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; ‘ABSTRACT

-

v~ .
of early Xenopus laevis

There1ectrical coup]ing between ¢
cmbryos was studied u51ng the “techniques o linear systems ana1y31s and
1ntrace11u1ar recordlng. Frequency respoglse measurements were made betwgen
pa1rs of cells-in two-, four- and elght-cell embryos and theoretical
electrical models of these systems were constructed and analyzed using a

circuit analys1s program on a c1glta1 COmputer These experiments showed
that, in the stages studied, each blastomere was coupled pairwise tQ all
af the other cells in the embryo.
The cell membrane properties were studied during the first
c]oZZZBL by monitoring the changes in cell membrane resistance and
’ junctiona] coupling resistance as functions of time. These experiments,
as wel] as investigations using “fluorescent tracgrs and the direct deter-
mination that the blastacoel was not’ e1ectr1ca]$& isolated from the bathing
medium, iqdicated that the coupling was most probably mediated by specialized
iintecce11u1ar'junctions and nat by closely apposed cell membranes which have
a lTow specific'resistance.
The concentrations of free-calcium jons in the external solution
and in .the 1nter1or of individual cells were altered in order to disrupt
the electrical coupling. The 1ntrace11u1ar 1n3ect1on of ca1c1um did not
cause the cells ‘to uﬁcohp]e, while the lowering of external free calcium

\*~\i2:i92ioduced some decrease in the coup]ing.ratio while also affecting the

propexties of the non-junctional cell membrane. '

<

. Tdv



ACKNOWI EDGEMENTS

’

-

. _I would like to express my gratitude to Doctor A.S. French fer

his supervision throughout this work. In addition, I would like to thank
Doctor E.J. Sandérs and Doctor KNG. Pearson for ‘their assistance, advice *

and encouragement.

\

-1 am also g:ateful to Mrs. Ortella White for her excpllent

S

typing and-to Mr. Fred Loeffler and Mr. Ken Burt for their production of

.o v

. the photographs used in this work. o



TABLE OF CONTENTS
CHAPTER ’ PAGE

1 INTRODUCTION -~ i1
2 "LLINFAR SYSTEMY THLORY . ;__‘ 5
2.1 Definition of a linear system . ..___ 5
2.2 Application to linear, noise-free systems 6
3V ANALYTICAL TECHNRQUES o 13
”3.1 Spectrai estimation 13

3.2 Sampling of continuous signals

3.3 The discrete Fourier transform

4 MATERIALS AND METHODS  * .- %

4.1 Preparation qf embryos_;f _______ T 18

+ 4.2 flectrical meas&rcwcnté ________ i _____________ .. ___ 18

"4.3 Electrical modelling_ . 21

4.4 Membrfne potentials and Sealiné____- _______ o 22

. 4.5 élaging of embryos ’______; ______ 25

(4.6 E]ectgical properties of tHE vitel1inelmembfane___ " 26

5 ,IELECTRLCAF COUPLING IN:THE TWO-CELL EMBRYO_ 3]

.5.1 Analysis of the two-cell embryo_;___; _____________ 31

‘9.2.t0pc1usibns_________-____________;______; _________ Y.

€  ELEGTRICAL COUPLING IN THE FOUR-CELL EMBRYO 46
6.1 Analysis of the four-cell embryo _ - 46
6r2 Coéclusions; ______________________________________ 58
L7 ELECTRICAL COUPLING IN THE EIGHT-CELL EMBRYO ____ . 61
| 7.1 Analysis of the eight-cell embrye  __ __ ____ ___ 61
7.2 Conclusions ': __________________ ol .76



CHAPTER
8
a
9
’
\
10

w0\

.

CLECTRICAL MEMBRANE PROPLRTIES UUR[NG;F(RST CLEAVAGE

K/

. v ‘
8.1 Introduction v
____________________ JmAemmmmmmm e
8.2 Resistance measurements ;t_j;f;-i ______ }---
BNB&Frgguenz§ response measurements ’4; ___________

8.4 Membran&:capacitance meq%urements
8.5 Effects of membr“oi;ﬁ’ng
8.6 Dye diffusion into the blastocoel
8.7 Eichn
8.8 Concigsions'
LFFECTS OF CALCIUM ION CONCENTRATION ON COUPLING

9.1-Introduc§ion

o]
ical recording from the blastocos} __ .

e e e e e m e e m e e m e e — = — . - = =

V4
9.2 Effects of low external free calcium

concen
9.3 Effect
9.4 Conclu

DISCUSSION

APPENDIX 1

APPENDIX I1I

p
BIBL IOGRAPHY

tration
e e it
s of intracelluldr calcium injection
sions ...

~
) I}

-

PAGE
19
9

\91
33
95

105
113
113

114
120°
120
123
134
139

153



l}ST OF TABLLS

\JABLE PAGE
} ‘ Summary of calculated wembrane parameters for v
two-cell embryos_ . . . a1
I1 Summmary of caleulated membrane parameters for
four-cell embryos o | O, 59
s ’
111 The connectivity of the seven proposed models
., for the eight-cell embryo_____ _____/ ; 67
R . A T e
Iv Predictad and measured cell membrane resistance
and capacitance of Xencyus embryos during the .
first two cleavages . 96
v Measurements of carly blastocoel diameter 97
VI Summary of nresults obtained from experiments
performed in solutions containing low free calcium 115
"
) 4

viii o



~

3.

FIGURE

1

'two cell embryo

LIST OF FIGURES .

Flow chart of principle computat1on r0utes of
spectral analysis package

Basic experimental atgangement for the injection
of current intqQ ome cell of an embryo while.
recording the voltage in ‘the injected and adjacent
cells

-Rvuorded membrane potent1a1s for embryos at dlffervnt

c]oavage stages

The change in cellular input resistance accompany1ng
membrane sealing which fol]ows penetration with a-
microelectrode o

Schematic representation of two-c&t}}mmryo< '
incorporating a significant vitell membrane |
resistance . N o
Demonstration of vitelline membrane e]ectr1caf
perert1es

The siplest eléctrical model of the two-cell embryo

Frequency résponse and cohelence functions between the
input and cell 1 of a two-cell embryo

Frequency response and coherence functions between °
cell 1 and cell 2 of the two- cel] embryo used for .
Fig. 5.2 '

Reduction of the resistive network. model of the

AC circu1t of the two-cell embryo
»

Two alternative hypothet1ca1 models for the
two-cell embryo ~.

1 .
Reduttion of two-cell model containing a junctional
resistance to ground

Two possible recording arrangements of. a four-cetl
embryo assuming that the cells are e}eqyrically
identical

ix

AR S ﬁf"'i“"""'; """""

Sy

" PAGE

17

20

23 -
24

. 28

29

32

33

34

36
39

43
45

. 47

48



FIGUWRE | S . PAGE
6.3 - . Predicted frequency response measurements for the . .

network of Fig. @,2_____________A_'_____-______‘; ________ 49

. - _ . N

6.4 frequency response and cohgrence .functions between N

‘two adjacent cells in a four-cell‘rnbryo ' ‘ ' 51

N N .

6.5 . MPequency response and coherence functions between

two diagonally opposed cells in a four-cell embryo = =~ 52

’

6.6 Frequency response and coherence functions between
input_and cell 1 for the four-cell embryo used in
Fig. b.4__ ' ... e __ 53
6.7 . The simpl!!t elegtfica] network capable of explaining
the behaviour of a four-cell embryo ________________ L
6.8 Perspective view of the six junctionaf resistances of
' Fig. 6.7, arranged in the form of a regular
tetrahedron ______ L et 55
6.9 * tlectrjcal network of the four-cell network o o7
7.1 Diagrqmmétic view of an eight-cell embryo, viewed
- from the animal pole _ . ______..- . 62
7.2 Two of the seven models (A and G) ‘which were proposed
) as possibly deseribing the electrical: properties of
the eight-cell embryo . eeeoae-- 64-
7.3 The coherence €un&tion measured between two recording -«
electrodes while a noise signal was injdcted i6Ato
cell 1 of an eight-vell embryo ... ... 69 -
7.4 ‘ _ Experiﬁentally determined frequency'response functions
between the seven pairs of cells_______ . 70
7.5 Theoretical predictions of the frequency gesponse
fupctions of each-of the seven pairs of cells with .
noise injected into cell 1 ______________ S . 712-75
8.1 ‘Direct current electrical models of cleaving single-
cell embryo - o, iecimmee-- . 81
8.2 .Changgs in R, and"R; during cleavage .- L 83
8.3  Plot of 1/Ry vs time data obtained from the value of ~
RM(t) in Fig. 8.2 - 85



b TGURE . ) PAGE
8.4 Gain charactersstic of frvquoncy vuxpun'e during
first clvage N - 88
8.5 . Phdxv‘(hdrA(tvriS ¢ of frvﬁuvncy.rv\punse during
4 first cleavege [ o o 89
_‘-k Coherence of frequency response during first
cleavage e . o 90
8.7 ° TA.C. edectrical model of cleaving single-cell embryo - 92 }
. 8.8 Fluorescent micrograph of the eight-cell embryo 100
8.9 Fluorescent micrograph of the eight-cell embryo 102
2.10 Measurement of the'blastocoel potential = 104
. - . 4 .o
8.11  Scanning electrbn micrographs of the eight-cell
* embryo used in the experiment of Fig. g0 07
&.12 . Two'highen power views of the half embryo shown at
the bottom of fig. 8.11 - R [ 1°)
9.1 Lffect of lO—S’M free. external calcium on intra-
cellular voltage and coupling ratio .~ 117
9.2 Bffect of 107> M free external calcium on intra- .
ceMular voltage and coupling ratio~__;___-_______;__;__ 118
9.3 tffect of varying extvrnal free calcium gon(wntrdtlon
on sealing rate. -~ - o - 119
Al tlectron micrograph of a section thr0ugh the cortical
.~region of a Xenopus laevis embryo showing the T
vitelline membrane in s7twu, the per1v1tel]1ne space -
and the plasma membﬂane___i __________ o 142 .
. *
A.2 . °Scanning electran micrograph of the .animal pole of a
four-cell embryo _______________________________________ 144
A.3 Light micrograph of a section through thb vegeta]
hemisphere of a four cell embryo ~ . o ____ 1436
A.4 Scanning electron micrograph of an e]ght~ce]1 embryo
+ from which one cell has been removed =~~~ ~__ 148
.5 Scanning electron mi¢rograph of the cell which was )

removed. from the embryo in F1g A.4 . " 148

x1



VR - :
-
/(u‘.um ) ) ' FAGE

Q.b A enYargement of the blastoeoel cavity ot big. A.4 Y
o ‘u.‘n? electrom micrograph of veqetal ;»()1;* cells
of an eight cell ewbryo shawing a process frog one

cell making contact with two other cells by pushing

between th(‘m‘ o L. ) 7 o ) ) 150
A8 I.ight mi’l'rngmphb of sections t'hrm.u)h A cight (ell
’ cmbryo, cut iR a vertical plane S L In?

@



CHAPTER ™ 1
INTRODUCTION
The individual cells which make up multicellular org;nisms

do not functi.n in isolation. They may be grouped together to form
dif?erent tiscues and structures which in turn become the component
parts of the organism. Cellular interactions may be mediated by
intercellular contacts which serve to mechanically anchor the cells
to one énother, such as tight junctions and desmosomes, or by the
intertwining of different cells to form a sturdier overall structure,-

[3
such as glial-nerve cell interactions. Another degree of cooperation

between cells may be achieved by thg/;gahsfer of information between
them via substances released from one cell and received at specific

. \,
sites on another cell. This is true<in the case of hormones whith may

. +
affect numerous cells and in the case of chemical synapses Petween
neurons, where the interaction is more localized.

I[f the development andlovera11.activity of the organism is
to be coordinated, then there must be a me;ﬁs of communication available
in order to achieve these ends. Oné mechanism ipr intercellular
communication occurs when the interiors of ce]is are directly connecfed
to each other ;d'thaf an electric current applied to one cell spreads
to an adja§ent cell and the amount of spread is too great to be
explained by the cells being in the same volume gonductor (Bennett,
1966). This type of communication is generally termed electrical

Co&p]ing. It should be enphasized that although these contacts facili-

tate the flow of electric current between cells, this may not necessarily
SRR

a
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be their physio]ogical.fdnction in every system. The electrical pathway
may instead serve to mediate the transfer of various sub;tances,such a§
ions_dr small molecules, between fe11s concgrned.with-the control,
signaling or equalization of'gsl]u]ar agtivities. |

There are many typeg of cells which have béen found"tolbé
electrically coup]ed: In excitable cells of adult nerve énd muscle the
coupling serves .to faci]itgte the transfer of electrical 7m¢ulses
between the cells ‘and this type of tranfﬁission has been found in many
different ordganisms (Auerbach and Bennétt, 1969; Bakeryénd L]inés,»197I;'
Bennett, Waxman and Pappas, 1969; Furukawa and_Furéhpan, 1963; Fuf§hpan
and Potter, 1959; Sotelo and Ll?nas, 1972; Hagiwaraband Morita, 1962;
Watanabe and Grundfest, 1961; Ni]son, 1961; Barr, Dewey and Berger, 1965;
Keneko, 1971; Nichols and Purves, 1970). Electrical coupling has dlso
beén demonstrated in adult non-excitable cells (Kuffler and Potter,
1964 ; Loewensﬁgin, Socolar, Higashino, Kanno and Davidson, 1965;
Sheridan, 1971; Farquhar and Palade, 1963; 1965), ch]tured cells (Borek,
Hagashino and Loewg;stein, 1969; Azarnia, larsen and Loewenstein, 1973;
Goshima, 1969, 1970; Johnson and Sheridan, 1971; Gilula, Reeves and
Steinbach, '1972; Michalke and Loewenstein, 1971) and in embryonic.cells
(Ashman, Kanno and Loewénstein, 1960; Bennett, Spira and Pappas, 1972,
Furshpan. and Potter, 1968; Sheridan, 1968, 1971; Tupper and Saunders,
1971 Ito and Loewenstein, 1969; Palmer and Slack, 1970).

fhe functional significance of electrical coupling in excitable
cells js readily understandable as these -cells normally use electrical
signals to process or transfer information between cells or to trigger

mechanical activity in & group of cells. 'The'fupction of coup]iné'in
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non~exciPab1e cef]s and particular]y embryonic ce]]{ is nog yet clear
~a1th0ugh'there has boen considerable spéhu]ation (Loewensfein, 1968"
Bennett, 1973) that the transfer of material between these cells via
the e]ectr1cal pathway may serve td coftrol-the growth d1v1310n and
differentiation of the ewbryonic cells. v |
In many cases where ultrastructural studies.have been under-
taken on various cell types, a correlation has been found between the
. prescrce of gap juhctions and the’existenceuof electrical coupiiné
botween the ce]]s‘(McNutf.and Weinstein, 1970, 1973; Rose, 1971). )
The;e jnndtions are characterized by an intercellular gap of 20 £ in
+thin sections and hy a hexagenal.array of intramembranous pafticiee in
freeze-cleaved preparations. These junctione are also capable of’
transferhing sma}1l molecules Eetween cells in adult (Rose, 1971) and -
embryonic ce]1s (Sheridan, 1971) \

(& . i
A f1rst step in determ1n1ng the roie of 1ntercel]u1ar

’ commun1cat1on in embryon1c cells is. to investigate the degree of
Acoup11ng found in deve1op1ng embryos and how it changes during develop-
ment. Amphibian embryos have been used for.some time as mode] systems
in embryologx,'and’measnfenents have been made of e]ectricaiAcoupling
lduring their development (Palmer anJ Slack, 1970; Ito and'Hohi, 1966;
Warner, 1973). The objective .of the research presented here- was to .
defermine the degree of_efecfrica] coupling during the formation of the
tirst three cleavage furhows of Xenopus lucvis embryoes as well as the
‘properties of the junctﬁona] and non-junctional membranes during - .
development. These problems were 1nvest1gated using the techniques of

linear systems -theory, pr1mar11y spectral analysis. These procedures



have been primarily used in the analysis of Heurophysio]ogjcal syétems
(cf. Terzuolo, i969 Frénch Holden and Stein, 1972; Frengh'aﬁd DiCaprie,
1975) but they may be applied to any bio1oglca1 system wh1ch has clear]y .
dof1ned 1nput and output e]ectr1ca] s1gnals " The result of this analystg\\
as app11ed to the case of eleutrica]]y coupled embryon1c cells is a
nuthematicaj description of the input and output properties of the
‘System. The structyres that mcédiate the coupliﬁg are-treéted as
"black boxes" and arelﬁot accessible via these techniques, a]though

ana]yt1ca1 models of- the system may bevfbnstructed in order to give

some 1nformat1on concern1ng "the possible construct1on of these pathways..



CHAPTER 2

. LINEAR SVSTEﬂS THEORY |

2.1 Dwfénitiun of a linear system:

In a 1%near system, which may be characterized by linear’
a]gebra1c equations, d\fference equat1ons or d1fferent1a1 equatlans,
the output of the system is d1rect]y propOrt1ona] to the 1nput In

‘other words, if the input to the system is. z(t) and the output is y(t)

fhen; ‘ : : ' .o \,
y(t) = rle(e)) . : - ' -
o ’ Y -
and if & is any arpitrary constant: ' ' - ' ~ ’
K y(e) = & rl=le)) R 2.1

t inear systems are also characterfzed by the principile of superposition,

that is, if:

() = ey (6)) . - .
and v . i

o (e) = rlage)) .
then | . . |

(8) * ya() = Flaa () + £lm()) 2.2



A system is lioear if and only if it satisfies Fo 2.2.

. The llnear systems discussed here may.be further c]assnfled as

1umpcd parameter, t1me 1nyar1ant linear systems In a;lumped—parameter
/

mode] of an e]ectr1ca] system, the energy in the system is stored or

3 -~

'dlssfpated by-distinct: eloments, reslstors, capac1tors and lnductors.

Amny d1sturbance in the system is propagated instantly to atl: elements of

]

the system and Qhe phy51ca1 measurements at each e]ement, such as the

vo?tage across and. the current through an e]ement, are re]ated by a

slngle physwcql constant Ih a time-invariant system, a response y(t)

-

to an input x(t? will be the same if the input is de]ayed by a time T S0

!

that if: St ; L . R '
R ' \
' u(t) e (£)) .
:Thenf ‘ ‘.
y(t - 1) = flafe - <)) | - 2:3

X3 . . . R . .

2.2 Appliéa-t'ion to Zihear‘, noise—free qystéms"
’ 4
For a 11near, nOJse free system w1th a single input function

x(t) ‘and a s1ngle output functlon y(t) the output is re]ated to the-

1nput by the convo]ut1on 1ntegra1
Jy(e) = s§ 2Rt - 2.4 .
and if the'system is time—invariant a fuoction'h(t) exists such that:

-

\ -
. -



c e y(e) = rE (xRt - 1)dr - 25

) .- . ) ) R
* w

»

where h(?) is the.impulse response of ihé'sy§tem (Lathi,'l965);

'( ~Th,e,mathematical treatment of the input—odtpq;_re]ation giveh
:in EQ. 2.3 is‘groatly simp]i%iedlif;it'is transformed 6 the g domain, ‘
where & is a complex variable in tﬁe form o + juw, where j = . This
may.be accoijished by use of the §ing1a;sided:Lép1acg transform (Lagb{,
1965). The single-sided Laplace transform is a ]jaqér dgperator and is

defined by:

CL{y(e)) = Y(s) h
= 15 y(e)e " tde T 2.6
énd %ts.inverse~is given by:
L Y y(s)) = -2%—,7" fgtg: Y(s)etsds .. ) o ‘2..7

¥(s) and ybz) then form a Laplace transform pair: .
. .. . - . . .

» M .
- . . . ‘,, -
o 3

W) e e

Some dsefq] properties of the Laplace transform are:

*

a) Linearity

X y(tf«—» K ¥(s)



Cy(t) 4 z(e) «» Y(s) + 3(s) S 5
- b) Sca]iﬁg
For a > 0 -
oyl o Ly
L a ‘a

c) Time shift

For ty > O

y€t - to) «» r(s)e %o

a“

d) Real convolution .
- . .

1§yt - Of(a)dr < v(s)F(s) .

When the convolution property of the Laplace transform is °

agp]ied to Eq. 2.5 the result is:

- - - , -

Y(s) = H(s)x(s) . _ B .2.8

If the input function x(t) is a unit impulse or Dirac delta function -

:é(t)'define'd as: oo ’ : ‘

2.9



Then the laplace transform of z(t) is unity so that fq. 2.8 becomes:

\]

r(s) = H(s)

The Laplafe transform of the response to a unit impulse input fs the

~ Laplace transform of the'weighting function h(t). H(s) is also called

the trfnsfer function of the system and is only defined for linear,
1} : . )

time-invariant, noise-free systems. The transfer function will com-

pletely characterize the input—outift-relations of such a system,

‘An alternative represent jon of the transfer function is the '

_frequency response function, u(f), given by the single—sidéd Fourier

transform of A(t): | g

» ' . - . .
alf) = s n(e)e i tay ' S 2,10

' . . . ’\".z-'.

-

S  The Frequency response #(f) is generally a complex function

which may be separated into two real functions:

X

o6(r) = 1A ] _ : -2.11
and . =
= arctan H(f) . S o 2012

P(f)

where G(f) is the gain and P(f) the phase of the'frqﬂvéncy response
function. ' - |

When the input -z(t) to tng\iii;gg is a stationary stochastic



10

']

process, the. autocovariance function pxx(r) of z(¢t) is defined as
»

(Jenkins and Watts, 1968):

0 ea(T) = 1im o5 /Ty =(e)z(e +.x)ae 2.13
/

and the autocovariance puy(() of .the output y(t) as:

s 1 .7 :
nyy(r) = ;1],2 57 I _p y(t)y(t + 1)de , _ 214

and the forward cross-covariance pzy(r) from the input to the A0utpu.‘_h
’ . ” v

- 1im 1. /T '
pxy(r> = llm 27 I-T z(t)y(t + 1)dt ] 2.15

1 .

The power spectra of the input and the output and the cross power
spectrum can be obtained from the Fourier transforms of the corresponding
input, output and cross-covar%ance functions according to the Wiener-

-

Kinchine theorem (Carlsen, 1968).

The Fourier transform x(f) of a function f(t) is defined by:
x(F) = 1°_ fle)ede® . | 2.16

and the inverse transform by:

’le’
x(¢)= 4

= x(r)ef? ey 2.17

The input power spectrum Sxi(f), the output power spectrum



‘dﬁgy(f) and the cross-power spectrum Sxy(f) are therefore given by:

-

S.r.‘c(f) = f‘:‘ OII(T)E_JZ"deT
Sy () = 170y, (10772 g 2.8
S.ry(f) = fi"w pxy(‘r)e-‘iznfrdx

The frequency response function can then be obtained from the above

< -

pbwer spectra using the fo]]owing relations:

s |
Hf) = ﬂ‘—{o . - : 2.19
5_(f)
and‘ . _
St ORS00 2.20

" One additional function which may be computed from the power

spectra s the coherence function, vy2(f), given by:

A (

ls_, ()12
T s ) - S, ) > 0
Sexlf) + 5, (f) 2 21

o y2(r) =

0; S_m_'(f).‘iSyy(f) =0 .

The coherence function is a normalized measure of the extent to which the
linear frequency'response function predicts the input-output behaviour of
the ‘system (Bendat and Piersol, 1966). Coherence varies over the range: <,

N — .
i . »



0 < vy2(f) < 1 and the coherence of a linear, noise-free system would be

JHity at all frequencies.



CHAPTER 3

ANAL¥TICAL TeCHNIQUES

3.1 .‘.‘Lv'x'lml..':rt{mxtion
v : .
The power spectra defined by fq. 2.18 are in practice

obtained for finite time functions fT(n) where:

»

() 0 <t <T
jT(t)” 3.1
' 0 7<0,t>T
Im place of the power spectra, an estimate of the power spectrum is

defined as the samPle spectrum éxx(f) (Jenkins and Watts, 1968). Then,

in place of £q. 2.18 the sﬁmp]e spectrum is given by: *
ot - T -2nf
s 40 = rop e (e dr - 3.2
LY 4

where axx(r) is the sample aytocovariance given by:

[ ]
-

0xx(1) = 2%’ ITT z{(t)z(t + 1)dt 3.3

An alternative definition of Sxx(f) is given by:

~

> S.T.’L‘(f)

1

W

3|

Iz xT(t)e'Jz“ftdt e XT(t')e'jZ"ft dt'
. 4

XT(f) - x*(fF)

3

X, ()12 3.4

3|
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whoere XT(f) is the Fourier transform of (¢t) and X;(f) s its complex
conjuyate. ,
The direct mothod of spectral estdgation using fq. 3.4 has
only been computationally ef ficient since the rPgisLUVCry éf the fast
Fourier trnﬁiform (FET) algorithm by Cooley and lukey (196%) which
makes possible the cconomical computation of the discrete Fouriar
transform. This method has been used for the computation of all the

spectra in this work,

1
.

3.2 mampling Hj;x'(vlffPHu’N:’ slogrnal e

To compute Sxm(f) using a digital computer and the- HI
algorithm, the continuous time function {x(t), -=» < ¢t « =} must be
transformed to a discrete tiao prdlgss {X(A‘)(ns :n - 0, ~1.‘t2.... }
whicb is formed by setting:

EN

aey{) 7 rbine) ' RPN

g i

where At is determined from the Nyquist sampling theorem (lathi, 1965) .

X

If £(¢t) is a signal of finite energy band-limited by w Hz, then z(t)
can only be recovered error-free from {(At)(") if:

<

1/at > 2w .
|
Half the sampling rate, 1/2at, is called the Nyquist frequency, fy- If
there is any power in Sxx(f) for f > y then this power will alias as

power at frequencies f < fN which will result in an incorrect estimate

-
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~

of Sxx(f)’ When taking regular samples, at must_therefore be chosen so

that f, > f where Sxx(f) # 0 for all f.

3.3 The discrete Pmmi&?‘dunsfarm:
Use of the regular sampling technique discussed above on the
input and output finite time records XT(t) and yT(t) results in a series

pf N numbers, XT(At)(n) and Y )(n) forn=0,1, ... ¥ -1. A discrete

T(AL

set of numbers may be associated with the ‘time function:

N-1
r'(t) = £ x(nat)s(t - nag)
rn=0 ,

whose Fourier transform is given by:

X (r) = 57, 2t (1)e Vi gy -
»-1 o
-5 z(nat)e ey, 3.6
n=0,
3 ;’:
i *

This method of obtaining the Fourier transform of x(nat)

provides a means of defining the discrete Fourier transform of a set

of ¥ numbers z(n), n =0, 1, ... N -1 as:
L 4
N-1 _ ,
X(m) = © x(n)e J2mnm/N 3.7
n=0 e
and the inverse transform by: '
p V-l J2nnm/N
z(n) =5  x(me 3.8
n=0
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App1y1ng Eq 3.7 to a series of. a]1as free samples of x(t) taken at
reqular 1nterva1s at from a record of length P = NAat nges the Four1er
coeffictents of x(nat), x(maf) where the coefficients are complex and

4

QiVen by: o - . | .

The ‘power spectra-of. Eq. 2.18 can thus be ca]cu]ated *as in
Eq. 3.4 from the Fourier coefficients of the samp]ed time ser]es given
in Eq. 3.91 The pr1nc1pa1 computat10na1 routlnes are shown in F1g. 3.1

and Have_been fully described elsewhere (French and Ho]den, 1971a, b;

»

French, 1973).

Frequency response functions are presented in the form of Bode

plots (d'Azzo and Houpis, 19665.which consist of the logarithm of the

gain, G(f), in decibels, and the phase, P(f), in degrees, plotted against

. +
the logarithm of frequency.
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CHAPTER 4
MATERIALS AND METHQDS -

73
4.1 Preparation of embryos:-
) Embryos of Xenopu" © ois were Obt61ned ;& Subcutaneous
injection of adult animals w.tn gonadotroph1c hormone (Parke Davis and

€o., Antuitrin-S). Males and fema]es rece1v9d 500 and 1,000 1U of the
hormone respectively. Embryos were kept in Ste1nberg s solution
(Hmeurger. 1960) made up as fallows:. 17 g NaC] was,d1sso1ved in 100 m
of d1st111ed water; 250 mg KC] in 5Q ml; 400 mg Ca(NO3) 4 H,0 in 50 ml;
1,025 mg MgS0O, in 50 n] 15N800 mg Tris was added to the mlxture of the
f0ur different so]u;1ons descr1bed above The final vo]ume was made up
to 5,000 m! with distil¥ed water and ‘the pH of the f1na] so]ut1on was
adJusted to 7 4 with 1 N HC1. Embryos were then part1a11y de~3e111ed '
for 2 minutes at room temperature in a 'solution of fresh Papa1n cyste1ne
:so]utfon made by d1ssolv1ng 1 g of L—cysteqne hydro§h1or1de_hydrate-1n
3 ml of 10% NaOH f1na1 volume was made up to 1,000 ml with Ste1nberg s
solution; 1 g of Papa1n was added to obtaxn the f1na] reagent The
enzyme m1xture was not al]owed to comp1e5e1y remove the jelly coat, 1n
order to avo1d damage tb the v1te111ne or p]asma membranes The embryos
" were then washed a minimum of six times in Steinberg's so]u&jon to remove:
all traces of ﬁhe enzyme mixture. The embryas were- then s%gred at-4°C -

unt11 the time of the experiments, which were performed at room temperature.

4.2 Electrtcal measurements

The basic recording arrangement used for 1nvest1gat1ng the

18



e]ectr1ca] propert1es of Xenopus embryos is illustrated in Fig. 4. 1.
The embryos_ were placed-on a layen%f paraffin-wax in a Petri dish . .
filled with Steinbergt's solution.' In a]T-eXperfments glass mlcro- o
e]ectrodes filled with 3-M KC1, were used for the recording of intra- -
. cel]ular vo1tage and injection of st1mu]atlon currents "The electrades -
‘were pulled from g1ass capjllary tubes of 0.9-1.1 mm ID (Kimak'No S
_ 34507) on a vertical electrode puller (Narishige, PE-2). The record1ng
e]ectrodes were 1nterfaced fo resistance and capac1tance compensated
brldge.electrometers~(u P." Instrumehts,-M4- A) by Ag/AgC) Junctions and
.the bath1ng solution was returned to &lectrical ground via a 3 M KC1-Agar
br1dge and an.Ag/AgC] Junction. The resistance of the m1croe1ectrodes used.
was in-the range 3-5 x 108 q. In each experiment, -three e]ectrodes were
used, two for record1ng 1ntrace]1u1ar vo]tage, and one for 1nJect10n of
1ntracel1u]ar current. A 10% o resistance was p1aced in series w1th the
.current 1n3ect1on electrode so as ta allow current measurement 1ndependent
.»of e]ectrode resistance. ‘S1nusoida] stimu]ating currents were obtained
from a function generator (hewlett Packard,'3301A) and nhite noise
_stimu]ation from a diode noise Qenerator (French, 1974) with a flat -
power ‘bandwidth frbm 1 to 400 Hz. The :white noise was band-limited to
‘the desired frequency by three cascaded three-pole Butterworth low -pdss
actlve filters, g1v1ng a tota] attenuatlon of 54 dB/octave above the
corner frequency. Vo]tage and current -measurements were recorded at the
time of the exper1ment on a four channel paper chart recorder (Beckman .
R411) and monitored on an oscilloscope (Tektr0n1x 565)

".The input and output signals from two- and four-cet] experiments

were first récorded on a four-channel FM tape recorder (Thermionics,
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N

Fig. 4.1 Basic experimental arrangement»fof the injection of current

into one cell of an em
and adjacent cells.

bryo while recording the voltage in the:injected
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T3000) These records were Jater :epdayed and sampﬂed by a ten—bit'
analog to digital converter and stored in digital form on a DEC- tape
.The spectral analysis was then performed using a standard record length '
of 512 complex numbers. USIRg a sampled time series of 512 points. the
‘resolution of the spec@ral estimate obtained from the transform will be
.1/(5l2 to).'where to is the sample interval.: Succe551ve 4nput and
output spectra‘Were then aﬁeraged to producé-tne final estimatesof the
spectrum, from which the.€2’§s¥spectrum and coherence function were
.Calculatedl The frequency response plots from the two- and four-cell |
experiments were computed from 56 ayeraged spectra. Other~e§periments :
were performed‘by sampling thd‘experimental-data on-line with a ten-bit
analog to digital converter and storing the- sampled values on a

magnetic disc 'using a PDP_11/40 computer. - Spectral estimates were then,

' computed- at ‘the end of each experiment in the same manner as described

above. " o . ' ) : i

4.3 EZectrtcaZ modelltng. A
Electronic :ircu1t models of the systems under study were
initially analyzed with a computer "simulation program (IBM application
’ program.GH 20-0176-2, electronic circuit analysis prooram'[ECAPj{.using
- the UniVer51ty of Alberta IBM 360/67 computer Later a éircuit )
sinulation progrdam was written in FOCAL for the PDP 11/40‘computer
’(Focal circuit Analysis Program, FCAP) This program was adapted from
a similar program written in BASIC (Dig\tal Equipment Computer Users
- Society No.'11-12, see Appendix-l) Ihese programs enabled the user to

simulate an electrical network containing resistors, capac1tors,

-,
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inductors and {ndependent voltage sources; The programs describe the -
electrical’ behaviour aof the network by specifying the node vo]tages of
o;the ﬂetwork when a voltage source is app11ed between any two nodes. An.
.excellent review of computer -aided c1rcuit ana\ys1s is contained in

McCalla and Pederson (1971). . -

4.4 Mbmbrana potenttala und sealing:
h The penetration of 'a record1ng m1croe1ectrode into the embmyo
was detected by observ1ng the transmembrane potent1al as the'electrode
was 1nserted 1nto a cel] The membrane potentia1s wefé‘hmasured and
" used to establish. the correct stage of the embryo (Fig. 4,2). These'
data were also compared with prévibus measurements made by other
invéstigators (Palmer and Slack, 1970; de Laat et al., 1973).' Correct
pos1t1on1ng of the current; 1n3ect1on electrode was monitored by
. connect1ng a slow- S1nuso1da1 voltage (0. 5 Hz) with an amplitude of 1V
peak-to-peak to *the e]ectrode before 1mpa1ement "When the e]ectrode
‘was’ successfu]]y ?nserted into the embryo, a s1nuso1dal modulation of
the membrane potential could be’ detected by the record1ng electrodes
. After the eIectrodes have penetrated the cell membrane, a
sea11ng process occurs which 1n1t1a11y a1ters the observed propert1es
-of the embryo. Th1s seallng process'has been reported before in Xenopus
) ﬂPa]mer and S]ack 1970 B1uem1nk “1972) and other t1ssues (011veira—.
Castro and Loewenstein, 1971) and produces an apparent “increase in the
cell membrane res1stance This ' process is re]ative]y slow, as shown in
Fig 4. 3. There is a period from about 4- 6 m1nutes after the 1nsert1on

.

of the e]ectrode where the measured 1nput resistance of the embryo rises |
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.to each result are the total number of observations used. T
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~ Fig. 4.3 The change in cellular input resistance accompanying
membrané sealing which follows penetration with a microelectrode.

This sealing reaction is also indicated by the formation of a

. heavily pigmented ring around the electrade. .This data was

obtained from a two-cell embryo. '
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. and then stapilizes. The sealing process is accompanied by the -
fofmation of a oigmented rino around the microelectrode at the point
where it penetrafes the cell membrane. .

In all experiments the- 1nput ree1stance was monltored to
ensure that complete membrane seallng had occurred before the. experi-,

Ment ‘was allowed-to proceed.

4.5 Staging of emhryo&'-

_ For ahl experiments on ear]y Xenopus embryos it was 1mportant
~to correct]y determine the stage of an. embryo befofe continuing with
the experiment-since it was not possible to judge from the external .

~appearance alone whether a c]eavage had completely dividEG a cell into

" two daughter cells. The second embryonlc c]eavage a]ways started

before the completion of the first, mak1ng 1t 1mposs1b1e to deflne a

T

. ~a
cleavage stage solely on externa] morpholo n categorizing embryos

K as two-cell or four-cell four sepdrate &S teria were used;
€ Criteria had to be satisfied throoghout the experiment
before the result was accepted as being typical of that embryon1c stage.
The cr1ter1a were as follows: , o ) _—
(1) External morpho1ogy of the embhyo In order to
dlst1nguish a comp]ete two- ce]] embryo the data of Bluemink (1971) was
used whlch 1nd1cates that the first cleavage is\comp1ete approx1mately
35 minutes after its in1tia1 appearance as a shallow groove, This has
been confirmed by scanning electron microscopy of the internal surfaces

(Sanders and Singa] 1973) wh1ch 1nd1cates that the. first c]eavage is

complete by the time the second cleavage 1s a sha1]ow groove Four-cell
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embryos were not used until after the appearance of the third cleavage

furrow.

(2) Membrane potégal. As 1llustrated earlier, the membraﬁe
potential of the embryonic cells varies substantially with the stage.
Although this is not pﬁié‘d criterion for the separatfon of two- and
four-cell stages,‘it is usefu] %or.rejecting one- énd,eight—cel] stages. -

| (3) Coupling ratio. This.parameter can be measured’
immediately after-thé célls are éenetrated and allpws a elear distinction
between single ce]lﬁ, with a péupling ratio of'uniFy. and other embryps.
.(4)~ Freﬁuency fesponse'funCtion. "This was a retrospective
‘selector'because it was not available until after thé'exper}ment had
been completed. However, a result which was clearly outside the normal
liﬁits of variation was rejected as probably having changed stage during

L8

the experiment,

4.5 Electrical properties of the vitelline membrane:

The fertilized Xenopus eabryo is surrounded by:a fertilization
'or'vitélline membrane. As.a'firét étep in the study of thé electrical
propefties of these embryos, the electrical characteristics gf the
vitelline membrace wefe determined. Previous iﬁvestigators_(S]ack and
Palmer, 1969; Palmer and Slack, 1970) have left_the v%pg]]ine membrane
‘intact, but if this membrane possesses a gignifi;anf’resisténce or
capacifance, it wéu]d se;iously bias the:meaSurement of the é]ectrica]‘
properties of the cell membrane, Meqsurements of.the degree of
‘electrical coupling.between cells could also be affgé;ed if the resis-
tance. o'*he vitelline membfane was of fhe same ordé_r of magni;cude as

-
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the plgsrﬁa membrane. Some coup]ing‘b'mn c'ﬁs would then be measured
relative to external medium even if there were no specialized contacts
providing a pathway between the cells. This situation is illustrated in
Fig. 4.4. If a current is injected 1nto cell 1 then the voltage

observed in the perivitelline space is given by:
v, =V, * R 4.1

In the»absence of direct electrical coupling between the cells no
current -flows in the resistor Ry, the voltage Vg = VX and the observed

- coupling ratio will be:
R
VB/VA = VX/VA = R 4.2

The apparEnt coupling ratio will therefore approach 1 if R, >> Ry- Aﬁ
analogous Situation has been described in the morula surface of
Tfiturus which has a high resistance and increases the apparent coupling
.betgeen blastomeres (Ito and Loewenstein, 1969).

It was possible to make direct measurements of the vitelline
membrarne res1stance by placing a microelectrode into the perivitelline
space. The record1ng arrangement and a record from a typical experiment
are shown jn Fig. 4.5: A current injecting g!ectrode was placed in one
cell of a two-cell embryo and a recording electrode was:inserted into
the adjacent cell. A second recording e]ecfrode was then placed next
to the embryo above the cleavage furrow and slowly driven through the

vitelline membrane into the perivitelline space. A small hyper-
[



Fig. 4.4 Schematic representation of two-cell embryo

incorporating a significant vitelline membrane resistance.

,
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Fig. 4.5 Demonstration of vitelline membrane electrical properties.
A microelectrode has been inserted into one cell of a two-cell embryo
and is injecting sinusoidal current. A second electrode has been
placed in the adjacent cell and is recording the coupled modulation
(upper trace) A third electrode is positioned just outside the
embryo in the saline medium and is recording some unavoidable pickup
of the stimulating voltage (Tower trace). At time A, the third
electrode is pushed through the vitelline membrane into the peri-
vitelline space and records a small negative membrane potential, but
no increase- in sinusoidal modulation. \At time B, the electrode is
pushed further into the embryo and through the first cell membrane,
at which p01nt a normal membrane potential with a large sinusoidal
modulation is observed. At the same time, the physical movement
causes the e]ecgfode in the adjacent cell to become somewhat unsealed
and its modulation level decreases. The absence of modulation in the
vitelline membrane potential is interpreted to mean that it has very

Tow resistance.
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po]ar1z1n9 ‘enﬁyane potent1a1 was seen but there was no detectab]e
modu]at1on of the potent1a1 1n the perivitelline Space. This 1nd1cates
that the v1telT1ne membranpe res1sgepce is much smal]er tﬁan the p]asma
membrane res1stance

Another experiment provided evidence that the resistance of
the vitelline membrane is small eompared éo the - cell membrane resig¢=
tance. 7Pt is poss1ble at the two-cell stage to remove the v1te]11ne
membrane with forceps, a]though th]S is a very de]1cate procedure dand
the embryo may be easily daﬁhged - However, in eight experlments where
the vitelline membrane:was Hbmoved without visible damage to the embryo,
there were three 1nstances where the embryg had identica] electrical
properties befére and after removal of the vitelline membrane.

Electron micrographs of the vitelline membrane also indicate
that it possesses a lcose fibrillar structure which is compatible with
its low ionic resistance (see Appendix IT). In light of these indi-
cat1ons that the vitelline membrane Jresistance was negligible compared

with the plasma membrane resistance of the cel]s, all succeeding

experiments were conducted with the vitelline membrane intact.

—



CHAPTER 5 ° »
ELECTRICAL COUPLING IN‘THE TWO;CELL EMBRYO
51 Analysis of the m-cﬁz embryoi:
The simplest electrical model of a'twéjcell Xenbpus embryo-
is shown in Eig. 5.1. This is-a 1umped-paremeter"mode1 with Ry and
.F denoting the cell membrane'resistqnce and capacitahce respectively"
'and with R, being the Junc§46na1 or coup]ing, resistahCe. “ The plasma

!

membrane components Ry, and C for each cell are assumed to be identical.
in'addition, the 108 o resistance used for current injection is
iﬁc]uded'in the circuit so that all ca1cu1at{one'may be done in terms

of vofﬁage ratios. ~The parameters thaf may be obtaieed expérimenta]]y
for'this-network are the input veltage, Vi’ the intracellular voltage
of cell 1, Vl, and the 1ntrace]1u1ar vo1tage of ceT] 2, V,, all measured

P

with respect to ground. In order to calculate R,,, J and C it was
necessary to compute one of two frequénc}\response functions from these
voltages, that is, between the input and cell 1, or between cell 1 and
cell 2. A D.C. measurement of the embryo's input resistance was d1so
required. ‘ | '

Typical measuremen&s of these frequency response funct1ons
are shown 1n F1gs 5.2 and 5.3. The va]ue of the coherence funct1on g
for both p]ots is high (> 0.9) 1nd1cat1ng that a 11ne r model is a good
predictor of the system's behaviour The Yow frequegig asymptotes of .
the gdin curves .in Figs. 5.2 and 5.3 provide a value for the D. C

voltage ratios, Yl/Vi and V,/Vy. Since under direct current conditions

the impedance of the capacitance elements in+Fig. 5.1 approach a value
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Fig. 5.1 The simplest electrical. model of -the two-¢ 11.-embryo.

By and Cy are the cell membrane resistances and capa tances
respectively while Ry is the junctional resistance. Thekfixed
input resistance of IG® @ which 'was used for current tnjection
is included to allow all calculations to be made in voltage

. ratios. : S .
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Fig. 5.2 - Frequency response and coherence functions between the
input and cell 1 of a two-cell embryo. Filled circles are
experimental results and solid 1¥nes are theoretical predlchons
based upon the network of F1g. 5.1.
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Fig. 5.3 Frequency response and coherence functions between cell 1
and cell 2 of the two-cell embryo. used for Fig. 5.2. Filled circles
are experimental results and solid Tines are theoretical predittions
based ypon the network in Fig. 5.1. The.corner frequency, fe, is
determined by the intersection of the gain asymptotes, the passage
of ‘the phase curve through -45° and the passage of the gain curve
through -3 dB relative to the low frequency asymptote. In this
example f, is approximately 56 Hz. )
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of =, a simplified circuit consisting solely.of resistjve elements way :
be analyzed (ngi 5.4a). This circuit can be rgarranged‘(Fig. 5.4b), .

and the input resistance-of the two-te11'hodé. Ry, derived as:

L4

(,RI =R, (RJ +Ry) ' T8
«_ RM(R + R ) c o
: 2R, ¥ ‘n‘“ .-

The voltage ratio VI/Vi may then be calculated from’gﬁe simple voltage

.divider circdit shown in Fig. 5.4c:

. 5 _ Ry g ¥
e MV YR . ' 5.3
. 1 RM RJ L . .

o, The voltage ratio V,/V, may be obtained frbm inspectiohhgf )

_the circuit in Fig. 5.8a: ‘
R, - , _ :

M : 5.4

°.V2/V§ =-ﬁ;’+ R, - C

The voltage ratio Va/Vy has also been referred to as the coup]ing ratio.
CR (Palmer and Slack, 1970; Rose, 1970). So]ving £Eq. 5. 4 for R g1ves
* ) ' R, (1 - CR) : T
: - M : ’
. R, = R o - | | . 8.5
-and Subst1tut1ng Eq 5.5 into Eq. 5 2 yields an expressioﬁ for R, in

 terms of R, and the coup11ng ratio:



Fig. 5.4 Reductién of the resistive network model of the two-cell
embr_yo. ’ .



R

R,(1 - CR)

Ry, (R PO, A . . .'

R, = S0 (R | 5.6
i 4B . §”(1 - CR) , ‘ . _
. Ryt "*C“R““’ o .
b 7 "CR-R -R(l- R) .
- T 1+ CR T o -3
R L . . . . 2
.M . o
— 1+ CR o . >.8
Therefore: ‘

Ry, = RI(I + CR) - ‘ | ) ' 5.9

Substitut{ng'fhe value.of R, from Eq. 5.8 into Eq. 5.3 gives an

express1on for R in terms of the known quantities, V » 1 ‘and  CR:

108 VI/V‘L \ .
RM= *1'-‘_——‘,—7—: (1 + CR) . ) ) 5.10

Once that R has been ca1Cu1ated this value may be subst1tuted into
Eq 5. 5 which ‘yields a value for RJ

wnen the membrane and junct1ona] res1stances have been
determined, the value of C may be computed from data given by the
cell-to-cell frequency response (Fig. 5.3). This s a ?1rst order
1inear fumction as shown by a high'freQuency gain applitude of
-6 dB/octave and a phase asymptote of -90°: The network cbaracteristics
~are determined by the voltage divider formed by R, and the parallel
combination of Ry, and QM ' |

In order to calculate C,,, the conner frequenqy-(f ) of the

* gain- phase p1ot must be determined. 'There are three methods of obtalning



'féz' (1) If the Yow and hfgh frequency gain a;ympiotes of 0 dB/octave ‘
and -6 QB/octave respectively are extended, they will intersect at the
corner'frequenéy.' (2) The gain curve should pass throhgh a point 3 dB-

" below the low frequency asymptote at f;:' (3)’ The pﬁase.curve should
pass thraugh -45° at the éornkr frequency. For the example shown in
*iy. 5.3, it can'be seen that there is excellent agreement between
the§e thrge criteria, and they coincide at approximately 56 Hz.

fo pﬁedict ;hé rqtio.Vz/Vl; as a function of.frequency. £,
it is nécessary to cbnsidef th; impedance’s. of the‘junctﬁonal and’

membrane e]emehts.(zJ, ZM) of the circuit shown in Fig. 5.5. Therefore:

valvi(f) = g, (102 (F) + 2,(0)1 5.11

where . - L ) |
. z,(f) = RJN : S | 5.2
Z(f) = Ry/ (1 % j2af C\y Ry) - 5.13

‘Substituting Eq. 5.12 and Eq. 5.13 into Eq. 5.11 gives:
Vi/Vl(f) = Ry/(Ry + R, (1 - j2nf ¢y RY)] ~ 5.14

Eq. 5.14 may be separated jnt% real and imaginary parts by'inverting:

ni/va(f) = 01 + (Ry/R)] + j(2nf R C) 7 5.15



~
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Fig. 5.5 AC.circuit of the two-cell embryo.
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The phase angle of the ratio vo/vy is therefore given by: . . A
’ ) ) 2nf R o
vP(f) = arctan (1 ~ R /C ) 5.16

At the corner ‘frequency, f;k the phése passes through -45° and g{ven

that tan(-45°).= -1, Eq. 5.16 becomes:

1= - e fy Oy 5,17
T+ R& RM
"Thenefore;
Gy (U'+ B/R) 2nf R, ~ - 5.18

‘Using Eqs. 5.5, 5.10 énd 5.18 add-the data obtained from the
ekperimeng shown in Fig. 5.3, the calcuTate& values of R , R, and' ¢, for
this expefiment were: 51 46‘x 105 Q;ll 67 Q and 0.0215 uf respective]y.
'These values wese used as the parameters 43:}f:e model shown in F1g 5.1
and the ECAP program was used to predlct the two frequency response curves,’
sHown as 5011d lines in Figs. 5.2 and. 5. 3. The pred1cted character1st1cs
are in excel]ent agreement w1th the experimental ‘curves.

» The e]ectr1cal~character1st1cs of the two-cell embryo are
given in Tab]e I fhe_calcu]ations'bf specific membrane resistance and
. capaciténce are based on the'assdmption tﬁat'each cell is a perfect

~

: hemisphére The measured ‘diameter of the embryos were all in the range

v

Lv1.25-1. 31 mm and the mean va]ue of l 28 mm was used for all ca]cu]at1ons



TABLE 1
PUMMARY OF CALCULATED MEMBRANE .PARAMETERS FOR TWO-CELL FMBRYOS

"Where applicable the figures are expressed as the mean value + the
standard deviation. The maxlmum variation in embryomc diameter was
'Iess than 3% of the mean value so that the accuracies of the specific
membrane propert‘{g§ are similar to the whole membrane measurements

from which they were derived.

- ] First cleavage

_ L =L_Vs;t_a’ge (2 cel]s) 4 ‘U:i‘t;s‘”
Membrane potern_tﬁw] 15 5 + 1.6 mV
Diameter of embryo | 1.28 J o
Cou;)_lTn;;- >r;at1c;_-m - qh__.O‘ 77-7‘2-7’0-—0;; T
Membrane resistance (s,) | 1.05 ¢ 0.1 6 | m
Specitic membrane restatance | o001 | macm
Membrane capacitance (c,) | 100239 + 0.0035 | f
Specific membrane “c;p-a—c—lht;nZe_ 1 e ] trem
Junct1ona1 ‘r‘e‘sf{svt:r:c-e‘—(i? ) i 7.‘2-86 + 0.071~' V.ﬂ““
Membrane time conus‘t\a;t - ZASM“ _W~Wm—s_‘—
'N.umber‘ -o—: e‘);-p;e’;;-r;\‘e—:~nts o | _QAW J o




5.2 ¢ )n(‘lllsi();l:f :
The increase in maynitude of the membrane potential of

enbryonic cells during cleavage has been observed in several other
(ﬁhphibians (1to and Hori, 1966; Woodward, 1968) including Xenopus
(Palmer and Slack, 1970; de Laat, Luchtel and Bluemink, 1973). The
membrane potential data presented in Fig. 4.2 is in good agreement

with these previous results, although the plateau in pgtential observed
betwéen the two- and four-cell stages has not been cleéFQy demonstrated
before. The reasons for this increasing polarization are‘qot clear as
the membrane potential of the normally cleaving embryo has’been found

to be insensitive to the concentration of K+, Na+ and C1™ in the

external medium (Slack and Warner, 1973; de laa uwalda and Habets,

1974). It has been suggested that the new memgr hich is inserted
in the cleavage furrows has a higher k* perme han the pre-
existing membrane (Slack and Warner, 1973; de lLaat et ai., 1974,

de Laat and Bluemink, 1974).

The electrical measureménts made here on the two-cell embryo
do not provide any ihformation abdut the detailed electrical character-
istics of the juﬁctional mechanism which exists between mells.

Fig. 5.6 illustrates two alternate networks for the Junctional elements.
It is baseq on speculation mad8 by variofs authors (McNutt and Weinstein,
1970; Bennett, 1972; Ito and Loewenstein, 1969) on the structure of
e]ectfﬁcal Junctions where relatively large areas of membrane are
apposed, with a closely-packed two-dimensional array of subunits withiq
the membranes and a hydrophilic channel passfhg through each subunit.

c

Fig. 5.6a shows a model where an additional RC network (R JM)

JM

-
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Fig. 5.6 Two alternative hypothetical models for the two-cell embryo.

In A, the junctional system is modelled by a "T" network of resis-
tances, Rjj and Rjm, with a junctional membrane capacitance, Cu.
"This arrangement would be expected if the junction behaves as a
membranous cable. In B, a direct junctional capacitance, C;, might
be produced by the close apposition of the cell membranes in the

© Jjunctional region.



’

is inserted between the two cells to account for the cable-like
properties of the proposed intercellular channels. The frequency
response. functions measured for this system do not suggest that this
additional network is.present, as it would place anpother first-order
filter between the twé cells, resulting in'en overall second-order
response. This still does not rule out'the presence of these elements

(S

as ¢ .., could be quite smé]] relative to C,, and would therefore only

JM M
have an effect 391the frequency response at frequencies higher than
have been used for the-previous measurements.

Tee vaTue of a junctional resistance ro ground, kJM‘ also
carmot be determined from the present.me&suremehts.as the T network
formed by RJJ; RJM‘and RJJ may be transformed to a 7 network as shown
in Fig. 5.7A. The resistive elements of the two-cell network of
‘Fig. 5.l‘would fhen be transfermed as-shown in Fig. 5.7B. The.

behaviour of these two nefworks would be identical, the only difference

being that the measured value of Rg would not be the true value of the

- B

membrane resistance. |

| 'Tbe’second possfb]e modification to the two-cell network is
the insertion of a jumctional coup]iug capacitance, C,- This element
,c;n be.justified due to the c1pse abposftfon of the cell meﬁbranestat
the site of'junctiona] coupling. The presence of a significant
,capac1tance ingfhis position would introduce a high-pass filter between
th@'two cells which would produce h1gh frequency gain and phase asymptotes
of 0 dB/octave and 0° respectively. As this type of behaviour is not
observed, it must be concludeq that if ¢, exists, it is too small to be
detected in the frequency range that has been used.

3
14



Fig. 5.7 Reduction of two-cel
resistance to ground. :

1 model containing a_junctional

A
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CHAPTER 6
ELECTRICAL COUPLING IN THE FOUR-CELL EMBRYO

6.1 Analysts of the four cell embryo

The second’ cleavage of Xenopus laevis embryos d1v1des the
embryo into four approx1mate1y-eqyal]y—sized cells. Given the
assumption that the four ce]ﬂg are*qleCtrian]y identica] then two
-r‘ecordmg arrangements must be used tq ; p t.e the electmca1

PR

propert1es of the embryo ®ig. 6.1). The first recording scheme
"measures the frequency response functﬁon betwéeh two adjacent cells
_th]e current is injected into hne cell, ‘The secand procedure
determines the frequencyAfesponée function hetween diagdna]]y'opposed

pairs of cellg as current is injected into oné of them. ~

v :uﬁimplest model of the four-ce]] embryo’js shown in
w:g‘consists of four para]]él RC networks representing the
’;Tbrane resistance and capacitancé of éa;h cell, and four
juné®io aliheéistancgs hhich link pairs of ce]]slwhose membrangs are
apposed. Theoreticil anélysis of this network produces two types of
b'frequenéy responsé fuhctions one for the adjacent cell méaiuremgnt |
and another for the d1agona1 ce]f measurement. . The theoretiéil-
~predictions for the network shown in Fig. 6.2 are shown in Fig 6.3.
It can be seen that the adjacent ce]l frequency.response is character-
istic of a first-order system while'the_diagona] measurément is
ﬁharacterﬁstics of a second-order System. The second-order. behaviour
is produced by the two cascaded first-order ;}étems7in each possible

current path between the cells.

46 Lo . ] - N
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Fig. 6.1 Assuming that the cells of a four-cell embryo are = &3

~electrically identical, there are two possible recording arrange-
ments:. A, The second recarding electrode is placed in the cell

adjacent to the stimulated cell. B, The second electrode is
placed in the cell diagonally opposite to the stimulated cell.

R = Récording electrode and I = Current 1njiijing electrode.

47
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~Fig. 6.2 Simp]est electrical model of the four- ce1l embrxo'
Junctional resistances, Ry, only appear between directly apposed
calls. Ry and Cy are the p]asma membrane resistances and S

capacitances.

9
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Gon l98)

—

Frecancy (M)

Fig. 6.3 Predicted freq&ency response'measdfements for the
network of Fig. 6.2.. The upper graph is the predicted frequency

response for adjacent cells and the lower graph is thg predicted )

frequency response between diagona\]y oppoSed cells

2
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_ The experimental measureménts of the frequency response

' functions did not exhibit the behaviour predicted by the model in

- Fig. 6. 2 Instead the adJacent and diagonal cell- to- ceii measurements
were simiiar in-that both- were first- order responses, and no second-
order behavipur was, observed for the diagonal response. Fig. 6. 4 -
illustrates the experimentaliy determined adJacent cel] to-cell

: frequency response for a four- ceii embryo and Fig 6.5 is the response
obfained. from a different embryo for diagonaiiy opposed ceils I't
proved to be technically difficuit to determine both frequency response -
functions in the same embryo as there was the possibi]ity of damaging '
_'the embryo when thé position of one vol tage recording electrode was .
changed. The frequency response for the input - ce]i 1 measurement is:
shown in Fig. 6.6. o _ : -

' The model shown in Fig- 6.2 is clearly not adéquate to explain
ﬁme experimenta] results. The alternate network shown in Fig. 6.7 was
therefore considered It contains “the same four membrane resistor-
capaCitor networks but in contrast to Fig.'6 2& Junctionai resistances,'

R are iocated between all pairs of cells. ";he two additiona1
iunctionai coupling elements produce a metwork of high symmetry which
greatly facilitates its eiectricai anaTysis This symmetry'is best ‘
illustrated in a spatia11y rearranged view of the Junctional elements
shown in Fig 6. 8 The non~junctionai ce1]l membrane components have
been omitted ‘since they arg.assunwd to have identical values. It can
be seen that: the pathways between:-any one ce]i and all the others are

1dentica1 and the load seen by any celi due to the rest of the network

{s aléae fdentical. _Therefor;e, no matte_r which cell is used for Curr‘
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Fig. 6.4 ‘Frequency response and coherence functions between two ’
adjacent cells in a four-cell embryo. Filled circles are experi-
_mental results and solid lines are theorétical predictions based
.upon the network of Fig. 6.7.
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Fig. 6.5 Frequency response and coherence functions between two
diagonally opposed cells inh a four-cell embryo. Filled circles

are experimental results and solid lines are theoretical predictions
hased upon the network of Fig. 6.7. Note the very close similarity
between this frequency response and that illustrated in Fig. 6.4

for the adjaecent cells.
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»ng: 6.6 Frequency response and coherence functions between input
and cell 1 for the four-cell embryo used in Fig. 6.4. Filled
circles are experimental results and solid lines are theoretical
predictions based upon the network of Fig. 6.7. .
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Fig. 6.7 The simplest electrical network capable of explaining the
behaviour of a four-cell embryo.- Ry and Cy are the plasma membrane
résistances and capacitances and R, are the intercellular junction
resistances. ‘ '



Cel LY

CELL2 ] : o
R CFLL 3

Fig. 6.8 . Perspective view of the six junctional resistances of Fig. 6.7,
arranged in the form of a reqular tetrahedron. In this spatial rearrange-
ment it is clear that the cells are electrically identical with each cell

connected to all of its neighbors. .



injection, the voltage in the three other cells will be fdentical. If
the voltages in these cells are the same there will be no current flow
between them, and the components along these current paths may be

omittéd in order to simplify the analysis. According té.the nomenclature
of Figl 6.7, the junctional resistances between cell 2 - cell 3,

cell 3 - cell 4 and cell 2 - cell 4 may be ignored, leaving three
identical independent current paths from cell.l to the others. tach
pathway consists of a junctional cohp]ing resistance, R, in series

»with the paralleld EPmbination of the membrane elements, Ry and CM

(Fig. 6.9).

The Tumped input resistance at cell 1 is given das:

2
Ry o= [RM(HM + /"J) ]/(4HM\+ HJ) 6.1
and given that: )
L J
= 8
; V‘/Vi RL/(RL + 108) 6.2
~'. r
. N ¢
» ‘{, s ” ~ i ) ) ) B ¢ . .
‘_“f. ¥ - -VQ/VI = Vi3/Vy = L;,,/Ll = CR = Rb/(RM + R,]) 6.3
i%‘n"‘w’ ,’t“ o o ‘1‘
g§ukstitutihg'Eq. 6.3 into Eq. 6.1 and solving for Ry
X P
Ry = RI(l + 3CR) : 6.4

The value of Ry, may then be substituted into Eq. 6.3 to ca]cu1a£e R,.

Since Eq. 6.3 is identical to fq. 5.4 which defines the coupling ratio



¢

Fig. 6.9 Electrical network of the four-cell network. The junctional
resistances have been eliminated where no current flows through these
elements”

-
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) | .
for the two-cell model, Eq. 5.18 may be used to determine QM for .the

four-cell model. The values of RM' R&

Figs..6.4 and 6.6 are 2.10 x 106 Q, 4.18 x 105 q and .0

and Cy for the embryo used im

respectively. The same parameters for the embryo of Fig! Fare

Ry, = 1.52 x 108 q, R, = 5.02 x 105 g and Cy = -0076 uf.  These
parameters were used’ to model the network of F1g 6.7 with the ECAP
program and the calculated ga1n and phase curves are super1mposed as
solid lines on the experimental data of Figs. 6.4 - 6.6, Comparison
of these curves with the experimental resu]ts indicates that the
four-cell network model of Fig. 6.7 is adeguate to account for the
electrical characteristics of the embryo.

The electrical characteristics of the four-cell embryo are
summari zed in Table Il. As in the two-cell case, the embryo is .
assumed to be perfectly spherical with a mean diameter of 1.28 mm

with each cell being a perfect quarter sphere.

6.2 Conclusions:

The most interesting featyre of electrical coupling in the
four-cell embryo is the fact that the four cells are identically
connected to each other. The finding that the junctional resistances?
F,, are identical in the network model that accurately predicts the
behaviour of the system, implies that the coupling mechanism is
relatively independent of the area of contact between the cells as the
adjacent cells have a much larger non-junctional membrane area in
mutual appositidz than the diagona1]y apposed cells. Similar ,results in

Triturus embryos have been obtained by Ito and Loewenstézn (1969) where

[y
»



TABLE 11
SUMMARY OF CALCULATED MEMBRANE PARAMETERS FOR FOUR-CELL EMBR¥OS

o

: -

¢ <

..

where applicable the fidures are expressed as the mean value + the

standard deviation.

The maximum variation in embryohic diameter was

t

less than 3% of the mean value so that the accuracies of the specific

membrane properties are similar to the whole membrane

from which they were derived.

Membrane potent1a1

’ D1ameter of embryo

Coup11ng rat1o

Menirane res1stance (R )

Spec1f1c membrane’ res1stanco

Membrane capac1tance (C )

Spec1f1c membrane capac1tance

—_

Junct10na1 resistance (RJ)

Membrane t1me constant
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the junctional resistance is relative]j independeht of the area of
membrane apposition as well as in various electricaliy—coupjed"adu]t
tissues (Loewenstein et al., 1965). The 1nvestigation of coup]ingAin
four-cell embryos usind electrophy5101ogica1 techn1ques d1d not
provide any further 1nformation concerning the deta11ed structure of
the junct10ns. The p0551b1e models for the e]ectr1ca1 network Qf_'
the junctional resistance'already discussed for the two-cell embryo
may also apply in this ease. - ' | |
Morpho?ogicel thyestigationslof the four-cell embryo

‘support the existence of coupling between'Qiagonq1]y apposed‘tells

see AMBendix 11). These studies indicate that the éeometry ef the
four cell embryo is not simply a sphere d1v1ded into four quarter
spheres, but rather that two hem1spheres are rotated parallel to the
cleavage plgpe to produce an area of contact between two pairs of
cells at the animal pole. fhié situation is reversed at the vegetal
pole, so that the pairs of cells that are separated at.the animal eole.

are closely apposed at the vegetal pole.



CHAPTER 7 ; ; ‘

e

ELECTRICAL COUPLING ‘IN THE EIGHT*CELLAEMBRYO

7.1 Analysts of Fhe etght vell embryo: - .

Investiéation of the electrical properties of "the eight cell
embryo is. c0mp1tcated by the, fact that the third cieevage divides the
; embryo into two c1asses of cells. ’ The four animal pole ce]is are '

‘a

smai]er than the four vegeta] po]e cells and therefore ‘the’ membrane
resnstances and capaCitances of. the two gr0ups of cells are different.
while it would: be p0551b1e to determine the exact value of cach eﬂement
in the eight -cell network by iindgr systems anainis: this wOuid be a

- formidable task. An a1ternate'approach is to measure ‘the connectiv1ty
of the celis in the embryo,-Since this is the property of the embryo
which is o7 most inferest. ConnectiVity uSed in this context w111 be
defined as the degree to which the cells are directly c0up1ed permitting
the direct f]ow of current between one cel and another without pa551ng
through an 1ntermediate ce\l The connectivity can be determined by
.measuring the frequency response functions between specific pairs of
cells. . '

In order to systematize the anaiysis of the eight-cell embryo,
the numbering scheme shown ‘in Fig 7.1 was used, which shows the embryo
as viewed from direct]y above the anjmal po]e The cells were |
unambiguousiy numbered by reference to the grey crescent, a more ]idht]y
pigmented patch on the surface of the animai pole cells. The condition

where two diagonally- opposite animal pole cells are -in contact at the

apex of the embryo is preserved from the four-cell embryo. Fig. 7 1

61
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Fig. 7.1 Diagrammatic view of an eight-cell embryo, viewed from the
animal pole. The difference .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. :

62
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iTlustrates cells 2 and 4 touching one another and separating cells 1
and 3, while 1nvestigation of the vegetal hemisphere wou\d 1nd1cate that
ghe a]tornate pa1r qf’cells (5-7) was apposed 1n the same fashion as
ﬁ; four- cel] embryo. Howeve nination of a 1arge-number of embryos‘
;gt 1ndicated at there was no preference for either pair of cells to be
:1n con&ac!’?l 3 or §f4) so that the diagonal apposition is unrelated to‘
) the grey crescent and therefore to the numbering scheme.
The approach used to determine ‘the connectivity was to
synthesize a -range of d)fferentIy connected models of the ombryo and to
predict the behav\our of cach model {xperimental measurements were

then made in attcmpts to e]1m1nate one or more ‘of the mode1s " Since no

attempt was made to evaluate the specufic vaPues of the network components,

it was necessary to assume vaWues for bhe membrane resistanCes. RM.,the
membrane capacitances. M' ‘and the Junctiona1 res\stances, R, These,

estimatod va1ues are based on the previous]y determined values for the -
four-cel) embryo "and meaierements of cell surface areas made.from o
scanning e]ectron microgr&ﬁhs The anima] pole ce\ls ‘were a]] assumed. ‘
to have 1dentica1 surface areas. The vegeta] pole ce11s were also
assumed to have equal surface areas althugh larger than the a‘jmal

. pole cel]s by a ratio of approximately 2:1. The actual values usea in
the models were: (animaI po]e) = 2.3 x 165 fis Ry (vebetal po]e).=
1.1 x i05 2, Cp (anima\ po]e) =5 x 10 uf. C Cu (vegetal pote) = o
IXIOBufandR'ZSxIO-" o . :

Seven possible mode%s with varying connectiVity were con- -

structed and will be referred to 3s models 'Mrough G. Mode}s A and G
‘represent-the two extrame pOSsibilitfes andfere 1]1ustraled in Fig. 7.2.

oo ’,
. : _ T
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Fig. 7.2 Two of the seven modéls (A and G) which were proposed as
possibly ‘describing the electrical properties of the eight-cell
embryo. Solid lines represent junctional resistances and the non-
junctional components are omitted for clarity. Details of the
connectivity of all the seven models are given in Table {1II.
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Only the junctional elements are-shown as solid iineo and the celis-arg
numbered according to the convention of.Fio.‘7.l. Model A Js the
simplest model that would be predicted on the baéio of the;embnyo
geomegi' Junctional resistances are oniy present in this model'
between cells that are directly apposed along the plane of a Cleavage
furrow. Model G is the most complicated'modoi; where eaoh ce]l in the
embryo is connected ‘pairwise to every one of the other cells. .
Using the minimum connectivity of modei A as_a base, the
number of different models that may be constructed with the remaining

16 possible connections is given by:.

16 .
N T ‘,f 7.1
k=1 | _—

where {%?‘ is the binomial coefficient defined as:

k 7.2

n ’ [

Solving Eq. 7 1 for.N ylelds a total of 65,536 different models of
intermediate connectivity, which therefore precludes the anaiysis of all
models. Five intermediate ‘models have been considered which represent a
range of connectivitiées having the principal groups of connections.

Model B includes the two diagonal connections which 1ie in the plane of

the animal pole cells, model C has the two diagonal cOnnéctions in tne
vegetal -pole plane, and model D comoines B and C. Model E is modél A L
plus the four connections running throagh the interior of the embryo and, g?hf
mode; F has all adjacent and diagonal exterior connections but omits the~§u

A<

i
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interior pathways. Tﬁé details of the connections for all the models
are 14sted in Table 1. | | | ]

| To ;'rther standardize tﬁe analysis, ,the white noise stimi-
'Yating current w&ﬁ always #nJecteplinto.cell,l. Rebord1ng-miqroelectrodes'\
were then placed in any pair of ﬁ!l]s in order to measurevthe fréquency
'respohse and cohereﬁce\funciion. . The electrical syhmetry of thg embryo
was first tested by injecting current into cell 1 and meashking‘the’l
voltage in cells 2 ard 4 and cells & and 8. It was'fodnd that there was
no voltage difference between the cells in efther pair thch would
indicate‘that the‘embryo is e]ectriéa]ly Synnwiricsl ébouf the stwo -
vertical cleavage planes. Thérefo}e; if current was injecteduihto
cell 1, the possible cell pairs between which dfstinét'signq] transfer
properties would Be.observed were: 1 to 2, 1 to 3,1 to5, 1 to 6,
1to7,5¢to6and5 to?. |

The pred1c£ed frequenéy re#ponse functions for cach of these -
seven cell pairs were,calcuT@ted for each of the seven models. Eiperi—
hental'measurements of the frequency response functions were then made -
and compared with the theoretical predictions.

An exahinitiou of the predicted frequency response functions
indicated that an accurate distinction bétween the various models could
only be made by Eomparing the high frequency portions'of the functions,
since they aiverge_with increasing frequéncy.. It is experimenta]ly
difficult to make these high frequency measurements for two reasons:

(1) Since each cel]'membran; has a capacitance element, the injected
~current will be shunted to ground-at high freqdencies, thereby decreasting

the level of fhe signal which passes through the junctional resistance.
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TABLE 111
THE CONNECTIViTY OF THE SEVEN PROPOSED MODELS FOR THE EIGHT-CELL EMBRYO

The twenty -efght possib1e ce11 pair conhections are listed vertical]y
at the left, using the numbering scheme of Figure 7.1. Asterisks
-1ndicate the presence of a(particu]ar connection in cach model.

MODIELS

®.

1C)-le. PAIR A c D - E G T

s T

* ® % N
. ,

»

* ¥ * »
»

*> * % &

»
»
»
»
[ 4
»
» * R B F®

* % % W

1-~2 *
1-3 *
1-4 *
1-5 *
1:-6 *
1-7 *
18 *
2-3 *
2-4 *
2-5 *
2-6 *
2-7 *
2-8 *
3-4 . *
35 N X
3-6 . *
3-7 *
3-8 *
4-% *
45-6 *
4-7 *
4-8 *
5-6 *
5-7 *
5-8 *
6-7 *
6-8 &
78 *

*» % % % % % %
»
* % ¥ X % * X ®




68

“

It was therefore necessary to increase the “input amplitude of the
current signal in order to maintain the accuracy of the measurewent at
high frequencie;. (2) The microelectrodes are capacitively c0up1eg

at high frequencies, due to their high impedance and close apposition.
Some portion of the high frqquency.signals wdulq therefore‘pess between
the two electrodes without gding through the embryo. An experiment to
determine the extent of these effects is illustreted in Fig. 7.3, which
shows the coherence function between the s1gna] measured by two
recordlng electrades when they were 1nserted in the embryo and when
they were placed just outside the embryo in the bathing medium. Three
diftinct regions can be seen in the trace. From 1 Hz to apprOxmmate]y
500 Hz the coherence function has a value close to 1. In the region
from 596 to 1,000 Hz the coherence drops shacp]y and as the frequency
increases past 1,000 Hz the cojerence rises and again approaches unity.
The coherence function of the electrodes in saline exhibits a slow rise
from 0 to 1 in the frequency range of '1 Hz.to 1,000 Hz.  The inter-
pretation of this data is that ﬁeaSUrements made in the frequency range
of 0 to 500 Hz accurately reflect the electrical characteristics of the
embryo. Between 500 and 1,000 Hz most of the input power is shunted to
ground by the ce11 membrane capacitance and the coherence is therefore
low. At freQuenc1es ‘above about 1, 000 Hz the electrodes become
capacitively coupled and a]though the value of the coherence function
js high it reflects the presence of anAelectricgl pathway outside the
embryo. The expec?mental frequency response measurements are therefore
only accurate up to a frequency of about 500 Hz.

Fig. 7.4 shows the frequency response functions measured

vy
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Fig. 7.3 The coherence function reasured between two recording
electrodes while a noise signal was injected into cell 1 of an
eight-cell ‘'embryo. In the upper trace the two recording electrodes
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 the embryo.
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Fig. 7.4 [Experimentally determined frequency response functions between
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between each of the séven pairs of cells in an eight-cell embryo and it
can be seen that th; results fall into two groups. All of the paiés
which contain cell 1 have first-order characteristics, that is, a high
frequency gain asymptote of -6 dB/octave and a high frequency phase
asymptote/of -90°. The other two. pairs of ce:Hs, 5-6 and 5-7, have a
flat or zero-order response with gain and phqse asymptotes'of 0 dB and
0° respectively. |

The predicted frequeﬁcy reSponse'functions for each of the
seven pairs of cells for each of the seven models a}e shown in Fig. 7.5.
Fach plot compares the calculations for a single pair of cells for each
different model. Inspection of these curves indicates that some of the
measurements do not allow distinctions to be made between the various
models. For example, Fig. 7.5a shows the curves for the cell 1 - cell 2
measurement, all of which are first-order, and they are éo similar that
no discrimination between models is possible with this me§5urement.
Fig. 7.5b illustrates the cell 1 - cell 3 measurement and a distinction
can be made here between models A and C, which give second-order
responses, and the other five which are first-order. Comparison of
this‘prediction with.the experimental data presénfed in Fig. 7.4 for
the 1-3 pair indicates that models A and C are nat correct.

The remaining curves may be conside}ed in a similar fasQion.
Fig. 7.5c shaows the predictions for cells 1-5 which are.all first-order
curves and, as in the l—é case, allows no distinctions to be made

L -
between the models. The curves for cells 1-6 shown in Fig. 7.5qJ§llow

a compariéon of models A through E, which exhibit second-order behaviour,

and models F and G which give first-order responses. Fig. 7.5e shows the
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Fig. 7.5 a=g Theoretical predictions of the frequency response
functions of each of .the seven pairs of cells with noise ¥njected
‘into cell 1. Each plot shows seven predicted results corresponding

to the seven models, A-G. ‘
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theoretical curves for cells 1 7, and in this casé models E azd G have
first-order cbaracteristics. B, D and F give second-order'\!hd A and C
predict third- order characteristics At this point the only mode
nhich is consistent with the querinmntai results is model G The -
argument that model G is correct is furthor strengthened.by inspection =
-oF the curves for cells 5-6 .and 5 7 shown in}Figs 7 5f and 7.5y . |
respectiveTy The experimental results (s;e Fig 7. 4) indicate that .

'the.measurements between these two pairs of-cells both displayed

. zero- order frequency response characteristics In Tig. 7.5¢f o

models F.and G: give this behavieuri while’ In Fig 7 59 onky., mod
- obab’lef tha

and'G .give a zero- order re ‘ise Wt theref

the. frequency:

¢« v

, mode) G is correct Since 1t aione correctly

i response functions for all ceii pairs

The theoreticai resul'ts usmg model * wperimposed on®

the,experrme tt in Fig. 7. 4 .The; Separation into two ciassesoof

cu-rves is ciear]y indicated with no responses greater thah first- order.
a]though the calculated curves do.not perfectiy overl"ay ti“perimenta“l
reSults This ,is due tdlkﬂe fact that the parameters for fﬂe model have‘ f
onTy been estimated. and not.calcylated analyticalv If the - ' .
connectivity of the model is correct but the actua'l component va‘lues .

‘are different. such q;diff!q’pce is to be expected These differences ’""
would not affect the order of the theoretical respbnses. but Only shift

'

the curves altong. the frequency and/or gain axes.’
g

. ,
DO ‘ a - ’.
e = .
<"

7 2 Concluatpnc o - o
Electrophysio'lwical investigations of electrical c0upiing in

.' - v S } - 4
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the eig’ht cell Xl'm)pua embryo have 1nd1cated that aw ceHs ta the

vmbryo are dlrectly coop\ed to each other via 1dentical reststive ~ .
. 2 . .
Junctions.. Th{s appears to be an- extens’fon of the pairwise coupling -

which was found to occur in the four-cell. embryo S —
. Lt
- The conﬂusion that the maximum connectivity present 1n

. mod;1 G 15 correct is suppor'ted by the ohservation that if any of the
jntercellular connections in this model are remov d th the frequency
- rbsponse funttion between the two cells would be# second-order,
'\.Qecwse current between them must flaw *throug}'\ an 1ntermediate cell.
The order’ o‘ne of the measured frequency response functions would

"therefore {ncrease. As tbe experimontal uucasurements Acve rWea]ed a

”froquef\cy «505[)0'&01" higher order than that prodicted by rel G, dny""

models of lower conpectivity appear 'to be invalid. = = R e
_ ‘ Morpho]ogicﬂ 1nvest19at10ns of the eight -cell enbryo have '_.
““also supported the high: degree o“;onnectivity present in model 6 - q

) (D‘ICaprio et al., }915) Sc&n‘lng electron micrographs of an embrio

| where one animal po\e tell-has bgen reinoved revealed ﬁhe direct c0ntact

' .faces w‘lth adJaCent cells (see Appendix 11), as well as several cyto-
plasmic processes protruding from the primitive blastocoel It was not l

' possible to establ fsh the origin df these processes or the detaﬂs of
the pathways that’ they could provide from scanning ekectron micrographs

The finest processes obSe\ved in these studies are about 10 15 um 1n
,qume.‘ter. : | | A »

Examination of ser1a'l tht microscope sect?ons (Qpendix ll

fig. A, 8) pravides fm'ther evidence 'for extensive 1nterceHu!ar ocontact.‘

' Wer mstfg\tions have ,shown thlt fine proqessu can, extgnd aa'oss
. : ,



] . - . . ’ ' . .
the embry.&and between cells to provide a basis for remote contact

between two cel’ls..' Processes which have digw\etérs as small as 1

have been observed.

-

8
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lLICTRlCAL MLMBRANE PROPERTIES DURING FlRST CLEAVAGE

8% Introduction: ) - !
T?e provious investigations of electrical coupling in early

Xc'nn['i.w laevin embryos have revcaled that the blastomeres are ell
directly coupled to each o’rer through the eight-cell stage
Morphoiogicai investig‘s,bf the e°arly embryo have indicated th*
the first ‘cleavage furrosz%pen to the extracelluiar medium and that :
intorceliular contacts \ym ‘ol the feetures of gap Junctions are
&'esent ern the cell! of thes:‘tages (Sanders and Zalik, 1972;
Singal and’ Sanders, 1974) e rcasonable hypothes,is for the mechanism
of intercellular commnuni “? M xenopuy’ would therefore be that gap

Jurlct'ions serve to ngqi‘atefurrcnt flow between the cells. This

suggestion ha& nso been made for Triturua embryos (Ito and Loéwens‘tein.

196’. lto and i_iqr‘i. 1966) .

' Other authors have offpred an alternate mechanism for t.he
"eiectri,cai coupling in Xenopus embryos They have suggested that the
new membrane which is pi*csgﬂt: ta the-cleevage furrows ‘has a ioy‘er '
I specific resistanoe due.te e Mgh permeabiiity to K fons and that the

' perimeter of ‘the }urrow s seaied.\thereby electrically isolating it
from the externa'l med fum. . lnte.rceliular current flow wou]d then not
. require the presence of specialized Junctions irice, the oia'stocoel ‘and
.‘furrow space wou\d act as a common node iink{; all of: the cells s
f (Noodward. 1968 ; Siock and’ Narner. 1973. de Laat and Biuemink. 1974)

In ordt‘ to determine which of these tw& inechanisms 15’ more

79
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probable, the electrical properties of the embryo were measurcd bcfore ﬁl
andiduring‘the first cicavage.' In addition, e;periﬁents using fiuorescchf\
dye injections and direct measurement of the electrical properties of the
blastocoel were performed.

. 4 N
8.2 Resistance wuw’mema )

The early Xe;epuu embryo may be*modelied as a sphere, with the'_
first cieavage furrow represented as a plane dividing the embryo into’ e
ﬁttwo hemispheres. The area of the New membrane.in the cleavage furrow is
< ‘therefore disc-shaped. Deviations from this model are possible due to
a the roughness of the embryo s surface and are discussed in. detaii by
'Biuemink and de Laat (1973). Using this simple model, the surface area
of the single-cell embryo will be 4 n®, where r is the radius of the
embryo. The first cieavage will then produce two cells with surface
areas of 3 nr? each, and at the end of the second cleavage each cell
_wilf have a ‘surface area of 2 w?. ‘ ,
The system used tQ~mode1 the membrane resistances as functions‘
;of time is shown in Fig. 8 1 The embryo.at the single-cell stage may
be considered to consist of twd paraiiel identica1 resistances R,
each of which is the resistance of a hemispherical .area of membrane,
- Twso that the equivaient input resistance of the embryo is RM/2 The
'; 'two—celi stage contains two: membrane resistances. M® and tpe jnnctione\\

resistance. which iinksgthe two cel . The cleaving embryo can

therefore be described by a sing -1ectrica1 network which consists of

three time-varying resistive eldpepts: two ideqtical‘membrane resistances,

”(t). qnd the Junctionai ??s dnce, R&(t). If-a stimuiating.current is
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(a) _ (5

-

Fig. 8.1 Direct currenf. electrical models of gleaving single cell
embryo. (a) D.C. model of uncleaved embryo. (b) D.C. model of
two-cell embryo. (c) D.C. model of embryo during first cleavage.
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injected into one hvmisphere. and the lntrdceiluiar vo]tagos are recorded
in each side, the values of the resistances inay be ca]culatod at any time
using fqs. 5.5 and 5.9.

Three miCroe]ectrodes were used for cach experiment. A
;timulating voltage of 1 volt peak-to-peak amplitude at a frequency of
| 0.5 Hz was connected to one electrode and the two remaining electrodes
wére placed on opposite sides of the developing cleavage furrow to
record the intracq]iulnr voltages. These signals were recorded during
the experiment onfa chart recorder. The values of intracellular voltage
were later measured at.l minuté intervals from the chart record.

~-The results of a typica] experiment are shown in Fig. 8.2.
‘Time was measured in'minutes from the instant at which the ‘current
injection and recording electrodes were inserted into the embryo. There
was an initial large increase in apparent membn;ne resistance due to the
seaijng process around the electrodes which lasted approximatély 6 minutes.
Besistance values are therefore plotted from the siith‘minute.onward."
alchough there was still a slight rise in RM(t) due.to the termination of
" the feaiing process during the seventh minute. During the course of the
finstﬁcieavage;'tne membrane resistance. Ry» decreased steadily while the
Junctional resiétance R,. was very low at the single-cell stage and did
not change unti] the seventeenth minute, when it increased dbruptly to
more than 50% of fts final value. o

The simplest mode1 of membrane formation during the cleavage is.
that. the membrane of the cleavage furrow is produced by addition of new

membrane, which is identical to the existing membrane, at a constant .rate

‘vwith time._ If the cleaVage furrow does not provide a significant
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Fig. 8.2 ‘Changes invAy and -RJ durthg cleavage. Ry(t) and ry(t) are
calculated from méastrements of input resistance and coupling ratios
using the network model shown in Fig. 8.1(c). -
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resistance to the Flow of electric cdrrent, relative ui the membrane
resistance, all of the cell surfaces will (bn(ribu;e‘tb the measured
lumped membrane resistance. This model predicts thd@,‘!o membrane area
will increase Tinearly with time, and sInce membrane resfstance is
invqrse]y proportional to membrane area, the reciprocal &f the membrane

»

resistance should yary linparly.with time, . The mvasyrbd values of
membrane resistance from fig. 8.2 are p1ot£gd in Fig. B.3 as l/HM(t).
The first three data points are not included <o as to exclude the
effects of the %oéling process,

The above experiment was performed twenty times and four
experiments met the criteria for normal embryonic development.  The
conditions which were used to dcfige abnormally cleaving. embryos were:
(1) reversal of the cleavage furrow after electrode insertion,

(2) displacement of the clectrodes by the developing furrow, (3)’spurious

-

furrgws appearing around the electrode, (4) abnormal development following
removal of the ;lectrodes. For the last criterion, each embryo was
compared with control embryos placed in the same saline solution .until

the late blastula stage. The four acceptable experiments prpduced results
similar to those 1{1ustrated ih Figs. 8.2 and 8.3. The slopes of the
best-fitting §trafght lines on the I)RM(t) plots were in the range of

5.3 to 13.1 x 1072 mhos per minute. Using the value of 45 Keem2 for
specific re515£ance pf surface membrane determined in earlier e periments,
the' range of slqpes gives a range of membrane area addition rgﬂc; of
28340 5.8 x 1074 cm?/minute. This may be compared to the rate of

4 x 107% cm2/m1nute obtalned by de Laat and Bluemink (1974). The linear

correlation coefficfgnts fJ; the four plots were in the range 0.971 to
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D985, imditating that Che <imple model of membrane addition i< tompatible
. :

.

with the results fon h’M(f.). ] C.

‘A valid wodel for a cleaving single-celd 4-mhryn must aqeount for
Y the rapid rise of the junctionalsresistance from approximately sero to 40%
' 4
/
of ity final value in 1 minute. -During the carly portion of t.hiS'.ch-nv«i'ge

Proceasy the resistance, /x"/(f Yo represents the resistaplde of the cyto-

: ., . . . . h . ’ '
plasmic byidge which t.‘tl\] Jouins the two fnr'ml'.;»hf-n"'. of the cubryo.
“o ' . - [ . . .
After this bridge has closed of 0 the watue of & () represents the

Junc tional.resistance hetweon the two blactoreres., Thes resictance of

ar

cthe cvloplasenc bridge would initially be very wuall | remaining
asundotectoble until ite diareter was comparable toits length, © The

cudden rice in /l'/'(f) for the coperirent shown in big. &.72 could therefore -
. . . B g

Lo cxplabred by the «losure of the cytoplawmic bridge, who'.o Tow’

vesistane® up tor that Line would have doninated the oibocrved value -

Coven if the jlnct ignal teictance betvieen the colly were alieady

-~

cotabliched.  Jhe cwbyyo waed for the cxperinent of Fig, B.7 was at

{ hov far advanced groove <tage (Singal and Sanders, TY74) at the Lime
» ) ‘ . . . o > -
of electrode inwertion, which io 15-18 minutes after the start of

i ' :
Celeavages The norial YVime cource of development would ther cfore place
Corompletion of first ¢leavage at approcinately 36 minutes or at about the

cighteenth winute in Fig. 8.2, Using 't.hvg{ rates of membrane intertion
. . ’ s -

touputed above, ‘the range of tites between the oncet of « leavange and

claovure of tRe . ytr»;')'],a"r:vi«_ b tdge would be 22-25% ninutes . The aidden
L3 -

vice in oo (G whieh occurred ot about 42-3% ninutes after the oncet of

Cleavage Yo Phoarefore compatible with the obaerved external rorphology

during thé coperitent and with the calculated rates of wierthrane addition.
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B.3 Frvguaist pospontse measiaeement o .

The inpug'frnqﬁenéy response of the dividing cnbryo was

lm-«nurvd.n% a function of t.'i.mé in onded to further investigate the .

membrane resistance and Capacitance during cleavayge. The corner

frequency of - the input response is a4 function of all the elemdpts in

: : . » . : .
the network wodel of the cmbriyo, K+ Ry and Cy [f the changes in Fag
. . . i

\

e . -—
and Oy are predicted according to the simple gqeomebric mbdel where
the -.m'f.aﬁ/.n'vd incregses by.'f)O',Y, dusing the first (leavage, the’

. . . - S
predicled charge in corner Yeequercy should agree with the experi-
. v . . * . ’

Snental recults if this mode) “is correvt. | : ) »

Y. Thiee etectrodes were inserted into an une Yeavid vnibryo, two
recording electrodes an either vide. of the developing furrow, and one

. . . ‘. - » - e ’-
scwrrent anjeclion electrode,  The injected current was white nojse with

"A"""k to p.v’qt .»fnplit__ud«- of 1 vult:,md h.md—lim‘i fod to ()-‘;'0 He . /“\’Ztt-r
“the :-]'.w f.rmh". were insevtod and ‘f;ll-‘ /‘,('xll il‘uj pragess 'tr'vrnind‘l.vd., the
. _ el
input and output cignale were campled . vedUlarly at intervals of 10 eec
“tind ‘.tn;w_-d in digital format m; a magnetic dise using the PDP—]]//‘&Q
-

-unn;u’:f.(-r. Data <taraye continued until the vxtrr.nal. morpholoqy of the‘ :
_mwhr‘yo indicatied that the fivsg, « mv:n;A(- \;m‘.-((n.n;;]v(-t('. The duration of
an t-nt,irr~'t'/;wv‘inu;nf was approgiviately 45 50 minutes, | The L.f‘.urt;d dqgta
vias Tater analysed Lo prodyce fw-qu.r"nr..y responge fuﬁm tion plots at

1 minute intepvale, weing tventy ety of averaged wpectral eotimates te ‘
produ o mu_h'furvv. The "l".lf]t,‘. of a typical n'xpvrin:(.'nt are plotted inw_. |
li"]‘.. oA 800 av three cdimens ional views of the gain, phace ,nrui coherence

curves vercus tine . The curves are all falirly uniform with only ane

abrupt Change which ocourred ot the twelfth minute,  The di'.(mntinuity 15



Fig. 8.4 Gain (haracteristic of frequency response during first
(loedvage, . ~ : . .
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- seen. in the gai‘h. phase hnd coherepte curves. which would indirate -thlt

it was probably qausdd by (] mechanica\ djsturbance to thé system T .o

. These results may be cOmpareq wt&i‘ the: theoreticﬂ mdel shown .
1n Fig. 8.7. The Va}ues of R” and C”'before pnd aﬁr éleovaga ref.1.ecc _

a change in the mcmbmne areo 5rour 2 -;-Z‘lo 3 urz fwhere tm cpupHng .

r-.j: ratw of o.o is. men trd- ﬂ,e mrm»ér nh. s ¢ Mﬁvgw nhﬂ*ﬂ J, oo

- »
I.?J- = 140 lrsz The predi:.ted corner frequency of. the input. resgonse for the o

"‘unc}naved rmbryo 15 4.0
. g

expvrfmnnta? data dn Fig.»B

and 6 1 H¢ aftcr e fH"St cleavaqe ,Tn’e, .

gives an.mitul corger frequency qf 3.7 -Hz,.

chan,mg to.S 2. Hz, ‘after the omp‘letion of first cleavage ,Tr_n,e. ena-ng'es

-~

in Corner fﬁ(quoncy for fhe Pxperimnntai and thnoretical curvo are not )

in dgv«nmont as "the predvcted change is 5? whlle the exper1m0nta] cbunge ’
‘ e @ . .

’ ~ . a .

¢ ]

s o - . Toel

. S ° B
B.4 1nolpine i K -r'( Dicres 10 .'r'mmpntu i
.

?. o It-&rovnd to be tp(hnlral1y d‘ff1cu1t to meas re thé membrane . .
- ' . € T

upac1tnnce as a funct10n~of time from the type of experlment desqribeu

@ > -

dbove However, an accurate estlmate of membrane capac1tance for the
single- cell embryo was determ)ned uSlng spectral analysis tecbn14ues

Two electrodes wcre 1nserted 1nto an uncleaved -embryo, one for recordihg

and one for Current anection A low frequency maa3urement of the membrane

. 4 &

rns1stanre Fyys was made. uslng a s1nusovdal input current of 0.5 Hz and

the" 1nput frnquoncy respofse was me aﬂurnd u51ng & whlte qovse 1nput " The

K

.

value of ', was then'obtained from: . ‘ -

-
. " Lo R
s
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" 'wh'en £, ’ls ‘the cotner frequency. of the input Yrequency résponse- function. *.-
' Th(measured capacitance of the unclelved !mbryo was 0.0428'+ 0. 0054 uf
; (menn + stamhrd devia‘tipn for twelve dxperimentﬁh' R _ .4
-’ Lot Since membrane camcitance is -proportional €o membrane sdrface
area. there shougl be a linelr re]ationshib between the. total surface ©
ma of the cel'ls,and the capacitance. if the pew membrane s of the
" a\i Qmmc-cémunco 4 ‘the orfylea) sawbrane. and i3 ucessiblt« to
the external smyﬁon nowevgr, the measured capacitante decreases
ﬁst@r than wou‘ld be predicted by this model The smple geometric
e .‘mbde)s of the nembrape Surface area predlct two - and four- cell Tumnped
' copacltances df 0 0321 yf and 0.0214 uf respectively based on the
v ;:1ngle Lell mnasurnment of 0. 0428 uf. The values calculated from. the
experrmental nwasurements were. 0 0239 g and 0.0106 uf. 1If the furrow
P : membrane and blastbcoeJ were 1solated from electrical ground by sealtng
- Juncttons at the surFace of the embryo the expected values of capacqitance
would be 0. 0214 i/ and 0. 0107 uf for the two- and four-cell stages The
simple model of.addition of 1dent3ca1 new membrané to an unsealed '
_c]eavage furrow therefore does no% adequately explain the.capacitance ‘-J/
, vmgaéuremepts,' 'p

845 _r’ffj'»':f_'tS n}_‘ mc:r:erne folling:
" The simp]e geometric "model of cleavage in early Xenop us°%m5ryos;
~vn wh1éh the enbryo is madelled as a perfect sphere, does not appear to
adeguate]y explain the data»from the frequency response and the‘cel}
" membrane capacitance,measerements. This que] maxrbevmo&ified by

a2 - P

considering the effects of membrane folding on the surface ared. Bluemink

[



- embryo i

and de Lyat (1973) hlv:esumateg ;h'at the surface')rea‘ of t.ne' unclcaved

. \691 greatey than that of » simph spnere due to the: roujhness
of ' tne ‘old‘\meubram They also report that the new membrane which is
pres‘ent in thé cleavage furrow is smooth compared to the ‘surface mombrane.
R that no corr Uon for the surface arca is required in this region
These findings ane,a‘lso supported by . the worRk of Singal and Sanders .-
(1970) | '\1 o v S o

The surface area of an uncteaved embryo would therefore be

a.pproxb ately 6’8 np? aa.wming a 707 mcrnase in the area of tha Aaugh
nuter :umbrane The area of ahcell from a two- cell embryo would be .
3.4 :p? for the outer SuffaCQ‘dnﬂ ? for, the siooth furrow membrane or
_a total of 4.4 . In a 31w1lar rqnner'the Surfece arta of aﬂcell'fromA
a four-cell-rnbryo wou]d'beh?\7 2 Thesefthangeg in ummbréneAsu}face

area cause a change in the calculated rate of membrane add1tion. the

predlcted-frcquency res&Lnse (hdnges during cleavage and the predicted

r
- .

va1ue of membrane capac:tance . ) . .

.The Jpec1f1c membrane-resistance (41 K..cm?2) for a two-cell
cbryo given in Table I becomes 69.7 Ko:em? when the folding of the
L surface 1£Wbrane 1s *aken into acc0unt Th]S new value of specific
resistance ylelds a range»Of membrane }rea addstion rates of 3.7 to
9.1°% 10'“ cm’/minute based on the SIOpes of the best- f1tt1ng straight
11nes on the 1/90 versus~1,plots The value of 4 x 10 “ cm7/m1nute
obtalned.py de Laat and Bluemink (1978) is therefore still in the range
“deteririned from the experlments descrvbed in section 8.2.

The reasurement of the change in corner frequency of the input

frDQ<ency eSponse is also affected by the modificatien of the inembrane
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wrfu:o area. fhe predicted CMngn 1n R and C are not baud on 3 .

. ' 2y

chanoc .in membrane surface ares from 3.4 we? to 4.4 »r? and not fron

2 wr? to 3 wr? as used previously fn ta previous sectiom '1.n9
tne revised values of n and Cy and cboos1n§ n so t\ot the ¢ pling .
ratlg.is 0.9, thq FCAP proqram predlcts e chanqe 1n cornor f;oqu-ncy' R
of 37% compare¢ to 40! for the nxperiment shown 1n.F19 8. 4 ’nd ?21

»« ,.‘;" L

for the predfctfnn Msed on 'the smtb merbrane qud . o

in Table I  The value for R Ry s 0.96 +.0.25 xo6 5. (26 experimentd')

which %s in agreement withfthe value of 0.852 x 106 Q obtained by

de raat and Bluemlnk (1974), and the value of Cy 1s 0. 0428 x 0.005%5
determ\ned from fifteen experinents Tha\predicted values of Ry

o for two- and four-cell embryos are glven in Table IVaebased o

rough reibrane model. The pred:cted meinbrane resistance .and olp ftance
’ anld

«are both higher than the- expermrental values but all values 3 e w1th1n

one standard deviation of each otbgr.

3

’

8.6 Mie !iffucion into the blastocoel:

The primitive blastocoel first appears as a s l enlargement

1.

of “the cleavage furrow during first cleavage (Kalt, 191¢.*S1ngal and
Sanders. 1974) Measurerents of blastocoel size made ysing embryos that
had been dehydrated in a critical point dryer and then split along the
cleavage furrow are summarized in Table V. |

To 1nvestlgate whether the blastocoel and cleavage furrows are
isolated from the external medium, attempts were made to diffuse dye into
the blastncoel from the perivitelline space. ° Glass microelectrodes were

.

——
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filled with a 57 solution 6£;fluoré§cent dye, Procion ydllow Y4RAN, in’
‘§Leinbcrg's solution. Electrodes were placpd in a ho]der des lgnbd.for
pressure 1n30ct1qp and wnscrtod into the pcrlvitellrnn rpace The dye

was - injected under pressuro fer a period of 3 5 m1nutos and she embryos

. o P

were allowed to rrmaln in fhe ,a11nc salution for 10-15 mlﬂUtPS’dfter
the Snjection and then fixed in Kalt's'fixative'(Ka]todnd Tandler, 1971Y.

Nuring the interval bntwuen the‘injoctiun of the dye and Yfixation of the

<

cibryn the dye wis oboerved to.be slowly dlfqulng Lhrough the v1tclﬂlne
“braney but the p(r1v1tollane space stilt contained a hlgh concaentration
of Procion yellow as indicated by its yel10w-brange color.: rhe-vmbryos

vwere not allowed td cleave befolle firation and any cubryos that <ustained

o

any phy gal darage or deforiation during the eaperinent wore dicoindsd.
After fixation the enbeyos wiere dﬂh/drutvd n a]ruhol-qnq

sytene, counted in viax and <ectioned far l1ight wmicroccopy., Figs, 8.8

and 8.9 “how fluorescent nicrographs obtained from sections of an eiyht-

cell «bryo.  The Procion has not Lound to the plasma menbrane on the
. o a .
curface or the interior of the o bryo. The only place where there is

[3

fluoresconce revent 05 where a cell hao been daraged in the interior of
the wrbryo and the cytoplawm has been ctained (Fig. 8.8). The stain also

sapfare in both the (leavage furrows as seen in Fig. &.9,

.7 B S A DI N TP PP bloaet vl

»

To deYeriiine whether current flosning Between bl tomeres passes

Lhitoigh the blestocnel, electrical recordings viere rade directly from

the bla tocoel using g ticroclectrode,  Attempts to place an electrode

into the prinitive blastocoel of two- and four-cell enbryns were



~

Fig. 8.8 Fluorescent micrograph of the eight-cell embryo, section is
through the primitive blastocoel and <hows Procion yellow staining of
cytoplasm which has leaked from one cell. :
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Fig. 8.9 f]uorufrent macrogrdph of the eight- ce11 embryo sh0w1ng

the presence of Procion yellow in the clcavage furrow. .

[
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unsuccessfu? but exporiments on eight cbl1 embryOs prdduc.d results

similar to.that shown i Fig. 8.10. A current 1njcct1ngAeJectrpde was ',

pJaced in-an animal po}e cell of an eight coll nmbryo and a'a, 5 Hz

sinusoidal current applied' 0 it.. Two #edording clectrodes were, used.

. "

one in tbe cell with the current inJectioﬁ and the other 1n the L

diagonally 0pposite cell The firgx recording elcct?ode was positwoned‘

-

by a hydraulic micromanipulator wh1ch al1owed~prec#se movement: of the

- .

pe
olpctrodé in one direction with measurement of relative position to a

‘ rpsolutlon ‘of l u. The eJectrode was placed to enter the embryo at an

¥

ang1e of as®’ to the ver&%ca! <0 that its path would YhterCept the

-

blastocoel . In Fig. 8. IOthe fntracellular voltage recorded with this
: elod;rpde is p]o;ted agalnst»t1me as the electfodé was advanced :;}ough'
.ihe embmyo. I;itiq}]y a membrane potential of ;15_mV was observed,
‘mitm the superimposed sime wave being ddé"td‘thé'injvctéd curfent 1n
the adjadpnt cell. At a depth of 540 v relative to the surface of %pe
ombryo the sinusoidal modu]at1on cecased and the membrane potent1a1

" changed abruptly to 0 volts. ‘The-eleptrode was then withdrawn and the
sinusoidal modufat?dn apd'hyp;rﬁolarized membraneé potential'QQSdn-f T

‘vobsékqu until the electrode was removed from the cell:. The bottom RS
trace in‘Fig. 8.10 is avrecord of the intrace]lular voltage in the céil .
diagona]]y Opﬁosite from the cell contéining the driven electrode.,rlt

. can be seen that e]ectr1ea1 coupllng 1s malntazned in- the embryo ,

throughout the course of the experinment thh the slight dlsturbances due

“to the ftrst_electrode Pe1ng w1thdrawn from the‘embryo. - ’ o

The ahbove éxperiment-is interpreted to mean that thé electrode

pgped through the animal pole cell and into the blastocoel, where a
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Fig. 8.10 Measurement of bla AL “]
. the\recording microelectrodg®
* pole\cell, ther into the ‘b'lnt.qcoﬂ..

The bottom trace is from a recobding
diagonally oppositew the cell shovm i

potential. The upper trace is from

by the microdrive through an animal,
+and then withdrawh from the embryo
microelectrade in the cell
‘ the top trace
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)potent*lﬂidentical to that of the e\ternn solution’ ms reCordod wtt?

P

unmoidq‘l‘mdulation present \lue to the MJected currenp‘ 'l’he blasto-’
cOe'l nps thirefore at gpund potential and unabla to' act as a comon '

"

’
hdo ehttrically 1nterconnecting the b)astomeres.' S Y

' T . order to c'nfirm the ossumption tm tFte recording electrode

e .
had peaetrated the blastocoel. ‘the embryo was ,fixed 1mediate1y after the .t

s axperimen; and later critfcally«point dri-ed, "The embryo was then spl!t

' Nnto Cuq hemismeres and prepared for sc«\nnfng electroh micro‘scopy $0

.
>

: advance the e]ectrode through the reglon of 0 V°l§!'“‘5 approx1mate]y

thhj the blastocoel cou]d be inspected 2 Hg..&.u sho\gs scaan dnctm
mfcrographs of each hatt ¢ of the embryo . It can be seen that a diffuse ‘
substance is present 4n ‘opd side of the blastecoel whicb was not found

. to be present in cpntro] embryos Fig. 8. 12 shows two scanning micro-
graphs of the blastocoeﬂ region and the presence of yolk platelets lﬂ

the b1astocoe1 indicates that the diffuse materval ds cytop]asm The
conclusion is therefore that the penetrﬁtion of the m1croe1ectrode inte®
“the' b]astocoel had a]]owed some leakage of cytoplasm 1nto the cagity ¢

In other experiments the .recording electrode was not fmmed1ately

withdrawn after penetratvng the blastocoéT byt was  instead advanced further

until a cell membrane potential was recorded. The d1stance requlred to

150 u, which is in good agreement with the size o’"the blastocOel observed

- with scannlng e]ectron microscopy (DiCaprlo et alt., 1974. see Appendlx II)

v

'8.8. Conclucions;

The electrical behaviour of the junctional and non—jdnctiona]

membréne in Xenopus embryos during the first cleavage may be accounted °.
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fig. 8.11 Scanning ;Je‘ctron» m~icno‘?raph; of the eight-cell embryo used -
. in the ;experiment of. Fig. 8.10.

| n onesHalf of the emhryo (top) the - _

- blastocoel B-;' can be_seen as a cavity: In the bogtom p¥cture the ~ -
. -hlasfocoml (8)' ;sm%rlh tillpd with o diffuse svbstanCe which - = -,
. {s presumell Wy to cytoplasm. ~ - . 7 . T o
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Fig, 8.12 Two higher power' views of the half embryo shown at the ~°*
bottom of Fig. 8.11. The blastocoel contains <cytoplasm as indfcated
‘ by the presence of yolk’ platelets, ) S :

~ '_~‘ PR ) : K, . C -






N . 110

.
.

for by a model having the fo]lowihg propo}ties:,'(l)"new mcqbrane is
;dded to the cleavage furrow at a comstant rate, (é) the new meﬁh(:ﬁe
* has fdedticaf-speci}fc resfstance to the original meﬁbrane. (3) the ™
‘old’ surface mnmbrane is fo1ded. thereby 1ncreasing the effective
surface area. (4) the furrow and prlmltlve b'astoc0el are eluctrically
connected to the perivitelline space, (%) electr\cal coupling between
daughter cetls occurs through specialized junctions which are functional
at the glme_of cytoplagmlC'SQUaratlon.

The diffusion c}f dye into the blastocoe] and the direct.
clecgrical-nmasurements of the blastocoel potential strongly support @
_wodel -in which the furrow and primitive blastocoeliare in direct contact

with the per{vitelline space. They also preclude electrical LOuplfﬁg of
the cells via flow of current through the pe?ivigelline space, A}though
. it was not possible to perform theSg two experiments on two- or four-cell
einbryos, evidence obtained by Singal ané Sanders (1974), who demonstrateé .
that the entire furrow was accessible to lanthanum ions applied during
fixatiS;. Supports the hypothesis that the furrow is not sealed. The
presence of a sealing ring of tight junctions would prevent the
penetration of these fons into the furrow (Revel and Karnovsky, 1967).

(pgichcnges’in cell mermbrane resistance and capacitance

rved during the first cleavage are also compatible with the

mption of an open furrow and blastocoel, if the effed;s of surface

brane folding are taken into account. OCne factor which has not been
0 .

considered in these ealculations is the effect of the re‘:tively thick

coat of surface material in the furrow membrane, as corpared with the

non-furrow merbrane (Singal and Sanders, 1974). This material is stained
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by Yanthanum 1ons and s thouqht to bind olectrostat4cclly to surface

‘charqges (Hartinez Palomo, 1970).° Thg rcsu!t}nq sepa?gtion of charges

across the menbrane could account for- the lower vafue of membrdne
capacitance as compared with fhe predicted value.’ .

s{melar meacurcments of embryoni( input resLstdan and
capacitance and rembrane potential were made on Auna pipt-noe by
Hoodward (1968). His esperimental results were variable wlthularg;
fluctuations being observed in all paramcters as opposed to the smooth

changes roported here. In éddition. Woudward reported large {ncreases

in input resistance which contrasts with the steady dpcllne reported

o o

\

here and by de !asat .and Bluemink (1974), while his measurfed (qbacitancc

for a single cn1l was about twice that g\ven.here. although this. may be

a“

due to a species differunce, The increase in merbrané capacit&nce of
<.

only 3" obtained by Wondward during first cleavage iS‘also"diftercnt f

rom

the large change noted here, WOoderdfs suggestion that these observed

- °

changes are caused by the electrical i<olation of the blastocoel caused

>

by the cable-like properties Qf the cleavage furrow is not supported by

the direct reasurements of the b]astocoel p@tbntial
Both Slack and Warneg (1973) and de Laat and Bluemink (1974)

contend that the new nombrane which lines the c¢leavage furrows and

blastocoe] is of a lower specific resvstance than the o]d surface membrane

and that the low permeability of this memprane and the presean\of tight

'

JURC{IOHS sealing the per1phery of the emlryo are the mechanism responsibie -

for the intercellular ¢ommunication. ‘However, although intimate inter-

.

.cellular contacts have been'demonstcated in early enbryos of Trl:.rue

(Selman and Perry, 1970) and Y. ..y .o (Kalt, 1971b; Singal and é;nders,

- 2
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1974), there is no evidence that they form a complete seallng r1ng which
echtrlcally isolates the blastocoel from the per1v1telllne space.

-

Indeed, it would be hard to explain how the resistance changes whlch
‘e’cn observed here and by de Laat and B]uennnk could occur if the

h?

furrow rog1on was elvctrwcally isolated. "
[vtdence for a dlffer(nce botween the propeﬂi'&s of 0ld and

new membrane has been prescented for kRang piptene embryos growing in
_hypertonic solutions (Woodward, 1968) and for Jsenopue embryos growing

in the aboence of the vitelline membrane or in the presence of
Cytochalasin-B (de !aat apd Bluenink, 1974). The changes in mnwbrane
resictance wnLh time 1n these preparations nay be suspect as the

effects of the rodifying agentd are incomp]etqu understoog. Bluemink
.dﬂd de laat (1974) noted that reroval of the vitelline méimbrane or
addition of Cytochalasin-B not only caused eversion of the cleavaye
furrow but aTgc.ijtézsd the rate of nerbrane formation and the total ;
arnunt of new merbrane fermed dqfing cléavade. The removal of the l -
v)ﬁe]ling erbrane is a dé]icatéﬂprocedure which may easily disturb.
specialized nefbrane junctions which may be responsible for intercel]ulafr?
corinunication, Thé inconp]eté sealing of these junctions or any other

wounds -incurred during the procedure may also account for the lower

rechrane resistance measured during these gxperiments.
/ : . \
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CHAPTER 9

LiftCTS OF CALCIUM JON CONCLNTRATION ON COUPLING - e
,vkﬁ

9.1 Imtrolution:
ln many nle(_trlca'l]y coup]ed ;ystemsb the degree of coupling
has been found ‘to ‘be sens1tive to the concentratfon of free ca]cium
“ions both in the external mod1um and 1n311s the cells (Rose and.
Loowonsteln, 1971, 19]5a, b; Oliveira- rastro and lonucnsteln, 1971 Penn
|

and Locwenstein, 1967). The effect of ca't concentration was

investiqated in carly 7;,, 42 embryos using two methods first by

placing the erbryo in a <a]1ne solution conta1n1ng a con 4 amount

of free Ca'' and secondly by the 1ont0phornszs of ca'® int bryo

using a microelectrode.

Low calcium so]utlons were prepared us1ng Mg v free Steinberg's

colution ﬁTUs‘FGTA with 'Tfﬂ?fTidjfng composition: NaCl, 3.3 q; KC1,
50 mg; MaNG2:, 43 mg; Na.SO,, 16 mg; TRIS 560 mg; "and EGTA, 380 mg (for
1 liter of solﬁtion) The desired armount of free calcium was obtalned
by adding CaCl, to the stock solutign accordlng to the formula:

L . . - 200 n2 + 201 n

- 1+ 200 n

) ++ N . . . oL
where » is the anount of Ca required given-a 1 liter solution containing

1 M EGTA and » mM free Ca*+. This formula was obtained from the
expression: ' ' ® .

-

{Ca - L,GT,A,]- = kb (3
“Cat¥ | EGTA ] :

- 113 J
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where k ¢ 200. | R . " .

’,

For 1ntracellu1ar calcium iontophoresis, glass microe]ectrodes '
were f111ed with 0.1 M so1ut1ons of both CaCl} and KC1, yieldlng resis- "
tances in the range of 20 40 MQ Three 1ntracellu1ar electrodes were

used in the same way’ as for other expertmentsq

e . o - o ‘ ‘
\ . . - .
© ) "

. .

L] -
9.2. Kffts of Tow cxternal free caleium r-{;nr'(:ﬂ&)"q[,ioh’ - ) ‘;Qa

° Table VI Summar1zes ‘the exper1ments perforned on 24 embryos{

‘”anced in gteunberg 13 solut1on conta1n7ng varying amounts of free Ca +.

* The normal calcium concentrat1on 1p.S{e1nberg s solutvon is 3.4 x 10'“ M,

and when a solution conta1n1ng 10 T M free Ca’t was used,cno effect on

membrane pd%ential, embryonic input resistance or.coupling ratio.was

observed. Fore-a free calcium ion concentration inlthe range 3 x 1076 M

[

to 8 x 107¢ M the membrane- potentlal rema1ned stable in the first few

minutes ot‘fﬁe eaper1ncnt the 1nput reSIQtanoe dropped to less than 20%

of normal valdes during the experiment .and the coupling ratio was

“unaffected. In éddition the magnitude of the memBrane potential

~decreased dUrlng the . course of these experlments The plasma membrane

of cmbryos.malntalned at this concéntration deter1orated allqw1ng the

escape of cytoplasm from the cells and eventual collapse of the embryo.

Q

An external ca1c1um ion concentration of 10°5 M had a varlable

.

effect on the ueubrane propert1es of the embryo and on the coupllng

ratlo . Ip four.out of eight exper1ments at thlS concentration, the
coupling ratio decreased below normal levels End“in three of these
experinents the coupling ratio d;opped to below 0.2. In all experiments

°

where the coupling ratio decreased the input resistance also decreased
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TABLE VI -

-

®
SUMMARY OF RESULTS OBTAINED FROM EXPERIMENTS PERFO&MED IN

SOLUTIONS CONTAINING LOW FREE CALCIUHv

Number of‘

P LT e

. cbls_T'—T_A-.w—._——.———‘-

e s _ Membﬂene f'[ Input Couplfng
[Ca Experiments{ Potential Resistance Ratio.
RN "'. T ».,--.-1 e AT traunqin--' om ~~mhr-qattr=w&w»4q~
= e AN norvul

[}
jO S“ A11 normal All norma] NG cll e

‘.-; - Al normal
3x10 ° M 2 A]] norTal A1l normal No- change

A ‘ ; ' ' Is uncoupled cre.2|
1075 M 8 1 3 ;gﬁ;;?d 6 gezgg;:$d 1 Tow .4<cr<.6
: ) '4 normal

<1076 . V Al] nornul
81076 M decrdﬁ}ed Al decreasgd | No change
5.5<10 ¢ M ecreased{Al] decreé}ed'. a;]czgzggj
T, 4- [ P PR
3.107¢ "M 7 Al decréased A1) decrease AT normal

NO Change

-
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' durfng the experiment. The data ffﬁm an experfhent performed at 10~ s

T

externa! ealcium ion c0ncentration Js shouﬂ‘tn Fig 9. 1 The.peak to-

'_-peak amplitudes»of ‘the modulated 1ntracel]ular yoltages and the

coupling ratio are plotted ggainst the time from the 1nstant uhen the
'embryo was placed into _the Tow Ca medium. The normal sedling
process ms seen to occwr n-ﬁ beq*lnMag of tﬁe futracelhﬂtf
vo‘tage record and after 8. minutes ‘the amplitude ;Lithe modulation\
in botb cells decrcased while the value of the coupling ratio did hot
' drop -until appro!?mately the lith minute. After 30 m1nutes the '

coup11ng ratlo had decreased to be10w 0:2 from an inftial vaer of

-approximately 0.9%. During the. course of tbe experiment the input

.

-9

res1stance which is proportional to the voitage in cell 1, dropped to_

40% of its 1n1t1a1 vatue. The exper1ment shown in Figb 9.2 glves 2

s1m11ar rosult for an. .externa)l calcwum ion concentration of 10 5 M,

e

- although the magnitudes ‘of the Changes are not as great. ’The” i
2

ratio decreased from 0.9 to 0 & in 24 minutes and the 132ut &

T

rdecreased to 655 of the 1nit1a} va]ue. o S ‘.<=“°,

the twme required for the

ing

nce

’ ..

The concéntratioigof free external calcfum ions also affected

.they were placed.into-a cell. Fiq. 9.3 1]1ustrates the sealing rates

for embnyos in 10'“, 1075 and 1076 M Ca f soluttons where the sealing -

brane to seal around the electrodes after N

. e

rate 1s gxgen by the rate of change of the lntracellular voltage: after

penetration of the cell by the reqord1ng m1croe1ectrode As-the free

-

external calcium was decreased the rate of sealing decreaseqds lndicating

that the non- Junct1ona1 membrane was also affected by the change in Ca

concentration. In most of the experiments performed in ‘solutions *

o . - Q
t » : [

4o
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Fig. 9.1 Effect of 1075 M f
voltage and coupling ratio.
e, voltage in cell containin
®, voltage in adjacent cell,

ree external calcium on intracellular
Data is from a Your-cell embryo.
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‘contain1ng less than 10 S'M free Ca . o'pfgment ring did not form
around the e1ectrodes. which also suggests that normal sea]ing had

.

not occurred

R Y

ot

.
’

9.3 Effecta of 1,nt1~ace~llular aalcum macctian' ' o | i

In an attempt to achiev' reproducibie uncoupling of blasto- y

't'meres, ca1cium ions*vere inJected 1ont”; lretically uith 3 nicro— j
'electroae into fndividual. cells, This technique has been used to
produce 1ocal uncoupﬂing in Chironomua salwvary gland cells with
success (Loewenstein Nakas ang Soco]ar, 1967 Rose and Loewenste1n.l

,‘1975a, b). The experiments were performed on iour-ce]l embryus us{ng
m1croe1ectrodes fi]led.w1th 0.1 M KC1 and 0.1 M CaCly Tor ca]cjum
1ontophore515 (Loewenstein et al., 1967) The external free Ca t

concentratlon was ma1nta1ned at 5 x 1075 M in all experiments using

‘ﬂ@ T’ee Sfé1nberg s‘Iﬁfﬁon pTus EGTA. ‘In three.egperlments wﬁeren
N Ca++ was injected'using current pulses of O 5 sec duration, af‘a rate .
of 1 pulse/sec with_an amplitude of 1078 amps, no measureable effects
ﬂon membrane potential, \nput resistance or coupling ratios were observed

for a‘total injection period of 45-50 minutgs. The total amount of a't
’QEE’gtgq in\th%s_time Qas.aﬁpdt 2 x 10711 mele‘. S )
“us . .z

9.4 C(Conclucions:

L

The reduction of -free calcium ion concentration in the extra-

1 ThlS was est1mated from the expression: m = E££_ where I is,
Ca 2F

" the current, t, total duration of injection; P Faraday s constant,

o-

and n, the transference number. _See Loewenste1n et al.,ul967.

.

-
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~cellular med.lm-abpears- to reduce the electric‘b_l ‘coupl l'.ng between

blasto'meres of early‘ Xenopus embryos. These results'are quite simftar

" _'to those obtalned uslng different premratlons for example. nerve L

| cells: (Penn and’ Loewenstein 1966; Pappas ot al,,." 1971) and eplthellal -
cells (Nakas. ngashlno and (;:aenstein. 1966). where umcodbllny |

| occurred using Ca } concentratim ln the range of 10"‘ to 1078 M.

‘N! maln problembassoc‘fated wltﬁ usfng. thls technlque to lnterrupt

~ the electrical -coupling in Xenopue are that\the effect ls variable in

",'tha‘t the same degree- of uncoupl ing is not always ‘produced using the

tmost effect1ve Ca’ ¢ concentratlen of 10 S M lnd that the permeability

of the. non-junctional membrane is also effected As the experlmental

obJectJbe w1th this type ot/preparatﬁon would ‘be to 1nvestlgate the

effect of ancoupllng on embrquic development\,thls second effect

cdliot be tolerated. ' This effect has also been hoted in upcoupling

éxperiments performed on- Chironomus salivary gland cells (Nakas et al.,

1966) The measured decrease in embryonic input resistance may not be

due-to a general 1ncrease in membrane permeabllmty but could poss1bly

o ¥
be caused . by the fa1lure of the structures responsible for the electrical

coupling to. seal after they have been dlsrupted In the experlments

-

perfgrmed uging frge ca*?t concentratwons of less than 10 S M, no’ .
uncoupling-was detected but any changes in Jubctlonal resistance could )
have been masked by the rapldly increasing permeability of the non-
Junct1onal membrane durlng the course of the exper1ment - In some
embryOS'whwcb were ma1nta1ned at .these concentrat1ons for apprux)mahely .

30 mlnutes, the cell membrane deterlorated to such an extent that

'exress1ve leakage of cytoplasm occurred followed by the collapse of
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embryo by 1ncreasin9_ thg-level o’f 1ntric_ellul‘ar"Ca’,’ '
unsuccessful. ‘Given thc."largc volume of the‘cel-is at the s used
(2pproximately 2.7 6 107" m) )J the‘;:ont;entntion‘ was ‘increased by ‘a.'b'out\ ‘
7% 305 M during the injogyon period In early experimenzs“pn _ |
Chironomis saHvary ghM cells Tloewenstein et aZ.. 1967) an incnease N

** of 10°* M was sufficient to produce uncoupling.

in free ﬁnternal Ca
It is. therefore possible that ”ue to the large volume of the Xenopus
cells, it was not possible to inj -fﬂcient cal¢ium to cause '
_‘ uncoupling. It is a‘lso possiblr% _Ca“ was sequestered in the
“cell as it was. injected. It has begnnoun that a level of free cat

in the range of 5 x 1075 to 8 x 10 5“" is necessary at the Junct1onal

[
site in order to uncouple Chironbr-rus sal'ivary gland cells (Rose and*

Loev}xe'nsteiin 1975a). It has 31 so been shown that when these cells are

treated mth ruthemum red to block the uptake of cat by mitochondria, -

| the d1ffus1bn of injected Ca M to the Junct.mna'l membrane ¥s facilitdted,

whlch causes a rap1d uncouphng of the cel’ls (Rose and loewenstein,:

-
A

1975b). - . - e .



: : ~_CHAPTER 10

O .y . . _ k
.’ brscussioN -, .

* The main goal of this wo;\ was to determine the pattern of
eﬂﬂcql bupling between cells of early Xenopus embryos and to
measure the electrical properties of the embryonic membranes during

.. the aarly e’le;nps. The use of !ﬁiur systems analysis, tn ébnjunctiio
with standard e)ectrophysioIOQical techniques. allowed a description of
the,%ystem which included their time-varying dynamic properties This
1nformat1on, which is not available from the conventional direct current
measurements, waé eseful th determining the patterns of‘connectivity' :

between the cells, as well as providing accur.te meaéurements of

e

cébacftance " In the analysis of the e1ght -cell embryo, for example,

D.C. measurements of c0up]1ng ratio alone w0u1d have shown that the

“'_t!TTS'WETE C|USEIY“tUUD|Ed But these measureme'ts would‘hdf have

indicated that the cells were coupled pairwise to each other. Another‘
1mportant advantage of spectra) analysis was the relative]y short time
required forbeach experimént This rapidlty of measurement” allowed
severa] -experiments to be performed on each bhatch of embryosibeven
though the developmenta] stages are quite transvent '
Ear]xer stud1es of the electrical prOpertles ‘of non- junct1onal
: membranes in early Yenorus embryos have produced results similar to those
reported here .(Palmer and. Slack 1970; de Laat and Bluemink, "1974),
-However, the measurements made by Paimer and Stack used dlrect cu#’ent
and the only parameter obta1ned was total embryonlc input re51stance.

Their range for thls parameter was from approximately 0.3 to 1.0 Mn
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during the first three cleavages. Although the value of the total input

resistance, RIQ was, not stated explicitly in Chapters 5 and 6, the range

- of R obtafned 1n the present experiments and subsequently used to ', @

' calculate Ry and R ; was consistent with Palmenr and Slack's data. |
HoweLer. they reported thet\there was no voltage drop across the
1ntercellular junctinns which is in contrast to the values of 0. 77

_and 0. ao for thé coupling ratios i' the twov and four-coll embryos

measured here. De Laat and Bluemlnk did not report a value of coupling

ratio as their meaSurements were made before the termination of first

cleavage, although theiir value of specific membrane resistance of

0.043 M.cm? (no correctién for Surfape folding) is ip excellent

agreem;nt with the value of 0.041'M“cm2 &etermined.from measurements

made on t@0¥cell embryos (Chapter 5). Thé specific membrane resistance

of Yoropue embryos is also within the ran&! of spec1f1c resistances

~H}4%E%fﬁ—6'}ijkmﬂﬂ*dvtermlhvd”ﬁ‘ VOodwafa’II§68)7ﬁw early Auna

ripiens embryos Woodward reported a value of spec1f1c capacitance for

211 embryos of 1.0 to 1.16 .f/cm? for the uncleaved embryo, whereas
* the value of specific membrane capacitance of‘an unc Veaved Xenopus | '

embryo was 0.83 yuf/cm? (both values uncorrécted for membrage folding).
These differences could be due to Woodward's technique which was to
measure the time constant of the intracellular v.ltage rise when a
current pulse was 1nJected, and was probably not as accurate as the
frequency response mea5urements. In additiOné there may -be a species
difference. Ne determination of membrane capacitance was made by

de lLaat and Bluemink.

Both Woodward (1968) and de Laat and Bluemink (1974) measured
» ‘
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‘the change in non-junctional membrane resistance ‘urinq\?irst cleavage

although both ;tudies failed to measure the change in junctionsl o
resistance, Ry s1ﬁultaneous)y. The rcsults presented he;e and by . '
. B M &

Noodwqrd'ﬁoth show a dec‘oasetin Ry occurring thrgyghoﬁt'the'course of
{if}g cleav&ve. with the total change in Ry being 40% ta 60% of the
Jnitial value. This is fin-sharp.contrast to the data presented by =~
de Laal and Bluemink, which chowed that the change 1n A, does net .
occur until 6-8 minutes after the start of first clcavage followed
by a drop of approximately 50% ogg.rrihg in the‘hext-lo minutes, after.

0 wgich P rerains constant for over 20 minutes. There is no obvious
reason for this difference. ’

Other studies,of electrically coupled s}stéms have geherally
as<ured that the junctional elements are purely resistive (Loéwenstein
«t 2I., 1965, 1967; Payton e¢t al., 1969). In many cases where the
;-~gs&ugtn¥19f~ébe¥eeupled-sys%em~is»complex, for example in-epithelial —— —
tissues where there is a large array ofrc0upled cells, only meas:rements
of coupling ratios can be obtained. In experirents performed on chains
of'coupled cells (Loewenstein and ¥anno, 1965; Loewenste}n et al.,

- 1967) éstimates may be made of the specific resistance of the junctional
membrape‘based on a cable model of the ce]l system and measurerents of - °
junctional membrane area Jfrom e]eciron micrographs of the tissue.

Estimates of junctional membrane specific resistance of Chiroic—ds

salivary gland cells are in he range 0.3 to 12 ccm?. It*was not

possible to make such a calculation for rcnorus embryos as the junctional

- v
area is not known. "

The different possible arrangements of junctional electrical

<
-4



126

e

T '.14

e]émentsAhave already been discusﬁéd in Chapter 5 and.nbgfirmﬁconc1u£iqns
can be”made on this matter since it is currently impossible db mékq any
e]ectripq1’measgrements in thé middle of an eIectrjcai juntt'wn. Any¥
resiétanCé from thecgdnttfon to ground is thg;efore undetectable and.
‘the values of an} shunt or series capacitances in the junctional
structures were too -mall to be detected \yith.the present techniques. *
¥In a study of electrical coupling using linecar. analysis techniques
between Retzius/cells'in the lerchy coupling ratios were found to be
mgfh Tower (0.3) than in ¥.._: .. and the vé]ue of lumped junctional
rgéistance-nuch higher (34 M.Y(French ;;d DiCaprio, 1975). There was
also no ecvidence 'in this study of aﬁy significant junctional capacitance.
The rechanism of electrical coupling in amphibian embryos has
not yet been determined. De Laat -and B]uémink (1974) and Ygodya'rd
(1968) have suqggested that coupling may be caused by current flow
through new rerbrane of low resistivity formed ih'thé cleévage furrows.
“lack and ‘Warner (1973) have also suggested thgt‘the ﬁrimipive b}dstoﬁoel -
is isolaf;d from e]ectrical'éround, thefeby providing a éoan@n electrical
pathway between all cells. De lLaat and Bluemink (1974) detefmined thé
specific resictance of the cledvage furrow nerbranes intifnu;us to be
1.8 v cm;, while Woodward obtained a value of 0.950 ~.cm? foriku;a
%rbryos. Zoth of these ca]éulations were based on the assumptions that the
specific resistance of $he "01d" rembrape-remains constant while the "new"”
rertrane in tne cleavage furrow is of lower specific resistance, sthat
the flow of'rurrent in the cleravaqge furrow is prevented or restricted,
and trat ‘he chtanges in rerbrane resistance measured after the cl%avage

-

furrow is everted are due to this low resistance membrane being exposed
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to the enernal solution Thése assumptions may .be criticized on var‘ous

w ,
% , grounds Ul‘tl‘astructura‘l studles of ear’]y cleavage stages m Xenapus

»

‘gD . <
show gt there 1s no sealing rmg of tight Junctions around thg o
',peri'bhery of the clcavage furrow which would provrde the requlred e

electrlcal isoiation (Bluemink - and de Laat, 1973 Singa1 and Sanders,

1974) qugward has offered an alternate exp]anat)on for the sealing

of the furrow by contcnding that current flow out of the furrow region

15 ]]m1th§t; the c]ose appOSition of the furrow membranes. His

ca]cu]ations 1nd1cated that the furrbw would have,an input impcdance

of approximately 0. 4 MJ A re51stance of this magnitude would have .
been eas11y dptectable during the dlrect measurement of potentia] in
the b]astocoe1,,and‘the finding that the blastocoel is electripal]y
connected to the eyternai so]ution eentradicts the above assumptions.
Fina]}y, the procedures emp]oyed to expose new membrane. to the external
solution, namely the application of éytochalasin-B, removal of the

vxte]]lneumc'brane (de Laat and BlueWink 1974), or treatment with

' hypertonic solutions (Woodward, 1968), may themselves damage the cel]

membranes or alter their permeabi]ity, thereby causing the observed
decreases in membrane resistance.

‘It has beea shown that electrical coupling may be mediated by
srall regions of‘c]osely apposed --~brane which have a low resistivity
(Bennett and Auerbach, 1969; Heppner and E]onsey, 1970); If membranes
with a resistivity of approxirateiy 1 2/cm? were scparated by an inter-
cellular cleft of 200 R it was calcuiated‘that the two cellggwould show

a significant dogree of electrical coupling. However, Bennett (1973)

has also <tated that when the electrical coupling is found to be "very
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- close” it is unlike1y to.be mediated by such apposed but separated lqu

- resistance membrane. Tracer experiments using fluorescent dyes or P

" other moleCules can be performed on coupled cells to determine whether ~~'

w

cauplfng occdrs via specialized junctiens or ehveugh the extrncellutar .
- -space. In Fundulus embryos, far example electrvcal coupling has been
found to be med1ated by specialized Junctlons and‘}hrough the extra-. .
cel]u]ar space due to the segmentathn cavity be1ng sealed‘offc?rom
".the exterior by a high resistance barrler (Bennett and Tfinkaus, 1970) o
. In other electrically coupled Systems where ultrastructura]
studies have been performed, the presence of qgap Junct1ons has been
i:closely cerre]ated with electrical c0up1Jng (Payton, Bennett and Pappas,
1969; GI]ula,cheves and Ste1nbach 1972; Azarnxa, Larsen and Loewenstein,~
'1974) Gap junctions are characterlzed in'thin e]ectrbd mdcrOscopic
" sections by the presence of a 20 & space between the two apposed ST
5? membranes When the S$pecimens are exposed to 1anthanum ions, subunite
are out]tned in the 1nterce11013r gap, with diameters of 70-75 l
-(Revel and Karnovsky, 1967) When gap Junctlons have been stud?ed
‘Using the freeze fracturing techn1que, they haGéfyven characterized by v‘f.
c1ose]y-pacved hexagona] arrays of part1c1es with ‘a center tp-center
spacing of 90-100 R (McNutt and we1nste1n, 1970 GoodenOugh and Reve]

k]

1970). " The ava11ab1e ultrastructura] ev1dence|on gap Junctlon morphology

suggests a structure 1n wh1ch a he gpnally shaped lattlce of extra—,

cellular channe]s surrounds a hexa ona? array of hydropWilic 1nter-

cellular channels wlth d1aneters of approxlmateiy 15- 25 R (Goodengugh and
. Gilula, 1974,; McNutt and Weinstein, 1970; Pappas et al,, 1971), An‘

escellent review of the rorphology of 1nterce11ular Junctions is avaf]ab]e

in MchNutt and - evnstexn (1973) A preliminary biochemical analysis of gap
° N - “- ) '
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; Junctions from mouse hepatoeytes (Goodenough and Stoockenius. 1972) bes

indic;ted thdt the primary phospholipids present are phosphatidylcho!ine
wfth a sma11 amount&of phosphatidylethinolamine plus some neufral lip!d

: ‘k sfnﬂt wmhm mt’ein \vith - no!ecuhr weigbt of 20 000 wus nso

-‘.

detected in the fsolated Junction fraction In’ the same study. x~ray
dlffraction stud1es of the 1so1ated gap junctions also revealed. the
‘same perlod1c1ty of the hexagbnal lattice as that determined from

i

e1ectron m1croscopy.

o Gap dunctions haQe been:detected Setween some embryon?c/cells
(Gooden0ugh et al., 1968; Lentz and Tr‘nkaus, 1971) but as yet have not.
been found #n early Yonppyc ombryos, although Sanders and Za]ik (]972) and
Jlnga1 and Sanders (1974) have drmonstrated the presence of te]l qpntacts
potsossrng an 1nterce11ular -gap of 20-30 ). in the cleavage and the b1astula'

stages of Yervpus. It seems probabre therefore that gap Junct1ons may

4

: medlate the electr1c111§0up1fng in Yenopus . . S
B .Electrical mpaswementg’qf mterceHu‘omunication only -

.
-, A

serve to 1nd1cate that one or (more 'lgll jons can pass between the

-cells but many small’ molecules have been found to cross the intekce}lular

0 L ] 2 .

'Junctlons in adult and embryonlc tlSSU?S In emper1ments using dye

_injection it was f0und that Fluorescein, Neutral red and Proc10n yeTlow )

\ -
all cross the intercedlular junctions in the crayf1sh septate axon

(Bennett, Dunham and Paﬁpas,.1967 Payton, Bennett and Pappas, 1969).

.F1uoresce1n and Pror1on yel]ow pass between the coup]ed cells in .

%5 poricrmas sa11vary g]ands (Rose, 1971) The,]argest of the tracer
molecules (Procion yellow) has 2 melecular weight of about 625. In one

<tudy, rolecules with mo1ecu1ar weights as high as 69,000 (seruﬁ albumin)

0 \\ ' . » o



. reportecl ta pass betmn coun.‘led nroaaphila sﬂivnykgland (Kanno

‘. qnd’l.oewenitein.’!”’) but successful v'csults uith tnctrs ts hrge as - . “'
’- tMl *vc not been reported 4» other systm Stuﬂes chh use - o
~d3ffuse thrOUgh Cell membranes and wou!d therefore not require '

od.

syecialized Janctions to move U.tween oe_ls.
r, Junctions 1n ZXenopus embryos do not seem to“ have permeab'ilities

v as high as\ie'the adult tissues described above. Fluorescein doef not
., Pass betWeen eleetrically coupled cel]s of early cleavage stages and
f' Larly blastulae (Slack and Pa]mer, 1969), but it has been fouhd to |

_ cross between reaggregated ceiis from blastula apd larval stages ‘-

(Sher1dan, 1971). Thi§ difference may be 1mportant as -the Junctlons

may allow chem1cal 1ntercellu1ar communication, but only yih,malecu}es'-

befou a certain size ' ' |

Gap junctwons have been shown to occur transiently in orgaﬂﬁsms

~dur1ng develapmgnt Lopresti, Macagno and Lewinthal {1974) have shown
“ that gap Junctlons form for a short time between the growth cone of |
' opt1c nerve fi;ers and undlfferentiated neuroblasts in Daphnta. The ‘
.1mpl1cation\oﬂ. hfs work is that 1ntercellular communwcat1on is 1nvo]ved

in the dlfferent1ation of neuroblast cel]s in thls preparatton. It is

]

not elear if the cellular Jnteraction serves to trigger a preset program

of d]fferent1at10n or whether the target cell is controlled by a series

- -

of signals fron the communicating cell, . . .

o

-~ The absence of electrical c0up1ing Between cancerous cells in
tissues which are nrormally c0up1ed was thought to be closely correTated

with the cancerous state. Examples of this uncoupling have been fvund

o



.°

‘ studies were that éa Iuhr mteractwm 1nvolving elcctrical coupling

are important in the normnl grouth of cetls and that the disruption of vl‘-
this comumcation can 'lead to the development of *a cancerous state.
Iw further' work it -was found that some cancerous ‘cell lines were .

.electrigal)y coupled ‘(Borek et al., 1969; Sheridan, 1970) althOugh lt

: i.was 1mpossib1e to determine from simple electrical measurements if. the

ivc0upl1ng was normal It is possible in these cases that there are
- subtlb defects in the strutture of. the Junction§ which: may alter their .
‘permeability to some essential substanee or that there are defects in |
fintercel]u]ar communication which do: not involve the Junctions directly
' There 1s aISO'evidence that the format1on of gap junctions and consequent
:electrical couplrng may be ;ontrolled genetically (Azarnia Larsen and’
Loewenstein, 1974) In this study, hybrid cells formed from an
'electrvcally“g;upled human cell line-and a non -communicating mouse "
-ce]] line were founJ to be electr1ca1]y coupled Hhen the hybrtd °
cel] line lost the human chromosomgs, their ability to form gap |
Junctvons and the e1ectr1ca1 coupling was lost.

. §ﬂectr1ca1 coupling has been found in a variety of'embryos,
.%or examgle' ,nuulus (Bennett et at., 1970), TrLLurus (Ito and
loewenstein. 1969), squid (Potter, Furshpan and Lennox, 1966), chlck
(Sheridan, 1966) and Asterias (Tupper and Saunders, 1971). ' There 'has e

been much speculation concerning the role that electrical junctions may



it el 'ri‘ ;

1955 Leewensteim 1966. m«:k:: A T
}.ftheoretical mdels for the tontrol of tﬂfferewthtiﬂ }mke the asswtim ; )
;that intercytop!asmic exchange exists belween celTs (Loeuenstein. 1968
@-'{‘.Gooduin \md Coben. 1969 Ho'lpert. 1969,).. Iu uny of these models, ’
., gradients of some substance which controls differentiatioo also termed .

L 0y

a morphogen are establfshed in the developing cubryo from a site that ;3;
J prqdyées ‘the substance The various cells in thc embryo ‘then take their
| 8eve10pmenta1 cues from the concentratton of the morphogen at the posit10n'
: ,occupied by the cell, A recent mode) for the establishment of grad1ents
of a hy thetvcal morphogen withln developing systems without cellu]ar
4.part1tlon reltes ‘only on the free diffus1on of a smal] ion (K ) withﬂn

. -MclLaren, personal comMunicatson) This modf could ..

connectlvity found in the embryo would permit the flow of 1ons ina .
system that behaves as a contvnuum. 1f in the eight-cell embryo, fof
example,~the coupling between distant cells was mediated by pathways
through the 1ntervening cells, the path d1fferences present 1n»th1s ;

k svtuat1on would alter the dlffu51on of material throughout the embryd

‘and impose grad1ents due only t0 these differences. The fmnding that all
cells up to the eight-cell stage are direct]y coupled ‘due to the spec1f1C'

°alteratwon of cell shape and embryonic geometry, is important 1f deve]op-

.ment s in fact contro]]ed by dlfquIOn of material throughout the embryo



is %wuhtmw tnduelnc tho thtton e{ n ucond ewnic axfg when

.?' w o

YMs ﬂnﬂng 1s also smm;tm in lf,ht ef the wort -ef curus (lﬁg
.wm Ms&m me thi w crescd;t mgon Sf*thh ur& Xenopua m

"“"'90"! cresmt’reolon t:bﬁhe' 39'1“3'“ W’“ ‘“"

2 not 1nduce amther enbryonic oxts. lt ts tlervfore poss‘ible that a

gradfeqt established in the uncleaved egg cannot be disrupted after the

'__formatlon of cel) nehbranes and that the coupllng-betueen these qells
'plays sone seéghdary role ln the regu}dtfon or control of development

.'by restricting the flou of centain substances. ;

"

e uould be -of interest in further studies of eoupling in ”'

'D

_Xenopus to determ;ne the size range of substanées which can pass through
.the electrtcal junctlons. It woald then be possuble to 1nvestlgate the
v‘developmental .effects’ of varying concentrat\ons of ions and small

) molecules whlch are able to pass through-the Junctlons Another

interestlng possibfllty would be to. find an agent that could selectlvely

-uncoople ome\cell from its nerghbors and to studyothe effects of such
"separation on development Techn1ques thet have been used- so far, such
" ds altertng catlon concentratlons, louertni the temperature or the use
- of metabolic inhibftors. probably have substaottal effects on other '
LAcellular processes.' The study of connectiyity between cells after the
.”eight cell- stage would also be lnteresting, althougﬁ the use of linear

analysis technlques for embryos of 16 or more cells would be quite t1me-

consuming® A more profltable approach might be to 1nvest1gate the gross
electrlcal coupllng between groups of cells at later stages

L4
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- two prograns for ease of opgration. Tht f
B wm .w'w a"‘k 's?‘ N”h ‘h A
_,Ht YT o eriter , tw
anaiyzed and to store them on, the PDP 11/40 disc nemory. Tﬁu nodes of
~ the ciecuit are numbered (node zerp = ground) and tne position of all,

s
v

circuit branch erements are Specified by their 1nput and output nodes.;

The valid circuit elements are independent voltage sources, resistors,

fcapacvtors and 1nductors ‘The number of nodes and branches in the

. network is 0n1y Vimfted by the. amount of the computer core memory

'availah}e and the tine&required to perform the computat1ons

a \
M

The second program, FCAPCO (FCAPComputation, Qutput) uses

the data file constructed by FCAPI for its input and wlll compute

.the frequency reSponse between any two nodes. If node P is sp c1f1ed
as the input node, then va]tage source 1 is assumed to<be the-i
vol tage. The frequency response is plotted in the form of a Bode

d1rectly on: an, X Y chart recorder contro]led by the €'3‘11/40
: L
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L APPENDIX 11
. 1 MORPHOLOGY °
(/ o The micrograggﬁ~lp this appendix were prepared.by Dr. E.J.

.
3

Sanders.and\fgprodu§éd here with his kind' permission.

' The material psesented in Fig..1 was brepired for electron
micrgscopy using procedures described previously (Samders and lalik,
1972). The light micrograph in Fig. 3 was taken from 2 .m sections
obtained from glutaraldehyde fixed and araldite embedded material and
were stained with.? mixture of equal volumes ofrlz methylene blue and

1% azure B in 0.5% borax solutfon. Embryos used for light microscopy

in Fig. 8 were fixed overni in the mixed aldehyde soluytton of Kalt

[ Y
gnd Tandler (1991) which @t glutaraldehyde,. 2% formaldehyde,

1% acrolein, and 2.5% dime phoxide. The material was

dehydrated’ig ethanal, cleared in benzene, embedded in paraffin wax,
and serially sectioned at 5 um thickness. Sections were stained w!th
35" alcoho]1c eosin so]utlon and micrographs were made using a Leitz*
Orthoplan mlcr05copg/(E. Leitz, Inc., Rockleigh, N.J.) and Panatqeic-x
film (Eastman, Kédak Co., Roch;ster‘, N.Y.) N |
Several techniques were used ingpreparing embryos for
scanning e1ectr0n microscopy (9€EM), suchqthat they could be manual1y
split apart along~the plane of cleavage furrows. S1ngal and Sanders
(1973} had found ‘that freeze drying a]]owed.them to be broken in this’
manner. The appearance 6f blastomeres prepared in this way was .
’ [

similar to the appearance of the living cells®by light microscopy and * ©

of the corresponding regions of sectioned cells by transmission electron

K)

: 139
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, micro§c6py'(Singa].and~Sandens, 19?4). The cYose correlation of cell
. appearance after ;everal preparative procedures has been-usee és a
'crlter1on to Judge the quality of preservation of tissue for SEM
(Porter et al. 1973). At the Tow magn1f1catlons used in the present
work, the freeze4¢ry1ng technlque is considered sat1sfactory..
Sugccessfully sp11t erbryos were coated wtth a carbon .and gold conductIng

1ayer and examfned using a Cambrvdge S4 scanning electron microscope

(Keqt Ca"orvdge 'td., Willgwdale, Ontario).

-



.

Fig. 1 Electron micrograph of .a section throJﬁh the caﬁiical ’
region of a Y. »_;us lasvi: embryo showing the vitelline membrane -
(W) 7= situ, the perivitelline space (PS) and the plasma

membrane (PM). Thé width of the perivitelline space may vary ’
according to the region and the rethod of preparation for -

electron microscopy. -
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ig. 5 . Scanning electron nucrograph of t.he cell which uas

moved from the embryo.in Fig. 4. This cell shows faces:
*which“correspond to those of the remaining cells of the
mbryo x132 . -
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- Fig.. 6 hn.en)inm' t of the blastocoe} Gavity of Fig. 4.
.".uh‘}chshou;'a , of n*wphsmc.wpeoau, ’iﬁut from
. 'the surfaces 1igPig the b astocoel. It 1s not possible to
. decide fram which cells these processes origing but some -
" appear to be fm mitm to maks contact with the removed
cell 1, -1t is probably that further procasses. héve been
- broken.during the remova¥ of 811 1, since severa).stusips
. are visidble. The finest processes obsarvad by scanning - -
' *.;se:trqﬁ atéroscopy were approximately 10-15 um fn diameter. -
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Fig. 7 ’fScﬁnning electron micfograph_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 surface shows blunt surface
projections. x248 -
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* B - .
+ig. 8 A<L  Light micrographs of sections through an cightk"
embryo, cut in a vertical plane. Figures.8A and 8L are sectidns .
from néar the extremities while 88 through BK arc serial sections
from the ccnter of the erhrye. The .cells are numbercd according
to the schowe of Fig. 7.1. The series 11lustrates the way fin
which cells rake contact with more remote cells by means’ of
processes.  Ce)l 8 can be seen to have extended a process (arrow

in Fig. 86) which has insinuated itself between processes from
cedds 3 and §. 3 I .
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