterized hyper- 
thermia-induced seizures in the imma- 
ture rat as a model for studying the 
pathogenesis of febrile seizures and their 
sequelae. 

Litters of Sprague-Dawley albino rats 
were culled to eight pups each on the day 
of birth and maintained (one litter and 
mother per cage) at 22" to 23°C. To 
determine seizure threshold tempera- 
tures, the pups were warmed individual- 

ly in a Lucite chamber measuring 13 by 
13 cm at the base and 6.5 cm in height. 
The walls and base were 0.6 cm thick 
and the chamber was covered by a black 
copper top 0.3 cm thick. The chamber 
floor was covered with paper towels. 
There were spaces in the walls for wires 
and air movement. A 250-W infrared 
lamp was held 10 cm above the chamber 
until seizure activity appeared and then 
turned off immediately. 

For measurement of rectal tempera- 
tures, a plastic-insulated 1116-inch 
thermistor probe was inserted at least 1 
cm beyond the anus and connected to a 
recording thermometer (Yellow Springs 
Instrument Co.). For concurrent mea- 
surement of brain and rectal tempera- 
tures, bifilar, nylon-insulated, copper- 
constantan thermocouples (California 
Fine Wire Co.) approximately 0.2 mm in 
diameter were used (7). The brain ther- 
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