INTERCELLULAR CONNECTIVITY IN
THE EIGHT-CELL XENOPUS EMBRYO

CORRELATION OF ELECTRICAL AND MORPHOLOGICAL INVESTIGATIONS

R.A.DICAPRIO, A. S. FRENCH, and E. J. SANDERS

From the Department of Physiology, University of Alberta, Edmonton, Alberta, Canada

ABSTRACT The distribution of individual intercellular electrical junctions has been
examined in eight-cell Xenopus embryos using linear systems analysis. Morphological
evidence for corresponding intercellular contacts has been sought by light microscopy
and scanning electron microscopy. The electrical investigations indicated that each
cell is directly coupled to each of the other seven cells by identical resistive junctions.
Scanning electron microscopy of the cell surfaces of cleaved embryos revealed protru-
sions from the surfaces of the cells which could mediate such intercellular connections.
Light microscopy of serial sections through the embryos also showed fine processes of
the cell surfaces which come into contact with several other cells. The complete inter-
cellular connectivity suggested by these results appears to be an extension of similarly
close connectivity in the two- and four-cell embryos. The possible significance of this
high connectivity to morphogenesis is discussed.

INTRODUCTION

The potential importance of intercellular communication in embryogenesis (see for
example Loewenstein, 1966, 1967, 1968; Furshpan and Potter, 1968; Bennett and
Trinkaus, 1970; Bennett et al., 1972) has led a number of investigators to examine the
coupling phenomenon in amphibian embryos (Ito and Hori, 1966; Takahashi and Ito,
1968; Ito and Loewenstein, 1969; Palmer and Slack, 1970; Slack and Palmer, 1969;
Sheridan, 1971). In a previous report (DiCaprio et al., 1974) we have described how
linear systems theory may be used to produce electronic models which account for the
electrical properties of the junctional and nonjunctional membranes in Xenopus em-
bryos during the first two cleavage stages. It was concluded that electrical junctions
between the cells may be modeled by simple resistive elements. A potentially signifi-
cant finding was that the electrical properties of the four-cell embryo can only be
explained by the existence of individual junctions linking each cell to all of the other
cells in the system. This was found to be morphologically feasible by examining the
embryos with the scanning electron microscope and light microscope.

Transmission electron microscopy of Xenopus embryos during cleavage and blastula-
tion has demonstrated the presence of cell contacts possessing an intercellular gap of
20-30 A (Sanders and Zalik, 1972; Singal and Sanders, 1974). These contacts are
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similar to those discovered in other systems where they have been suggested to mediate
electrotonic coupling (Loewenstein, 1966; Payton et al., 1969; Gilula et al., 1972;
Azarnia et al., 1974).

Although it would be theoretically possible to determine the electrical parameters of
more advanced cleavage stages by linear systems analysis, the number of measurements
and calculations required would become formidable above the four-cell stage. How-
ever it is feasible to determine the intercellular connectivity at higher stages and this
assumes some importance in view of the connectivity discovered at the four-cell stage.
For the purposes of this paper we use the term “‘connectivity” to define the extent to
which pairs of cells are directly coupled together by a junction, such that current may
pass between the two cells without passing through an intermediate cell. In this paper
we have elucidated the connectivity of the eight-cell Xenopus embryo by measuring the
frequency response functions between pairs of cells. The embryos have also been
examined using light microscopy and scanning electron microscopy in order to provide
a morphological justification for the intercellular connections which are predicted by
the electrical measurements.

MATERIALS AND METHODS

Early embryos of Xenopus were obtained by subcutaneous injection of gonadotrophic hormone
into adult animals as described previously (DiCaprio et al., 1974). The embryos were dejellied
in papain-cysteine solution (Dawid, 1965) and handled in Steinberg’s physiological salt solution.

Staging

A major problem in the study of electrotonic coupling between embryonic cells is the difficulty
of deciding when the membrane partition between daughter cells is complete, thereby elimi-
nating the possibility of current flow through cytoplasmic bridges. We have previously
(DiCaprio et al,, 1974) described the combination of criteria by which we ensure correct
staging of the embryos. For the eight-cell embryo these are:

(a) Commencement of the fourth cleavage: scanning electron microscopy of the apposed cell
surfaces within the embryo (Sanders and Singal, 1973) shows that the membrane partitions of
the first three cleavages are complete by the time that the fourth cleavage commences.

(b) Membrane potential: the substantial variation in membrane potential between early
cleavage stages (approximately 10 mV per stage over 4-16 cells) may be used to confirm the
stage (DiCaprio et al., 1974).

(¢) Coupling ratio: a coupling ratio of unity clearly distinguishes incompletely divided
cells from fully divided cells. The coupling ratio is the ratio of voltages, Vb/Va, measured
in cells @ and b, when a current is injected into cell a. The range of coupling ratios ob-
served was 0.85 + 0.03.

Electrical Measurements

A detailed description of the linear analysis technique has been given previously (DiCaprio et
al.,, 1974). Band-limited white noise current is injected into one cell of an embryo via a
10" Q resistance while the resultant fluctuations in the membrane potentials of the injected
cell and a putatively coupled cell are recorded. The frequency response and coherence
functions of the voltage ratio between the cells is then estimated by use of the fast Fourier
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transform. In the present work all computations were performed with a PDP-11/40 computer
using software similar to that described previously (French, 1973).

The frequency response function may be most easily understood in terms of sinusoidal
voltage fluctuations. If an electrical network is linear and a sinusoidal voltage modulation is
applied at one node of the network, then all of the other nodes will demonstrate a sinusoidal
modulation of the same frequency. However, the amplitude and phase of each sinusoid relative
to the input sinusoid will vary with the frequency of the input and the frequency response func-
tion measures this relationship. Frequency response functions are normally displayed in the
form of a Bode plot, which is a plot of the relative phase shift and the logarithm of the relative
amplitude (gain) against the logarithm of the frequency (D’Azzo and Houpis, 1966). The low
frequency asymptotes of a Bode plot may be used to examine the purely resistive properties of
the system since capacitances and inductances have infinite and zero impedance respectively
under steady current conditions. The remainder of the Bode plot is determined by all of the
components in the system and may be most easily understood in terms of time constants. The
simplest example of a single time constant circuit is one having a single resistance and a single
capacitance in series or parallel. A single time constant system will have a high frequency gain
asymptote which changes by 6 dB for each doubling in frequency or octave. The phase curve
will have an asymptote of +90° depending on the type of system. Systems having more than
one time constant have more complicated Bode plots but if the time constants are coupled in a
simple way then integer multiples of the 6 dB per octave and +90° asymptotes are found.

The coherence function is a normalized measure of the extent to which the linear frequency
response function characterizes the electrical behavior of the system (Bendat and Piersol, 1966).
Coherence may vary over the range 0-1, and a linear, noise-free system will have a coherence
function of unity at all frequencies. Deviation below unity indicates that a signal is being
observed which is not linearly correlated with the input. This may be due to nonlinearities in
the system, causing frequency transpositions, or due to noise being added to the signal inside
the system.

Circuit Modeling

The electrical behavior of electronic analogs of the embryonic system was predicted by use of a
circuit simulation program adapted to the PDP-11/40 computer from a similar program written
in BASIC (Digital Equipment Corpojation Users Society no. 11-12; for a review of computer-
aided circuit analysis sec McCalla and Pederson, 1971). This program was able to calculate the
expected frequency response functions between any two cells of a given eight-cell network.

Microscopy

Embryos intended for sectioning and examination by light microscopy were fixed overnight in
the mixed aldehyde solution of Kalt and Tandler (1971) which contains 3%, glutaraldehyde, 2%,
formaldehyde, 19 acrolein, and 2.5% dimethyl sulphoxide. The material was dehydrated in
ethanol, cleared in benzene, embedded in paraffin wax, and serially sectioned at 5 um thickness.
Sections were stained with 35% alcoholic eosin solution and micrographs were made using a
Leitz Orthoplan microscope (E. Leitz, Inc., Rockleigh, N.J.) and Panatomic-X film (Eastman
Kodak Co., Rochester, N. Y.).

Several techniques were used in preparing embryos for scanning electron microscopy (SEM),
such that they could be manually split apart along the plane of cleavage furrows. The only
procedure we have found which allowed embryos to be broken in this way was freeze drying
(Sanders and Singal, 1973). The appearance of blastomeres prepared in this way was closely
similar to the appearance of the living cells by light microscopy and of the corresponding
regions of sectioned cells by transmission electron microscopy (Singal and Sanders, 1974). The
close correlation of cell appearance after several preparative procedures has been used as a
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criterion to judge the quality of preservation of tissue for SEM (Porter et al., 1973). At the
low magnifications used in the present work, the freeze drying technique is considered satisfac-
tory. Successfully split embryos were coated with a carbon and gold conducting layer and
examined using a Cambridge S4 scanning electron microscope (Kent Cambridge Ltd., Willow-
dale, Ontario).

RESULTS
Electrical Models

In order to systematize our analysis we have defined a numbering scheme for the eight-
cell embryo. Fig. 1 shows the appearance of an eight-cell embryo diagrammatically,
viewed from directly above the animal pole. The four animal pole cells are smaller
than the four vegetal pole cells and this size disparity has been exaggerated for pictorial
clarity. The cells may be unambiguously numbered by reference to the grey crescent
and we have defined the two animal pole cells which are partially covered by the grey
crescent to be numbers 1 and 2, in anticlockwise rotation about the vertical axis.
Numbering of the other six cells proceeds regularly. As indicated in Fig. 1, two of the
diagonally opposed animal pole cells (2 and 4) are visibly apposed to each other, result-
ing in a separation of cells 1 and 3. This condition appears to be a continuation of the
tetrahedral distortion described in the four-cell embryo (DiCaprio et al., 1974), since
close apposition of the alternate pair of vegetal pole cells (5 and 7) also occurs. Al-
though Fig. 1 shows external diagonal apposition between cells 2 and 4, we have deter-

©

FIGURE | Diagrammatic view of an eight-cell embryo, viewed from the animal pole. The differ-
ence in size between the four animal pole cells (1-4) and the four vegetal pole cells (5-8) has
been exaggerated. The numbering scheme is based on the grey crescent (stippled area) covering
portions of the surfaces of cells 1 and 2.
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mined by examining a large number of embryos that there is no preference for this con-
tact over contact between cells 1 and 3. Consequently, contact between cells 5 and 7
randomly alternates with contact between cells 6 and 8. The external diagonal cell
apposition thus appears to be unrelated to the gray crescent and is therefore unrelated
to our numbering scheme.

Our approach to the problem of determining the connectivity was to propose a range
of differently connected models of the embryo and to predict the expected electrical
behavior of each model. Experimental measurements were then made in attempts to
eliminate each model if possible. Since we were not attempting to determine the abso-
lute membrane properties, it was necessary to assume values for the membrane resis-
tances (R,,), membrane capacitances (C,,), and junctional resistances (R;). These as-
sumed values were based upon our previous determinations of the specific membrane
resistances and capacitances and the junctional resistances in the two- and four-cell
embryos (DiCaprio et al., 1974). The animal pole cells were all assumed to have identi-
cal surface areas. The vegetal pole cells were all assumed to have identical surface
areas, larger than those of the animal pole cells. The surface areas of the cells were
estimated by measuring their dimensions from scanning electron micrographs of the
embryos. The actual values used were: R, (animal pole) = 2.3 MQ, R, (vegetal
pole) = 1.1 MQ, C,, (animal pole) = 5 x 10~° F, C,, (vegetal pole) = 10-* F, R, =
250 KQ. .

Seven models of possible connectivity were considered and will be referred to as
models A through G. Fig. 2 shows a schematic diagram of models A and G. The cells
are numbered according to the scheme of Fig. 1 and the nonjunctional components
are omitted for clarity. Solid lines indicate the presence of putative junctional resis-
tances. Model A is the simplest model that might be expected from the embryonic

P s —

FRGURE 2 Two of the seven models (A and G) which were proposed as possibly describing the
electrical properties of the eight-cell embryo. Solid lines represent junctional resistances and
the nonjunctional components are omitted for clarity. Details of the connectivity of all the
seven models are given in Table I.
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geometry and has junctional resistances only between pairs of cells which are directly
apposed along the planes of the cleavage furrows. Model G represents the other ex-
treme of connectivity where each cell is coupled directly to every one of the other cells
by an identical junctional resistance. In model G a total of 28 junctional resistances
are required to pair the eight cells in all possible combinations, while in model A only
12 junctional resistances are required. As well as these two extremes five intermediate
models of connectivity were considered as possible alternatives. The detailed con-
nections involved in all of the models A through G are listed in Table I.

To simplify the analysis we injected the white noise stimulating signal into cell 1 for
all measurements. Recording electrodes were then placed in any pair of cells and the
frequency response and coherence functions of the voltage ratio between that pair of

TABLE 1

THE CONNECTIVITY OF THE SEVEN PROPOSED
MODELS FOR THE EIGHT-CELL EMBRYO
The 28 possible cell pair connections are listed vertically at
the left, using the numbering scheme of Fig. 1. Asterisks
indicate the presence of a particular connection in each

model.
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cells were determined. If current was injected into cell 1 then no distinction could be
made between the signals observed in cells 2 and 4 or between the signals observed in
cells 6 and 8. The embryo is therefore electrically symmetric about the two vertical
planes. The possible pairs of cells between which distinct signal transfer characteristics
could be measured were thus: 1t02,1t03,1t05,1t06,1t07,5to 6 and S to 7. The
predicted frequency response functions between each of these seven pairs, with stimu-
lation through cell 1, were computed for each of the seven models. Experimental
measurements of the frequency response functions between each of the seven pairs of
cells were made and compared with the predicted results.

Preliminary examination of the predicted results indicated that accurate distinction
between the models would depend upon the frequency range over which the electrical
behavior could be measured. Since the predicted curves diverge with increasing fre-
quency, it was necessary to make experimental measurements at the highest possible
frequencies. This was experimentally difficult for two interacting reasons: since each
cell membrane has capacitance, the injected current passed more easily through the
nonjunctional cell membrane than the junctional membrane with increasing frequency.
Thus it was necessary to increase the amplitude of the higher frequency components
of the white noise to maintain the measurement accuracy. At the same time, the
recording microelectrodes and holders, being very close to each other and having high
impedances, displayed capacitative coupling. Thus high frequency current was trans-
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FIGURE 3 The coherence function measured between two recording electrodes while a noise sig-
nal was injected into cell 1 of an eight-cell embryo. In the upper trace the two recording elec-
trodes were located intracellularly in two coupled cells. Similar coherence function curves were
observed whichever pair of cells was impaled. In the lower trace the two electrodes have both
been raised through the cell membranes so that they are resting with their tips in the bathing
solution just outside of the embryo.
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mitted between the electrodes without passing through the embryo. The result of this
situation is illustrated in Fig. 3, which shows the coherence function between the two
recording electrodes when they were inserted into embryonic cells and also when they
were placed just outside the embryo. The intracellular measurement shows three dis-
tinct regions. From DC to about 500 Hz the coherence function is close to unity and
is significantly reduced by removing either electrode from the embryo to the bathing
solution (lower trace). A second region from about 500 to 1,000 Hz shows low co-
herence. A third region from 1,000 Hz upwards again shows high coherence but can
also be obtained with the electrodes removed to the surrounding fluid (lower trace).
We interpret results in the lowest frequency region as being an accurate measure of
embryonic electrical behaviour, the second region as being due to the majority of in-
jected power passing through the first cell membrane capacitance and the third region
as being due to capacitative coupling between the electrodes and their holders. The
experimental results which are presented here were all obtained from the first region.
Fig. 4 shows the frequency response functions measured between each of the seven
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FIGURE 4 Experimentally determined frequency response functions between the seven pairs of
cells. The cells are numbered according to the scheme of Fig. 1, and symbols are used to identify
the individual pairs. Solid lines are theoretical predictions based upon the network of model G
(Fig. 2). Each set of data was obtained from a single experiment. However, sufficient experiments
were performed to ensure that each frequency response function was reproducible and rep-
resentative. A total of 57 experiments was performed.

380 BioPHYSICAL JOURNAL VOLUME 15 1975



distinct pairs of cells in an eight-cell embryo. The results of one experiment are plotted
for each pair. The results fali into two groups. All of the pairs containing cell 1 show
a first order characteristic with a high frequency gain asymptote of —6 dB per octave
and a high frequency phase asymptote of —90°. The other two pairs (5-6 and 5-7)
show a zero order characteristic of 0 dB and 0° for the gain and phase asymptotes,
respectively.

Fig. 5 (a-g) shows the predicted frequency response curves between each of the seven
pairs of cells for each of the seven models. Each graph shows the predicted frequency
responses for a particular cell pair. Inspection of the curves of Fig. 5 shows that not all
of the results allow discrimination between possible models. Figure 5a shows the
curves for cells 1-2 and these are sufficiently similar that no distinction between the
models is possible. Fig. 5b shows the curves for cells 1-3 and in this case there is a
distinction between models A and C, with asymptotes of —12 dB per octave and —180°,
compared with the other models. Comparison with the experimental results for this
pair of cells (1-3) from Fig. 4 indicates that models A and C are less probable than
the others.

Similar arguments may be used for the succeeding curves. Fig. 5 ¢ shows the predic-
tions for cells 1-5 and although there is more separation than in Fig. 5a it is not ade-
quate to give a clear distinction between the models. Fig. 5d shows the predicted
curves for cells 1-6 and here there is a distinction between models A, B, C, D, and E,
which show second-order characteristics, and models F and G, which show first-order
characteristics. Fig. 5 e shows the predicted curves for cells 1-7 and here it is models E
and G which show first-order characteristics, while B and D have second-order, and A
and C, third-order characteristics. At this stage therefore the only model which is
consistent with the results is G. Figs. 5fand 5g show the predicted curves for cells
5-6 and 5-7. Inspection of Fig. 4 shows that these two pairs of cells both displayed
zero order curves experimentally. In Fig. 5/ only models F and G have this charac-
teristic. In Fig. Sg only models E and G show this characteristic. The conclusion is
thus sustained that only model G consistently predicts the order of the frequency re-
sponse function for all cell pairs. The predicted curves for all of the pairs from model
G are collected together and superimposed as solid lines on the experimental curves of
‘Fig. 4. The distinction into two classes of curves is clearly indicated, although the
curves do not perfectly overlay the experimental resuits. However, it must be remem-
bered that we have used estimated values for the cell membrane properties. If the
model is correct in connectivity but not in the actual component values then we would
expect to see such differences. These differences should not affect the asymptotes of
the frequency response curves but only have the effect of shifting the curves along the
frequency or gain axes.

Microscopy

In order to determine whether there was a morphological basis for the extensive inter-
cellular coupling demanded by model G, embryos were examined by electron micros-
copy and light microscopy of serial sections. Scanning electron microscope examina-

DICAPRIO ET AL. Connectivity in the Eight-Cell Xenopus Embryo 381



O G o

~10t
-20¢
-30+

GAIN(dB)

-40

-50
Oy

-90!
- 180
=270

PHASE (degrees)

-360-

-10]
-20
-30

GAIN(dB)

-90)

- 180}
-270}

PHASE (degrees)

-360

-180¢}

| ]
~10t |

L ABCD
S -0
= |
o -30;
= I
40 =3
50!
0 e W G
e 90 I ﬁx\
S ABCD
S -I80t
7]
@ -270;
&
A RO SO S e o S0 BL=F00N e e o e )
10 100 1000 10,000 I 10 100 1000 10,000
Hz Hz
@
=
£
<<
(&)
o
8
3
&>
L5
oz
7]
2 -270
b =3
R ICRE . B W S UL B T G SRR a -300
10 100 1000 10,000 10 100 1000 10,000
Hz Hz
0
-10|
L -
= |
< -30¢
D
-40} 5-6
,50{
o = EFG
8 oo T TT——
= ABCD
S -180}
7]
@ 210}
= L
o G Li Al a. -360 AR oI LU S S e oy SR O b (I SR O
10 100 1000 10,000 | 10 100 1000 10,000
Hz Hz
0rg
-10
S -
=
< -30
(&}
-40t 57
50
0
o
8 -90
IS
S -I8o
7]
2 -270
a -360 . Lol
I 10 100 1000 10,000
Hz

FIGURE Sa-g Theoretical predictions of the frequency response functions of each of the seven
pairs of cells with noise injected into cell 1. Each plot shows seven predicted resuits corre-
sponding to the seven models A-G.



FIGURE 6 Scanning electron micrograph of an eight-cell embryo from which one cell has been
removed. Five of the remaining cells possess a surface which was in direct apposition to the re-
moved cell. X140

FIGURE 7 Scanning electron micrograph of the cell which was removed from the embryo in
Fig. 6. This cell shows faces which correspond to those of the remaining cells of the embryo. x150




tion of an eight-cell embryo, from which one animal pole cell was removed (Fig. 6),
revealed a number of direct contact faces as well as several cytoplasmic processes pro-
truding from the area of the blastocoel cavity. If the missing cell is arbitrarily assigned
the number 1, then contact faces are directly visible between the following pairs of cells:
1t02,1t04,1t05,11t06,and 1 to 8. These faces are identifiable in Fig. 6 as flattened
surfaces and also in Fig. 7, which shows the removed cell. The latter has faces which
correspond precisely with those observed in Fig. 6. The faces seen in these figures all
possess intact membrane surfaces as judged by the absence of yolk platelets when the
specimen was observed at high magnification. In cases where the plasma membrane
was damaged these organelles were exposed.

Fig. 8 is an enlargement of the blastocoel region of Fig. 6 and shows a number of
cytoplasmic processes issuing from the surfaces lining the blastocoel. It is not possible
to decide from which cells these processes originate but some appear to be in a position
to make contact with the removed cell 1. It is probable that further processes have
been broken during the removal of cell 1 since severed stumps are visible in Fig. 8.
The finest processes observed by scanning electron microscopy were approximately
10-15 um in diameter. Another example of the widespread occurrence of cytoplasmic
processes is shown in Fig. 9, which shows cells from the vegetal pole. Here a process is
insinuating itself between two other vegetal pole cells, one of which shows blunt pro-
trusions on its surface.

Examination of serial light microscope sections (Fig. 10) provided further evidence
for extensive intercellular contact. Figs. 10 B through 10K are serial sections of an
eight-cell embryo illustrating the manner in which such processes are extended and
make contact with more remote cells. The finest processes observed in these sections
were approximately 1 gm in diameter. By examining series of sections, many of the
remote contacts required by model G have been observed.

DISCUSSION

The two extremes of connectivity illustrated in Fig. 2 have 12 and 28 intercellular con-
nections, respectively. The number of possible models of connectivity which could be
proposed between these two extremes may be obtained by adding the 16 intermediate
connections, one at a time, and allowing all possible arrangements at each stage. Since
this number is greater than 65,000 the consideration of all possible models is not
feasible. The five intermediate models which we considered were not intended to be ex-
clusive, but rather to represent a range of connectivities having the principal geometric
groups of connections. Although all the possible models were not considered, it is
important to note that the experimentally measured frequency response functions

FIGURE 8 An enlargement of the blastocoel cavity of Fig. 6. A number of processes can be ob-
served arising from the cell surfaces lining the cavity (arrows). x280

FIGURE9 Scanning electron micrograph of vegetal pole cells of an eight-cell embryo showing a
process from one cell (arrow) making contact with two other cells by pushing between them. The
upper cell shows blunt surface projections. X270
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never demonstrated second, or higher, order characteristics. If any of the intercellular
connections in model G are removed, then the frequency response function between
the two cells will become second order because current between them must flow
through an intermediate cell. The experimental frequency response curves thus sup-
port model G and simultaneously invalidate any model of lower connectivity.

We have shown earlier (DiCaprio et al., 1974) that at the four-cell stage of develop-
ment all of the cells are coupled directly to one another, and the present data indicates
that this situation persists at the eight-cell stage. Whether this stage of complete con-
nectivity is continued into still later stages is uncertain, but above a certain number of
cells the situation would become morphologically infeasible due to the number of cyto-
plasmic processes required.

In order to unequivocally correlate the electrophysiological and morphological data
it would be necessary to search the entire embryo by transmission electron microscopy
for the presence of gap junctions between each cell pair, since there is increasing evi-
dence that junctions of this type mediate electrotonic coupling (see for example Gilula
et al., 1972). Although such a search has not been performed exhaustively there is
evidence that contacts of the gap junction type are present at cleavage and early blas-
tula stages (Sanders and Zalik, 1972; Singal and Sanders, 1974) and that these are the
only type of intimate junction present. Distinct terminal complexes and tight junctions
are not present during cleavage.

Little attention has been paid to the detailed morphological relationships of amphib-
ian blastomeres during cleavage. Holtfreter (1947) made extensive studies on the
kinetic behaviour of cells from gastrulae and later stages, describing the extension of
fine processes and the considerable pseudopodal activity. He concluded that up until
the neurula stage many cells were highly amoeboid and displayed rhythmical expan-
sions and contractions. The extension and activity of similar processes has also been
examined during the early morphogenesis of the sea urchin, Psammechinus (Gustafson,
1963) and Fundulus (Trinkaus, 1973). In these studies thin filopodia were observed in
gastrula stages and were preceded by the appearance of blunter pseudopodia or blebs.
In the present work we have found the finer processes during cleavage stages together
with more blunt protrusions. It has been proposed that in the Psammechinus and Fun-
dulus embryos the filopodia serve the purpose of attachment required for cellular loco-
motion. In the eight-cell Xenopus embryo no cellular locomotion occurs, and we there-
fore propose that the fine processes are extended to make remote contacts which
mediate electrical coupling and may be involved in the intercellular exchange of mole-
cules.

FIGURE 10 A-L Light micrographs of sections through an eight-cell embryo, cut in a vertical
plane. Figures 10 A and 10 L are sections from near the extremities while 10 B through 10K are
serial sections from the center of the embryo. The cells are numbered according to the scheme of
Fig. 1. The series illustrates the way in which cells make contact with more remote cells by
means of processes. Cell 8 can be seen to have extended a process (arrow in Fig. 10 G) which has
insinuated itself between processes from cells 3 and 5. x37
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The relationship of cell contacts and embryonic induction has been the center of
considerable controversy (see for example Grobstein, 1961). While certain inductive
interactions do not seem to require intercellular contact this may not be true for all
such interactions, some of which may demand the presence of direct physical contact
(Nordlinget al., 1971; Tarin et al., 1973). Although the induction phenomenon has not
been demonstrated in amphibian embryogenesis earlier than gastrulation, it is possible
that inductive stimuli are transmitted earlier than this. The existence of extensive inter-
cellular contact would facilitate such transmission.

It has recently been suggested (DeLaat and Bluemink, 1974) that electrical coupling
in early Xenopus embryos may be mediated by electric current transmission through
new membrane of low resistivity formed in the cleavage furrow. Such coupling would
require the cavity of the furrow to be electrically isolated from the external medium, to
avoid the leakage of current to ground. Slack and Warner (1973) also suggested that
the early blastocoel is isolated from the bathing solution. Qur ultrastructural observa-
tions (Singal and Sanders, 1974) demonstrate that sealing or tight junctions are entirely
absent, and preliminary results from this laboratory indicate that the blastocoel is
accessible to dyes injected into the perivitelline space and is therefore not sealed from
it. This observation together with the presence of contacts of the gap junction type sug-
gests that transmission via junctions is at least partly responsible for the intercellular
spread of electric current between these cells.

The present results show complete connectivity between all of the eight cells in the
embryo, and also the existence of fine cellular processes which have not been described
before. As we have pointed out previously these cells could be closely electrically
coupled using a lower order of connectivity by current flowing through intermediate
cells (DiCaprio et al., 1974). The high order of connectivity therefore supports the
view that intercellular junctions are significant in the normal development of the
embryo. It seems reasonable to suppose that the fine processes mediate individual elec-
trical connections between cells which are not directly apposed. However, the primary
function of these connections may not involve electrical current flow but could allow
the movement of morphogenetically important molecules directly between cells.
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