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Spontaneous Motor Activity in Fetal and Infant Rats Is Organized
Into Discrete Multilimb Bouts

Scott R. Robinson, Mark S. Blumberg, Maura S. Lane, and Lisa A. Kreber

University of Iowa

Spontaneous motor activity (SMA) is a ubiquitous feature of fetal and infant hehavior.
Although SMA appears random, successive limb movements often occur in bouts. Bout
organization was evident at all ages in fetal (embryonic day [E] 17-21) and infant (postnatal
day [P] 1-9) rats, with nearly all bouts comprising 1-4 movements of different limbs. A
computational model of SMA, including spontaneous activity of spinal motor neunrons,
intrasegmental and intersegmental interactions, recurrenl inhibition, and descending influ-
ences, produced bouts with the same structure as that observed in perinatal rats. Consistent
with the model, bouts were not eliminated on E20 after cervical spinal transection, suggesting
that the brain is not necessary to produce bout organization. These investigations provide a
foundation for understanding the contributions of SMA to neuromuscular and motor

development.

The earliest behavior of nearly all invertebrate and
vertebrate animals is characterized by spontaneous, twitch-
like movements of the head, trunk, and limbs {Corner, 1977,
Hall & Oppenheim, 1987; Hamburger, 1963). Spontaneous
motor activity (SMA), which is distinguished from reflexive
movements in that it occurs without external stimulation, isa
ubiquitous feature of behavioral expression and has been a
primary focus of investigation of behavioral embryologists
(Bekoff, 1976; Hamburger, 1973; Landmesser & O’Donovan,
1984; Narayanan, Fox, & Hamburger, 1971; Provine, 1973).
SMA continues te be expressed after hirth in the form of
myoclonic twitches of the distal limbs that appear more
rapid and jerky than the motor activity of fetuses; these
infant twitches are phenomenologically similar to those
occurring during REM sleep in adults (Blumberg & Lucas,
1996; Gramsbergen, Schwartze, & Prechtl, 1970). The
possibility that these prenatal and postnatal movements may
be causally and/or functionally related has been acknowl-
edged for some time. For example, Corner (1977) stated that
“sleep motility in its entirety ... is nothing less than the
continued postnatal expression of primordial nervous func-
tional processes™ (p. 292). Nonetheless, the hypothesis of
developmental continuity between the SMA of fetuses and
infants has rarely been directly addressed empirically.

The SMA of fetuses and infants exhibits nonrandom
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organization in both spatial and temporal dimensions. Circa-
dian rhythms (De Vries, Visser, Mulder, & Prechtl, 1987),
ultradian cyclicity (Robertson, 1987; Robertson & Bacher,
1995), and aperiodic clustering of activity (Robinson &
Smotherman, 1988, 1992) are just a few examples of
temporal patterns that are expressed across multiple time
scales ranging from hours to minutes to fractions of seconds.
One form of spatiotemporal organization that has received
relatively litdle attention is movement synchrony, in which
one limb moves in temporal proximity to another limb
(Provine, 1980; Robinson & Smotherman, 1987). Although
these synchronous movements occur predominantly at inter-
vals of 0.5 s or less (Lane & Robinson, 1998), they are not
simultaneous and do not resemble the whole-body startles
that have long been recognized (Gramsbergen et al., 1970;
Hamburger & Oppenheim, 1967). Furthermore, as we report
in this study, movement synchrony reflects more than simply
a temporal dependence among pairs of limbs; rather, pat-
terns of movements among two or more limbs ar¢ organized
into discrete bouts, where a bowut is defined as the set of all
limb movements in which the time interval between each
successive limb movement does not exceed some criterion
value (Fagen & Young, 1978; Machlis, 1977). When this
bout analysis approach is used, similaritics in bout striucture
between fetuses and infants become readily apparent, thus
providing additional empirical support for Corner’s (1977)
devetopmental continuity hypothesis for SMA.

Despite the similarities in bout structure between fetuses
and infants, the usefulness of the bout analysis approach will
ultimately lie in its ability to provide insights into the
underlying neural components that produce SMA, as well as
its possible function. Therefore, in addition to quantifying
the bout organization of SMA in fetal and infant rats, we
describe a neural network model minimally configured to
represent the spontaneously active elements within the
spinal cord and brain that give rise to SMA. Specifically, the
model represents spontaneous activation of spinal motoneu-
rons, mutual interaction among motoneurons both within
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and between spinal segments, recurrent inhibition of limb
activity, and descending influences from the brain. This
model is sufficiently robust to capture the major features of
bout organization as well as the developmental changes
observed in rats from Day 17 of gestation to Day 9
postpartum. Moreover, one of the principal predictions from
this model, namely. that descending influences from the
brain play little or no role in generating multilimb bouts of
motor activity, is tested in a final experiment in which rat
fetuses are surgically prepared with a high cervical spinal
transection.

Methed
Subjects

Adult Sprague-Dawley laboratory rats (Rarrus norvegicus) were
maintained in a temperature-controlled room with a 12-hr light-
dark cycle (lights on at 0600). Mothers were housed in standard
iaboratory cages (48 X 20 X 26 cm) in which food and water were
available ad libitum. All subjects were treated in accordance with
the Guide for rhe Care and Use of Laboratory Animals (National
Institutes of Health, 1986).

In the initial study, 40 fetal subjects from 40 pregnancies were
used. An additional 9 pregnancies provided 16 fetal subjects on
Embryonic Day 20 (E20) of gestation to assess the effects of
cervical spinal transcetion on fetal motor activity. Female rats were
housed in groups of three with a single male during a 4-day
breeding period. Vaginal smears were collected daily over the
breeding period to determine whether conception had occurred; the
first day in which sperm was detected was designated as EO of
gestation. With this breeding regimen, pregnant rats typically give
birth on E22. Time-mated females remained housed together until
fetuses were tested at one of five gestational ages (E17-E21).

Sixteen male and female infant rats from eight litters also were
used. Female rats were housed in groups of two with two males
during a |-week breeding pericd, after which females were moved
to individual cages for the remainder of gestation. The day of birth
was designated as Postnatal Day 0 (PO}, and, when necessary, litters
were culled to 8 pups by P3. Finally, to control for the repeated
handling and testing of pups in the longitudinal group, the motor
behavior of an additional 8 pups from the same eight litters was
recorded on P9 by using an identical procedure; these subjects are
referred to as cross-sectional controls.

Preparation of Fetal Subjects

In the nitial study, fetal subjects were tested at one of five
gestational ages: E17, E18, E19, E20, or E21 (# = 8 at each age).
All fetal subjects in the cervical transection study were tested on
E20 (n = 8 per group). Detailed observation of fetal behavior was
made possible by surgical procedures that produce spinal anesthe-
sia in a pregnant rat and allow the uterus and fetuses to be
externalized for direct visual access (Smotherman & Robinson,
1991). Under brief ether anesthesia, 100 pl of 100% ethyl alcohol
was injected into the spinal canal between the first and second
lumbar vertebrae. This procedure results in irreversible spinal
anesthesia posterior to the site of injection. After spinal anesthesia,
the pregnant rat was secured in a holding apparatus with a Velcro
Jjacket, her uterus was externalized through a midline laparotomy,
and the uterus and lower body were immersed in a temperature-
regulated (37.5 % 0.5° C) bath containing buffered physiological
saline {Locke’s solution). This benign fluid environment promotes

fetal viability and allows detailed, direct observation of fetal
behavior. The mother and fetuses were allowed to recover from the
ether anesthesia in the waler bath for 20 min before behavioral
observations began.

After acclimation to the bath, an individual fetus was selected
from each pregnancy for behavioral testing. The fetal subject was
externalized from the uterus into the saline bath, and the embryonic
membranes (chorion and amnion) were removed to permit experi-
mental access to the fetus. At all times, the fetal subject remained
connected by the umbilical cord to the placenta, which remained
attached within the uterns. These procedures produce maternal and
fetal preparations that are stable and resistant to deterioration;
placental-uterine attachments are maintained in good condition for
long pericds, permitting observation sessions of -2 hr.

SMA of each fetal subject was videotaped continuously for
either 15 min (E17 feluses) or 30 min (E18-E21 fetuses). To gain
clear visual access to limb movements, each fefal subject was
posilioned on its back with an elastic band across the thorax; this
band was applied as loosely as possible while the fetus was held in
a supine posture. Videotaping of fetal behavior was accomplished
with 4 camera located above the water bath, and recordings were
obtained in S-VHS format at the highest quality recording speed
{§P; 60 ficlds/s), with simultaneous time code generation. The time
code provided a visual time reference on each video field,
permitting precise synchronization of frames during later playback
and analysis.

Preparation of Infant Subjects

Eight infant subjects were tested longitudinally on P1, P3, PS5,
P7, and P9, with an additional 8 cross-sectional controls tested on
P9. On the day of testing, the pup was removed from its home cage,
weighed, and placed inside an incubator. All pups bad fed recently,
as evidenced by the presence of milk clearly visible through the
abdominal skin. The incubator was maintained at an air tempera-
ture of 34-36° C and a relative humidity of 40-65%; the higher
temperatures in this range were used with the younger subjects, the
aim being to maintain pups within a thermoncutral environment
{Spiers & Adair, 1986) that would be conducive to the expression
of myoclonic twitching (Blumberg & Stolba, 1996; Sokoloff &
Blumberg, 1998).

To gain clear visual access to limb movements, each infant
subject was positioned on its back on a felt surface, and two elastic
bands were secured around the pup. These bands were applied as
loosely as possible while still maintaining the pup in a supine
posture. In general, pups begin exhibiting myoclonic twitching of
the distal limbs and tail within minutes of being secured inside the
incubator.

A microcamera placed above the pup inside the mcubator
provided a clear view of all limb movements, Videotaping began
45-60 min after placement in the incubator and continued for 15
min. After recording was complete. the pup was marked for
identification and returned to its home cage.

Procedures for Scoring Behavioral Data

Fetal and infant limb activity was scored from videolapes during
normal-speed playback. To ensure high reliability in scoring
movements, only one limb was scored in a given playback session;
thus, four passes were made for each subject on each day to score
the four individual limbs. Data were acquired with an event-
recording program that records the identity and time of each
keypress, with a resolution of at least 0.1 s. For each pass through a
subject’s video record, the videotape was cued 1o the same frame
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and synchronized with the event recorder to permit subsequent recon-
strugtion of a single time series comprising all limb movements.

For scoring motor activity in fetal subjects, each instance of
movement, or unidirectional vector of continuous movement, was
freated as a point event. Therefore, observers did not make
distinctions among different kinds or magnitudes of limb move-
ments. For scoring motor activity in infant subjects, two basic
forms of movemernt were distinguished: Twitches were defined as
phasic, rapid, and independent movements of a limb (Blumberg &
Lucas, 1994; Gramsbergen et al., 1970); awake behaviors included
coordinated and continuous motor activities such as stretching,
kicking, and yawning.

Two experienced observers scored the fetal and infant motor
activity. Each observer demonstrated a criterion level of profi-
ciency before scoring data in this study. We have nsed similar
scoring procedures in the past and have found them to be highly
reliable, with inter- and intrarater reliability coefficients typically
exceeding 0.85 {(Blumberg & Lucas, 1994; Smotherman & Robin-
son, 1991).

Analysis of Feral and Infant Motor Behavior

For analysis of felal data, all movements were analyzed; for
analysis of infant data, awake behaviors were edited out and only
twitch movements were analyzed further. (Because awake behav-
jors in infant rats at these ages and under these conditions are
relatively rare, their exclusion is not likely to have significantly
influgnced the results reported here. In all other respects, the fetal
and infant data were analyzed identically.) Next, the four data sets
obtained from scoting motor activity in each limb for each test
session were interleaved to create a single continuous time series.
This interleaved data set provided information about which limb
had moved and the time of occurrence of each movement.

Analysis software written by one of the authors was used to
analyze the bout organization of limb activity in each interleaved
data set. In this report, a bout criterion interval of 0.2 s was used;
this particular valuc was selected on the basis of preliminary
analyses of these data. (It should be stressed that the basic finding
of bout organization reported here is robust and is seen at bouwt
criteria ranging from 0.1 to (.5 s.) Finally, for each bout, the
analysis program determined bour length, which was defined as the
total number of limb movements in any particular bout.

A number of methods have been used previously for assessing
and expressing bout organization (Fagen & Young, 1978; Machlis,
1977, Slater & Lester, 1982). For the present analysis, conditional
probabilities were calculated for each fetal and infant subject to
quantify the likelihood that, given the occurrence of y movements
in an evolving bout, an additional limb movement would occur
within the bout criterion interval to produce a bout of at least length
vy + 1. These bout transition probabilities were calculated by
dividing the number of bouts of at least length y -+ 1 by the number
of bouts of at least length y. Thus, separate estimates were
calculated for the probability of adding a second movement to a
pout {designated as ““1..27), adding a third movement (*2..3"),
adding a fourth movement (3..4"), or adding a fifth movement
(*4..5"). The resulting series of transition probabilities are graphi-
cally depicted in “risk plets” and are computationally equivalent to
age-specific survival or mortality data calculated from life tables
used to summarize demographic data (Deevey, 1947). Because
bouts comprising more than five limb movements rarely occurred,
higher order transition probabilities are not included in the graphs
presented below.

For fetal subjects, a repeated-measures analysis of variance
(ANOVA), with event transition as the repeated measure and age as
a between-groups factor, was used. For infant subjects tested

longitudinally, a repeated-measures ANOVA, with both event
transition and age as repeated measures, was used. When ANOVAs
revealed overall significant effects at p < .05, post hot paired or
unpaired r tests were conducted to determine the source of these
effects. Finally, differences between the P9 infants tested longitudi-
nally and those tested cross-sectionally were tested with a repeated-
measures ANOVA, with event transition as the repeated measure
and testing condition (j.e., longitudinal vs. cross-sectional) as the
between-groups factor. All means are presented with their standard
ErToTS.

Computational Modeling of Fetal and Infant SMA

To begin to understand the neural mechanisms that generate the
observed temporal patterning of SMA, we developed a simple
neural network model that generates a simulated stream of limb
movements (see Figure 1}. The model, written in Pascal, consisted
of four virtuai neurons that represented independent sources of
neural activity within the spinal cord, each associated with one of
the four limbs. A fifth virtual neuron represented the collective
influence of neural activity descending from central sources in the
brain. In addition to its role in inducing movement of its respective
limb, each limb neuron was connected with each of the other three
limbs by an excitatory synapse. Each limb neuron also produced an

Figure [. A “five-neuron” connectionist model incorporating a
single motoneurcn for each limb and a central neuron providing
descending excitation (o each of the four limbs. Each limb neuron
exerts an excitatory influence on each of the remaining limb
neurons via contralateral and ipsilateral connections. Moreover,
each limb has a recurrent inhibitory connection. Spontaneous
aclivity occurs in each of the five neurons according to a
probabilistic equation, In total, there are 20 synaptic connections
and five firing probabilities in this model. For nearly all of the
present analyses, however, the five firing probabilities were set to
the same value, and only 3 synaptic weights were varied: interlimb
coupling (12 weights), recurrent inhibition (4 weights), and descend-
ing excitation (4 weights).
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inhibitory effect on itself through a recurrent inhibitory synapse;
the purpose of this recurrent inhibition was to create a functional
refractory period for each limb neuron. Finally, descending projec-
tions from the central source were connected by excitatory
synapses with each of the four limb neurons. Thus, the resulting
network consisted of five spontancously bursting neurons (four
limbs and one central source) connected by 20 synapses (12
interlimb, 4 recurrent, and 4 from the central source). All synapses
between limbs were considered (0 be excitatory, recurrent synapses
were considered inhibitory, and synapses involving descending
projections from the central source were considered excitatory.

The output of the model was computed in a continuous series of
0.1-s increments. That is, the net effect of intrinsic firing probabili-
ties and postsynaptic potentials on the likelihood of an individual
limb neuron firing was determined in each 0.1-s bin. The intrinsic
firing probabilities of the four limb neurons and one central neuron
were held constant in each bin. However, the strength of postsynap-
tic potentials was maximal in the interval immediately after the
synaplic event (excitatory or inhibitory) and decayed exponentially
thereafter. The model also permitted synaptic events at the same
neuron to summate, thereby adjusting the probability of firing as a
function of the recent history of synaptic events at that neuron.

A series of independent trials was completed to assess the
general robustness and capability of the model to recreate features
of bout organization expressed by fetal and infant rats. The intrinsic
rate of spontaneous firing of limb neurons was adjusted to produce
a time series of simulated behavior comprising approximately the
same rate of limb activity normally expressed by fetuses and
infants. To simplify assessment of a model with 25 parameters, the
intrinsic firing rates of the five virtual neurons were not varied
between trials. Although synaptic weights were systematically
varied between trials, within any given trial all interlimb weights
were set at the same value, all recurrent inhibitory weights were set
at the same value, and all descending weights were set at the same
value, yielding a model with three functional weight variables.
Each trial yielded a simulated 30-min time series of limb activity; a
sample of eight wials was conducted for every combination of
synaptic weights cxamined. These simulated time series were
analyzed and summarized according to the same procedures used
to assess bout organization in the fetal and infant subjects. Despite
its simplicity, systematic variation of the weights among the 20
synapses in the neural network yielded a surprising range of
patterns of SMA, as described below.

Procedures for Preparing Fetal Subjects by Cervical
Spinal Transection

To begin to understand how different regions of the developing
central nervous system (CNS) contribute to the organization of
spontaneous movements, a second experiment was conducted in
which E20 fetuses were prepared by cervical spinal transection or a
sham control procedure. Fetuses were prepared for behavioral
observation as previously described. The spinal transection proce-
dure was performed by inserting a microknife fashioned from a
piece of fine stainless steel wire (0.15 mm diameter) into the
cervical spinal cord at the base of the skull. The wire then was
moved in a lransverse plane to the left and right, completely
severing the spinat cord between the foramen magnum and C2.
Sham subjects were treated by inserting the wire adjacent to the
spinal column without cutting across the cord. This method of
transecting the CNS of the fetal rat is the same as that used in
previous studies of fetal behavior (Robertson & Smotherman,
1990; Smotherman & Robinson, 1990). Sham and transected

subjects were tested 30 mun after the procedure in a 15-min
experimental session, according to the same observation, scoring,
and analysis procedures described above. At the conclusion of the
testing session, subject fetuses were preserved in a 10% buffered
formalin solution for later histological examination. The brain and
spinal cord of each subject were sectioned in the midsagittal plane
and examined under low magnification to determine the location
and extent of the knife cut, All transected fetuses exhibited
complete bilateral transection of the cervical spinal cord.

Results
Bout Analyses

For fetuses, rates of movement for the forelimbs and
hindlimbs were 27.6 * 0.9 and 183 £ 0.8 movements/
minute, respectively. For the infants, twitch frequencies for
the forelimbs and hindlimbs were 31.0 = .9 and 23.9 = 0.6
twitches/minute, respectively.

Figure 2 presents risk plots for the fetuses and infants. For
the fetuses (left panel), a repeated-measures ANOVA indi-
cated significant main effects of age, F(4, 35) = 25.8, p <
0001, and event transition, F(3, 105) = 514.8, p < .0001, as
well as a significant Age X Event Transition interaction,
F(12, 105) = 9.9, p < .0001. Post hoc tests revealed a
number of interesting patterns. First, bout lengths greater
than 4 were rare at all ages. Second, for bouts of length 4 or
less, the probabilities of transition increased steadily with
age. Third, for E18 and older fetuses, the probability of
transition to a bout of length 3 was significantly greater than
the probability of transition to a bout of length 2. And finally,
for E20 and E21 fetuses, the probability of transition to a
bout of length 4 was significantly less than the probability of
transition to a bout of length 3.

Because the infant rats were tested longitudinally, it is
important to establish that repeated testing did not influence
any observed developmental trends. Indeed, there were no
differences between the longitudinal and cross-sectional
pups when they were compared at P9. Specifically, a
repeated-measures ANOVA revealed neither a significant
main effect of testing condition, F(1, 14) = 2.4, nor a
significant interaction, F(3, 42) = 0.1. Therefore, only the
longitudinally tested pups are discussed further.

For the infant rats, a repeated-measures ANOVA indicated
significant main effects of age. F(4, 84) = 7.0, p < .001, and
event transition, F(3, 84) = 2437, p < .001, as well as a
significant Age X Event Transition interaction, F(12, 84) =
6.1, p << .001. As with the fetases, post hoc tests revealed a
number of interesting patterns, some of them involving
trends opposite to those found in the fetuses. First, bout
lengths greater than 4 were again rare at all ages. Second, for
bouts of length 4 or less, probabilities of transition decreased
steadily with age. Third, only for P1 infants (the youngest
postnatal age tested) was the probability of transition to a
bout of length 3 significantly greater than the probability of
transition (o a bout of length 2. Finally, at all postnatal ages,
the probability of transition to a bout of length 4 was
significantly less than the probability of transition to a bout
of length 3.

The low probability of bouts with lengths greater than 4
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Figure 2. Risk plots. Each plot depicts the probability of adding an additional limb movement to a
bout, which is defined as a group of limb movements in which each successive movement within the
group occurs no more than 0.2 s after the previous movement. Data are means from rat fetuses and
infants at each of five different ages. TSignificant difference between adjacent points at all ages;
*significant differcnce between the indicated adjacent points only; fsignificant difference between
the oldest and youngest (i.e., Embryonic Day [E]17 vs. E21, Postnatal Day [P]1 vs. P9) rals at the
indicated event transition. Despite the use of different methodologies and different behavioral scoring
procedures, clear developmental continuities are evident across the birth transition. Standard error
bars are included in the figure but are smaller than the symbols.

suggests that each of the 4 limbs contributed once and only
once to each bout. Closer inspection of the data revealed that
this was indeed the case. Across all ages, the mean percent-
age of bouts in which the same limb moved more than once
was 0.5% (range: 0.025-1.4%).

Computational Model

As shown in Figure 1, the model used here to simulate
SMA is composed of five neurons and 20 synaptic weights.
To simplify the present analyses, however, the five intrinsic
firing probabilities were set to the same value and only three
functional synaptic weights were varied: interlimb coupling
(12 weights), recurrent inhibition (4 weights), and descend-
ing excitation (4 weights).

Figure 3 summarizes data from a series of trials generated
by this model that were analyzed by the same methods
applied to fetal and infant subjects (Figure 2). Each of the six
panels in the figure presents data for three levels of interlimb
coupling (weak, moderate, and strong), organized in a 3
column X 2 row matrix. The three columns represent
different levels of descending excitation from the central
source (none, moderate, and strong excitation), and each
row represents either weak or strong recurrent inhibition.
Every point depicts the mean of eight independent trials of
the model with a particular set of values for these three
variables.

When compared with the data in Figure 2, a number of
features are apparent. First, strong recurrent inhibition is
necessary to prevent the same limb from contributing more

than once to a bout, and thus is responsible for producing the
sharp decline in transition probability for the 4..5 event
transition. Second, increases in the strength of imb coupling
(interlimb synaptic weights) resulted in a systematic in-
crease in transition probabilities in all 6 plots, suggesting
that changes in coupling strength may account in part for
age-dependent changes observed in the fetal and infant rats.
Third, increases in descending excitation also produced an
increase in transition probabilities, especially at the weak
and moderate limb coupling values. Finally, probabilities
generally increased from the first to the second event
transition (i.e., 1..2 to 2..3) and decreased from the second to
the third event transition {i.c., 2..3 to 3..4) across a range of
combinations of limb coupling and descending excitation.
To examine the possibility that descending excitation and
recurrent inhibition alone might account for the fetal and
infant data presented in Figure 2, an additional simulation
was performed in which the intrinsic firing probabilities and
interlimb coupling weights for the four limb neurons were
set to 0. The results of this simulation are presented in Figure
4 for weak, moderate, and strong descending excitation of
the four limb neurons. In this simulation, bout structure was
evident only when descending excitation was great enough
to produce transition probabilities approaching 1; even
though strong recurrent inhibition remained an element of
this simulation, transition probabilities did not show an
abrupt decrease at event transition 4..5 with weaker levels of
descending excitation. In addition, with the present model, it
was not possible to generate probabilities at event transitions
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Figure 3. Risk plot simulations using the connectionist model described in Figure 1. For this figure,
synaptic weights were varied across three dimensions: First, each of the six plots presents three levels
of interlimb excitatory coupling, weak (triangles), moderate (circles), and strong (squares); second,
each column presents a different level of descending excitation (none, moderate, and strong); and
finally, each row presents a different level of recurrent inhibition ({weak and strong). Each point
represents the mean value of eight independent trials. When compared with the data in Figure 1, it is
apparent that bout structure depends on the presence of strong recurrent inhibition. Moreover, other
changes in the structure of the risk plots (e.g., increases and decreases in probability transitions) may
result from a combination of changes in interlimb coupling and descending excitation. Standard error
bars are included in the figure but are smaller than the symbols.

of 2..3 or 3..4 that were greater than the first event transition
(i.e., 1..2). Finally, at the lower levels of transition probabil-
ity that are characteristically expressed by fetuses and
infants, bout structure was absent and the risk plots declined
monotonically.

Effect of Cervical Transection on Bout Structure
in E20 Fetuses

To test the model’s prediction that descending influences
from the brain are not necessary to produce multilimb bouts
of SMA, the behavior of E20 fetuses after high cervical
transection was analyzed. Histological examination of experi-
mental subjects confirmed that all had complete transection
of the spinal cord between the base of the brain and C2.
Figure 5 is a photograph of a cross-section of the head region
of a representative E20 fetus with a high cervical transec-
tion. The arrow indicates the level (i.e., C1) and extent of the
transection.

High cervical transection did not significantly influence
the number of forelimb or hindlimb movements exhibited by
the E20 fetuses. Specifically, across the 15-min observation
periods, sham-transected fetuses produced 260 * 2.8
forelimb movements/minute, and transected fetuses pro-

duced 25.4 * 3.7 forelimb movements/minute. The respec-
tive values for hindlimb movements were 20,1 * 3.0 and
14.9 * 3.4 movements/minute.

Figure 6 presents the risk plots for the two experimental
groups. It is apparent that high cervical transection did not
prevent limb activity from clustering together into multilimb
bouts. A repeated-measures ANOVA indicated a significant
main effect of event transition, F(3, 42) = 26.3, p < .0001,
but not of group, F(1, 14) = 0.2, and the Event Transition X
Group interaction also was not significant, F(3, 42) = 1.1.
Because these last two tests were not significant, the data
were collapsed before post hoc tests were performed. As
indicated in the figure, event transitions decreased signifi-
cantly at the 4.5 transition, characteristic of the bouts
presented in Figure 2. Finally, to determine whether there
was a significant decrease at the 4..5 transition for the
transected fetuses alone, a single one-tailed planned compari-
son was performed; this test indicated a significant reduction
in the 4.5 transition probability, #(7) = 2.1, p < .05,
providing strong evidence of bout structure for these fetuses.

The finding here that high cervical transection did not
alter the bout structure of SMA does not mean that all
aspects of behavior were unaftected by the loss of descend-
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Figure 4. Risk plot simulation for the connectionist model set up
for descending excitation and recurrent inhibition only. For this
simulation, firing probabilities for the four limb neurons and all
limb coupling weights were set to O. Recurrent inhibition was set at
the highest level shown in Figure 3. The three graphs represent
three synaptic weights for descending excitation to the four limbs,
from weak (triangles) to moderate (5quares) to strong (squares).
Each point represents the mean vatue of cight independent trials. Tt
is clear that descending excitation alone is not capable of generat-
ing the bout structures evident in Figure 2. Standard error bars are
included in the figure but are smaller than the symbols.

ing influences from the brain. Indeed, there appeared to be
changes in the quality of the movements, including reduced
movement amplitude, in transected subjects. Such features,
however, were not explicitly measured in this experiment.

Discussion

The present results indicate the presence of previously
undetected structure in the SMA of fetal and infant rats. As
shown in Figure 2, the probability of an additional limb
movement occurring within the criterion interval of an
existing bout remains relatively constant until all four limbs
have moved, then sharply declines. Bout organization, as we
refer to this form of temporal patterning of SMA, appears (o

Figure 5. Cross-section of a representative 20-day-old fetus with
a high cervical transection. The arrow indicates the level of the
transection.
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Figure 6. Risk plots for 20-day-old fetuses that experienced high
cervical (open circles) or sham (filled circles) transections. *signifi-
cant difference between adjacent points for collapsed data. Values
are means (=SEM).

be a highly robust phenomenon that is consistently ex-
pressed by fetal and infant rats, and it exhibits systematic
changes during prenatal and postnatal development (see
Figure 2).

According to our scoring procedures, the same limb was
very unlikely to move more than once within a bout. This
could suggest that the limb acts as a single unit regardless of
the character of the movement (i.e., whether the movement
involves joint excursion at the shoulder, clbow, wrist, or
digits). However, more detailed analytic approaches, such as
frame-by-frame kinematic analysis or electromyographic
recording from multiple muscle groups within a limb, will
be required to evaluate this possibility.

It is not known what neural elements are responsible for
generating the distinctive temporal pattern of activity that is
evident in interlimb boul organization. It long has been
known that isolated segments of the cervical and lumbosa-
cral spinal cord are capable of generating SMA (Hamburger,
Wenger, & Oppenheim, 1966). In the avian embryo, for
instance, limb movements are assoctated with polyneuronal
burst discharges that are widely distributed within the spinal
cord (Provine, 1971; Ripley & Provine, 1972). These bursts
of neuronal activity can occur nearly simultaneousiy across
many spinal segments, especially at the beginning of an
episode of spontaneous motor activity; brief, high-amplitude
potentials recorded from ventral roots have been referred to
as the “initiating discharge™ (Provine, 1972) or *“synchro-
nous discharge” (Landmesser & O’Donovan, 1984). Simiiar
bursts of intersegmental activity have been reported in fetal
sheep early in gestation (E46) but are not evident in older
fetuses (E96; Berger, Kyriakides, & Cooke, 1997).

A spinal source for SMA is further suggested by findings
that cyclic and noncyclic temperal patterning is not abol-
ished by caudal to midthoracic spinal cord transection in
chick embryos (Bradley & Bekoff, 1992; Ho & O’Donovan,
1993), fetal sheep (Berger et al., 1997), and fetal and infant
rats (Blumberg & Lucas, 1994; Robertson & Smotherman,
1990). In the studies on fetal and infant rats, midthoracic
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transection reduced hindlimb twitching by 40-50%, suggest-
ing that descending influences are responsible for approxi-
mately half of all SMA below the level of the transection. It
could not be determined from these studies, however,
whether these descending influences originate in the spinal
cord or the brain. The present finding that high cervical
transection in E20 fetuses neither reduces limb activity nor
abolishes bout organization of SMA provides direct evi-
dence that, at least in fetuses, the spinal cord alone is
sufficient to organize many aspects of SMA,

The computational model described here and illustraied in
Figure 1 may help to guide our understanding of the
mechanisms underlying SMA and its bout structure. Specifi-
cally, the simulations presented in Figure 3 suggest a number
of possibilities: First, the bout structure evident in the SMA
of fetal and infant subjects may be dependent on some form
of recurrent inhibitory feedback. Second, much of the
complexity that we have observed in the temporal patterning
of SMA can be mimicked without including descending
influences from the brain, as confirmed by the data from E20
fetuses with high cervical transections. Indeed, in the model,
descending excitatory activity alone, or presumably any
single source of activity, is inadequate to produce limb
activity that is organized into bouts (Figure 4).

The age-related changes in bout structure presented in
Figure 2, when compared with the modeled data in Figure 3,
suggest some developmental hypotheses. For example,
transition probabilities increased systematically between
El17 and E21 and then decreased from Pl to P9. If, as
appears to be the case in fetuses, descending excitation from
the brain is not playing a role in bout organization, then the
maodel suggests that interlimb coupling increases across fetal
development, perhaps reflecting changes in collateral motor
efferents (ie., efference copy) or propriospinal feedback
(i.e., reafference). Similarly, posinatal decreases in transition
probabilities could be due to a reduction in interlimb
coupling.

In a recent study, the patterning and neurochemical bases
of spontaneous activity by ganglion cells in the embryonic
chick retina was investigated (Wong, Sanes, & Wong, 1998).
Using an in vitro preparation, Wong and colleagues used
optical and electrophysiological techniques to examine the
waves of spontaneous activity that are thought to play a role
i neuronal development and topographic organization. In
their observations of this spontaneous activity, the authors
note that “bursting activity renders [ganglion cell layer]
cells refractory o subsequent activation for a considerable
period” and that “‘cells never burst twice in rapid succession
as would result if a wave turned back to propagate through
its own wake” (p. 8843). This observation of a ganglion cell
refractory period may be analogous to our abservations that
spontaneous limb movements occur in bouts, each of which
is nearly always composed of the activity of different limbs,
implying a functional refractory period after each limb
movement. In our model, this refractory period is instanti-
ated as a recurrent inhibitory loop, but the neural circuitry
underlying this recurrent inhibition is unspecified. Possible
mechanisms include Renshaw cell modulation within the
spinal cord (Ashby. 1995) or a functional refractory period

of individual motoneurons or electrotonically coupled net-
works of motoneurons (Kandler & Katz, 1995). Regardless
of the exact mechanism, however, refractory periods may be
a general feature of spontaneously firing neuronal circuits
that is expressed at both the cellular and behavioral levels.

Spontaneous neural activity is now recognized as a vital
source of information to the developing nervous system
(Colman & Lichtman, 1993; Shatz, 1990). For example,
spontaneous firing of retinal ganglion cells in rats in utero,
more than 2 wecks before eye opening occurs, plays a
central role in the neural organization of the visual system,
including the development of ocular dominance columns
and topographic organization (Galli & Maffei, 1988). On the
basis of recent computational models of visual system
development, it appears that spontaneous activity is a
driving force behind unsupervised neural organization in
higher arder structures such as the lateral geniculate nucleus
and area V1 of the occipital cortex (Erwin & Miller, 1998;
Miller, 1990; Mitler, Keller, & Stryker, 1989). The establish-
ment of orderly connections in the developing motor system
entails many of the same kinds of problems faced by
developing sensory systems, suggesting that similar develop-
menial mechanisms may be involved. Thus, spontanecus
activity of motoneurcns in the spinal cord and brain may
provide information, analogous to the spontaneous activity
of retinal ganglion cells, that helps to guide the development
of neuromuscular connections and topographic organiza-
tion, as well as the maintenance of this organization in adults
(Blumberg & Lucas, 1996).

References

Ashby, P. (1995). Some spinal mechanisms of negative motor
phenomena in humans. Advances in Neurology, 67, 305-320.
Bekoff, A. (1976). Ontogeny of leg motor output in the chick

embryo: A neural analysis. Brain Research, 106, 271-291.

Berger, P. J., Kyriakides, M. A., & Cooke, I. R. C. (1997).
Supraspinal influence on the development of motor behavior in
the fetal lamb. Journal of Neurobiology, 33, 276--288.

Blumberg, M. S., & Lucas, D. E. (1994). Dual mechanisms of
twitching during sleep in neonatal rats. Behavioral Newrosci-
ence, 108, 11961202,

Blumberg, M. S., & Lucas, D. E. {1996). A developmental and
component analysis of active sleep. Developmental Psychobiol-
agy, 29, 1-22,

Blumberg, M. 8., & Siolba, M. A. {1996). Thermogenesis, myo-
clonic twitching, and ultrasonic vocalization in neonaial rats
during moderate and extreme cold exposure. Behavioral Newro-
science, 110, 305-314.

Bradley, N. S., & Bekoff, A. (1992). Development of coordinated
movement in chicks; II. Temporal analysis of hindlimb muscle
synergies at embryonic day 10 in embryos with spinal gap
transections. Journal of Neurobiology, 23, 420-432.

Colman, H., & Lichtman, J. W. (1993). Interactions between nerve
and muscle: Synapse elimination at the developing neuromuscu-
lar junction. Developmental Biology, 156, 1-10.

Corner, M. A, {1977). Sleep and the beginnings of behavior in the
animal kingdom: Studies of ultradian motility cycles in carly
life. Progress in Neurobiology, 8, 279-295,

Deevey, E. S, 1. (1947). Life tables for natural populations of
animals. Quarterly Review of Biology, 22, 283-314.

De Vries, J. L. P, Visser, G. H. A., Mulder, E. J. H., & Prechil,



336 ROBINSON, BLUMBERG, LANE, AND KREBER

H. E. R. (1987). Diurnal and other variations in fetal movement
and heart rate patterns at 20 to 22 weeks. Early Human
Development, 15, 333-348.

Erwin, E., & Miller, K. D. (1998). Correlation-based development
of ocularly matched orientation and ocular dominance maps:
Determination of required input activities. Journal of Neurosci-
ence, 18, 9870-9895.

Fagen, R. M., & Young, D. Y. (1978). Temporal patterns of
behaviors: Durations, intervals, latencies and sequences. In P. W.
Colgan (Ed.), Quantitative ethology (pp. 79-114). New York:
Wiley.

Galli, L., & Maffei, L. (1988, October 7). Spontaneous impulse
activity of rat retinal ganglion cells in prenatal life. Science, 242,
90-91.

Gramsbergen, A., Schwartze, P.. & Prechtl, H. F. R. (1970). The
postnatal development of behavioral states in the rat. Develop-
menial Psychobiclogy, 3(4), 267-280.

Hall, W. G., & Oppenheim, R. W. (1987). Developmental psychobi-
ology: Prenatal, perinatal, and early postnatal aspects of behav-
ioral development. Annual Review of Psychology, 38, 91-128.

Hamburger, V. (1963). Some aspects of the embryology of
behavior. Quarterly Review of Biology, 38, 342-365.

Hamburger, V. (1973). Anatomical and physiological bases of
embryonic motility in birds and mammals. In G. Gottlieb (Ed.),
Behavioral embryology: Vol. 1. Studies on the development of
behavior and the nervous systern (pp. 51-76). New York:
Academic Press.

Hamburger, V., & Oppenheim, R. (1967). Prehatching motility and
hatching behavior in the chick. Journal of Experimental Zool-
ogy, 166, 171-204.

Hamburger, V., Wenger, E., & Oppenheim, R. (1966). Motility in
the chick embryo in the absence of sensory input. Journal of
Experimental Zoology, 162, 133-160.

Ho, 8., & O’Donovan, M. J. (1993). Regionalization and interseg-
mental coordination of rhythm-generating networks in the spinal
cord of the chick embryo. Journal of Neuroscience, 13, 1354—
1371.

Kandler, K., & Katz, L. C. (1995). Neuronal coupling and
uncoupling in the developing nervous system. Currenr Opinion
in Neurobiology, 5, 98-105.

Landmesser, L. T., & O’Donovan, M. . (1984). Activation patterns
of embryonic chick hindlimb muscles recorded in ovo and in an
isolated spinal cord preparation. Journal of Physiology, London,
347, 189-204.

Lane, M. S., & Robinson, S. R. (1998). Interlimb dependencies in
the spontaneous moltor activity of the rat fetus and neonate and
preterm human infant. Developmental Psychobivlogy, 33, 376.

Machlis, L. (1977). An analysis of the temporal pattern of pecking
in chicks. Behaviour, 63, 1-70.

Miller, K. D. (1990). Correlation-based models of neural develop-
ment. In M. A. Gluck & D. E. Rumelhart (Eds.), Neuroscience
and connectionist theory (pp. 267-353). Hillsdale, NJ: Erlbaum.

Miller, K. D., Keller, I. B., & Stryker, M. P. (1989, August 11).
Ocular dominance column development: Analysis and simula-
tion. Science, 245, 605-615.

Narayanan, C. H., Fox, M. W., & Hamburger, V. (1971). Prenatal
development of spontaneous and evoked activity in the rat
(Rattus norvegicus). Behaviour, 40, 100-134.

National Institutes of Health. (1986). Guide for the care and use of
laboratory animals (DHEW Publication No. 86-23). Washing-
ton, DC: U.S. Government Printing Office.

Provine, R. R. (1971). Embryonic spinal cord: Synchrony and
spatial distribution of polyneuronal burst discharges. Brain
Research, 29, 155-158.

Provine, R. R. (1972). Ontogeny of bioelectric activity in the spinal
cord of the chick embryo and its behavioral implications. Brain
Research, 41, 365-378.

Provine, R. R. (1973). Meurophysiological aspects of behavior
development in the chick embryo. In G. Gottlieb (Ed.), Behav-
ioral embryology: Vol. 1. Studies on the development of behavior
and the nervous system (pp. 77-102). New York: Academic
Press.

Provine, R. R. (1980). Development of between-limb movement
synchronization in the chick embryo. Developmental Psychobi-
ology, 13, 151-163.

Ripley, K. L., & Provine, R. R. (1972). Neural correlates of
embryonic motility in the chick. Brain Research, 45, 127-134.
Robertsen, S. 8. (1987). Human cyclic motility: Fetal-newborn
continuities and newborn state differences. Developmental Psy-

chobiology, 20, 423-442.

Robertson, S. §., & Bacher, L. F. (1995). Oscillation and chaos in
fetal motor activity. In J. P. Lecanuet, W. P Fifer, N. A.
Krasnegor, & W. P. Smotherman (Eds.), Fetal development: A
psychobiological perspective (pp. 169-189). Hillsdale, NI:
Erlbaum.

Robertson, S. S., & Smotherman, W. P. (1990). The neural control
of cyclic motor activity in the fetal rat (Rattus norvegicus).
Physiology & Behavior, 47, 121-126,

Robinson, S. R., & Smotherman, W. P. (1987). Environmental
determinants of behaviour in the rat fetus: 1I. The emergence of
synchronous movement. Animal Behaviour, 35, 1652-1662.

Robinson, S. R., & Smotherman, W. P. (1988). Chance and chunks
in the ontogeny of fetal behavior. In W. P. Smotherman & §. R,
Robinson (Eds.), Behavior of the fetus (pp. 95-115). Caldwell,
NI: Telford Press.

Robinson, 8. R., & Smotherman, W. P. (1992). The emergence of
behavioral regulation during fetal development. In G. Turkewitz
(Ed.), Annals of the New York Academy of Sciences: Vol. 662.
Developmental Psychobiology (pp. 53-83). New York: New
York Academy of Sciences.

Shatz, C. J. (1990). Impulse activity and the patterning of
connections during CNS development. Neuron, 5, 745-756.

Slater, P. J. B.. & Lester, N. P. {1982). Minimising errors in splitting
behaviour into bouts. Beaaviour, 79, 153-161.

Smotherman, W. P., & Robinson, 8. R. (1990). Olfactory bulb
transection alters fetal behavior after chemosensory but not
tactile stimulation, Developmental Brain Research, 57, 175-180.

Smotherman, W. B, & Robinson, S. R. (1991). Accessibility of the
rat fetus for psychobiological investigation. In H. N. Shair, M. A.
Hofer, & G. Barr (Eds.), Developmental psychobiology: New
methods and changing concepts (pp. 148-164). New York:
Oxford University Press.

Sckoloff, G., & Blumberg, M. S. {1998). Active sleep in cold-
exposed infant Norway rats and Syrian golden hamsters: The
role of brown adipose tissue thermogenesis. Behavioral Neuro-
science, 112, 695-706.

Spiers, D. E., & Adair, E. R. (1986}. Ontogeny of homeothermy in
the immature rat: Metabolic and thermal responses. Journal of
Applied Physiology, 60, 1190-1197.

Wong, W. T., Sanes, J. R., & Wong, R. O. L. (1998). Developmen-
tally regulated spontaneous activity in the embryonic chick
retina. Journal of Neuroscience, 18, 8839-8852.

Received April 2, 1999
Revision recetved July 23, 1999
Accepted November 5, 1999 =



