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Anatomical and Physiological Development of the Xenopus
Embryonic Motor System in the Absence of Neural Activity
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Embryos of Xenopus laevis were continnally immobilized by im-
mersion in solutions of either chloretone or lidocaine, from the
late neural-fold stage to the approximate time of hatching. Such
treatment has been shown to result in only transient quantitative
effects on swimming behavior. Chronic immobilization was
without either immediate or long-term effect on the ventral root
output exhibited during “fictive” swimming episodes. Develop-
ment under these conditions of diminished or absent neural ac-
tivity similarly had no effects on a number of measures of the
size and complexity of motoneuron dendritic arborizations. These
results support the premise that the early development of spe-
cific neuronal morphology and connectivity may be largely in-
dependent of functional activity.

In 1904, Ross Harrison first performed a classic deprivation
experiment in which amphibian embryos were immersed in
solutions of an anesthetic drug before the onset of motility. After
prolonged periods of immobility, animals were reported to be-
have normally after removal from the drug solutions. This work
and its replications by Carmichael (1926, 1927, 1928) and Mat-
thews and Detwiler (1926) remain the most widely cited in vivo
examples of the indifference of the earliest stages of neurobe-
havioral development to functional activity.

In an extended replication of Harrison’s (1904) paradigm, in
which quantitative measures were applied to the swimming be-
havior of Xenopus embryos (Haverkamp and Oppenheim, 1986),
the basic conclusion of these classic studies was supported: Such
treatment results in no permanent effect on behavioral devel-
opment. This later study did reveal, however, a transient period
immediately following drug removal, during which the previ-
ously immobilized animals swam significantly more slowly and
for shorter distances, while appearing normal in the pattern and
form of their swimming (cf. Fromme, 1941). This period may
have reflected either the time needed for metabolism and ex-
cretion of residual drug, the subsiding of immobilization effects
on non-neural development, or, perhaps most interestingly, may
have been the result of subsequently accommodated abnormal
neural development.

Although the nervous system was never directly examined in
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any of the above studies, important inferences regarding neural
development have been drawn from these behavioral data. The
early works of Harrison and the others have, in fact, been largely
instrumental in establishing the premise that, during the earliest
stages of ontogeny, the nervous system develops in “forward
reference” to, and without benefit from, functional activity. A
direct examination of neural development in immobilized am-
phibian embryos should give an indication of the validity of
such an inference, as well as helping to localize effects of im-
mobilization that result in transient, quantitative behavioral
deficiencies. The functional output of spinal motoneurons, as
well as the dendritic arborizations of these cells, was therefore
analyzed in control and pharmacologically immobilized em-
bryos.

The rhythmic activity bursts within the segmentally arranged
ventral roots are the immediate neural bases of Xenopus swim-
ming, with the two sides tightly coupled to result in alternating
contraction of the myotomes on either side of the embryo. The
source of such cyclic output in this relatively simple system is
a central pattern generator, largely characterized in a thorough
set of studies by Kahn and Roberts (1982a; Kahn et al., 1982;
Roberts and Kahn, 1982; Roberts et al., 1981). The motoneu-
rons that are the source of this activity have extensive dendritic
arborizations, entirely restricted to the presumptive white mat-
ter of the cord. At stage 35, these dendritic trees are predomi-
nantly oriented in a plane orthogonal to the body’s long axis,
and the dendrites of a single neuron may occupy up to one-half
of the cross-sectional white matter of the available cord.

Analysis of ventral root activity patterns during “fictive swim-
ming” episodes demonstrated that prior neural blockade did
not alter any measure of this functional output. Quantifications
of the dendritic arborizations of the motoneurons also indicated
no statistically significant effects of prolonged interference with
impulse activity. These data support the hypothesis that certain
aspects of early neural differentiation and connectivity are large-
ly independent of functional activity.

Materials and Methods

The conditions for obtaining and rearing Xenopus embryos, as well as
techniques for inducing neural blockade, are described in detail else-
where (Haverkamp, 1983; Haverkamp and Oppenheim, 1986). To sum-
marize, embryos at the late neural-fold stage (stage 17— Nieuwkoop and
Faber, 1967), obtained from single breedings, were randomly assigned
to control or experimental groups. Experimental embryos were reared
through stage 35 (approximate time of hatching, 50-55 hr post-fertil-
ization) in solutions containing either 1.7 mm chloretone or 0.64 mm
lidocaine.

Physiology

Recordings of embryonic ventral root activity were obtained using mi-
nor modifications of the techniques described by Kahn (1980) and Kahn
and Roberts (1982a). A single animal was placed in a solution of 10-4
M curare (d-tubocurarine chloride; Sigma) and pinned through the an-
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terior and posterior notochord to a small Sylgard block, dorsal side up.
A small section of skin was removed one-third caudad along the trunk
(approximately at the level of the 6th postotic myotome), and suction
electrodes were placed on either side of the body between the myotomes.
Electrical activity was monitored until all indications of EMG in the
recording had disappeared. The electrodes were then repositioned to
obtain optimal amplitude of motor nerve activity. This ventral root
activity occurred spontaneously, or it was induced through light stroking
with a pressure-calibrated hair or by passing a shadow over the embryo
(Roberts, 1978). The amplified signals from each side were simulta-
neously displayed on an oscilloscope and recorded on either channel of
a stereo audio cassette tape.

Recordings from normal embryos were made at stages 35, 40, and
45. Recordings from chloretone-reared animals were obtained at stage
35 (2 hr after removal from the drug solution) and at stages 40 and 45.
Recordings from lidocaine-reared embryos were first made at stage 40,
owing to a high mortality of these stage 35 embryos under recording
conditions, and again at stage 45. Recordings were also obtained from
normal stage 35 animals immediately before, during, and after the ad-
dition of chloretone or lidocaine to the bathing solution.

These records of ventral root activity were digitized and analyzed
using a computer-assisted graphics display system. The traces recorded
on audio cassettes were digitized by a 16-channel A/D converter at a
rate of 1.034 points/msec. The points from each channel (representing
the left and right sides of the embryo) were sequentially stored in the
upper and lower halves of the 96K word Hicore memory of a PDP-11
computer. At the sampling rate used, 42.55 sec of continuous activity
(containing 800-1400 individual ventral root bursts) were therefore
available from each recording episode. Through the use of an NDP2
computer graphics display system (Capowski, 1978), the points repre-
senting the activity trace were displayed on a CRT as they were retrieved
from computer memory. By employing a matrix translation option of
the NDP2 system, a moving trace, which was an exact representation
of the recorded activity, was displayed. The traces were variously am-
plified along the x or y axes, moved at differing speeds, filtered for
coherent signal (noise) of any frequency (Kelly and Calvert, 1970), re-
versed in direction, and advanced or reversed to any point in time. To
quantify the recordings, the digitized trace from one side of an animal
was displayed traversing the CRT. An observer conveyed to the com-
puter the moments of onset and offset of activity bursts for the entire
42 sec recording period for the left side and then for the right side. In
this manner, 34 bilateral tracings, representing 20 animals and approx-
imately 34,000 individual activity bursts, were analyzed. Methods for
deriving burst length, period between bursts, latency of firing between
the two sides, and phase relation of activity on the two sides of the
embryo are described in Figure 1. The means and variances of these
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Figure 1. Typical ventral root record-
ing from a stage 35 Xenopus embryo.
Upward and downward pointing ar-
rows, Times of onset and offset of ac-
tivity burst. Per., Duration of trace de-
fined as the cycle period length. Lat.,
Duration of trace defined as the latency
of firing between the two sides. Mea-
sures of phase relation between the two
/‘\ sides were derived by dividing each la-

tency measure by the left-side period
measure during which the burst on the

10. 89 sEC right side occurred.

measures, from each of the tracings from a single animal, were analyzed
both as functions of time from onset of the bout and of period length.
Group measures were statistically compared by Student’s ¢ test and the
Mann-Whitney U tests.

P U SO TR TNVST N

A.

41 M= 38 .68 sxc

bl
Pl

41 me

1\

2% .34 suc

andepeerhosipets

T

23 . 08 skcC

41 M=

Figure2. Representative traces of ventral root activities recorded from
normally reared Xenopus embryos. A, Stage 35; B, stage 40; C, stage
45.
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Figure 3. Traces of ventral root activities recorded from normally
reared Xenopus embryos, demonstrating atypical firing patterns. Traces
A, B, and C were taken, respectively, from stage 35, 40, and 45 embryos.
A, “Coil,” in which one side of the animal showed a complete lack of
bursting for two to five cycle periods (top trace in this example), during
which time the opposite side showed continuous activity of increased
amplitude. B, “Synchrony,” during which the bursts on the two sides
occur coincidentally, rather than alternately. C, “Struggling,” in which
the duration and amplitude of individual bursts are increased and the
interburst interval is reduced.

Anatomy

Visualization of motoneuron dendrites was accomplished through retro-
grade labeling with HRP. Under specific conditions, this dendritic la-
beling is comparable to that obtained with Golgi and intracellular HRP
injection methods (e.g., Christman and Povlishock, 1980; Keefer et al.,
1976; Roberts and Clarke, 1982; A. Roberts, personal communication;
Fig. 11) and is amenable to morphometric study.

Stage 35 embryos were anesthetized in a 0.05% solution of Finquel
(MS-222, tricaine methanesulfonate; Ayerst) in rearing solution. Chlore-
tone- and lidocaine-reared animals were transferred directly from the
drug solution to the Finquel. A small amount (approximately 0.1 pg)
of HRP (Sigma type VI or Boehringer grade 1) was recrystallized near
the tip of a minuten insect pin (see Farel and Bemelmans, 1980). The
pin was inserted into the embryo at approximately the level of the 6th
myotome, in the vicinity of the notochord, such that the HRP was
contained within the myotomal musculature. The pins remained in
place 30 min, after which time the animals were removed to 100%
normal rearing solution or that containing the appropriate immobilizing
drug. Six to eight hours after removal of the HRP pin, the embryos
were again placed in Finquel solution. The spinal cord was removed
and fixed in 5% glutaraldehyde for 90 min at room temperature and
stored in 0.1 M phosphate buffer, pH 7.4, at 4°C. Embryonic cords were
reacted for HRP en bloc (see Lamb, 1976) with 3,3'-diaminobenzidine
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Figure4. Representative traces of ventral root activities recorded from
chloretone-reared Xenopus embryos. 4, Stage 35 (2 hr after removal
from the drug); B, stage 40; C, stage 45.

(DAB; Sigma). The reacted cords were embedded in glycol methacrylate
(JB-4 kit; Polysciences) and sectioned at 10 um by means of a rotary
microtome with a heated blade.

The dendritic arborizations of motoneurons were quantified using the
computer reconstruction and quantification system described by Ca-
powski and Sedivec (1981). In this system, an operator interacts with
a PDP-11 computer to generate a three-dimensional, digitized repre-
sentation of each dendritic tree of single neurons. These mathematical
representations were quantified in terms of branch number, total fiber
length, and fiber length as function of branch order; Sholl analyses
(Eayrs, 1955; Sholl, 1953) in three dimensions; area Sholl analyses (for
which cross-sectional dendritic areas are summed, rather than dendritic
intercepts tallied, at radial increments of 0.5 um); fiber Sholl analyses
(for which intercept distances for tallying are defined as the real mea-
sured distance following each fiber’s course, rather than at set radii in
space); and area fiber Sholl analyses. The number of neurons analyzed
from each animal (averaging 2.5) and the number of animals in each
group (averaging 4.7) were limited by the time required for complete
reconstruction and analysis. For statistical comparisons, the derived
values for all neurons from a single animal were averaged and these
average values applied both to Mann-Whitney U and Student’s ¢ test
comparisons of groups.

Results

Functional development

Examples of typical bilateral ventral root recordings of patterned
activity in normally reared stage 335, 40, and 45 embryos are
presented in Figure 2. The activity consists of bursts of single
or multiple fibers, alternating in a regular manner between the
two sides. Although the use of suction electrodes makes mean-
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ingless any indication of the absolute amplitude of the bursts,
they have been plotted to represent relative amplitudes obtained
with optimal electrode placement at each stage.

Observation of the digitized tracings revealed three types of
variations on this characteristic pattern. The most commonly
observed atypical pattern (Fig. 34) occurred most frequently in
stage 35 animals and may be the motor nerve activity correlate
of “coiling” behavior (see Coghill, 1929). The pattern of activity
termed “synchrony” by Kahn and Roberts (1982a) was seen
most often in stage 40 animals and almost always occurred
within the first 1-2 sec after stimulation (Fig. 3B). The “strug-
gling” pattern of activity (Fig. 3C), also observed by Kahn and
Roberts (1982b), was so common in the curarized and restrained
stage 45 embryos that recordings of normal fictive swimming
episodes were exceptional.

Animals reared in chloretone and lidocaine solutions showed
no abnormalities in any qualitative aspects of the ventral root
recordings (Figs. 4 and 5). The shape, duration, and general
appearance of the tracings did not differ in any noticeable man-
ner from those of normal animals. Furthermore, all three types
of atypical patterns were seen in the drug groups. Tallies of their
appearance within the recordings showed that their frequencies
of occurrence did not differ markedly from those of normal
animals.

Plots of cycle period versus time (Fig. 6) illustrate the con-
stancy of this measure over short intervals. Individual strategies
of period variation during fictive swimming episodes ranged
from exhibiting uniform period lengths over the entire 45 sec
trace, to showing an entirely unpredictable variability. Each
embryo, however, tended to exhibit the same type of period
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Figure 5. Representative traces of ventral root activities recorded from
lidocaine-reared Xenopus embryos. 4, Stage 40; B, stage 45.f
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Figure 6. Representative graphs of ventral root cycle periods versus time for normally reared (4-C) and chloretone-reared (D-F) stage 35 embryos.
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Figure 7. Histogram of mean ventral root cycle periods for stage 35
and 40 normally reared and immobilized embryos..Error bars represent
SD.

variations in all fictive swimming episodes, even when record-
ings were separated by as much as 2 hr.

The type of variability in period length exhibited was not
related in any way to the presence or absence of neural impulse
activity during motor system development. For example, in
Figure 6, plots A-C are from normally reared stage 35 animals,
whereas plots D-F were obtained from embryos that had been
removed from the chloretone solution only 2 hr prior to the
recording.

Derivation of mean period lengths exhibited by the embryos
in control and experimental groups showed the rearing envi-
ronment to have had no effect on this measure (Fig. 7). There
were no differences between the period lengths either of nor-
mally reared and chloretone-reared stage 35 animals or between
any of the three groups at stage 40. Note also that the period
lengths of normally reared stage 35 animals also did not sig-
nificantly differ from those of stage 40 animals.

Figure 8 contains representative graphs of the phase coupling
of activity from the left and right sides of stage 35 control and
experimental animals. As is apparent from the plots, the data
points cluster tightly around a value of 0.5, and the strength of
this relationship does not change over time. Statistical com-
parisons of the mean values and of variability of this measure
revealed no differences between control and experimental groups.

Prolonged immobilization also had no effects on other mea-
sures of ventral root activity. There were no differences among
the groups in either duration of individual bursts, duration of
bursts as a function of period length, or in the relation of phase
coupling to period length.

The effectiveness and extent of neural blockade under the
immobilizing rearing conditions were demonstrated by substi-
tution during recording sessions of chloretone or lidocaine so-
lutions for the curare-containing bathing solution. Such replace-
ment of media resulted in a complete cessation of motor nerve
impulse activity in normally reared stage 35 embryos. Repeated
applications of tissue damaging stimuli failed to elicit any re-
sponse, with concentrations of the drugs approximately equal
to 75% of those concentrations used during rearing. When the
chloretone or lidocaine solutions were in turn replaced by “nor-
mal” curare medium, ventral root activity returned. Recovery
from this acute chloretone exposure appeared complete within
minutes of removing the drug. Recovery from lidocaine expo-
sure was occasionally prolonged, taking as much as an hour after
replacement of the bathing media. Motor nerve responses to
stimulation were foreshortened immediately after acute lido-
caine exposure, usually consisting of only 10 to 20 individual
1mpulse bursts.
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Figure 8. Representative graphs of phase relation of ventral root ac-
tivities on the left and right sides versus time. Upper graph, From data
obtained from a normally reared stage 35 embryo. Lower graph, from
data obtained from a chloretone-reared stage 35 embryo, 2 hr after
removal from the drug.

Morphological development

When reconstructions of the injection site revealed that applied
HRP was confined to the musculature, three cell types within
the cord were labeled: (1) Extramedullary cells were only rarely
observed, perhaps owing to an abundance of melanocytes in the
same general region (Fig. 94). (2) An abundance of Rohon-Beard
cells were labeled throughout large extents of the cord (Figs. 9
and 10). The great majority of these cells were large, spherical,
and located in the most dorsal portion of cord (see Dushane,
1940; Hughes, 1957; Roberts and Clarke, 1982). It was not
unusual, however, to observe presumed Rohon-Beard cells in
the more rostral portions of the cord and caudal hindbrain,
which were more ventrally located and were flattened along the
dorso-ventral axis. Although processes from the rounded, dorsal
Rohon-Beard cells generally exited the cord dorsally (Fig. 94,
10C; though see Fig. 9B), the flattened type of Rohon-Beard
neurons had processes that traversed directly lateral to exit the
cord. (3) Labeled motoneurons typically exhibited a very large
soma (see, though, Figs. 9B, 10C) set in the most lateral aspect
of the ventral half of the cord, with dendritic arborizations en-
tirely confined to the white matter and generally contained with-
in the ventral half of the cord at stage 35. At stages 40 and 45,
the arborizations greatly increased in complexity, often extend-
ing quite far towards the dorsal aspect of the marginal layer
(Fig. 10, A-C).!

! These experiments were initially conceived to include studies of naturally
occurring cell death of Rohon-Beard cells and motoneurons. The physical dispersal
and ontogenetic transience of these cell populations (Hughes, 1957; Roberts and
Clarke, 1982; Spitzer and Lamborghini, 1981) make them unique in comparison
with the neurons of other systems for which cell death has been characterized (see
Oppenheim, 1981). The stages during which embryos were immobilized in this
work include the developmental period analogous to the time frame in which
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A great degree of variability of dendritic branching and fiber
lengths was noted, both between motoneurons of a single ani-
mal, as well as between those of different animals (Fig. 11). The
mean values for normally reared and immobilized animals—of

manipulations of synaptic transmission can either prevent or accelerate cell death
in other sysiems (e.g., Olek and Edwards, 1980; Oppenheim and Chu-Wang, 1983).
However, owing to the lack of discrete distribution of these cells and the proportion
of both Rohon-Beard cells and motoneurons with atypical somal size or placement
noted above, complete cell counts are not possible. The specific reaction of these
two cell types for acetylcholinesterase, seen in older amphibian larvae (Farel and
Mcllwain, 1983), yielded inconsistent and unreliable results in Xenopus embryos.
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Figure 9. Transverse sections through
the spinal cord of normally reared stage
35 Xenopus embryos, showing neurons
labeled through peripheral application
of HRP. E, Extramedullary neuron; R,
Rohon-Beard cell; Mc, melanocyte; m,
motoneuron. Open and filled arrow-
heads in A, Processes of Rohon-Beard
cell and extramedullary neuron, re-
spectively. Arrow in B, Rohon-Beard
cell projection. Scale bar, 25 um.

dendritic trees/neuron, total fiber length/neuron, and number
of branch points/neuron—are given in Table 1. Figure 12, 4
and B, shows graphs of number of branches versus branch order,
and fiber length versus branch order, respectively. Graphic rep-
resentations of Sholl, area Sholl, fiber Sholl, and area fiber Sholl
analyses (see Materials and Methods) for stage 35 normal, chlo-
retone-reared, and lidocaine-reared embryos are presented in
Figure 13, A-D. Statistical comparisons among the immobilized
and control groups revealed no significant differences for any of
these measures.
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Figure 10. Motoneurons labeled in
normally reared embryos. Abbrevia-
tions as in Figure 9. Arrowin C, Rohon-
Beard cell process. Magnifications of all
three sections are identical. Scale bar,
25 um. A, Stage 35; B, stage 40; C, stage
45.

Discussion

These studies have investigated the effects of neural activity
blockade on the earliest stages of Xenopus motor system de-
velopment. They have demonstrated the lack of significant effect
of such treatment on the development of a number of compo-
nents and measures of that system. Two hr after removal from

Haverkamp
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a chloretone solution (and approximately 24 hr after removal
from lidocaine—the earliest stage tested for that group), the
physiological output of the central pattern generator governing
swimming was qualitatively and quantitatively indistinguish-
able from that of control embryos. The dendritic arborizations
of motoneurons in anesthetized embryos were statistically
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Figure 11. Computer-generated tracings of dendritic arborizations of
motoneurons from stage 35 embryos, illustrating the variability among
the cells’ dendritic complements. The four tracings nearest the left side
of the figure are of neurons from normally reared embryos, and the two
furthest to the right are from chloretone-reared embryos; the remaining
two are from lidocaine-reared embryos.

equivalent to those of normal animals. The companion work
(Haverkamp and Oppenheim, 1986) to these studies shows that
chronic immobilization during this developmental period also
has no permanent effect on the behavior of these amphibian
embryos.

The observations reported here on ventral root activity during
fictive swimming are in essential agreement with those made
by Kahn and Roberts (1982a). These authors have proposed a
model of the central pattern generator for swimming in Xenopus
embryos (Kahn and Roberts, 1982a; Kahn et al., 1982; Roberts
and Kahn, 1982; Roberts et al., 1981; Soffe and Roberts, 1982a,
b) that envisions the reciprocal connections of at least six neu-
rons at each somitic level, as well as descending input to these
assemblies. Since the measures of ventral root activity of the
previously immobilized embryos in this study were indistin-
guishable from those of normal embryos, the circuitry respon-
sible for this pattern generation must have developed to a largely
normal degree in the absence of synaptic and impulse activity.
[Since the conditions employed for immobilization were shown,
in this preparation, only to arrest completely the motoneuron
output, a similar effect of the drugs on purely central neurons
cannot be immediately assumed. Furthermore, it is not possible
to know whether the applied concentrations of these drugs af-
fected synaptic and/or impulse activity arising from sponta-
neous as well as stimulated neural activity at all stages of de-
velopment under consideration. Therefore, while it is probable
that the conditions under which the experimental animals were
immobilized resulted in nearly complete cessation of neural
activity, it is not possible to state this with certainty. For ad-
ditional discussion of the effects of the immobilizing drugs, see
Haverkamp and Oppenheim (1986).]

In behavioral studies performed on identically treated em-
bryos (Haverkamp and Oppenheim, 1986), there was an initial
period of several hours after removal from the drug solution
when the animals appeared to behave normally, yet swam more
slowly and for shorter distances. Since these behavioral differ-
ences were not reflected in recordings of ventral root activity,
it is likely that the physiologic correlates of these behavioral
effects lie more peripherally than the ventral roots.

Among sites for such peripheral effects are the intra- and
intermyotomal gap junctions by which the embryonic axial mus-
cle cells are electrotonically coupled (Blackshaw and Warner,
1976; Hayes, 1975). Armstrong et al. (1983) have demonstrated
that immobilization of Xenopus embryos prior to stage 26 pre-
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Figure 12. Relationships between measures of motoneuron dendrites
of stage 35 embryos. No statistically significant differences occur among
the groups at any branch order value. Solid lines, Normally reared;
dashed lines, chloretone-immobilized; dotted lines, lidocaine-immobi-
lized. A, number of dendritic branches versus branch order. B, dendritic
fiber length versus branch order.

vents the normal regression of this coupling, with return of
activity resulting in the belated disappearance of junctions over
a 36 hr period. Another potential locus for immobilization ef-
fects is at the neuromuscular junction, Kullberg et al. (1977)
having demonstrated the regression of the initially polyneuro-
nally innervated Xenopus somitic musculature to a mononeu-
ronal state. In mammalian (Benoit and Changeux, 1978) and
avian (Srihari and Vrbova, 1980) systems, decrements of mus-
cular activity result in a delay in withdrawal of polyneuronal
innervation. A third possibility is an effect of immobilization
on the development of the musculoskeletal system, as seen in
paralyzed chick embryos (Drachman and Sokoloff, 1966; Op-
penheim et al., 1978), which may also occur in immobilized
axolotl embryos (Haverkamp and Oppenheim, 1986).

Table 1. Measures of Xenopus motoneuron dendritic arborizations

Normally Chloretone-  Lidocaine-

reared immobilized immobilized
Trees/neuron 7.60 (1.75) 9.51 (3.00) 7.56 (1.39)
Branches/neuron 19.33 (8.19)  12.88 (4.01) 9.39 (0.98)
Fiber length/neuron  244.7 (92.2) 214.0 (79.5) 163.9 (17.2)
Fiber length/tree 32.21(6.74) 23.56(1.99) 22.85(2.35)

Values given are group means, with standard deviations of each measure in
parentheses. None of the measures significantly differs among the groups.
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Figure 13. Graphic displays of anal-
yses of primary motoneurons of stage
35 Xenopus embryos. Solid lines, Nor-
mally reared; dashed lines, chloretone-
immobilized; dotted lines, lidocaine-
immobilized. Sampling increments, 0.5
um for all analyses. No statistically sig-
nificant differences exist among the
groups at any radial distance. See Ma-
terials and Methods for explanations of
different analyses. 4, Sholl analysis; B,

AREA (um?)
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area Sholl analysis; C, fiber Sholl anal- o
ysis; D, area fiber Sholl analysis.

There is a final possibility, that the prolonged neural blockade
may, indeed, have had developmental effects on the CNS that
were not reflected in, or were below the resolution of, the phys-
iological measures used here. For example, although the timing
of activity in individual motoneurons might be correct, the ab-
solute number of motoneurons contributing to a particular ven-
tral root activity burst may be decreased as a result of prior
neural blockade. While arguments can be made against this
particular scenario, the possibility of normal ventral root output
in the presence of some type of abnormal neural development
remains. One likely locus for such central effect of neural block-
ade is the growth and differentiation of neuronal dendritic ar-
borizations.

A widely accepted theory of dendritic growth proposes that
in the absence of afferent synapses, dendritic filopodia will be
reabsorbed, while those dendritic growth cones receiving syn-
aptic contact will stabilize to become dendrites (Berry and Brad-
ley, 1976; Morest, 1969; Vaughn et al., 1974). The many studies
which have shown the influence of afferent fibers on the growth
and development of dendrites (e.g., Altman, 1973; Bradley and
Berry, 1976, 1978; Kimmel et al., 1977; Smith, 1974) have
demonstrated these effects through lesions of afferents and can-
not, therefore, differentiate synaptic activity effects from non-
impulse-regulated trophic effects. Effects on dendritic devel-
opment have also been demonstrated with defined sensory
manipuiations and afferent stimulation (e.g., Borges and Berry,
1978; Coleman and Riesen, 1978; Rutledge et al., 1974; Spinelli
et al., 1980; Tieman and Hirsch, 1982). One explanation of
these results is that the inductive effect of contacting afferents
on dendritic growth is due to the functional activity of these
synaptic contacts (Borges and Berry, 1978; Smith, 1981). Al-
ternatively, such effects may be the result of effects on the main-
tenance (Changeux and Danchin, 1976; Smith, 1981; Tieman
and Hirsch, 1982) or modification of differentiated branches
(Rutledge et al., 1974; Uylings et al., 1978).

The data from the present study argue against a role for the
activity of afferent synapses in the initial induction of dendritic
arborizations. Analyses of nine different measures of motoneu-
ron dendritic size and complexity reveal no significant differ-
ences between control and experimental groups. Although the
separation of the mean values of these measures is quite distinct
at certain points, the inter-animal variability is such that these
differences are not statistically significant. It is possible that
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treatment effects may have been masked by age-related heter-
ogeneity in degree of development of sampled neurons (see Lam-
borghini, 1980; Nordlander, 1984). Even in this case, however,
the similarity of these measures between control and experi-
mental groups suggests only a minimal role of synaptic activity
on initial dendritic outgrowth.

In 1941, Paul Weiss stated that the basic neural assemblies
responsible for coordinated motor output “differentiate by vir-
tue of the developmental dynamics of the growing organism in
forward reference to their future function, but without the ben-
efit of exercising that function during their formative period”
(Weiss, 1941, p. 87). In the 45 years since that statement was
made, however, an enormous amount of experimental data from
both in vivo and in vitro systems have variously demonstrated
both the integral role that functional activity may play in many
developing systems (e.g., Bergey etal., 1981; Harris, 1981; Janka
and Jones, 1982; Oppenheim, 1981; Oppenheim et al., 1978;
Pettigrew, 1978; Stryker, 1981), and also provided examples of
conditions under which impulse activity is not related to neural
development (e.g., Crain, 1980; Crain et al., 1968; Harris, 1980).

It may be argued that the remarkable degree to which the
Xenopus motor system functions normally soon after the ani-
mal’s removal from the drug environment is the result of a
specific adaptation for effective behavioral performance very
early in development (cf. Bixby and Spitzer, 1984; Kullberg et
al., 1984). These data do not necessarily lead to the prediction,
therefore, that neural assemblies that develop within time frames
that allow for the intercession of functional activity in refine-
ment of their output will show a similar perfection of perfor-
mance after prolonged neural blockade. However, these studies,
when taken in conjunction with previous investigations, serve
to emphasize the remarkable degree to which initial neural pro-
jections and connections form in “forward reference” to their
ultimate function.

References

Altman, J. (1973) Experimental reorganization of the cerebellar cortex.
IV. Parallel fiber reorientation following regeneration of the external
germinal layer. J. Comp. Neurol. 149: 181-192.

Armstrong, D. L., L. Turin, and A. E. Warner (1983) Muscle activity
and the loss of electrical coupling between striated muscle cells in
Xenopus embryos. J. Neurosci. 3: 1414-1421.

Benoit, P., and J.-P. Changeux (1978) Consequences of blocking the
nerve with a local anaesthetic on the evolution of multiinnervation at



The Journal of Neuroscience

the regenerating neuromuscular junction of the rat. Brain Res. 749:
89-96.

Bergey, G. K., S. C. Fitzgerald, B. K. Schrier, and P. G. Nelson (1981)
Neuronal maturation in mammalian cell culture is dependent on
spontaneous electrical activity. Brain Res. 207: 49-58.

Berry, G. K., and P. M. Bradley (1976) The application of network
analysis to the study of branching patterns of large dendritic fields.
Brain Res. 109: 111-132.

Bixby, J. L.,and N. C. Spitzer (1984) Early differentiation of vertebrate
spinal neurons in the absence of voltage-dependent Ca2+ and Na*
influx. Dev. Biol. 186: 89-96.

Blackshaw, S., and A. E. Warner (1976) Low resistance junctions
between mesoderm cells during development of trunk muscles. J.
Physiol. (Lond.) 255: 209-230.

Borges, S., and M. Berry (1978) The effects of dark rearing on the
development of the visual cortex of the rat. J. Comp. Neurol. 180:
277-300.

Bradley, P., and M. Berry (1976) The effects of reduced climbing and
parallel fibre input on Purkinje cell dendritic growth. Brain Res. 109:
133-151.

Bradley, P., and M. Berry (1978) Quantitative effects of methylaz-
oxymethanol acetate on Purkinje cell dendritic growth. Brain Res.
143:499-511.

Capowski, J. J. (1978) The neuroscience display processor model 2.
Proc. Digital Equip. Comput. Users Soc. 5(2): 763-766.

Capowski, J. J., and M. J. Sedivec (1981) Accurate computer recon-
struction and graphics display of complex neurons utilizing state-of-
the-art interactive techniques. Comp. Biomed. Res. 14: 518-532.

Carmichael, L. (1926) The development of behavior in vertebrates
experimentally removed from the influence of external stimulation.
Psychol. Rev. 33: 51-58.

Carmichael, L. (1927) A further study of the development of behavior
in vertebrates experimentally removed from the influence of external
stimulation. Psychol. Rev. 34: 34-47.

Carmichael, L. (1928) A further study of the development of behavior.
Psychol. Rev. 35: 253-260.

Changeux, J.-P., and A. Danchin (1976) Selective stabilization of de-
veloping synapses as a mechanism for the specification of neuronal
networks. Nature 264: 705-712.

Christman, C. W., and J. T. Povlishock (1980) Use of retrograde
peroxidase flooding as an effective tool for morphogenic analysis.
Neurosci. Lett. 20: 227-231.

Coghill, G. E. (1929) Anatomy and the Problem of Behavior, Cam-
bridge U. P., London.

Coleman, P. D., and A. H. Riesen (1978) Environmental effects on
cortical dendritic fields. I. Rearing in the dark. J. Anat. 102: 363-
374,

Crain, S. M. (1980) Development of specific sensory-evoked synaptic
networks in organized CNS tissue cultures. In Tissue Culture in Neu-
robiology, E. Giacobini, A, Vernadakis, and A. Shahar, eds., pp. 169—
185, Raven, New York.

Crain, S. M., M. B. Bornstein, and E. R. Peterson (1968) Maturation
of cultured embryonic CNS tissues during chronic exposure to agents
which prevent bioelectric activity. Brain Res. 8: 363-372.

Drachman, D. B., and L. Sokoloff (1966) The role of movement in
embryonic joint development. Dev. Biol. 14: 401-420.

Dushane, G. P. (1940) Neural fold derivatives in the amphibia: Pig-
ment cells, spinal ganglia and Rohon-Beard cells. J. Exp. Zool. 78:
485-503.

Eayrs, J. T. (1955) The cerebral cortex of normal and hypothyroid
rats. Acta Anat. 25: 160-183.

Farel, P. B, and S. E. Bemelmans (1980) Retrograde labeling of mi-
grating spinal motoneurons in bullfrog larvae. Neurosci. Lett. /8:133-
136.

Farel, P. B,, and D. L. Mcllwain (1983) Cholinergic enzyme activity
in neurons of the developing anuran spinal cord. Dev. Brain Res. §:
275-282.

Fromme, A. (1941) An experimental study of the factors of maturation
and practice in the behavioral development of the embryo of the frog,
Rana pipiens. Genet. Psychol. Monogr. 24: 219-256.

Harris, W. A. (1980) The effects of eliminating impulse activity on
the development of retinotectal projection in salamanders. J. Comp.
Neurol. 194: 303-317.

Harris, W. A. (1981) Neural activity and development. Annu. Rev.
Physiol. 43: 689-710.

Harrison, R. G. (1904) An experimental study of the relation of the

Motor System Development with Early Chronic Immobilization

1347

nervous system to the developing musculature in the embryo of the
frog. Am. J. Anat. 3: 197-220.

Haverkamp, L. J. (1982) Physiological and neuroanatomical changes
following chronic neural blockade in Xenopus embryos. Soc. Neu-
rosci. Abstr. 8: 708.

Haverkamp, L.J. (1983) Neurobehavioral development with blockade
of neural function in embryos of Xenopus laevis. Ph.D. dissertation,
University of North Carolina, Chapel Hill, NC.

Haverkamp, L. J., and R. W. Oppenheim (1986) Behavioral devel-
opment in the absence of neural activity: Effects of chronic immo-
bilization on amphibian embryos. J. Neurosci. 6. 1332-1337.

Hayes, B. P. (1975) The distribution of intercellular junctions in the
developing myotomes of the clawed toad. Anat. Embryol. 9: 345-
354.

Hughes, A. (1957) The development of the primary sensory system
in Xenopus laevis (Daudin). J. Anat. 91: 323-338.

Janka, Z., and D. G. Jones (1982) Junctions in rat neocortical explants
cultured in TTX-, GABA-, and Mg+ *-environments. Brain Res. Bull.
8:273-278.

Kahn, J. A. (1980) Neural mechanisms for the generation of rhythmic
locomotor patterns in embryos of the amphibian, Xenopus laevis.
Ph.D. thesis, University of Bristol.

Kahn, J. A, and A. Roberts (1982a) The central nervous origin of the
swimming motor pattern in embryos of Xenopus laevis. J. Exp. Biol.
99: 185-196.

Kahn, J. A., and A. Roberts (1982b) The neuromuscular basis of
rhythmic struggling movements in embryos of Xenopus laevis. J. Exp.
Biol. 99: 197-205.

Kahn, J. A., A. Roberts, and S. M. Kahin (1982) The neuromuscular
basis of swimming movements in embryos of the amphibian Xenopus
laevis. J. Exp. Biol. 99: 175-184.

Keefer, D. A, W. B. Spatz, and U. Misgeld (1976) Golgi-like staining
of neocortical neurons using retrogradely transported horseradish per-
oxidase. Neurosci. Lett. 3: 233-237.

Kelly, K. K., and T. W. Calvert (1970) The removal of coherent noise
from short digitized records. IEEE Trans. Bio-Med. Eng. 17: 78.

Kimmel, C. B., E. Shabtach, and R. J. Kimmel (1977) Developmental
interactions in the growth and branching of the lateral dendrite of
Mauthner’s cell (dmbystoma mexicanum). Dev. Biol. 55: 244-259.

Kullberg, R. W., T. L. Lentz, and M. W. Cohen (1977) Development
of the myotomal junction in Xenopus laevis: An electrophysiological
and fine-structural study. Dev. Biol. 60: 101-129.

Kullberg, R., J. Owens, and J. Vickers (1984) Development of synaptic
currents in immobilized Xenopus muscle. Soc. Neurosci. Abstr. 10:
501.

Lamb, A. H. (1976) The projection patterns of the ventral horn to the
hind limb during development. Dev. Biol. 54 §2-99.

Lamborghini, J. E. (1980) Rohon-Beard cells and other large neurons
in Xenopus embryos originate during gastrulation. J. Comp. Neurol.
189: 323-333.

Matthews, S. A, and S. R. Detwiler (1926) The reaction of Amblystoma
embryos following prolonged treatment with chloretone. J. Exp. Zool.
45:279-292.

Morest, D. K. (1969) The differentiation of cerebral dendrites: A study
of the post-migratory neuroblast in the medial nucleus of the trapezoid
body. Z. Anat. Entwickl.-Gesch. 128: 271-289.

Nieuwkoop, P. D., and J. Faber (1967) Normal Table of Xenopus
laevis. 2nd Ed., North Holland, Amsterdam.

Nordlander, R. H. (1984) Developing motor neurons of the tail spinal
cord of Xenopus. Soc. Neurosci. Abstr. 10: 46.

Olek, A. J., and C. Edwards (1980) Effects of anesthetic treatment on
motor neuron death in Xenopus. Brain Res. 191: 483-488.

Oppenheim, R. W. (1981} Neuronal cell death and some related re-
gressive phenomena during neurogenesis: A selective historical review
and progress report. In Studies in Developmental Neurobiology. Es-
says in Honor of Viktor Hamburger, W. M. Cowan, ed., pp. 74-133,
Oxford U. P., New York.

Oppenheim, R. W., and I.-W. Chu-Wang (1983) Aspects of naturally-
occurring motoneuron death in the chick spinal cord during embry-
onic development. In Somatic and Autonomic Nerve-Muscle Inter-
actions, G. Burnstock, G. Vrbova, and R. O’Brien, eds., pp. 57-107,
Elsevier, Amsterdam.

Oppenheim, R. W, and L. J. Haverkamp (in press) Early development
of behavior and the nervous system: An embryological perspective.
In Developmental Processes in Psychobiology and Neurobiology, E.
M. Blass, ed., Plenum Press, New York.



1348

Oppenheim, R. W., R. Pittman, M. Gray, and J. L. Maderdrut (1978)
Embryonic behavior, hatching and neuromuscular development in
the chick following a transient reduction of spontaneous motility and
sensory input by neuromuscular blocking agents. J. Comp. Neurol.
179: 619-640.

Pettigrew, J. D. (1978) The paradox of the critical period for the striate
cortex. In Neuronal Plasticity, C. W. Cotman, ed., pp. 311-330, Ra-
ven, New York.

Roberts, A. (1978) Pineal eye and behavior in Xenopus tadpoles. Na-
ture 273: 774-775.

Roberts, A., and J. D. W. Clarke (1982) The neuroanatomy of an
amphibian embryo spinal cord. Philos. Trans. R. Soc. Lond. [Biol.]
*296: 195-212.

Roberts, A.,and J. A. Kahn (1982) Intracellular recordings from spinal
neurons during ‘swimming’ in paralyzed amphibian embryos. Philos.
Trans. R. Soc. Lond. [Biol.] 296: 213-228.

Roberts, A.,J. A. Kahn, S. R. Soffe, and J. D. W. Clarke (1981) Neural
control of swimming in a vertebrate. Science 213: 1032-1034.

Rutledge, L. T., C. Wright, and J. Duncan (1974) Morphological changes
in pyramidal cells of mammalian neocortex associated with increased
use. Exp.-Neurol, 44: 209-228.

Sholl, D. A. (1953) Dendritic organization in the neurons of the visual
and motor cortices of the cat. J. Anat. 87: 387-407.

Smith, D. E. (1974) The effect of deafferentation on the post-natal
development of Clarke’s nucleus in the kitten. Brain Res. 74: 119-
130.

Smith, Z. D. J. (1981) Organization and development of brain stem
auditory nuclei of the chicken: Dendritic development in N. laminaris.
J. Comp. Neurol. 203: 309-333.

Soffe, S. R., and A. Roberts (1982a) Activity of myotomal motoneu-

Haverkamp

Vol. 6, No. 5, May 1986

rons during fictive swimming in frog embryos. J. Neurophysiol. 48:
1274-1278.

Soffe, S. R., and A. Roberts (1982b) Tonic and phasic synaptic input
to spinal cord motoneurons during fictive locomotion in frog embryos.
J. Neurophysiol. 48: 1279-1288.

Spinelli, D. N, F. E. Jensen, and G. Viana Di Prisco (1980) Early
experience effect on dendritic branching in normally reared kittens.
Exp. Neurol. 68: 1-11.

Spitzer, N. C., and J. E. Lamborghini (1981) Programs of early neu-
ronal development. In Studies in Developmental Neurobiology. Es-
says in Honor of Viktor Hamburger, W. M. Cowan, ed., pp. 261-287,
Oxford U. P., New York.

Srihari, T., and G. Vrbova (1980) Effects of neuromuscular blocking
agents on the differentiation of nerve-muscle connections in slow and
fast chick muscles. Dev. Growth Differ. 22: 645-657.

Stryker, M. P. (1981) Late segregation of geniculate afferents to the
cat’s visual cortex after recovery from binocular impulse blockade.
Soc. Neurosci. Abstr. 7: 842,

Tieman, S. B., and H. V. B. Hirsch (1982) Exposure to lines of only
one orientation modifies dendritic morphology of cells in the visual
cortex of the cat. J. Comp. Neurol. 271: 353-362.

Uylings, H. B. M., K. Kuypers, M. C. Diamond, and W. A. Veltman
(1978) Effects of differential environments on plasticity of dendrites
of cortical pyramidal neurons in adult rats. Exp. Neurol. 62: 658-
677.

Vaughn, J. E., C, K. Henrikson, and J. A. Grieshber (1974) A quan-
titative study of synapses on motor neuron dendritic growth cones in
developing mouse spinal cord. J. Cell Biol. 60: 664-672.

Weiss, P. (1941) Self-differentiation of the basic patterns of coordi-
nation. Comp. Psychol. Monogr. 17(4). 1-96.



