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Onset of Electrical Excitability during a Period of Circus Plasma
Membrane Movements in Differentiating Xenopus Neurons

Eric C. E. Olson

Department of Biology, University of California at San Diego, La Jolla, California 92093

Living neurons are usually first identifiable in primary cultures at
the time of neurite initiation, and studies of excitability have
been restricted largely to the subsequent period. A morpholog-
ical early marker is described that identifies neurons for whole-
cell voltage-clamp recordings before neurite initiation. Video
time-lapse recordings of cultured cells dissociated from
neurectoderm of Xenopus neural plate stage embryos reveal
cells demonstrating circus movements, in which blebs of
plasma membrane propagate around the cell circumference
within a period of several minutes. All neurons demonstrate
circus movements before morphological differentiation; the
fraction of cells exhibiting circus movements that differentiate
morphologically depends on the substrate on which they are
cultured. Blockade of circus activity with cytochalasin B does

not prevent neuronal differentiation. Circus movements are not
neurectoderm-specific because they similarly predict differen-
tiation of myocytes developing in mesodermal cultures.

Initially inexcitable, neurons develop voltage-dependent K™,
Na*, and Ca®" currents during the period of several hours in
which they exhibit circus movements. The early development of
depolarization-induced elevations of [Ca®*]; several hours be-
fore morphological differentiation corresponds to the previously
described onset of functionally significant spontaneous eleva-
tions of [Ca®*]; in these neurons and demonstrates a role for
early expression of voltage-dependent ion channels.

Key words: Xenopus spinal neurons; circus movements;
lobopodia; early neuronal marker; sodium currents; calcium
currents; potassium currents

Embryonic forms of excitability play key roles in neuronal migra-
tion and differentiation. In the period between final mitosis and
morphological differentiation, neurons in both the cortex (Rakic,
1972; McConnell, 1991) and the spinal cord (Chu-Wang et al.,
1981; Leber and Sanes, 1995) migrate radially to achieve their
appropriate positions. Significantly, these movements can be in-
fluenced by Ca*" influx (Komuro and Rakic, 1992, 1993, 1995);
however, biophysical recordings from neurons in this develop-
mental period are lacking, in part because of the scarcity of in vitro
models in which postmitotic but morphologically undifferentiated
neurons can be distinguished from other cell types found in
primary cultures of embryonic neural tissue.

Xenopus spinal neurons cultured from neurula stage embryos
exhibit spontaneous, transient elevations of intracellular calcium
([Ca®*];) before and after neurite initiation that are required for
appropriate expression of the neurotransmitter GABA and mat-
uration of K" current kinetics (Holliday and Spitzer, 1990; De-
sarmenien and Spitzer, 1991; Spitzer et al., 1993; Gu and Spitzer,
1995). By the earliest time of neurite initiation, primary spinal
neurons display Ca*"-dependent action potentials and mature
Ca®* current density (Spitzer and Lamborghini, 1976; Barish,
1986; O’'Dowd et al., 1988; Spitzer, 1991), implying that voltage-
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dependent currents appear at an earlier stage. Characterization of
voltage-dependent currents in these neurons before morphologi-
cal differentiation, however, is limited to a study of Na™ currents
in round cells that were presumed to be neurons by their adher-
ence to myocytes (Kidokoro and Sand, 1989).

Video time-lapse recordings of cells cultured from neurula
stage Xenopus embryos now reveal distinctive changes in mor-
phology that predict subsequent differentiation of both primary
neurons and myocytes. All neurons in cultures of dissociated
neurectoderm are derived from a subset of cells that display circus
movements in which a single bleb repeatedly propagates around
the circumference of the cell with a period of 1-2 min. Similarly,
in cultures of paraxial mesoderm, all myocytes are derived from
cells that display circus movements. Circus movements were orig-
inally identified in cultures of cells dissociated from amphibian
gastrulae (Roux, 1894; Holtfreter, 1946a,b; Karasaki, 1957; Sir-
akami, 1963) as well as in motile cells such as amoebae (Rhum-
bler, 1898) and invertebrate amoebocytes (Loeb, 1928). Subse-
quent studies in amphibia implicated circus movements in the
morphogenetic rearrangements of gastrulation (Johnson and
Adelman, 1981, 1984), but circus movements were not related to
cell fate.

Using circus movements as an early marker for subsequent
differentiation enabled answers to specific questions about neu-
rons in the period before their display of stereotypical morphol-
ogy. Do voltage-dependent inward and outward currents develop
in spinal neurons before morphological differentiation? Does the
appearance of inward Ca®" currents coincide with the appearance
of spontaneous elevations of [Ca®"]; in these cultures? Does
blockade of circus movements prevent subsequent neuronal dif-
ferentiation? This work provides insight into early differentiation
of neurons and myocytes and should permit further analysis of
their development.
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Preliminary accounts of some of these findings have been pub-
lished previously (Olson and Gu, 1993; Olson, 1994).

MATERIALS AND METHODS

Culture procedures. Enriched cultures from each embryonic primordium
(ectoderm, mesoderm, and endoderm) were prepared from neural plate
stage Xenopus laevis embryos (stage 15; Nieuwkoop and Faber, 1967),
using modifications of established dissection protocols (Kidokoro et al.,
1980; Holliday et al., 1991; Gu and Spitzer, 1993). Neurectoderm, parax-
ial mesoderm, notochord, and archenteron roof cultures were made by
dissection of the posterior half of the neural plate. Separation of embry-
onic neurectoderm from paraxial mesoderm, notochord, and endoderm
was achieved by further dissection for 5-10 min in collagenase B- (1
mg/ml) (Boehringer Mannheim, Indianapolis, IN) low Ca?* medium
containing (in mMm): 116.6 NaCl, 0.67 KCl, 0.5 CaCl,, and 8 HEPES, pH
adjusted to 7.8 with NaOH. For ventral ectoderm cultures, the ventral
region of the embryo opposite the neural plate was excised, and the
underlying lateral plate mesoderm and endoderm were removed by
subsequent dissection in collagenase B— low Ca?* medium (as above).
Each tissue was then dissociated separately in divalent-free solution
containing (in mm): 116.6 NaCl, 0.67 KCl, 0.4 EDTA, and 4.6 Tris, pH
adjusted to 7.8 with HCI, and plated on 35 mm diameter tissue culture
dishes (Costar, Cambridge, MA) treated with laminin/polylysine (1 ml of
0.25 mg/ml polylysine followed by 1 ml of 10 wg/ml laminin) (Sigma, St.
Louis). The laminin/polylysine substrate was chosen, in contrast to the
tissue culture plastic used previously (O’Dowd et al., 1988), because the
number of morphologically differentiated neurons was enhanced (see
Results). Cells were cultured in saline containing (in mm): 116.6 NaCl,
0.67 KCl, 1.31 MgSO,, 2 CaCl,, and 4.6 Tris, pH adjusted to 7.8 with HCI,
at low density (e.g., ~300 cells/cm? in neurectoderm cultures). Dissoci-
ated cells were plated at a time when there are no morphologically
identifiable neurons in vivo. The earliest differentiating neurons can be
recognized by neurite initiation ~6 hr after plating in neurectoderm
cultures (Spitzer and Lamborghini, 1976), and differentiating myocytes
can be recognized as early as 2 hr after plating by their flattened and
elongated shapes. Myocytes were rarely observed except in paraxial
mesoderm cultures. If more than five myocytes were found in cultures
other than paraxial mesoderm cultures, those cultures were considered
contaminated and were discarded. Five myocytes in a single neurecto-
derm culture would represent a contamination level of ~1.0%; this
dissection protocol thus produces relatively pure cultures. In some ex-
periments, neural plates were split by drawing all the cells from a single
dissociated neural plate up into a glass pipette and then streaking streams
of cells first onto one dish and then onto another until all cells were
plated.

Neurepithelium and sensorial layer cultures. Fragments of neurepithelia
were removed by briefly placing dejellied embryos in divalent-free solu-
tion and teasing away the most superficial layer of the neurectoderm with
a tungsten dissection needle or jeweler’s forceps. The deep (sensorial)
layer of the neurectoderm was obtained by excising the same neural plate,
regionally lacking neurepithelium, and dissecting and removing meso-
derm and endoderm in collagenase B—low Ca”>* medium. Neurepithelial
and sensorial tissues then were dissociated separately in divalent-free
solution and plated as above.

Differentiation of circus cells: time-lapse video microscopy. Circus cells
were distinguished by their motile plasma membranes. Transmitted light
images in neurectoderm cultures were collected with a Bio-Rad MRC600
argon confocal system fitted with a fiber optic transmission detector
(Bio-Rad, Hercules, CA) on a Zeiss microscope with an Olympus 20X/0.4
NA water immersion objective; cells were superfused continuously with
culture saline at ~0.25 ml/min for the duration of these recordings.
Images were collected at 10 sec intervals for the first 4 hr of recording and
subsequently at 20 or 30 min intervals for up to 8 hr, during which
morphological differentiation was scored. Individual cells were illumi-
nated for <0.2 sec during collection of each image. Additional time-lapse
recordings were collected without perfusion using phase-contrast optics
(Leitz 10X/0.25 NA objective) on a Leitz inverted microscope fitted to a
Cohu High Performance CCD camera (Cohu, San Diego, CA). Cells
were subjected to constant low level illumination, and images were
acquired continuously. In both protocols, images were recorded to time-
lapse VCR at 72- to 360-hr speeds (GYRR, Anaheim, CA) for subse-
quent analysis. An average of 40 cells were scored in each time-lapse
recording.

Differentiation of circus cells: two-time-point assay. To examine a larger
population of cells without continuous video time-lapse recording, a
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two-time-point circus assay was used. Cultured cells were examined under
phase-contrast optics (Zeiss 16X/0.35 NA objective) with a Zeiss inverted
microscope shortly after plating. Because circus activity is continuous,
cells demonstrating circus movements were distinguished by their phase-
bright plasma membranes. To assay differentiation, fields of interest were
marked on the bottom of dishes, and the number of cells within a marked
field exhibiting circus movements at 1.5-4.0 hr in culture was compared
with the number of differentiated myocytes or neurons within the same
field at 1624 hr in culture. Given the time-lapse results that none of the
round (noncircus) cells examined at 1.5-4.0 hr contributed to the differ-
entiated cells at 16-24 hr, all differentiated cells were attributed to the
circus population at 1.5-4.0 hr. An average of 170 cells per marked field
were scored in this assay.

Pharmacology of circus activity. Responses of circus cells to cytocha-
lasin B or colcemid (both from Sigma) were examined in neurectoderm
cultures. Marked fields of cells were examined for the numbers of cells
positive for circus movements before and 1 hr after application of drug
and were compared to control plates treated with equal volumes of
drug vector alone (0.05-0.1% DMSO; Sigma). The number of cells
showing circus movements at 1 hr was converted to percentage inhib-
ited by dividing by the number of active circus cells at the beginning of
the hour.

Voltage-clamp recordings of neurectoderm circus cells. Using minor mod-
ifications of procedures described previously (O’Dowd et al., 1988; De-
sarmenien and Spitzer, 1991), conventional whole-cell voltage-clamp
recordings (Hamill et al., 1981) were made of outward current (Ik,) and
inward currents (I, and I,) in developing circus cells cultured from
neurectoderm. Recording pipettes were pulled from 100 ul microcaps
(Drummond Scientific, Broomall, PA); typical pipette resistance was 2-3
M in extracellular recording solution. Most successful recordings were
obtained when seals were made on blebs. Recordings with series resis-
tance in excess of 8§ M(Q) or input resistance <400 M() were discarded.
Data were acquired with an Axopatch-1D amplifier with a CV-4 head-
stage (1 G€; Axon Instruments, Foster City, CA) and stored and ana-
lyzed using PCLAMP software (Axon Instruments) on a DTK (PC
compatible) computer. Leak subtraction was scaled from the currents
induced by hyperpolarizing steps one eighth the amplitude of the depo-
larizing test potentials and subtracted in PCLAMP software.

Outward currents were always recorded in solutions that blocked I,
and usually in the presence of 1 ug/ml tetrodotoxin (TTX) to block I,.
TTX was omitted in some recordings to allow simultaneous detection of
Iy, in the same cells. The extracellular recording solution contained (in
mM): 80 NaCl, 3 KCl, 5 MgCl,, 10 CoCl,, and 5 HEPES, pH 7.4
(Desarmenien et al., 1993). The pipette solution contained (in mm): 100
KCl and 5 HEPES; pH was adjusted to 7.4 by adding an estimated 3.5-5.0
mM KOH (Ribera and Spitzer, 1987). Cells were stepped from a holding
potential of —80 mV to +30 mV for 30 msec. Measurements of Iy, were
obtained by averaging outward current 27-28.5 msec after the onset of
the voltage step to avoid contamination by rapidly inactivating Iy,.

Inward currents were recorded in solutions that blocked only the
potassium currents expressed in these neurons (Ix,, Ixs, and Ig.)
(O’Dowd et al., 1988), so that both Iy, and I, could be recorded
simultaneously in the same cells. The extracellular recording solution
contained (in mM): 80 NaCl, 40 TEA-CI, 3 KCl, 2 CaCl,, and 5 HEPES;
pH was adjusted to 7.4 with NaOH. The pipette solution contained (in
mM): 95 CsCl, 10 EGTA, and 10 HEPES; MgCl,-ATP and cAMP (2 mm
each) were added immediately before recording, and pH was adjusted to
7.4 with CsOH. Cells were stepped from a holding potential of —100 mV
to 0 mV for 30 msec. I, was determined by measuring the peak inward
current within 5 msec of the onset of depolarization, whereas I, was
measured by averaging the inward current 27-28 msec after depolariza-
tion to 0 mV. Cell capacitance was determined either from single expo-
nential fits of the decay of the capacitive transient obtained with the 10
mV voltage step, or in most cases was measured by capacitance compen-
sation at the amplifier. Capacitance was converted to membrane surface
area, assuming 1uF/cm?(O’Dowd et al., 1988).

Calcium imaging. Cultures were incubated for 30-40 min with the
fluorescent Ca®" indicator Fluo-3AM (Molecular Probes, Eugene, OR)
to load cells (Minta et al., 1989). Fluo-3AM was solubilized in DMSO to
a concentration of 50 ug/10 ul and added to culture saline to achieve a
final concentration of 2 uM. At the end of the loading period, excess dye
was washed out with three rinses of culture medium over a 10 min period.
Images were collected at 5 or 10 sec intervals with a Bio-Rad MRC600
argon laser confocal microscope fitted with the BHS (fluorescein) filter
block and recorded to videotape. KCl, caffeine (both substituted for NaCl
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A

Figure 1. Circus movements and blebbing in a single neurectoderm cell at
2 hr in culture. 4, Counterclockwise circus movements; phase-contrast
images at 10 sec intervals. The cell demonstrated continuous counter-
clockwise behavior for 18 min. B, Clockwise circus movements, images at
10 sec intervals ~17 min after images in A. C, Left to right, Images at 2 min
intervals of random blebbing. Scale bar, 25 um.

in culture saline), and acetylcholine were bath-applied by superfusion to
stimulate cells. Recordings were analyzed on-line or by replay of tapes
with video import to a Macintosh Ilci computer with a QuickCapture
video frame-grabber board (Data Translation, Marlboro, MA). Mean
fluorescent pixel intensities of regions of interest within cells in each
image were calculated using a custom macro within the IMAGE 1.47
program (W. Rasband, National Institutes of Health).

Statistics. Values are presented as mean = SEM and are considered
significantly different by any of several tests if p < 0.05. Analysis
was performed with StatView Student software (Abacus Concepts,
Berkeley, CA).

RESULTS

Circus movements in neurectoderm cultures

Two morphologically distinguishable classes of cells were ob-
served in primary cultures of Xenopus neurectoderm during the
initial few hours after plating and before the time period of
neurite initiation. The most striking were cells demonstrating
circus movements (Holtfreter, 1946a), characterized by circum-
ferentially rotating blebs (also called lobopodia; Fujinami and
Kageyama, 1975), which were readily visualized by phase-contrast
microscopy (Fig. 14,B). Although individual cells occasionally
demonstrated other types of blebbing in addition to circus move-
ments (Fig. 1C), all cells with phase-bright, motile blebs (5-20 um
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protrusions of membrane) are termed circus cells, because circus
movements were the predominant form of blebbing in these
cultures. The remaining cells did not demonstrate circus move-
ments and are referred to as round cells.

In a given circus cell, lobopodia traveled either counterclock-
wise (Fig. 14) or clockwise (Fig. 1B), and typically circumnavi-
gated with a period of 1-2 min. The speed of lobopodial circum-
navigation seen in dissociated neurectoderm cells corresponds to
the speed reported previously for gastrula stage cells engaged in
circus movements (0.6—1.2 um/sec) (Fujinami and Kageyama,
1975). Cells demonstrated uninterrupted circus movements for
hours, and in some cells the direction of movement (clockwise or
counterclockwise) persisted for >20 revolutions. Circus move-
ments were not dependent on substrate adhesion, because cells
plated on a nonadhesive substrate (Sigma-Cote-treated tissue
culture plastic) demonstrated circus movements, as did cells
in suspension. It is therefore likely that circus movements oc-
curred in all three dimensions but that only planar movements
were readily apparent. Circus movements were also capable of
generating force, because lobopodia were capable of displacing
loosely adherent neighboring cells, as observed previously (John-
son, 1976).

Only neurectoderm and paraxial mesoderm cells
exhibit persistent circus activity

To determine whether circus movements are specific to cells
derived from prospective neural tissue, cultures from other em-
bryonic tissues were examined. Percentages of circus cells in
cultures made from neurectoderm, paraxial mesoderm, noto-
chord, archenteron roof, and ventral ectoderm tissues were de-
termined at two time points after plating; the first was between 0
and 30 min, and the second was after 90 min (usually between 90
and 180 min).

Cultures made from different tissues of the neurula stage em-
bryo (stage 15) had characteristic percentages of circus cells 30
min after plating (transient activity) (Fig. 24, dark bars). Thus
circus movements were not specific to cultured neural tissue.
Cultures from dorsal tissues such as neurectoderm, notochord,
and paraxial mesoderm that are known to be actively lengthening
along the anterior/posterior axis (Keller, 1975, 1976; Keller et al.,
1992) had significantly higher percentages of circus cells than
ventral ectoderm (Fig. 24, asterisks). This is consistent with pre-
vious observations of the early gastrula embryo (stage 10), which
show that cultures from tissues undergoing morphogenesis, such
as the blastopore lip, have higher percentages of circus cells 30
min after plating than cultures from other regions, such as the
prospective endoderm (Johnson, 1976).

Cells that ceased circus movements between 30 and 90 min
usually appeared round and indistinguishable from other round
cells in culture. In some instances, former circus cells appeared
flattened or spread on the substrate. These spread cells were
distinguished by the occasional presence of short (<10 um) and
phase-dark processes. No spread cells were observed in any cul-
ture at 30 min, but spread cells were observed in archenteron roof
and paraxial mesoderm cultures at 90 min.

Cultures derived from neurectoderm and paraxial mesoderm
demonstrated substantial numbers of circus cells 90 min after
culturing (persistent activity) (Fig. 24, open bars). Persistent cir-
cus movements continued uninterrupted for hours and were oc-
casionally observed in 1-d-old cultures. The gradual decline in the
percentage of persistent circus cells (Fig. 2B, diamonds) in the
neurectoderm was paralleled by the appearance of morphologi-
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Figure 2. Tissue specificity of circus movements ex-  Activity
amined in enriched cultures from each germ layer of (%) 20
the neural plate (inser) as well as the ventral ecto-
derm. A, Circus cells are found in cultures of neurec-
toderm, ventral ectoderm, mesoderm, and endoderm 0 - =
of neural plate stage embryos immediately after dis- neurectoderm  ventral paraxial notochord archenteron roof
sociation and plating, but only neuron-enriched ectoderm mesoderm  (mesoderm) (endoderm)
(neurectoderm) and myocyte-enriched (paraxial me- Embryonic tissues
soderm) cultures contain appreciable numbers of cir-
cus cells after 90 min in culture (persistent activity). B 40- - 40
Asterisks indicate 30 min means that are significantly
different from the 30 min mean of ventral ectoderm,
a tissue thought to undergo relatively little extension 351 [ 35
(95% significance level, one-factor ANOVA). Circus
cells were recognized by phase-bright membranes Cells 301 . - 30
observed with phase-contrast microscopy. n > 300 with < circus cells Cells
cells in at least three separate cultures for paraxial . ] i .
mesoderm, notochord, arlljd endoderm, and np> 1300 Clr.CIfS 25 ® cells 25  with
cells in at least seven cultures for neurectoderm and ~ ACtiVity with Processes
HES, ) o ; processes | o
ventral ectoderm. B, Decline in percentage of circus (/o) 20 20 (%)
cells in neurectoderm cultures and appearance of
neurons in the same cultures. Repeated observations 15 ] - 15
of three marked fields reveals that the percentage of
circus cells decreases rapidly during the first 90 min 103 10
after plating (diamonds). The percentage of morpho-
logically recognizable neurons (circles) increases }—{
steadily from 4-13 hr in culture; at 25 hr, neurons 5 1 -5
comprise ~7% of all cells. n = 939 cells from three
cultures. In some cases, values were obtained by . ' . 7 ot
averaging data linearly extrapolated between obser- 0 10 25

vation points.

cally differentiated cells (Fig. 2B, circles). This observation raised
the possibility that persistent circus movements are a characteris-
tic feature of early differentiation of neurons.

Circus movements are a marker for

neuronal differentiation

To determine the relationship between persistent circus move-
ments and subsequent neuronal differentiation, video time-lapse
recordings of 10 microscopic fields in neurectoderm cultures
containing circus and round cells were made throughout the
period of morphological differentiation. In these recordings, all
neurons demonstrated continuous circus movements before mor-
phological differentiation (Fig. 34). No neurons were derived
from the 85% of total cells that lacked circus movements (n = 342
round cells) in the same recordings. Of the 60 circus cells exam-
ined, 25 differentiated into neurons with processes terminating in
growth cones (Fig. 3C, explicit neurons). An additional 14 differ-
entiated into spread cells that lacked processes longer than one
cell diameter but had a large nuclear region, unobstructed by yolk
platelets, characteristic of neurons in these cultures (Fig. 3C,
implicit neurons). Time-lapse recordings also revealed five circus
cells that underwent cytokinesis (Fig. 3C, divide), and 16 that
ceased circus activity and became round cells (Fig. 3C, round). In
separate experiments in which cells were identified by morphology
at 16-24 hr in culture, most explicit (91%, n = 53) and implicit
neurons (68%, n = 60) responded to depolarization with 50 mm
KCI by elevating intracellular Ca**, assessed with Fluo-3AM,

5
Time in culture (hr)

suggesting the presence of voltage-dependent Ca®* channels. No
round cells responded in this manner (n = 32).

Do both layers of the neurectoderm produce cultures with
circus cells? The midneurula stage neurectoderm is bilayered,
with the deep or sensorial layer composed of cells that give rise to
most primary and some secondary neurons, and the more super-
ficial layer composed of pigmented epithelial cells that give rise to
most secondary or later differentiating neurons (Hartenstein,
1989). Cultures from the deep, sensorial layer contained circus
cells and produced neurons. In contrast, circus cells were not
present in large numbers (<2% of total cells at 60 min) in cultures
from the superficial layer of neural ectoderm, and these cultures
did not produce neurons. These results are consistent with the
observation that most primary neurons are derived from the deep
layer. Cultures from pigmented epithelium from regions outside
the neural plate also exhibited <2% circus cells at 30 min post-
plating, indicating that the epithelium is a tissue that does not
generate circus cells.

Substrate dependence of neuronal differentiation

The fraction of circus cells that differentiated morphologically as
explicit neurons depended on the substrate to which cells at-
tached. Consistent with time-lapse recordings of neuronal differ-
entiation on laminin/polylysine treated dishes, time-lapse record-
ings of neurectoderm cultures plated on untreated dishes
indicated that all neurons were derived from the circus cell pop-
ulation (n = 34) and that round cells did not differentiate (n =
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16:00:3{)

Identity at 16-24 hr

neurons neurons 9ivide celis || MYOCYIES cejig

circus cells | 42% 28% 8% 27% 41% 59%

round 0% 0% 0%
cells

100% 0% 100%

9 60 circus cells and 342 round cells in 10 cultures
* 353 circus cells in 8 cultures, 113 round cells in 3 cultures

Figure 3. Morphologically differentiated neurons and myocytes are derived from persistent circus cells in culture. A, Circus cell from the neurectoderm
that differentiates morphologically as a neuron. The neurectoderm cell at left lacks membrane excursions and fails to differentiate morphologically. B,
Circus cell from the paraxial mesoderm that differentiates as a myocyte. Times (after culturing) of image acquisition are noted at lower right of each frame.
Scale bars, 25 um. C, Differentiated fates of persistent circus cells from neurectoderm and paraxial mesoderm cultures are indicated as the percentage
of the initial circus and round cell populations. Video time-lapse microscopy of 10 neurectoderm cultures reveals that neuronal differentiation is the
predominant fate of persistent circus cells. A two-time-point protocol applied to 11 paraxial mesoderm cultures, examining a larger population of cells,
revealed that circus cells became myocytes in paraxial mesoderm cultures and that round cells failed to differentiate.

113). Cultures made from single neural plates were then split
between laminin/polylysine-coated and untreated tissue culture
plastic dishes and scored for the number of circus cells at 90 min
and the number of neurons at 16—24 hr. Although equal percent-
ages of circus cells were present on each substrate (p > 0.12,
two-tailed ¢ test; n = 14 paired cultures), circus cells plated on

laminin/polylysine were twofold more likely to differentiate than
circus cells from the same dissociated neural plate attached to
tissue-culture plastic (64 = 6% vs 28 * 3%; for 14 paired cultures,
average of 20 circus cells/field). Moreover, neurites were 2.1 = 0.4
times longer in laminin cultures versus tissue culture plastic (n =
9 paired cultures, ~25 neurites per culture). Accordingly, total
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A 50 mM 100 mM  caffeine

\" V' FFo | 100
/Nw\/J\“W 2 min
round cell, 4 hr

circus cell, 4 hr

B baseline responsive 50 mM 100 mM
fluorescence caffeine caffeine
(a.u.) (%) % FIFq % FIFg
roundsczzells 29+24 83+2.0 165+6.2 | 246 +18.5
N=f
circuscells [ 25+ 2.0 92+1.5 |232+12.5|293+20.6
n=35
P>0.19 P>0.24 | P<0.001 P>0.22

Figure 4. Both round and circus neurectoderm cells demonstrate vi-
tality with responses to caffeine. Cells were loaded with Fluo-3AM, a
fluorescent Ca?* indicator, and superfused with medium containing
caffeine for 60 sec at the indicated times. Elevations of fluorescence
indicate elevations of [Ca®>"];. A, Cells respond to caffeine at 4 hr in
culture, demonstrating the presence of loaded Ca** stores and active
intracellular buffering mechanisms. B, There is no significant difference
between round and circus cells in baseline fluorescence (arbitrary
units) and percentage of cells responsive to 50 mM caffeine. Amplitudes
of responses to 50 mMm caffeine are significantly different but are not
different at 100 mm caffeine (Mann-Whitney U tests for all compari-
sons). Values are from four cultures at 4-6 hr.

cell counts showed that approximately twofold more neurons were
observed to have differentiated on laminin than on tissue culture
plastic (280 = 12 vs 117 * 23 cells; n = 3 cultures). The disparity
between the percentage of circus cells that differentiated in this
two-time-point protocol and the percentage observed in the time-
lapse analysis are significant (64% and 42%, respectively; p <
0.05, unpaired ¢ test) and may be attributable to inhibition of
differentiation by the illumination necessary for time-lapse imag-
ing or to underestimation of the number of circus cells in the
two-time-point analysis. These results agree with previous reports
that laminin encourages differentiation of Xenopus neurons
(Grant and Tseng, 1989) and indicate that both the quantity of
circus cells at 90 min and their exclusive contribution to the
differentiated neuronal population at 16—24 hr is not particular to
the laminin/polylysine substrate.

The failure of round cells to differentiate into neurons in
neurectoderm cultures does not seem to be attributable to their
lack of vitality. Ca*>" imaging revealed that both round and circus
cells loaded and retained Fluo-3AM, a Ca®* indicator that re-
quires an intact plasma membrane for loading and functional
intracellular esterases for retention. Baseline fluorescence levels
were not significantly different between round and circus cells
examined at 4—6 hr in neurectoderm cultures, indicating that both
classes of cells maintained a low [Ca®*]; against a large [Ca®"],
(Fig. 4B). Superfusion of caffeine, which stimulates Ca** release
from stores, generated transient elevations of [Ca®*]; in both
round and circus cells in neurectoderm cultures, indicating the
presence of Ca?" stores (Fig. 44,B). Because round and circus
cells were not distinguishable by the criteria of dye loading,
fluorescent baseline, and responsiveness to caffeine, both classes
of cells survived the dissociation and plating procedure.
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Circus activity also a marker for differentiation

of myocytes

To determine whether persistent circus movements precede dif-
ferentiation of non-neuronal cell types, myocyte differentiation
was examined in paraxial mesoderm cultures. Paraxial mesoderm
cultures, also called myocyte-enriched cultures, have been used
previously in studies of differentiation of embryonic Xenopus
myocytes (Linsdell and Moody, 1994, 1995; Ernsberger and
Spitzer, 1995). Although fate-mapping indicates that paraxial me-
soderm produces other cell types in addition to muscle, myocytes
were the predominant morphologically differentiated class of cell
in these cultures, as assayed by elongate shapes and responses to
KCl and acetylcholine. Most elongate cells at 19-21 hr in paraxial
mesoderm cultures responded to 100 um acetylcholine and 50 mm
KCl by elevating [Ca®*];, assessed by increases in Fluo-3 fluores-
cence (88%, n = 41 cells). Therefore, morphology at 16—24 hr was
used as an indicator of myocyte differentiation.

Because myocytes failed to assume clear bipolar morphology or
to demonstrate acetylcholine responses after being subjected to
the illumination necessary for time-lapse imaging, a modification
of the two-time-point protocol was used to ascertain whether
persistent circus movements predict myocyte differentiation.
Fields containing circus cells at 90 min in paraxial mesoderm
cultures and companion fields without circus cells were compared
for the number of myocytes they contained at 16—24 hr in culture.
Only fields that contained circus cells at 90 min in culture later
contained myocytes (Fig. 3C), and fields lacking circus cells at 90
min did not contain myocytes subsequently. The probability that a
field that lacked circus cells could give rise to a differentiated
myocyte under these culture conditions was statistically remote
(p < 0.05, Mann-Whitney U; n = 3 paired fields), indicating that
myocytes are derived from the circus cell population. Using the
two-time-point protocol, 41% of paraxial mesoderm circus cells
examined at 90 min differentiated into myocytes by 1624 hr (Fig.
3C). These results suggest that circus movements are a precursor
of cellular spreading and the subsequent morphological and func-
tional differentiation of cultured embryonic Xenopus myocytes.

Mechanism of generation of circus activity

To better understand the generation of circus activity, and to
determine whether circus movements are necessary for cellular
spreading and subsequent morphological differentiation, cytocha-
lasin B and colcemid were tested for their ability to inhibit circus
activity and prevent neuronal differentiation in neurectoderm
cultures. To assay inhibition, microscopic fields containing
neurectoderm circus cells were examined before and 1 hr after
application of either agent. Cytochalasin B, which interferes with
actin polymerization, inhibited circus movements in a rapid and
reversible manner (n = 8). Circus movements ceased within 2.5
min of application of 5 um cytochalasin B. This effect was slowly
reversed after washout (Fig. 54) (n = 5). Colcemid, which inter-
feres with microtubule polymerization, did not inhibit circus ac-
tivity at concentrations up to 25 um (Fig. 54). These results
suggest that actin but not tubulin polymerization is required for
circus activity and are in agreement with previous findings that
cytochalasin B stops circus activity in dissociated cells from
Medaka gastrulae (Fujinami, 1976).

Prevention of circus activity with cytochalasin B does not com-
pletely arrest subsequent neuronal morphological differentiation.
Neurectoderm cultures chronically treated with up to 10 um
cytochalasin B, starting 1.5 hr after plating and ~4.5 hr before
neurite outgrowth, contained morphologically differentiated neu-
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Figure 5. Cytochalasin B abolishes circus movements but does not prevent neuronal differentiation. 4, Circus movements are rapidly and reversibly
blocked by 5 um cytochalasin B, implicating an actin microfilament-dependent process. Transmission images of a neurectoderm circus cell at 5 hr in
culture acquired at times (in minutes) noted at bottom left of each frame. Application and washout were at 2.5 min and 14 min, respectively. B, Normal
morphology of neurons cultured in medium containing 0.05% DMSO. C, Neuronal morphology of cells cultured in medium containing 2.5 um
cytochalasin B; application from 1.5-18.0 hr in culture. Processes are broader and growth cones lack filopodia. D, Dose-response relations for the
inhibition of circus activity and neuronal differentiation by cytochalasin B and colcemid. The percentage of circus cells that differentiate into neurons was
assayed with the two-time-point assay. Cytochalasin B stopped circus movements at concentrations >1.0 uM (open circles), whereas colcemid had no effect
at concentrations as high as 25 um (filled circles). Chronic blockade of circus activity by higher concentrations of cytochalasin B reduces the number of
cells that acquire a neuronal morphology, but does not completely prevent neuronal differentiation (squares). Chronic application of colcemid produced
gross abnormalities in neuronal morphology, making neuronal differentiation difficult to score (data not shown).

rons the following day (Fig. 5C,D, open squares). Differentiated
neurons typically had broader processes and more spatulate
growth cones than controls (Fig. 5B,C), indicating that cytocha-
lasin B alters but does not prevent the outgrowth of neurites.
Neurons chronically treated with cytochalasin B also demon-
strated elevations of [Ca®*]; after 50 mm KCI superfusion, as-
sessed as increases in Fluo-3 fluorescence, suggesting the presence
of voltage-dependent Ca®* channels (data not shown). The per-
centage of circus cells that differentiate was inhibited with increas-
ing concentrations of cytochalasin B (Fig. 5D). These results raise
the possibility that circus movements are necessary for the subse-
quent differentiation of some neurons; however, concentrations of
cytochalasin B sufficient to abolish circus activity do not fully
abolish neuronal differentiation, indicating that for other neurons
circus movements are not necessary for subsequent differentia-
tion. Although the curves for circus inhibition and neuronal inhi-
bition have similar 50% inhibition points at ~300 nM cytochalasin
B, circus inhibition is sigmoidal, whereas neural inhibition is linear
(Fig. 5D). Thus, cytochalasin B may influence two different pro-
cesses more, and circus inhibition and inhibition of neuronal

differentiation may be mechanistically distinct. Medium taken
from cultures treated for 24 hr with 10 uM cytochalasin B rapidly
stopped circus activity on application at 2.5 uM to fresh neurec-
toderm cultures, confirming that this agent was active throughout
the prolonged treatment period. These results demonstrate that
persistent circus activity is not a general prerequisite for the
expression of neuronal morphology, although chronic cytochala-
sin B treatment can cause qualitative and quantitative differences
in neuronal differentiation.

Circus cells from neurectoderm develop voltage-
dependent outward K* currents

Previous work demonstrated that all morphologically differenti-
ated Xenopus spinal neurons examined at 6—9 hr in culture have
voltage-dependent K", Na*, and Ca’* currents (I, Ina, Ic.)
(O’Dowd, 1988); they also exhibit a Ca*>*-dependent Cl~ current
(Icicay) but lack strictly voltage-dependent I, (Hussy, 1991);
however, the developmental time course of the appearance of
these currents before morphological differentiation was unknown.
Therefore, whole-cell voltage-clamp recordings were made from
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Figure 6. Appearance of voltage-dependent outward current in circus
cells from neurectoderm. Voltage-clamp recordings during the first 6 hr
after plating are shown; currents were elicited by a 30 msec voltage step
from a holding potential of —80 mV to +30 mV. A4, Voltage-dependent
outward current is not recorded from a neurectoderm circus cell 1.5 hr
after plating, but is present in a circus cell at 6 hr in vitro (left top and
bottom). A neuron demonstrates outward current at 6 hr in culture (right
top). A round cell does not demonstrate outward currents (right bottom).
B, Aggregate measurements of outward current during early development.
Current densities (pA/um?) of individual circus cells are plotted against
time in culture. Mean peak-to-peak recording noise is denoted by the
shaded horizontal bar.

circus cells in neurectoderm cultures during the first 6 hr after
plating. I, was recorded as in previous studies (O’Dowd et al., 1988;
Desarmenien and Spitzer, 1991) and was observed in an increasing
percentage of neurectoderm circus cells during the first 6 hr in
culture (corresponding to stages 15 through 23 in vivo). The current
was similar to that seen in morphologically differentiated neurons at
6 hr (Fig. 64) (O’Dowd et al., 1988). Circus cells lacked Iy, at 1.5 hr
in culture (n = 10); it was first detected above noise (typically 20
pA or +0.02 pA/um?) in a single cell at 2 hr in vitro. Most circus cells
(74%, n = 19) sampled at 6 hr in culture demonstrated Iy, (0.085 =
0.013 pA/um?; n = 14) (Fig. 6B). Its amplitude in these cells was
~60% of that observed for age-matched neurons (0.136 = 0.045
pA/um? n = 5). Although two of eight round cells demonstrated
outward currents marginally above noise (0.027 and 0.028 pA/um?),
the mean current density in round cells was less than the noise level
(0.009 = 0.005 pA/um? n = 8).

Circus cells from neurectoderm develop voltage-
dependent inward Na* and Ca?* currents

I, and I, also appear in neurons during their period of circus
movements. Circus cells examined at 6 hr in culture had both
rapidly inactivating and sustained components of inward current,
only a rapidly inactivating component, or neither (Fig. 74, left).
The rapidly inactivating current was blocked by 1 ug/ml TTX, and
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the remaining sustained current was blocked by 2 mm Ni*" (Fig.
7B, left), suggesting that the principal inward currents in circus
cells are carried by Na* and Ca®*, as they are in young Xenopus
spinal neurons (Fig. 7B, right) (O’Dowd et al., 1988). Accordingly,
in analysis of their development, the rapidly inactivating peak of
inward currents was attributed to the voltage-dependent Na™
current (/y,), and the sustained component measured near the
end of the voltage step was attributed to voltage-dependent Ca**
current (I,). This protocol allowed direct comparison of I, and
I, in single cells. The sustained component was measured ~12
time constants from the peak of the rapidly inactivating compo-
nent; thus there was negligible contamination of the sustained
current by the rapidly inactivating current. Reciprocal contami-
nation of the rapid component by the sustained component was
small, because Iy, is approximately fourfold larger than I, at
early time periods and has a time to peak of <1.5 msec, at which
time I, has achieved only 20% of its amplitude (Fig. 7B, left).

Circus cells developed Iy, and I-, during the first 6 hr in
culture. At 1.5 hr in vitro, no inward currents were recorded, and
I, and I, were first detected above noise at 2 hr. By 6 hr in
culture, Iy, was detected in 58% of circus cells (n = 26) and had
a mean density of —0.296 = 0.084 pA/um? (n = 15) (Fig. 74,C).
I, was detected in 38% of circus cells; in these cells the mean
density of I, was —0.047 = 0.007 pA/um? (n = 10) (Fig. 74,D).
All cells with detectable I, also demonstrated I,, and 20% of
circus cells at 6 hr had only Iy,. Neurons at 5-7 hr in culture
exhibited a mean density of I,, about twice that of age-matched
circus cells (—0.579 * 0.051 pA/um?), whereas I, was similar to
that in circus cells (—0.052 = 0.008 pA/um?; n = 5). All neurons
had detectable I, and I-,. Although one of six round cells
demonstrated I, marginally above noise (—0.026 pA/um?), the
mean current densities of both I, and I, in round cells were
within the noise (n = 6; 6-8 hr in culture). Circus cells did not
appear to increase in size during this period, because the mean
surface area at 1.5 hr (1060 = 40 um? n = 10) was not different
from that at 6 hr (1070 = 70 um? p > 0.89; n = 18). In contrast,
neurons at 6 hr in culture had a mean surface area of 1340 = 120
um? (n = 5), and thus were 25% larger (p < 0.03) than age-
matched circus cells.

Calcium elevations in response to depolarization

with KCI

Previous work demonstrated that Ca®" influx through voltage-
dependent Ca®" channels regulates aspects of spinal neuron dif-
ferentiation (Desarmenien and Spitzer, 1991; Spitzer et al., 1993;
Gu and Spitzer, 1995). Because voltage-clamped Ca?* currents in
circus cells were typically small, Ca** imaging was used to deter-
mine whether they are sufficient to produce detectable elevations
of [Ca?"]; in response to depolarization and to confirm the de-
velopmental profile of expression of Ca?* currents during the first
6 hr in culture.

Cultured cells were loaded with Fluo-3AM and superfused with
50 mm KCI. Responses were defined as elevations =150% of
baseline that occurred within 30 sec of KCIl superfusion. All
neurons and a subpopulation of circus cells exhibited elevation of
[Ca®*); when depolarized, suggesting the expression of voltage-
dependent Ca?* channels in these cells. When cells were respon-
sive, the initial application of 50 mm KCl produced an elevation of
fluorescence 1.5- to 4-fold over baseline. This response was
blocked by application of 2 mm Ni** or 10 mm Co** (Fig. 84,B),
which block voltage-dependent Ca®" channels in neurons after
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Figure 7. Appearance of voltage-dependent Na* and Ca* currents in circus cells from neurectoderm. Voltage-clamped currents were elicited during
the first 6 hr in culture by a 30 msec voltage step from a holding potential of —100 mV to 0 mV. 4, Inward currents are not detected in a circus cell at
1.5 hr in culture (left top). Both rapidly inactivating and sustained components of inward current are present at 6 hr (left middle) in some circus cells,
whereas other circus cells demonstrate only the rapidly inactivating component (left bottom) or no inward currents at all (not shown). A round cell
examined at 6 hr does not demonstrate inward currents (right top), whereas a neuron examined at 6 hr has both rapidly inactivating and sustained currents
(right bottom). B, Pharmacological blockade of rapidly inactivating and sustained inward currents. The rapid component of the inward current is blocked
by 1 wg/ml TTX, and the remaining sustained component is blocked by further addition of 2 mm Ni*" in a circus cell (leff) and in a neuron (right).
Voltage-clamp protocol as in 4. C, D, Aggregate measurements of I, and I, during early development. Current densities (pA/um?) of individual circus

cells are plotted against time in culture. Mean peak-to-peak recording noise is denoted by the shaded horizontal bar.

morphological differentiation (Fig. 7B, right) (O’Dowd et al.,
1988).

Elevations of [Ca®*]; were elicited in 2% of circus cells at 2 hr
in culture; this figure rose to 13% by 3 hr in culture and 43% by
6 hr in culture (Fig. 9, white plus shaded bars). In addition to
responsive circus cells that became morphologically differentiated
neurons (shaded bars), a population of responsive circus cells that
did not differentiate was identified (white bars), suggesting that
some neurons develop voltage-dependent currents without differ-
entiating morphologically. A small population of round cells re-
sponded to depolarization (Fig. 9, black bars), but the majority
was unresponsive. The development of /-, measured by voltage-
clamp (Fig. 7E) is qualitatively similar to the development of
responsive cells measured by Ca** imaging (Fig. 9). At 6 hr, 38%
of cells (n = 26) demonstrated I,, and 43% (n = 40) of circus
cells were responsive to 50 mm KCI. Disparities between results at

other time points may be the result of contribution to the imaged
signal from Ca®™ stores or to differences in staging. These findings
suggest that the small I, detected by voltage-clamp is capable of
elevating [Ca®"]; in response to depolarization in intact cells and
that the development of I, measured by these two techniques is
similar.

Calcium elevations elicited in single cells before
morphological differentiation

An interval of 1-3 hr between the appearance of Ca®* currents
and subsequent morphological differentiation is suggested by
comparison of the development of KCI responses in circus cells
with a neuronal fate (Fig. 9) and the time course of appearance of
morphologically differentiated neurons in these cultures (Fig. 2B).
This estimate, however, is based on population averages and
assumes that earliest responding neurons are also the earliest to
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Figure 8. Voltage-dependent elevations of [Ca®*]; in neurons and circus

cells assessed by increases in Fluo-3 fluorescence. 4, A neuron and a circus
cell demonstrate elevations of Ca®* in response to 30 sec depolarization
with 50 mm KClI at 5 hr in culture. Elevations are blocked by 2 mm Ni**
and 10 mm Co**. B, Cumulative data normalized to first KCI response.
Both 2 mm Ni?* and 10 mm Co?* completely block fluorescence increases
resulting from KCI application, suggesting that they require activation of
voltage-dependent Ca>* channels. Means are from seven circus cells
and four neurons from five cultures, 5-7 hr in culture.

differentiate morphologically. To confirm that all neurons have
Ca®* currents before morphological differentiation and to verify
the estimated 1-3 hr period between the appearance of these
currents and subsequent morphological differentiation, a single-
cell analysis of the appearance of the KCl response was under-
taken in which morphology was assessed simultaneously. Fluores-
cence and transmission images were acquired using the two
photomultipliers of the confocal microscope. Fields containing
Fluo-3AM-loaded circus cells were depolarized once per hour
with 50 mm KCl, and fluorescent images were acquired at 5 sec
intervals during depolarizations but not between depolarizations.
To assess morphology, transmission images were acquired during
depolarizations and at ~20 min intervals between depolarizations.
Morphological differentiation was defined as the time at which
neurons stopped circus activity and spread on the dish; initiation
of stable neurites typically occurred within 1 hr after cell spread-
ing. Individual fields of cells were followed for periods of up to 5
hr; data from responsive cells were excluded if the time of first
response could not be determined because they demonstrated a
response to the first depolarization, or if they failed to differen-
tiate as assayed by spreading on the culture dish.

Most neurons demonstrated a response to KCl during their
circus period (85%, n = 20), and all neurons exhibited elevations
of [Ca*"]; by the time they had spread on the substrate and
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Figure 9. The percentage of neurectoderm circus cells demonstrating
elevation of [Ca®*]; in response to depolarization with 50 mm KCI in-
creases with time in culture. Responses are detected in circus cells that
subsequently differentiate into explicit neurons (shaded bars). An addi-
tional population of circus cells responds to KCl but later fails to differ-
entiate morphologically (white bars), and a small population of round cells
also responds to KCl challenge (black bars). An average of 30 cells from
five cultures were sampled for each hour.

extended neurites. Individual cells demonstrated their first re-
sponse up to 4 hr before spreading and on average ~2 hr (110 =
20 min) before morphological differentiation (Fig. 10). These
results demonstrate that the majority of neurons acquires voltage-
dependent Ca** currents during their period of circus movements
and confirm the interval of 1-3 hr between first KCI response and
morphological differentiation suggested by the population studies.

DISCUSSION

Functional significance of circus movements

Persistent circus movements precede differentiation of spinal neu-
rons and myocytes cultured from Xenopus neural plate stage
embryos. These movements, however, are not necessary for neu-
ronal differentiation, because circus movement blockade by cy-
tochalasin B does not prevent subsequent neurite initiation or
depolarization-elicited elevation of [Ca®*"],. The significance of
these movements may be understood best by considering their
possible role in cellular migration. Preliminary studies of intact
Xenopus neurula stage embryos reveal deep cells in the neural
plate translocating by rapid bleb protrusions (unpublished obser-
vations). These cellular translocations appear similar to those
described previously for the motile deep cells of Fundulus blastula
and gastrula (Trinkaus, 1973), in which lobopodial extension and
adhesion are followed by contraction and net cellular movement.
Although various factors (e.g., contact inhibition of movement)
could regulate the motility of circus cells in vivo, Xenopus
primary spinal neurons may have a developmental profile sim-
ilar to differentiating neurons in both cerebral cortex (Rakic,
1972; McConnell, 1991) and spinal cord (Chu-Wang et al., 1981,
Leber and Sanes, 1995), wherein a period of postmitotic migration
occurs before morphological differentiation. This comparison is
supported further by the shared cytochalasin B-dependence of
circus movements and neuronal migration (Rivas and Hatten,
1995). Because myogenic precursors are known to migrate into
the developing chick limb bud (VanSwearingen and Lance-Jones,
1993), these observations collectively suggest that the persistent
circus movements of primary neurons and myocytes correspond to
migratory behaviors in the neural plate and paraxial mesoderm,
respectively.
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Figure 10. Voltage-dependent elevations of [Ca®*]; are elicited in the
majority of neurons during their circus period. Analysis of single cells
reveals that the response to KCI precedes neurite initiation by 110 *+ 20
min. Fluo-3AM-loaded circus neurectoderm cells were depolarized hourly
with 50 mm KCI and monitored for neurite initiation at 20 min intervals.
Cumulative histogram of results from 21 cells.

Transient circus movements are observed during the first 30
min in cultures from the ectodermal and mesodermal layers of the
neural plate and in reduced amounts in cultures from the
endoderm and ventral ectoderm. This transient circus behavior
may reflect the roles of these tissues in the morphogenesis of the
lengthening neurula stage embryo, because the tissues that are
actively extending in the gastrula (Keller and Danilchik, 1988) are
richest in circus cells in the neurula. Several other lines of evi-
dence link circus behavior to morphogenesis. Circus cells are first
observed in dissociated cells from the midblastula stage embryo,
but the percentage of circus cells rises dramatically at the onset of
gastrulation (Fujinami and Kageyama, 1975; Johnson, 1976; Mi-
noura et al., 1995). Moreover, tissues from hybrid frog embryos
that fail to gastrulate exhibit reduced amounts of circus cells when
dissociated and cultured (Johnson and Adelman, 1981, 1984).
Lastly, mesoderm-inducing growth factors can induce circus
movements in dissociated cells from the animal cap of the blastula
(Minoura et al., 1995). The significance of circus behavior of the
gastrulating embryo suggests that the transient circus behavior
observed in the present study may be important for the morpho-
genetic rearrangements of the neurulating embryo.

Marker for studies of development of excitability

The fact that developing neurons exhibit circus movements in
culture has allowed investigation of the initial expression of
voltage-dependent currents. Because no inward or outward cur-
rents were recorded in circus cells at 1.5 hr in culture and neurons
are a subset of the circus cell population, it can be concluded that
neurons do not have inward or outward currents at 1.5 hr in
culture (stage 17 in vivo). How valid is the attribution of the
subsequent appearance of currents in circus cells to differentiating
neurons? Could the development of currents in circus cells rep-
resent the onset of electrical excitability in both neurons and glia?
It seems unlikely that electrically excitable glia (Barres et al.,
1988) confound the developmental profile of the currents. Xeno-
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pus embryos are immunopositive for glial fibrillary acidic protein
(GFAP) by stage 23 (Messenger and Warner, 1989), and fate-
mapping studies of neurula stage embryos demonstrate that
clones containing primary neurons can also contain glia (Harten-
stein, 1989). Glial Na™ currents, however, typically have slower
activation kinetics than neuronal Na™ currents (Barres et al.,
1989), and the currents measured in this study were uniformly
rapid and kinetically similar to those in neurons; thus the likeli-
hood of glial contamination is small. It is possible that most
persistent circus cells are primary neurons but that many fail to
differentiate in vitro. If electrical excitability at 16—24 hr in culture
is used as the criterion for neuronal differentiation rather than
morphology, then 58% of persistent circus cells become neurons,
making the identity of 42% of persistent circus cells uncertain.
Because only ~300 of >1000 primary neurons (Hartenstein,
1993) in the Xenopus spinal cord differentiate morphologically
and physiologically in vitro, the identity of the persistent circus
population that fails to differentiate may also be neuronal. Exam-
ination of the persistent circus population for markers of primary
neurons, such as Islet-1 (Ericson et al., 1992) and B tubulin
(Richter et al., 1988) as well as glial markers like GFAP, may
resolve their identity.

Order of appearance of currents

In previous studies of Xenopus spinal neurons after morphological
differentiation, voltage-dependent Na*, Ca®", and K" currents
were apparent. Whether or not morphologically undifferentiated
neurons had voltage-dependent inward and outward currents was
unknown, as was the order of appearance of these currents. In
other systems in which neurons have been examined before the
appearance of action potentials, voltage-dependent K™ currents
are recorded (Goodman and Spitzer, 1981; Bader et al., 1983)
before detection of Na* or Ca®" currents that can appear in
either order (Gottmann et al., 1988; Krieger and Sears, 1988;
Kubo, 1989; McCobb et al., 1989, 1990; Dietzel, 1995). The
incidence of circus cells with detectable inward and outward
currents increases with time in culture; at 1.5 hr in culture, circus
cells lacked voltage-dependent currents; by 6 hr, 15/26 of the
circus cell population had Iy,, 9/26 had I,, and 14/18 had I,. I,
is already present when inward currents become detectable. Be-
cause six cells demonstrated Iy, without detectable /-, and no
cells had I, alone, I, may develop before I,. That I, can be
detected in the absence of I, does not necessarily imply differ-
ential functional expression of the channels underlying the two
currents, because the fourfold difference in size of the currents at
6 hr in culture predicts that even in the case of simultaneous
upregulation of both currents, I, will be detected first. I, is
detected before I, in differentiating murine spinal neurons; how-
ever, if external calcium concentrations are raised 10- to 20-fold
and Iy, is blocked with TEACI, then I, is detectable as early as
Iy, (Krieger and Sears, 1988).

The densities of high voltage-activated calcium and potassium
currents recorded from circus cells and young neurons grown on
laminin/polylysine (this study) are smaller than those recorded
from young neurons grown on tissue-culture plastic (O’Dowd et
al., 1988). When corrections are made for the differences in
recording conditions (e.g., for differences in driving force), how-
ever, the ratio of I, to Iy, is very close to 1 in each case,
indicating that circus cells and young neurons at 4-5 hr in culture
on laminin/polylysine are likely to generate long-duration
calcium-dependent action potentials (Lockery and Spitzer, 1992).
This conclusion is in agreement with recordings of long-duration
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calcium-dependent action potentials from young neurons in the
spinal cord at a stage equivalent to 45 hr in culture (Baccaglini
and Spitzer, 1977). Differences in the amplitudes of currents may
be attributable to differences in the age of cells at the time the
recordings were made, during this period of developmental
changes in current amplitude. Additionally, growth on laminin/
polylysine may affect the expression of the currents.

Although inward currents in circus cells at 6 hr are approxi-
mately half the size of those in age-matched neurons, upregula-
tion of currents is probably continuous. Two distinct populations
of cells are being considered. Young neurons at 6 hr in culture are
the earliest to differentiate, whereas circus cells at 6 hr include
neurons that will differentiate morphologically throughout the
next ~14 hr (Fig. 2B). Because the largest currents measured in
circus cells are as large as or larger than those in age-matched
neurons, it is unlikely that there is a sharp upregulation of cur-
rents at precisely the time of morphological differentiation.

Spontaneous elevations of [Ca®*]; in relation to the
appearance of I,

Previous studies demonstrated that differentiating Xenopus spinal
neurons spontaneously elevate [Ca**); before and after neurite
initiation. Brief Ca®" transients, termed spikes, are triggered by
action potentials and are necessary for normal neurotransmitter
expression (Holliday and Spitzer, 1990; Gu et al., 1994; Gu and
Spitzer, 1995) and K™ current maturation (Desarmenien and
Spitzer, 1991; Gu and Spitzer, 1995). Spikes appear at low fre-
quency in morphologically undifferentiated neurons at 3—4 hr in
culture (Gu and Spitzer, 1995), when depolarization elicits eleva-
tions of [Ca®*]; in ~10% of circus cells. The parallel appearance
of spontaneous elevations in the previous study and
depolarization-elicited elevations of [Ca®"]; in this study suggest
the functional relevance of these early expressed currents; this
suggestion is also supported by observations that Ni** and Co**
block these channels and prevent spikes (Gu et al., 1994). Because
a majority of morphologically undifferentiated cells examined in
the earlier study were spread cells that lacked neurites rather than
circus cells, further study will be required to determine whether
action potentials can and do trigger spikes in neurons during their
circus period. Nonetheless, the correlation between the time of
onset of spontaneous activity and the appearance of
depolarization-induced elevation of [Ca?*]; at 3-4 hr in culture,
at least 1 hr before the onset of morphological differentiation,
points to a functional role for these voltage-dependent currents.
Finally, these results suggest that a mechanism capable of depo-
larizing neurons to levels sufficient to activate voltage-dependent
Ca®* channels may also be present before or concurrent with
appearance of Ca®" channels. This study indicates that the devel-
opment of voltage-dependent Ca®" channels is paralleled by the
development of spontaneous activity in these cultures and defines
the start of the period during which electrical excitability can
shape the differentiation of primary spinal neurons.
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