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ABSTRACT

-\

Jhe regulation of gap junction perheability may, be
important during development, since thiss could change the
nature and rate of movement of molecules passing between

cells. Results in developing insect epidermis show that
o J

*intercellular chdnnels close in a gfaded fashion, altering

the kind of substances paﬁs&ng between cells over time, and
. ) ;

v

that reduced junctional permeability at the intersegmental

border establishes spatial patterns of coupling within the

. epldermis.

)
The nature of channel closure, which might be graded

or all-or-none, determines how junctional permeability

changes when the coupling level is variedr(;The passage of
small fluorescent.dyes and inorgaﬁic ions between cells was
examinea during gradual uncoupling by Li of epidermis from

e

the beetle Tenebrio molitor. The junctional resistance

increases monotonically over 60 minutes, but the inter-

cellular passage of the fluorescent tracers carboxyfluores-

L]

cein (CF) and lissamine rhodamine B (LRB) is blocked long

4

F i

before electrical coupling is lost/ There is discrimina-

“tion by size, since LRB, . with a lim}ting”diménsion for

channel passage of 14A, is blocked before CF (12A). This

\

iii
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suggests that intermediate\levels of coupling are selec-

tive, and indicates that the average ‘channel diameter

-

decreases’ duriqg uncoupling. o .-

T

o ophen MU g D TR
.

The cells in adjaceqt‘segmen%s develop largely
v independently of each other, under the control of separate
.morphogenetib gradients, ‘but the epidermis is continuous

s and there is cooperation in cuticle synthesis. féegulation‘.l

of intercellular commdﬁication at the'inﬁersegmental

-~

‘..f1~_3, boundary may be responsible, since in the bug Oncopeltus

-

fasciatus, LRB, CF and Lucifer yellow move freely betwgen

cells Within*the segment but are impeded from passage to
: - : '

the adjacent segﬁen%. A strip>of cells at the segment

border has reduced junctional permeability,'which is modu-

lated iddeﬁendeﬁtly of that within the segment. Under

conditions that block the passage of dye, electrical

-

couplifig between segments remains strong, although an

. ' )
increase fn junctional resistance of the border cells can

be detected. E&posure to the molting hormone 20-

hydroxyecdysone removes the barrier to intersegmental dye ;
|

spread. This suggests that while depressed Junctional

coquing normally limits segmental interaction, deyelopmﬁn-

-

tal requlation ensures full cooperation at eritical times,
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

When cells form tissues, they can take advantage of
F/&ﬁterconnections with other cells for the exchange of the
smaller cytoplasmic molecules;.and so do not remain wbplly
self-reliant, as independently functioning units, lihé first
evidence of such cell coupling was in cardiac tissue, where
Weidﬁann (1952) showed that a voltage shift in one cell ‘
caused a parallef shift iﬂ other cells. Subseque&tly,
Furshpan and Potter (1959)_sﬁowed electrigad coupling at a

synapse, not involving chemiéal intermediates. The

'electrotonic synapse’ in'coupled excitable cells allows

transmission of electrical impulsegghore rapidly than by

chémical means, and is found in contractile organs, some
interneuronal éonnections\(Bennett and Goodenough, 1978),'
and in excitable epithelia (Bassot et al., 1978). )

The membrane structure responsible for cell c&upling is
thé,gap junctlon: and its fgrit description‘ﬁas'in both
excitable and noA-excitable tissues (Revel and Karnoxéky,

1967). The implication of intercellular coupling in

nonexcitable cells is less clear than in excitable cells.

Ad
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It is assumed to serve in Romeostasis and the coo;dinatfdn
of cell activity, since its abilities include thé }assage of
electrolytes, low molecular weight hutr;ents, and waste
products (see the reviews of Larsen, 1983, and Loewenstein,
1981). The coupled cell, by extending its virtual borders
to include its neighbours, has access to their resources.
Howevi N limitation of cell coupling may be necessary
for the ;rganisation of structure within multi-cellular
structures., Coupling allows celas to cooperate in a similar
purpose, but in gomp%ex tissues, cells‘s%ow different
patterns of activity ovef time, and at one time, there may
be functionally distinct subpopulations, so that coupling
must be limited to maintain the b{ochemicgf.differences in
cytoplasmic make-up. An active role for the limitation of
coupling has grander implication: this ;ay partition
fissues into physiologically distinct regions, or in an
embryonic tissugz into morphogenetically different domains,
I have defined selectivity in junctional communication
as the purposeful modulation of intercellular coupling that
prevents .the passage of a molecular size cla;s, or t@at -
permits the passage of «a previousiy restricted class.
Temporal selectivity results from the variation of coupling
level over time,‘and spatial selpct}vity from different .

levels of coupling within an area of cells. - In either case,

this could be achieved .though a change in channel number or
)

by the modulation of the permeability of a*given population

6f channels.
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Variation in gap junction number would not permit or

prevent the passage of particular molecules, unless there is

change between the ext{emes of presence and absence of
junctions;‘but it will affect the quantity or rate of
passage.

In general, gap junctions can be found between cells of
distinct origins that are contiguous gﬁ vivo, as in germ and
gomatic cells in mammals (Gilula et al., 1978) and insects
(Séollosi and Marcéillou, 1980), or that have been mani-

~pulated into contact as in the case of most vertebrate cell
types'(Huqter and Pitts, 1981; and reviewed in Larsen,
1981). Howevef, heterocellular couplihg does not occur
between fibroblasts and epithelial cells (Fentiman et al.,

1976).

In insects, Caveney and Berdan (1982) found examples

" of spatial selecti!ity, where divérsification of cells in
the epidermis. was accompanied by loss of coupling with ,the
general epidermis. Ffor example, columnar-cells in the
transport%ng epithelium of the cockroach rectum are coupled

_amongst themselves, but not to the population of sheath |
cells that separate them from the géneral eéidermis; the
sheath cells.are themselves coupled bu} not to either, one of*
the adjacent cell groups. In such‘b;ses, the selectivity
could stem from conflicting patterns of activity, where the

biochemical mafe—up of a cell's cytoplasm is so characteris-

tically different that coupling with a neighbouring cell of

--w_~4«;9iff§EEQE_EXEe would impede its function,
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Selectivity in coupling in cells with a constant gumber
. of junctions requires Aodulation of the coupling level.
Full untoupling is an example of th}s: when uncoupleg after
damage a cell does not act as a drain on the channel-:
permeant substance; of the coupled'tissue. Such extreme
examples illustrate the principlé, but the same reQulatory

mechanisms can produce intermediate coupling levels in

intact tissues.

3 1.2 Literature Review

v Regulation of jdinctional coupling can occur iA two
ways, by change in the anber of gap junctions, or by
modulation of the permeability of an existing ﬁopulation of
channels™ Theselmay pccur together, but the intact tissues
in which Qltrastructural analy51s can show altered gap !

junction Lmber are frequently not amenable to quantitative
7

physiological investigation as well.

1.2.1 Modulation ongap junction number

Wgen change 'in the number of gap junctions is de£ected
by electron microscopy, the coupiing 1e¢el is assumed to
have changed as well. The action of Q%rmones in a number of
tissues has been assocliated with a change in gap junction
number. Gap junctions increased in thyroid-stimulated frog

ependyma (Decker, 1976) and in frog ooctye/follicle cell

a junctions exposed to chorionic gonadotropin (CG) (Browne and

I PR, U

»
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Wiley, 1979). Follicle stimulating hormone (FSH) caused

loss of coupling at mammalian oocyte/cumulus cell junctions

(Moor et al., 1980), while both CG, in fnterstitial cellsjdf
4,

the rat“vary (Burghardt and Anderson, 1979) and oestrogen,

in granulosa (Merk et al., 1972) increased ‘gap junction

number. Oestrogen stimulated both an increase in gap junc-

v

tion numb€f in myomet;ium (Garfield et al.,. 1980) and an
- - N -

Sincreased rate of intercellular diffusion, (Cole et alg,
1983). *\\\\\\\

»

Other extracellular agents can increase gap junction
number, as in the case of glucose stimulation of insulin
production from p&ncrea&ic B-cells (Meda et al., 1979) and K
channel blockers applied to smooth mubcle (Kannan and
Daniel, 1978). ' -

In some cases, gap junqtions develop as an apparent
need for them arises, or disappear when no longer required.
In the insect ovary, gap junctions couple follicle cells and

“the oocyte (and by indirectly linking :successive oocytes,
;may regulate their development) but disappear when vitello-
genesis is complete (reviewed in Caveney and Berdan, 4982).
De novo formation of junctions occurs when haemocytes, a
dispersed circulating population-of cells in the insect
haemocoel, come together to ;ncapsulate foreign material
(Baerwald,‘1975). )
Jhe second messenger cAMP, itself able to pass between
cells (Lawrence et al., 1978), seems able to induce
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"increased protein synthesis that leads to increa;ed gap.
Junction numbér aﬁd raised intercellular permeabildty

(Flagg-Newton et al., 1981), Supportzgg this, cAMP‘cause? P
junction—deficieﬁt cell line to become communication compe-.
tent (Azarnia et al., 1981). Radu et al. (1981) showed that

~

catecholamine and prostaglandin, which act via cAMP,

<

. increased gap junction number and ih&gpgpllular permeability
in two cell lines and that the effect on coupling cguld be

mimicked by exogenous cAMR. Im insect cells, however, the

> ! N

action of cAMP is unclear (Caveney, 1978, 1978; Hax et al., -
1974) .,

I; tissues where gap junction numbér is modulated,
increase probably occurs by the insertion into the membrane
of single particles which then aggregate, since plaqués
deQelop with reduction in the number of .dispersed pa{}icles
"rather than by insertion of complete structures (Lane and
Swales{ 1980; Yancey et.al., 1979; Yee and Revel, 1978).
When gap junction number decreases, parﬁiclés either
disperse into surrobounding membr;ne (Lane and Swales, 1280;
Yancey et al., 1979), or intaét junctional‘membrane is'taken
intp the cytoblasm of one cell as an 'aﬁnular gap junckion'
(Larsen, 1?83).

~

1.2.2 Structure of the gap junction

Electron and X-ray diffraction analysis of isolated gap

Junctions have provided the best picture so far of the

t t
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structure of the channel. Th;::\brqparations are cfystal-

line, hexagonal arrays of cohnexons (the gap junctional

unit, or particlé) in two opposing sheets of membrane, with
abutting connexons linked_;o each other! Unwin and Zampighi
(1980) used electron difffaction analysis to show that there
are 6 subunits to a connexon. Subsequently, Unwin and Ennis

(1983; 1984) used the higher resolution of X-ray analysis to

—

form a 3-dimensional map of the channel, and to ‘show that

-

Ca** caused change in its structure.

The channel forming protein has an average diameter of

64A in the plane of the membrane and 1igs 70A perpendicularﬁﬁo

it. Slightly tapered, the bulkier portion is within the.

membrane, with more protrusion (15-203) outside the membrané
than within the cytoplasm (<1OR). Six subunits are tilted,'
-about a radi;l axis at the extracellular end, to enclose thé
central channel. Calclum causes these to decrease coopera-/
tively the angle of the tilt and, by moving towards each
other at the cf??plasmic face, decrease the channel diameter
by 18&. This physical evidence of Qating cannot alone

explain uncoupling, since a portion of the channel bore
remains open. However, X-ray analysis by Makowski et al.

/ .
(1983; 1984) showed c<a distinct funnel shape to the entrance

of the channel, decreagﬁng rapidly from an initial SOA dia-

~,

meter to 20A at a level approkimately 15A below the membrane

surface. This suggests that the transition which narrows

* >

the cytoplasmic channel bore may be causing complete closure

at_a point deeper Jﬁside.
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1.2.3 Control of junctiﬁﬁ;l co&ﬁling

The experimental work to be presented uses an insect
system, and so this review emphasizes the physiology of
juﬁctfonal.coupling in Insects. Whilé arthropod and verte-
brate gap junctibns have characteristicglly diffefent ultra-
structural appeafances, vertebrate junétional coupling is
also examined because some aspects are more fully studied

L 2

there, and may have a common application. i

1.2.3a Regulation of Coupling iN Arthropod Cells

g ’ . (1) Modulation by Intracellular Ions

Loewenstein (1966) proposed that the permeability of
jﬁnctional channels was regulated by the cytoplasmic concen-
tration of Ca**. After Rose and Loewenstein (1976) Aemon~
strated that elevation of free Ca only in the peri-
junctional cytoplasm could_éause decreased junctional
conductance, the Ca igﬁ.yaﬁ"énnggdered the agent pwgimarily
responsible for control of junctional coupling in arthropod
cells, This view has been re-evaluated following the
demonstration in vertebrate cells of the far more potent '
action of H*(Spray et al., 1981). Since an interrelation-
ship between the Ca and H levels in the cell does exist -
increased Caj causes a fall in pHj in ;ardiaq\musclq
(Vaughan-Jones et ak;, 1983},%;d in snail neuron (Meéch and

Thomas, 1977) - independené% of action must also be tested.

In the intact salivary _gland, Rose and Rick (1978)




showed that intracellular iniection of Ca, buffered to
intracellular pH levels, caused uncoupling when [Cé] was >10
pM, but without change in pHj. Conversely, injection of a
low [Cal, but acidic solution lowered pHi to‘6.ﬂ from 7.5
without uncoupling. Therefore, increased Ca alone can cause
uncoupling. ‘Indeed, pHi{ may increase during uncoupling: by
withdrawal of exposure to propionate-containing medium, bHi
was increased from 7.5 to 8.7. However, the electrical
coupling was not related to the pHj change, but to a rise in
[Calj that ensued (Rose and Rick, 1978).

Rose and Rick (1978) employed three different methods
to decrease pHj directly, but these either did not cause
uncoupling, or resulted in uncoupling via elevated [Calj.
They concluded that cytoplasmic acid&ficdtion does not

directly decrease junctional conductance. However, Obaid et

al. (1983) stated that H independently uncoupled cell pairs

from Chironomus salivary gland when weak acids in the medium
caused pHj éo drop from 7.4 to 6.5, bu; the necessary
description of Cajy is lacking. Also, in the same experiment
Rose and Rick (19i§) had found only a small decrease in pH{
that corresponded poorly with uncoupling.

‘The Chironomus salivary gland shows that Ca can act
independently of H in modulating coupling, and that a
decrease in pHy is insufficlient to cause uncoupling. When

cytoplasmic acidification leads to uncoupling, it is

probable that increased [Calj is derived from intracellular
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sources, since intracellular injection of H could ‘cause this
effect in Ca-free medium (Rose and Rick, 1978). Mitochondria
may be responsible for this, since they exchange H for Ca

(Chance, 1965) and isolated rat liver mitochondria release

Ca when the surrounding medium is acidified (Akerman, 1978).

s -

It remains to be“shown that change in pHj can alone
change junctional conductance. In modulation of conductance
by ions, the available evidence suggests that Ca serves as

the prime regulator of channel patency.

(ii) Membrane Potential Control ‘of. Conductance

‘In 1971, Socolar and Politoff reported that depolari-
zing current uncoupled cell junctions in the salivary gl;;E
of Chironomus. This was elaborated by Obaid et al. (1983),
whoédetermined that‘junctibnal conductance depends upon the
membrane potential (E) - the 'inside/oyi' potential - of the
cell. For isopotential cell pairs, more negat%ve'E.increa—
sed the Jjunctional conductance, while more positive E
reduced it and could fully uncouple the cells. In cell
pairs that were voltage clamped to different potentials, the
less negative E set an upper limit to conductance,‘sd that

the difference (the transjunctional voltage, found importanf

q\)
in vertebrate junctional regulation) did not determine the

conductance. Sufficiently positive E in the one cell could

always cause uncoupling.

The membrane potential control of coupling is an
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entirely separate control ﬂroﬁ'%hat exerted by Ca (or~
poss%bly H). Potential changes that caused transmembrane
ion;fluxes,‘or affected ion uptake or release from the cyto-
sol, could have controlled pCa, but these, along with ng;
were ruled out (Obaid et al., 1983).

The converse situation, that.Ca and H may be acfing via
the membrape potential mechanism,%must be considered,
because increase of intracellular levels is accompanied by
cell depolarization (Rose and hick, 1978).' 6baig et al,
(1983) showed ion control of conddctance to occur indepen-
déntly of voltage control, by elevation of these ions in
voltage-clamped preparations: wuncoupling still resulted.

The effect of one can even act counter to the other:
during elevation of [Ca]i, depressed junctional conducéance :
can be restored By changing E to‘more negative vaiue§f
however, when junctional conductance has been abolished by
raised [Calj, no reséoration of conductance is seen with

.

even extremely negative E (Obaid et al., 1983).
The two independent factors of Ca and E may act on thé
same structure, a "gate" integral to the channel. This gate
has its permeability determined by the sum of the actions
upon it of Ca and E, either to open or close. Control of
Junctional conductance by E was best described by a
function involving two separate, E-dependent relationships,

and interpreted to mean that there are two gatés in serles

per channel (Obaid et al., 1983). A cell of a coupled

’

\ - e
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_tissue could then take independent action by closing the onhe
gate in each hemichannel that it contributed to the
AN N K]

P

junctional membrane.

N

1.2.3b Regulation of coupling in vertebrates
t

Q
(i) Modulation By Intracellular Ions -

Ca and H are present in the cytoplagm in réughly equal
concentrations of 0.1 pM (Rink et al., 1980). Their roles
in coupling regulation“have beeﬁ established through the use
of\ . the lafge blastomeres of fish and amphibian embryos. Ca
decreased junctional conductance independently of pH in
coupied blastomere\pairs of the teleost Fundulus (Spray et
al., 1982). H uncouples embryonic cells of Fundullis and the
amphibian Ambystoma {Spray et él., 1981) and in Bundulus, H

.acts 1ndeeéndently qf’Ca or oth&rA;ytoplasmic intermediétesl

. (Spray et al., 1982). 3

o

4

However, cbmparison of the relapivé concentration
.changes necessary to decrea;e‘junétibnal conductance sho@ed
that H‘becameceffective at a concentration 3 - 4 orders of
magnitude less than that for Ca (Spray et al., 1982) 1mﬁly-’
ing that junctional conductancé was sensitive to changes in
pHi that were near the nprmal resting level, while‘pCa is
norm;lly far below the lévels required to affect junctional
conductance. Spr;y et al. (1981; 1982) showed that the .

action of pH on junctional c«conductance conformed to a Hill

© Q2

plot, with a Hill coefficient of & - 5, which implies that H

s
-y
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interacts with & to 5 cooperative, titratable binding sites

in or near the hemichannel, and presumably to neutralize

negatively charged groups there. TQ; less effective Ca ion

has a Hill coefficienﬁ:of 2 to 3, or half that for H. Thése

.agents may use a common bfhding site, one which has a much

greater affinity for H lons.

Lt
E)

,This suggests that junctional "conductance in verte-
R ' brates is normally regulated By H, and that Ca acts only in
| the pathological circuﬁgtances of cell disruption or death.
Howeve?, the ;apid sequestéring of iﬁns withiq the cell
A causes difficulty in predicting their levels, and in the ’
intact cell system, pH might.be more strongly buffered tQP“
pCa. is, or localized ion level éhanges in peri-
4 ' junctional cytoplasm, could allow significant Ca elevation.
Eif Coupling regulation in differentiated cell types could

\

- . become quite different from that in blastomeres. Speciali- .

zation of excitable cardiac cells has involved loss qf
sensitivity to pHji cﬁanges (Reber. and Weingart, 1982‘, but
retention of Ca sens{tivity (de Mello% 1975). Therefore,
"the extent of application of evidence from embryonig cells

s e is not yet clear. -7 -

k. (ii) Transjunctional Voltage Control

The junctional conductance decreases in proportion to

L4

‘the transjunctional voltage, a potential applied across the

4
junctional membrane, in blastomeres of the amphibians
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Ambystoma, Xenopus and Rana (Spray et al., 1979; Harris et

all, 1981) and of the telegst Fundulus (White et al., 1982;
Spray et al., 1984). Transjunctional voltage does not cause
complete uneoupligg, no matter how large the potential, end
the residual cqnductance:iS‘fairly substantial, being 20% of
“the maximum in Fundulus (Sﬁray et al., 1984) and 4% ih
Ambystoma ‘(Harris et al.; 1983).

Coupllng between rat heart myocytes was unaffected by
trans;unctional voltage (White et al., 1983), and again
éﬁggest; that the properties of jgnctional coupling may
change with differentiation to speciatized cellular

function.
"The response of a single channel to transjunctional
voltage appears to have all-or-none characteristics, because

the first order changes in conductance that were caused by .

voftaée are best explained in terms-of transition between
open and closed states (Spray et al., 1984) While there
mﬂy—be a voltage insensitive channel type, it is also
possible that there is rapid transition begween fully open

- <

and nearly fully closed states.

o

1.2.4 Models of channel closure

ﬁhysiological regulation of coupling occurs by change
‘in the intracellular ion level and electrical potential'in
bothrvertebrates and ihvertebrates. Tﬁis likely involxes

intermediate coupling levels as well as complete or patho-
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i .3 logical uncoupling - at least such intermediate levels can

be demonstrated in vitro. What i; the nature of perme-‘

“\ ability in such intermediate states?
Channel gating, the control of patency by physical

change in the channel structure, may be different between

- vertebrates and invertebrates. Th? channel itself ;eems to
be different, since Schwarzmann et al. §1981)'sh6wed the
insect chahnel to have a maximum channel diameter between 20
3 and BOR, larger than the vertebrate channel at less than
,16&. A further structural difference is shown in regulation
of conductance, since ion level and-potential act separately
on two independent gates in the vertebrate channel, while
acting together on a single invertebrate {insect) gate.

There are two simple models of channel qlosure that
describe changes in channel structure when junctional
conductance is depressed. (I) During uncoupling, individual’
open channels pass through a number of increasingly restric-

\ " tive states (with narfower bores) before closing .
; ) completely. In its simplest form of graded channel closure
. . (GCC), this model assumes that all channels are the same,
and that response to an uncoupling stimulus is uniform among
all channels. '(II) In all-or-none (AON) closure, the . . ¢
» -individual channels of a population can be either %ully open
or closed; and the equilibrium shifts towards the closed
state during uncoupling. Either a non-uniform channel

H . . “ L4

responge, with some closing before others, or careful

e TR
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control of the closing stimulus near the junctional membrané
is necessary in order to produce intermediate coupling
levels, |

Rose-eé al. (1977) coneluded that graded channel
closure occurred in cells of the midge salivary gland, since
th; passage of larger tracer molecules between cells was the
first impedgd during uncoupling - it would be expected that
all sizes w:uld suffer équal, increasiﬁg impedance if
closure had occurred by the all-or-none model. Despite-é
considerable literature, on intercellular communication, no
other repo;ts can discriminate between chanrel closure
models. However, workers on thelvertébrate Junction éend
arbitrarily to select AON closure (for e}ample, Spray ;t
al., 1984; Kimmel et al., 1984).

- This is an important problem in cell and developmental
biogogy, for we perceive a different effect from the subtle
regulation of coupling level depeﬁdéng on the model of
channel closure selected. AON closure simply reduces the
quantity of’gll substances passing between dells,“while GCC

N
changes the quality or nature of the intercellular
"traffic', as the decreasing channel bore discriminatés by

size among the molecules originallyrable to pass between the

cells.

.1.2.5 The experimental system

" In general, the methods that detect modulation of




coupling are limited in application to cells that form 2- °

dimensional structures, such as a pair or chain of cells,
The inseét épide%ﬁis is one tissue that forms a 3-
gimensional~$tructure but is suitable for quantitative
measurements of cell coupling, The basically tubular exo-
skeleton or cuticle-is the product of a monolayer of epider-
mal cells. Dissection of a piece of integument (the cells
plus the corresponding cuticlez provides an'effectively 2-
dimensional field of cells supported by translucent
cuticle. This simple structural arrangement, with ‘the
position of each epidermal cell indicated by the nature of
the cuticle above it, has allowed the demonstration of some
fupdamental properties of developmental biology.
Prominently, it has ghowq that a ceil in the segment knows
its location reiZEive to thg margins by sensing a gradient
of positional information, }epeating in each segment along
the body and discontinuous at the segment borders.

.in tﬁe continuous sheet of epidermis, the segment
borders are cryptic barriers to several cell interactioqs.
They mark-the extent of serial semi-autonomous units of
epiderm;s, that develop according to their position in the
animal, but can cooperate in cuticle manufacture and in the
developmental events of the molt, which affect the entire
organism. Cells at these borders may have altered channel
nhmber or permeability producing spatial‘selectivity, since

adjacent segments -are electrically coupled (Caveney, 1974;
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Warner and Lawrence, 1973) but may not share larger mole-

cules (Warner and Lawrence, 1982).

¢

‘1.3 Thesis Objectives -

The two principal techniques for investigation of
intercellular coupling are intracellular current injection

and the microinjection of fluorescent tracers. These allow

the quantification of electrical coupling, which can then be.

examined for change, while the second technique allows a
qualitative test for the passage of small molecules between
cells. These téchniques were applied to the insect epider-
mis to find answers to the following questions, the first
con;erning temporal selectivity, and the second‘%patiai

selectivity, namely:

1. Can the pquéability of gap junctions be regulated to
give rise to temporal selectivity? That is, does the
mechanism of channel closure result in intermediate levels

]
of permeability that are seen as discrimination against some

of the molecules that wererearlier able to pass?

2. Can regional patterns in junctional communication be
deteéted that correlate with known developmental events?
Specifically, is there selectivity in intercellular cémmuni-
cation in the epidermis at the boundary g:tween dedelop-

mental compartments?

—t
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If so, can a simple reduction in the number of communi-

cating channels account for this, or does the regulation of

junctional codpling cause discrimination among the molecules

able to pass between compartments?




, b
CHAPTER -2

TEMPORAL SELECTIVIIY IN JUNCTIONAL COMMUNICATION

. .
2.1 Introduction .

Temporal selectivity requires that vari;tion in thev
permeahility of intercellular channels alters the natu%e o?
the molecules that pass among cells. <A change in qoupling

“due’to a shift ip the proportion of open to closed channels
will not block any particular molecule from pagsage, but.

a graded change in the individual channel bore will affect

+ts selectivity.

-

One way to distinguish between graded and AON'channel
closure is to correlate junctiaﬁal permeability to inérgaﬁiq
and to organic ions at different levels of coupling. In the

epidermis of the larval beetle Tenebrio molitor, electrical

" coupling can be quén%gfied and correlated with the ability

of small fluorescent dyes to pass>between cells as
junctional coupling is reduced. If coupling regulation
occurred by AON closure, then the intercellular passage of
the dyes, would decrease in proportion to the dechase of
electrical coupling. However,sT? channel clo;ure is by GCC,
tracer molecules would be blocked from passage during

uncoupling in order of decreasing size, i.e., occlusion of

020
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each tracer Yould be expected to occur at a different level
of the decreasinyg electrical coupling. This chapter shows
! = . that in insect epidermis, intercellular channels appear to
close in graded fashion, which suggests that intermediate
couplipg levels are truly selective.

2.2 Materials and Methods

2.2.1 Beetle Culture

Larvae of the yellow mealworm Tenebrio molitor (L.)

were reared on a whole wheat flour-bran-yeast mixture
maintained at 279C in a‘12 hr light/dark cycle. ~ Last instar
larvae wefe collected immediately after ecdysiiﬁ?height >
0.1 g). These were uséd within & Bours of cgllection as
néwly molted animals, or were kepp”a further 5 or 6 days in
50 mm Petri dishes under the same conditions. These were
used as intermolt: larvaé, being roughly in the middle of the

stadium and yet to start the sequence of events leading to

pupation.

2.2.2 Dissection and Tissue Culture

Tenebrio larvae, either newly molted (0-4 hr) or inter-
molt, were anaesthetized prior to dissection by immersion in
70% methanol for 3 mwinutes. This treatment is reversible

and. does not affect subsequent development. The abdominal

sternites (ventral integument) from segments II through VII .
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were dissected free of the animal into tissue culture .
medium (see below). The fat body -and adhering muscies were
removed and the sternites, now cpngisting of & single layer

of épidermal'éells attached to cuticle, were transferredgto
“fresh medium.’ :

The culture me&ium used was a standard vertebrate
culture medium modified to approximate the ionic and osmotic
‘conditions of beetle blood. it consisted of HB597
(Connaught, Toronto) with 10% foetal calf serum (Gibco), and
added KC1 (30mM), MgClp (20mM), and sucrose or -trehalose
(50mM). The medium was buffered with 20 mM PIPES (Sigma),
adjusted to pH 6.8 with 1N NaOH.

‘One of -‘the dissected preparations was selected for

immedidte use and transferred into a 35 mm Petri dish with -

inset glass cover slip, containing 2 ml of eiéher medium or
experimental saline. The other preparations.were placed in
Petri dishes and kept in an incubator (Hotpack) at 27 ©°C in
air with 2% COp.

The saline solutions were taken from Popowich (1975),
and their compositions are shown in TaLle 1. The control
saline was a simple solution of salts, organic acld; and
sugar, while fhe experimental saline had Li substituted for
Na, but was otherwise the same. Both were buffered with 10
mM PIPES, adjusted to pH 6.8 with 1N NaOH and KOH respec- f

tively, and had foetal calf serum added to 10%.
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TABLE I: Composition of control and experimental
salines (after Popowich, 1975).

Li Saline Control
Saline
- (mM) (mM)

D

NaCl -- 80
KC1l ) 40 40
LiCl ’ 80 --
CaCl, 1 1
MgClj) . 1 -1
Malic acid 2.7 2.7
Glutamic acid 2.7 2.7
Sucrose 98 98
PIPES 10 10
Phenol Red e trace trace

to pH 7.0, KOH NaOH
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2.2.3 élthrophysiology

Tiééué Preparationsjwere placed into 35 mm beéxi dL§hes.
contaiq}ng.mediuﬁ and held flat against the inset glass
coverslip'by'bent %ragments of razor blade touchiné the edgé
of the preparation. They were observed with'; leiss IM35
inverted microscope with 40x phase contrast objective. lebm
temperature was mdintained at 25-27 OC,

Glass miéroelectrodes were made from microcapflla;y

thbing (Quikfil, W-P Instruments No. 1B100F) with a vertical

microelectrode puller (Narashige, Japan). After .backfilling
with 3M Kél, the elect}odes had éip resistances of 20-40 MQ °
in medium., They were méunted’on DeFonbrune pnéumatic micro-
manipulators (Beaudouin, P;ris) ana connected b& chlorided

silver wires tq elgctromeférs with input }mpedanée‘of 16119

(W-P Instruments, Model M-707). The preparation was groun-

ded through a KCl/agar electrode immersed in the bathing

medium. Two independent microelectrodes were used, one to

pass current into a cell, énd the other to record electno-'
tonic potentialé (the change in membrane poFential due Gdh
injectéd current passing across. a p;ssive cell membranf)#ég
various interelectrode distances in éhe cell sheét.
Electrotonic poténtials wele géﬁepate& by paésind
hyperpolarizing pulses of current (6 x 10-8 amp; 200 mséc)
down either electrode frgp-a stimulus isolating uni%EQW-th

instruments #305-R). Electrotonic potentials, as well as

the electrode resistances and membrane potentials, were

recorded on a Brush 2200 two channel recorder.
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The theory describing electrotonic spread iﬁ cell mono-
layers has been develgoped by several authors, principglly
. Al
Eisenberg and Johnson (19709 and subsequently Shiba (1971)

and'Siegenbeek van Heukelom (1972). The model used here

consists of an infinite planar sheet of cytoplasm bounded on

both sides:by hembrane, and the electrotonic spread of
current is predicted by a relatioqship based on a Bessel
function:

VL) = Io. Ry . Ko (£/Q) (1)

2mt SR .

where V ({) is the electrotonic potential (volts) recorded

at distance £ (cm) from the point of current injection into

the sheet; I, the injectéd currént_(amp) atd = 0; Ry is thé"
_resistivity of the core material (o qm) and.t the sheet

thickness (cm). K, 1s-a‘ze;o—o;der Bessel function of the

sécoﬁd kind with imag®&nary argument (Jahnke and Emde,

1960) . .Eqﬁation (1) holds true provided that £>t, a

cohdition.sétisfied %ere: The space constant in the model

is defined as: . -

where Rm.is the specific resistance of the membrane bounding

thevcytoplasm ( Qcm2y, For quantification of experimental

’

‘data, equation (1).was rewritten as .

V) = A2 . Ke(x)

2
7'r
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where A = I, rj/4 and\}s constant for eaéh e;périmental
determination, x = QL} and riy = Rj/t. Values for A (and
hence rj) were obtained by fitting a theqretical curve to
each set of experimeﬁtal data. In th;s analysis, interelec-
t;ode distances are much less than the space constant and so
x in the tabulated function 2/m .Ko(x) ranged between 0.02
and 0.3.. rj(R) is the effective resistance to current
%ithin the cytoplasm of the model and so is -inversely
proportional to the ability of current to paSiJamong cells.
The spatial decay of potential described by the Bessel
function has‘thfee identifiaﬁle phases: initially, more
rapid thah exponential over short distances (Leés than a
cell diameter, where current spread is acfually~3—
dimensional), approximately exponential‘for 'Qntermediate'
distances}and slower than exponential f;r larqe distancgs.-
The interelectrode distances used in experiﬁéhtal measure;
ments r;nged between Qb‘and 440 um, and fit tHé:expdnenpial .
phése of voltage &eéay. Therefore, in a semi-lbgarithmic

plot of voltage against log10 distance, a sifaight line can

‘be placed through experimental values of electrotonic

potential. Here, ry is directly proportional to the slope

of the spatial decay and waJ,obtained in practise by the

o

following method: from the line fitted by eye through the

~data points, the value of (V(10 pm) - V (10ﬁpm)] was

determined and divided by 2.04 x 1079 (amp). This scaling

[N

\‘r/""
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f.actor is simply an adjustment for the input current to give'

-

the rj that the more rigorous’treatment'above has deter-

BT A} -

mined. ~Once found, this number can be used repeatedly and

on data sets from other preparations.

Each@measurement of the electrotonic voltage at a given
dnterelectrode distance requireﬂ that both the polarizing

and recording electrodes obtdin and hold the full membrane

- <

potential Current. pulsing, which aids the penetration of

the electrode through the gell membrame,/was continued until

{)
the electrotonic potentials ggew on the chart recorder had

/
reachéd a stable maximum before re-positioning the electrode
. AR . ' ¢

o

at a différent distance. These potentials were measured by
examining the chart recording at 7x magnification with a.
Wild stefeoscope. Routinely, Hetween/63and 10 data points
were_used for each determination 6f rj. However, when rj
was/cﬁangfnd fapidly, fewer points were used to determine
"each line - usualdy 5 or 6, but not less than &4.

The space constant (A) was also determined empirically,
rusing.the slope and position of the.,line of electrotonic
:deca;. The rdt%o'of the slope‘to the eleetmotonic potential
at a fixed interelect;ode distance, [(V(10 um) - V(100 uml/
V(1OO pm), was related to the true using a standard curve.

This was previously determined by Popowich (1975) from

-

A 2y
trial-and-error fit‘of'data points to the actual value of A.

'
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.2.2.4 Fluorescence Microscopy

] -%wo@fluorescent dyes were selgcted-for uge as intra-
cellular tracers due to gxpremely low membrane perme-"
ability: These were.é6-carboxy fluorescein zMWn376; Eastman
Kodak) and lissamine Rhod?mine B (MW 559; Polysciencess
(Appendix I). Th%'mqlecular dimen;ions‘were measured from
CPK space-filling models, and for carboxyfluorescéinCQCF)
were 12 x 12 x 8 A-and foiflissaﬁine Rhodaminé B (LRB)Z{18'x
14 x 11 A. _Thesenmoleculés*canfpass through d;channel of
dianfeter equal to, or gre&ter‘thapg their second largest
dimepsion. This channel limiting dimension is underlined in

each case.

Fluorescence was ohserved on a Zeiss IM35 inverted ‘

LN .

microgcope with epifluorescence optics. CF and LRB Wefe
excited by light from a mercur;'vapor lamp (HBO 50W) using
the following Zeiss interference-filterise%s: excitation
filters, BP485 (CF) and BP546 (LRB); barrier filters BP520
(CF) and” LP580 (LRB); with dichroic mirrors: FT510 (CF), and-
FT580 (LRB).‘ The colours of fluorescing CF and"LﬁB are
quite different, with CF appéarfng yellow-green and LRB,
orangb-req. There ié little overlap 1n.;heif excitatioﬁ and
emission spectra, and so by simﬁly exchanging the filtef
sets, mounted on-a sliding fitting, each traéég could be-
viewed selectively when both were present In the tissuel
Tracers were dissolved {n E&stillea water and brought .

‘to pH 7.0 with 1N NaOH. CF was used at 10 and 20 mM, and .

2
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LRB at 20 mM. The solutions were filtered before use (0.22
o . pm, Millipore) to minimize electrode clogglng.' For simul-
: tanéouF injection of dyes, .CF and LRB were combined in a
ratio of 1:4, usually 10 mM CF and 40 mM LRB, tﬁat gave
roughly equal 1qﬁensit1es when injecteq 1nto.control esider—
) ‘ . mai preparations. (While derived empirically, this ratio
also reflécts the different quantum efficencieg of fluores~

cence of the two molecules; Nairn, 1976). Filled electrodes

3

were stored for less than 2 days, in contact with dye solu-

£

tion in small pl;sticgpicroscope slide hoxes (E,F. Fullam).

Stock dye solutions weFe stored in a refrigérator in foil-

4

+ - wrapped containers.

' . For dye injection, glass microelectrodes were made to

o O specifications that minimized the électriqgl resistaﬁce when
filled with KC1 (5-10 MQ), thle preserving much’of the
sharpness of the sub-micron tip. This greatly reduced elec-

/F\\ ‘ trode blockings during iontophoresis, otherwise common with

' ‘LRB solutions, After backfilling with dye solution by'capi- ‘.
'*ilary actién, dye electrodes had‘resistance of 100-200 MQ.
s ' For fontophoresis invo cells; dye was expelled from_the
-electrodes by hyperpolarizing (negative) current pulses at._

-

5 x.1077 amp for 200 msec. Occasionally, a single pulselof

higher current (6°x 10-8 amp) was useful .in obtaining the
¢ fuil membrane pptentidl as the electrode was inserted 1nt5 a
ceil. This gives more rapid dye delivery, but increases the -~

-

chance of electrode clogging.
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. : 2.3 'Results .

L -
i

The sternite of the larval mealworm is }ypical of
artﬁropod integument, and has cellular and acellular compon-
en%s. A monblayer‘bf epidermal cells is. attached apically/y
to the translucent cut{cle which it secretes, and basally,

o "to a poorly developed basai lamina. There are secretory.
cells and nerv;s, but epithelial cells are by far the most
numerous: in the last larval instar, nearly 50,000 cells in
the sternite, Each Jb pm in diameter, are packed in a
hexagonal %ff;; to form a rectangle roughly 230 cells long
by 200 wide. Among the 20,000 cells of the sternite
preparation (Fig. 1), electrical coupling 1s extensive and
Jisbtropic (Caveney, 1974).

. T?e detgction of electrical coupling in ihe epidermis

and its quantification has been described in detall

previously (Caveney, 1974; Caveney and Blennerhassett, Q%

» ¢

1980). An electrode 1nséfted into an epiderma{_cell records
a negative potential, uniform (+/- a\mcﬁ among cells in thg
sheet. In a typical chart recording\(Fig. 2), current
pulsed into one cell causes an .electrode in another cel} to
« .. record a matching deflection of the membrane potential, the

n glectrdtgnic potential, }hat»becomes smaller as the distance
between the polarizing and thelrecording qlectréde is
increased.

The 1ntércellu1ar resistance (ry) of the epidermal

sheet in medium is fairly constant at 2.4 +/- 0.7 x 10%Q in




Figure 1

1
A preparation excisgddfrom the animal and viewed in
‘phase contrast shows a monolayer of thousands of
epidbrmal cells, supported on a translucent cuticle.
> A, Individual nuclei are seen as small white
spot;. At the posterior'of each segment, there is a
zone of thin pliable cuticle, seen to the lefl as a
bright area with little cell detail. Two large '
hristles (mechanoreceptors) aréxinthe midregionyof the
border between these zones, and hranching nerves extend
tolghese and other smaller bristles'in the epiderﬁis,
seen as the larger, irreqgularly spaced bright spots.
Clamps hold down the preparation at the edges (out of
view), but some curvature remains, throwing part of the
field out of focus and changing the appearance of the
cells to the right. Scale bar, 50 um,

B. At lﬁe higher magnification used for electro-
physiology, nucleil are well resolved, and in most
areas, phase-bright regions between tLhem sque;t the
presence of cell membranes. Ripples in the cuticle
cause uneven brightness of the gield, also seen in A.
Two glass microelectrodes (e) come down to the plane of

.

the cells, but the sub-micron tfps are not resolved.

Scale bar, 20 pm.
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Figure 2

A chart recording shows that current pulsed through a
microelectrode into a cell in a coupled cell sheet can
be detected many ceils distant by an electrode in
another cell. The voltage deflections increase as the
interelectrode distance is decreased, and the relation-
fhip between the electrotonic voltage and the distance
is a measure 8? intercellular coupling.

Current is pulsed into an electrode whose tip is
in the medium (lower left, negative-going deflec-
tions). There are no corresponding deflections in the
trace from the right electrode. (~1 mV of inter-
channel 'cross-talk' is seen regardless of electrode
positioﬁ). The left electrode was placed int; a cell,
recording fhe membrane pékential (41mV). Current was
then pulsed into the other electrode, and it was placed
into 5 cell 440 um®* from the recording electrode. 1In
that tracing, the deflection correspondinqﬁfo‘%he.
pulsing is the electrotonic potential. Tﬁe left basé-
line was manually adjusted (*). As the polarizing
electrode was placed in cells that Qere closer to the
recording electrode, the electfotéhic voltage
increased, b?éoming approximately\twice as large at 44
um. After 1.51

minutes, the left baseline was changed

(*) and the electrode removed from the cell.

-

Scale bars: vertical bar 10 sec; horizontal bar 16 mV.
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] prépgrations freshly dissected from newly molted.animals.
To change the level of coupling, the extracellular Na was.
replaced with Li in an experimental saline. Fig. 3 shows
this can raise the initial rj value 6% 2.3 x 105 to 12.5 «x

1090 at 30 minutes - the lower degree of coupling indicated .

i

by the more rapid spatial decay of voltage. The control

. saline, with Na present, had only slight effect upon ry:

! N

L
Hinitially 2.6 x 1059, it rose slightly by 17 minutes to 4,3

- X 1059, then returned to 2.6 x 10°Q at 100 minutes, and was

3.9 x 10%Q at 200 minutes.
i e . Li+*substitution was selected for its ability to cause

s

gradual,uﬁcoupling, over a period adequate for repeated
measurements of coupling parameters. é@is is discussed in

the next section.

2.3.1 Electrical Uncoupling of Newly Molted Epidermis

The sheet resistance of an epidermal preparation was
measured at successive time intervals after exposure to Li
; » }sallne. Electrica} coupling remained stable for approxima-
! -+ — +tely-15 minutes, but then passed througﬁ a number’of statks
of increasingly rapid~e160trotonic decay (Fig. 4): electr&-
tonic potentials aé gpecific distances became 1arger,'but
| ‘ their rate of decrease over distance was even more rapfd,
increasing the steepness of the slope and therefore rj.

Membrane potentials became unstable to sustained electrode

penetration, and after 51 minutes in Li saline, electrical
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Figure .3
A plot of the electrotqgic voltage against the

logarithm of the interelectrode distance shows a linear
relationship. The slope is ﬁroportional to the inter-
cellular resistance (rj), and the height of the line,
to the non:junptional membrane resistance (see
Methods). Measurements were made iﬁ newly molted
epidermis in medium (open circles), and in the same
preparation after exposure to Li saline (closed
circles). The spatial decay of voltage becomes more
rapid in Li saline, indicating tﬁat intercéllular coup -
ling has decreased. The rj of the epidermis in medium

was 2.3 x 1052 and in Li saline was 12.5 x 10°Q .
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Figure 4

Successive measurements show that a preparation exposed

to Li saline passes through a series of states of ‘ !
decreasing electrical coupling. There was an initial

period of little change, where the rj was 2.3 x 10° @ *
in medium and at 10 minutes <(O) and 13 minutes (not

shown) in Li saline. The rj had in8¥eased to

2.7 x 102 by 20 minutes (M), and ‘to 3.5 x 105 Q at

28 minutes (4 ), a relatively slfght change on this

graph. Subsequently, change was more obvious, with rjy

more than twice the control by 33 minutes at

5.9 x 105, Q(A), 8.6 x 105> Qat 41 minutes~(0O),

10.3 x 1050 at 45 minutes (®) and 12.5 x 1050 at 51

minutes (&Y. Electrical coupling was detected but

could not be quantified‘for a few minutes after this,

and then the cells became fully uncouple&%

%

5
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; coupling could not be accurately measured, though present.
g However, by 55°'minutés, electrotonic potentials could not be
%n ' detected qualitatively, at any interelectrode distance, and
i the preparatﬂQ:—Zii’;ully uncodpled. , : ’
During current~injection, considerable amount of Cl and -
_water enter the cell with each pulse. In a coupled cell
seen in phase contrast, this is seen as a local chaﬂge in
‘ the refractive index (a bright 'puff') that then quickly
: ) diéappears at the end of the pulse. However, wheﬁ current
was injected after the cell membrane potential had fallen,
and the cell had become uncoupled, this caused rapid swel- .
N ling, and even rupture. * In cells exposed to Li saline, this

effect was only seen upén cu}rent injection after electrical
coupling could not be detected - after 55 minutes in thiS
preparation - and ia~ap independent proof that the cells
were uncoupled.
The increase with time of rij during exposure to Li
saline (Fig. 5) @as smooth and continuous., Sheet resistance
doublediby:30 minutes and was morepthani4 times the initial
value by 45 minutes. In tHe preparation in this Figure and
all newly molted preparationg, rij always increased monotoni-
cally, never dropping to a level lower than the previous:*
. ., measurement. The time course of uncoupling was similar ’

among preparations taken from one animal, and also among

. {
those taken from different animals. i values were pooled

an

4

according to the time of measurement, and a line represen-
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Théggnteréellula; resistance of the epidermis in LY

- .

’

“saline Ihgr%a§es monotonically after an initial lag

w . o - ’ ( N
- period. Twélve consecutive measuremenys of rj (left
* <y // .

-

. - - ] . O,
axis; open .circles). from orfe preparation, of which 7.

. are shown in Figure &, followed electrical coupling
oA - ‘ ' : =)
LA . .

. during its decrease over at least.a 6 fold range: rj

N ‘ . . .
started at 2.3 x 10°Q in medium (at O time) and

increaﬁe@ to 12.5 x 1050 at 51 minutes in 'Li saline.
. . - ~ *» ¢

Since rj increased gradually and monotonically during

»

uncoupling, ionic coupling amgng cells is capable of
& 2 } -

continuous modulation over a wide range.

—

. ' Durinz/ﬁgis period, the membbanquotential (closed

v

circles wifh standard «deviation bars; right axis)
1 t .
changed independently of cell coupling. It dropped

—

quickly from 32.ﬁV to 17 mV as,iéfbegan to increase,

and wasvstable during the.beriéd of maximum change 1in

3

—ri. A decrease in membrane potential began after rj

-

o ’ -
had reached a maximum and could no longer be measured.
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ting.thé typical uncoupfing behavioar of ne@ly molted
epidermis in Li saline yas:plotted by eye through the
averaged valhes (Fig. 6). The characteristics seen in the
uncoupling curve Qf the single preparation of Eig. 5 are
further emphasized: after an initial period o; litgle
change, intercellular resistance increased smoothly over an
8-fold (2.4 to 19.8 x 103Q) range of averag; valués,vand
extreme individual values had a 16-fold range, from 1.7 to
27 x 105, ¥

Ciearly, the junékibnal membrane can vary widely in its
resistance to the passage of current-carrying ions.
Considered alone, these results do not explain how
individual channels changg, but allow the conclusion that
their pooléd conductance can be modulated continuously.

—

This can produce int¥rmediate conductance states between the

-

maximum (control) and .the minimum (closed) states.

2.3.2 Dye uncoupling of newly molted epidermis

5.3.2a Tracer movement. in control epidermis

The-intercellular movement'of both CF and LRB in
control tissue %és rapid, and easily percept%ble by eye.
-Fluorescénce was visible 5-6 orders of cells from the
injected cell within a minute. y

The appearance of the dye' 'spreads' (the,raﬁd% of

fluoresgence of intracellular d{e) was different for the two
. D p '

a
tracers: CF tended to localize in certain areas of the
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. Figyre 6

. °

Y
The rate of electrical uncoupling in Li saline was

t

uniform.among -preparations from different animals.

" Values of riy were :pooled from preparations in medium
-

ﬂC? and at 5 minutes intervals in Li saline. A sfan-

dard curve was made by fitting a line by eye through

" the average values (closed circles with standard devia-

tion bars).

Arrows indicate the times (with standard deviation
bars) at whicﬁwthg fluorescent dyes Lissamine Rhodamine
B (LRB) and'carboxyfluorescein (CF) become blocked from
intencellular passage. These results are presenped'in

Section 3.3.3.

¥
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cytoplasm as it passed through the cells, whereas LRB did
; not;‘and so had a m;re even appearance (Fig. ‘7). Steps of
decreasing LRB fluorescence intensity were visible, corres-
ponding to cell margins. This was not seen with CF except
under experimental conditions.
While the dye was injected into the source cell by
iontophoresis, #its cell-to-cell movement was not dependent
3f ’ upon errent pulses. Dye continued to spread after the
pulsing was stopped, or the electrode removed, and ultima-
tely the dye diffused away entirely. This ruled out any
significant electrophoretic effecg extending'beyond the
source cell. Further, when dyé’was injected into an uncoup-
led cell, and providing’pulsing was stopped before the cell
burst, no dye was éorced into adjacent- cells. Thus, a

nearly-uncoupled cell filled with dye could be re-examined .

for the gradual passage of dye to alijacent cells, without®

~ .

the contributing factors of initially voltage driven dye

passage, or subsequent spread through voltage damaged, leaky

., *
membranes. -

During the course of dye spread in contrgl epidermis,
- . ,
o the fluorescence of the.source cell quickly“réﬁched a

constant level as the rate of dye injected matched the rate

1
of loss to the ad}jacent cells. Commonly, the prolonged
delivery of dye would result in the source cell becoming

E

uncoupled, due to the disrubtive effect of iontophoresis.

In this case, the fluorescence of the surrounding cells




. Figure 7 . : | :"”%x
When CF and LRB are iontophoresed into the epidegmi§ at

the same; concentration (25 mM), CF appears to pass

among the cells mare quickly: at an equivalent time of

injection, CF has spread 4-5 cell orders away from. the

source in A, while LRB has spread only 2-3 cell orders

in C. Scale bar, 20 pm.

A. Viewed by epifluorescence, an electrode inqu;s CF

. 4 ’ -
, . into an epidermal cell. The exposure was 4 sec during h\_-ﬁ\\\

! . . .. the end of 28 s ©Ff injection (E, 30 mV). The spread of

3

CF has a mottled appearance, which seems to be due to
— .

its partial exclusion from certain areas of 'the cell,

[

but does not involve the nucleus. It is difficult to
detect steps in the intensity at cell margins, unlike
the spread of LRB in C.

B. A phase contrast view of the cell field in A. The

. o ——

- ‘ electrode was, removed before there was any change in
the membrane potential ‘and the source cell (+) has a
normal appearance under phase contrast (compare with
D) . &

C. The spread of LRB photgiyaphed at 28 s of injection

(4 s exposure) is not as extensive as that of CF at an

‘ equivalent time to A above. LRB has passed to 2-3 cell
Orders, identified by the stepd in intensity at their
margins. The fluorescence within the cells Is even,

with no mottling, although the cells are part of the




same preparation used in A.

D. A phase contrast view of C. The source cell (+)

lost its membrane potential of 32 mV during injection

a;d is typically swollen and phase-bright.
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wgﬁfd decrease rapidl&, implying that no further dye was
entering them. This always occurred when the membrane
potential was ‘lost. Sometimes,khowever, dye uncoupling
would preééaerany chanée in the membrane potentiaic

The passage of tracer from an injected cell to its
neighbours Buld only be determined if the fluorescence seen
is indeed an indicator of the presence of tracer. The
narrow depth of field of the 40x objéctive used causes'out-
of-focus areas of the in}jected cell to superimpose upon the
focussed image, and there may also be scattering of the
light emitted within the cell. Demonstrating the extent of
this non-specific fluorescence, the dye-filled but uncoupled
cel}s>in Fig. 8D, and 9 (G, H, K) show that the sharply
focussed edge of the cell was accompanied by 'flare' exten-
ding less tﬁan 1/2 a cell wi&th. In practiEe, the effect of
flare was minimized by focussing through the cell, and so
uncoupled Zells could be easily distinguished from

marginally coupled ones.

2.3.2b Tracer movement du}ing uncouplidé

Duringainitial exposure of the preparation to Li-
saline, the appearance of the tracer spredds was similar to
that seen in control preparations. With further time in L1
saline, thé extent of dye sp;ead from successive injections
became steadily reduced, and finally was restricted to the

injected cell. Ffig. 8 illustrates this sequence.

2
nr




Figure 8
Li saline causes a progressive reduction in the extent
of CF spread at equivalent periods of injection. For
10-15 minutes after epidermis was exposed to Li saline,
the appearance of the'spread of CF was similar ﬁ% that
in medium: at 8 minutes (A), CF passed into 3-4 cell
orders in 25 s of injection. Dye spread more slowly at
2? minutes (B), w;;h pronounced steps in the intens®wy
of fluoresence at the margins of the 2-3 cell orders
entered by 22 s of infjfection. By 28 minuts (C), CF
passed only to adjacent cells by 23 s. &;38 minutes,
the cells were d;e uncoupled: no spread was seen at 10
s of injection (D), and there was no spread to adjécent
cells, or reduction of intensity of the source during
intermittent.observation for the next 3 minutes. Small
cell extensions filled with dye stand out against the
background. Ftlare blurs part of the image of the cell,
but its limited extent causes no difficulty in distin-
quishing the uncoupled cell from the first order spread
in C. 1n the phase contrast riew (L), an arrow
indicates the injected cell.

For A-D, the negatives were exposed for 8 s, and

Id

printed identically. Scale bar, 20 um.
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Withsexposure of the epiaermiS*to Li saiine, the smooth
appearénce of spreading CF fluorescence changed, and inten-
sity steps develop?d at successivé cell margins., Both CF
and LRB tended to build to’'increasingly high levels of
fluorescence in the source cell, and in each cell order,
before passing to the mofe distant célis; This iﬁtensi£y

b . . ,
profile became ever steeper, decreasing the extent of spéead

'Y

possible during similaﬁ injection periods.<:3ater dyé ) -
spreads were less extensive because the membrane potential
tended to depolarize sooner aftgr electrode penetration

during this state of~ae¢reasing dye pefméabilify.

With time, the extent of spread of each dye was redupeq
so greatly that adjacent (first order) cells were slow to
receive dye during the approximately 20s period of injec-
tion. If the source cell had uncoupled;'fﬁe fluorescence of
the adjacent cells would decrease and fluorescence in the
second order cells would become perceptible. If, instead,
the electrode was carefully reﬁoved before .the membrane

b

potential was lost, the fluorescence of the source cell

usually decreased over the following few minutes, and
increased within the adjacent cells. '

The final stage<was complete dye uncoupling: after
penetration by the dye electrode, a cell immediately became
intensely fluorescent with the first current pulse, and its

outlines were delineated so clearly that its finger-like

extensions (cell 'feet') were seen. When injection was




-by 30s of pulsing, wh%le ‘LRB was not detectable beyond 30

_mum.  This suggested that the difference in size between the

(20-30s of injection) to appear similar to CF, with the

054

stopped at this stage, observation over at least the~g&xt
three minutes showed little change in fluorescence intensity

of that cell, and no development of fluorescence within the
A
adjacent cells. ° ‘

Th'e phase contrast appearance of tﬁe"cells was

generally unchanged through the experiment - occasionally,

vacuolation (the development of small phase-bright spbefés

in the cells) occurred after transfer of the préparatiog)to

Lifsaline:\but this_disappear!‘ after 15 - 20 minutes. .
¢

2.3.2¢ Co-injection of fluorescent tracers

I}A

When LRB "and CF were injected separately into conprol

epidermis.(at eqealpconcentrations of 25 mM in the
7 )
electrode), CF spread more rapidly through. the epidermis

than LRB - in Fig. 3, CF was visible 50 um from the source

tracer mblecules had an appreciable affect on their inter-

.\
- 5

cellular movement, which might become more evident when
coupling was reduced.

°

By combining LRB and CF at the concentration ratio of
4:1 in the electrode, simultaneous injection into a cell
resulted in dye spread with.initially equal extent (noe

shown, but see Fig. 9 A,B). The greater concentration of

LRB caused its spread over the-first 3 to & orders of cells




-

" . [ . - o ¢

LA S .o [P JURPU SIS Y DYDIORPISIMPRPRYEP ST

y 3 .
¢ AP
ORI AN : -« f . KR -~ ~ 2
:’. .‘\ S, . b ':'T‘ — . - od N
e . ' . LY . . -
. Figure 9 .o - '
. N - o ¢ : 1] @
- , “When LRB and CF ,are co-injected into epiderﬁisihuring Rl
i - : ' : ’ ) "y ‘ -

T IR the'gradual uhcbupllng caused by Li saline, LRB.is

i ., blocked from passing before CF. LRB and CF were

Pt-r s
\

BN v
combfnegxso that co-injection into epidermis™in medium .
« ' . .9

‘showe&.equal g&tents of spread at. up to 40 s of iﬂjec— '
c : gion. - Filters allowed selective viewing, and CF was
& : vhotographed before®nlRB, qith the same exposuresf

At 6 min in Li saline, the exxents of spread were

Dawf)
-

> still the same at 40 s of 1njection. Note the
- ¢
different appearances of %he dyes spreading through the : -,

-

: - same cells. ' The mottled appearance in B may obscuré
the steps i% .intensity at cell margins, wwich are

: R L . 4 . . '. ‘.
. ! apparent in A e ) \

.o o e A diﬁferentlal effect.on dye passage was evident

“after 15'm1nutes, and at 25, min, CF spread into 3 cell

e ordecséﬁ% 25 s of lnjection (D), while LRB is visible
,eT -8 . -
RPN in 2 cell orders (C)." In. one inJection at 28 min, CF o

passed nto 2icell onders in 22 (F), but LRB passed
S only into adjacent cells at 28 s (E). .

. The epidermls was uncoupled to LRB by 30 mia- CF
. ' passze beyond the adjacent cells in.17 s of 1njection
f.:' B (H) but LRB was restrlcted to the 1njected cell at 24 s
(G). _Bx 35~m1n, the, spread of CF was reduced.suffi-
T clently ‘that only ad}ace;t'cells‘geceived dyé in 20 s.

of. injection (J). LRB failed to spread (I). MNote that
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in (1), cellkféet:staﬁﬂ out against a dark-backdround,

/ .
although there is some scattering of light while in

(3), they «<blend intoa?ﬁe fluorescente: oi_dye starting

ol ' " to fill the adjacent ce%ﬁs. At 40 min, CF failed to

s

- spread by 25 s when injected alone.
‘The membrane potentials were betwéen 15 and 17 mV
for A-H, 12 mV for I-3 and 10 mV in K. The exposure
3 - r

times were the same for/goth dyes, betweenti and 8 s,

and each pair of neqatives was printed in the same

>

way. Scale'bar, 20 pm. T N
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; ] - difference in speed of passage becoming apparent during

* spread through subsequent orders. Thesz dyes were then co-

¥ injected into epide;mis exposed to Li saline to study the
effect of gradual uncoupling on the movement of tracers of

differeﬁt molecular size.

The initial minutes of exposure of the epidermis to Li

saline caused no changes in the relative spread of co-injec-
ted tracers at 20-30s of injection (Fig. 9A,B). After
approximatel; 15 minutes, however, CRB became retardéd in
its spread, while CF was apparently uncﬁanged (Fig. 9C,D).

By 25-30 minutes, LRB spread became limited to adjacent

~

pcells, at the same time as CF was passing to third and
fourth order cells (Fig. 9E,F). The rate of CF spread
appeared little changed, although extensive spread could not
be observed, since injectin of LRB into a cell that could
only allow slow passage from it hastened membrane potential
loss and complete uncoupling, possibly due to dsmotic
§tre§s.

When celi% became uncoupled to LRB passage, CF
continued to pass between cells: an injected cell presen- :
ted the standard appearance of a LRB-uncoupled cell, with
sharply de%ined edges and cell feet visible agalnst non-
| fluorescent adjacent ceils,'while CF fluorescence showed
that spFead had occurfed to ad}acent cells, ;ﬁd was paifing

to subsequent céll orders (Fig. 9G,J). Significantly, for

the first time cells changed their appearance by swelling
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during co-injection, reinforcing the suspicion that tracer
was being retained. Full unyoupliné induced by electrode
penetration, seen by membrane potential loss, resulted in
the spread of neither tracer. .y

After the onset of LRB-uncoupling, co-injected cells
uncoupled more rapidly, and the shorter injection periods
resulted in limited spread of CF. When CF alone was
injected at this time, its extent of spread,waé reduced*,
and followed the u;ual course of further retardation and
uncoupling (Fig. 9K).

In another preparation, the times for LRB and CF to
spread to adjacenf cell orders after co-injection were
measured, and are presented here torshow the change in these
rates.. At 22 minutes in Li saline, LRB filled first and -
second cell orders at 14 seconds of injection, byt at 24
minutes, fook 33 seconds, and at 26.5 minutes, took 36
seconds. CF'spread was apparently unchanged at 24 minutes,

passing freely from the source cell with each current

N
A}

pulfe. However, at 28 minutes, CF took 9 seconds"to enter
adjacent cells, with noticably slower spregd. LLRB was able
to enter only adjacent cells after ZS’seCOnds of pulsing.

Cells were subsequently LRB-uncoupled, but at 35.5 m1nutes,

CF passed to adjacent cells -within 17 seconds, further

reduced in rate.

a

*suggesting that the decreased CF passage was not directly
due to decreased LRB passage. , *
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On average, epidermal cells became uncoupled to LRB

passage by 27.5 +/- 4.4 (S.D.) minutes of exposure to Li

saline (11 preparations from 8 “animals). The average time

of CF uncoupling (either co-injected with LRB or injected .
alone) was 38.4 +/- 3.4 (S.D.) minutes after the start of Li

saline treatment, measured in 7 preparations from 5 animals.

2.3.3 Correlation of dye and electrical coupling in newly

%

molted epidermis

2.3.3 (a) Results combined from separate preparations

Comparison of electrical coupling with dye permeability

3
—_—

changes during Li uncoupling shows that dye coupling was
lost before electrical coupling:- "LRB uncoupling actually
occurred less than halfway through the time course of

electrical uncoupling (Fig. 6). -

- 5 -
Both dye permeability and intercellular resistance

remained unchangeg during the first 10 .minutes in Li
sarive.. The subsequent onset of a pencepgible decrease in
dye coupling did not coincide with the start of decrease of
electrical“coupling. Rather, the rate of LRB_moveﬁent was
reduced abodt‘10 minutes after rj began to Increase. CF
coupli@§ showed change later stiil,-shortly before the point
of LRB—uncoupli:g. ¢

In Fig. 6, insertion of the average times of dye

uncoupling onto the time course of electrical uncoupling

S

shows that the rj value typically present at the onset of

e e

»
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LRB-uncoupling was 6.5 x.1059 (range; 5.4 - 6.9), while the
ri-at CF uncoupling was 10.4 x 10°Q (range; 9.7 - 11.4).
Electrical coupling was detectable fo? approximately 60
. minutes after exposure to Li saline, 20 minutes beyond the’
average time of ugzoupling of CF, the smaller organic mole-
cule.’ Tﬁus, the intercellular resistance in the epidermis
ihcréased 2.7 times before LRB Qas occluded, or 4.3 time;
before occluding CF, while capable of increasing by at least

- 10 fold before ionic coupling was no longer detectable.

9 -

2.3.3 (b) Results obtained from individual preparations

. . The precedihgyresults are based on one coupling para-
'Nt.‘ v e . . ‘ -

. meter, either ionic or dye coupling, being followed in each

Y

preparation. To support those conclusions furthé;} both dye

) and electrical coupling were measure&jin single newly molted

, o ——
preparations during exposure to L, saline. Thus, variation |

among preparations in the rate %2 channel closure, showing
up as variation in the gime of Jye dncoupling, or rate of
_change of rj, was reduced. In practice, rj could be deter-
mined only cloge to, and not at, the time of dye uncoupling.
Ionic or dye coupling were measured alternately during
the decrease of intercellular coupling. One dye was X
ggnerally used per preparation. Thus, a set of increasing

ri values measured before the cells became uncqupled to

passage of that dye could be compared to another .set of




values measured after the cells became uncoupled. The
highest rj before, and the lowest rj after, dye uncoupling
defined a 'window', or range of rj's, within which uncoup-
ling actually occurred. Table II shows those values, with
each number representing one limit in the change in riuabout
the time of either LRB or CF-uncoLpling. The level of rj
found soon after LRB movement was blocked permitted CF to

pass afiter €Kat particular measurement,

There is variation in the\fi values that define the

wy

size of the window, for the foll;ﬁing reasons: the exchange
of electrodes and their repositioning after an electrical
spread, and?completion of a dye injection re;uired‘at least
1-2 minutes (providing that the electrodes were found
adequate). The reverse exchange and production of a series
of electrotonic potentials took slightly longer (5-10‘
minutes). This limits the tempofal resolution of the
technique*, However, each such measurement carries simul-
t;néous knowledge of the state of dye cohpling in that same
preparétion, and so, to the limits of the technigue,

accurately forms parts of the window spanning the time of

-

* The rj could not be calculated during the experiment
because uncoupling proceeded too rapidly, and a rough
estimate of ry by eye determined when to switch electrodes.
The inaccuracy caused each trial to be to an extent,
'hit-or-miss’'.
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uncoupling. The window was narrowed by selecting from all é

ke

preparat)ons the highest ri value before LRB-uncoupling amd
the lowest after it, Thif showed that néwly molted epfder—
mal cells became LRB-uncoupléd at an r4y between 6.¢2énd
6.9 x 10°Q°(Table II), confirming the value of 6.5 x 10°Q
. determined previously (Fig. 6). The’ri of 6;5 x 105Q at the
time of LRB cut-off was used fo£ future comparisons with
/ CF. 1
CF was blocked from intercellular transfer between rj =
9.5 and 15.3 x 105Q , a wider range than for the LRB deter-
mination due to the time taken for definite establishment of ~

absence of CF coupling at a time when rj is' changing rapidly
\ [ 1

(Fig. 6). Nonetheless; the previous value of 10.5 x 1090 at

i

CF uncoupling was confirmed, falling within these two

limits. ’ . ‘ :

s -]

‘ - i /m’ o
' 2.3.4 Junctional. coupling in Intermolt Epidermis s

The epidermal cells of the intenmolt‘f&fvaé,at 5 or 6
days post molt, are in the east active“mggasggjc phase of
. the molt cycle, and the molting'hormone‘ZO-hydroxyecdy-
usterone is at its lowest 1evel (Delachambre ét al., ]380).

This major developmental hormone, sﬁ&ﬁn to increase }unc-
tional conductance (Eaveney and Blennerhassett, 1980), is

still high 4n newly molted epidermis (Delbecque et al.,

19783, as the manufacture\and secretion of new cuticle is

completed. Relative to the newly molted epidermis (cell




f ’

065

TABLE II: Correlation of rj with dye occlusion in newly

molted epidermis.

Highest rj at which ri after LRB stopped
LRB and CF passed but at which CF passed*

ry after
CF stogped*

(x 10 Q) (x 105 0 ) (x 10
6.4 6.9 ) 15.3
7.6 16.0
7.8
/ 2.1
9.5

* Each number 1s derived from a different preparation.

)
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height 20 pm), the intermolt epidermis is thinner

(10 +/- pm), and ultrastructurally, the cells contain three
times less gap junctionf& area (Caveney and Podgorski,
1975). Intermolt epidermis represents ;’distinctly

t

different stége in the development of the epidermis,

=

characterized by the difference in hormone level, cell

volume, metabolic state, and junctional area. Consequently,

the junctional permeability to ions and dyes was compared

with that in newly molted tissue.

2.3.4 (a) Electrical Uncoupling of Intermolt Epidermis

Epidermis from intermolt larvae has a control ri of
4,1 +/- 0.5 x 1052, two-fold higher than newly molted
epidermis. As before, ‘exposure to LI saline caused the ri'
to increase over time: Fig. 10 shows that the rjy of one’
prepayation'Placed in L1 saline remaizzﬁ initially fairly
constant, and then increased at an accelerating rate.
Compared to newly molted epidermis, the lag perlod was
longer, since ri{ was unchanged by 13 minutes, andsthen
increased gradually over the next 30 minutes to a level
twice the control. It then increased’very rapidly, with the
tissue becoming fully uncoupléd 15 minutes later. The
ﬁighesF recorded ri for this preparation was 33 x 1059,
which is an 8-fold increase over the control. This is .

similar t? the increase in ry before uncoupling that was

t

found in newly molted epidermis,
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Figure 10

Li saline causes gradual electrical uncoupling of

1ntenmolﬁ‘edfdermis, but the time course is diffefent

’
+

from newly molted epidermis, and variable be£ween
prepargtions. Here, ri (left axis; o*en'circles)
increased slightly at 20 minutes, stabilized and then s
rose sharply at 40 minutes. An initial lag phase was

also seen in newly molted(epidermis (Figure 5)(but its

duration in intermolt tissue is variable, and the final

increase in Rj is more rapid. The maximum rj recorded
- : was 31 x 105 @ , which is approximately 7 times the’
value in medium of 4.2 x 10> Q. This is close to the 8

Id .
times increase seen in newly molted tissue. The o

i e e

. membrane potential (right axis; closed circles with
standard deviation bars) dropped quickly by nearly.50%
. during the period of initial stability of rj, and

! "declined gradually as the tissue uncounled at an

1ncreasing rate.

, .
. o
' %:

% . =3 .
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. _ Preparations from different aninals showed«véfiafion in

o uncoupling, principally in the dure;;;ﬁﬁz?‘ihe lag phase

" ~before rapid ry- 1ncrease. "In a few trials, there ;;s -an

‘initialndecrease in ri, “whiich droppeJ -as low as 1. 6 x 1059
befbre starting _to inJEease;gradually. ) ’ )

v -7 7o T -

»
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- s 2.3.4 (b) Correlation of dye and . electrical coupling

-8

~ : . The characteristics of dye spread 1n-i§termolt epider-
R . mlsfﬁere 'similar to those.of newly molted epidermis. 1In
ot T . . RN " " . 2, . i N
control;preparations, co-ihjected -LRB and CF appeared

PN

. iﬁiplaily to- spredd equally raplidly, with greater CF'sp;ead

subsequently Beobmingtevident,‘ EXpoéure torLi‘séllqe.had no
» - - * . - . ‘e
. . 3. ® immediate effect upon dye coupling, with the reduction of

- _LRB spread fipst appearing at. 15 20 minutes. -LRB uncoupling .

fo}iowed,.but at a time when’ the spread of CF  (that 15, the )

\ . . - -

.o extent of spread at a given time after injectLon) had just‘ -

- e .
s fstarted tb decline. :OF spread decneased further,,unbil\' N
= . rji! finally lt; mogement ‘was blocked. . . : _.-i )
e : _;; . .~Var1ation 15 the time course of electrLcal uncoupllng
; ?" '1 mgdégit difficult to const;uct a mehn curve of uncoupling' ‘.
; "'; i for all preparatione e;amined. Instead,-a paiﬁ of prepafe—
ﬂﬁ-inpl,lxions from\gne agimal was used«to establish separately the

e ) TR
e e cpurs;%of electrical uncoupling and thé the(s) of dye -

AY
B uncoupiing. .The, ri at the time of dye OCclusiqn was then .
i T determined for~ each paif,'and ﬁhe values from all- paireﬁwere

N ‘e 4averaged.-‘For ‘intermolt epldermis, the pi,pmeRB occlusiop

.
P A o N . :
. . o - . e y
. f - -~ . . . .
- ~ - ~

’

-
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was found to be 7.5 +/- 2.4 x 105 Q(13 pairs, 11 animals)

and” at CE occlusion, 21.1 +/- 2.8 x 1059 (5 paire, 4

anihals) . R L )

.

. Presumably, variation in uncoupling‘béhaviour within a
pair of pneparatioge was responsible for some of the range

of values. -This limit’ssthe accuracy in correlating the

onsét of dye uncoupling with a specific rj value.- )

-

To overcome thie, electrical and dye coupling‘were

therefore eiaminedoin a-single pr*garationias gefogei The

ri values found before LRB uﬁcoupling, those values after

I3
.

\ , 4
LRB uncoupling but during CF coupling, and those after CF

uncoupling are shown in Table III. .Jhe hi heet value found

pefore LRB uncoupling was 8.5 x 1059 but«in another

preparation, ri ? 8.5 x 105S&was again meaeured immediately

-

o, > N M = ’ )
after the onset of LRB uncoupling. .The ramge from the next

‘.

limiting values (between 8.1 and 9. 1“¢x 1059) was narrow and

- ¥

centered about 8.5 «x 1059 This suggests "that within the '

N

resolution of*measurement of ri, LRB occlusion occurred at

. - ad

an rj-of 8 5. (range% +/ £0.5) *x 1059. . ,4'“ . - [
Due to the technical difficulty,'omly two values of ri

were determined during the period of rapid change after CFc,
iy .
occlusion. These, and the corresponding minimum ri. vaer‘
prior to CF uncoupling show that the ri ab CF uncouplingjwas ¥
[N L.

‘between 18:6 and 23 8 x 1000, + e -

#®

- -
“

5 f}- 5 ) St :"" ’
" The- previous ;glues of ri at dye~ @ oy Linﬁ:bas?d Jﬁ

‘wa

N ’, -~ i
the assumption of equivalent behaVipﬁ? am %grpreparations
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'“9 oo - ~ —-TABLE III: Correlaﬁfoq/af%?itwith dye occlusion in intermolt
S epldermis. =~ . . ) "
H E’ v ’ - 5 v
, ) _ ‘
S = ,
! : f{ at which LRB ri after LRB stopped . ri.after
: . and CF _passed* but at which CF passed* CF stopped*
; (x 10> Q) - (x 105 @) (x 10° Q)
; ‘ 4.5 +8.5 #23.8
L. " 6.0 9.1 33.2 .
i 6.4 9.3 .
70 12.5 .
. . ~7.4 14,9 2 )
; . 8.1 15.3
i 8.5+ J6.3
? F8.64 -
; +
: . . * Each number is derived frbm a different i}eparation..
! : . : ¢
f Ts# . These numbers form the 'window' of rj values for the
, : _ oc@..shon of LRB (+). or 'CF (#). 0
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correspohdéd Weli with the ranée determined from single ‘

@ Ay

preparations: the average.rj value of 7.5 +/- 2.4-(S.D.) x

105 Q at LRB cut-off fell «close to the stronger value of 8.5

\

x 105Q . The average rj at CF cut-off (Method I) fell at ‘

ah e g ReRTITAIEARINA

.
C e

the centre of the defined range (Method II), i.e., the rj "

.

(+/- range) was 21.1 +/- 1.3 _.x 105q. o

U

The increase in rj necessary to block tracer passage

8

was related to molecular'size; roughly doubling (2.1x) to
. " block the LRB molecule (14R) but incréas;ng by 5.1x to block

CF (12&).°'E1ectrical'couplihg persisted after occlusion of

a

.- the smaller tracer, with the rj at cut-off being approxima-
\ tely 60% of the maximum measured. Thus, ionic movement may

sfill be prééent long after dye movement is blocked.

w

- -
.

. ~- 2.3.5.- Membrane potential apd intercellular resistance ° -
~ . Lo

) : The membrane potential (E) can regulate cell épuﬁling

Y

. in midge cell pairs_gObqid-et al., 1983). Since E of

- ? . - v . -
newly molted epidermal cells decreasegzin L1 saline, the_

b

' N
.. ~“relationship of E cand,rj was examined. Fig. 5 shows the

—_——

a

typical change in £, during Li uncoupling: E quickly dropped

“by 50%, from 33 mV in medium to 18 mV in Li saline at 15

~

minutes, but_showed only slight further,decfeaéé to 14 ‘mV by ©
. e T o - . . . v
60 pinutés. The rj did not show a parallel change, being
Sl e : ; .
. . relatively constant over thé& first 15 minutes and increasing

< T rapidly, thereafter. ', ' . . . -
. - . 7 . ) e

;
A t . T
=L, s il
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The membrane potential of intermolt larvae changed
~
similarly. 1In one preparetion (Fig. 10), E initially
fell sharply from 34 mV to 18 mV, while r{ was constant. E

then dropped gradually to 9_mV, showing no relationship with

ri, which passed through-the lag phase and increased

rapidly.

Therefore, change in the avérage membrane potential of

\

the preparation did not affect the 1ntercellﬁl§r resistance.

' ;or quantification-of eleqtfiéal coupling, an electrode
Vmust measure the full E of a cell in order to record accura-
tely an electrotonic potential, since a poor seai around the

microelectrode'will_allqw current loss to ground;

2

Eventually, the E will drop as the cell dies. 'However, when
KON : ’

the E of a cell fell even slightly, preparatory to its.

complete loss, the electrical coupling of that cell

éiébtnipal coupling of 'a cell to its nelghbours’ could be -
" L
controlled by its relative polarization. The relationship

« of E with.cell coupling was studied95§‘passing current

'

between twagcells some di§taﬂce apart, and examining the

b change in electrotonic potential (V) that ogccurred when E of:

4

. the injected cell .finally -declined. ) .

Chart_recofdings of this experiment iﬁfﬁéwiy molted

-

K preparations are shown in Fig. 11, In Fig. 11A, the

> " decrease of E was sigmoidal,kand matched by decrease in V.

>

The more irregilar decrease of E in'Fig. 11B. also had an

~ ©




Figure 11 ) : o .

« A drop in the membrane potential of a cell.causes a
proportional decrease in the electrical coupling of. the
qell with the re;t_of the.epiderhis. An electrode in a

..cell necords the membrane potential and the
electrotonic potentials (up;er\tracb, A and B)
»génerated by cur;ent pul sed fnto a cell by another
electrode (lower trace, A and B). The magnitude of the

K eléctrotonic potential is constant while the membrane

potegﬁialsis stéble, but depolarizatibn causes an
immediate drop in the electrotonic potential, Yﬁéther
it occurs grédually (A), or more ébruptly (B).h )
Arrows mark the time ;f ;emova{ of Fhe electrode
from the injécted'dkll. Scale bars: horizonpal, 5 s3

vertical 10 mv. _ * T

. v L.
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exactly parallel decrease in V. This relationship masl
remarkably precise: in Fig. 11B, E 1nit1ally decreased by
only 0.2 mV (20.6% of the-maximum) between successive

pulses, but a decrease in V still resulted.

-

The electrotonic and membrane potentials were measured

»

/from chart recordings of cell uncoupling, normallzed by

Cgve g e Rk L S LY e e 2

(ul,\./ .

~dividing by the maximum values, and plotted against each

other. A typical result is shown in Fig. 12, where E is

"

-exactly proportional to V throughout its range, -V declined\\

as soon as E fell and was redhced to zero when E was fplﬁy . \\~d/”

N lost. ‘ -

The relationship of E to electrical coupling w£§ also

<% N
_examined in the epidermis of the bug -Oncopeltus fasciatus, .

using the abdominal tergite-from IV nymphs (for culture

methods and preparation details, see Chapter III). Here

‘- ]
v« also, decreased cell membrane potential durcing current

-

“\ginﬁection caused arproportionalfreductioh 1n vV, with8a
linear - 'relatlionship between E and V- (Fig. 12B). .
. PR
A possiBle trivial explanation for these results'fS'
that thé cell membrane becomes 'leaky' (constitutes ' a lower
electrical res%sfanee) when the E drops. More cprrent then
passes to ground through theucell membrane, and less to an’

-
’

electrode elsewh®re in the sheet. This was rwled out in the

»

following way.s “Simple"electrical theory predicts th;t the
3 ' «x‘ﬁzivvj

decreased membrane resistance in a leaky source cell would

-

cause a second electrode in that ceJl to record: a, decreased

- . - ‘ _ Q .

e e e .-
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Figure 12 -

-When the membrane potential of an epidermal cell begins

to depoldarize, 'the degree of electrical coupling with

its neighbours decreasés in an exactly proportional

- e - *

rélaffonshib. From records such as’ those 1in Figire 11,
the membrane potential (E) was meé§ufed'during .
depolarization of the injected cell,’ and ﬁlotted

against'bhe cortespondingyelectrotonic potential (M)

easyred in anothe;_cell. These were each normalized
® by dividing by the initial value (Eo, equal to the -
. tissue average, and Vpazx). In ?BiQermis from Tenebrio
(A) and.Oncopeltus (8), these points fell dlong a.line
drawn Letween (0,0).and (1,1), showing that decrease'ih

the 1nside/out.poteﬁtial results in a proportional drop

/
in the junctional conductance ofga cell.

”
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- the one that regulates rq, since rq1 and £ were-independent.

079
- , ) . *
voltage, but thatvthe increased membrane resistance of "an
uncoupling cell would cause increased voltage.
In bug epidermis, Yt was pos;ible to place two elec-
trodes in one cell. This showed tﬁat a decrease in E caused
an immediate increase in the intercellular voltage (Fig. ‘

13A). Therefore, a decrease in E increases the membrane

resistance directly, pgesamably by closing the junctional
channels. This effect is not an artefact of current

,

leakage, elther ﬁhrough the membréne, or through the seal

“around the electrode.
e <

This may be a different type of coupling control from
In addition, the permeability to dye seems able to change
despite a constant E, since sometimes the source cell in a

.

dye injection would clearly dye-uncouple bef;re E had
changéﬁm. This'ya; aiyays followed’by depolégizat{bﬁ, within
the next 10-15 seconds. | ‘ | . .
Elécgric%l measurementg'shoﬁld also be'aﬂle to show
that a ce%},can become uncoupiéd despite a constant E. This
was never seen 1; experiments w1£h Tenebrib,’buk Fig. 138 -
show§ this result fram an experiment in Oncogei£u§l With
both electrodes In dne cell, the vol£age‘recorded by the.
se:ond electrode -wa's initially stable and tnén increased
steadily as befo;é (indicative of uncoupliné), buﬁ_whth a
constant E. Here, control of coupling is presumably by"

intracellular ionic level, rather than the apparently more

~

\
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- Figuré 13 S . ‘;
The membrane potential can cahtrol the junctional
conductance of a cell directly, but “uricoupling “can also
occur independently of the membrane poteﬁtial. h

A. Two electrodes placed in an epidermal cell®of

Oncogelths show’that the electrotonic potential (lower

b

trace) is Eynstant during pulsing while the membrane
- potential is unchanged (upper trace). .The electrotonic -

potential within the cell begins to increase as the

>

.cell starts to depolarize, showing that:the cell
membrane has increased its resistance to currégt flow,
i.e., that the }unctional resistance has 1ncreased.

B. Rarely, two electrodes in a coupled cell~can show
“ that the electrotoni poFential withiqq;he‘cell
increases klower trace) .while Fﬂe membrane potentigl is

unchanged (upper, trace), demonsirating that uncoupiling ¢

can alsof:ZZUP\independently of cell polarization. -

~

This))aé seen earlier in Figures 5 and 10, where the

eleyiripal uncoupling of epidermis proceeded indepen-

I

Eﬁﬁtly of the -membrane potential. Here, curved marks

indicate the deletion of 4 minutes of the reeording,

I

whefg?no change oécurred. Note the scale change_in,the
lower'tréce.aé the eléctrotohic potential .increases_. o
In A and B, arnawheaﬂs indicéte the removal pf the

electrodes. Scale bars; horizontal, 5 s; vertical, 10

- *
mV. : . . .
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2.3.6- The space constlant and nonjunctional’membrane
] —

) L resistance T . T ‘ Ta

1

- . )

A Y

The resistance of the nonjunctional membrane Cﬁ;?
. L

determines the proportion Lﬁ an injected intracellular -

- V4 > N
- . current that will pass through the apical and basal . ‘.

‘membrangsx rather than through junctional channels into the

P A

néxt cells. rj measures the resistance of the channels and
?

. is’/uﬂependent of Rm» but in 'leaky cells, where Rm is low
o

and a larger amount of current is lost to groun& the magni-v s
~ - Q, -

tudé of the electrotonic potentials can be reduced below

¢ o

P R s LI

»
detectable levels. J
< - ¢ . -~

* The space constant (A), determined from Rm and ri as -

-

1'defined prevrous}y, is the distance over which voltage falls"'

~

. _ to a standard fraction (1/e) of the initial valuen? The ° ‘i
- average A was found at successive time intervaISJ&uning the .
uhcoupling-qf’9 newly molted preparations from 8,an1mals_qnd.

. ,‘i§ shown in Fig. 14. The everabe A 6} eontrEI‘prepéraﬁlons‘

‘ was {900 pm,'whieh i < d to 4000 umqat 5 mjnutés, é;ﬁq A
' ee;- The lerge initial variationxpetween '

. N decreased therea

preparations disappeﬁfed’ny 20 minutes, when decrqésed beloﬁ_

°

. the control level. 4,k'approached a minimum valueuof 500 pm

> - . N ; Pa - e e
“ v / o
- ‘as rj continued to decrease; and 1ncreased slightly after 50 -

Q. ) R . ) ..
® . " minutes to 1000 um. . A .

P xn.‘“

Measured in one intermolt preparatiqg, ﬂ3changed
. . . - %
’ , WL

L 3 ﬂ. “‘ - \ ’ i
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Figure 14 . T

The space constant of newly molted preparations in Li

saline decreased, but not sufficiently to prevent the

quantification of electrical couplind. For 10 prepara-

tions, the space constant was found in medium (C), and

*
¢
g
3
r

at } minute intervals in Li saline. The average values
in Li saline (bars; standard deviation) decreased, as
well-3s the considerable initial variation, whe; ri
increased above the control level at 15-20 minutes

(data incorporated in Figure 6).
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similarly. The initial value of 1620 um decreased to

-

slightly less than 500\pm as riy rose from 4.4 to 16.8 x 1059,

s o TR S

%

g

¥

Rm can be calculated, but is inaccurate in the absence

o

R R

of data on membrane folding. Neglecting this as a.constant
error, Rp was found durind”the uncoupling of a newly molted
and an iﬂtermolt preparation. In newly molted epidermis, Ry
was between 3-16 x 103 qcm2 and roughly constant. Intermolt
; i Rp values were initially higher, at 62-64 x 103 Qémz, but as
ri increased above the control level, Rpm decreaséﬂ to

Lo coincide with the valuegi?br newly molted tissue.

- This establishes that the nonjunctional membrane did
not become increasingly leaky during exposure to Li éaline,
which might have prevented accurate quantification of
N £ cgupling. Ranging betweenw103 and 104 Qcm2, Rm was always

<i\ much greater than Fhe specific resistance of junctional
membrane (10-1 Qcm?; éaveney and BIennerhassett, 1980).
While A decreased as junctidnal‘resistance increased, it was

not less than the field width of 440 um, even at maximum rj.

-




086
2.4 Discussion - Ia
This work correlates junctional resistande and perme-
ability during decreasg in cell coupling, and shows that
they are linked together in the changes that defined Li-

induced ﬂnc0upling. The tight relationship between electri-

cal resistance andydye permeability, where an ri of a

’speétfic value charactetizes the blockage of passage of each

dye, suggests that theldegrees of both electrical and
molecular %oupldng are determined by the same set of inter-
cellular channels, i.e., that dye and electrical coupling
use the same channels. Since Brink (1983) showed that dye
molecules are hydraFed when they pass through junctional
channels, presumably the channels are themselves hydro-
philic. Such channels in a liﬁid mémbrane must offer a low
resistance route to current passage ‘as well, so that\dye and
electrical coupling will use the same channel. But, is -’

there an additional route of electrical coupling, that might

ailow electrical goupling to persist when dye coupling is

'
¢

lost?

Tight junctions aré suspected of such a role in one
;ase with electrical coupling but Ao ident;fiable gap
junetions (Larson a{d Sheridan, 1?82). In the literature,
electrical coupling\is always found to be pres;nt where
metabolic or dye coupling occurs (Finbow, 1983), but it is.
not‘always true that electrically coupled cells are dye

coupled (as in Santos-Sacchi and Dallos, 1983). Small

)

- 7




Fo
amounts of dye passing between cells may/g;t be easily
detected (for example, Bennett et al,, 1%72; and reevalua-
ted, 1978), and this might be due either to small numbers of
(open) channels((whose»physical presence would be hard to
detect as well), or to a partial restriction of the channel
bore tpaé prevents dye coupling. This interpretation accom-
modates such results, ;nd being more simple, is prefer;ble
to proposing additiaﬁal pathways of intercellular coupling.v
The problems of scale prevent an easy bridge between |
fhe physical and the physiological aspects of junctional
coupling. The Ca-induced change in connexon structure shown
by Unwin and Ennis (1984):is analogous to¢ channel gating,
and may be the strongest evidence that the gap junction is
the ultrastructural correlate of the intercellular channel.
Even without certainty of this relationshi;, the properties
of intercellfilar %oupling indirecétly deménstrate the nature

#
of the channels.

2.4.1 Channel Closure in Tenebrio Epidermis is Graded.

§
The model of channel closure should be the simplest one
that fits the observed changes in intercellular passage of
fluorescent dyes and electrical current during coupling.

Th'e major findings were:

1. Electrical coupling decreased smoothly over a wide

L4

range before becoming undetectéble,:-
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! 2. The larger dye molecule was blocked from inter-

cellular passage before the smaller one
3. Dye occlusion occurred at a characteristic value of

electrical coupling. The smaller molecule s blocked at a

higher sheet resistance and both were blocked bgi?re elec-
trical coupling was lost. \\
¥hile goth g;aded and AON channel closure acco&hgdafﬁ
the continuous modulationrg?iconductance alone, discriﬁina-
tion against molecu}ar passage by size during uncoqp@igg is
a property of the GCC model. Experimentally, the uncoupling
of LRB and CF was separated into distiﬂct events in two
ways. First,; the times of dye-uncoupling, whether deter-
) . mined separately or by co-injection, showed that LRB was
blocked from passage before CF; direct observation showed
\j that CF continued to pass from a cell that no longer
| permitted the passag% of LRB. Second, the electrical resis-
tance increased d;}ing the period between blockage of the
two dyes; that is, the'ri after LRB uncoupling was less than
ri values fo@nd before CF uncoupling.
) Becagse electrical coupli;g peqsLsL§ after the loss of
‘ dye coupling, it seems definite tha;‘AdN ;losure'is ruled
) out. The manner of channel closure’iﬁbiies at least tgree
o different states, where boﬁb) one or neitﬁer dye pass.

Since CF and LRB occlusion were distinct events, and could

be tied to the monotonically increasing electrical

Tt resistance, it seems that there is a gradual decrease in
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channel diameter. Therefore; when cells in the gpidermis
uncouple in response to Li, «the intercellular channels close
in a graded fashion.

Variation or error in the times of dye uncoupling might
have resulted from different sensitivities of detection of
aye passage, or from different degre#s of moleculjar charge -«
or hydration. For equal amounts of}dye,\LRB shows less’
intensity of fluorescence so tha£ ig reducea dye passage,
LRB might seem to stop before the more eéasily detected CF,
although this was compensated by-the different concentra-
tions of dye in the electrode. Howéver, dye uncoupled cells
promptly swell upon injection, appérently from dye build-up
and the resulting influx of water. This distinguished the
presencé of low levels of dye passage from its absence,
since poorly coupled cells did not swell appreciably, and
dye appeared in adjacent cells within a minute.

Apart from size, other molecular properiies that affect
tracer passage are electrical charge and hydration.
Discrimination against. the passage of negatively charged

molecules does occur in mammalian cells, but has not been
detected in insect cells (Flagg-Newton and Loéwenstein, )
1979). Both LRB and CF have a net negative charge; but LRB
is less charged than CF (Loewenstein, 1981). Therefore, any
charge discrimination that may exist would be expected to

cause the CF cut-off to occur at a sgmilar'conductance level

' : \
as that of LRB -- rather than artefactually separate the

events. '




Hydration of each tracer will cause the effective

| ‘H&ameter to e larger than 1ndicated/oy the space-filling

g model and disproportionate increase of the smaller molecule
might make the tracers equal in effective diameter. The
increase in diameter, or any ;elative difference is not

, known, but should be slight: .the binding of water ing&eases )
the diameter of Na, a well hydrated ion, by 1.75A (Alberty,
1979), so that the maximuw 1ncrea;e in diameter of a
molecule with a fully eqused charge should be half of that

or less than 1A, Further, the hydration of negatively
. {

charged molecules such as these tracers is less extensive
than. that of positively charged ones (Brink and Dewey,
1980). Since there is a 23 difference between the limiting

dimensions of the tracers, and no marked charge difference,

!

'hydpation,should not affect the conclusions. Vs

A In the one other ana}ysis of channel closure, Rose et
X - 4 .

| N -al. (1977) showed graded change in channel permeability in
'Gh{ronomus saliva{% gland*. Using a different tissue, the

method of channel closure was the,sane as shown here in ‘
epldermis and so.?Lght occur in all insect junctions.

However, some quality of the channels may be different

between insect ordeps, since homopteran cell lines did not

coooiefwith a lepidopteran cell line (Epstein and Gilula,

. . {
| N +
: -
A ‘ !

- i
—

*However, Zimmerman anh>R05e (1983) appear to contradict
this in an abstract that has not appeared as a published
art-icle.

l
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1977). [This may be explained by the finding fFat in verte-

pi
N

brates, the biochemical nature of gap junctions may be

specific to the tissue of origin (Gros et al., '1983),

However, these results cannot be extended to verte- - .
a K] M
brates, since insect and vertebrate gap junctions are . a2

structurally and physiologically distinct -(Peracchia, 1980;

Spray et al., 1984). While cells from vertebrate tissues

can form heterotypic junctions when co-cultured (Lawrence et
al., 1976), verfeprate cells do not couple with insect cells
in vitro (Epstein and Gilula, 1977). 1In fact, Larsen (1983)
suggests thaF analogous rather than homologous develqpment
of gap junctions may héve ogﬁurred in these two cases.

Despite this evidence“?%\\graded closyre, there is
nevertheless a pronounced bias \towards AON‘clogure in
éonsi%éring results that are opeh to either interpretation.
For éxample; Margiotta and Walcotv (1983) conceded the
possibility of either-mechanism when analysing coupling in
crayfish, but staté:

Wg.we considered only a gating scheme where the

clannels exist in elther op¢n or closed state.",

Similarly, in considering vertebrate and invertebrate

3

coupling, Spray et al. (1984) )

"..assume that channel gating is an all-or-none ©
phenomenon..".

@

Finally, from the same group that originally demonstrated
~ -

gra&ed closure, and using isolated cell pairs from the same
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tissue, Obaid et al. (1983) now state; without additional ‘

. r
| a evidence, that
i

f . "..the conductance of a cell junction...depends on
S
the number of open channels..".

S
This prejudice/detéfmined the course of gquantitative

~n

analysis in these three cases and its perpetuation in the

absence of concrete evidence will colour our view of cell

coupling.
Y
) b

2.4,2 Tempordl Selectivity in Tenebrio Epidefmis may Alter
F >

the Nature of the Intercellular Traffic.

ggf fhe two simple models, only graded channel closure
is tr;f§ selective. }Therefbre, it was importaﬁt to find
which o} these two w%re.involved in temporal variation of
coupling, and to detérminé whether theré was selectivity
among the molecules passing between cells, or variation in

all their rates of passage.

~ . . The significance of the two ways of channel closure 1is
- illustrated in the effect of an intermediate level on the
followéng‘example of cell coupling:

Two mutant cell types are unable to grow in culture

because each is deficient in a different enzyme :
responsible for nucleotide synthesis, but can do so if
cultured together because of mutual nucleotide exchange
(Pitts, 1971). The rate of nucleotide exchange was
established as >106 molecules per cell pair per second
(Pitts and Finbow, 1977).

A reduction in channel diameter of just over 50%

(assﬁming a diameter of 20A) would stop the nucleotide

T e
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exchange, and hence cell division, although'stfll éllowing

-exchange of the purines, pyrimidines and sugar*, and other i

smaller molecules. However, an equivalenf reduction Pn
coupling by tﬁe AON model -- closing 50% of the channels --
would not stop the pagsage 6f any component of the metabolic
coopération. Both nucleotide exchange and cell division
could continue at reduced fates.

In channel closure by AON, complete uncoupling would be

.

necessary to bldck the passage of any one molecule. Never-
theless, coupling reduction could have as significant an
effect as selectivity -- for example, reduction of passage
of a signal molecule might drop its concentration below
threshold in the target cell. |

AON closure is functionally equivalent to modulation of°
channel -number, which is present in many tissues. By this
mechani%m, the time for insertion of new channels by trans-
lation of mRNA is only 3 to 4 hours (Dahl et al., 1981), and
only minutes are required for addition of funct}onal chan-
nels (from 3 to 30 minutes in various syétems; Loewenstein,
1981). A major reduction in lynction number can occér in
4-6 hours In rat liver (Yee and Revel, 1978) ghd~appears
separate fr§m the natural turnover, since‘fhe half life of

gap junctions averages 19 hours in liver (Yancéy et ai.,

e
e

*The limiting dimension for channel passage of "AMP is 1OA
and of UMP is 13A; but is 5A for ribose phosphate; the
limiting dimension of. the purines and pyrimidines ranges
between 6 and 8A (from Lehninger, 1975).
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1981). Therefore, modulation of channel number could

.

produce intermediate levels of coupling quite rapidly, and

AON closure would appear to be redundant. While GCC allows

variation of the quality as well as the quantity of the
molecules exchanged among cells, the reason for doing so
during coupling regulation is unclear.

Cells/;hat uncouple completely are an example of
temporal selfdctivity in coupling, since experimentally
induced Lyééipling of the cell sheet rev::ls a graded change

in junctiopal permeability. 1In the pathological uncoupling

~ o
s

of a cellefrom its neighbours, perhaps selective uncoupling
quickly prevents the loss of the larger molecules, which

represent the greater energy 1nves£ment of the cell, while
,proionging the passage of small ions and water for support
of Eomeostasis. |

!
)

2.4.2 (a) Temporal selectivity in development of the

epidermis. .
Essentially, the changes in rj caused by Li-saline were
just the synchrénous uncoﬁpllng of individual cells, forced
upon the tissue by the uncoupling treatment. However, those
changes also'appear to occur in vivo, since in Tepebriq ry
changes §n a programmed manner during the course of the last

larval instar (Caveney, 1976; 1978).

Results presented here have shown that coupling in

:1ntermolt epidermis is typically set below the maximum level
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possible, with the %gntrél ri capable of being éxp;rimental-

ly lowered about tﬁigé?bld by Li. -This means that the
. Ty .

Jjunctionai membrane of intermolt cells is not maximally

conductive, interpreted here to mean that the baésage of the

largest (otherwise) permeable molecules may be prevented.

Assuming GCG, a rough” estimate of the difference in

channel diameter between control and‘maximally open states

can be made by correlating rj w%th channel diameter and
extrapolating to the appropriate rj values. This.assuﬁes
that pathway resistanc?l}s inversely proportional to t e
total channel area and, with constant numbers of open
channels, to the average Jhannel diameterw(d):,

ry o<channel~a£?a‘1‘= (7m/4.d2)=1 (1)

~

Strictly, rj is the sum of both cytoplasmic (r¢) and

junctional resistance (rj). Assuming the former.to rgﬁqin

-

constant, rjy is a function of channel area. Expressed as

resistivity, or specific resistance, these terms becgme

~ .

independent of physical dimension5° the thopldsmfé

resistivity (R¢) is 64 qcm in epldermis (Caveney and

Blennerhassett, 1980) and the junctional-resistivity (Ry) .

am -t L 5. .
iss Cy ﬁﬁg
o ~ & .
oy

Rjo< Ri - Re (2) ..
(Caveney and Blennerhassett, 1980), so that:

R (Ry - Rg) o< d-2 (3) "
) - e T

Applying the logarithm gives the linear relationship:

log (Ry - Rg) o< log(d) (4)
x To——

-
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AF‘the rj associated with dye océlusion, the effective
channel diameter is taken to be the limiting dimension of
that dye. By extrap&lating, the predicted channel diaweter
at normal levels of coupling %s 16&, but increases to 20;
when rj d}ops to its minimum. The same calculation for the
channels is newly molted tissue suggests that their diameter

is 20A at an average ri of &. Although there is little

variation in newly molted tissdp, at the extreme low value:

of 1.7 x 107 0, the effective maximum channel\ diameter would

* L
>,

be 225._ ~§ ] ”

<

, It must be emphasized that these values are very

-

appréximate. To determine the maximum channel diameter with

this method, at least one other larger fluorescent molecule

‘would have to be used; first. to prove the linear relation-

ship, and then for extrapblétionh It.is satisfying,
however, that the maximum channel diameters are s}milar in

epidermis of both conditions, and that they fall near to the

<

range of 20-30A demonstrated in Chironomus by Schwarzmann et

al. (1981) for non-polar tracers: a radical difference in

-

predicted channel diameter wowld cast suspiclon upon the

assump;L?ds that were based on graded channel closure.

This demonstrates in theory how cells can regulaté
their junctions to affect tpe size of molecules capable of‘
pas¥ing among thenm. Experimentally, the exposure to moltiné

o, .
hormone in vitro results in the cells béComing maximally

coupled (Caveney, 1978); as seen here,.there can be
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temporarg;maximum coupling during the intitial response to
L1 saline.\\The existence in the segh@np of intermediéte
lgvels of coupling, which graded channel closure 1?plies are
selective, suggeits that this is one way in which coordina-
tion or directign of cell activity might occur in insect
development.

Epidermal cells are apparently . fully coupled around the
time of ecdysis, durinqmmaxlmum ﬁetabdlic activity at hiqp
blood 20-HE titre. The\need for tight coordinq}id& may be’
the reason for elevated cdupiing, but it appears that events
at this time may require the passage of molécuies unable to
do'so at other times. For example, the passage of a signal
of low molecular we}ght might trigéer a widespreéd, synchro-
nous response, or a séatic conqentratiqn‘éradient might ‘
gstablish a’segmental gradient.

Clearly, 1t.is 4} eas& to postulate a role for selec=
tivity in coupling as it w;s for coupling in general after
its discovery (see for instance, Furshpan and Potter,

1968). However, the molecules involved and the cell inter-
actions remain ambiguous.

?

2.4.3 Mémbrane Polarization Controls Junctional Conductance

) In epidermis, the membrane potential and non-junctional
membrane resistance could vary independently of the degree

of coupling, skince both dropped rapidly to new values in

Li-saline without affect on eitber ri or junctional
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! permeability. In Tenebrio epidermis, Popow}ch and Caveney
- (1977) found tﬁét tHe membrane potential had a strong depen-
derice on the extracellular [K+], witﬁ increased K causing
depolarization and decreased Ry, also without change in
- rj. The overall ion balance in Li saline, rather than [K*]
between solutions was less than 5mM.

L

A drop in E of individual cells in the epidermi

appeared to cause uncoupling from their neighbours. The

simultaneous onset of depolarization and decrease of
coupling might have been coincidental with generél changes
iﬁ ion level, suchvég.increased Caj, but for their close
; relatignghip during subsequent chang? invﬁ; Alternatively,
cell polarization might determine Caj, but Obaid et al.
(1983) have shown in salivary ;lan cell pairs thdt E
controls cell coupling directly, g;% that it is independent
of ion control. Since the junctional resistance increased
within an injécted epidermal cell when the membrane~poten:
tial fell,"E appears to céntrol cell coupling here as well.
Obaid et al. (1983) did-not show whether E allgwing“ﬁaximum
conductance (Em;x) was the same as the resting E of cells
under those culture condifions; howgver, Emax was witHin the
wide range of resting membrane pot;htials found before
voltage clamping. .
vEﬁplained that way, the role of E in cell coupling in
the epider;is seéms to b? that for one gell, E les; than the

4]

) tissue average will uncouple it from the rest, but for a

e e e
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tissue, change in E just resets the reference mark.

The substitution of Li-for Na caused uncoupling
independently of the membrane potentiql,'and so represents
the second and poteﬁtiag-independent fprm of coupling;
control. Previouély, E&p;wich épd éavenéy (1976) and Rose
and Loewenstein (1971) had repo;ted that Li decreased junc-
tional peymeability in Tenébrio and Chironomus'respectiQely,
and suggested that its'action was to increase intraégllular
Ca. . |

! “

The specific intracellular action of Li is unknown, but

e

presumably causes increased Caj either directly or indirect-
ly. Of the variety of treatments that cause cell uncoup-
ling, most are assumed to act through the agents known to

regulate coupling directly, while otheis are general

»

denaturing agents, interfering with membrane or protein

structure (for a review of the pharmacology of gap
Junctions, see Spray et al., 1984), Li may directly

increase Caj, since this is suggested from its action on

another cell system: in toad skin, intracellular Li

©

increased the paracellular permeability, apparently opening

the tight junctions through increased Caj (Aboulafia et al.,

1983; Cereijido et al., 1981). Li action could also be

indirec%, since it inhibits enzymes reSponsible for carbo-

hydrate mﬁgabolism (Mellerup and Rafaelsen, 1975), and so

1

energy dependent processes generally will be antagonized.

) Similarly, uncoupling in Tenebrio epidermis was caused by




-

anticalmodulin drugs acting on Caj, and by iodoacetate, a

nonspecific inhibitor of glycolysis (Lees-Miller and

Caveney, 1982)., Therefore Li may act directly on the intra-
cellular Ca level, or indirectly through the active

. \,
processes that maintain it.

-

g
2.4.3 (a) Dual controls of *coupling may be distinguished by

their spegd of action.

The existence of two separate systems for regulating
intercellular coupling appears redundant. Both E and Ca can

. uncouple a damaged cell from a tissue, although only the
latter can vary the le;el of coupling in the tissue (at
least insepidermis). However, speed of action may
distinguish whiéh control is effective 1ﬁ those.circum-
séances where both seem to apply. Obaid et al., (1983) have
showﬁ that p;tential g§ting is extremely fast, with a time
constant of tenths of a second (similar to that for trans-
junctional voltage sensit}xity in vertebrates; Harris et
al., 1982). 1In prayfish i;ctifying synapse, change between

. high and low conductance states required only milliseconds,
shown by changing the polarity of an appli;; constant
current (Margiotta and Walcott, 1%@3). Rapid changé in E
also occurred in Tenebrio epiderm:l cells, and could cause
uncoupling in less than a second, but experimental results

were selected .for gradual change that permitted measure-

ment, and ruled out the possibility that the electrode“tip
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had slipped through the cell membrane into grounded extra-. »

cellular space. . ) |
Uncoupling by Ca control would require a Ca imbalanﬁg.

from a net influx or the release of stored ions. Evaluation’

[y

L

of the relative roles of Ca and E under different circum-
stances would require considerable research in itself, but

;t seems possible that in some events provoking an ¢
uncouplinghrespogse -- probabiy cell damage, perhdps failure -

.

of homeypstasis -- E gating may isolate a cell before Caj

will have risen to a level adequate to do so,.

N
H




CHAPTER 3

9

SPATIAL SELECTIVITY IN JUNCTIONAL COMMUNICATION

3.1 Introduction ' ) -

4

Interactions among cells in a developipg organism must
cdntrob’ﬁroliferat}on, differentiation and thg,acgivity of
the resulting tissue. The insect segment is evidence of all
of these interactions. Segmentation, the subdivision of the
body plan into a number of'shql}ar units, is a fundamental
strateéy of body organization in multicellular animals. B
Annelids, anthropods and vertebrates all exhibit at some
time of their devélopment a metameric body pattern. ’

However, the cell;lar basdis can be quite different. In
the leech (Annelida), segmentation is first seen as a
repeating pattern of mesoblast cell clusters, with»eachl
cluster being a.clone derived from a single. embryonic cell;
4he pattern within the leech segment then develops through a
series of highly stereotyped cell divisions (Zackson,

1982). 'Therefofe,'cell lineage is the most important deter-
mining factor in segmentation of this animal.

In the insedt, however, segmentation starts wilh a
relatively large number of unrelated founder cells, about 50

in Oncopeltus (Wright and lLawrence, 1987a) and between 90

and 130 cells i? Drosophila (Lawrence, 1981). This is shown

D
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; .
by clonal analysis, which marks a single founder cell within
the early embryo and so identifies its descendants. This
indicates that after a period of 20-30 hoLrs of development,
groups of cells become restriced toia dingle segment. While

the shapes of the clonal patches are randém within the

segment, they are constrained by the intersegmental boundary

* and never cross over it. This defings the segment as a

developmental compartment. Thus, only after compartmenta-

tion is lineage involved in segmentation. -
Segments forﬁ specific parts of the body according 'to

their relative position within the embryo. They are autono-

mous in this respect, 50 that the cuticular structure is’

P A

“unique to the segment;'for example position-specific struc-

*

tures like antennae, wings or legs, or less 6b§ious differ-
ences of’form as in the gegments of the abdomgn. v
Within the insect segment, an epidermal morphogenetic
gradient controls cuticle patterniég (Locke, 1959; Lawrence,
1973; baveney, 1973) and apbears to be a gradient of posi-
tional information that conveys information to the ceils
about their gelative location. The a;ial gradient repeats
in eﬁch segﬁent so that ceils in equivaient positions in |
different.segments perceive the same information. Despité
the epidérmal continuity, cells on either side of the
segment border react’iqdepehdently to their respective,

extreme gradient values. The physical basis of the

gradient, suggested to be a &iffusible molecule or morpho-
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gen, must somehow be limited in influence at the segment
border. The special properties of the intersegmental zone
limit cell po tion as well as-interaction, since cells
never cross/over after the segment border is laid down.

‘V%hus, the segments are examples of groups of identical
cells with similar rules of\development that follow
different pathways. This suggests the absence of .
1ntercellular.communication across the segment>border, . but
is incompatible with obvious cooperation in cuticle

manufacture of the entire body, and synchrony of action
> x .,

P

duriﬁg the molt cycle. - "
‘In this chaéter, fﬁtgrcellular coupli&g at the segment
border is examined, to see whether spatial selectivity can
explain the limitations on cell interaction between
segmé%és. Developmental regulation of .junctional
communication at the segment border may determine which
permeant molecules ﬁay pass between segments, and when they

may do so. In“this way, the paradox of segmental autonomy

and functional integration in making cuticle may be

resolved.
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3.2 &Materials and Methods
F 4

3.2.17 Animal Culture

A culture of Oncopeltus fasciatus (Dallas), the large

milkweed bug, was reared 1in plastic dishes on a diet of
milkweed seed and water, with a day/night cycle af\14/10
hours and matching temperature cycle of 279C/210C%) The'.
cuticle of this bug is either black due to‘melanin deposits
or coloured red by pigments carried in the epidermal cells.

The strain used here was the mutant one cb;wb with reduced

pigmentation (dgscribed in Lawrence, 1970). The S‘juvenile

stages (nymp s)a have white abdominal cuticle, and after ~ .

L4
>

&issection,
the phase contrast microscope. In the wild type, light is
blocked from passing through the cells by the dense refrac-
tile pigment granules.’b

Stage IV nymphs were seleéted.for experimentdtion,

since earlier instars were too small, and the cuticle of the

g

V instar is rippled and folded, especially at the inter-

segmental zone. Stage IV nymphs were identified by

—

appearance, which is characteristic of each juvenilé stage

in this hemi-metabolous insect.

Several cohorts of newly ecdysed IV nymphs were
followed to establish the dug%tion of the instar. The '
average IV stadium was 4.5kdays, the same as that reported

for the wild type insect iﬁj@r similar conditions by Feir

. ‘ \\

cells of the epidermis can be easily seen withf

o
N
V.

\

A
' -./\'&
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(1974). 1Intermolt animals were considered to be a stage
greater than 24 hr. post ecdysis but prior to apolysis,

which usually occurred on the fourth day. These were

readily identified by both weight and appearance, since the

average weight increased nearly & times during-the stadium

with progre§sive expansion of the abdomen (Fig. 15).

3.2.2 Dissection and Tissue Culture -

Insects were anaesthetizedfby immersion in 70%
methanol, and removed immediateiy once immobilization occur-
red after 10-20 %gﬁ. This was ;sually reversiﬂle, with’
subsequent normai’development.
| A piéce of integument containing 3 segment borders was
- dissected from the dorsal abdominal wall and placed in

culture medium in a 35 mm Petri dish. The most posterior of ’ Q;j
; ’ the sed;entkborders_ran past a scent gland, one of two in
the midline marked by spots of black cuticle. Tissue
suspended from the-gland opening Qas freed and discarded,
since the contents appeared to kill epidermal cells in the
vicinit& if allowed to remaiﬁ over longer culture periodsf

The plece of integument was shaped to reduce the curva-
turé by'frimming the anteriér and posterior margins close to
the ségment borders, and removing excess 1a£eral cuticle.

It was then transferred to another Petri dish with inset
- coverslip and razor blade clamps. The lateral edges of the

.

preparation were placed under the clamps to counteract the
“. -~

e e e e e
v
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Figure 15 LT
1V stage nymphs of the milkweed bug Oncopeltus

fasciatus can be staged by appéarance, which changes

considerably between 12 hours after ecdysis (A) and 3.5

days (B). The major .difference is the distension of °

¢

the abdomen with feeding, which corresponds to a 5 fold

weight increase (C; bars, standard deviation) during
the approximately &4 day stadium.

M, average time of ecdysis to V sfage (rafnge, 1100-120

hours). Scale bar, 2 mm.

<
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_briﬁcipal_curvature. This allowed most of ?hg preparation
to lie in the same; focal plane uhder the midroscope. For
dyg injection, such preparations were sometimes dissected

fuﬁ;her into narrow strips, each containing a single segment
. ' ¢
border. Clamping these as before removed much of the local

. Q
curvature of .the segment border and gave a flatter prepara-

tion, but at.the cost of reduced cell number. ’

Epidermal preparations were either used immediately
after dissection,\ak an émbient temperature of 25-27°C: or
were kept briefly in an inéubator\(Hotpack)-at Z%OC in air’
with 2% CO0». ‘

Four différeét culture media were used. ‘Medium 1 w&%
TC199 (Gibco).cggtaining 10 mM PIPES (Sigma), ﬁeéium 2 w;s a
leafﬁbppef medium (Mitsuhashi, 1965) and Mediume=3 was a
Drosoéﬁila medium lacking ami@o‘acids (Shields and Sang,
1970). Medium & wgs modified Grace's lepidopteran medium.
(Gibco) supplemented with 15 mﬁ PIPES according to Smith and

Nijhout (1983). All media were adjusted to pH 6.8.with 1N

¢

NaOH, and contained 10% foetal calf serum.
An osmometer (Advanced écientific Inc.) was used to
‘determine the osmolarity of 2 ml samples of these culture

~ media. A nanolitre-drop osmomefqrf(Clifton Technical
\ .

¥ o
Physics) was used to measure the osmolarity of haemélymph

from IV aymphs.

©
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3.2.3 Electrophysiology and dye injection

The techniques of elect;ophysiology and~ioﬁtophqresis
of intraceliular tracer's were desowibed previously, in
Section 2.2.3, The fluorescent dye Lucifer yellow (MW 457;
Polysciences) was used in,addition to 6-carboxy fluorescein
(CF) and lissamine rhodamine B, (LRB) (Appendix I). The
dimensions of a CPK space—fillind‘model of Lucifer Yellow
1 (LY) were 14.5 x 13.0 x 7.1 A (limiting dime;sion under- "
a‘ v ' "lined). LY was made hp as a 3% w/v solution. The tips of
i the electrodes wére.baék-filled b; capillary action and the
3

i S N
i % : barrels were then filled with 0.1% LiCl to prevent the

-~

formation of insqluéie K salts (Stewart, (1978). The

> fluoYescence of LY was viewed withwthe same filter set‘used

}or CF, although not optimal for this otherwise highly

~‘% fluorescen£ tracer (see Stewart, 1978)., This was a compro-
£ mise—in the absence of correct filtration, since -substitu-

tion of a BG38 excitation Eilter, although more app;opriate

to the excitation: spectrum-of LY, increased the background

level as well-as the emission intenéity.

—p—— L

. & 3:2.4 Histological Techniques
In addition to sfudy of the living tissue by phase

contrast microscopy, pieces of integument were fixed for

sectioning, or were stained and examined as whole mounts.

i

; ‘ I. For sectioning, epidermal breparations were fixed
4 .

g overnight in cold 5% glutaraldehyde containing 2% sucrose

|
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and buffered with 0.05M sodiﬁm éﬁcodylate to pH 7.0; After
washing in buffer.and then in water,'the tissue was dehydra-
ted with a graded series of acetoné. .%he tissueryas
infiltrated over.24 hours with increaéing concentrations of
Araldite (C;tgille), and then embedded in fresh Araldite.

2 pmAsection; were cut parallél to thédbody axis and normal
to thelpfane of the cuticle. These were stained with 0.5%.
toluidine blue in 0.25% borax, and examined with phase
contrast and bright field optics.

II. Cell den;iéy was studied using Hoechst 33258, a
fldorescent stain for DNA. Preparations were eitﬁqx fre;hly
dissected or taken from previous experiments for staining,
and placed in a solution of fixative containing approxima-
tely 1 mM Hoechst 33258. After 24-48 hours, they were
washed éyice in culture medium, rapidly dehydrateq through 2

)

changes of acetone and cleared in toluene. The preparations

3

were placed on a glassgﬁliae in a drop of toluene, and cut
into several pieces to miniﬁize the gffect of curyature-of
the now brittle cuticle. Ti€se were oriehfed with cells
uppeérmost and mounted. The speéifac nuclear staining was
viewed by epifluorescenc;, with the'co@erslip and cell
surface next to the objective, using a UG1 (Reichert)
excitation filteé, leiss F%4106dicroic mirfor énd BG38
(Reichert) barrie£ %1lter:5zUnder these conditions, the

nuclei appear a prilliant ice-blue, against a background of

varying degrees of dark blue. The intensity of the back-




. i L .
ground fluorescence, due to mitochondrial DNA and non-

* ,

ining, was variable but was minimized by caréful
ore dehy@ration.
For s&me examinations of nuclear appearance and cell:
density, segments wére fixed in Zenkers fixative for 30

minutes, and stained by the Feulgen method (Humason, 1979).

Dehydration and mounting.was the same as described for

~Hoechst stained tissue, Nuclear shape was studied with a

100x oil immersion objective.

-

3

4

3.2.5 Photography

Fluorescence and phase\contrast images were recorded on
35 mm film with a’Nikon FE®camera mohnted directly on gpe
microscope. High speed black-and-white films were used,
either Ilford HP-5 developed at_4OOASA }n.Microphen

. {(I1ford), or Ilford XP1 developéd with commercial C-41

processing. These films were preferred to Kodak Tri-X (400
ASA in*HC110 - Dilution B; Kodak) for recording the low
light of fluorescence, ‘principally for their finer grain and

extended sensitivity that gave more faithful reproduction of
- 4]

the visible detail.

Photographing the fluorescence of Hoeschst 33258

required a high contrast film to minimize the nonspecific
fluorescence of the background. Kod&k Technical Pan (2415)

was.used\with long exposures, and was developed in HC110

(Dilutf0n=F) to ASA 25. The negative density of this slow

—
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film increases unusually predictably during exposures
greater than 10 seconds, mgkingrit suitable for recordiﬁg
this type of fluorescence, where changing light levels due
to diffusion‘or bleaching is not a concern. :

The camera's light meter determined the exposu;e for
phase contrast and bright field images. 4 or 8 second
exposures wére routinely used for fluorescence work,
althoughrbrackéted when éeasible. During the spread of
fluorescent dye in the cell)sheet, these exposuées were
adequate to record the full range of light intensities, and
brief enough to 'stop' its éhahging appearance. Longer %E'
exposures wefe little different due.to reciprocity failure,
and shorter, exposures achieved through pdsh~processing were.

unsatisfactory due to the increase in contrast and grain

-

size of the negatives.

e

The slightwvibration of the camera's shutter action -
caused motion of the M}croelectrodes during{intracellular
dye injection, preventing film exposure in ghe'normal way.
Instead, thigcamera was set on 'B' Qnd the sHLtfgr was
opened with é cable release, To expose the film, the
sliding prism on the microscope that deflects light to the

camera was inserted into the light path for the required

°

time.




3.3. Results ) —
In the abdomen of stage IV nymphs, the dorsal body wall
. 1s formed by a ;ﬁ;llow convex sheet of cuticle. Transverse

&1inq$ of slight indentation mark the intersegmental region,

and spiracle placement and the pigmentation pattern are
repeated in each segment. Toﬁard the posterior of the
animal, the segments decrease in width and breadth, and have

increased curvature (Fig. 16A). Dissection of the prepara-

tion and examination under the light microscope shows the
v . :

extent of the repeating elements (Fig. 16B). N
In an epidermal preparation, there are roughly 21,000
“cells, forming a continuous monolayer 8.1 +/- 0.7 pm thick.

It is free of muscle insertion sites, and the only visible

elements are small bristles that point backwards and can be

-

used for orientation.

In the posterior of each segment, a white pigment, the
only one present in the IV instar, increases in concentra-
tion, tending to darken the cells and obscure their
margins. At the segment border, Ehese cells meet the clear
ones at the-anterior of the next segment. The slighly
convex “curvature of the cuticle in each segment reverses its
direction here, and begins to bulge outwards.

Cell shape is roughly-hexagonal and uniform within the
segment, but undergoes a characteristic change at the inter-
segmental zone (Fig. 17A). At the posterior of the segment,

the cells are still roughly isodiametric, but at the

————— - . e
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Figure 16

A cell preparagrbﬁ can be dissected from the abdomen of
1V ‘Oncopeltus in ;hich the*junctipnal,proberties of the
ceils at }heufntersegmental region '‘can be examined.
Scale Bars: A, 300 pm; B, 150 um,

A. On the su;face of the dorsal abdomen, the inter-
segmentai regions appear as shallow lateral grooves.
Small bristles point backwards. A square of integument
was dissectéd free, containing the two segment borders
anterior Qf the slack spot.

B. Placed in medium and viewed under phase contrast,
the intersegmental borders are identified by the change
in cell shape and pigmentation. Corresponding™segment
borders in A and B are marked by an arrow. In the
centre of the preparation, epidermal cells can be

discerned, but curvature prevents a uniform focus.

Clamps, seen as the black margins at top and bottom,

hold down the lateral edges of the tissue.

-
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Figure 17

In the continuous sheéet of epidermis, the-seément border is
identified by the change in cell clarity and shape to either
side. The usually 5bvious demarcation of the segment border
in phase contrast is not due to a particular structure, but

rather to the lack of intermingling of the cells there, that

B
causes the alignment of their margins along a line in_

space. Scale bars: A, 20 ym; B,.50 um; C, 10 pm,
A. Phdse contrast view of the segment border in a prepara- '

tion in tissue culture. To the anterior (to the ieft, by

S

rd
convention in these and subsequent figures), cell detail is

relatively obscured by intracellular pigment granules. This
S
changes abruptly at the segment border, and are elongated

laterally close to the border. Again, curvature throws part

<

of the field out of focus. ‘
B. A cross _section through the segment border, parallel to
the midline, shows that{;he epidermis and cuticle undergo a

reversal in curvature at the segment border, but there is no

-

other obvious structural change. ‘3
" v

C. Examination at higher magnification of the segment
border in B shows a continuous, uniformly thick epidermis.
The arrow marks the approximate pgg?tion of the segment

border. Here, a slight change in the cuticle (not obvious
in most sections) may indicate a more pliablé region that
|

A

effectively hinges the segment. \,
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boundary with the next segment,‘these cells line up along
the interface. The posterior margins of the last cells of

the segment are aligned along the interface of contact with

the clear cells of the next segment. They are' not elongated

along that interface, and neither is there any change in the

size or nature of the intercellular spaces there. A slight

o ridge in the cuticle sometimes coincides with this inter-

0

face, and may be equivalent to the pliable intersegmental
cuticle of other insects,

Just posterior to the segment border, the most anterior

cells of the next segment are distinctly different in

A N

appearance from their immediate neighbours. Several rows of
laterally elongated narrow cells lie against the segment
border. Posterior to these, the cells quigkly revért to
the normal appearance of cells in the middle of. the
segment. The degree of change'in cell shape at the b;}der
~

can vary considerably between animals of equivalent develop-
ment, arffd even along the segment border itself. Typically,
elongation is leést at the midline of the segment, and
increases toward the sides and in the more posterior segment
borders. A role in expansion of the cugicle is nofliikely
since this appearance is constant tﬁroughout the stadium,
including apolysis. ' !

A typical cross section of a segment border (Fig. 17B)
shows that it involves no discernible change in éell helght

o -

or appearance. The cells tend to overlap each other at the

i . 119

.
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apical interface. The cuticle is %niﬁorm in thickness with
a slighs irregularity just posterior to the apparent segment
border that may represent the more pliable intersegmental

cuticle (Fig. 17C). .

3.3.1 Spread of intercellular tracers at the segment

boundary

Three fluorescent dyes were used to investigate the
junctional pe}meability of Oncopeltus epidermal cells.
Injection of any of thése dyes into a cell in the middle of
the segment produced symmetricai intercellular spread of dye
away from the cell into the sheet (Fig. 18). The rates of
spread of CF and LY were similar, and both moved b'etween
cells faster ghan LRB. h

However,finjeggion of dye 1nt6/cel}s lying close to the
segment borde% produced a qomplngly different pattern of
dye spread. When dye was 1ﬁiected into a normally shaped
cell one or two cells distant froT the border, Fig;.19 shows
that cellfto-cell spread of all the dyes was radially asym-
metrical, with norm;l spread Into the segment, but retarded
passage across the segment border. The rate‘of dye movemen£
near the border was the same as seen during injection into
éells in_the centre of the segment. In spread across the
border, these rates were decreased, so that LRB was the -~

N
slowest tracer to pass into the cells of the next segment.

-

The events of a typical CF spread are shown in Fig.20.

- N -
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Figure. 18 : ,
CF and LRB spread symmetricallj\hithiﬁ the epidermis
. Q

~

when injected into a cell near the cént;e of the seg-

ment. L?ft, photographs of the fiu;rescence at equiva-

lent times of injection;. right, the appearance with

\ phase cqntrést. Aﬁter;;F\if to the_left.

B A. CF injectéd fﬂio a cell for 20 s spreads to the

;>-sﬁfroundiﬁg cells, without. the mottled appearance seen
in Tenebrio epldermis. )

- B. Phase contrast appearance of the qells in A, an

area at-the centre of the segment. The injected cell

(+) uncoupled during injection, and is enlarged.

»

<o

C. LRB has spread mo}e slowly, entering 3 orders of
¢ cells at 25 s of lnjecgion.
D. In the phase contrast appearance of C, cell margins

are obscured, and the slight-léteral elongation s gdes-

ted by the fluorescence aﬁpearance is not visible.
o
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Figgre 19
Fluorescent traceérs microinjeéted into epidermal celi;
near the segment border- pass acrosshit,_althgugh a drop
in fluorescence occurs in this region. ' Left: record
ofzthrge'different tracers sp%eadrng across the segment
border. Right: the same preparations shéwn-in phase
contrast. Membrane potentials were between 26 énd:BS
~QY’ stable during the injection period. The position
ot the segment border is marked by ﬁhe'arrogyéads above
and benea{ﬁ_the micrographg//'A, anterior segment; P,
posterior segmentl Scale éar, 25 um. ’
A. Lucifer Yellow (LY) wa; injected into a cell (+)
anterior to the segment-bo4zgr for 30 é, the electréde
removed, ana the extent of‘hye.photographed (60 s
exposure). The spread of dxe is impe&gd by the
border. The appearance of the cells, ima&%a by dye
1oc;lized in their nuélear regions, sugg@?fgfzijt cells
at the border were not particularly ;lo g;ted.‘ The
source cell was damaged dur&hg electrghz\{emoval and
failed to retain‘dye. The dark area justk cross the.
bordér:;rom the inje;ggon sité is a dead cell imaged by
the dye that diffused groJ;d it,

\ ) -
B. Phase contrastvappegkande of A. In somk cells of
preparations such as this one, the presence|of smali
vesicles_t;;t exclude dye (diagonal arrow in A and B)
allow the micrograph pairs to be matched Gp 1ndebenden:

]
tly of the cell margins which ar&\often obscure.
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C. Carboxyfluorescein (CF) injected for 20 s into a

cell (+) posterior to the segment border, and the

extent ofiits spread photographed (7 s exposure). CF

was impeded in passage across the seament border. This
’ .

dve fills the individual cells more uniformly than does

O LY (A). The tfb of the electrode (e) was left in the

source cell after the period of dye injection was over.

. Phase contrast appearance of C. The position of
' : the segment boundary is marked by a thin intercellular
- space (horizantal arrow). Cell marqgins, though diffi-

aey )

cult io discern here, are seen as step-1iké drops in
fluorescencce in C: “
E. Lissamine rhodamine B (LRB) injected continuously
for 120 s into, a cell f+) in the anterior compartmené
and tHe extent of:spread photographed (12 s gxposuré)
with the electrode (e) inside the source cell. This

o - « , dye was the slowest to image cell detail across the

< &

border.
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Figure 20

. A series of photographs of the spread of fluorescence
during the injection of CF into a cell near the segment
H&réer shows.that a partial barrier to dye, spread
cau%e; a step in intensity to develop at tﬁélsegment
border. »The impedance to dye mOvehent was maintained
during the 1.5 minute injection period and caused
-asy&metrie spread of dye: dye spread laterally'7 cell

;orders and 6 orders within the segment, but banked up

against the segmenpgﬁorder and entered only 3 cell
W

orders in the next segment. In these circumstances,

theisegment border acts as a partial barrier to inter-
segmental dye passage, slowing but not preventing its
movement. Scale Barx 20 pp.

A-G.; A.feries of 4 s exposures -(processed and printéd\

identically) recorded the chanding appearance of the
LN

asymmetric spread of CF, starting at 14 s of injection

_ when dye was detectable in adjacent cells (A). Dye

spreads within the segment, but banks up against a
partiar“bgrgier at the segment border. Befatively
slower passage into the next segment is visible by 40 s

-(é), but the extent of passage remains less throughout

injection period. The medium was M4, in which inter-

>

segmental dye passage is relatively rapid.

©

H. A phase contrast view of the cell field shows that

the barrier to dye spread coincides w}th the segment

border—(dashed—line)+—Sourece—celd
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I. The chart recording of the injection shows the

membrane potential of thé injected cell, which

2

gfabilized after the electrode entered the cell, and

S

]

was constant until the eleétrode was removed.
Negative-going ¢current pulses run off scale at the

° - .
bottom. - Deflections In the trace of the event marker

(upper line) indicate the times of film exposure. -

Scale bars: horizontal, 10s; vertical, 10 mV.

¢










"However, dye had spread further, and reached a greater
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The cultﬁre medium used was M4, which may best resemble the
natural condition - the effect of culture media on inter-
segmental,dye spread is described later. Within 14 s of
injection, an appreciable amount of dye has passed into the
cells next to the source cell, and spreading uniformly, has
reached the segment border. During the next 15 s, it
continued to sprgad within the segment, "but the increasing
intensity of fluorescence betweén the source cells and the
segment border suggests that dye was prevented from passing
easily over into the cells of the next segment. By 22 s,
dye is detectable within the border cells, and by 40 s,

within the normally shaped célls of the next segment.

-

a

concentration within the segment during this time, so that a
step in the intensity of fluorescence developed along the

segment border, This step was maintained during the rest of

- the 100 s of injection, and the spread of dye parallel to

3
the border appeared to have been emphasized by the

K

banking-up of dye along the segment border. -
A standard set of conditdions was used for testing dye

passage across the segment border in preparations between 10

~

a flat and

and 50 minutes after dissection. Initially, there had to be
%KQamaged field of cells with no previous dye

spreads in view. The dye electrode was inserted into

normally shaped ¢¢lls one or,.two cells distant from the .

e

segment,border.ﬁ%ﬁhis prevented the electrode tip from




B e s e e

- «,Mﬁ-r.m e

“we

~

¢ 131 ,
\
crossing the border inadvertently, either during insertion
into the source cell or due-to any slight ‘electrode drift
during injection, while allowing dye to bank up between the
. border and the sourcelcell. The dye spread had to image
"

cell margins, while extending .within the segment it least 5

orders of cells radially to the source cell. -t

7 . £
The appearance of the dye movement to the adjaceht ~ °

segment was' then scored as either absent (and reyaining so,
with observation for at least 5 minutes), present bptﬁig " 5§\
impeded in passage over the border, or present and miﬁimallx ™
retarded by the segment border. ) N

Within the segment, LRB passed between cells noticeably
more slowly than eiéher CF or 'LY. At the segment borﬁer,
thi; dye also suffered a greater impedance to its inter-
segmental passage: it was the slowest to image cell detail
in thg adjacent segment, producing the strongest step in

»

fluorescence intensity at the segment>border. : '

<

The spread of dye in preparations tested immediately
(<10 min) after dissection §nto any of the cultufglquia had
roughly the same appearance: . dye always passed to‘the ‘<o
adjacent segment at a distinctly reduced ggte, estimated to
be ha%f the rate of movement within the segment. The subse-
quent ‘rates of dye movement and appearance of dye spread
were typical of the culture media used and the particular
,tracer injected. Figvs,21A shows the typical initial appear-

afice of the spread of CF over the segment- border at 5

e e . TSRS s sy =]
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Figure 21 ; '
The rate of intersegmental dye spread seen immedia;ely
after dissection becomes reduced in mediqm M1, but is
maintained indefinitely -in M&, 'Left, fluorescence
micrographs of qye spread. Right, phasé contrast
appearance, with arrowheads above and beneath marking
2

the segment border. (+), source cell. Scale bar, 20

v ~

m
p . NN
7 :

A. CF injected fdr 30 s in a.preparation 5 minutes
after dissection into ﬁ1. Dye spreads over the segment
bordeér with little retardation, which is typical in
pregsfégions in any mediuﬁ for 5-10 minutes after dis-
section. d
B. PQ:se contrast appearancé of A.
C. By 27 minutes in M1, the same preparation in (A)
has developed a strong Bafrier to dye passage. Dye has
banked up within the segment and its presence'in only
the first rgf of elongated cells beyond the border
shows that passage“to the next segment is strongly
retanded: but not prevented.

D. Phase contrast ﬁppéarance of C.

E. After 24 hours in culture in M4, the‘asymmetry of
dye sbread from an injected ceil near the segment
border is similar to that seen in A. The overall
extent- of sprgad is slightly less due to a shorter

injection perilod of 20 s.

R BT
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F.: Phase contrast appearance of E; The cells are dead .

but here

-

appear norﬁal, resembling epiderﬁis seen immediately

by~this time In culture in the other media,

after dissection (B) or after adjustment to M1 (D).
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minutes in M1. The chafacteri§tic appearance of the\dye
spread in this medium is seen in Fig. 21C, wﬁere CF is
slower to pass over the border at 27 minutes in M1. 1In
general, dye injections performed at greater than 50 minutes
after dissection of the preparation tended to result iﬁ
slower appearance of the dye in the next segﬁent. Hence, CF
and LY became further-retarded while the passage of LRB
became barely detectable or was lost.

The spread of the three fluotescent dyes across the
segment border when injected into preparations immersed in
either of media 1-3 is summarizéd in Table 4, The majority -
of results in all cases (130/166) fell iito the middle
category of impeded spread over the border.

Failure of dyé spread across the border occurred in 23
of 166 of the trials, aqd was.associated with M1.‘1The
intersegmental passage of CF and LY was inipeded m&re than in‘
the other me&ia (compare Fig. 21B to Fig. 20 or 15?), and
under these conditions, LRB commonly failed to pass over the
border. In such cases, the apparent rafe of dye spread

L)

within the segment was unchanged. The other extreme of

minimal impedance of intersegmental dye spreadﬁﬁas seen
infrequently and .occurred randomly, only 13~fimes in 166
trials. In those instances, the medium was usually M3.
This suggests that lﬂ.liﬁﬂg’ some aspegt of the cultur;

medium influences segment-to—ségmen% dye spread.

Use of M4 was begun after the other 3 media, and is
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. S
considered separately because of its different properties.

First, it aloﬁe could supbort prolonged survival of the
epidermal cells in culture. After 24 hours in the other

media, the cells were opaqus, detached from the cuticlé, and
»

- \ -
had no detectable membrane potential, whereas the appearance
of preparations kept in M4 was(littie changed, and fhe
membrane potential was 32 +/- 6 mV (n = 24 from 4* animals).

Second, dye 1ﬁjections into preparations at 30 minutes or 24

i

hours exposure to the medium shohed‘intérsegmehtql passage

apparenfl& equal to that seen immediately after dissection .

(Fig. 21C; compare to Fig: 21A).. This contrasts with the

effect of the other media where trans-segmental passage-was .

[

reduced in M1 and M2, and aqtually facilitated in M3,

)

Thé propertie; of dye coupl%ngvseed directly after
dissection probably feflecé those in vivo. These_wgre
roughly similar in préparatioés in all media, but were only
maintained in M4, Since Mh.als;'sdﬁpdrts the epidermis for
24 hours in culture with that level of coupling, i: was felt

%

that this medium best appfoximated‘qatural'condffgqgs.

Therefore, dye coupling bet;een cells on eithér ;ide of thel
segmeé% border seems to be reguiatéd to a level b;How that‘
seen between cells witﬁin a segment. Coupling between
segments 1Is regulated, and not s$imply reduced, since
coupling in vitro shows that there are conditioﬁ§ thét’can

rapidly raise (M3) or lower (M1, M2) gpe extent of inter-

segmental dye passage.
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.,:3.3.2kaé row of Gells at the border with reduced- junctional

‘of increased cell density will' appear to be 1mpeded.°

o v 3

”

permeability retards the intersegmental spread of dye

?ﬁé intersegmental zone is characterized by increased
cell oaeking gosterigr to the segment border;' Since dye

_passes faster within ‘a cell than between cells,, that is, the;g

‘junctional membrane offers greater resistance to.the passage

- of dye than does the ‘cytoplasm, dye moving through .a region

Therefore, the contribution of the increaséd{ceLi packing to
the retardation of .the intersegmental dye sffread was -

_examined. Some preparations w%?e placed in medium 1-which

depressed segment-to-segment dye coupling, a cell posterio/9~
to the segment border wiz 1njected with CF and the extent of
.the dye spread photograpned (Fig. 22A), 9After the dye had
mainly diftused away, a cell anterior to Rhe border was

- 7 N :

similarly injected, and the exteny of its sptead photo-

graphed (Fig. 22C). In both cases, the dye has been

’

ovirtually blocked from passage over the border, while

spreading 4 or a cell orders away from- the Uorder This

iw

could not be due to changes. in cell packing alone, and since

this effect occurs in dye spréad from both directiongw is:

¢

mresumably independent of 1it.
C et

This procedure is one of two methods that demonstrated ©
the ¢rue cause of retarded dye spread at the segment border:

a -second feature of Fig. 22A is that the line of dye

-

restriction fell posterior to the segment border seed:with
PR 4 -
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, Figure 22
In a preparation-in medium 1, dye injected intbgthe

anterior segmeﬁt was blocked at the
. . .

while that injected posterior to it

R

’

segment border,

was blocked at a

line that did not coincide with. the segment border, but

was separatéd from it by a strip of cells. The junc-

o

>

tional :permeability of this strip of éells appears to

be regulated independently, since dye moved rapidly -

among cells within a segment. Injected cells are

I

labelled *. A, anterior; P, posterior segment. Scale

v
-

e e rd

£
- -

bar, 20 ﬁm.

A. CF injected into a cell posterior to the segmént
border for 9 s and the extent of dye photographed 22 s

later (& s exposure). The dye spread in a radiaily

asymmetrical fashiqg\and was blocked in its pa5§ag;w\

~
along a line passing through a marker particle (white

circle, see B). Compare this with Fig. 21 .A&B, to see

the progressive ‘retardation of spread of dye over the

border with time in th1§ medium.

"B. Phase contrast view of the cells shown in A and C.

e L

The position of the éegment border 4s emphastea by the
ddshed white line. The refractile particle’lying just

. to the right of the border serves as .reference for

-~

locating it in A and C.

C. Dye Injected for' 8 s and its fluorescence photo-
graphed 23 s latBr (4 s éxposure)... The asymmetrical

1
a“




L4

0 9]
dye spread is strongly truncated at the segment border,

just to the left of lhe marker particle (white
circle). éesidual fluorescence from the spread shown
in A, done 4.5 min earlier is seen to the right of the
marker particlet

D.. Margins of the cells seen in B were drawn from

<

their phase contrast and fluorescence images, and tﬁe
extent of dye spread.in A and C indicated by

stippling. This outlines a strip of border cells whose
perméébility is much reduced from that of the adjacent

-

cells within each segment.

~
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; ' phase contrast in Fig. 22B, but when dye was injected

{ immediately opposite to this spread, the line of dye
restg}htion did coincide with the segment border. The

-

position of the refractile lipid droplet emphasizes this,

‘ since the two dye fronts fall to either side of where it
: lies on the epidermis. Therefore, the cells immediately

posterior to the segment border constitute the barrier to

1 the spread of dye, and their elongated Later;l margins

correspond to the lines of dye restriction.

A‘fchemafic diégram‘of the cell outlines was made from
the fluorescence and phase contrast iméges, and those cells
containing dye were marked (Fig. 22D). This shows that
there is a populat}on of cells at the segﬁ%nt border, jugt
one cell wide in this case, that on the basis of greatly
reduced junctional permeabiy}ty is separate from those on
either sidg. ( ‘

The presence of S:éell,type with reduced junctional
permeability cougd also be demonStrated by simultaneous ’
injeption of dye into two cells, one on either side of the
segment border (Fig. 23). This was'done_in anogher prepar.a-
tion placed}in M2, with LRé«injectéd simultaneously into
cells‘in?adjacené‘segments. At 28 seconds of injection, the ®
spread of LRB revealea a narrow strip of cells lying jhst
posterior to the segment border that were slow to receive

.

the dye, despite the high concentrations &f dye popentially ’

able to enter from either sSide. Note that under these

T e e e
— -

F
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Figure 23

Thé cell-to-cell spread of LRB injected into a cell on
each side of the border simultaneousMy outlines a
border strip of cells slow to receive the dye. The
reduced and variable permeability of these cells may
expiain how‘molecular interactions between compartménts
are limited. QArrowheads mark the position of the seg-
ment éorder. ‘A, anterior segment; P, posterior seg-
ment. Scale bar, 10 um.

A. The ;pread of LRB was photographed between 20 and
30 s of continuous injection. This preparation is in
M2, and the bbrher strip of cells only partially
restricted the 'segment-to-segment spread of dye. While
dye spread extensively among the cells in each segment,
and is in high concentration to either side of the
segment bo;der, it was retarded su}ficiengly to outline
the border cells..

B. Outlines of the cells in A drawnvirom the fluores-
cence and phase contrast images. The extqpt of dye
spread (stippled)‘from the two injection sifég outlines

[ 'S
a single row of border cells.

[ T
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conditions, LRB was only partly prevented from segmenf-to- ¢
segment spread, being impeded here to a lesser degree than

‘ was CF (the smaller molecule) in Fig. 22. Subsequently, the
cog;inuing spread of dye 'filled in' the area of lower |
concentration, starting with the border cells lying’ﬁebween
the source cells. By comparing the outlines of the cells i

& Wwith the initial extents of the dye spread‘(diagram in Fig.

23) the border str;p of cells was again found to consist of
a’single row of cells, Dual in}ections of LRB or .CF at
different sites along the segment border, and in

preparations from different animals, usually showed a single

row of cells. Double rows were occasionally found at the

lateral edges of the segment border. !
) D aand

3.3.2a Dye spreads symmetrically after injection into

border cells.

Retardation of dye épreads after the injection of dye
into cells on each side of the segment border $erved t;
locate the border cells. Attempts to inject dye into border
cells identified in this way commonly resulted in the cells
becoming uncoupled, with no dye spread. This resﬁonse 15*
very.different from that seen when dye is injected into a
non-border cell, and the sensitivi%y to dye injection
suggests that these cells are poorly dye-coupled. When the .

cell did remain coupled long enough for detectable dye

spread, the dye passed slowly and radially into the surroun-

. ding cells.
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'.Fig.’24 shows an example of symmetrical spread of CF

from a border cell into both segments, moving 2-3 cellss }

gadially. Combined phase contrast and fluorescence
illumination shows the subsequently uncoupled source cell to .
be disinglé elongi}éd ceil lying along.the segment border.
The' fluorescence of the LRB spreads that located the border
gelfg was excluded by the CF filter set. Also, the border
cell injections were performed in an area on the periphery
of the LRB spreads, after most of that aye had diffused
away. In some trials, the borger cells were identified by
position.and shape alone. Those injections‘gave the same
results, ruling out any influence of the preceding dual
injections. o

The slow dye spread and more ustal spontaneous uncoup-

ling suggest poorly coupled cells that, during iontophore-

sis, are unable to equilibrate by junctional transfer Wgém

—T i~

N

dye spread from a border cell, there was never preferential
passage into the other border cells. There was no localiza-
Sion or unusual retention of dye within the border cell, and
the overall appearance of the fluorescence was similar to

that seen after the }njection of a cell within the”segment.

3.3.3 C&ll and nuclear geoméfry'alone gannot explain the

asymmetry of dye spread at the segment border

Diagrams of gthe cell outlines in the intersegmental

~

zone have shown that the differences in cell packing on
k'

A




d?igure ?#
CF injected into border ce}l spreads symmetrically and,
at best, slowly into neighbouring cells, suggesting
uniform, reduced coupling of these cells with éells of
the same gzbment as well<as of the ad}acent segment. |
Scale ba:T 20 pm.
A. "Fluorescence micrograph of CF spread during
injection into a border cell. CF slowly passes into
adjacent cells on all sides.
B. The extent of spread 1n‘A photographed 2 minutes _

after the 15 s injection. The extent of spread has/

remained symmetrical as it increased, and the intensity

of fluorescence of the narrow, elongated source cell

.has decreased. Dye is slow to enter a cell in the
posterior segqent and has bequn to image its outlines.
C. Combined phase contrast and fluorescence illumina-
tion of the field in A and B. Located by its fluores-
cence, the source cell of “the dye spread is an
elongated fell lying along the segment border.
Comparison wiEh B shows that dye passing from the
.border cell entered equally cells in bogﬁ segments, as

well as other border cells.
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either side of the segment border were not so greét as
suggested by some phase contrast views, and that apparent
increased cell packing p;;terior to the segment border -was
mostly due to the single row of narrow border cells. Cell
packing was further investigated by nuclear staining of

epidermal preparations, to compare the border cells with the

regular epidermal cells on either(side, and ensure that

A

nuclear density’and placement matched the interpretation of
phase contrast views ;f cell ou£Lines.

Epidermal preparation§ from 10 intermolt and 2-newly
molted animals were stained with the specific nuclear
fluorochrome Hoechst 33258, ' Examination of epifluorescence
showed brighly fluorescent nuclei;\nﬁiymitosis present in
3-6% of the cells in severai preparations. "Mitotic nuclel
were more intensely fluorescent than interphase nuclei, but
the overéll degree of staining was variable for no identifi-
able reason. Fig: 25 shows the usual appearance of the
huclei. Within the segment, they are round to slightly
oval, and become more upiformly oval in the vicinity of the
segment border. While a degree of increased nuclear packing
marked the border area, in most cases the border cells could
not be specifically identified, as in Fig. 25B. In some
areas, a few oval nuclei with lonahﬁxes aligned formed a row
among the randomly‘oriented nuclei that suggested the

location of "the border cells, and this was confirmed by

phase contrast. There were no other identifying

characteristics, and no mitotic activity was seen,

-




Fiqure 25 :
Preparations stained with the nuclear fluorochrome
Hoechst 33258 show that the appearance and spacing of
nuclei at the segment border are similar to that
elsewhere. Arrowheads ahove and beneath each fiqure
mark tie segment bhorder. Scale bar in A, 20 um: in B,
b
10 um,
A. fluorescence micrograph of Hoechst stained
epidermis. In the interseqmental reqgion, the position
of the bérder cells cannot easily be identified. The
dashed line indicages the seqment horder (where it
could be located nrecisely, with the aid of phase
contrast), and the nuclei of border cells immediately
posterior to it appear similar to those within the

i

segment . In some parts ot other prevarations, laleral
alignment was sliqghtly mo?é'distinct. Mitosis, seen
herg at \dFiOUSIStdqu in 12 cells or céll pairs, was
never scen in border cells. The variation in intensity
of staining is an ar{efact that may result during
fixation, .
B, Stained nuclei in the iaterseqmental reqgion of a
preparation from g yvounger intermolt animal. Border

\

cell nuclei are not distinguishable from those of

neighbouring cells within ecach segment.
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The appearanqe\o? epidermal nuclei was_afso examined on

< -

! preparations stained by the Feglgen reactLon.Gresults not

»

v shown). As with Hoechst 33258 stainingz there was increased

s . ,
; ' packing but no other changes in the nucléi at the segment
* . L
border,,aadcporder cells could sometimes be discerned as a '
5 C% . . ,

© single row of ‘laterally aligned oval nuclei.

In typical preparations, nuclear diameters were

~ - N
- .

\ measured with an ocﬁlarlmicrometer and oil immersion (100X)
s objective. The nuclei of identified border cells were

7.9 +/-1.0 pm by 5.0 +/- um (n=10), with the major axis

™~

aligned-laterally._ In comparbson, the nuclei in the centre .

*

of the segment were only slightly oval, measuring 6. SERYE o

0.8 pm BV Se bt +/- O 7 pm (20) similarly aligned laterally.-
.The cell density was. greater posterior to the segment
\border: the average density there was 11,700 cells/mm2 (6)
> compared to»9300 cells/mm2 (6) anterior to the segment '

. bord?f@? The average cell density in the mlddle of the seg-

'
ment qi: 9400 cells/mm2 (5) -

-~

Therefore, changes in cell shape and denslty are local-

\&zed to the anterigi margin of the segment, and do not seem

’

. - to be part of a gradual change along the segment. Complete
- N ' gell eutlines could be seen arounQpeach of the nuclel,
. % JOE SRR W N
. , Thatching the "appearance of the.border cells identified by
“¥ L - .-

‘ f?q . . . 7 -
-thelr reduced junctional permeability. Nuclear:staining

does not suggest that the border cells are different from

2

¢ the epidermal cells, and it may thatttheir uniqué appearance'

results from constraint of their position alone. ' o F

v
~ S
. roy - . ¢
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3.3.4 The culture medium affects intersegmental dye passage

..» by altering border cell coupling
’ *:N:_; )
Epidermal preparations in differentt culture media

showed dififfering degrees of segment-to-segment dye

coupling.‘ This was a characteristic of the medlum,-but'was

independent of its ability fo support c;ll survival.,.The
media were comparnd on the basis of the pioportion of fhe'
major ions and osmolarity, and thén contrasted with. théw
available 1nformation on the composition of naemolymph

.

(Table 5). Some mijor-differences suggested a possible

-

explanation for the variable results in vitro.

’

\ The concentrations in bug'héemolymgﬁ of the two major

) -

monovalent cations, Na and K were matched by medium 3, in

nhichéiﬁtersegmental dye passage was the pmost sapid.
HoMevef; the Na/K ratio and concentrations were widely

dig}erent in the other media: ﬂhile M3 also matched the Ca ‘
and Mg concentr@ﬁ;ons in.bug héemolymph, so makiné'it a good

’a}t, ’ . ' ' -
appnoximatioh tU ‘haemolymph -ip all four ions, there was no
3

Y

relatlon of either the concentration or proportion of Ca. or

Mg with cell coupling . "3\ oL ﬂ" ,A o .

t s

.. : The osmolarity of bug*haemolymph from 8 stage IV nymphs

5

was 400 +/- 22 mOsm. The media unable to support the cells

~for 24 hours in vitro had\ogmolarities only half this, while
4 5 " .

“the osmotic pressure of M& was a good match at 423 mOsm.

This suggested that cell survival in’'culture was contingent

o

upon an adequate tonicity, but that dntersegmentpl coupling

+




b e W A

o

. TABLE V:

-

-

154

Comparison of composition of haemolymph of
Oncopeltus and culture.media.

N

Ion Content Medium N
(mM) , Haemolymph
) M1 M2 M3 M4 '
- Na 137 49 44 59 35+
'8 6 1 44 105 21+
Ca 1 < - 8 19 5+.7#
Mg il 1 <1 23 21 26#
Osmolarity* 250 257 264 423 400 .
(mOsm) , -

+, (Mullen, 1957)
# (Clark and Craig, 1953)

.

J’K

* Experimentally determined by.freezing point depression
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§ was independently controlled by the Na and K level.
. <
. To test this, two saline solutions, S3 and S4 were made )
§ that had the Na and K levels and osmolarity of media 3 and

L,

s
b

: ]
They were composed only of Na, K, Ca, Mg, Cl ahd
$ucrose,°in déidnizéd distilled water with 10% foetal calf
: serum, and buffered to pH 6.7 with 10 mM PIPES. Ca and Mg )
] .

levels appeared to have no effect on either junctional

coupling or ceil survival, and so were kept at the appro-

.’

-

-

priate level rather than. at an equal, intermediate level.

If the salines could reproduce the level of coupling

13
B ]

s

seen with the corresponding media, then the number of
factors in the complex media £§3% pighﬁ affect or even
. " define the permeability would be reduced to the Na/K balance
°and possibly thF bsmolarity. Further testind could then
separate these. Showing that the Na/K balance of the
* . bathing solution could regulate the dye permeability of the

segment border would allow an estimation through the haemo-

lymph level of the extent of 1ntersegment;l coupling in,

vivo.

/S g However, results of dye injections in preparations

immersed in $3 and S4 were not similar to‘those seen with M3

and M4, b

Epidermal preparationg*ffdm.ihtermolt Qnimals were
R 3

dissected directly into ‘each of the two salines, and between
5 and 35 minutes later, dye spread between segments was

: _ teésted by injecting CF into cells near the segment border.
Erd . .

-

a\
~

%
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During this time, the appearance of the epidermis in the 2
salines was similar to that seen in the media, and as in the

c media, gave no indication of the extent of dye coupling.

Throughout this period in saline S4, CF passed rapidly
across the segment border to the adjacent segment. This was
' photographed at 30 minutes, and Fig. 26A shows that there is
little retardation to dye passage, although dye- has backed

up ag%inst the segment bordér sufficiently to indicate its

a9

-

; ‘position. Fluorescence 15 visible within cells over the
segment border at every point élong it and directly opposite
the sourge, is detectable in 3 cells beyond the single

#» border cell. This rate of intersegmental dye spread is

§ ., unlike that seen in the analogous medium M4, but is typical

< B

i i

of the accelerated rate seen in medium 3. —
However, initial injection of CF into cpidermis.in $2
P \ showed distiwﬁt retardation of the dye at the segment
bofder, with gradual intersegmental spreaa. This was photo-
graphed at 11 minutes after dissection (Fig. 26C). The
_impedance to intersegmental dye spread increased after this
and dyé passage to the édjaceht.seghént was not detectable
at 30 minutes (Fig. 26E).
In Fig. 26E & F, t;e segment border can be placed by
cell shape and appearénce. Just posteriér to the segment o
border.'and opppsite the source cell, a row ?f‘B narro

border cells has a small amount of dye. Only 2 cells

removed from the source, théf have fluorescence equal to
— — -




Figure 26

Salines that resemble media 3 and)4, and so are princi-
pally different in Na/& content (see text), nonetheless
cannot duplicate their effects on fnfersegmental coup-
ling. The composition of the medium, or of'tﬁe
haemolymph in vivo, may be a subtle control of inter-
segmental coupling. Left, fluorescence micrographs of
the spread of CF; right, the phase contrast appear-
ance. Arrowheads indicate the segment border. Scale
bar, 20 pm.

A. The spread of CF in a preparation at 30 min in S&,

-

a saline resembling M4, Dye passage across the border
is relatively rapid, more so than seen in Mi4,
B. Phase contrast appearance of A. Elongated border

cells can be distinguighed from the more regular cells

-

to either side. ,
C. CF injected posterior to the segment border in a

preparation at 11 min in S3, a saliqe'resembling M3.

The dye has banked up against the border cells but

passes over at the moderate rate typically seen after
dissection into any of the media.

D. Phase contrast appearance of C.

LN

E. A record of the spread of CF in the same prepara-
c? .
tion as C shows that intersegmental spread has become

[ .
undetectable by 30 min in S3. Instead of the rap&% (

spread between segments seen in M3, the pérmeability of

-~

AT,



1

the border cells is reduced so huch that dye has
entered only the border cells closest to the source and
is not visible in the adjdcent cells within the next

segment, : ® :
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that seen in cells within the segment that are 4-5 cells
removed, It appears that the permeability of the border |
cells is rgduced so greatly the dye hés built up to detect-
able levels only in those cells closest to the source.

El sewhere, the border cells are yithout fluorescence ana
appear as an absolute barrier.

Dye that enters the border cells seems to 'leave at the
same slow rate: “the distal margins of the border cells are
imaged since the small amount oiﬁdye within the cells is:
impeded from leaving. Dual injections showed earlier that
dye was slow to enter the border cells at egch interface

with the next segmént. Here, dye leaves the border cells to

the next segment, since their fluorescence increased only

'slightly with time. However, it is passing into cells that

have normal cogpling and theré, can diffuse away more:
rapidly than the supply is entering - therefore those cells

are not imaged.

~

At 2 minutes after the end of the injection in Fig.
26E, dye had spread over a wide area within the segment,

Into 8-10 cell orders from the source, but the intensity of

-

.y -

the border cells had ﬁﬁcreased very llktle.- HoﬁéVer, 7
border cells were visible along the posterior face of the
dye spread, Eﬂd‘ﬁeyond them, the outldines of a single row of
5 of the first cells of the next segment were just
d{scernible.

The analogy of a waterfall may be used to explain this
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appearance. The ‘border cells are like a pool of water
betweenaLerial waterfalls. When the flow rate is reduce&,
wate; is slowed to form t{he onl, and on leaving 1is raéidly
dispersed. In this way, border cells are seéﬁawhegéinter-

L4
segmental dye spread is low, but are overwhelmed and not

»

easily resolved whHen flow in and out is more rapid.

The electrical coupling of the preparafions in the two
different salines was meaured during the time period iﬁ
which ‘the dye injections were made. In S4, which showed the

stable level of rapid dye passage between segments, inter-

-

cellular resistance (ri) was also stable for 34 minutes
after dissection, at 5.6 +/= 0.5 x 105Q §3 animals),land the

membrane potential was 42 +/- 5 mV (18) over the same

£

period. In S$3, the electrical coupling, like the dye

permeability, was unstable. The average rj over the'first
20 minutes in culture was 4.2 £ - O.ﬁ,x 1020 (5) but then
increased to 7.2 and 12.4 x 10°Q at<32'5;&"zg-minutes 4

respectively, in 2 animals. The membrane potential averaged

44 +/- 10 mvV (43) put showed progressive‘deci}ﬁe.

Therefore, dye permeabilify between: segments and
’ %

‘electrical coupling within the segment appeared to change in

parallel, either both remaining stable, or both shifting
toward lower channel permeability. !
The saline solutions did not reproduce thg couplin§

levels characteristic of their parent media, preventing’

clear conclusions about ion balance and intersegmental

[
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coupling. However, this experiment reinforced the

conclusions that conditions Eﬂ vitro can cause »

intersegmental cdupling to vary widely, without apparent

‘ effect on dye coupling witﬁin the segment. That )
intersegmental coupling is related to the Na/K balance is
supported by the different coupling levels seen with saline
solutions that differed only in this factor and osmolarity. _
Since a role for osmolarity in coupling was not seen in the
effects of the various media, it is still possible that the

Na/K balance can modula;e coupling but in an unpredictable

manner. 7

] 3.3.5 Electrical c;upling between segments remains st}éng

although dye coupling is reduced
' The apparent rates of dye spreéd within the segment
i were equal on either side of the border, that is, equal at
the apte;ior and posteriof margins of a given-se;mént. The
relatively slower spread of dye across tng segment border
was due to the reduced coupling of a strip of border cells.
Jhe rapid Shange in the®rate of intersegmental dye spread
over a wide range suggested modulation of the pérmeability
of the channels, rather than of cﬁannel.number, in the
junctignal membrane of bogder cells. Either only the border
cells could perceive and react to somq’aspect‘of the culture

medium, or they were especially sensitive to some general

- v .
factor. In the previous chapter, work-on beetle epidermis

showed that change In electrical coupling and dye coupling — — ——
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were related. Therefore, there should be a correlate in
electrical coupling t% the impedance to intersegmental
movement of dye.

The initial investigatjon compared rj witﬁ}n and

" between segments. This measure of électricalégoupling is

determined from the size of the electrotonic potentials at

\
1

increasing disténce from the polarizing electrode, conven-
iently along the diameter of the~446 um field of view. It
was expected that reduced intersegmental electrical coupling
would appear as a disproportional decrease in the magnitude
of the electrotonic potentials mgasured beyond the segment
border. -

In the intersegmental zone of a preparation placed in
« -
M3, ri{ was determined first along a line crossing thg seg-
ment border at 900, and then within.the posterior seément,
giving similar values of 4.9 and 4.7 x 10°Q respectively

(Fig. 27, lines A & B). Next, rj was determined within the

<
-

"anterior segment, and then along theﬂstrip of elongated

L3

cells jusﬁ posterior to the segmentwborder itself (Fig. 27,
lines C&D). Again, the rj values were similar at 4.1 and
4,2 x 105Q , slightly less than the previous values probably

due to instablility of the cells in culture causing gradualy

- change in the coupling level. The extent of electrical.

[}

coupling on either side of the segment border is identical.

' e

« In'Fig. 27A, the border corresponds to an inter-

electrode distance of 220, um. Beyond the usual variation,

et e




Figure 27

In the intersegmental region, the spatial decay of

-

eleétripﬁl coupling within and between segments appears
equal. This was measured along the ‘lines shown in the
upper. schematic diagram:' A, ri across the segment
border was_4.9 x 109Q ; B and C, within the anterlor
(4.7 x 1050 )-and posterior segment (4.1 x 1359 ); D,
along the elongated cells at the segment border (4.2 x
1050 ). 1In A, the segment border is at 220 um -
(arrowhead), and there is no evidence for a discontin-

*

uity.

/
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there is no step or discontinuity~tn thellineaf'dean of
: \
voltage with distance to suggest that the border c€lls posed

-

a'greater electrical resistance to current flow than thein.

neighbohrs.‘n ‘ 3 S o S
L - 1 Y .
. B ‘. z ’ )

. In the. exponential relationship of electrotonic voltage

-

‘ﬂith 1nterélectrode distance, the initially rapid drop in
, A N . ® R .

RS - .

vbltageeohanges to a gradual. décrease as ddssance
& . -

s
-

,1hcreaséss-‘jhis meanscthatiequal voltage changes occur over

S PR . :
. . . ° . ‘ [N

1ncre§eingly,lagge distapces on a linear semi-log plott
- . LI s - . ° \ . N
Therefdref ry was~ﬁetermined along a line between segments

.o A - " ' - ‘
I3

Withtthé odtder oiaced at a smallen interelectrode“distance,

~110 pm or 0.25 of the field width ‘which increased the

»

sensiti!ity to a discontinuity alth0ugh increaeing the

o, -

scatter of’ points. Since a resistance step"at the border

.~

3
4 »
t

mi Sht dévelop or become more pronounced with 1ncreased

. v

intercellulat nesistance, med 1 um h‘was used in.which the ri:

Ty 3 L .
r‘an‘gé'd hetween 5 and 8 X 1059 for up to 50 minu‘t.es %fter

)
+

;di%sectLon, higher than°theevalues of 3 to 5 X 1059 seen

~
- . .

£

0"-w1th M3, o - : a _

¥ R bt s e e maa

-~

I RN SR K

“In the 12 segment borders from 6 animhls examined n6*'
» - / N

diseontinuities were seen’. For one preparation between 26

s
. U 4 N .
kXY °

‘iJQ 3j-an¢ 31 minutes in ‘culture, the“electpotonic voltage was
v of ‘;—P/‘ -

-

.3\.determinedmat'18 distances (Fig. 28). °. A ddne - with

7. hax ﬂ050 wae‘drawn that fit all the podnts
- -4 \\.. . .

reasonablx well._ For compari§5n,.a line*with r{= 3. 4 X 1659

N
-~

; wasvobtalned slmilarly from a preparationJiﬁ”ﬁB.
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= - Figure 28 L - .

y Eieetrrcal qoupling may be ieotropic across the border -

‘ ; . but scatter Ln the points determinlng the line “of ’2

spatial decay could prevent'the detection of a small ~ ~ ~ ’ z

]

‘resistance qstepa. The segment border was placed at ot

110 um, since the techhique is more sensitivé at - -

. - . - ~
1

N . . IS i
'shorteq intérelectrode distances. Measured at 16 min

-1

: in M3, rj was 3.4 x 105Q (closed circles), and in

&
>another preparation in M#, was 7&9 X 1059 at 31 min

(open circ}es). " Thére are'no major stepss but
L - - ~ R
variation of the points about the Line}at 110 um would.

.t

L - obscure i small diseemtinuity.~ﬁﬁpte that an apbhrent

. \..'4 " .

-

d'step at the §egment.bdr¢er in the lower line is .

countered by variation,in the obpdsitewdrrection {? the
* B - ° . ) - ‘ .
‘upper; line. ® ' ;

ey
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g% - In'Fig. 28, scatter of the points measured just ante- e
. . . , . i

%; rior to the segment border causes them to, fall above the

X k.

»

line in one case and below it in the other.- This shows thqxq

N

.
7

Rl

Ajemall discontinuity, appearing as only a slight deviation

Y

electrotonic potential from the expected (1.e., fitting

4t ’\:Alv*w'f'ﬂ‘ e

s .
the linear plot) will be lost in the variation. One cause

of variation is the increased cell density at theuéeg@eht

- border, which wduld cause scatter of the points q§out the

line in the area where precision was most needed. To

o compe@sate for this, ,thescell field was photographed and,

from the cell ¢utlines, the interelectrode distances were .

PR S fandil

converted into numbers of cells. Sometimes, 1 mM CF was
added to the polarizing electrode, which marked cell posi-

,tion during current injection. In the 5 experiments
pe;formed'this way, t e'fit.of some points to ‘the line ‘was
— . & - ) A - ~%

improved 1n the border region.

-

< : :
This technlque was ‘used in Fig. 29, - which shows an

. unusually high ri of 18.4 x 10°Q . at 40:mihutes in culture, -

3

. that was_dge to an early decrease in intercellular «

3

" coupling. Recordinbs were made from 2 border cells and 10 &

- .
P

“; . regular cells. *Border cells were idéntified by shape, as
. . n . , ’
well as by location, whith could be Verifiea affer uncoup-

f ' ling JUring the lnjection had'caused them to swell and stand

PN .

N g“ ' out framﬁfheir neighbgurs. The degree of electrical coup-

5 - ling of the border cells, judged by the close fit to &heﬁ -

«

_,.—a'"“’
line of voltage decay, was‘equal to that of the other cells

oy EE ST
,




ps)

N

. : @
potentiials measured within border cells.

Figure 29 ’ . -

Despite medsures taken to compensate for variation,'and

to increase accuracy, the standard procedure for quan- -
tification-of electrical ;élpling cannot detectaa step

in intersegmental électfical coupliné that would

correspond to the reduced dyeﬁperméability of border

cells. The magnitude of a sté; might 1ncr?ase with

rgised 1ntércellu;ar resistance of the epihermal sheet,

~and in q‘prebaration at_hO min in M4, .an riy of 18.4 x

, 1050 was measured across the segment bordef. There is

no deﬁ?ctable.step, despite compensation for non-

uniformApéﬁl packing in the intersegmén;al }ggion_byf
méasuring the cell number ratﬁer thdn‘aistance betw;en
electrodes. In the diagram on thé lower axis, stippled
ce%ls are anférior; the arrowhead marks the position of

the sebméng border. ‘Open circles are the electrotonic

- - : »
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tested in each segment.

Obviousl;, there was'nohmajor diséontinuﬁky in elec-
trical coupling between segme;ts. Results with all points
1ndicatin§,a single unambiguous/line-on either side of the"

border are necessary to indicate whether the border cells

formed part of a monotonic or discontinuous voltage decay'.v{%sh

) -

These were difficult to obtain, since the epidermis was not
amenable to this type of investigation,~with the thin,
flexible monolayer shifting under the microelectrode and

impaled Eells rapidly iosing their mémbréne potential.

4

3.3.5a A cell-by-cell analysis shows that border cells have

e .
an increased electrical resistance when dye

- . [

permeability is minimized.

-«
Q

+In the last modification of the technique for quantifi-

cation of current gpread, a cell- bxaﬁgll analysis simultan—_

-

/;ously compared the radial spread of current over the

segment border to the spread within the same segment., In

¢ -
' b}

“preparations selg@tpd for clarity of cell outlines, an

¢

electrode wésrplaced in a cell one cell removed from the

segmen&“border Without relocatf%g that electroda, the

3
electrotonic potentials were measured in the neighbouring

O

cells along two radii: (1) moving away from the ‘segment

borﬁer §mong~the regular cells of the same segment, and (2)

S <!
el -

s,

£ N T o 1@2
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— towards the segment border, within the border cell ard into

the next segment. After measuring the electrotonic poten-
tials, the degree of coupling of two cells equally far
removed from the source cell could be compared. Thus, the
electrical resistance of the border -cell could be compared “
to another cell within the segment that was also—one cell
distant from the source, and the first cell beyond the
segment border compared to a cell two cells removed within

the segment. As before, 'this analysis was used on prepara-

<

tions in either M3 or M4, for less thaanoﬂminutes.

It was quite difficult to ohtain satisfactory record-
ings, sihce the recording electrode was required to hold a
stable membrane‘potential in a cell subject to slight motion

from'nearby cells being iﬁpaled by the other electrode, and

N .~

all results for one experiment had to come from a single

reﬁerence cell. 3udding by, appearance, injected cells
Y

generally remained coupled after thé electrode was removed“

*

The likelihood of this was increased by using the shortest
5
possible penetration and careful removal of the electrode

while the membrane potential was uncnanged. The cells
cléser to the source were impaled last, so that any cells
tha id uncouple were not .left in the area between the

oo S .. e ctrodes to- alter the spread of current in subsequent
K - ve

»

,measurements. «The standard injection current of 60 HA wasv

’N" T

g e sy

used, giving large electrotonic potentials at these mall

e

distances. ) Edw'
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) ~ Fig. 30 shows the results from 2 preparations in M3 or

‘M4 for 30 minutes. In these, as in other measurements of

‘cell-%o-céll'cu}réﬁt spread under these conditions, there .

~

»

<_was no disproportional drop in voltage within the border

R cells; or between cells separated‘b; a border cell. In each

2

case, the passage’/ of current to a borderccell or to-a cell
;séparated by a border cell from the source was the same.as
that amodg cells within the seameni. The ry was subse-~

ly‘measured and was 3.4 x 10%Q (M3) and 7.0 x 10°Q

.

(M&) .
. . By 55-60 minmutes in cultdre in any of media 1-3, the

intersegmental dye coupling‘decreased or w%s lost, and

[

suﬁsequent electrical measurements showed increased'riﬁ
values and unstable cells. Therefore, expegtments analysing

! - : the cell-by-cell spread of curr¥nt using M3 could not be
pr;longed‘pést 50-60 minutes. However, the cells in M4
remained coupled and reasorably stable for 60-120 minutes,
although ghe coupling wds reduced over that found in’'the -
first 60 minute period. his appeared to be mai&ly/a s

reaction to the culfture medium, and to a lesser extent to

.
-

the duration of experimentation in room conditions, since -
préparations placed in the incubator after dissection and

examined at 60 %&nutes showed similar behaviour.

?

. Preparations from &4 afilmals were examined between 60

and 120 minutes after dissection into M4. *During this

¢ pgriod, the average membrane potential (E) was 39—+/~ 6 mV -,
. / . N
-~ » .
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Figure 30 " .

A cell-to-cell measurement of the electrotonic voltages
in cells at fhe segment border shows that under normal

‘ : R
- conditions, the junctional resistance of border cells

B Tl L C U o O,

’ is not different from that of the adjacent cells.
Current was injected 1n£o a cell one cell away from the
segment border (see inset diagram) and the electrotonic
voltage measured. in the adjacent ("1" or first prdeg),‘

,;J/ the border cell (B.C. -or a 2nd order cell) and succee- °

ding cell orders within the next segment at 30 min {# —
< ¥ ‘

: M3 (oben circlés) or 30 min in M4 (open squares).
— , ‘ C - X
Then, measurements were made in-cells of equivalent

order within the segment (closed circles; closed
. . : A ’ ’ -
i squares). Since these measurements coincide, the

-

resistance of a border cell_to current spread 1is not
diff;reﬁt from that of a cell .within The segment, and
intersegmental current°spre§d‘appqafs ithFopic.

Note that, fo} simnlicity, lines cohgect thé points and
‘do,not show a realistic voltage profile, wﬁere voltage
.is constant within a cell and drops at the juncﬁional

- interface. )
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. (20). Comparison of the spread of current across the border

with the control spread within \the §egmeht ‘showed that the
~. < . . -

X, “

electrotonic potentials witﬁin the border cells were reduced

v AT RN T ey n .
A

compared with those in equivalent cells within the segment
and caused a d?gﬁ in the current'passage over the segment
border that was not seen {n the spread ,within the segmén;
(Fig. 31). The border cells constituted a greater resis-
tance to current entry into the next segment than would a
normal cell. In the nexft segment, the now-loWer.volt;ge'

decreased in a fashion pérallel to that seen in the control

segment. After.the measurements within the gggment,were 3

made for the control spread, recordings were made from

.

» «
.

another border cell and the cell beyond it that confirmed

those initialivaLhes. Considered alomg, the electrotonic

potentials measured in célls across the border show a step

. . €
decrease that was not seen ear G;?“ﬁn Fig. 30. Comparison

of this with the contrbl\spreé away from the border

confirms that the spread is n t isotropic.

°

PR o f .
J/' Rfevious results had 3Kown that dye spread into and out

Fe -,

f the border cell strip
pa

p;

as equally retarded, and suggeséed

y théﬁﬂunifgte c

meter of the border ¢éells, The nature of the resistance
step also éuggésts thap'a border cell has reduced 'electrical
coupling with‘ﬂoth the adjacent cells in each segment, since

the electrotonic voltage dropped more sharply between the
. -~ I . -

adjacent cell and the border cell, and betwé®n the border

(A}




- ;ucdbssiye cells within the segment (solid lines)

®

This-shows a greater drop iny voltage between the
adjacent and borQer cell, and between the borderhcell

~and third order éell, -(dashed lines) than betweén

Figure 31 .
x -

There is an electricél.corpelaxa\to the reduced dye

permeability of border cells: under circumstances that
0, \
G, - \

minimize intersegmental dye passage, a border cell also-

constitutes a greater resi%taﬁcQ‘to current passage

thaneneighbouring cells within, the segment. At 100

min in M4, a cell-by-cell analysis (inset diagrah) was _
used to measure fhe elecérotonic voltage in ad}acent

, .

(first order) cells, border cells (second order) and

succeeding cell ordercs in the adjoining segment ( A).

Subsequent measurements of the electggtonic voltage in
the equivaien; ordér cells w;thin the segment (ZS}

showed no such drop. Finally, another measuremetf

across the segment border confirmed the ‘lower elegtro-
tonic poténtia}-in border céils“apd in tbe cell beyond - &
it (V). ?’he* ry was 10 x 105Q , a higher valula than
in ﬁig.‘30. It”seems that a sénsitive.analyﬁis,‘with

reduced electrical coupling, is necessary to show‘tﬁat

bordér-cells,pave a disproportionately higher‘ a .

-

juncfional resistance and cause a discontinuity in

electrical. spread. ' ,!

- . . VLY -
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‘cell and the first segmental cell;, than between two segmen-

tal cells (?ig. 31)., That is, the steﬁ occurred between the
cells on either side of the border cell, with the border '
cell occupying an intermediate position. A

The magnitude of the resistapce step was not great - in
these preparations, the electrotonic potentials recorded
from border cells ranged between 79 and 86% (average of S
experiments was 83%) of that found in the equivalent celf
within. the segment,

Under these conditions, rj could not be determined

easily, but in two preparations, values of 8.5 and

8.8 x 102Q were found, which are likely minimum values for

this period in ¢ulture. The ri of the preparation in Fig.

31, which showed a detectable step, was roughly 10 x 10°Q
whereas the\ri of the preparation in Fig. 30 (with no step
by the same technique) was 7.0 x 1050 . Ffor step'detection,

it appeared necesary (1) to generate large electrotonic

’potential§ (2) in a region where maximum change in the

electrotonic voltage occurred over each additional cell
order and (3) under conditions of reduséd\electrical

coupling. v

3.3.6 Reduced intersegmental coupling can be reversed with

molting hormone in vitro

The few cases where dye injection showed no retardation

of dye spread across the segment border in epidermis freshly
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dissected into any of the media occurred randomly and weré
never satisfactorily photographed.. This was one extreme of
the range of rates of intersegmental spread seen, but unlike
the opposite extreme of absent coupling, this was not a
response to egperimental conditions, and appeared indepen-

~

dent of them.

Possibly, animals at certain stages of development
contain haemolymph that modified the extent of interseg-
mental coupling. However, dye injections into newly molted
epiderhis.(<60 minutes after ecdysis) and into the egidermig
of(bharate V nymphs tested the level of intersegmental
“coupling at each end of the moit cycle but gave results
appropriate to the megium used. In these cases, the dissec-
tion and subsequent manipulation of the flimsy cuticle
tended to damage the underlying epidermis, but dye injec-
tions were always made in intact areas.

The insect developmental hormone 20-hydroxyecdysone
(20-HE) increased electrical couplinb In Tenebrio epidermis
in vitro (Caveney and Blennerhassett, 1980). Since border
cells appeared to be part of the epidermis, although charac-
teristically different in some properties, this suggested
that 20-HE might affect the coupling level between segments
as well. Therefore, the effect of 20-HE on modulation of
intersegmental coupling was tested by incubating trimmed

epldermal preparations in M4 contaliming 10 pg/ml 20-HE and

determining the spread of CF injected.
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-Preparations exposed to-hqrmonb\respOndedito it with
apolysis (the separation of the epidermis from%its cuticle),
which became noticeable by 12-15 hours and nearly complete
by the end of 24 hour incubatfop period.. This in itself
made electrical measurement difficult, but in addltion, ghe
nature of the basal cell surface changed, and consistently
caused irreversible blockage of the electrodes after pene-
tration of a cell. Therefore, it is not known whether
electrical coupling increased in response to hormoné.

" Initial tests showed that the dye spread in prepara-
tions incubated in M4 + ZgigE andiexamined In fresh M4 was
similar to that seen in freshly dissecte? preparations. (&
trials in 2 animals; E = 38 +/- 3 mV; 12). This was also
true for preparations incubated for the same time in M4

lone and tested in M4 (16 trials in & animals, E = 32 +/- 6
mV;. 24)-
One remaining question was explored: since freshly
dissected preparations showed faster rates of interseghental
dye spread>iﬁ M3'than in M4, was this difference maintaihed
after this period\in culture?- Since preparations could not
have been culgured En M3 for this long, some of those in M4~
or M4 + 20-HE were placgd in AB and then tested. In
preparations from & énimals‘éhat had been switched from M4
to\MB,'é trials with CF and 8 trials wiéh LRB resulted in
impeded intersegmental dye spfead resembling that seen in

preparations freshly dissected into M3 (E = 30 +/- 5 mV;

1Q){ However, switching préparations from M4 + 20-HE to M3
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resulted in dye spread across the border with no apﬁaggnt

retardation.

Fig. 32 shows an example of unimpeded dye spread across
[ Y .

the segment border from 2 different animals; in one preparal

tion at 5 minutes in M3 after 15 hours in M4 + 20-HE and

_another after 16 hours exposure to hormone. In each case,

. there was radial symmetry\of the extent and intensity of
fluorescence.,, Individual/border cells can be identified
from phase contrast micrographs of the cell fields, and are

as intensely fluorescent as reqular cells that are an equal

distance from the source. ‘
In all, 29 trials of CF spread in 7 animals, and 9
trials of LRB in 3 of thosé, showed no detectable impédance
to dye spread (14 segment'bopde;s from 7 animals; the
average £ was 24 +/- 6 mV; 49). Therefore, the state of
" minimal or absent retardation of dye séen'naturally as a

rare event can be duplicated in vitro, but only by the

combination of these two .treatments.

(B viina DA

»
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Figure 32

‘The junctional permeabfiity of border cells can be

experimentally raised to the level of the surrounding
cells.‘iPreparations cultured in M4 with 10 ug/ml 20-
bhydroxyecdysone (20-HE) and tested in M3 showed no
barrier to the intersegmental spread of CF, This
duplicages the transient Ratu}al absence of a barrier-
to dye spread at the bordef, and suggests that inter-
segmental coupliég may be requlated to permit the free
exchange, of ﬁoieCUles at certain times during develop-
ment. Left, record of the fluorescence 6f CF; right,
the phase contrast appearance. *+, sohrqe fell. Scale
bar, 20 pm.

A. CF injected anterior to the segment border in a
p}eparation at 8 min in M3 aftér exposure to M4 + 20-HE
for 15 hours. No asymmetry of spread cdn bhe seen, and
unlfke {he rare natural occurredce, this appearanbe‘wag
stable in 1153%; ’ N
B. Phase contrast appearance of A, )
C. CF injected posterior to the segpent border in a
preparation at 6t'm1n in M3 after exposure to M4 + 20-
HE for 16 hours. Spreading symmetrically from the
source, the appearance‘of the dye does not suggest the
pre;ence of a barrier in this prepaFation. Note that
the fluBrescence towards the edgq‘gf the spread appears

uneven and -slightly mottled. This was characteristic




-

of epidermis exposed to hormone for this time, as it

hegan 'to loosen on the cuticle, but is not yet

noticeable in A, a preparation from a different animal.

. Phase contrast view of the cells in C.
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5 3.4 Discussion -

P 3.4,1 Introduction

; When segments are delineated, adjacent cells can become
members of di}ferent cell groups, that will to a large
extent, develop independently. .Thlsimight result from the
loss of intercellular communication between those neighbour-
ing cells, and the restriction of transfer of developmen-
tally relevant information. Hotfver, cells in adjacent
segments are electrically coupled ®o each other across the _%
seghent border in Rhodnius (Warner and Lawrence, 1973), and
in Tenebrio (Caveney, 1974).

It was therefore surprising that Warner and Lawrence
(1982)Treported an absence of dye coupling across the<,

\segmenF border in Oncopeltus - once electrical coupliné was

demonstréted, dye coupling would Qe expected to occu} as

well. = In those expefiments,gdorsal abdominél integument of

Oncopeltus was -dissected into an unspecified medium, and -

Lucifer Yellow injected into cells near the segment border.
«iIn 27 of 30 cases, the dye failed to-pass over the segment
border, whi}eispreading among cells of the -sam€ segment,

This suggesé;d that a‘celk at the border was-n;;mally coup-
*1§H with the cells of its own segment, but had reduced or

absent coupling with adjacent cells of the next segmeng

(which were also normally coupled amongst themselves).

Therefore, some intercellular junctions formed by a cell at

the border must be different, or regulated to a different




o w AsosgreReTRa)

; . . 188
"/&. ' . -
level, than others in the same cell. This too was surpri-

sing since factors which regulate cell coupling, such as
{ions or electrical potential are assumed to be uniform
within the cell.

Instead, results presented in this ghesis have shown
that there is a separate population of éells at the anterior
margin of each segment that communicate less among them-
selves as wéll as with the cells of adjacent segments.
Spatial selectivity in communication makes the segment a
communication compartment: cells within the segment can
communicate freﬁly, but reduced coupling with border cellg
allows only limiLFd iné@ractidn with cells of the adjacent.
segments. This\ygy§allﬁw each segment to keep to its own
developmental programme. Since modulation of the degree of
select%gity can occur iﬁ vitro, it may do so naturally to
pérmit the synchronization of developmental events that
affect the whole animal.

3.4.2 Junctional permeability is asymmetrically requlated

1

at the segment border

Spatial se}ectivity of coupling in the epidermis
distingulshgd border cells from cells within the segment.
Assuming that the anterior and posterior epidermal cells
within the segment are equivalent, at least in coupling
level, dye injection has tested the permeabiiity of 3

different types of junctional interfaces formed by segmen-
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tal and border cells - epidermal cell:epiderﬁal cell,

% ' ' epldermal cell:bordef cell and border cell:border cell junc-
tional interfaces. The results of dye in}jection into both
cell types showed that goth homotypic and heterotyplc border
cell jJunctions had equal permeability; that is, in the three
combinationg, any cell interface lnvolving a border cell has
the permeability of the border cell type.

Since all the junctions made by border cells had

reduced permeability} the coupling level appears to be uni-

-

form around the ﬁerimeter of each bf these cells:. While
slight differences in rate could not be ruled out, dye’
appeared to enter and leave border cells at equal rates,
giving the appearance of symmetrically perﬁeable Junctions.
Hd#ever, the reduced permeability of the heterotypic junc-
tions at one cell face of an epidermal cell, relative to the
homotypic junctions of that same cell, suggests different
coupling levels around the périmeter of those cells.
Instead, I‘proposq that there is asymmetrical regulation of
- Junctional permeability at such cell interfaces - when two
cells in contact regulate thei} ;oupling to different
levels, a channei between them has the lower of the two
’ ’ conducance levels. The principle for this was describedugy
Obaid et al. (1983), who showed that the iﬁtercellular
channel of an insect has two gates, one in each hemichannel,

and that these can respond independently to controlling

agents. ~In the situation above, conditions in each of the

two different cells regulate the permeability of their hemi-
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ch;nnels to a uniform but characteristically'different
levei. In this way, coupling can be uniform around the
perimeter of cells that form heterotypic junctions.

An alternate explanation -to asymmetric regulation of
apermeability, whether by graded closure or not, would be
that border cells have fewer 1ntercellular channels, so that
fewer functional channels are formed between border ‘cells or
In heterotypic junctions, dowever,‘Laurence and Green - (
({975) found that gap junctioﬁs occurred as frequently
between cells of different segments as between cells within
the segment. Here, some ffeshly dissected preparations
briefly showed no retardation of dye passage at the sedment
border, which is physiogical évidence shoWingvthat border -
cells can have the same degree of coupling as cells within
the segment, but suggesting that regulation of permeability
normally prevents this. The rapid re-setting of.the perme-
ability level, also seen in the loss of 1nd§rsegmental coup-

5\

ling that could occur during the course of’anT§§periment, is

N
‘\\

B AN
more likely to occur by change in the state of existing

" channels than by variation in channel number.

{
The 1nterpretation of results in Tenebrio epidermis was

that 1ntercellular channels close in a graded fashion. 1In
\

part, electrdcal coupling’ detected in the absence of dye

coupling suggested the reduction cf the average channel )

diameter, which occluded the dye but continued to permit the

passage of small fons. In Oncogeltus, graded closure of

&

“
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border cell junctions may ei\lain how electrical coupling

between segments is maintained under conditions that mini-
mize dye passage. ~

After cultufing with hormone, intermolt preparations
showed no retardation of dye spread across the border,
suggesting tnat the_deoressed coupling leve;s of the border
cells had been reset to 3 higher, stable level in response
to the hormoney; A selective increase in channel number
between bordfr cells could have explained :kis,,but is
unlikely since increased coupling in response to %his
hormone in Tenebrio epidepmis did not involve a '-measurable
change in junctional area (Caveney.et al., 1981).

* Changes 1n the junctionalhpermeability of the border
iells appeared able to occur independéntly of the coupling
Level within the segment This was particularly evident
when the dye coupling of the border cells was Fedueeq below
detectable levels (Fig ZZ) while dye continued to pass
within the segment jhe apparent rate of dye spread within
the segment»does,not appear different between this and Fig.
19, in which intereegmental spread was relatively rapid.
However, the rate of spread within the segment may have
increased in preparations exposed to hormone and tested in
M3, which showed that. dye passage across the border cells
could be as rapid as within the segment, This is subjec-

tive, and based on the appearance of the dye spread in those

preparations. In Tenebrio, 20-HE increased coupling within
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the segment,woo that a parallel response in~0ncopeltus would

-

be expected. If true, border cell coupling might be modul a-

ted disproportionately, and not independently, of coupling
in the segment. Factors that affected coupling within the

segment slightly, either here or in general, might ‘cause

-

border cell coupling to increase to a maximum, or drop to a

minimum. The greater effect in the border cells might be

due to the counteraction of a larger degree of.coupling

dé;fession.

3.4.3 Intersegmental coupling is probably reduced in vivo

Cell culture in vitro is only an approximation of

conditions in vivo, and can be mofe the adaptation of the

cells to the p?offeredxn%dfum than of the medium to the -

-

cells‘“requirements. To draw conclusions abouf coypiinﬁ*iﬂ

E

‘vivo, an experimental mediun should be a close match to

-~

known pnysiological conditions and should allow continued

cell survival. Among the media used, the cation levels of
it ! .

M3 were the most closely matched to those in the blood of

Oncopeltus (Mullen, 1957), and of plant=eating hemiptera in

general. However, cells could not survive for Jong in ﬂB,
and so it is possible that the results of coupling are not
representative of those in vivo. e

-

M4 satisfied the requirement of cell survival, but its

-

b

-

ion levels are not as closely matched to haemolymph as those

P A

of M3. The rates of intersegmental dye-spread were differ-
~ 7;4——.&\, s

-

N
-
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ent smong the other 3 media, none of which allowed cell

suryival, and so it seems that the quality of the medium

determining the degree of border cell coupling may be
independent of that required for survival alone'.

There is édditional evidence to suggest that the inter-
segmental coupligg seen In M4 does resemble the level in
vivo. In freshly dissected prepﬁrﬁiz;ns, the initial pates
of dye transfer bet;een segmentslwere similar in all &4
media, subsequently becoming characteristic of the particu-
lar medium. Border:ceil couplin% debreased'anvM1 and M2,
inéreased'ig M3 and remained stable in M;. Evidence in
Tenebrio suggests that thg coupling level seen immediately

»

after dissection is a reflection of the conditibn in vivo

(Chapter 2). V¥hen eiiﬁer newly molted or intermolt beetle
epidermis was first placed in culture, éze level of elec-
trical coupling in medium was characteristic of the gevelop-
mental state, and was retained.briefly after transfer to
Li-saline. }herefoie, intqrc;llulér coupling can be a
sensitive measure of reécﬁion to the environment, but the
coupling levels found 1mméd1atély following transfer in
vitro probaply reflect in vivo levels. -Subsequently, the
cells may ‘adapt to those conditions. Therefore, on this
basis, and on its ability to permit survival, M4 appears to
approximate natural conditions. Tﬁe results found with its

’

use suggest’ that hydrophilic molecules of the size of CF and

~ar

LRB are able to pass freely-among cells within the segment,

Vet e . —— e P S
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but are considerably impeded from passing into adjacent
segments.

-

3.4.4 Interségmental coupling may be regulated during

3

development

Spatial selectivity of intercellular coupling arises

from local control of coupling at the segment border, and in

vitro. is influenced both by the culture medium and by

molting hormone, and rarely, by some naturally occurring
circumstances. This suggests that regulation of interseg-
mental coupling might occur during development as well.

Changes in haemolymph composition or some other general (but

“perhaps locally perceived) factor might also affect border

cell coupling, and so control the size range of molecules
abie to pass from segment to seémént;

Experiments to-duplkcate the rare natural absence of
dye retardatisn at the bbrderxsucceeagar@ith a combination
of two factors, exposuré to molting hormone and to M3. This
appeared to be a synergistic effect, rather than additive,
and prevents an easy explanation of a common principle.
Perhaps M4 inhibits the exprﬁ&sion of a hormone induced’
coupling increase, or M3 elicits it. In any event, it geems‘
that if certain conditions, possibly of ionic balance, are -
present {n the haemolymph at the time of the molt (or |

whenever 20-HE is present) the barrier to intersegmental

molecular passage will be removed.

~ 3

u

e ——

¥
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Warner and Lawrence (1982) reported that LY could

initially pass over the segment border in 10% of their

.experiments and they too found a subsequent reappearance of

the Harrier to dye spread. While those preparations were
from stage V nymphs, and in meqium of unknown composition,
the similarity of the pattern to results described h;re is
striking and suggests that the level of intersegmental
coupling of developing bugs may be témporarily increased in
apparernitly intermolt insects. The reprogramming or commit-
ment peak, a transient surge of ecdysteriod that occurns
before the molt (R%ddiﬁprd, 1977), might have this effect.
Tﬁé blood concentration would likely be less than the peak
of 4.3 mg/ul 20-HE. found in ‘V nymphs at the fiolt (Redfern et
al., 1982) and certainly of éﬂorter duration, and so migﬁt

have an effect on coupling less end:éfng in vitro than that

seen here in epidermis exposed to 10 Fg/ml 20-HE.

3.4.5 The segment border-i$ repaired by border cells, and

both can be regenerated -

Tpe segment border is the edge of the major,metaéeric
unit as’well as the edge of a aévelopmental campartment.
Also, the discontinuity in the repeating ax{al gradieﬁ?zof
positional 1qformation occurs at the segment border.' How
does this relake to the'presence of thé border ceils? Are
they a separaée cell type, that perhaps created discontinui-

<

ties in a universal gradient and so effectively pre-date the ¢




segments, or are they an example of differentiated cells
within the segment, like gland cells? Results from earlier
experiments favour the latter, that border cells are derived

from epidermal cells within the segment, but acquire a

-
[

degree of independence.

Locke (1560) showed in Rhodnius tﬁat excision of a
small pieée of the intersegmental mardin was follpwed'by .
complete regefheration. However, it could be that the border
was repaired instead by the remaining cells of the border
and their descenQants. Wright and Lawréhce (1981a) showed
that this was indeed‘the case, and that cautery ;} parf of
the segment border resulted in its replacement by the N
preferential migration and proliferation of cells from the
intact intersegmental edge. Lawrence k19é6) had found that
the 1n£ersegmental membrane has "extraor@inary" powe;s of
this apparent regeneration: after extirpation of even large
parts gf the intersegmentil membrane, a stream of elong?ted‘
cells migrated out from each cut end, and rapidly recoﬁ-
structed it. Presumably, these were true border cells, and
it is interesting that their behaviour fits the tﬁeory of
Loewenstein (1979) relating growth control with the degree
of cell communication, such as the rapid growth of some neo-
plastic qells that is associated with reduced or absent '
cell-to-cell coupling. . ‘

Wright and Lawrence (1981a) also showed that the seg-

ment border could be regenerated by non-border cells, after
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cautery of its entire width. Moreover, they demonstrated
that ectopic borders could be formed, but not from the
confrontation of cells of different segmental origin alone.

The confrontation had to be between cells of sufficiently

disparate positions in the.éntero-posterior axis, from the
same or any segment. This difference had to be more than
one half the length of the segment, an® so appears to follow
the principle of intercalation of missing positional values
by the shortest possible route (French et al., 1976) ..

In either regenerated or ectopic borders, the hormal
appeaga;ce of laterally elongated cells was seen (Wright and
Lawrence, 1981a). This sugge;ts the establishppnt of a new

¢ ,
border cell population. Since pigmentation and clonal

origin of the elongated cells at the border indicated that
they were part of the more posterior segment (Lawrence,
$1973), it ségms that they can differentiate from the regular
cells of each segment under an appropriéte stimulug.

Because cells with sufficiently dissimilar positional
values can _regenerate the border, it is possible that border

&
cells originated from such an interaction during the primary

organisation of the epidermis. ‘Interacting across the newly
formed segment border, cells posterior to the border might
differentiate either directly or by an aligned mitosis to

form a line of border cells. These cells appear quiescent,

since Feulgen and Hoechst staining of epidermis from IV and

X .

V nymphs showed no mitbses, atthough prevalent and randomly
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) .
oriented elsewhere within the segment*, Conceivably, they

need to increase their number only as the girth of the body
wall increases during development, and Lawrence (1973) did
see mitosis in cells at the anterior segment margin that was

characterised by its medio-1lateral orientation.

3.4.6 Are developmental compartments also communication :

compartments?

Since the segment border is also a compartmen% border,
spatial selectivity of junctional eoupling might be a
characteristic of the compartment border. It could be
involved in the spatial organization of structures witﬁin
the segment. The alte;ﬁatiye is that reduced junctional
‘commenication of the border cells is unique to segmentation.

Clonal analysis.in the Oncogeltus“ségmeﬁt suggested.
that the dbrsal and ventral "hemi-segments were further
divided to form a short posterior compartment and larger
anterior one, and also along the midline into right and left

quadrants (Lawrence, 1981; 1973). In the preﬁ?rations

examined here, there were no apparent markings for these

o

secondary compartments. Lawrence (1973) suggested thét the

* P, Bryant (pers. comm.) also finds a zone of non-
proliferating cells at the D/V boundary in the imaginal disc
of Drosophila.
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pigmentation is different between the anterior and short

posterior compartments, which might not be evident here.
' )

However, the sites of dye injections ranged the width of the

segment along the ‘border, and along the midline, but no
cryptic alteration of coupling forming lateral or antero-
posterior subunits was detected,

Evi{igpp from the Drosophila wing imaginal .disc

supports the idea th;t compartment boundaries wighin the
segment cah be communication bound&ries: Weir and Lo (1982;
1984) injected fluorescent dyes into cells of wing discs and
showed that zones of dye retardation subdivide the disc into
communication compartments, whose boundaries coincide in
space with compartment borders identified by clonal
analysis.

——

It is also true that most of these lines of impedance
occur along folds in the epidermis that involve considerable
change in its thickness. ‘The difference in the vertical
measurements (the path length) would inevitably cause a
decrease in fluorescence intensity, and this may be an
alternate ;xpladation;for some of the Tines of apparent dye
retardation. Further‘complicating the matter, the distribu-

tion of gap junctions is non-random in the imaginal disc,

being reduced in the folds that coincide with compartment

,

boundaries (Ryerse, 1982). This too may contribute to the

reduced dye transfer in the folded regions.

<

On the evidence presented, }judgement should be reserved
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f&r thoée lines that apg_éccompanied by such thickness
changes. I accept that dye spread is altered at the
anteroposterior (A/P) amd dorsoventral~(D/V) boundaries
within the disc, where the sheet thickness is moré¢ regular.

Weir and Lo (1982)-described a band of-cells across
which the dye was slow to pass that is analogous to the
porder cells in OncoEéltus. It lay on oply part of the A/P
boundary in the wing pouch, and intercompartmental dye
spread seemed to circumvent this band, since they found
that:

"most’of the dye transfer between both sides aﬁpeared

to occur through cells to the left of this band.”
Elsewhere in the disc, they saw or could re;plve, no such
band of cells. The fluorescence p{Ftures show no cell
margins or-other detail and fluorescence images of LY
distr;butidn in discs sectioned after injection did noé show
clear boundaries. L ‘

This band of cells was independently identified by Kuhn
et al. (1983), who combined enzyme localization and clonal. )
;nalysis to study compartment formation in the Hisc. They @
}0und-a narrow band of cells Just posterior to tﬁe A/P
border that had a characteristic enzyme distribution* and by

»

clonal analysis belonged to the posterior compartment.

. ¥ aldehyde oxidase (+) in a (-) disc; isocitrate dehydro-

genase (-) and G6PDH (-) in a (+) disc.
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Similar to the dye passage within the disc, clones trahs-
gressing the A[P boundary did so peripherally to this area
and never through it.

This suggests that compartmentation of the’wing disc is
accompanied by the development of communication compart-
ments., Tﬁis may be associated with a discrete population of
‘cells at the anterior margin of the posterior compartment.
The nature, extent and pgssible lability of the peduction in

\
junctional permeability is still uncertalin.**

3.4.7 The segmenE[ﬁB?ﬁég may organize.tpe segment

A regeneraﬁind segment Border is iﬁiﬁialLy a convoluted
frontier Hetween the two masses of migrating cells, but it
soon straightens (Wright and Lawrence, 1981b). Differences
in ‘cell adhesion may be responsible for. this, and could also
explain the straight edges formed by clones where they
respect a compartment border. However, it may not be
adequate to intepret the segment border as an expression of
Steinberg's (1964) rule of selective adhesion.

If intercellular adhesion were the major organizing

factor in the segment and in particular at its margins;

n {
« ‘\\

9
\\\ . r.
*¥ Fraser and Bryant (1984) were not able to duplicate these
results, achieving only limited spread of LY within the
disc, but extensive, homogeneous spread of fluorescein

complexon (Fluorexon; MW 623).

2
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there might be no need of altered intercellular communica-

£~

tion there, as Nublig-ﬂung (1979) observed. But, there is

. vy

altered.communication, and-it is due to a population of
cells that prevents direct ;ontact betyeen adtacent seg-
ments. Adhesion forces seem to be different between the
anterior and bostgrior of one segment aﬁd; since Nardi and
Kafatos (1976) have shown graﬁed adhesion in the wing
epidermis, are possibly graded within this compartment as )
well, It seems possible that intercellular adhesion is a
result of the axial gradient, and sepag;te from the mechan-
ism that maintains the segment egge and its positional
values. ‘ |
+  Although Piepho's (1955) experiments suggested that
intersegmental membrane had an active part in polarify‘of
the segment, Locke (1960) showed that the cells in a piece
’ of reversed cuticle can retain'an orientation inappropriate
to the position of the ségmeqt border, and that in fgct the
border region seems to be neutral in gradient value. This
suggests that the border cells, by virtue of their reduced
cell-to-cell coqmunication, are part of neither one of the
adjacent segmental grééiéhts. Acting as a no-man's-land,
the border cells allow the gradient discontinuity to exist.
They maintain the gradient for the other cellskthat are
inside the segment, which then responé to it by expression

of cuticle contours, adhesion differences or properties that

( other tissues can perceive (such as migrating muscle cells:
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Williams et éi., 1984; or sensory neurons: Walthall and
Murphey, 1984).

Therefore, border cé;ls by their presence may allqw the
organization of the segment. It 1s also possible that the. ,é
intersegmental zone has the ability to control éﬁe cells in
its vicinity: when central areas of the segment are
reo;iented, there is gradual regulation back to normal

(Lawrence ?t al., 1972), but the segment margin is very

stable after transplantation, malntaining its pattern as if

in isolation, and dominating cells in its vicinity (Locke,

1960; Nubler-Jung, 1979). Wright and Lawrence (1981a) found

that regeneration of a segmént border could cause the

reversal of polaritﬁ of the 9ells anterior to the border,

that had migrated into the cauterized region. Also, they

found that an ectopic segment bordér, thch formed after .
grafting,’Would affect the polarity and pattern of host

tissue far more greatly than a similar graft that,formed no

-

segment border. In the wax moth Galleria mellonella,

-~

Bhaskaran and Roller (1980) have shown tha£ the posterior
margin of the segment acts at certain times in development >
as if iF were a source of a diffusible morphogen which
influences the pattern and polarity of surrounding cells.
This&sugg;sts that cells in. the intersegmental zone,
possibly the border cells, but maybe the adjacent cells of

extreme positlional value that can cause their regeneration,

are able to organize some aspects of the segmental plan.




204

3.4.8 Spatial selectivity and regulatory signals

The route of cell-to-cell transmission allow§ the
specific éction of molecules in low concentrations, since
there is insulation from loss to the much larger external
volume. Since embryonic fields are small when first
established, in general less than 100 cells wide, Crick
(1970) felt that gradients of diffusibke morphogens could
establish the limits of such fields or carry develo;mental
information® within them. The time limits for the events of
pattern specification required a reasonably rapid movement
of such molecules, and so it is important that recent
measurement of the rates of diffusion of molecules in an
epidermis shows that their passage among cells is just one
order of magnitude slower than that in water alone |
(Safranyos and Caveney, 1985). ,

The Oncopeltus segment is a modél system for the stuay
of diffusible morphogens in gradient action, since there is

“an antero-posterior gradient of positional information

(Lawrence et al., 1972), it permits the passage of small

molecules among its cells, and contains boundary cells that
‘J’ restrict their passage into the next segment. The spread of

fluorescent tracers showed that a morphogen of comparable

]

size would not be completely blocked at the segment border,
but couldlpass slowly to the next segment. There is a

considerable size range of molecules that could pass within

the segment, but that would be effectively blocked from

n
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passing between segments. %akfﬁ@ the assumptidns about
intersegmental coupling in vivo discussed above, these would

be larger than 14A but less than the maximum channel diame-

ter of 20-30A (Schwarzmann et al., 1981).

Conceivably, the action of morphogens could range from
redﬂlation of cell division to more complex activities suéh
as the establishment of ;he antero-posterior axis in a.’
primary fleld. ‘Intercelluiar substances with morphégenetic
activity have been found in Hydra (Schaller, 1981}, where
they appear to specify the pattern.  They are hydrophilic:

: * molecules between 300 and 1100 M¥ {(Schaller and Bodenmuller,
2 1981) and could conceivably pass between cells via gap
Junctions.

Morphogens and compartment boundaries are combined in a
theoretical work by Meinhardt (1983). He broaoses that the
region of intersection of boundaries resulting from pfimary
embryonic organls@tion acts as an organising centre }n
subsequent development, He used existing evidence on
patterning in the wing imaginal disc and the cockroach leg

. to show that treating the intersection of compartment
borders as a source of a gradient of positional informatlion
(which could be a diffusible molecule) could first, explain
the separaté locations of leqg and wing structures on the
same segmeﬁt and, second, accommodate the existing results,

in predicting the regeneration of the structure. One advan-

tage of his theory is that it provides a feasible molecular
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basis for the polar coordinate model of French et al.

[<d

(1976) .
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A contrasting point of view is emphasized by Nardi gnd .

Stocum (1983) who feel that the cell surface carries much of
N < -

the molecular basis of morphogensis, in the form of adhesion
gradiénts. They showed this in the urodgle limb and - - i
earlier, in the lepidopteran wing epidermis (Nardi and
Kafatos, 1976). -The existence of Nardi's 'biochemical basis
of positional non-equivalence' is sabggzted By the éxistggce‘
of region-specific molecules in thé imaginal.disc (Greenber§ .

and Adler, 1982) and a gradient of a cell surface molecule

In the avian retina that appears to control neuronal

position (Trisler et al., 1981).

G
The major difference between these classes of :models is

that one requires direct communication between cell

interiors, and in the o%her, the‘ceil membraﬁe itself is

<

o involved instead., This émpha%izeé our ignorance of the

interplay between the basic mechanisms in pattern formation,

& “-

and suggeéts.that the little we know and even what we

suspect to.occur, may not be easily applied to "the more

N

4
complex later stages.

f
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General Discussion-

A
. The concept of developmental gradients was formulated

by Child and set forth'as a genefal problem in biology in

1941, While elaborated as being based on metabolic activity

or an indefinable 'morphdGenetic potential', this failed to
connect satisfactorily a quantitative cellular pr&pe}ty with
céllular pattern, Ié was the idea of positional information
of Wolbert-(1969), along with his realisation that primary
embryonic fields are uﬁiformly‘small, that allowed Crick
(1970) to demonstrate that.intercellulgr diffusion of a

morp eny would éapidly produce a gradient af positional
information. This linked cells t6 cellular pattern by an
acceptabie, éhoughlstill theoretical, graded mechanism.
Subsequegtly, iﬁtercéllular diffusion, as the biology of.
cell c;upling and the gap junction, has become a separate
field of study. My contributions show how regulation of
1ntercellulap communicatlon can affectlthe nature of

5
substances able to pass betweeen cells and describe a

.possible link between the 'private pathway' and the control

Y

P

of cell devélopment.

In insects, there are two distinct phasés of develop-

ment in-which diffusion might determine the outcome. After
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fertiliiation, there 1s an acellular per&od with' a number of
synchronous nuclear divisions without formation of cell
membranes, followed by more usual d;velopment after
enclosure of the nuclei with cell membranes. For example,
in Drosophila the;e are 13 rounds of nucleai division before
cell membr;nes form to make a blastoderm of roughly %000
cells (Turner and Mahowald, 1976).

The blastoderm becomes divided circumferentially 1nt6
segments, and a dorsal-ventral compartment boundary is drawn
longitudinally around the whole. Pattern formation that
occurs in‘the acellular embryo is primarily under the
influence of maternal and not zygotic genes. Diffusion
among the nuclei 1s relatively unimpeded, a?d it,may be in
this way that m;ternal gene products determine the polarity
of the embryo in the three major axes: anterlor-posterior,
dorsal-ventral and left-right. In pérticular, the dqrsal-
ventral axis is determined from maternal mRNA stored in‘the
egg (Anderson and Nussrein-Vollhafd, 1984), Experimeqtally,
the level of ventral development 1" proportional to the
amount of such mRNA in the egg, and so 1t§ product is a.true,
physiological morphogen.

A biochemical model involving molecules undergoing
diffusion and reaction'%or the spontaheous formation of
pattern (Turing, 1953) was {pplied to Drosophila by Kauffman
et al. (1978).; They shpwed that the nodal lines of success-

ive patterns correctky predicted the sequence and position

P AW
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in'which the compartment boundaries appear both in the
embryo and in the imagin;l discs. The formatioh of cell .
membpanes wés-a‘crltical event that, by reducing the!
effective diffusion constant, decreased wavelengths
in;tialiy too long to 'fit' onto the egg. As the wavelength
continued to decrease, successive patterns arose as the
boundary conditions were met. | ) L
The reaction/diffusion modél can also describe compart-
ment formation in the wing disc. Here, as in embryonic
sggmentation; compartmentation seems to involve a genetic
change, possibly of a limited number of binary genetic
switches (Kauffman, 1973). Indeed, a compartment can be
defined as the spatial domain o%“a (homeotic) gené (Morata
and Lawrence, 1975{. "
The gene 'fushi-tarazu' (FTZ) shows part of the extent
of genetic involvement in segmentation. Mutations in this lf
gene disturb the periodicity of segmentation and its spatial
_distribution.tends to support the concept of segmental
determination used in the model above. By hybridization of
cloned FTZ* DNA, Hafen et al. (1984) showed that a uniform .
band forms across the acellular syncytial blastoderm by the

gth nuclear division, which breaks down by the 11th divisicn

into a pattern of stripes, with each stripe equal in length

"to one prospective segment. Because FTZ is a pair-rule

mutation that halves the number of segments, this indicates

that a prepattern, in which the repeating unit is twice as
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large, precedes the ultimate segmental repeating pattern,
and is itself derived from a continuous distr{bufion. This
fits well with the reaction/diffusion model.

A compartment boundary at the segment edge marks groups
of célls which have been committed to their destiny before
cellularity was complete. The imaginal discs, however, are
definite monolayers of cells when they a}e compartmented
(Eichenberger-Glinz, 1979{% It is probable that one mechan-
i1sm specifies position in bdth\cases, which responds to
physical parameters such as diffusion constants and field
size, and is similar, at feast in effect, to the reactfon/
diffusion scheme. fherefore,,the reduced junctional
communication at the cgppartment boundarie§ in both cases
seems to be a consequence‘of the specification of the
boundary, that presumqblyhgtabilizes and maintains thé
pattern. Once established, regional differences in inter-
cellular hiffusion would cause the unstable wavelength to
deérease and form the next sgable pattern.

| .
The correlation between regional differentiation and_

the formation -6f communication compartments in the post

-implantation mouse embryo (Lo and Gilula, 1979) suggests

that here, too, reduced junctional communication at the
intersection between contiguous cell'fields is invplved in
the maintenance of pattern.

Graded channel closure is the sine qua non of true

selectivity in junctional communication. Initial inspection

%
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shows that the_intercellular channel is a selective filter.
for exchange of the 6ytoplasmic constituents, in that”;£
allows only the s¥;ller hydrophilic molecules to pass
through, but it is the effect upon the indiygahal channel
;%en intercellular coupling is regulated to a new level that
determines whether selectivity changes as well. The
simplest interpretation of the changing electrical conduc-
tance and dye permeability during uncoupling of Tenebrio
epidermal célls was that the cH:nnelg close in a graded
fashion, so that different coupling levels are selective
amorig the permeant molecules.

The nature of channel closure is basic to the under-
standing of channel function, Principally, the results have
shown that the modulation of coupling level in a stable
population of-channels has a diffgrent effect on inter-
cellular coupling than the regulation of channel numbe;.
When hormones increase gap junction number in their target
cells, there i1s simple amplification of the propertieg of a
single channel, and new or more rapid metabolic processes
matched with more rapid equilibration of non-homogenéity.
Instead, an altered coupling level changes the nature of
moleculegApasslng among cells, so that one cell,receives
different molecules instead of a greater or lesser number of
the previous ones.

A graded channel bore permits a uniform field of cells

)

to create a discontindous spatial distribution of mole-
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cules. This suggests that éutonomous, yet 1nterconngcted
cell filelds can rg}éin developmentally active molecules
while -cooperating in essential functions that iqvolve
passage of common metabolites.

Originally, selectivity of junctional communication in
time and spacé was proposed to 'purposefully' control the
distribution of moledﬂles. The mgéns.for selectivit§ are
shown to exlist, with an example of spatial control of
coupling,‘but without the molecules in question, -the purpose
must remain theoretical. The insect segment may be still
the best place to find the molecules, perhaps by showing
that u?coupling or loss of regulation of their passage
alters the course of‘development. The long awaiggﬂ 'magic
bullet' or specific channel blocker that might Kelp-in this
may have been found: Wagner et _al. (1984) have injected an
antibody to the gap junction into frog blastomeres tHat
appeared to biock junctional communica?ion without causing
cell death and resulted in specific developmental effects.
Pursuit of this line of rgsearah may establish the roleléf
Junction coupling in routine cellular activity as well as in

development of the organism.

P
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