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ABSTRACT

D ouble-barrelled  ion -sen sitiv e  m icroelectrodes w ere used to  obtain  
simultaneous measurements o f  membrane potentia l and in tracellu lar ion ic  
activ ity  in body-w all muscle fib res  o f  the larvae o f  two in sec ts: Camphor a
erythrocephala, the blowfly (D ip tera) and Chllo partellus, the r ice  stem  
borer (L ep id o p tera ). Ion ic  substitution experim ents were performed on 
both preparations in order to  a s s e s s  the quantitative contributions o f  K+ , 
Na* and Cl" to  resting membrane e le c tro g en es is  in ea ch  in se c t .

In Camphor a , the m uscle membrane potential was found to  b e  ex p lica b le  in  
terms o f weighted contributions by the potassium and sodium ion ic gradients  
a cro ss  the c e l l  membrane. (Cl" was p a ssiv e ly  distributed in  th is  
preparation, playing no part in membrane e le c tr o g e n e s is ) .  A model for  
resting membrane e le c tro g en es is  based  on the Goldman-Hodgkin-Katz
equation was p rop osed , and its  predictions tested  by a  variety  o f m odified  
ion ic  substitution experim ents. It was thus proved to  b e  co rrect.

Measurements o f in tracellu lar IC*" and Na+ a c tiv itie s  in two d istinct
developm ental s ta g e s  o f  th is in se c t , larvae and prepupae, indicated that 
the activ ity  o f  K+ in crea sed , whilst that o f Na+ d e c r e a se d , with a g e . This 
su ggests  that there may be maturation o f  a  Na+/K + pumping mechanism  
during developm ent.

In Chllo, the relationship  between the membrane potentia l and the IT*'
gradient a cro ss  the c e l l  membrane was found to d iffer  markedly from the 
situation in CaUiphora.

The contributions to  membrane e lec tro g en es is  o f a  number o f mechanisms 
(K *, Na+ , C l", Mg2 + , m etabolic pump) were investigated  and quantified . 
The most surprising finding from th ese  experim ents was that in Chllo, Cl" 
i s  not p a ssiv e ly  distributed a cro ss  the c e l l  membrane, but i s  involved in  
resting membrane e le c tr o g e n e s is . This situation i s  unlike that in the
majority o f  vertebrate and invertebrate m uscles that have been  stud ied .
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CHAPTER I

1 .1  Ion ic  P roperties and E xcitab ility  o f  Nerve and Muscle C ells

The sign a llin g  ab ility  and gen eral ex c ita b ility  o f nerve and muscle c e l l s  
depends on the uneven distribution o f  a  number o f  inorganic ion s ( e g .  K+ , 
Na+ , C l", Ca2+ ) on the two s id e s  o f  the c e l l  membrane. Each io n , 'x ' ,  has  
a  ch aracter istic  equilibrium potential given by the N em st equation which 
s ta te s  that: -

Ex - —  m
Zx*

-nOax

w here Ex i s  t h e  e q u il ib r iu m  p o t e n t i a l  f o r  t h e  io n  ' x * ; 
R i s  t h e  U n iv e r sa l g a s  c o n s ta n t ;  *
T i s  t h e  A b so lu te  te m p e r a tu r e ;
P i s  t h e  Paraday c o n s ta n t ;
Z i s  t h e  v a le n c y  o f  t h e  io n  * x ' ;
a g  i s  t h e  e x t r a c e l l u l a r  a c t i v i t y  o f  t h e  io n  *x*;
a j  i s  t h e  i n t r a c e l l u l a r  a c t i v i t y  o f  t h e  i o n *x ' .

The activ ity  o f an io n , 'x* , i s  an " effective concentration" being the
concentration o f ions in the solution that are fr e e ly  m obile (a c tiv e )  and can
th erefore contribute to the generation o f  an electrochem ical p oten tia l. The

total iona ctiv ity , ax » is  related  to  the c o n c e n tr a tio n , C x, by the activity  c o e ff ic ie n t ,  
yx , a s  follow s:

ax  = Xx c x
where y  < 1  and i s  dependent upon the ion ic  strength o f  the so lu tion .

l . i .  Goldman-Hodgkin-Katz Equation

I f  a  given c e l l  membrane i s  se le c t iv e ly  perm eable to an io n , the resulting  
membrane p otentia l will c lo se ly  resem ble the equilibrium potential o f  that io n . 
The C onstant-F ield  Theory (Goldman, 1 9 4 3 ) i s  used a s  an approximation fo r  
the c a se  when the membrane i s  perm eable to  a  number o f  io n s , but the 
perm eability d iffers  for the d ifferen t ion  s p e c ie s .  According to  th is th eory , 
i f  the c e l l  membrane i s  perm eable to  K4", Na+ and C l", then the membrane 
p oten tia l, Em» i s  given by: -
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in  Pr  ag  + PNa afla  + p c i  a d  
PK + PNa aw l + PCI a c?

where a $ , a*|§ and a<f} are the extracellu lar a c tiv itie s  o f th ese  ion s: aj ,
a ^  and a c t  are their intracellular a c tiv itie s; and pj<, p^a  and P c i a re  the 
partial perm eabilities o f the membrane for each  io n . This i s  known a s  the 
Goldman-Hodgkin-Katz equation and was fir st applied  to  the squid giant axon  
by Hodgkin and Katz ( 1 9 4 9 ) .  It accounts well for the behaviour o f  
membranes bathed in  solutions o f  sev era l e le c tr o ly te s , but a p p lies  only to  
one sta te  o f  the membrane (restin g  or a c t iv e ) .

The P ara lle l Conductance Model d escrib ed  by Hodgkin and Huxley (1 9 5 2 )  and 
elaborated  by Hodgkin and Horowicz (1 9 5 9 )  provides a  more representative  
descrip tion  o f the change from inactive to  active  membrane. According to  
th is m odel, the membrane is  thought to contain a  number o f  p ara lle l channels 
e g .  one for K*, one for Na+ and one for Cl" ( f ig .  1 ) .  Each channel i s  
a sso c ia ted  with an electrochem ical b a ttery , *E', in s e r ie s  with a  variab le  
conductance, *g *.

l . i i .  Ion ic  Pumps

Various ion ic  pumping mechanisms contribute to  the maintenance o f the  
membrane potential in  ex c ita b le  c e l l s .  At re st there i s  a  tendency for ion s  
to  'leak* a cro ss  the c e l l  membrane along their concentration grad ien ts, and 
during ex c ita tio n , perm eability changes lead  to  influx and efflu x  o f io n s . In 
order to  restore  and maintain the concentration gradients o f  sodium and
potassium ion s a cro ss  the c e ll  membrane, a  Na+/K + pumping mechanism e x is ts  
which e x p e ls  three sodium ion s from the c e ll  and allow s two potassium
ion s to  enter ( f ig .  2 a ) .  S ince the ion s are moved against their resp ective  
concentration grad ien ts, m etabolic energy i s  ex p e lled  in  the p ro cess  such  
that for every  three Na+ and two K+ pumped, one m olecule o f  ATP i s
hydrdolysed . The Na+/K + pump transfers a  net amount o f  p ositive  charge in  
the outward d irection  and the pump i s  sa id  to  be 'e lectro g en ic* . This
hyperpolarising current driven by the pump gen erates a  proportion o f  the  
overa ll membrane p oten tia l, the magnitude o f the contribution depending on  
other membrane p rop erties such a s  its  r e s is ta n ce . Thus, the Na+/K + pump 
contributes about 2mV to  the membrane potential o f  the squid giant axon
(Hodgkin a K eynes, 1 9 56) and up to  -20mV to that o f  sn a il neurones 
(Thom as, 1 9 6 9 ) .
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P ig . 1 P ara lle l conductance model for membrane e le c tr o g e n e s is . g ^ , 
8Na & 8a  are the membrane conductances for  K+ , Na+ and C l“ 
resp ectiv e ly ; Eg* E^a  & Eqi are the equilibrium potentia ls for  
each  ion ; rep resen ts the membrane capacitance and Em the
membrane p oten tia l. (M odifiedfrom  Hodgkin & H u xley ,

(A)

3Na+ 2K+

Na+

F ig . 2 Summary diagram showing the various mechanisms for transport o f  
ion s a cro ss  an ex c ita b le  c e l l  membrane (A ) Na+ - K+ pump; 
(B ) N a 'V ca24' exch an ge; (C ) a  proposed schem e for regulation  
o f intracellu lar pH .



The ch loride equilibrium p o ten tia l, Eci» i s  more negative or p ositive  than the 
membrane p oten tia l, Em, depending on whether the c e l l  gen erates Cl" 
dependent e le c tr ic a l a ctiv ity . For exam ple, inhibitory p ost-syn ap tic  
p oten tia ls a re  commonly Cl" dependent, and in  such u n its, Eqx i s  more 
negative than Em. C orrespondingly, an outwardly d irected  C l” "pump" is  
present to maintain the intracellu lar Cl” le v e l lower than 'p assive* . The 
e x a c t nature o f the Cl” pump i s  not very c lea r  at p resen t. In sn a il neurones 
( Thomas, 1 9 7 7 ) ,  squid giant axon (R u ssell & Boron, 1 9 79) and barnacle  
muscle (Boron et al, 1 9 8 1 ) ,  however, C l” transport has been  found to be a  
part o f  an elaborate membrane mechanism regulating (intracellu lar pH ( f ig .  
2c).

Regulation o f ion ic  gradients a cro ss  c e l l  membranes a lso  depends on  
'exchange' mechanisms. The main p ro cess  maintaining intracellu lar Ca2+ 
a c tiv itie s  at very low le v e ls  i s  the Na+ - c a ^ x c h a n g e  mechanism whereby the 
energy n ecessa ry  for extrusion o f  Ca2+ from the c e l l  (aga in st its  
concentration gradient) i s  provided by an influx (down the concentration  
gradient) o f  Na+ ( f ig .  2 b  ) .  It has recently  been  su ggested  that the Na-Ca 
exchange in heart muscle i s  e lec tro g en ic  with one Ca2+ moved out for three  
Na+ flowing in (Horackova & V assort, 1 9 7 9 ) .

1 .2 .  Ion - S en sitive  Hicr o e lec tro d es

A number of specific blockers of the Na+/K+ pump are  known, including the
cardiac glycoside, ouabain, although the la tter has been suggested to have
limited effectiveness in insect preparations (Anstee & Bowler, 1979).

Thus, the gradients o f the major inorganic io n s , K+, Na+ and C l” a cro ss  the  
c e l l  membrane are important param eters in  determining the
e lectro p h ysio log ica l p rop erties o f  the c e l l .  In the c a se  o f  a  c e l l  bathed in 
a  p h ysio log ica l sa lin e , the extracellu lar a c tiv itie s  o f  a ll  ion s a re  known. 
Using intracellu lar io n -sen sitiv e  m icroelectrodes (IS M 'S ), their in tracellu lar  
a c tiv itie s  can a lso  be m easured, and hence the equilibrium potentia l for each  
ion  calcu lated  from the N em st equation. The la tter  can then be compared 
d irectly  with the membrane p oten tia l, Em, to  provide an indication o f  the ro le  
o f  each  ion in generating Em.



Theory o f  the ISM Potential

An ISM is  e ssen tia lly  an ordinary g la ss  m icroelectrode fitted  at it s  tip  with 
an io n -sen sitiv e  membrane which makes contact with the in tracellu lar medium 
on the o u tsid e , and an appropriate b ack -fillin g  solution on the in s id e . The 
e le c tr ic a l potentia l generated  a cro ss  the io n -sen sitiv e  membrane at the tip  o f  
an ISM , VI S h » com prises the sum o f two parts: -

VISM = v ION + v LOC
where Vjo n  a  potentia l which depends on the activity  o f the ion to  which 
the ISM is  sen sitiv e  and V^qc  i s  a  lo c a l potential which would be recorded  
by an ordinary m icroelectrod e. To obtain Vjq n  a lo n e , a  seco n d , 
io n -in sen sitiv e  referen ce  m icroelectrode i s  u sed , and it s  potentia l ( V^q c ) i s
subtracted from Vjs m  using a  d ifferen tia l measuring d e v ic e . This i s  b est(ach ieved  by means o f  a  d ou b le-b arrelled  m icroelectrode comprising an 
'active' ( io n -se n s it iv e )  barrel and a  're feren ce' b arrel.

The theory o f the io n -sen sitiv e  e lec tro d e  (IS E ) was f ir st formulated by 
Nikolsky (1 9 3 7 ) and Eisenman et al ( 1 9 6 6 ) .  For the p erfect IS E , the 
io n -sen sitiv e  membrane i s  com pletely se le c tiv e ly  perm eable, ie :  it  i s
perm eable only to  one io n ic  s p e c ie s ,  ' x ' . Ions 'x' can p a ss  fr e e ly  a cro ss  
the membrane, meeting no resista n ce  w hatsoever, whereas a ll  other ion s meet 
an infinite resista n ce  to  movement a cro ss  the membrane, which then 
constitutes an im penetrable b arrier . If there are two so lu tion s, one on  
eith er  s id e  o f  the membrane, containing d ifferent concentrations o f 'x ' ,  then  
an e le c tr ic a l potential d eve lop s a cro ss  the membrane due to  the diffusion o f  
'x ' towards the s id e  on which the concentration i s  l e s s ,  until an equilibrium  
i s  reach ed . This resu lts  from the balance between the fo r c e s  on 'x ' due to  
the concentration gradient which g iv es  r ise  to  the diffusion and the e le c tr ic a l  
potential which i s  a  consequence o f  th is d iffu sion .

In p ra c tice , a ll io n -se n sitiv e  e lec tro d es  a re  'im perfect' and respond a lso  to  
a  number o f  in terfering ion s with varying s e le c t iv it ie s . The potential 
generated by such an e lectro d e  is  d escrib ed  by the Nikolsky equation  
(Eisenm an, 1 9 6 9 ) : -

Efn = E0 + KT In  (a x  + kXy .a y ^ 3Ĉ ^ )
w here Zx and Zy a r e  t h e  v a le n c ie s  o f  th e  io n s  *x* and ' y ' ; 

ax  i s  th e  a c t i v i t y  o f  th e  io n  ' x ' ;



Kx y  i s  t h e  s e l e c t i v i t y  c o e f f i c i e n t  o f  t h e  ’membrane* f o r  t h e  
io n  'x* o v e r  t h e  in t e r f e r in g  io n  *y’ .

1 .3  Types o f ISM

Two typ es o f io n -se n s it iv e  tip  component may b e used to  make IS Ms: liquid
sta te  (including io n -ex ch a n g ers , LDC, and neutral ion  c a r r ie rs , NIC, figure  
3 a ) and so lid  sta te  (including g la ss  membranes and m etal su r fa ces , figure 3 
b , c ) .  The most fundamental d ifferen ce  between the liquid membranes and the  
g la ss  membranes a r ise s  from the greater mobility o f  the io n ic  sp e c ie s  and the  
larger  quantity o f active  m aterial present in liquid membranes. This has  
advantages e g .  the action  o f  the membrane i s  fa ster  than that o f a  g la ss  
membrane with f ix ed  ion -ex ch a n g e  s i t e s ,  but one disadvantage i s  that 
interfering ion s a lso  tend to get carried  into the sen so r  and take a  long time 
to  d iffuse out, whilst with g la ss  membranes, in terferen ts tend to stay near the 
surface and are e a s ily  washed away. For th is reason  g la ss  e lec tro d es  can  
b e  used for a  much longer time than liquid membrane on es b efore  their  
resp on se starts to  d e ter io ra te , a s  the membrane i s  d estroyed  more slow ly by 
in terferen ts .

A LlX-type ISM has a s  i t s  tip  component a  charged io n -exch an ger consisting  
o f  la rg e  organic m olecu les. The ion -exch an ger i s  d isso lved  in an inert 
organic solvent to  form a  liquid membrane which i s  insolub le in  the aqueous 
ISM back -fillin g  so lu tion , and the aqueous medium outside the ISM tip . The 
io n -exch an ge s it e s  are thus fr e e ly  mobile within the membrane.

Organic so lven ts which have a  lon e pair o f e lectro n s on oxygen  atoms but no  
exchangeab le protons a re  well-known to  so lvate  cation s much b etter  than 
an ions. Thus, a ll  the so lven ts commonly used for cation  LDCs are aprotic  
donor so lv en ts . Anions a re  b etter so lvated  by so lven ts with hydrogen-bonded  
protons such a  decanol (T s ie n , 1 9 8 0 ) .  The ion exchanger it s e lf  i s  basically^, 
a  sa lt which in flu en ces the p referen ce o f  the liquid membrane for one  
particular io n . F irstly , there i s  a  pronounced p referen ce for either anions or  
cations depending upon the nature o f  the s a lt .  If the sa lt  co n sists  o f a  very  
hydrophobic (o rg a n ic) cation  and a  rather hydrophilic an ion , then anions will 
tend to lea v e  the sen sor  and th is , together with the condition o f no net 
current, encourages anions and not cations to enter th e sen sor  in ex ch a n g e .
A sa lt  o f  a  hydrophilic cation  ( e g .  alkali metal io n ) with a  hydrophobic anion  
analogously favours cation  se le c t iv ity . S econ d ly , the se le c tiv ity  for one
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a b c

Fig. 3.. 77/*• tip aswmhly of three different types o f ISM (not drawn to scale), (a) Liquid-state ISM. The length o f the 
liquid u-'iMir n >/umn can he 200pjn to several millimetres; the inside wall o f the micropipette must be silanized. (b) 
St did-state. glass membrane, recessed-tip type ISM: the recess volume is critical and determines the response time o f  
the electrode, lei Solid-state, metallic surface type ISM. (P ro m  DjamgOZ 8t Laming ( 1 9 8 1 )

F ig . C Comparison o f the selectivity coefficients obtained by the separate solution 
technique with 0.1 M solutions o f the chlorides (except for a 10~* M solution of 
tetrabutylammonium iodide), (a) Potassium sensitive glass NAS]T.4 } (b) K* micro­
electrode with classical ion exchanger; (c) K* microelectrode based on neutral carrier.

(From Oehrne & Simon, 1 9 76)



particular anion or cation  occurs b ecause o f the order o f hydrophobicity o f  
the io n s . The membrane will naturally b e  most s e le c t iv e  for the most 
hydrophobic ion  in sign ificant concentration in the aqueous so lu tion . This i s  
the principle behind the Coming K* and Cl" LDCs. For exam ple, the K* LIX 
has a  so lven t o f  the aprotic donor ty p e , and a  sa lt  with a  very la rg e  and 
hydrophobic anion and a  sm aller and more hydrophilic ca tion . The cation  
u sed  is  K* s o  that th is ion  both le a v e s  and en ters the sen sor  causing no long  
term changes in sen sor  com position. The sen sor  then responds to  cations in  
order o f  their hydrophobicity so  that it  discrim inates for  K* against Na+ by  
about 6 0 :1 ,  but K+ i s  superceded by Cs2+ and quaternary ammonium io n s . 
The Cl" LIX behaves analogously to the K+ LIX but favours anions according  
to  their hydrophobicity. I f  any large  monovalent anions a re  present they can  
cau se  sign ifican t in terferen ce .

Neutral ion carrier membranes contain ionophores (m acrocyclic compounds) 
d isso lv ed  in a  su itab le inert organic so lven t. The structure o f the ionophore  
i s  such that it  forms a  polar cavity in which one sp e c if ic  ion  can be en c lo sed  
b ecau se  o f io n -d ip o le  in teraction s. Thus, one particular sp e c ie s  o f  ion  i s  
enveloped  in a  hydrophobic sh e ll and th is prom otes it s  entry into the organic  
membrane p h a se . P reference for divalent ion s over monovalent ion s i s
enhanced by ligands which form thin rather them thick sh e lls  around the io n , 
by so lven ts o f h ig h -d ie lec tr ic  constant, and by an abundance o f counterions 
(organ ic  ion s o f op p osite  charge to that o f the determinand) in the sen sor  
(Morf et a / ,  1 9 7 9 ) .

S o lid  sta te  IS Ms a re  com plex in structure ( f ig .  3 c )  with protruding tip s o f  
io n -se n s it iv e  g la ss  (H inke, 1 9 5 9 ) ,  r e c e sse d  tip s (Thomas, 1976) or  
'reversed ' tip s (Thom as, 1 9 6 9 ) . Their resp on se tim es a re  long (up to one  
m inute), but they a re  generally  highly se le c t iv e  and may b e used for sev era l  
weeks b efo re  th is se le c tiv ity  is  lo s t .  All liquid sta te  IS  Ms have the same 
b a sic  structure ( f ig .  3 a ) .  LDC-based IS  Ms tend to  b e  poorly se le c t iv e  
compared with the g la ss  ty p e , but are re la tive ly  sim ple to  construct and have 
fa ster  resp on se tim es. N IC-based IS Ms have rather high r e s is ta n c e s , but 
have se le c t iv it ie s  more comparable to  th ose  o f  so lid  sta te  IS Ms. Their
useful lifetim e i s  sim ilar to  that o f LIX-based IS  Ms (a  maximum o f around two 
d a y s ) .  Thus, in c a s e s  where both a  so lid -s ta te  and a  liq u id -sta te  sen sor  
a re availab le  for a  particular io n , the liq u id -sta te  one i s  usually preferred  
(provided  it s  se lec tiv ity  ch aracteristics a re  sa tisfa cto ry ) becau se o f  the  
rela tive  e a se  with which the latter can b e  incorporated into an ISM , and
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d escrib ed  in tab le  1 .

I . 3 . i .  K+ ISM s

because of the faster response times of the resulting ISM. The following
section reviews the ion-sensors currently available for a  range of ions, and
compares their selectiv ities. The compositions of severed sensors a re

K+ -se n sitiv e  g la ss  (NAS2 7 . 4 ; Eisenman, 1 9 67) is'n ow  lit t le  used becau se o f  
the d isadvantages outlined ab ove. Two typ es o f liquid ion  exchanger e x is t :  
Orion and Com ing 4.77317. The Coming LIX i s  around ten times more 
se le c t iv e  for K+  over Na+ than the Orion (Laming ft Djamgoz, 1 9 8 3 ) .  
However, known in terferen ts o f  the Coming LIX include a  range o f  
p h ysio log ica lly  important compounds e g .  a cety l choline and some other  
quaternary ammonium io n s , b iogen ic  amines and glutamic acid  (Oehme & 
Simon, 1 9 76; Kuramoto & H aber, 1 9 81) ( f ig .  4 ) .  A highly se le c t iv e  
neutral ion carrier for IT*- has recen tly  been  introduced (Oehme & Simon,
1 9 7 6 ) ,  s in ce  when it  has been  p o ss ib le  to  construct K4  -ISM s with 
ch a ra cter istics  highly su itable for in tracellu lar record in g . It i s  based on the  
K+ ionophore valinom ycin, to  which an organic sa lt (potassium  te tr a -p -  
chlorophenylborate, KTCPB) i s  added to reduce r e s is ta n c e . This a lso  
reduces se lec tiv ity  to  some e x ten t, but the ISM s t i l l  perform s well (Oehme & 
Simon, 1976; Steiner et a / ,  1979; C oles and T sacopoulos, 1 9 7 9 ) . Figure
4. provides a  comparison between the se lec tiv ity  c o e ffic ien ts  for K4- over  
various in terferen ts for K4 -sen sitiv e  g la s s ,  X+ -LIX- and K4 -N IC -type ISM s.

I . 3 . i i .  Cl ~-ISM s

The so lid -s ta te  C l'-ISM  co n sists  o f a  s ilv er  wire coated  with s ilv er  ch lo r id e , 
and sharpened to a  poin t. This behaves a s  a  p er fec t C l' e lec tro d e  in  
resp on se  to  pure Cl~ so lu tion s, but th ere i s  some doubt about its  performance 
in trace llu lar ly , possib ly  b ecau se  o f d ifficu ltie s  in construction and the la rg e  
s iz e  o f  the tip s ( e g .  Neild & Thomas, 1973; Saunders & Brown, 1 9 7 7 ;  
compare Armstrong e* a / ,  1977 with Bolton & V aughan-Jones, 1 9 7 7 ) .

There i s  at present no NIC for C l ' , and the most w idely used LIX i s  that 
made by Com ing (c o d e  4-77315) (W alker, 1971; Ascher et a / ,  1976; Bolton  
& V aughan-Jones, 1977; Saunders ft Brown, 1 9 7 7 ) .  This i s  re la tiv e ly  
poorly se le c t iv e  for C l", responding to  a  wide variety  o f  anions e g .  HCO3 . 
The se le c tiv ity  ch aracteristics  and resista n ce  o f th is LIX have recently  been
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T able l .  Summary o f  the liquid ion  sen so rs availab le  for the major inorganic ion s

Type of ISM structure of active Cocktail composition Code number References
component

LZX tetra (p-chlorophenyl) borate Comint
In 1-nitro -2,3-dlmethylbenzene 477137
S vt 1 vallnomycln*
25 wt X 1,2-dimethyl 
•3'nitrobenzene 
(I vt I dibutyl eebacate 
2 wt X K* tetrakls 
(4-chlorophenyl) borate

MUhraann et al (1979)

Cf LXX Probably chloride salts of very 
larse hydrophobic cations, 
dissolved in decanol

Co mint Bauatarten (1981)
477315/
477913
Orion 92-17-02

Ha* NIC 10 wt X sodliat lonophore (ETH 227) ETH 227 Steiner et al (1979)
89.5 wt X 2-nitrophenyl octyl ether 
0.5 wt X sodlua tetraphenyl borate

Ca*+

H*

NIC
^  / w w v ^ O v

10X ealclua lonophore 
1 X sodiua tetraphenyl borate 
89 X 2-nltrophanyl octyl ether

Oetase at al (1976)

N,N >-di( 11-ethoxycartoonyl) undecyl-H, N , 4, 5-tetramethyl 3,6-dloxaoctane d lac Id dlaalde
NIC 10 X tri-n-dodecylaalne

0.7 X sodium tetraphenyl borate
89.3 X 2-nitrophenyl octyl ether

Aaaann «t al (1981)

Trl-n-dodecylaalne
Nf*f NIC

/\/\/\/
N / V WI

20 X lifand
1 X sodlua tetraphenyl borate In 

propylene carbonate
Era 1117 Lanter et a) (1980)

N,N - diheptyl - N, N - dimethyl succinic acid dlaaide
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I . 3 . i i i .  Na+ IS  Ms

improved by increasing the concentration of organophiiic ligand fivefold
(Coming 477913, Baumgarten, 1981). Figure 5 compares the selectivity
coefficients of the two LIXs for a  variety of anions.

Na+ LDC-ISMs have in gen era l been  found to have poor Na:K se le c tiv ity  
ch a ra cter istics  compared with those o f  Na+ -sen sitiv e  g la s s  ISM s (NASA1_i a ) 
(O 'D oherty et el, 1979; Kotera et e l , 1 9 7 9 ) .  R ecen tly , Na+ -sen sitiv e  
neutral carr iers have been developed  which induce a K+ discrim ination in PVC 
liquid membrane e le c tro d e s  and give ISM s with b etter se le c tiv ity  and good  
resp on se  times (Guggi et e l,  1976; S te in er  et el, 1 9 7 9 ) .  The resista n ce  
o f  the NIC i s  reduced by adding sodium tetraphenylborate, leading to  some 
lo s s  o f  se lec tiv ity  with resp ect to  divalent ca tio n s, particularly Ca2 + . Thus, 
under conditions where Ca2 * is  present in  sign ificant qu an tities, the g la ss  
Na+ -ISM i s  s t i l l  the b est e le c tro d e . Figure 6 g iv es  a  comparison between  
the s e le c t iv it ie s  o f Na+ g la ss  e lec tro d es  and Na+ NIC e le c tr o d e s .

I . 3 . i v .  Ca2+ -ISM s

For Ca2 + , there i s  no g la ss  ISM and the LIX ava ilab le  i s  highly res is t iv e  
and poorly se le c tiv e  (Brown & Owen, 1 9 79; T sien , 1 9 8 0 ) .  This le a d s  to  
problem s in measuring intracellu lar a c a  because Ca2+ occurs at extrem ely low  
a c tiv itie s  in c e l ls  (probably 1 0 ~7 to  1 0 “® M; D ipolo et e l, 1 9 7 6 ) .  The 
in tracellu lar a c tiv itie s  o f  Mg2 + , K+ and Na+ are 1 0 3 to  10® tim es h igh er , 
and thus in terferen ce by any o f  th ese  ion s would have a  sign ificant e f fe c t  on 
the estim ate o f a< ^ . A synthetic NIC for Ca2*  e x is ts  which has high  
io n -se le c t iv ite s  with resp ect to  Na+ and Mg2+ (Oehme et e l, 1976) and a  
secon d  NIC has been  develop ed  more recen tly  in which the liquid sen sor  i s  
g e lle d  into the tip with PVC. The la tter  i s  both se le c t iv e  and fin e enough to  
m easure a < ^  in c e l ls  with diam eters o f  only 12-15/xm (Marban et e l, 1 9 8 0 ;  
Rink & T sien , 1 9 8 0 ) .  ( S e e  figure 7 ) .

I .3 .V .  H^-ISMs

For the measurements o f pH , the g la ss  ISM appears to  b e  more re lia b le  than 
the antim ony-based e le c tr o d e , and the former shows e x c e lle n t se le c tiv ity  
(G reen & G iebisch , 1974.; Brown & Owen, 1 9 7 9 ) .  A neutral ca rr ier-b a sed  
H+ -se le c t iv e  m icroelectrode has recently  b een  d escrib ed  which i s  su itab le for
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F ig . 5 Selectivity coefficients for ion-selective electrodes (ISE) made from Coming 477315 and 477913. Means ± SE are shown. Selectivity for some anions was altered by modification of sensor.

(From Baumgarten, 1 9 8 1 )

F ig . 6 . Comparison o f  the s e le c t iv lt ie s  o f  a  neutral Na+ carr ier  with th ose  
o f  a  sodium g la ss  e lec tro d e  (NASXJL. i a ) .  Na+ ligand 13 is  ETH 
2 2 7 . (From Morf ft Simon, 1 9 7 8 ) .

F ig . 7 .  Comparison o f  the se le c t iv it ie s  o f  a  neutral Ca2+ carr ier  with th ose  
o f  the Orion 9 2 -2 0  Ca2+ e le c tro d e . (From Morf ft Simon, 1 9 7 8 ) .



in tracellu lar stu d ies (Ammann et a / , 1 9 8 1 ) .  This NIC b elon gs to  the c la s s  o f  
lip op h ilic  amines and its  s e le c t iv it ie s  in  resp ect to  Na+ , K *, Mg2+ and Ca2+ 
a re su ffic ien t for  in tracellu lar measurements o f  H+ ion a c tiv itie s
3 .2  x  1 0 " 6 M (pH 5 .5 )  a t the typ ica l ion ic  backgrounds encountered.

1 . 3 .v i. H C 0 ,~ . Mg2* and Li+ -ISM s

B icarb on ate-sen sitive  liquid membrane e lec tro d es b ased  on neutral ca rr iers  
for hydrogen ion s have recen tly  been  introduced (Funck et a / ,  1 9 8 2 ) .  The 
membrane incorporates ethanolam ines and related  model compounds a s  the  
active  com ponents. I ts  mechanism o f resp on se involves the proton carrier  
p rop erties o f  th ese  compounds on one hand and the perm eability for carbon  
d iox id e  o f the PVC membrane phase on the oth er . This type o f ISM has not 
y et been  used  for in tracellu lar record in gs. ,

A neutral ca rr ier-b a sed  ISM is  a lso  availab le  for Mg2+ ( Lanter et a l , 1 9 8 0 )  
with se le c t iv it ie s  in resp ect to Na+ , K+ and Ca2+ su ffic ien t to allow  a  
restr icted  range o f intracellu lar Mg2+ a ssa y s .

A Li+-se le c t iv e  neutral ligand develop ed  by Guggi et al (1 9 7 6 ) has been  used  
su ccessfu lly  to measure intracellu lar Li+ a c tiv itie s  (Thomas et al, 1 9 7 5 ) .  
The m icroelectrod e's behaviour was found to  be stab le  in tracellu larly  but it  
tended to g ive variable potentia ls in solutions containing divalent ca tio n s.

1.4- Electrochem istry o f In sect Muscle

I . 4 . i  Haemolymph

In sect m uscles are bathed in haemolymph. The ion ic and osm otic p rop erties  
o f in sec t haemolymph have b een  reviewed on sev era l o cca sio n s ( e g .  Buck, 
1953; Wyatt, 1961; S u tc liffe , 1963; Stobbart & Shaw, 1964; Florkin & 
Jeuniaux, 1 9 7 4 ) .  Data on the ion ic com position o f  the haemolymph o f  
Diptera and Lepidoptera a re  summarized in ta b les 2 and 3 . It should b e  
n oted , how ever, that the absolute values given for each  parameter a re  o f  
limited value s in ce  they were measured by flame photometry and sim ilar 
techn iques, and as such rep resen t the total concentration o f the ion  present  
and not its  activ ity .



Table 2* Osmotic and ionic properties of the haemolymph of some 
representative insects. (From CJsherwood, 1969a)

Inorganic constituent*
Order Species A* C m.Oim

Ni* K* Ca” Ms4 a - s o r IlCOj Inorganiccations Inorganicanions Amino acids Orpnic adds
Ephcmeroptera Ephtm tra dardc* (L) 0.S04 271 103 18 - - 77 - - 121 - - -
Odoruta Aetchn* grandit (L) 0.735 3J>5 145 9 7.5 7.5 110 4 IS 169 129 39 -
Dictyoptcra Peri planet atmerlcana (A) 0.8970) 482 157 7.6 4.2 5.4 144 - - 174.2 - 163 -

Isoptcra Cryptoltrmet 
iuriltnd t (L)

0.730 392 103 8.6(3) 17.6(3) 82 - - - - - -

Plccoptera Dlnocrai
cephalottt (L)

0.583 313 117 10 - - 111 4.1 - - - 39 %

Cheleutoptera CaraushiM 
morosut (A)

0.570(3) 3060) 15 18 15 106 101 16 5 - 35(*) - -

Orlhoplcra Locutta
migratoria (A)

0.841(0 452(0 60 12 17.2 24.8 97.6 - - 114 - 53(0 -

Derma ptcra Forficula
auricutaria (A) 0.736 396 96 13 32.9(*) - 90 - - - - - -

llcteioptera Soton tcta  
obllqua (A)

0.756 406 155 21 15(0 9.3 7) 122 - - 203.3 - - -

Megaloptera Sialit hitaria (A) - 339 109 5 15 38 31 5(*> 15 167 51 85 -
Nruroptcra M yrm thon

formicariuJ (L) - - 143.5 8.7 12.1 31.3 - - - 196.5 - - -

Trichoptrra Phryganca sp. (L) 0.455 245 69 7 14.4(0 5 n o 37 - - - - 58 -
Diptera Gsitrophllui

InltttinalU  (L) 0.872 469 206 13 7 38 14.8 4 14.5 26.4 33.3 62 -

Lrpidopirij Bombyx mori (L) 0.480 258 13.9 38.7 18.1 50.3 21 4.9 - 120 - 96(0 -
c »li nptria Popittit iapanic* (L) 1.03 554 20.2 9.5 7.9 19.4 19 4.9 - 80.9 - 170 -
llymrnoptera A p u  mclliftr* (L) 0.860 462 5.1 24 4.2 7.9 33 10.3 - 84.5 - 207 -

(mM) m.Oim
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O rd e r N a* K * C a 2 * M g 2* C l"  P h o sp h a te H C O ,* C itra te A m in o
ac id s

EXOPTERYGOTA
O d o n a ta 149 [13] 10 [12] 7 [7] 4 [5] 110 [1] 4  [1] 15 M i m 23

(1 0 4 -1 7 9 ) (4 -2 8 ) (2 -6 )  (2 -6 )
D ic ty o p te ra 129 [2] 12 [2] 6 [6] 7 [5] 126 [2] 1 m i c i 14

(1 0 0 -1 5 7 ) (8 -1 5 ) (2 -1 0 )  (3 -1 1 ) (107-14 4)
C h e fe u to p te ra 14 [5] 21 [5] 6  [3] 60 [3] 98 [(] 20

(9 -2 1 ) (1 6 -2 8 ) (4 -8 )  (5 3 -7 3 )
O rth o p tc ra 91 [14] 20  [14] 7 [7] 11 [7] 97 [2] 28 [2] 35

(2 2 -2 3 4 ) (3 -6 2 ) (1 -1 4 ) (1 -1 7 ) (93-101) (1 6 -4 0 )
H e te ro p te ra 106 [10] 15 [10] 10 [8] 6 [7] 2 m
ENDOPTERYGOTA
D ip te ra 106 [5] 16 [15] 6  [8] I I  [6J 26 [2] 4  [1] 15 (H 4 [10] 26

(4 0 -2 0 6 ) (2 -5 8 ) (4 -1 0 )  (7 -9 )  (15 -36) (0 -1 3 )
L e p id o p te ra 11 [58] 41 [69] 13 [66] 31 [58] 42 [9] 4 [3] 19 [9] 76

(1 -4 0 ) (1 0 -9 6 ) (3 -6 5 )  (7 -5 2 )  (10 -86) (3 -6 ) (5 -4 9 )

C o le o p tc ra 77 [25] 28 [28] 19 [18] 48  [17] 32 [2] * 4 [2] 4 [4] 71
(2 -1 6 5 ) (4 -6 5 ) (5 -7 8 ) (5 -9 9 ) (19 -44) (3 -5 ) (2 -7 )

H y m e n o p te ra 34 [13] 39 [13] 6 [10] 8 [10] 33 [1] 4  (31 70
(2 -1 5 4 ) (1 9 -6 1 ) (1 -9 )  (1 -1 2 ) (2 -6 )

Table 3. Ions in the haemo lymph of a number of insects from
different orders. The concentrations are expressed in 
mmol l~xv the extreme values between round bracXets, the 
number of observations between square bracXets. (Prom 
PieX, 1975)
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In D iptera, Na+ is  the main ca tion , with sm aller amounts o f ic*, Ca2+ and 
Mg2+ being p resen t. L epidoptera, however, a re  characterised  by a  low
concentration o f  Na+ , and relatively high concentrations o f K* , Ca2+ and 
Mg2+ .

The dominant anion in a ll  in sec t haemolymph i s  ch lo r id e . Phosphate i s
present in sm all q uantities, and bicarbonate has been  found in a  few in se c ts  
(including D ip tera ). Organic anions are a lso  found in  in sec t haemolymph at 
rela tiv e ly  high le v e ls ,  particularly a s  free  amino a c id s . Ih adult Camphor a ,  
more than half o f the amino acid  content i s  accounted for by proline (C o lle tt ,
1 9 7 6 ) .  Citrate occurs in  a ll  in se c ts , and i s  found sit particularly high le v e ls  
in Lepidoptera (Levenbook & H o llis , 1 9 6 1 ) .

In addition to amino a c id s , the haemolymph o f a  number o f o rd ers, including 
Lepidoptera and, to  some e x ten t, D iptera, contains phosphorylcholine. Its  
ex a c t function i s  unknown (B r id g es , 1 9 7 2 ) .

Thus, whilst the anion contents o f the haemolymph o f  Diptera and Lepidoptera  
a re sim ilar, there are marked d ifferen ces in their cation  con ten ts. The 
muscle e lectroch em istries o f the two orders might th erefore b e  ex p ected  to  
d iffe r .

In addition to  th ese  in tersp ec ies  variations in haemolymph com position  
however, there may a lso  b e  rhythmic changes in the concentration o f certain  
ion s during a  24. hour p er io d , e g .  K* in cockroach, Lettau et a l , (1 9 7 7 )  
( F ig . 8 ) ,  and more random changes depending on how recently  the animal has 
e a te n .

I .4 . . i i .  R esting membrane e lec tro g en es is  in in sec t m usclet Diptera

The only published work on resting muscle membrane e le c tro g en es is  in Diptera  
was carried  out on Drosophila melanogaster larvae ( Jan & J a n , 1 9 7 6 ) .  This 
concluded that the dependence o f  Em in th is in sec t on the extrace llu lar  K+ 
and Na+ follow s the Goldman-Hodgkin-Katz equation , assuming that 
PNa/PK = 0 .2 3  and that 0 1“ i s  distributed p assive ly  ( f ig .  9 ) .  Thus, in  
Drosophila it  was concluded th a t:-

RT
Em = y~ m

[K+ ]o  + 0 .2 3  CNa+Jol RT r [C l" ] i  
.[K * ] i + 0 .2 3  [Na+ ] iJ  = F~ l n  L[C l"]o.



P ig . 8 (a) Composite curve of diel changes in K+ activity from 14 cockroaches, expressed as 
a % change from the maximum for each individual. Bars mark the extent of the 95 % confidence limits of the mean. (6) Composite curve of locomotor activity from 15 cockroaches. In 6 of these,K* activity was measured simultaneously (records included in a). Bars are ± 1 x s.E. of the mean. LD 16:8. 24 h cycle is doubled to show rhythms more clearly.

(Prom Lettau e t  a / ,  1 9 7 7 )
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F ig . 9  Relation between muscle resting potential and log ([K+]#+  
0*23 [Na+]0). Chloride-free solutions containing 8 m u calcium sulphate 
(1 mM ionized calcium) were used. Each point is the average resting poten­
tial o f about twenty ventral lateral longitudinal fibres,' first and second 
from the ventral mid line, o f a larva, which was dissected 
and equilibrated for 30-50 min in a chloride-free solution. Error bars 
represent standard deviations. ( p r0m Jan & J a n , 1 9 7 6 )

F ig . 10 Relation botwoon musclo membrane potential and log ([K4], +  
0*23 [Na4],) when using solutions with constant product [C1“]0*([K4)0 +  
0*23 [Na4!,) (about 4450 inM*). Each point represents the average potential 
of about twenty ventral lateral longitudinal fibres in the abdominal seg­
ments o f a larva. ( p roin J a n  4  j a n ,  1 9 76)



The e ffe c t  o f  changes in [C l“ ]0  and \ [IC^o + 0 .2 3  [Na+]0 \ at constant 
product was a lso  te s te d . If Cl" i s  p assively  distributed acro ss the m uscle 
membrane, and i f  Em depends on the ex tracellu lar  K+ and Na+ according to  
the Goldman-Hodgkin-Katz equation there should be no movement o f  C l“ 
a cro ss  the c e l l  membrane when [C l"]o x  (K4*]© + 0 .2 3  [Na+]0 \ i s  kept 
constant. Changes in Em should th erefore be quick and reversib le  under 
th ese  con d ition s.

The resu lts obtained are shown in figure 1 0 . The fit  to  the lin e  pred icted  
by the Goldman-Hodgkin-Katz equation d o es  not appear to  be very g o o d , but 
the data was n everth eless taken to confirm that Em depends only on 4 +
0 .2 3  [Na+]0 ) with ch loride being p assively  d istributed . No d irect
measurement o f intracellu lar Cl" activ ity  and hence no values for the ch loride  
equilibrium p oten tia l, Eci> were made in th is (o r  any other in se c t)  
preparation .

The e f fe c ts  o f  high concentrations o f  d iv a le n t  cations on Era were 
investigated  by substituting them for  Na+ . An average hyperpolarisation o f  
5mV was recorded  when Mgz+ was in creased  from 4 to  47mM. In creased  Ca2+ 
le v e ls ,  how ever, led  to  la rg e  hyperpolarisations (up to  40mV when Ca2+ was 
in creased  from 1 .8  to 45mM) .  This was attributed to  a  membrane stab iliz in g  
e ffe c t  o f  Ca2 + , leading to more e ffe c tiv e  sea lin g  o f the c e ll  membrane around 
the m icroelectrode at high ex tracellu lar  Ca2+ le v e ls ,  and hence to  a  more 
hyperpolarised  being recorded under th ese  conditions ( Stefani &
Steinbach , 1 9 6 9 ) .

The major shortcoming o f the work o f Jan & Jan (1 9 7 6 )  is  the fact that the  
reversib ility  o f  changes in was not te sted  during each  experim ent.

I . 4 . i i i .  Resting membrane e le c tro g en es is  in in sec t m uscle: Lepidoptera

The most com plete study o f  resting e le c tro g en es is  in a  sp e c ie s  o f  Lepidoptera  
i s  probably that o f  Rheuben ( 1 9 7 2 ) ,  working on subalar m uscles o f  the moth, 
Antherea. polyphemus. K+ -se n sitiv e  IS  Ms (b a sed  on the Com ing LIX,
4-77317) were used to measure intracellu lar K4- a c tiv itie s  in adult 
p reparations. The mean value obtained was 1 0 9 .8mM, giving a potassium  
equilibrium potentia l o f  -28 .5m V , which was considerably  more p o sitiv e  than 
the average Em o f -60mV. Thus, it  was concluded that K4* was not the only  
ion  involved in generating Em.



S in ce  Mg2 + , Na+ , and Cl" are a ll known to b e present in in sec t haemolymph, 
th eir  e f fe c ts  on Em were investigated  by a  s e r ie s  o f substitution experim ents. 
The concentration o f  a  given ion  in the extracellu lar medium was varied  by 
changing the medium rapidly and the subsequent (within 5 minutes) changes in  
Em m onitored.

The ex tracellu lar  Mg2+ concentration was found to  have l it t le  e ffe c t  on E^ 
when it was varied between 1 and lOOmM (T ris methane -sulphonate was used  
a s  substitute) ( f ig .  1 I A ) . This was taken to imply that the membrane had a  
n eg lig ib le  resting perm eability to  Mg2* .

A tenfold  in crea se  in  extracellu lar Na+ led  to a  depolarisation  o f  4.6mV in  
Em ( f ig .  1 1 B ) , from which it  was concluded that the muscle membrane was 
only slig h tly  perm eable to  Na+ . ,

Changes in  extracellu lar Cl" (using SO*2 " a s  a  substitute) resu lted  in  
transient changes in Em, whose peak amplitudes are shown in Figure 11C . 
Increasing extracellu lar Cl" made Em more n eg a tiv e , but it  then slowly  
returned to its  original v a lu e . Changing to  a Cl" -fr e e  solution  caused  a  
transient depolarising sh ift in Em, follow ed by a return to the original value 
within 10 minutes. This was taken to  su ggest that Cl" was p a ssiv e ly  
distributed and played no part in generating Em.

The e f fe c t  o f  ex tracellu lar  K+ , a £ ,  on Em was determined using solutions  
containing zero  Na* and C l", s in ce  the c e l l  membrane was known to  be  
sign ifican tly  perm eable to  th ese  io n s . The maximum slo p e  o f  the relationship  
between mean E^ and the logarithm o f a £  was 35mV for a  tenfold  in crea se  in  
K+ , ( f ig .  1 2 A ). This d iffer s  sign ifican tly  from the 58mV predicted  by the  
N em st equation for a membrane which i s  perm eable only to  K *, which was 
con sisten t with E x not being equal to  Em. I t  was concluded that, whilst K+  
i s  involved in generating Em, other mechanisms were lik ely  to  e x is t .

In an attempt to  a s s e s s  the contribution o f  a  m etabolic mechanism to Em three  
typ es o f  experim ent were carried  out. F irstly  a  number o f  m etabolic
inhibitors were applied  to  the preparation. Dinitrophenol (D N P, 0 .5 -lm M )  
which inhibits ox id ative metabolism, produced a 3 0 - 35mV dep olarisation  in Em 
within 15 minutes o f  app lication . However, ouabain (1 0 " 3M) and ethacrynic  
acid  (1 0 ~ 3M ), which are both known to  sp ec ifica lly  inhibit Na+ transport, 
had no e f fe c t  on Em. Diamox (1 0 " 4M ), a  carbonic anhydrase inhibitor which
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F i g . 1 1  The* effect of Mg*4-, N a-4, and Cl" on the resting potential. Error 
bam indicate ± 1 h.k. Tho data point* for Mg** and N a+ aro tlu> chnngoa of 
pet-ontiul (from that in rnforonco Ringer to that in teat Ringer) o f groups 
of ten or inon* fibre* normalized to tho mean resting potential o f 60 mV in 
reference Ringer. Sinoo changes in external Cl" produoe only transiont 
changes in mciubrano potential, the data points for Cl" roproeont tho 
nverage maximum ohango in ainglo muscle fibres produced by changes 
from tho reforvnoo solution to a test solution.^ R h e u b e n  1 9 7 2 )

1K*L (*"")

F i g . 1 2  Tho effeot o f changing external K+ on the resting potential. Erro 
bars indicate ±  1 s.E. The data was pooled and normalized as for Fig. 2 A  
Xa-free, Cl-free and D N P : the effoct o f changing external K + in the abseno 
of N a4- and Cl", 1 mM-DNP present. Na-free, Cl-free: same as the pro 
coding but without DNP. , _  __ _ _ „(From Rheuben, 1972)



might have been ex p ected  to  in terfere  with Cl" transport, a lso  had no 
n oticeab le  e f fe c t .

S eco n d ly , the e ffe c t  on Er, o f depriving the tissu e  o f oxygen  was in vestigated  
and the introduction o f  nitrogen into the tracheae surrounding the m uscles 
being studied resu lted  in a  depolarisation  o f up to  35mV in Em ( f ig .  1 3 ) .  
This was approxim ately the same a s  that produced by DNP. The d e c r e a se  in  
Em was reversib le  i f  oxygen  was returned to the trach eo les o f  the muscle 
f ib r e . DNP prevented th is reversa l i f  applied b efo re  oxygen  was 
r e  -introduced ( f i g . 1 3 ) .

T hirdly, the e ffe c t  o f  temperature on Em was a lso  in v estig a ted . Membrane
conductance was found to  b e  d irectly  related  to tem perature, in creasin g  a t
high temperature and d ecreasin g  at low tem peratures, Em d ep o lar ised  on  
c o o lin g , and on warming, e ith er  dep olarised  or did not change.

From th ese  experim ents, it  was concluded that part o f  the Em in Antheres 
muscle fib res  was generated by a  mechanism dependent d irectly  upon ox id ative  
m etabolism. This m etabolically-m aintained potential appeared to  d iffer  from 
previously  investigated  e lec tro g en ic  transport system s e g .  the ouabain- 
sen sitiv e  Na+ -K* pump, but it s  ex a ct nature was not c la r ified  further.

The resting Em was found to be very sen sitiv e  to  changes in extern a l pH. 
For an in crease  in pH from 7 to  8 , Em hyperpolarised  by up to 30mV ( f ig .  
1 4 ) .  If H+ were behaving a s  a  perm eable cation  with a  concentration  
gradient a cro ss  the c e l l  membrane, the above hyperpolarisation in Em would 
imply that Er  n eed s to  be at le a s t  20 mV more negative than Em. This would
require that the internal pH be le s s  than 5 . 6 ,  which would be an unlikely
internal milieu for  a  c e l l .  The sign ifican ce o f  th is e ffe c t  was not d iscu ssed  
further.

S evera l other stu d ies have b een  carried  out concerning resting membrane 
electrogenesis in L epidoptera. It should be n o ted , how ever, that in  a ll  
c a s e s ,  estim ates o f intracellu lar K* le v e ls  were obtained using flame 
photom etry. This technique m easures the total K* concentration p resen t in  
the c e l l ,  including that which is  bound. It d o es  not th erefore provide a  true 
measure o f the"activity" o f K+ present i e .  the number o f  ion s presen t which 
are fr e e  to  cro ss  the c e l l  membrane and play a  part in e le c tr o g e n e s is  ( s e e  
sec tio n  1 . 1 . ) .
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F ig . 13 The effect o f anoxia on the membrane potential. The effoct on the 
reMting potential o f N t or Ot and D N P is shown. The bars indicato whether 
O, or N f was being supplied to tho spiraclo, and whothor or not D NP was 
present in the Ringer. Each point represents the moan resting potential o f a 
sample o f fibres measured at that time. Although tho depolarization asso> 
ciated with N a substitution in the cannula was slow (15-20 min), the re* 
polarization when Ot was returned was alm ost immediate. D NP blocks 
this repolarization. ( p rom R h e u b e n , 1 9 7 2 )

pH
F i g . 14. The off«*ct of pH on the resting {xitontial. Each curvo shown is  tho 

result obtained by changing tho external pH and observing tho potential 
change in a single fibre. Tho Cl~ free results wore both obtained from the 
tome fibre, tho upper curvo boing obtained after DNP had decreased 
the membrane potential. The middle curvo is from a fibre in another
preparation. (From Rheuben, 1 9 7 2 )



Huddart (1 9 6 6 ) studied the e ffe c t  o f  K4- on Em in  severed s p e c ie s  o f  
Lepidoptera: Bombyx morl ( f ig .  15 A ) ,  Sphinx Ugustrl (P ig . 15 B) and
ActlQs selene . in  a ll  c a s e s ,  the relationship  between the Em and the 
logarithm o f the concentration o f  ex tracellu lar K4* ion s appeared to  be  
hyperbolic in sh a p e . This i s  in agreem ent with data obtained by Rheuben 
(1 9 7 2 )  for Antherea. . Such hyperbolic graphs bear no resem blance to  the  
straight lin e  pred icted  by the N em st equation for a  membrane which i s  
perm eable only to  K+ . Huddart found no correlation  between Em and the K4* 
equilibrium p oten tia l, Er , ca lcu lated  from the measured K+ distribution in the  
muscle (ta b le  4 ,  f i g . l 5 , B , C ) . Increasing ex tracellu lar  K+ le d  to  a  
corresponding but sm aller in crea se  in in tracellu lar K+ concentration , s o  that 
in  high K+ s a l in e s ,  the ratio o f  in tracellu lar K+ to extracellu lar  K+ f e l l  
below o n e . It was concluded from th is evidence that the Em in th ese  th ree  
in sec ts  is  not generated  so le ly  by K4", and that other mechanisms must a lso  
b e involved.

In Sphinx, Huddart (1 9 6 7 ) found that a  2 0 0 -fo ld  in crea se  in ex tracellu lar  
C l” caused a  30X (14mV) sustained hyperpolarisation in  Em ( f ig .  15 D ) . No 
consistent correlation  was found between Em and Eci*

The resting Em ( -60mV average) o f  Sphinx llgustrl was further investigated  
by Wareham e t a i f l 9 7 5 ) . Cooling the preparation from 20°C to 5°C and 
application  o f 0.5mM ouabain were found to dep olarize  the membrane potentia l 
by a  maximum o f l9m V, over 30 and 150 m inutes, re sp e c tiv e ly . An a ctiv e  
component w as, th ere fo re , thought to  contribute some -19mV to  Em. The r est  
o f the Em ( -4-lmV) was suggested  to  be generated by an "ionic e lectrod e"  
mechanism. Wareham e t a / (1 9 7 5 )  used an atomic absorption  
spectrophotom eter to  measure the K4- content o f the haemolymph and myoplasm 
in  three in sec ts  and found th ese  to  b e  23 and HOmM, rsp ectiv e ly . The mean 
value o f  Eg was calcu lated  as -40mV, and th is was taken a s  ev id en ce for the  
"ionic electrod e"  being dominated by K4’, although no c lea r  reasoning for th is  
was provided . Wareham e t Ql (1 9 7 5 )  a lso  found that replacem ent o f  C l' by  
propionate in the R inger, caused a  membrane depolarisation  o f  around 19mV, 
but th is was proposed  to be an e ffe c t  on the "active" component. A gain, no  
c lea r  reasoning was given!

The suggestion  that an e lec tro g en ic  m etabolic pump g en era tes a  part o f  the  
Em in Sphinx muscle i s  in agreem ent with conclusions o f  Huddart & Wood 
(1 9 6 6 ) from experim ents in which ONP (0.5m M ) was ap p lied  to  muscle f ib r e s .



F ig . 15A The relationship  between resting potentia l and th e logarithm o f  
the extern a l 1C4* concentration in Bombyx morl muscle f ib r e s .  
(From Huddart, 1966b )

B-C The relationship  between resting p otentia l (fu ll c ir c le s )  and Eg  
(hollow  c ir c le s )  (p red icted  from data on in tra- and 
e x tra -ce llu la r  K4* concentrations) and [K+ ]0  fo r  sk e le ta l muscle 
fib r e s  o f  (b )  Sphinx ligustrl and ( c )  Actlas selene (From  
Huddart 1966b)

D R elationship between resting potentia l (hollow  c ir c le s )  o fSphinx ligustrl sk e le ta l muscle f ib r e s . Ec j pred icted  from data  
on the concentrations o f ch loride in the in tra- and 
e x tra -ce llu la r  p h ases (From Huddart, 1 9 6 7 )



Intracellular Observed
External Potassium resting

Potassium (m M /K g tissue Theoretical potential,
(mM/1) water. M ean ± S.E. Ek (mV) (mV). M ean ± S.E.

Sphinx ligustri

1 4 5 -4  ± 3 0 — 96*1 - 5 3 - 6  ± 1 - 2
5 6 1 - 4 ± 3 - 2 - 6 3 - 2 - 5 2 0  ± 1 - 0

2 0 7 1 - 0 ± 4 - 2 — 31*9 -  4 9 -9  ±  1*5
50 84*4 ± 7 0 — 13*4 - 4 7 - 4  ± 1 - 0
7 0 9 6 0  ± 3 - 3 -  7 -9 - 3 4 - 7  ± 0 - 8

100 111-2  ± 3 0 -  2-7 - 2 5 - 4  ± 1 - 2
150 1 3 0 1  ± 4 - 6 +  3-6 - 1 8 - 2  ± 0 - 7
2 0 0 145-6  ± 8 - 3 +  8 -0 - 1 0 - 7  ± 0 - 6

Actias telene

1 6 1 -9  ± 5 * 5 - 1 0 3 - 9 - 5 4 - 4  ± 1*1
5 7 4 -6  ± 4 - 6 -  6 8 -0 - 5 4 * 1  ± 1 - 0

2 0 8 0-6  ± 6 - 4 -  3 4 -9 — 51-5 ±  1*4
50 115*6 ± 5 - 2 -  2 1 -0 - 4 6 - 4  ± 1 * 3 -
7 0 131*4 ± 4 - 2 -  15-9  ,, - 3 2 - 9  ± 1 - 6

100 149-7  ± 7 1 -  10-2 — 21-9  ±  1-1
150 157*1 ± 2 * 2 -  1-2 - 1 5 * 2  ± 0 - 7
2 0 0 171*1 ±  5 0 +  3-9 - 1 2 - 0  ± 0 - 9

Table 4. The effect of external potassium on intracellular
potassium and resting^potentials. (Prom Huddart, 1966b)

Blood or E k at Observed
M uscle K equivalent 18 C resting

m M /kg fibre saline K (sec text) potential Author
water rnM /l. mV mV

Carausius morosus 103-3 ± 6*4 18-0 44-1 41-0 Wood (1957)
Periplaneta 110-4 ±7*3 13-3 ±1-2 53-1 «t. 57 Moyle (1955a)

amtricana (saline 10*0)
Locusta migraloria 124-0 ±4-4 11-0

(saline 100)
63-2 ca. 62 Hoyle (1955a)

Table 5. Intracellular potassium concentration and resting 
potentials. (Prom Wood, 1963).



The resulting triphasic d eclin e  in ( f ig .  1 6 ) was attributed to  changes in  
the perm eability o f  the membrane to  K+, Na+ and C l". It was concluded  
that the most lik ely  explanation for th ese  changes was that the perm eability  
o f  the membrane to  the various ion s was due to  structural and 
physicochem ical p rop erties o f the membrane which were dependent d irectly  
upon ox id ative m etabolism . In th is c a s e ,  the in creasin gly  permanent nature 
o f  the changes caused  by DNP would b e  due to irreparaible damage caused to  
the membrane by depriving it  o f it s  m etabolic support.

A summary o f the delta obtained from K*** substitution experim ents on various  
m uscles o f  Philosamia cynthia, sk e le ta l m uscles o f Bombyx mori and Sphinx 
ligustri i s  given in figure 17 (from P iek , 1 9 7 5 ) .  All the graphs a re  
sim ilar in sh a p e , showing a  rather sharp change in the Em curve at the  
(K+]o  value which roughly corresponds to  that in the haemolymph.

I . 4 . i v .  R e s t in g  membrane e l e c t r o g e n e s i s  in  i n s e c t  m u sc le t some 
o t h e r  s p e c i e s

A few in sect s p e c ie s  have been  studied in addition to  those previously  
d escr ib ed , emd th ese  include rep resen tatives o f omnivorous and
herbivorous groups: the cockroach, Periplaneta americana (W ood, 1 9 6 3 ;
Wareham et al, 1 9 7 4 );  sev era l Orthoptera, including the lo cu sts  
Schistocerca gregaria (L ea & Usherwood, 1973 b ) and Locusta migratoria 
(H o y le , 1 9 52; Wood, 1963) and the grasshopper Romalea microptera 
(U sherw ood, 1 9 6 9 );  and the stick in sec t Carausius morosus (W ood, 1 9 5 7 ,
1 9 63) (tab le 5.)

The e ffe c t  o f  ex tracellu lar K+ on the membrane potential o f  sev era l o f  th ese  
s p e c ie s  i s  summarised in figure 18 (from P iek , 1 9 7 5 ) .

In cockroach m uscles (from the co x a e  o f the 3rd thoracic segm en t), 
appears to b e  generated  in a  sim ilar manner to that o f  the moth (Wareham et 
a lt 1 9 7 5 ) ie :  it  has two com ponents, a  s e t  o f  ion ic  conductance mechanisms
dominated by K+ , which i s  resp on sib le  for around 42m V and an a c tiv e  
component which accounts for the remaining l 8mV (Wareham e t al, 1 9 7 4 ) .

The relationship  between Em and the logarithm o f  the ex tracellu lar K+ i s  
lin ea r , with a  s lo p e  o f  43mV per tenfold change in K4- ( f ig .  1 9 ) .  T hese  
experim ents involved soaking the preparation for 2 hours in each  o f  6
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F ig . 16 Changes in  the resting potential o f  Periplaneta and Sphinx 
under the influence o f DNP (From Huddart & Wood, 1 9 6 6 )

F ig . 17 R elation between the resting membrane potentia l and the ex tern a l 
K concentration o f  some Lepidopteran sk e le ta l muscle fib r e s  
equilibrated  for a  short time (maximum 2h) in  a  sa lin e  so lu tion;
1 .  longitudinal fligh t muscle from Philosamia cynthia;
2 .  s tem o p ed a l muscle from P . cynthia; 3 . Ventral longitudinal
m uscle o f  P . cynthia larva; 4 .  sk e le ta l m uscle from Bombyx 
mori (Huddart, 1 966a) (M odified from P iek , 1 9 7 5 )



-60

-2 0

(a)
001 0-3 J____1 »_____I_____I_______UI 3 10 30 100 300

(K+lotmM)
F ig . 18 R elation between the restin g  membrane potentia l and the extern a l 

K concentration o f some in sec t sk e le ta l muscle f ib r e s ,  
equilibrated for  a  short time (maximum 2h) in  a  sa lin e  solution;
1 .  F lexor t ib ia lis  from Schistocerca gregarla (O rthoptera) 
( H oyle , 1 9 5 3 );  2 . S k eleta l m uscle from Tenebrio molitor larva
(C oleop tera) (B elton  and G rundfest, 1 9 6 2 );  3 .  f lex o r  tib ia lis
muscle from Carausius morosus ( C heleutoptera) (W ood, 1 9 5 7 ) .  
(M odified from P iek , 1 9 7 5 )

F ig . 19 Effect of variation of [K +]0 on Em at room tem perature, when [Cl"]o “  
zero. Muscles were equilibrated with the salines for 2 h r at room temperature 
before recordings were made. Bicarbonate saline; chloride was replaced by 
propionate; K + was present as sulphate. Standard errors for the mean values of 
the resting potentials did not exceed the diameter of the points. Semi-log plot.

(From Wareham e* a / ,  1 9 7 4 )



so lu tion s. The reversib ility  o f  the Em changes observed  was n o t, how ever, 
te s te d . The e f fe c t  o f  ex tracellu lar Na+ on Em was apparently not 
investigated  by Wareham et al (1 9 7 4 .). Wood (1 9 6 3 ) ,  how ever, found that 
in creasin g  extracellu lar Na+ led  to  a  hyperpolarisation in Em (ta b le  6  ) .

The major p rop erties o f the Em o f cockroach muscle a re  summarised in  
figure 2 0 . Line A shows the straight lin e  relationship  (s lo p e  around 4.2mV 
p er d eca d e) between Em and the logarithm o f the ex tracellu lar  K+  
concentration when [K+jo x  [C l"]o kept constant. When Cl" was removed 
from the sa lin e , a  sustained depolarisation  in was observed  ( lin e  B) 
whilst the s lo p e  o f  the Em against the logarithm o f [IC^jo was unaffected . I t  
was su ggested  that Cl" was involved in generating Em to some ex ten t. Cl" 
substitution experim ents gave a  sustained change in Em o f  around 18mV p er  
tenfold  change in [C l"]o ( f ig .  2 1 ) .  •

The potassium equilibrium p oten tia l, E g , in  cockroach muscle was ca lcu lated  
using the intracellu lar K+ concentrations reported by severed workers ( e g .  
HOmM, H oyle, 1955; 1 1 0 .4mM, Wood, 1963 (ta b le  3 ) ;  112mV, T ob ias,
1 9 48) and the measured haemolymph K+ content o f around 17mM. The valu es  
o f  Ejc were in the range -4 1  to -47mV, and were c lea r ly  more p ositive  than 
the average Em of -60mV.

Evidence for the involvement o f a  m etabolic pump was obtained from three  
experim ents: cooling ( f ig .  22 A ) , application  o f DNP ( 1 0 ' 4M) ( f ig .  22 B)
and application  o f  sodium cyanide ( 1 0 “3M) ( f ig .  22 C ). All th ese  
treatments led  to depolarisation  o f  Em by 15-20m V. Ouabain (5  x  1 0 "4 ) 
how ever, had lit t le  e ffe c t  on Em.

In locu st ex ten sor  tib iae m uscles, Em has been  found to  b e determ ined  
almost ex c lu siv e ly  by K*, obeying the N em st equation for  a  K+ e lec tro d e  
(H o y le , 1 9 5 3 , f ig .  23; Wood, 1 9 6 3 , tab le 5 ; Usherwood, 1967 a , b ) .  
There i s ,  how ever, a  sm all deviation from the pred icted  value for  a  K4" 
e lec tro d e  in low K+ sa lin e s  ( f ig .  2 4 ) which may b e  due to  a  sm all 
perm eability to  other io n s . The contribution o f th ese  other ion s to  Em 
becom es larger  at low ex tracellu lar K+ le v e ls ,  when the potentia l would be  
better fitted  by the constant f ie ld  equation.

The rate at which the c e l l  membrane d ep olarised  in resp on se  to  high K4- 
(lOOmM K+ ) was found to be much greater than the rate o f  repolarisation



Externul
medium
mM/1.

M ean rest* 
inn potential 
± S .E . (mV)

Mean action 
potential 

± S .E . (mV)

Action poten­
tial niintn 

resting poten­
tial (mV)

Mean intracellu­
lar sodium con­

centration ± S.K. 
m.M ky fibre water

Ratio
N h„ / N si4

Calculated 
/ i's . (n»V) 

at 18 C

Carautiut morosus 
Z eroN a 37 5 ±1-4 3 4 *4± 20 -3*1 2*9 ±0*8
25 Na : 39-5 ±1*3 3 7 0 1 1 -2 -2*5 12-511-5 2*0 17*4
50 Na 41*0 l 1*6 42-413*0 1*4 12*411*4 4 0 34*8
100 Na 42-4 ±1-7 43-5±2*4 1*1 14-2 ± 1-9 7 0 48*9
150 N a 43-1 ± 1-4 47-511-7 4*5 9 0 1 1 -8 16-7 70*3

Loeusta migratoria 
Z eroN a 2 8 0  ±1-4 9 0 1 0 * 9 - 1 9  0 7*0 ± 2*6
25 Na 36-5 ± 2-6 1 8 0 1 2 -1 -18*5 9*4 ± 2*9 2*7 24*9
50 Na 39-5 ±1-5 3 5 0 1 2 -8 -4*5 20*5 ± 1*6 2*4 21-9
100 Na 51*0 + 2*1 5 8 0 1 3 -2 7 0 15*6± 1*8 6*4 46*6
150 Na 53-5 ±4-4 5 9 0 1 3 -8 5*5 20*212*4 7*4 50*2

Periplaneta 
Zero Na

amrricana 
26-7 ±1-8 l l O i l - 1 —15-7 19-612-1

25 Na 36*0 ±2*1 22-412-2 —13-6 32*4±3*4 ‘ 0*77 -6*5
50 Na 36-8 ±2-0 37*012*9 0*2 26-011*9 1-9 16-1
100 Na 47-6 ±3*3 49 0 ±2*1 1*4 29*9 + 2*9 3*3 30*0
150 Na 53 0 ±2-2 55*0 ±2*3 2 0 290  ±2*8 5-2 41-4

Table 6. Resting and action potentials, intracellular sodium
concentration and theoretical overshoot of the muscle 
fibres. (Prom Wood, 1963).
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[K \,m M
P ig . 20  Diagram summarizing major properties o f Em of cockroach muscle. 

Line A : behaviour when [K +]0 x [Cl~]0 m aintained constant. L ine B: behaviour, 
in the absence of [Cl~]0. Line C : behaviour at 5°C, showing both the 18 mV 
depolarization below line A and the apparent insensitivity to reductions in [K +]0.

(From Wareham et a / ,  1974.)

fOO 150 200

Fig a 2 1  Effect of variation of [Cl“]0 on Em at a fixed value of (K + k  o f 16 m M  at 
room tem perature. Em (ordinate) is plotted against [C l- ]0 (abscissa). S.E. d id not 
exceed the diam eter o f the points. K H C O , =  16 m M ; Cl~ varied by the addition 
of choline chloride; isosm odty m aintained by the addition o f glucose; equilibration 
for 2 hr, pH  =  7*0. T here is no evidence for hyperpolarization above the — 60 mV 

seen with a normal [C l” ]0 of ISO m M .
(From Wareham et aJ, 1 9 7 4 )
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F i g . 2 2 A  T h e  effect o f tem perature on the resting potential o f cockroach coxal 
muscle. Muscles were equilibrated at each tem perature for 2 h r. S tandard errors 
are shown where these exceed the diam eter o f the points. Dashed line represents 
the expected fall in 2 ^  when the tem perature is decreased, as predicted by the 
N em st equation. Solid line represents the observed response o f Eĝ  and is fitted by

cye’ (Prom Wareham et a l, 1 9 7 4 )

Tim*., min

F i g . 2 2 B  Effect o f 10~* M  dinitrophenol on jE^. T h e  muscles w ere exposed to 
bicarbonate saline containing D N P  (pH  7*1; room  tem perature). S tandard  errors 
are shown, and are calculated from at least th irty  separate measurem ents. Abscissa: 

tim e (min) o f exposure to saline containing D N P.
(Prom Wareham et a lf 1 9 74)

Time, min

F i g .  2 2 C  Effect o f 10~* M N a C N  on ^ (b ic a rb o n a te  saline; pH  7*2; room  tem pera­
ture). S tandard errors are sho.wn and are calculated from at least th irty  separate 
m easurements. Abscissa: tim e (min) o f exposure to saline containing 10~* MNaCN.(From Wareham et a l , 1 9 74)



Fig . 23 The relationship between the membrane resting potential of fibres of the 
flexor tibialis muscle and external potassium concentration.

(From H oyle , 1953),

F ig . 24  „ Effect of external potassium concentration on the mem­
brane potential of the retractor unguis muscle of Schistocerca gre-  
garia at 20°C. The slope of the line is 54 mV for a tenfold change in 
[K+]Q. The vertical bars represent the standard errors of the mean. B. Effect of [K+]Q on Em at 5°C. The dotted line represents a slope of 54 mV per tenfold change in [K+l0 . (C. A. Leech, unpublished 
observations} (From A shcroft, 1 9 8 2 )



Increasing  extracellu lar Na4 in this in sect was found to cause a 
hyperpolarisation  in Em ( Wood, 19 6 3 , table 6 ) ,  but no conclusions were 
drawn from this observation .

Chloride was found to be p assively  distributed in th is in sect ( Lea & 
Usherwood, 1 9 7 3 , f ig .  2 6 ):  a reduction in extracellu lar  Cl“ (substituted
by prop ionate) resulted in a  transient depolarisation  o f Em, an in crease  led  
to a transient hyperpolarisation .
In the stick  in se c t , the recorded  E^s fit those calcu lated  from the intra- 
and ex tra  cellu lar K4  concentrations for a  K4 -s e le c t iv e  membrane (H o y le , 
1955; Wood, 1 9 5 7 , 1963 (ta b le  5 ) ) .  Increasing extracellu lar  Na4  led  to  
a  small hyperpolarisation in Em ( f ig .  27 A, tab le  6 ) and Ca2+ had a  sim ilar 
e ffec t ( f ig .  2 7 B ) . The membrane was found to be impermeable to Mg24  

( f ig .  27 C ).

Thus, in  certain  in sect s p e c ie s ,  Em appears to be determined by JC4  a lo n e , 
whilst in o th ers , a  variety o f additional ion ic and m etabolic mechanisms are  
involved in maintaining .

1 .5  Neuromuscular transmitters in in sects

when the muscle was returned to low K4 (lOmM K4 ) saline, however.
(Usherwood, 1969) (fig. 25 ). This effect was attributed to anomalous
rectification of the muscle fibre membrane.

In the most ex ten sively -stu d ied  in sect neuromuscular preparation, the locust 
ex ten sor  t ib ia e , the muscle r e c e iv es  three neutral inputs: 'fast' and 'slow*
e x c ita to ry , and inhibitory. (Usherwood, 1967) ( f ig .  2 8 ) .

L-glutamate i s  the putative transmitter at the excita tory  syn ap se , and the 
p resen ce  o f  post-junctional recep tors for th is amino acid  have been  
dem onstrated in a  variety o f  ways (Usherwood and M achili, 1 9 6 6 , 1968;  
Usherwood, 1967; Beranek and M iller, 1 9 6 8 ) . Application o f glutamate to  
exc ita to ry  syn ap ses on locust muscle activates glutam ate-sensitive recep tors  
on the p ost-syn ap tic  membrane, causing an in crea se  in membrane 
conductance. This in crease  resu lts from the opening o f cation ic channels 
which a re  assoc ia ted  with, and whose function i s  'gated ' by the glutamate 
r e c e p to r s . When in the open s ta te , the channels in crea se  membrane 
perm eability to  Na4  and K4 , with Ca2+ making a  minor contribution to  the



F i g .  2 5  RfTect of changing the external potassium ion concentration, from lOmmol I 1 to 
100 mmol I * and vice versa, at a constant chloride concentration (IS4mmol I on the 
membrane potential of a Rumafea niu-nipfrra retractor unguis muscle fibre. The rate of depolar­
ization is much greater than the rate of rcpolarization. the latter being charactcn/cd by an initial 
fast phase and a subsequent slow phase. (From Usherwood. 1969.)

<

(Cl0-J -  IS4 mM [Cl0-J -  IS4 «niM
[Cl**]-OmAt J"

F ig  • 26Transient changes in membrane potential of a coxal adductor muscle fibre of Schisto- 
trr, a an-fana caused by substituting of the chloride in the saline by sulphate. (From Lea and 
Usherwood. 1973 .)



F ig . 27 R elation  between the resting potential in Caravsius and (A ) 
ex tern a l Na concentration * (B ) extern al Ca concentration ,
(C ) ex tern a l Mg concentration. ( From Wood, 1 9 5 7 )
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A
Fast

B
Slow

C
In h ib ito ry

» '20mi«<

*
i

P ig . 2 8 . intracellu lar record in gs from th ree d ifferen t m etathoradc ex ten sor  
tib ia l m uscle fib r e s  o f  the locu st to  stimulation o f (A ) "Fast** 
excita tory  axon ; (B ) "Slow*t~ excita tory  axon  and (C ) inhibitory  
ax o n . R ecordings made in 10 m eq /L  p otassiu m -sa lin e . Time and 
vo ltage ca lib ration s same for a ll  three reco rd s . (From
Usherwood, 1 9 6 7 ) .

A

>nrw,j,nrr,,H"irir<
^ / y r ~ r\ F etr 'r~'

n / u r n s j 1̂

T*<*,-ifu v T V mnrm
|20pA

100 msec
|20pA 

40 msec

F ig . 29  A,B: Records of glutamate-induced single-channel activity from two con-A-treated muscle 
fibers; note the difference in sweep speeds. Chloride-free solution was used for the bathing medium and in 
the patch pipette; in both experiments, the pipette contained 100 /iM glutamate. Fibers were voltage 
clamped to a potential of — 110 mV with a conventional two-microelectrode clamp, and the patch pipette 
was placed between the recording and current-passing electrodes. Recording bandwidth was DC to 1 kHz. 
Inward current is shown as a downward deflection. T -  22°C; calibration, 100 or 40 msec and 20 pA. 
(From Cull-Candy et al.% 1981.)



current through the channel (Anwyl, 1 9 7 7 ) .

Glutamate recep tors a lso  occur on the extrajunctional membrane o f locust  
muscle a s  two m ixed, but pharm acologically d istinct populations: one popu­
lation  g a tes  an in crea se  in  C l“ perm eability (hyperpolarising or  
H -r e c e p to r s )$ the second  g a tes an in crea se  in  cation  perm eability  
(d ep o larisin g  or D -recep to rs) (L ea & Usherwood, 1973$ Cull-Candy & 
Usherwood, 1 9 7 3 ) .

T ransm itter-receptor interaction  i s  thought to cause the b r ie f and transient 
opening o f ion ic ch annels. A number o f techniques have been  develop ed  to  
obtain information about the operation o f  ion ic  channels a sso c ia ted  with 
synaptic recep to rs. T hese include an a ly sis  o f  the membrane current n o ise  
that occurs in the prolonged p resen ce  o f  transmitter o r  agon ist a s  a  result 
o f  fluctuations in the number o f open channels (K atz & M iledi, 1972$ 
Anderson & S tev en s, 1 9 7 3 ) .  A second method i s  the patch clamp technique  
for measuring the currents passing through individual channels (N eher e t  a / ,  
1 9 7 8 ) .

D -type recep tors have proved to be particularly su itable for the application  
o f patch-clam p a n a lysis to  individual receptor-C hanel com plexes for a  
number o f reason s: 1 . T hese recep tors are present at low d en sitie s
(U sherw ood, 1 9 8 1 ) ,  so  that recording from s in g le  recep tor-ch an n el 
com plexes can routinely be obtained $ 2 . locust m uscles a re  almost devoid
o f connective t is s u e , so  .that the m uscles need  not be p re-trea ted  with 
enzym es (P atlak , e t  al, 1979)$  3 .  the channels gated by D -recep tors
have la rg e  conductances (around 1 2 0 pS) so  that channel events with lifetim es  
a s  short a s  loop. s e c  can be reso lved  with megohm s e a ls  ( Patlak e t  al, 
1979)$  4 .  d esen sitisa tio n  o f th ese  recep tors can b e  inhibited using the
le c t in , concanavalin A (M athers & Usherwood, 1 9 7 6 , 1978 a )  $ 5 .  the
population density  o f  the recep tors can be modified through denervation  
(U sherw ood, 1979$ Mathers & Usherwood, 1978 b$ Gration e t  al, 1 9 7 9 ) .

The values o f channel conductance and mean lifetim e obtained using 
patch-clam p (150p S  and 2ms r e sp e c tiv e ly , at 23 °C ) ( Patlak e t  a l,
Cull-Candy e f  al, 1 9 8 1 ) ( f ig .  29 ) were comparable to  th ose obtained from 
the a n a lysis o f  the membrane current n o ise  (1 2 2  ± 0 .4 p S  and 2 .5  ± 0 .13m s  
at 20°C$ Anderson e t  al, 1 9 7 8 ) .



y-am inobutyric ac id  (GABA) is  bhe putative inhibitory transmitter at the  
locu st neuromuscular junction. It activates lo c u st , cockroach and 
grasshopper inhibitory nerve-m uscle syn ap ses and in most resp ects  its  mode 
o f  action  at th ese  s ite s  i s  very sim ilar to  that o f the natural transm itter, 
( Usherwood & Grundfest, 1 9 6 5 ) .  GABA a cts  by increasing  the perm eability  
o f the muscle fib re  to  C l", leading to  a  hyperpolarisation o f the m uscle 
fib re membrane. GABA action on in sec t muscle f ib r e s  i s  reduced by 
picrotoxin  at concentrations o f 10" SM (Usherwood & Grundfest, 1965) and 
by bicuculline at sim ilar concentrations (Usherwood, unpublished, c ited  in  
Usherwood & Cull-Candy, 1 9 7 5 ) .

Current n o ise  an a lysis gave a  mean lifetim e for junctional GABA-activated 
channels o f  around 4ms at 21°C , and a  mean conductance o f 2 2 .6 p S .  
Similar values o f open time and conductance were obtained for ex tra  
junctional GABA-activated channels (Cull-Candy & M iledi, 1 9 8 1 ) .

In contrast to the situation in the lo cu st, the ventrolateral body-w all m uscles
o f cyclorrhaphan Diptera larvae have no inhibitory input, being innervated
only by a  s in g le  fa st and a s in g le  slow excita tory  axon (H ard ie , 1 9 76;<x>b.Magazanik et a / ,  1979; Irving & M iller, 1 9 8 0 ) . The
innervation o f th ese  m uscles in Calliphora erythrocephala i s  shown in figure  
30 a ,b .  -------

In Musca domestica la rv a e , L-glutamate was found to be a  sp e c if ic  agon ist 
at the fa st transmitter recep to r , and aspartate i s  a  sp e c if ic  agonist at the 
slow transmitter recep to r . (Irving & M iller, 1980 a ) .  Fast and slow  
resp on ses a re  b e liev ed  to use d ifferent ion ic ch an n els, and it has b een  
suggested  that HCO3 a ffe c ts  the reversa l potential o f  the slow exc ita tory  
post-syn ap tic  potentia l (E P SP ) by increasing the in tracellu lar potassium  
concentration. The fa st and slow EPSPs may th erefore  u tilise  channels  
whose conductances a re  d ifferen tia lly  sen sitiv e  to in tracellu lar K* 
concentration. (Irving & M iller, 1980  b ) .

Other neurotransm itters

A cetylcholine ( ACh) i s  a  putative excita tory  neurotransmitter at syn ap ses in  
the in sect central nervous system , but seem s to  play no part in  
neuromuscular transm ission. The evidence for its  transmitter action  i s
summarised in sev era l review s (Pitm an, 1971; G ersch en feld , 1973; C a llec ,
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P i g .  3 0 a  gross motor innervation of the longitudinal 
ventro-latera! muscles in an abdominal half segment. 
Muscle numbering according to Crossley (1965). ib; im- 
aginal bud, mnl; multipolar neurone t, mn 2; ipultipolar 
neurone 2, sn; segmental nerve, st; segmental trachea, stc; 
strand of connective tissue, uvn; unpaired ventral nerve.

(From H ardie, 1 9 7 6 )

F i g . 3 0 b  Innervation of the longitudinal ventro-lateral muscles, 6A and 7A, at the axonal level. Dia- 
gramaticrepresentation with photographicevidence from reduced silver stained preparations. Note the 
common branching of the axons, a, axon; ct, connective tissue; n, muscle nucleus. Scale -20/im.

(From H ardie. 1976),



1974.} S a tte lle , 1977; Harrow et al, 1 9 8 2 ) .  The CNS o f sev era l in sect  
s p e c ie s  have b een  shown to  contain the e ssen tia l components o f  a  
ch o lin erg ic  system , including ACh, choline acety ltran sfera se  (which c a ta ly ses  
the syn th esis o f A Ch), and acetych o lin esterase  (which hydrolyses ACh and 
prevents further synaptic a c t io n ) . In sect nervous t issu es  have b een  shown 
to  b e  capab le o f synthesizing ACh (P resco tt et al, 1 9 77) and certain  
in sec t central neurones are extrem ely sen sitiv e  to  e ith er lo c a lly -  or  
bath -ap p lied  ACh when the endogenous acetych o lin ^ esterase has b een  
inhibited (S a t te l le ,  1 9 8 0 ) .

The ev id en ce for a  transmitter ro le  for ACh i s  particularly strong in the 
antennal (o lfa c to ry ) afferent input to the antennal lo b e s  o f the moth, 
Manduca sexta  (S a n e s  & Hildebrand, 1 9 76; San es et al, 1 9 7 7 ) ,  and in the 
c erea l (m echanoreceptor) afferent input to the ( giant inter ganglionic  
in tem eurones o f  the abdominal ganglion o f  the cockroach , Periplaneta 
americana (C a lle c , 1974; S a tte lle , 1980; Harrow & S a tte lle , 1 9 8 3 ) .

The b iogen ic  am ine, octopam ine, has been  found to  a ct a s  a  neuromodulator 
in  certain  in se c ts , modulating neuromuscular transm ission and muscular 
contraction in sk eleta l muscle in in s e c t s . The most ex ten siv e ly  studied  
preparation has b een  the large  ex ten sor  tib ae muscle o f the hindleg o f  the 
lo c u st , Schistocerca americana gregaria (Evans & O 'Shea, 1 9 7 7 , 1978; 
O 'Shea & Evans, 1979; Buchan & Evans, 1980; Evans & S ie g le r , 1 9 8 2 ) .  
This muscle is  innervated by an octopam ine-containing 'DUMETi* neurone 
(H o y le , 1975; Hoyle & Barker, 1975; Evans & O 'Shea, 1 9 7 7 , 1 9 78)  
which inhibits a  myogenic rhythm in the h in d leg , modulates neuromuscular 
transm ission and muscle contraction , and in fluences behaviour involving rapid  
movements e g .  walking.

The pentapeptide proctolin  i s  found in the central nervous system  o f a  
number o f in sec t sp e c ie s  (S ta rra tt, 1 9 7 9 ) .  In the cockroach , it  i s  
contained in b ila tera lly  symmetrical neurones in a ll  ganglia  o f the CNS 
(B ishop & O 'Shea, 1 9 8 2 ) .  Proctolin  may behave a s  a  neurotransmitter 
(Brown, 1 9 75) an d /o r  a s  a neuromodulator (Cook & Holman, 1979; O 'Shea  
& Adams, 1981) to  modulate muscle e x c ita b ility . Both octopamine and 
proctolin  have b een  found to mimic spontaneous membrane depolarisa tion s in  
larvae o f Lucilia serlcata (Irving & M iller, 1980c.) This e ffe c t  appears to  
b e p ost-syn ap tic  and mediated by recep tors sp e c if ic  for  each  su b stan ce.
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The Aims and S cop e o f  the Present Study

This th e s is  reports an experim ental investigation  o f  the ion ic  b a ses  o f  the 
resting membrane potentia ls o f  the body-w all muscle c e l ls  o f  larvae and 
prepupae o f  the blowfly CaUlphora erythrocephala (D ip tera) and larvae o f  
ChJlo partellus (L epidoptera) the r ice  stem borer in a comparative approach. 
The aim o f the presen t study has been  to  d evelop  experim ental methods in  
order to  obtain d ir e c t , quantitative measurements o f  intracellu lar ion ic  
a c tiv itie s  from th ese  muscle c e l l s ,  and to  monitor any changes in membrane 
potentia l and other p rop erties corresponding to  changes in the ex tra ce llu la r  
a c tiv itie s  o f  the major inorganic io n s . This was ach ieved  in sev era l sta g ess

1 .  The developm ent o f techniques fo r  the manufacture o f  d ou b le-b arrelled  
io n -se n s it iv e  m icroelectrodes fo r  X4*, Na* and Cl" which gave accep tab le  and 
re lia b le  resp on ses to  the in tracellu lar activ ity  o f  the relevant io n .

2 .  The construction o f  a  Faraday ca g e  and assem bly o f  a  recording system  
su itab le for  intracellu lar recording from sin g le  muscle c e l ls  with both 
conventional m icroelectrodes and d ou b le-b arrelled  io n -se n s it iv e  
m icroelectrod es. Refinement o f  the manufacturing technique for  ISM 's until 
they were capab le o f making re lia b le  in tracellu lar ion ic  activ ity  measurements 
in  p ra ctice .

3 .  Measurement o f  the intracellu lar a c tiv itie s  o f  X4-, Na+ and Cl" in larval 
and prepupal body-w all muscle c e l ls  bathed in normal sa lin e .

4 .  Performance o f  ion ic  substitution experim ents to  determ ine quantitatively  
the ro le  o f  the major inorganic io n s , particularly X+ , Na4* and C l", in  
resting membrane e lec tro g en es is  in Calliphora and Chilo.



CHAPTER H i MATERIALS AND METHODS

Apparatus was assem bled to  provide the following functions: -

1 .  A walk-in Faraday ca g e  was erec ted  around a  heavy wooden bench to  
reduce to  a  minimum e le c tr ic a l n o ise  and in ter feren ce , and m echanical 
in stab ility  during experim ents j
2 .  Manufacture o f d ou b le-b arrelled  io n -sen sitiv e  m icroelectrod es (IS M 's)  
with tip  diam eters 1 .5  Jim;
3 .  Calibration o f ISM 's for their resp on se to  io n ic  activ ity  changes and 
gen era l evaluation o f  their perform ance;
4 .  Intracellu lar recording with conventional m icroelectrod es (OM 's) and 
ISM 's from sin g le  body-w all muscle c e l ls  o f  in sec t larvae;
5 .  Am plification, visual d isp lay  and recording on chart paper o f  the  
e le c tr ic a l s ig n a ls  produced by both ISM 's and OM's;
6 . Variation o f the com position o f the media bathing the m uscle c e l l s ,  
allowing ion ic  a c tiv itie s  to  b e changed and m etabolic inhibitors to  be  
a p p lie d ;
7 . Measurement o f the membrane resista n ce  o f  the im paled c e l l s ;
8 . L ocalised  application  o f  b r ie f p u lses o f a  solution onto the surface o f  
an im paled muscle c e l l  from a  broken m icropipette by p ressu re .

n . l .  Io n -sen sitiv e  m icroelectrodes

The manufacture o f  io n -sen sitiv e  m icroelectrodes (IS M 's) involved the u se  o f  
a  number o f  procedures and d ev ices  which will be d escrib ed  in  the following  
se c t io n .

l . i  Method for production o f  d ou b le-b arrelled  g la ss  m icropipettes

Double b arrelled  ISM 's were used to  obtain simultaneous measurements o f  
in tracellu lar ion ic  a c tiv itie s  and membrane potentia l from individual c e l l s .

K+- ,  Na+- and a  few Cl"-ISM s required e le c tr o ly te -f il le d  re feren ce  
b a r r e ls , w hereas in  the majority o f c l" -IS M s, the re feren ce  barrel n eed ed  
to  b e  f i l le d  with an organic re feren ce  liquid ion  exchanger ( RLIE, Thomas 
& C ohen, 1 9 8 1 ) .  Use o f  RLIE overcam e the problem o f Cl" leaking out o f  
the re feren ce  barrel into a  muscle c e l l  and leading to  a r tific ia lly  high  
valu es o f  in tracellu lar Cl" activ ity  being recorded  by the active  b a rre l. It



was th erefore n ecessa ry  to  employ two d ifferent methods for preparation o f  
the d ou b le-b arrelled  m icropipettes: One in  which the re feren ce  b arrel was
not s ila n ise d , the other in  which it  w as.

( a )  Preparation o f  m icropipettes with e le c tr o ly te -f il le d  re feren ce  
b a r r e ls

To make active  b a r r e ls , b o ro silica te  g la ss  capillary tubes o f  1.50mm O .D . 
(GC 150T -15 Clark E lectrom edical instrum ents) were cut to  g ive  p ie c e s  
7.5cm  in len gth . Twenty o f  th ese  len gth s were clean ed  using a  mixture o f  
concentrated n itric  ac id  (8  ml) and ethanol ( 2  m l) , which reacted  v io lently  
and thus removed any contaminants from the inner su rfaces o f  the g la ss  
tu b es. The tubes were washed ten  tim es in  d istilled  water and dried  for one  
hour in an oven at 10 0 °C . ,

After drying, th ese  c a p illa r ie s  were paired  with other c a p illa r ie s  which were 
to  becom e the re feren ce  b a rre ls . The la tter  were b o ro silica te  g la ss  
cap illary  tubes with an internal filam ent to  a id  f il l in g , an O .D . o f 1.00mm  
and I .D .  o f  0.58mm (GC 1 0 0 F -1 0 , Clark E lectrom edical instrum ents) which 
had b een  cut to  produce 5 cm len g th s. Active and re feren ce  b arrels  were 
glued together in  p ara lle l pairs using A raldite (CIBA-GEIGY) ( f ig .  31 A ) ,  
and then baked at 100°C  for 1 hour to  polym erise the r e s in .

In order to  ensure that when the ca p illa r ie s  were pulled into m icrop ipettes, 
each  would have a  s in g le  ..'combined* tip  consisting o f the two adjacent tip s  
o f the two b a rre ls , each  pair o f tubes was twisted through 1 8 0 ° halfway 
along its  len gth . In order to  ach ieve  th is , the lower member o f each  pair  
was clamped at both ends in the chuck jaws o f  a  vertica l e lec tro d e  puller  
(N arish ige S c ien tific  instrument Lab. Type PE- 2 ,  P late 1 ) .  The middle o f  
the pair was positioned  at the cen tre o f a  cylindrical heating c o il with an
I .D .  o f 6mm ( f ig .  31 B ) .  The upper chuck o f the puller was f ix e d  by 
means o f  a  clamping screw  on the p u ller , and the lower chuck was held  in  
p lace  manually. After severed seco n d s o f  heeding, the g la s s  so ften ed  and 
the lower chuck was rotated  through 1 8 0 ° ( f ig .  31 C ) . The cap illary  pair  
was then stretched  s ligh tly  in  order to  optim ise the shape o f  the shank o f  
the m icropipettes when they were subsequently pulled ( f ig .  31 D ) . This was 
ach ieved  by allowing the lower chuck to  fa ll  under gravity by around 2mm. 
The heat was then switched o ff and the cap illary  pair rem oved.



51

Fig. 31 a-f. Stages in the production of a double-barrelled
micropipette from two separate glass capillary tubes.
A - Araldite* GC - glass capillary* HC - heating coil* 
HE - heating element* J - chuck jaws of microelectrode
puller. (Prom Laming, 1982)
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P la te  1 .  The N arish ige v e r t ic a l m icro e lectro d e  p u lle r .

P la te  2 . The Clerk h orizon ta l m icro e lectro d e  p u lle r .



The pulling o f raicropipettes from the cap illary  pair was perform ed by a  
Livingstone-type horizontal puller (Clark Electrom edical Instrum ents, model 
LPP2, (P la te  2 )  which had controls for  heating an elem ent formed from a  
U -shaped strip  o f  platinum, pulling fo rce  and time o f d elay  b efo re  'pull* was 
e ffe c te d  (a fter  heating had s ta r te d ) . This puller was used b ecau se  it  was 
found that the v er tica l puller could not produce d o u b le-b arrelled  
m icropipettes with sub-m icron t ip s . To pull a  pair o f  m icropipettes from a  
twisted and stretched  cap illary  p a ir , the la tter  was clamped a t both ends in  
the jaws o f the horizontal p u ller , so  that the central tw isted part o f  the  
double cap illary  was p ositioned  centrally  in sid e  the heating elem ent ( f ig .  
3 1 e ) .  It was important that the g la ss  was h ea ted , a s  nearly  a s  p o ss ib le ,  
symmetrically about the a x is  o f  the length  o f the ca p illa r ie s  s o  that when 
m icropipettes were pulled they would have straight shanks terminating in fin e  
tip s ( f ig .  3 1 f) .  Each m icropipette was exam ined under a  lig h t m icroscope  
at x 4 0 0  m agnification to  check that the shank was straight and tapered  
gently  and that the tip  was fin e  enough (<  1 Stua in  d ia m e te r ) .A a ccep ta b le  
d ou b le-b arrelled  m icroelectrod es were a lso  exam ined in  the scanning  
e lectro n  m icroscope to  confirm their sh a p e s , dim ensions e tc .  An exam ple i s  
shown in  P late 3 .  Microelectrodes with unacceptable fea tu res were 
d iscard ed .

(b )  Preparation o f  m icropipettes fo r  Cl -ISM with R L IE -filled  
r e f e r e n c e  b a r r e l s

The method used was sim ilar to  that d escrib ed  in  the preceed in g  se c tio n ,  
ex cep t that the re feren ce  b arrel was made from b o ro silica te  g la ss  cap illary  
tubes with an O .D . o f  1 .5 0  mm and an r .D .  o f 1 .0 5  mm (GC 1 5 0 F , Clark 
Electrom edical instrum ents) which contained a  g la ss  f ib r e . G lass tubes for  
both active and re feren ce  b arrels were cut into approxim ately 7 .5  cm 
lengths and washed in the mixture o f  concentrated n itr ic  a c id  and absolute  
ethanol d escrib ed  a b o v e . They were then dried  and glued together in  ,
p a ir s . The twisting and pulling o f  th e se  p airs o f  tubes was id en tica l to  that 
d escrib ed  ab ove. When fillin g  the two b a r r e ls , ca re  was taken to  ensure that 
so lu tions did not sp ill  from the back o f  one b arrel to  the n ex t and cau se  
contam ination.

U . l . i i .  S ilan isation  o f  m icropipettes

A c lean  g la ss  su rface i s  hydroph ilic/organ ophobic, becau se i t  i s  covered
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P la te  3 . a ,  b . Scanning e le c tr o n  m icrographs o f the tip  o f a d ou b le-  
b a r r e lle d  m icro p ip ette . C alibration  bars show th e s iz e  of the tip  
( <l^im d ia m e te r ) . (DavO-so* & .)
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with polar groups, primarily s ila n o l ( s i l ic ic  a c id ) groups (H air ft H ertl,
1 9 7 3 ) .  T hese groups must b e  masked by silan isation  in  order bo render the  
surface hydrophobic/organophilic , and thus allow the formation o f  a  s ta b le  
organic liquid membrane. In add ition , th is treatment prevents the aqueous 
b ack -fillin g  solution  in  the active  barrel from creep in g  towards the tip  o f  
the ISM . I f  not m asked, the sila n o l groups behave a s  cation  ex ch a n g ers, 
which under som e conditions cau se the m icropipettes to  behave a s  cation  
e lec tro d es  (W alker, 1 9 7 1 ) .

For ISM s requiring referen ce  b arrels f il le d  with a  sa lt  solution  ( i e .  K4", 
Na4* and some Cl "-IS M s), only the active barrel was s ila n ised  and 
precautions were taken to  ensure that the re feren ce  b arrels were not 
ex p o sed  to  s ila n e . For Cl"-ISM s in which the re feren ce  b arrel was to  be  
f ille d  with organic RLIE, how ever, both b arrels n eed ed  to  be s ila n ise d .

The procedure for  silan isa tion  was essen tia lly  sim ilar for a ll  typ es o f  
m icropipette, involving the exposure o f in sid e  su rfaces to  the vapour o f  an  
organic s ilico n  compound.

Procedure used  f o r  silan isation  o f  active  b arrels a lone

S ilane (d im ethyld ich lorosilane, DDS \ Sigm a) (2m l) was p laced  in  a  small 
g la ss  jar in a  fume cupboard. The jar was covered  by a  g la ss  lid  in  the 
centre o f which was a  sm all h o le  with dim ensions such that i t  accommodated 
the protruding back end o f the active  barrel o f  the double m icropipette ( f ig .  
32 A ) . B efore silan isa tion  o f  each  batch o f  m icropipettes, two small p ie c e s  
o f aluminium fo il  and two o f  f ilte r  paper were p laced  over the h o le  and 
secured  using paper ta p e . A h o le  was then made through the fo il  and paper  
coincident with the h o le  in the l id ,  such that the protruding back end o f  a  
m icropipette would f it  tightly  in the h o le . This arrangement was d esign ed  to  
ensure that when the lid  was p laced  onto the jar o f  s ila n e  and the shaft o f  
a  double m icropipette introduced into the h o le , the larger  "active" barrel 
alone would be s ila n ised  by DDS vapour, whilst the sm aller re feren ce  barrel 
was blocked and remained unsilan ised .

The optimum silan isa tion  tim es for  IT^/Cl" - and Na+ -lS M s were found to  b e  
30 and 180 seco n d s r esp ec tiv e ly , is Ms sila n ised  for shorter tim es than
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a
CBM

DOS

b

F ig . 32
a .  A p p aratu s f o r  s i l a n i s i n g  t h e  a c t i v e  b a r r e l  o f  a  
d o u b le - b a r r e l le d  m ic r o p ip e t te  (DBM) u s in g  d im e th y l - 
d ic h lo r o s i la n e  (DDS) vap ou r.
b .  A pparatus f o r  s i l a n i s i n g  b o th  b a r r e l s  o f  a  d o u b le -  
b a r r e l l e d  m ic r o p ip e t te  u s in g  d im e t h y ld ic h lo r o s i la n e  
v a p o u r .



th ese  had a tendency to  show the symptoms o f u n d er-sila n isa tio n , i e .  poor 
calibration  curves with low s lo p e s , and instab ility  o f  behaviour; whilst 
th ose  s ila n ised  for much longer tended to  have blocked activ e  and referen ce  
b a rre ls  (s ila n e  was thought to  "spill" out o f the tip  o f the activ e  barrel and 
enter the tip  o f  the referen ce  b a rre l, thus preventing proper conduction).

Following s ila n isa tio n , the batch o f  m icrop ipettes, held  v ertica lly  in a  metal 
h o ld er , was p laced  into an oven at 100°C  for one hour. It was then stored  
in  a  d esicca tor  until n eed ed .

Procedure for silan isa tlon  o f  both active  and referen ce  b a rre ls

The major d ifferen ce  between th is and the procedure d escr ib ed  above was 
that the ho le  in  the lid  o f  the silan isa tion  chamber s was made su ffic ien tly  
la rg e  to  accommodate both b arrels o f  the double m icropipette (figu re  32 b ) . 
Thus, both a ctive  and referen ce  b arrels were s ila n ised  sim ultaneously using  
D D S. The optimum silan isation  time was found to  be around 30 secon d s for  
C l'IS M s.

n . l . i i i  F illing the~m icropipettes

The filam ented re feren ce  barrel was fir st f ille d  with the appropriate  
compound to  constitute the referen ce  e le c tr o d e . The compounds used are  
summarised in ta b le  7 , below .

T able 7 .  Compounds used to  f i l l  the re feren ce  b arrels o f  IS  Ms.

T yp es o f  
ISM

R e fe r e n c e  b a r r e l  
f i l l i n g  com pound(s)

1C+ 5M L iC l
Na+ 1M KC1
Cl" 85Z 0.6M  K2S0«,

+15% 1.5M  KC1 o r  RLIE

The reason s for fillin g  the referen ce  b arrel b e fo re  the activ e  barrel are  
tw ofold. 1 ) m  order to  avoid fillin g  the a ctive  barrel (a  re la tive ly  
com plex p r o c e ss)  only to  d iscover that the referen ce  barrel had not f il le d



properly and would th erefore not conduct; 2 ) the p resen ce o f e le c tro ly te  in  
the re feren ce  barrel tip  prevented the io n -sen so r  from the tip  o f  the activ e  
barrel from crossin g  into the empty re feren ce  barrel tip  and making the  
la tter  io n -se n s it iv e  when f i l le d . The re feren ce  barrel was f ille d  using a  
30g syrin ge n eed le  and a  1 ml sy r in g e . The tubular fib re  in sid e  th is  barrel 
enabled it  to  f i l l  with e lec tro ly te  up to the very  tip  s o  that it  made a  good  
conducting e le c tro d e .

In the c a s e  o f Cl “ -IS  Ms whose re feren ce  b a rre ls  were to  b e  f ille d  with the  
organic re feren ce  liquid ion exchanger ( RLIE) a  column only a  few  
m illim etres long was introduced into the referen ce  b a r r e l, and le f t  for  
sev era l hours or overnight to  allow the barrel to  f i l l .  This was n ecessa ry  
b ecau se  the RLIE i s  v iscou s in nature and hence takes longer to  move to  the  
tip  than aqueous so lu tion s. ,

In order to  f i l l  the active  b a rre l, the d ou b le-b arrelled  m icropipette (DBM) 
was clamped in a  cro co d ile  c l ip , the jaws o f  which had been  shaped and 
f il le d  with dental wax so  a s  to optimally hold the DBM. This m odified c lip  
was in  turn held  on an arm on the right-hand s id e  o f a  pair o f  Prior  
micromanipulators mounted on an op tica l bench ( MM1, f ig .  33a such that the  
shank and tip  o f the DBM could b e  view ed by a  horizontal binocular  
m icroscope ( f ig .  33b P late 4 ) .  The DBM tip  was viewed using a  x 2 0
o b jective  when its  s iz e  was being''checked immediately a fter  the m icropipette  
had b een  p u lled . A x 3 ,  and sometimes a  x i o ,  ob jective  was used to  view  
the DBM shank when it  was being f i l le d .

The fillin g  o f  the active  barrel proceeded  in a  number o f  s tep s:

1 . A 100mm lo n g , 0.8mm OD m icropipette with a  broken tip  was waxed onto 
a  fin e hypodermic n e e d le , which was attached to the body o f  a  1  ml 
d isp osab le  sy r in g e . This was in  turn connected to  a  50 ml syrin ge v ia  a  
short length  o f  p la stic  tubing. This whole assem bly was held  upright in  one  
o f the le ft-h a n d  micromanipulators (MM2, f ig .  33b) above the DBM held  on  
the right-hand s id e . The tip o f  th is broken m icropipette was dipped into  
the pool o f  LDC in  a  sm all v ia l held  by MM3 ( f ig .  33b) and a  sm all quantity 
was sucked in . The 'e lectro d e' was then low ered a s  far down a s  p o ss ib le  
into the active  barrel o f the DBM under visual con tro l, and a  small drop o f  
LIX was in jected  out by pressurising the syrin ge ( f ig .  33 a ) .  The in jection  
m icropipette was then removed from the in sid e  o f  the active b a rre l.
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(a)

(b)

Optical
bench a .

D U
H B in ocular 

microscope

F ig . 33 Apparatus for fillin g  the active  barrel o f an ISM .
a .  Apparatus for b ack -fillin g  the active b a rre l. HI and H2 
represent h o ld ers; EIM, the e lec tro ly te -in jec tio n  m icropipette.
b .  Plan view o f apparatus used to  f i l l  the a ctive  b arrel o f an  
ISM; MMlt 2 and 3 rep resen t micromanipulators; H I , 2 and 3 
rep resen t h o ld ers.
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P la te  4 .  Apparatus for  f ill in g  d o u b le -b a r r e lle d  m icro e lec tro d es  by in jec tio n  
o f ion  sen so r  and e le c t r o ly t e .  Compare with f ig .  33 a ,  b to  
d iscern  th e variou s parts o f th is  ap p aratu s.

P la te  5 . P ositio n  of equipm ent in s id e  the Faraday c a g e  (com p are with f i g .  44) .



2 . A tightly  fitting p la stic  tube was attached to the back end o f the a c tiv e  
b a rre l, and pressure ex er ted  from another 50 ml syringe to  fo rce  the drop  
o f LIX to  the tip of the e le c tr o d e . Sometimes such pressure was su ffic ien t  
to  move the LIX a  short d ista n ce , a fter  which it  continued to  move towards 
the tip  by cap illary  a ction . By th is means a  few 100s jxra - few mms o f  the  
tip  o f  the active barrel was f il le d  by a  column o f LIX.

3 .  B evelling I f  the LIX did not move into  the tip  on i t s  own or by  
p ressu re applied  from the 50 ml sy r in g e , the DBM was taken out o f  the  
apparatus and its  tip b ev e lled  s lig h tly . For th is a  'slurry beveller* o f  the  
type d escrib ed  by Lederer et aJ, (1 9 7 9 )  was u sed . The bevellin g  medium 
con sisted  o f  about 10 ml o f  a  mixture o f  (0 .05 /im  diam eter) A120 3 powder 
(20X  by volume) in d is tilled  w ater. This was kept in a  p la stic  p etri d ish  o f  
10 cm diam eter p laced  on a  5 mm thick circu lar p ersp ex  p la te  that wasi
attached to the shaft o f  a  m ains-driven clock-m otor. The slurry medium was 
thereby rotated at 10  RPM, and the m icroelectrod e, held  in a  c lip  and 
h o ld er , was lowered by a Prior micromanipulator, under visual co n tro l, until 
i t s  tip  just touched the thick sedim ent ( f ig .  34 a , b ) . The tip  o f  the DBM 
was thus b evelled  for a  few seco n d s and then it  was transferred  to  the  
m icroscope system  to view it s  shank. Further application  o f  back p ressu re  
usually moved the LIX to  the tip ; otherw ise that DBM was d isca rd ed .

B ack-filling the active b a rre l. The active  barrel was b a ck -filled  with 
e lec tro ly te  from the upper m eniscus o f the ion  sen sor  column to  the top o f  
the shaft using a  second  broken g la ss  m icropipette waxed to  a  hypoderm ic 
n e e d le . The la tter  was attached to  the 1 ml syrin ge body previously  used  
for introduction o f  ion sen so r  ( f ig .  3 3 a ) .  The e lec tro ly te  was in jected  into  
the active  barrel under p ressure provided by the 50  ml sy r in g e . The 
e le c tro ly te s  used for b ack -fillin g  sure summarised in  the follow ing tab les

Table 8 . Compounds used to  b a ck -fill the active  b arrels o f  IS  Ms.

ISM ty p e B a c k - f i l l i n g  s o lu t io n

r+ 0.5M  KC1
Na4 0.5M  NaCl
Cl" 0.5M  NaCI



Fig. 34 a: diagram of; b: photograph of bevelling apparatus,
DBM: double-barrelled micropipette; L: light;
DW:— distilled water; AljO^: very fine particles of
aluminium oxide; P: perspex plate; CM: clock motor.

(From Laming, 1 9 82)



The e lec tro ly te  in jection  m icropipette (EIM ) was held in  a  micromanipulator 
(MM2, f ig .  33b ) and low ered into the activ e  barrel until i t s  tip  was v is ib le  
under the m icroscope in sid e  the widest part o f the shank. The m icropipette  
was then slowly ra ised  until the tip  o f  the EIM was just above the upper 
m eniscus o f  the ion  se n so r . P ressure was then applied  using the 50  ml 
sy r in g e , causing in jection  o f the e le c tro ly te  and formation o f  a  junction with 
the io n -sen so r  column. As the e lec tro ly te  f il le d  the shank, the  
double-m icropipette was low ered , keeping the EIM tip  just below the upper 
m eniscus o f  the e le c tr o ly te , thus preventing the formation o f  a ir  b ubb les. 
When the e lec tro ly te  column had p a ssed  the widest part o f  the shank, the  
EIM was withdrawn and the remainder o f the shaft f il le d  using an  
e le c tr o ly te -f il le d  1 ml syringe and 30 g n e e d le . Thus, a  continuous column 
o f  e lec tro ly te  was produced from the junction with the column o f io n -sen so r  
to  the top o f  the sh a ft. P ig . 35 summarises the com position o f  each  type o f  
ISM u sed .

n . l . i v .  Provision for E lectrica l Connection

Chlorided s ilv er  w ires were used to  make e lec tr ic a l contact with both active  
and referen ce  b arrels  o f the ISM . The reversib le  reaction  between C l' 
ion s in the e lec tro ly te  and in the so lid  AgCl coating on the s ilv er  wire 
red u ces the junction potential between the wire and the solution to  a  
n eg lig ib le  minimum and produces a  s ta b le  p oten tia l. Some 2 -3  cm each  o f  a  
pair o f  6 cm long s ilv e r  w ires were chlorided  e lec tro ly tica lly  in a  0.2M  
MaCl so lu tion .

The s ilv er  w ires constituted the anode and a  carbon ro d , the ca th od e, whilst 
a  DC current was supplied by a  stimulator (M odel S D 9, G rass instrum ents). 
In order to  provide a  uniform coating o f  AgCl on the en d s o f  the w ires, a  
current o f 2 mA was p assed  for 2 m inutes. One wire was then introduced  
into the a c tiv e , one into the re feren ce  barrel o f the ISM , the AgCl coated  
ends making contact with the e le c tro ly te  so lu tion s. Seeding wax was then  
applied  to  the end o f each  b a rre l, serv ing  both to  secu re  the w ires and to  
prevent evaporation from the e le c tro ly te  so lu tion s. The fr e e  ends o f  the  
w ires were then so ld ered  onto miniature metal pins which were connected to  
the electrom eter p rob es.



(a) LIX-type K*ISM (b) NIC-type K+ISM

5MUQ

(c) LIX-type CT (d) LIX-type CT (e) NIC-type Na+ 
ISM ISM (withRUE) ISM

P ig . 35 Summary diagram o f the com position o f  the types o f  ISM used in  
th is study. LIXt liquid io n -ex ch a n g er ; NIC: neutral ion
ca rr ier; RLIEr re feren ce  liquid io n -ex ch a n g er .



n . l . v .  Recording circuitry

As previously staked, the e le c tr ic a l potential generated  a cro ss  the 
io n -se n s it iv e  membrane a t the tip o f  the ISM com prises the sum o f two 
parts:

VISM = vION + VREF

where Vj o n  18 a  potentia l which depends on the activ ity  o f  the ion to  which 
the ISM i s  se n s it iv e , and Vr e f  i s  a  lo c a l potentia l that i s  recorded  by the 
re feren ce  b a r r e l.

The inclusion o f  a  d u a l-d ifferen tia l electrom eter in the recording circuit 
( f ig .  3 6 ) permits the subtraction o f Vr e f  from Vj s m  to  g ive  VI0M* This i s  
recorded  by one channel o f  a  chart recorder and i s  then referred  to the 
calibration  curve for the ISM to  g ive  the in tracellu lar activ ity  o f  the ion  
being m onitored. Vr e f  i s  recorded  by the second  channel o f the chart 
reco rd er , and monitors the membrane potentia ls o f impaled c e l l s .

The fu ll e lec tro n ic  equipment (P la te s  5 ,  6 )  con sisted  o f:

1 .  A d u al-d ifferen tia l electrom eter (WPI Model FD 22 3 ) whose probes  
('h ea d  am plifiers') were connected to  the ISM v ia  metal pin connectors. 
The active  barrel o f the ISM was connected to  channel A and the referen ce  
b arrel to  channel B. Thus, the output o f  the B channel monitored the 
membrane potential o f  individual c e l l s ,  whilst the d ifferen tia l output A-B  
rep resen ted  the resp on se  o f  the ISM to ion ic  activ ity  ch a n g es. The above  
circu it i s  given in f ig .  9 .
The manufacturers' sp ec ifica tio n s for the electrom eter were a s  follow s:
( i )  Input impedance = I 0 l s ft
( i i )  Input capacitance = l.O p F
( i i i )  Input leakage current = 10  A maximum
(iv )  R esponse time = 0 .5 \l s e c  1 0 -9 0 Z .

2 .  A 2 -channel chart record er (W + W, model 314.) fo r  monitoring outputs 
A-B and B from the e lectrom eter

3 .  A unity g a in , high input impedance 'amplifier* (W PI, model M 701).

4 .  A 2 -beam o sc illo sc o p e  (Telequipm ent, type DIO 1 0 ) connected to  the
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LIX F ig . 3 6 .
E L E C T R O M E T E R

Completed double-barreled microelectrode and connection 
to input channels A and B of differential electrometer, 
resulting in ion-sensitive (A-B) and reference (B) 
output signals, PC: metal pin connector; AgW: Silver
wire; W: sealing wax; Ag-AgClW: "chlorided" silver
wire; RB: reference barrel; AB: active barrel;
ES: electrolyte solutions; LIX: liquid ion-exchanger.

(P r o a  Laming, 1 9 8 2 ) .
u
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P la te  6 .  P hotograph showing the e le c tr o n ic  equipm ent: stim u lator,
a m p lif ie r , e le c tr o m e te r , o s c i l lo s c o p e  and chart reco rd er  ( s e e  
t e x t ) .

P la te  7 . P hotograph showing the F araday c a g e , con stru cted  from cop p er  
mesh and a  D exion  framework for th is  study.



am plifier, used  to  measure referen ce  b arrel re s is ta n c e .

5 .  A G rass (S 4 4 )  stim ulator.

The 'earth* connection in  the mains plug o f each  instrument was d iscon n ected , 
and each  d ev ice  was earthed on it s  panel by connecting it s  c h a ss is  to  an  
aluminium common earthing bar at the back o f the Faraday c a g e . This 'bus* 
bar was in turn connected to  the mains earth v ia  a  p lu g , thereby ensuring  
that no earth lo o p s were c r ea ted .

n.l.vi. Calibration o f  IS  Ms

In order to  ca lib rate  IS  Ms, a  calibrating chamber was constructed from 
p e r sp e x , into which so lu tions o f varying ion ic  com position could b e  p assed  
and quickly changed . The ISM tip  was introduced into th is chamber from 
above ( f ig .  3 7 ) .  The outlet o f the chamber was connected to  a  vacuum pump 
v ia  fin e  polythene tubing and a  0 .5  1 g la s s  b ottle  which acted  a s  a  vacuum 
chamber to c o lle c t  'used* so lu tion . Solutions whose com positions are given in  
ap pend ices 3 ,  4 and 5 were p assed  into the chamber from a  s e t  o f  20  ml 
sy r in g es . The calibrating chamber was p laced  in the XY con trols on the  
platform and the ISM held  tightly  in a  m odified cro co d ile  c lip  on the end o f  
a  b rass ro d , clamped in  the micromanipulator. E lectrom eter probes were 
mounted at the back o f the platform . B efore calibrating an ISM , the
tip  res is ta n ces  o f the two b arrels were measured using the constant current 
supply ( 'e le c tr o d e  te s t ')  sw itches on the e lectrom eter. D eflection  o f  e ith er  
o f the two sw itches p assed  a  constant 1 pA current a c r o ss  the corresponding  
e lec tro d e  thereby causing a  vo ltage d eflection  at the output o f  1 mV per 1000  
Mn. i f  the resista n ce  measurements showed that the ISM conducted well in  
both b a rre ls  with stab le  potential rea d in g s, then the ISM was ca lib ra ted . 
The ranges o f  resis ta n ces  o f  the two b a rre ls  o f  each  type o f  ISM used a re  
given in  tab le  9 ,  below . The left-h an d  column g iv es  the r e s is ta n ces  o f  the  
active  b arrels  (Ra ) And the right-hand, the r es is ta n ces  o f  the re feren ce  
b arrels (Rr) .



Table 9 . Ranges of resistan ces of the active (R /\) and referen ce  (R}<) 
b arrels o f  the different types o f ISM .(KH000)

Type o f  ISM RA (Mfl) rK (M12)
JC1- LIX 8 - 94 K 50 - 150
K4* NIC 26 - 160 K 75 - 200

C l“  LIX (K C l/^ S O * ) 21 - 88 K 75 - 150
Cl" LIX ( RLIE) 10 - 58 K 10  - 54 K
Na*4* NIC 62 - 154 K 100  - 200

The calibrating solutions for K  ̂ and Cl* ISMs were based on R ice ’s  and 
W eever’s  sa lin e s  for Calliphora and Chllo resp ective ly  (A ppendices 3 4 4 ) .  
Those for K* ISM s used Na* to substitute for K4*, giving a range o f  K+ 
a c tiv itie s  for Calliphora experim ents o f  between 0 .9 7  and 9 7 .2  mM, and for  
Chllo experim ents o f between 0 .7 2  and 4 3 .2  mM. Cl"-ISM calibrating  
solutions used gluconate to substitute for Cl *, giving Cl * a c tiv itie s  between
1 8 .2  and 137 mM for Calliphora experim ents, and between 0 .6 8  and 6 7 .7  mM
for Chllo o n e s . The use o f gluconate n ecessita ted  the addition o f ex tra  
Ca7 f  to  the calibrating solutions to com pensate for seq u esterin g  o f Ca*4* by 
gluconate (Kenyon 4 Gibbons, 1977; Vaughan-Jones 1979) . All K4" - and
Cl*-ISM  calibrating solutions were of constant ionic stren gth , with the result 
that the activity  ~ co e ffic ien t for the primary ion was constant throughout each  
s e r ie s ,  at 0 .7 2  (CRC Handbook of Chemistry 4 P h y sics, 52nd E dition).

Na"4 ISMs were found to calibrate very poorly in R inger-based  so lu tion s, 
b ecause the la tter  contained high Ca2+ concentrations which in terfered  
sign ificantly  with the Na+ neutral ion carrier (S te in er  et a l , 1 9 7 9 ) .

A s e r ie s  of so lu tions was therefore constructed in which sodium activity  was
varied against a  constant ionic background which was based  on the measured
intracellular KT4 activity  for each in sect (115  mM for Calliphora, 60 mM for
Chllo) in addition to  a  more rea listic  le v e l o f intracellu lar Ca*+ ( 0 .0 1  mM),
and a small amount o f MgCl? ( 2 .8  mM) and buffer (H E PE S, 2 .8  mM) ( &QTS iq«i.4 ElliSyy s e e  Appendix 5 ) .  Na"1 a c tiv itie s  were thus varied between 1 and
9 9 .3  mM for Calliphora, and between 1 .1  and 1 0 1 .5  for Chllo experim ents. 
Na4 - is Ms were found to calibrate sa tisfactor ily  in th ese  so lu tio n s. Unlike 
the calibrating solu tions for K+ and Cl' -ISM s, the above s e r ie s  of so lu tions  
was not o f constant ionic strength. The activity  c o e ffic ien t for Na4 was 
th erefore not constant throughout the s e r ie s ,  and variations in the value o f



the activ ity  co e ffic ien t a re  re flected  in the calcu lated  Na+ activ ity  in  each  
solution  (A ppendix 5 ) .

In order to  ca librate  the ISM , so lu tion s were p assed  through the calibrating  
cham ber, usually in order o f  d ecreasin g  activ ity  o f  the primary io n . The 
solution  in  the calibrating chamber was 'earthed* by a  g la ss  cap illary  
containing agar-R inger (Appendix 1 )  and an Ag-AgCl contact connected to  the  
ch a ss is -e a r th  o f  the electrom eter ( f ig .  3 7 ) .  (T his 'floating earth* system  
was d ev ised  so  that the same 'earth* could b e  u sed  both during the  
calibration  o f  IS  Ms and to  earth solutions in  the recording chamber during 
experim ents. Thus potential read ings from an ISM during an experim ent 
could b e  re lia b ly  referred  to  the ISM calibration  recorded  on the chart 
p a p e r ).

*
5 ml o f  each  solution was p assed  through the chamber by injection  from a  20  
ml sy r in g e , whilst the e x c e s s  solution  was removed in  a  controlled  manner 
using the vacuum system  ( f ig .  3 7 ) .  The la s t  ~  1 ml o f each  solution was le f t  
in  the chamber and the ISM 's resp on se  to  that solution  was recorded on chart 
p ap er. The resp on ses o f  both b arrels  (channels A-B and B) were recorded  
sim ultaneously ( f ig .  3 6 ) .  This procedure was then rep eated  to ensure that 
the resp on se o f  the ISM was sta b le  and consistent b efore  an experim ent was 
carried  out. After the experim ent, the ISM was re -ca lib ra ted  in order to  
check that no sign ificant changes in  the calibration had occurred during the  
course o f  the experim ent ( s e e  C riteria for  S e lec tio n  o f  R esu lts, sec tio n  
I t . 5 ) .

The ca libration  tra ces on the chart recording were converted  to  calibration  
curves on lo g -lin e a r  graph p ap er. A ctiv ities were derived  from 
concentrations o f the primary ion  in  the solutions by means o f standard  
activ ity  c o e f ic ie n ts , a s  previously d escr ib ed .

For the calibration  curves o f  K+ -  and C l'-IS M s, the potentia l le v e l g iven by  
the ISM when in Normal Ringer was defined  a s  z e r o  p oten tia l. For Na+  
IS  Ms, the potentia l le v e l in the solution  containing the h igh est concentration  
o f Na+ was defined  a s  z e r o . Exam ples o f  the ca lib ration s o f i s  Ms showing 
the raw ,data from the chart record er and the corresponding calibration curves  
are given in  figure 3 8 a , b for  a  LIX-type K* ISM , figure 39 a ,  b fo r  a  
NIC -type ISM , figure 40 a ,b ,  for a  C1‘ -ISM with the referen ce  barrel f il le d  
with K2 SO4 and KC1, figure 41 a ,b ,  for  a  C l' -ISM with the referen ce  b arrel



P ig . 37 Equipment for the calibration  o f ISM 's. Solutions were 
introduced into the chamber v ia  a  sy r in g e , and removed to  a  
vacuum chamber.
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P ig . 38 a .  Calibration o f  a  LXX-type K+ ISM and b . the resulting  
calibration  curve. V^e f  i s  the potential se e n  by the referen ce  
b arrel and Vĵ  i s  the d ifferen tia l potential s ig n a l which is  
dependent on a g .
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(a)

(b)

P ig . 39 a .  Calibration o f a N IC -type K4 ISM and b . the resulting  
calibration  curve. V^e f  i s  the potential seen  by the referen ce  
barrel and i s  the d ifferen tia l potential s ign a l which is  
dependent on a ^ .
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F ig . 40 a .  Calibration o f a  C l' ISM with the referen ce  barrel f ille d  with 
KCl and JC2S 0 4 and b . the resulting calibration  cu rve. Vj*e £ is  
the potential se e n  by the referen ce  barrel and V^i is  the 
d ifferen tia l potential signed which is  dependent on a ^ i-
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P ig . 4-1 a .  C alibration o f  a  C l’ ISM with a  R L IE -filled re feren ce  barrel 
and b . the resulting calibration curve. Vpe f  i s  the potentia l 
seen  by the referen ce  barrel and V^i i s  the d ifferen tia l 
potential s ig n a l which is  dependent upon a ^ .



76

a

b

98-6

a,JmM]

F ig . 42 a .  Calibration o f a  Na+ ISM and b . the resulting calibration  
cu rve. V^e f  i s  the potential seen  by the re feren ce  barrel and 
v Na» d ifferen tia l potential signal which i s  dependent upon 
a Na*



EE.2 . Ordinary m icroelectrodes

T hese were required for th ree types o f  experim ent:

( i )  To measure the Em o f  muscle c e l ls  and to  compare the mean and 
distribution o f  the population o f va lues obtained with th ose measured  
using IS  Ms. A c lo s e  correspondence between the values recorded  
using the two typ es o f m icroelectrode in  one preparation in d ica tes  
that ISM s, d esp ite  their re la tive ly  co a rse  t ip s , do not cau se  
sign ifican tly  more damage to  c e l l s  then OMs. ,

( i i )  To perform ion ic  substitution experim ents to  quantify the contribution  
o f particular ion s to  Em*

filled with reference liquid ion exchanger (RLIE), and figure 42 a ,b  for a
Na+ ISM. Figure 38 b shows the close correspondence typically found
between the calibrations of an ISM before and after an experiment.

( i i i )  To monitor membrane resistan ce  during some ion ic  substitution  
experim ents.

E E .2.1. Manufacture o f  ordinary m icroelectrodes (OM 's)

In a ll  c a s e s ,  OMs were made from b orosilica te  g la ss  cap illary  tubes with an 
internal filam ent, an OD o f 1 .0  mm and an ID o f  0 .5 8  mm (GC 100 F -1 0 ,  
Clark E lectrom edical Instruments) and f il le d  with 2 .5  M KC1. Their 
resis ta n ces  were then measured using the 'e lec tro d e  test' fa c ility  on the WP1 
M701 amplifier . Two typ es o f  m icroelectrode puller were u sed , depending on  
the shape o f  e lec tro d e  tip  required. For OMs suitable fo r  measuring Em and 
performing ion ic  substituion experim ents, a  horizontal puller was used (Clark 
E lectrom edical instrum ents, L P P -2 ). This gave fin e  e le c tr o d e s , with long  
shanks and re la tiv e ly  high resista n ces (5 0 -1 0 0  m il), which were gen era lly  
found to  g ive sta b le  impalements. For monitoring membrane r e s is ta n c e , 
how ever, re la tive ly  low -resistan ce  e lec tro d es  were required , to  minimise the 
chance o f  the e lec tro d e  resistan ce  changing spontaneously during the
experim ent and causing recording erro rs. Such e le c tro d e s  were made using a  
vertica l m icro-e lectrod e puller (S R I ) ,  which gave short shanks and 
res ista n ces between 10  and 40  Mil.



n . 2 . i i  Recording circuit

The m icroelectrode was connected v ia  ch lorided  s ilv er  wire to  a  unity gain  
am plifier (W PI, model M 701) whose output was d isp layed  on a  chart 
record er (W & W, model 314) and an o sc illo sc o p e  (Telequipm ent, type  
DIO 10) ( f ig .  4 3 ) .

I I . 3 .  Recording se t-u p

( i )  Faraday ca g e

A Faraday ca g e  was built from a  D exion framework covered  by fin e expanded  
copper m esh. The ca g e  was la rg e  enough for the experim enter to  work 
in s id e , thus reducing to  a  minimum e le c tr ic a l n o ise  ,and in terferen ce from 
extern a l so u r c e s . ( P late 7 ) .  The arrangement o f the recording equipment
within the Faraday ca g e  i s  shown in f ig .  44  and p la tes 5 to  8 .

n . 3 . i i  Recording Platform

A wooden bench was supported on str ip s o f Dexion within the c a g e , and was 
found to  provide a  m echanically sta b le  working platform for the testin g  o f  
io n -sen sitiv e  m icroelectrod es and for  e lectro p h y sio lo g ica l in tracellu lar  
recording experim ents. A s in g le  p recision  micromanipulator (Z e is s )  mounted 
on one s id e  o f  heavy s te e l  b a se -p la te  was p laced  on the bench (P la te  8 ) ,  
and a  recording platform constructed in  the centre o f the b a se -p la te . This 
platform con sisted  o f a  square 4" x  3" o f  0 .5  inch thick metal supported on  
metal l e g s ,  and was fitted  with the XY controls o f a  m icroscope sta g e  to  
allow movement o f  the recording chamber re la tiv e  to  the m icroelectrod e. A 
binocular zoom stereom icroscop e was positioned  above the recording platform  
to  permit v isual exam ination o f  the preparation during experim ents. 
Illumination was provided by a  fib re  op tic  ligh t (E a lin g ) .

The e lec tro n ic  equipment used was s e t  in a  r e c e s s  in sid e  a  Faraday ca g e  s o  
that the ca g e  interior was w ell-sh ie ld ed  from a ll a . c .  mains inputs (p la te s  5 
ft 6 ) .

H . 3 . i i i  Experimental recording chamber

A recording chamber was constructed from p ersp ex  a s  shown in  figure 45 a ,b
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P la te  8 Photograph of record in g  platform  and reco rd in g  ch am b er, ab o ve  
which i s  s e e n  a  m icro e lec tro d e  h eld  by a m icrom anipulator and the  
d is se c t in g  m ic r o sc o p e .
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P ig . 43 Circuit diagram for the use o f  conventional m icroelectrodes  
(OM 's)-.- The OM was connected v ia  an am plifier to a  chart 
recorder and o sc illo sc o p e  which d isp layed  a ll  e le c tr ic a l s ig n a ls  
from the OM.



Fig 44.. 
Schematic diagram of the Faraday cage and associated equipment 
from above.

00
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a

b
< -------------------- 7*5cm---------------------- >

< --------- £5cm

F ig . 45 The recording chamber, a .  T .S  o f chamber. PTt polythene  
tubing; B P , b a sep la te; E , earth; and DW, d issectin g  wax. 
b . View o f  chamber from a b o v e .



and p late  8 . It con sisted  o f a  square fla t b a se  which fitted  into the 
m icroscope s ta g e  X-Y controls on the recording platform . Onto th is was 
glued a  p ersp ex  block into which a  circular r e c e s s  had been  cu t, to  form the  
cham ber. The chamber was designed so  that it  was la rg e  enough to  
accommodate both Calliphora and Chilo p reparations, whilst holding a  
re la tiv e ly  sm all volume o f f lu id . The la tter  ensured that fa st so lution
changes could b e  achieved  during substitution experim ents.

Solutions were introduced into the recording chamber v ia  a  length  o f  
polythene tubing < 1 .5  mm in  d iam eter) which was in serted  into a  small h o le  in  
the s id e  o f the chamber. Waste so lu tions were removed from the chamber v ia  
a  sim ilar length  o f tubing, in serted  sligh tly  higher up the wall o f the  
cham ber, using the same vacuum system  d escribed  under calibration o f  IS  Ms 
(S e c tio n  H . l . v i ,  f ig .  3 7 ) .  The position  o f the outlet ho le  re la tiv e  to  the  
in le t h o le  was such that the preparation remained covered  with fluid  at a ll  
tim es, whilst minimising the volume o f fluid le ft  in the chamber. The la tter  
further fa c ilita ted  fast solution ch a n g es.

The fluid in the recording chamber was earthed with the same 'floating earth* 
a s  that used  duing ISM calibration  (con sistin g  o f a  g la ss  cap illary  containing  
agar-R inger and an Ag-AgCl contact connected to  the ch a ss is -ea r th  o f the 
e le c tro m eter ).

H .4  Experimental procedures 

n . 4 . i  The Preparations

final instarTwo s p e c ie s  o f  in sec t were used  in  th is study t A larvae and prepupae o f
final instarCalliphora erythrocephala M e ig ., the blowfly (D ip tera) a n d Alarvae o f  ChiloA

partellus, the r ice  stem borer (L ep id o p tera ). All preparations were d isse c te d  
under sa lin e  in a  similar manner. For Calliphora, R ic e 's  sa lin e  was used  
(F in layson  & O sborne, 1 9 7 0 , Appendix 1 )  and for Chilo, W eevers' sa lin e  
(W eevers, 1966; Appendix 2 ) .  S ta in less  s te e l  entom ological pins were used  
to  impale the anterior and p oster ior  ends o f the larva or prepupa (d o rsa l 
surface upermost) and thus attach it  to  the wax in the b a se  o f  the recording  
chamber. A lengthw ise cut was made in  the dorsa l surface from p osterior  to  
anterior and the cut ed g e s  pinned to the wax. The gut and a sso c ia ted  fat 
b o d ies and the major ganglia  were than d issec ted  out, exp osin g  the body-w all 
m uscles. Preparations were allow ed to  equilibrate for at le a s t  30 minutes in



5 mm

P late 9 . Cplliphora larva preparation in Bouin's fixative i the insect was 
dissected from the dorsal surface and the gut and fat bodies 
removed. The ce lls  studied were the ventral longitudinal muscle 
bands denoted by arrowheads at either end. Calibration bars 
show the size  of the insect.

6mm

Plate 10. CQlliphora prepupa preparation in Bouin's fixative, showing the 
ventral longitudinal muscles studied ( denoted by arrowheads at either end) .
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Plate 11. Chilo larva preparation in Boilin's fixatiue. The insect was 
dissected from the dorsal surface and the gut and fat bodies 
removed.



the sa lin e . The preparations are illustrated  in p late 9 ( Camphor a larva;  
10  (Calliphora prepupa) and 11 (CMlo la r v a ) .

H . 4 . i i  in tracellu lar io n ic  activ ity  measurements! Derivation o f  resu lts  
from  r e co rd ed  t r a c e s

An ISM was manufactured, a s  d escrib ed  in section  U . l . i  and ca lib rated  
sev era l tim es until two su ccess iv e  ca lib ration s were ex a c tly  the sam e: th is
was taken to  ind icate that the ISM was sta b le .

The preparation was then earthed using the same Ag/AgCl - Agar earth  
e lec tro d e  a s  that used  for the calibration  o f  the ISM , and the ISM was 
advanced from above into individual m uscle c e l l s  under d irect m icroscopical 
control ( f ig .  4 6 ) .  ,

The methods by which intracellu lar ion ic  activ ity  measurements were derived  
from recorded tra ces  were s ligh tly  d ifferent depending on whether K* and Cl" 
ISM s or Na+ i s m s  were u sed . The derivation o f  in tracellu lar K+ and c l"  
data will th erefore be considered  sep arate ly  from that o f  intracellu lar Na+ 
d ata .

Intracellular IT** and-Cl" a c tiv itie s

S in ce  the method u sed  to  derive both K+ and Cl" activ ity  data from chart 
recordings i s  the sam e, it  will be d escrib ed  using K4" a s  an exam ple.

A typical chart recording from an experim ent shows the calibration  o f  an ISM 
follow ed by tra ces produced when the ISM touches the bathing medium in  the 
chamber. I t  then record s the ex trace llu lar  activ ity  o f  the primary ion  (h ere  
K+ )» aR» by means o f the a*-d ep en d en t v o lta g e , Vr  ( f ig .  4 7 a ) .  In the 
presentation  o f  the resu lts o f  th is study, the K + -sen sitive  d ifferen tia l 
potentia l i s  denoted by Vg and the membrane potential (th e  e le c tr ic a l  
potential o f  the in sid e  o f  the c e l l  with resp ect to  the ou tsid e) at any time is  
represented  by Vm* The notation Em ex c lu siv e ly  rep resen ts the resting  
membrane p oten tia l. (S im ilarly , for  the Na+ and Cl" d a ta , the Na+ and 
Cl " -sen sitive  p oten tia ls a re  denoted by V^a and r e sp e c t iv e ly ) .

The ISM i s  then advanced into a  muscle c e l l  and a stead y  trace  obta ined . 
This g iv es a  measure o f  the potentia l d ifferen ce  between the le v e ls  o f  Vg
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F ig . 46 The position  o f  the preparation within the recording chamber.
During substitution exp erim en ts, solutions were introduced into  
the chamber v ia  polythene tubing and removed to the vacuum 
chamber by a  vacuum pump.



Inside and outside the c e l l ,  AVj£, and th is vo ltage i s  referred  to  the ISM 
calibration curve to  give the intracellu lar K* activ ity . (F ig .  47  a , b ) .

In tracellu lar Na* a c tiv itie s

As previously exp la in ed  (sec tio n  U . l . v i )  the calibration  solu tions for  Na+
ISM s were not based  on Ringer so lu tion s, becau se the la tter  contain high
le v e ls  o f  Ca2+ which in terfere  with the Na+ -NIC. In stead  the calibration
solu tions were d esign ed  to include a  constant background o f  in terferen ce
mimicking the in tracellu lar medium, which i s  assumed to  contain very sm all (CamptttU, i w o
amounts o f  Caz+A . S ince Normal Ringer was not included a s  one o f  the s te p s  
in the calibration  o f  the ISM , the potential recorded from the Na+ ISM when 
bathed in  the extracellu lar  fluid i s  m eaningless. I t  was th erefore  n ecessa ry  
to  take AVj^ a s  the d ifferen ce  between the le v e l o f  y ^ a  (th e  Na+ -sen sitiv e  
p oten tia l) and the zero  potentia l on the ISM calibration  trace  (F ig . 4 8 a )  
AVtfa was then referred  d irectly  to  the calibration curve to  g ive  the 
intracellu lar Na+ a ctiv ity , aN^ (F ig . 48 b ) .

The equilibrium p oten tia l, Ex» for each  io n , 'x* , was calcu lated  using the 
N em st equation, a s  follow s:

a£EX = 58 lo g AO ^  (mV)

where a ^  i s  the measured intracellu lar activ ity  and a £  i s  the known 
ex tracellu lar  activ ity  o f the io n , "x", present in the R inger.

The value o f Em for each  muscle c e l l  was read  d irectly  from the  
hyperpolarising d eflection  o f the referen ce  barrel tr a c e , Vm, upon impalement 
o f  the c e l l  (f ig u res 4 7 a , 4 8 a ) .  The value o f  E x  was compared with that o f  
Em, in order to  evaluate the p o ss ib le  ro le  o f  each  ion  in  the generation o f  
the m uscle c e l l  membrane p oten tia l.

H . 4 . i i i  Membrane resista n ce  measurements

T hese w ere carried  out using a  bridge circu it in order to  monitor changes in  
muscle membrane resista n ce  when the com position o f  the bathing medium was 
a lte r e d . The experim ental procedure was a s  fo llo w s, and i s  illu strated  in  
f ig .  4 9 .  ( i )  Low- resista n ce  (around 20 Mft) OMs were manufactured. T hese
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F ig . 47 a .  Schem atic diagram showing how was determ ined from the 
ISM calibration  trace and the recording o f  the extracellu lar  
potentia l and a  c e l l  penetration , starting at the arrowhead. vm 
i s  the re feren ce  potential and V x, the K *-sen sitiv e  p oten tia l, 
b . Determination o f  the in tracellu lar le v e l o f  a x  from the ISM 
calibration  curve ( s e e  t e x t . )
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F ig . 48 a .  Schem atic diagram showing how was determ ined from the  
ISM calibration  trace and the intracellu lar p o ten tia l. Vm is  the  
re feren ce  potentia l and Vjja , the Na+ -se n sitiv e  p o ten tia l, 
b . Determination o f the in tracellu lar le v e l o f a^ a  from the ISM 
calibration  curve.



( i i )  The OM was introduced into the recording cham ber, and p u lse s  o f  
constant current ( I m) were app lied  ( 7 .5  x  1 0 “ 9 A) to  the bridge circuit from 
a  stimulator (G rass S 4 4 ) .  (fig*  4-9 s ta g e  ( i ) ) .  The corresponding v o ltage  
p u lses a c r o ss  the e lec tro d e  rep resen ted  a  m easure o f  the e le c tro d e  
resista n ce  and were balanced using the variab le res is to r  on one s id e  o f  the  
bridge circu it (F ig . 4 9 ,  sta g e  i i ) . The ex ten t to  which the variab le  
resista n ce  in  the bridge circu it had to  b e  adjusted provided a  d irect m easure 
o f  the e lec tro d e  r e s is ta n c e , which was always in  good agreem ent with the  
value obtained using the "resistance test"  fa c ility  on the am plifier.

i
( i i i )  A m uscle c e l l  was im paled, whereupon p ositive  vo ltage p u lses were 
record ed , ( Vm) representing the resting membrane r e s is ta n c e , (F ig . 4 9 ,  
sta g e  i i i )  which was calcu lated  from Ohm's law:

Vm

were used in order bo reduce the risk of tip blockage and possible resistance
changes during the experiment. Such changes would lead to e rro rs  in
membrane resistance measurements.

After obtaining a  steady Vm read in g , the bridge circu it was reb a lan ced , and 
the solution bathing the preparation chan ged , (F ig  4 9 ,  sta g e  v ) .

( iv )  Any subsequent changes in membrane resista n ce  were m onitored, and the  
c e l l  was fin a lly  returned to  normal Ringer to  check the reversib ility  o f  any 
e ffe c ts  ob served  (F ig . 4 9 ,  s t a g e .v i ) .

(v )  The e lec tro d e  was withdrawn from the c e l l ,  providing a  check that the  
Em and m icroelectrode resista n ce  had the same value a s  b e fo re  the  
experim ent i e . I Vm l = l-V ml which indicated that the c e l l  had not b een  
damaged and the OM resista n ce  had not changed , (F ig . 4 9 , sta g e  v i i ) .

H . 4 . i v .  Ion ic substitution experim ents

The aim o f th ese  experim ents was to  provide a  quantitative assessm ent o f  the  
contribution o f  an ion 'x* to  Em. The experim ental procedure involved  
impaling a  m uscle c e l l  in  Normal Ringer with an ordinary m icroelectrode and  
obtaining a  stead y  value o f  for severed m inutes. Ringer so lu tion s
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K+ , Na* and C l- substitution experim ents were performed on the two in s e c ts .  
The com position o f  Ringer solu tions used  a re  given in  A ppendices 3 ,  4 ,  6 

and 7 . All so lu tions were based  on the Normal Ringer for the in sec t  
con cern ed , and were o f  constant io n ic  strength? In the K* substitution
so lu tio n s, Na+ was used  a s  a  substitute for K+ . In the Camphor a Na+
substitution solutions a  variety  o f  substitu tes were used: choline c h lo r id e ,n -m etk ijl C-Qlxica^vVi-Cg lu c o se , tetramethylammonium ch lorid e ^and magnesium c h lo r id e . In  Chllo, 
on ly  MgClz was u sed . Gluconate sa lts  were used to  substitute for Cl" in the  
Cl" substitution so lu tio n s, and extra  Ca2+ was added to  th ese  so lu tions to  
com pensate for seq u esterin g  o f  Ca2+ by gluconate (V aughan-Jon es, 1 9 7 9 ;  
Kenyon & Gibbons, 1 9 7 7 ) .

U . 4 . v .  K4- pulsation experim ents

The purpose o f th ese  experim ents was to  determine whether the perm eability  
o f  the muscle c e l l  membrane o f  Camphor a to  K4" changes when the c e l l  i s  
ex p o sed  to low Na4* R inger. The experim ents involved impaling a  c e l l  bathed  
in  Normal R inger, and monitoring it s  membrane response to  a  s e r ie s  o f  p u lses  
o f  high K4* Ringer o f  constant s i z e ,  app lied  from a  broken m icroelectrod e. 
Low-Na+ Ringer was then introduced into the recording cham ber, whilst 
high-K 4* p u lses continued to  b e  a p p lied . Any change in  the s iz e  o f  the  
membrane resp on se  to  high K4* follow ing the introduction o f  low-Na+ Ringer 
would indicate a  change in  the K4* perm eability o f the membrane.
F ig . 5 0  ( a )  shows the arrangement by which a  broken m icropipette pulled  
from 1 .5  mm OD g la s s  (GC 250T , Clark Electrom dical Instruments) and f il le d  
with high-K4- Ringer ( 9 7 .2  mM K4*; solution  n o . 7 , Appendix 3 )  was attached  
to  a  conventional 2 .5  M KC1 -f il le d  m icroelectrod e, pulled from 1mm OD g la s s  
(GC 100F Clark Electrom edical in stru m en ts). The two m icroelectrod es were 
arranged with their tip s positioned  a s  shown in figu re 50a  to  allow the  
formation o f high-K4* d rop lets a s  c lo s e  a s  p o ssib le  to  the tip  o f  the recording  
m icroelectrode without the broken m icroelectrode touching the m uscle c e l l  
i t s e l f .

Figure 50 b shows a  schem atic layout o f  the apparatus used  to  apply a ir  
p u lses to  the back o f  the broken m icropipette and hence produce

containing a  range of ax 's  were then substituted into the recording chamber
and a  steady value of obtained in each. In each case , the reversibility
of the effect(s) was checked.
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F ig . 50 a .  Schem atic diagram illustrating the arrangement o f the two 
m icroelectrodes used to  apply drop lets o f  high-K * R inger to  a  
c e l l ,  whilst sim ultaneously recording its  membrane p oten tia l, 
b . 'Flow' diagram illustrating the system  d ev ised  to  apply p u lses  
o f high-K + Ringer to  the outside o f a  c e l l .



co n sta n t-s ized  ( approx 4- jd ) d rop lets o f  high K* R inger. A stimulator 
generating p u lses o f  around 1 second  duration (G rass S44.) was used  to  
control a  re lay  (R S Type 2 2 ) which in turn regulated the opening o f  an a ir  
valve (Dewroswitch Model 8 2 6 3 /B 2 0 6 ) via m ains. Thus, a  pu lse  from the  
stimulator le d  to  the opening o f  the valve and hence to  the application  o f  
p ressu re (1  - 51b.square inch) to  the back o f  the broken m icropipette. This 
system  ensured that co n sta n t-s ized  d rop lets o f  high-K + R inger were e jec ted  
from the m icropipette a t regular in terv a ls , controlled  by the stim ulator.

A v ita l feature o f this layout was the p iercing o f  the polythene tubing between  
the a ir  supply and the broken m icropipette with a  hypodermic syrin ge n e e d le .  
The la tter  remained in  p la ce  during the experim ent and allowed a ir  to  e sca p e  
from the system  between p u lse s , thus preventing the build-up o f  p ressu re .

i
The position ing o f  the d ouble-m icroelectrode within the recording chamber i s  
shown in  f ig .  50 a .  I ts  orientation  with resp ect to  the d irection  o f  flow o f  
the Ringer is  particularly important: the broken m icropipette must be
"upstream" o f  the recording m icroelectrode to  ensure that the high K+ Ringer 
p u lses  a re  washed towards the impaled c e l l  and not away from i t .

r r .4 - .v i. Cooling experim ents

T hese were carried  out in order to  determ ine the e f fe c t  o f reduced  
temperature on muscle c e l l  membrane potentia ls in  CM Jo la rv a e . Experiments 
involved impaling a  c e l l  with a  conventional m icroelectrode at room 
tem perature;^around 20°C ) and recording a  stead y  Em le v e l .  The bath
temperature was then reduced to  a  constant 8°C by continuous perfusion with 
co o led  R inger (kept on i c e ) . Temperature was monitored using a  Conmark 
3002 d ig ita l thermometer with m icro-probes which were p laced  very c lo s e  to  
the muscle c e l l  concerned . When a  stead y  Em had been recorded  for  sev era l 
m inutes, Ringer at RT was substituted back into the cham ber, and the  
preparation le ft  to  equilibrate for  severed minutes b efore  withdrawing the 
m icroelectrode from the c e l l .

H . 5 .  C riteria for the se le c tio n  o f  resu lts

A. Io n -sen sitiv e  m icroelectrode measurements

In order to  s e le c t  the most re lia b le  data from the recordings a v a ila b le , the



following cr iter ia  were u sed . T hese elim inated, a s  far a s  p o s s ib le , the 
so u rces o f error to  which IS  Ms are prone.

1 .  Ion ic activ ity  measurements were accep ted  only if  the ca lib ration s o f  the  
ISM b efore  and a fter  the experim ent were within 5 mV o f  each  other at a ll  
p o in ts.

2 .  Prior to  the impalement o f  a  c e l l , the le v e l o f  p otentia l and ion ic  
activ ity  in the recording chamber must b e  stead y  to within 1 mV for  at le a s t  2 
minutes to  ensure that the calibration o f the ISM remained unchanged.

3 .  The change in  re feren ce  potential when an ISM pen etrates a  muscle c e l l
should be abrupt, indicating that minimal damage has b een  caused  to  the c e l l  
membrane by the ISM during the impalement. «

4 .  The recorded  p otentia l should b e  constant for  longer than two m inutes,
and equal to  the potentia l ach ieved  immediately after the c e l l  was impeded, 
fo r  intracellu lar IT4* and Cl" d ata . This ensures that the intracellu lar ion ic  
a c tiv itie s  are not a ffec ted  by leak age from the re feren ce  b a r r e l. s te a d y  
impalements were obtained for up to sev era l hours which showed no sign ifican t  
changes in potentia l from the in itia l rea d in g s. In the c a s e  o f  in tracellu lar  
Na+ d a ta , Na+ IS Ms respond more slow ly than K* or C l" -ISM s, and more 
time must th erefore b e  allowed for the recorded  potentia l to  reach  a  new 
stead y  equilibrium le v e l  following the impalement o f  a  c e l l .  R ecordings were 
th erefore  accep ted  from Na+ i s  Ms only when a  steady impalement had b een  
held  for three or more m inutes. 5 .  C ells with membrane p oten tia ls
o f  l e s s  than -3 0  mV were d iscard ed , b ecau se a  low Em in d ica tes e ith er  that 
the c e l l  i s  unhealthy o r  that it  was damaged during impalement.

6 . The same agar earth  was used  both fo r  the ISM calibration  and fo r  the 
experim ental record in gs.

7 .  The distribution o f  membrane p oten tia ls obtained from a  given preparation  
should be sim ilar when measured using e ith er a  conventional or  an  
io n -se n sitiv e  m icroelectrod e.



B . Conventional m icroelectrode m easurem ents.
Ion ic  substitution exp erim en ts, (se c tio n  H .4 . . i v ) .

Following a l l  io n ic  substitution experim ents, the c e l l  was returned to  Normal 
Ringer and a  steady or value obta ined . Data was a ccep ted  only  from
th ose  c e l ls  in which the b efo re  and a fter  the experim ent d iffered  by no
more than 1 mV, indicating that the c e l l  had not been  damaged or becom e  
l e s s  healthy during the experim ent.

Membrane resista n ce  m easurem ents, (se c tio n  H .4 ..U 1)

In  experim ents in  which membrane resista n ce  was m onitored, data was 
accep ted  only from th ose experim ents in which ( i )  the e lec tro d e  resista n ce  
read from the balanced bridge circu it following the impalement o f  a  c e l l  was 
the same a s  the value obtained prior to  the impalement using the 'constant 
current* switch fa c ility  on the am plifier, ( i i )  the vo ltage  p u lses recorded  
following withdrawal o f  the OM from the c e l l  were id en tica l to  th ose which 
corresponded to membrane resista n ce  immediately a fter  the in itia l impalement 
o f the c e l l .  T hese ensured that there had been  no change in the resista n ce  
o f  e ith er the OM or the c e l l  membrane during the cou rse o f  the experim ent.

K* p u lsa t io n  experim ents (se c tio n  H .4 .V )

In K+ pulsation experim ents data was a ccep ted  only from th ose  c e l ls  in  which 
the resp on siven ess o f  the membrane to  high K* recovered  following removal o f  
low N a*. This en su res that th ere has b een  no irrev ers ib le  change in  the  
p rop erties o f  the c e l l  membrane or movement o f  the OM within the c e l l  during 
the experim ent.

Cooling experim ents (se c tio n  U .£ .v i )

In cooling experim ents on Chllo, only those experim ents in  which Em returned  
to  i t s  orig inal le v e l following exposure to  co ld  Ringer were con sid ered  
a ccep ta b le . This ensured that the OM had not damaged the c e l l  or slip p ed  
out o f  the c e l l  to  some ex ten t.



CHAPTER H I . INTRACELLUttAR IONIC ACTIVITY MEASUREMENTS IN CALLIPHORA

i n . 1 .  Conventional m icroelectrode measurements o f  membrane potentia ls

In order to  esta b lish  the 'normal* resting p oten tia l, (Em) values o f the 
c e l l s ,  ordinary ultrafine m icroelectrodes (OM's) f il le d  with 2 .5  M KC1 were 
used (t ip  r e s is ta n ces  in the range 60 to 80 M n ). In add ition , it  was then 
p o ssib le  to  check that IS  Ms did not cause sign ifican tly  more damage to  the  
c e l ls  being studied than OMs, by comparing the mean and distribution o f  
membrane p oten tia ls measured using the two typ es o f  m icroelectrod e. 
Membrane damage would be ex p ected  to  result in d epolarisation  o f  Em, and i f  
the re la tive ly  co a rse  tip s o f ISM s (<  1.5/xmc.f. < ljim  for OMs) were causing
dam age, the population o f  Em values recorded using ISM s would be ex p ected  
to  have a  lower mean and a  more asymmetrical distribution than those  
recorded  with OMs. Thus, data were obtained from a  minimum o f 167 c e l ls  
from 9 prep aration s, and the frequency histogram s for the Em's measured in  
larvae and prepupae are shown in figure 51 a ,b ,  resp ec tiv e ly .

Membrane p oten tia ls recorded  in larvae ranged between -33  and -63  mV, with 
a  mean value o f  -48  ± 0 .4  mV; those recorded in prepupae ranged from -35  
to  -62 mV, with a  mean o f -47 ± 0 .5  mV. In both prep aration s, the Em 
values were distributed norm ally, with the mean value fa llin g  in the modal 
c la s s .  The mean Em values recorded  from larvae and prepupae ( - 4 8  and -47  
mV resp ectiv e ly ) a re  not sign ificantly  d ifferen t, (fc-fcest, p > o .  l }

The means and distributions o f Em values subsequently measured using the 
re feren ce  b arre ls  o f io n -sen sitiv e  m icroelectrodes (ISM s) were compared with 
the tota l population o f Em values measured using conventional m icroelectrod es  
(figure 51 a , b ) .  Data was accep ted  from ISMs only when measured values o f  
Em fe l l  in the range recorded  by conventional m icroelectrod es.

m . 2 . in tracellu lar ion ic  activity  measurements in larvae and prepupae o f  
Calllvhora

K * -, Na+ - and C l" -sen sitive  m icroelectrodes were manufactured and 
calibrated  by the methods d escrib ed  in  sectio n  H . Each ISM was advanced  
into a  preparation under d irect m icroscopical co n tro l, and used to  impede 
individual muscle c e l ls  bathed in R ice 's  sa lin e  (fo r  com position , s e e  appendix
1 ) .  R esults were se le c te d  on the b a sis  o f the cr iter ia  lis te d  in sec tio n
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F ig . 51  Frequency histogram s showing the distribution o f  Em values  
measured using OM's a .  in Calllphora larvae b . in prepupae.



H .5 ,  and derived from the raw data recorded on chart paper a s  describ ed  in 
sectio n  H . 4 .  i i . Full l is t s  of data from individual c e l ls  are given in 
ap pend ices 8 , 9 and 1 0 . Data from different preparations are separated  by 
short sp a c e s . The fir st column l is t s  the membrane p otentia ls of the c e lls  
(Ejj, ) ,  the seco n d , the voltage response o f the ISM to the ion *x' (e ith er  
K4-, Na+ or Cl“ ) ,  Vx . The third column shows the intracellu lar a c tiv itie s  of 
•x* corresponding to  the column 2 va lu es, a^ , and the fourth, the 
corresponding equilibrium p oten tia l, Ex • The fifth  column ind icates the 
d ifferen ce  between Ex  and Em for each c e l l .

m . 2 .  Intracellular X4- activ ities

Intracellu lar id" a c tiv it ie s , ajj's were measured in larval and prepupal
preparations using K+ -sen sitiv e  m icroelectrodes based on each  of two types  
o f K+ -sen so r: a liquid ion -exch an ger , LIX (Com ing cod e 4 .77317), and a
valinom ycin-based neutral ion ca rrier , NIC (Oehme & Simon, 1 9 7 6 ) .

The reason for using the two types of K4--sen so r  was that the Coming LIX was 
known to b e more prone to in terferen ce ( s e e  section  I . 3 . i )  and it therefore  
seem ed crucial to double-check measurements made using the LIX.

m . 2 . i .  Larvae

Typical K+ -ISM recordings obtained from Calliphora larvae are shown in
figu res 52 (L IX -) and 53 (N IC -type IS M s). In ea ch , the upper trace shows 
the referen ce  potential and the low er, the K4" -sen sitiv e  p o ten tia l. C ells were 
impaled at the point marked by the arrowhead, where rapid d eflectio n s are  
seen  in each  tr a c e , giving new values for each parameter which remained 
stead y  for many minutes.

t

The LIX-type ISM gave a membrane p oten tia l, Em , o f -52  mV and an 
in tracellu lar K+ activ ity , ajJ, o f 109 mM for the c e ll  shown in figure 5 2 . 
This aj£ value corresponds to a potassium equilibrium p oten tia l, E^, of -61  
mV, which is  9 mV more negative them the Em . The NIC-type ISM gave an 
Ejn o f -44. mV, an a^ o f 100 mM and an Ex o f -59  mV for the c e l l  in figure  
5 3 . This E x  i s  a lso  more negative than Em , by 15 mV. Similar data was
obtained from 80 c e l ls  (1 0  preparations) using LIX-type iSM s and from 115
c e l ls  (1 1  preparations ) using NIC-type ISM s. The average values for ajJ, 
E K emd E m obtained are given in table 10 below.
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F ig . 52 Chart recording showing a typ ical impalement o f  a  CalUphora 
larval muscle c e ll  with a LIX-type K+ ISM . Em den otes the 
potentia l recorded by the referen ce  b a r r e l, and a x . the 
potassium a ctiv ity . The c e l l  was impaled a t  the point indicated  
by an arrowhead.
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P ig . 53 Chart recording fro m  a. Camphors larval muscle
c e l l  with a N IC -type K+ ISM^ iWoiO.'n^ cUqa<j€S t*. p o t -e A tta l  
a.y%d (X ̂  du.f£yi<j *.r\ vyv\pcxl

t



Table 10 Intracellu lar K* activity  data from Calliphora larvae (D ata from 
80 c e l l s ,  8 p r e p a r a t io n s  f o r  L IX -typ e ISMs; from 115 
c e l l s ,  8 p r e p a r a t io n s  f o r  N IC -type ISMs. D ata g iv e n  a s  
mean ± S . E . )

LIX NIC
a^(mM) 129 ± 4 102  ± 2

EK (mV) -6 4  ± 1 -59  ± 1

Em (mV) -46  ± 1 -47 ± 1

Ex-Em (mV) -18  ± 1 - 1 1  ± 1

Thus, the average a £  recorded  using LIX-type ISMs is  sign ificantly  higher  
than that recorded  using NIC-type ISMs (p  < 0 .0 0 1 ,  t - t e s t ) .  This i s  likely  
to be due to the p resen ce o f an interferent to which the LIX resp on d s, giving  
a tifica lly  high values for apparent aj£*

The frequency histogram for intracellu lar K4* a c t iv it ie s , aj£» measured in 
larval muscle c e l ls  using LIX- and NIC -type K+ ISM s is  shown in figure 54. 
a ,b .  (In  th is and a ll subsequent histogram s, the a b sc issa  i s  divided into  
su itab le in terv a ls , with resu lts being grouped into c la s s e s  accord ingly . A 
given c la s s  contains values greater than its  lower lim it, up to and including 
the upper lim it. The ordinate represents the frequency (number o f c e l ls )  
with which values fa ll  into each  c l a s s ) .

The values o f ajJ recorded using the two types o f ISM follow ed approxim ately  
normal d istributions. Those obtained using LIX-type ISMs ranged from 61 to  
215 mM, and the mean (1 2 9  mM) fa lls  in the modal c la s s ,  120 to 14.0 mM. 
This range is  considerably wider than that o f values recorded using NIC-type 
ISMs (6 2  to  165 mM), with a  mean of 102 mM, which fa lls  c lo se  to the modal 
c la s s  , .

The populations of values obtained for potassium equilibrium p oten tia ls , Ej^S, 
and the corresponding membrane p oten tia ls , E^s measured using the two types  
o f ISM are compared in the form o f frequency histogram s in figu res 55 and 
5 6 . Data from LIX-type ISMs is  illustrated  in figure 5 5 , which shows that 
both Em and Ex are normally d istributed , with mean values ( - 6 4  mV fo r E x » 
-46 mV for  Em) c lo se  to the peaks o f the histogram s. The ranges o f  the two 
param eters are comparable in width: Ex ranged from -4 6  to -77  mV, Em,
from -3 4  to  -6 3  mV. Ex was more negative than Em by an average o f 18



(a)

(b)

P ig . 54 Frequency histogram showing the distribution o f  values 
measured in Calllphora larval muscle c e l l s ,  a .  using LIX-type 
X+ ISM'S and b . using NIC-type K+ ISM 's.
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P ig . 55 Frequency histogram s illustrating the d istributions o f  membrane 
p oten tia ls (Em) and potassium equilibrium p oten tia ls (E x ) a s  
measured in Calliphora larvae using LIX-type K+ ISMs , on the 
same a b sc issa  for  com parison.
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P ig- 56 Frequency histogram s illustrating the d istributions o f  membrane 
p oten tia ls (Em) and potassium equilibrium p oten tia ls (E k ) a s  
measured in CalllpDora larvae using N IC -type K+ i s m s , on the same a b sc issa  for com parison.



mV, which i s  re flec ted  to some exten t by the separation o f the peaks o f the 
Eg and Em histogram s.

Data from NIC-type ISMs i s  shown in figure 5 6 . The form o f the histograms 
i s  very sim ilar to that of the LIX-type ISM data ( c f .  figure 5 5 ) .  Both Em 
and Ek  values a re  normally d istributed , with the mean values ( -4 7  mV for  
Em» -5 9  mV for Ej<) fa llin g  c lo se  to the modal c la s s  in each  c a s e .  
values were between -48  and -6 9  mV, Em's between -38  and -5 8  mV: thus, 
the widths o f the distributions of the two param eters were com parable. As 
for the LIX-type ISM data , Eg was consistently  more negative than Em in a ll  
c e l ls  im paled, by an average of 11 mV (c f  18 mV in the c a se  o f  LIX-type 
ISM d a ta ) .

A comparison between the mean and distribution of Em values recorded  in  
larvae using LIX- and NIC-type K^-ISMs (fig u res 55 and 5 6 , resp ectiv e ly )  
with those recorded  using conventional m icroelectrodes (OM 's) (figu re  51a) 
confirmed that ISMs did not cause sign ificant damage to the muscle c e ll  
membranes during the impalement o f c e l l s .  The Em values recorded  using 
LIX-type ISM s ranged between -3 4  and -63 mV, with a  mean o f -46  mV; 
those recorded using N IC -type ISMs between -38  and -58 mV with a mean o f  
-47 mV. T hese correspond c lo se ly  to Em values obtained using OMs, which 
were between -33 and -64  with a mean o f -48  mV. (The la tter  d o es not 
d iffer  sign ifican tly  from-46 mV or -47 mV ( t - t e s t ,  p < 0 .0 5 ) .

Thus the potassium equilibrium p oten tia l, E g , a s  calculated  from ajj values  
measured using both LIX- and NIC-type K+ ISM s, was con sisten tly  more 
negative than the membrane p oten tia l. This in d ica tes that K+ i s  not the only  
ion involved in generating Em in Calliphora larvae: i f  Em were generated
so le ly  by K+ , E^ would be c lo se  to Em in value.

m . 2 . i i .  Prepupae

Figures 57 and 58 show typ ica l recordings obtained from prepupal muscle 
c e l ls  using LIX- and N IC -type K4" ISM s, resp ec tiv e ly . The upper trace  
shows the re feren ce  p oten tia l, and the low er, the potential corresponding to  
K+ a ctiv ity . The c e ll  was impaled at the point marked by the arrowhead. 
The LIX-type ISM gave a  membrane p oten tia l, Em, o f -6 0  mV, and 
in tracellu lar K+ a ctiv ity , aj£ o f 355 mM for the c e ll  shown in figure 5 7 . This 
ajj value corresponds to a  potassium equilibrium p oten tia l, Ejc, o f  -9 1  mV,
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Fig 57 Chart recording o f  fche impalement o f  a CaUlphora prepupal 
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which i s  31 mV more negative than Em. The NIC-type ISM recorded an 
o f -40 mV and an ai{ of 115 mM corresponding to an Ex of -62 mV for the 
c e ll  shown in figu re 58. This Ex i s  22 mV more negative than Em. s imilar 
data was obtained from 96 c e l ls  (7  preparations) using LIX-type is Ms and 
from 85 c e l ls  (10  preparations) using NIC-type IS  Ms. The average values  
recorded  for a £ ,  Ex and Em are given in tab le 11 below .

Table 11 Intracellu lar K4  activity  data from Calliphora prepupae
Data is  g iven a s  mean ± SE for 96 c e l l s ,  7 preparations (LIX -type IS  M s); 
85 c e l l s ,  10 preparations ( NIC-type IS  Ms)

LIX NIC
ak  <®m) 382
EK (mV) -91
Em (mV) -50
EK-Em OnV) -41

± 12 115 * 3 
± 1  -62  ± 1  

± 1 -47 ± 1 
± 1 -15  ± 1

Thus, the average a £  value recorded using LIX-type ISMs (3 8 2  mM) was 
more than three times larger than that recorded using NIC-type ISMs (115  
mM) .  This may b e attributed to the p resen ce  of an interferent in prepupal 
muscle c e l ls  to  which the K4  LIX resp o n d s, giving very high values for 
apparent ajj. The frequency histograms for the above a £  data are shown in 
figure 59. Both LIX- and NIC-type ISM data are approxim ately normally
distributed with the mean values fa lling  in or c lo se  to the modal c la s s .  The 
range o f  ajj va lu es recorded using LIX-type ISMs was far wider than that 
recorded  using NIC-type ISM s (1 5 0  to 760 mM cf a  total range o f 68 to 210  
mM using NIC -type ISM s, with 98% of values fa lling  between 68 and 170  
mM).

The populations o f Ex and Em values obtained using the two types of ISM are  
compared in figu res 60 and 6 1 . The Ex values recorded using LIX-type 
ISM s ranged between -69  and -1 1 4  mV and Em varied from -3 4  and -68  mV 
( figure 6 0 ) .  Both param eters were normally d istr ib u ted , with the mean value 
c lo s e  to the modal c la s s .  Values o f Ex were consistently  more negative than 
Em values in a ll  c e l ls  stu d ied , by an average o f 41 mV. This fact is  
illu strated  by the c lear  separation between the two populations of v a lu e s . 
The Ex values recorded using NIC-type ISMs fe l l  in the range -4 9  to -77  
mV, with Em varying between -3 4  and -63 mV (figu re 6 1 ) .  In both  
histogram s, the mean fa lls  in the modal c la s s .  Thus, a s  d escrib ed  for
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measured in Camphor a prepupae using LIX- and NIC-type 
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F ig . 60 Frequency histogram s illustrating the distributions of membrane 
potentia ls (E ^ ) and potassium equilibrium potentia ls (E jc) 
measured in CaJlJphora prepupae using LIX-type K+-ISMS, on 
the same a b sc issa  for com parison.
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P ig . 61 Frequency histogram s illustrating the d istributions o f  
values measured in Calllphora prepupae using 
K+- lS H s ,  on the same a b sc issa  for com parison.
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LIX-type ISM delta, Er was consistently  more negative than Em, by gun 
average o f 15 mV ( c f .  4-1 mV for LIX-type ISM d g £ a ). This agciin in d icates  
that K+ is  not the only ion involved in generating Em.

The mean and distributions o f Em values recorded from prepupae using LIX- 
and N IC -type IS  Ms were compared with those obtained using conventional 
m icroelectrod es (figu re  51 b ) , confirming that IS Ms did not cause  
sign ifican tly  more damage to the c e l l  membranes than conventional 
m icroelectrod es. The Em values recorded using LIX-type IS  Ms ranged  
between - 3 4  and -68  mV (mean -5 0  mV), and those recorded with NIC-type 
ISMs were between -3 4  and -63  mV (mean -47  mV). Both the ranges and 
means o f  th ese  populations o f Em values are sim ilar to those recorded  in 
prepupae using conventional m icroelectrodes: -35  to -62  mV with a mean of
-47 mV (figu re  51 b ) . This confirms that ISMs record the ’real* situation in 
c e l ls .

I I . 2 . i l l  Comparisons o f larval and prepupal JC*~ data , obtained using LIX- 
and N IC -typ e K4--ISMs

The data obtained for larvae and prepupae using liquid ion exchanger (LIX) 
and neutral ion carrier (N IC )-typ e id *-sen sitive  m icroelectrodes is  
summarised in tab le  1 2  below.

T a b le  1 2 . I n t r a c e l l u l a r  i d  a c t i v i t y  d a ta  from Callipftora  la r v a e  and 
p rep u p ae o b ta in e d  u s in g  LIX- and N IC -typ e id" ISM s. (D a ta  
i s  g iv e n  a s  mean ± S .E )

ajJ (mM)
EK (mV)
Em (mV)
Ejc-Em (mV)

Thus, the Com ing LIX, 4 7 7 3 1 7 , is  c lea r ly  prone to in terferen ce by one or 
more compounds which are present in both la rv a l, and, to  a greater e x ten t, 
prepupal, muscle c e l l s .  There i s ,  however, a  sign ificant d ifferen ce  between  
the average a £  values in larvae and prepupae a s  measured using NIC-type

LARVAE
LIX NIC

129 ± 4 102 ± 2
-6 4  ± 1 -5 9  ± 1
-46  ± 1  -47  ± 1

-18  ± 1  - 1 2  ± 1

n = 80 c e l l s  115 c e l l s

PREPUPAE
LIX NIC

382 ± 12 115 ± 3
-91  ± 1  -62  ± 1
-5 0  ± 1  -47 ± 1
-41  ± 1  -15  ± 1

96 c e l l s  85 c e l l s



corresponding d ifferen ce  between the calcu lated  values o f Ex in the two 
preparations ( - 5 9  and -62  mV, r e sp e c tiv e ly ) . This ind icates that there is  a 
rea l in crea se  o f around 1 0 % in intracellu lar K+ activ ity  during the 
’development* from larva to prepupa. This may r e fle c t the maturation o f a K+ 
pumping mechanism.

A frequency histogram comparing the populations o f a £  values in prepupal 
c e l l s ,  measured using the two types of ISM ( f ig .  59 ) shows that the range o f
the distribution is  widest and the mean h ighest for the data obtained using
L DC-type ISM s. The la tter  resu lts from the p resen ce  o f interfering ion s in
the prepupal muscle c e l l s .  The d iscrepancy between the a^ values measured 
by the two methods is  re flec ted  in the s iz e  o f the d ifferen ce  between Em and 
Ex in each  c a se  (fig u res 6 0 , 61; table 1 2 ) .  The mean d ifferen ce  given by
LDC-type ISMs i s  41 mV; that given by NIC-type ISM s, 15 mV. The range
o f a £  and hence Ex values is  a lso  much larger for LIX than NIC data 
(fig u res 5 9 , 60 and 6 1 ) .

The fact that the potassium equilibrium potential i s  more negative than the E^ 
in both preparations, irresp ectiv e  of the type o f K+ ISM u sed , in d icates that 
K+ is  not the only ion involved in resting membrane e le c tr o g e n e s is . A 
second  ion ’x ’ , with it s  equilibrium p oten tia l, E^, more p ositive  than Em, 
might a lso  be exp ected  to p lay a part. The most likely  candidate for this 
ion i s  Na+ . The following sectio n s d escr ib e  measurements o f intracellular  
Na+ and C l' a c tiv it ie s , d esigned  to obtain information about the values of the 
sodium and ch loride equilibrium p oten tia ls, E ^ a > and E d ,  resp ectiv e ly , 
rela tive to the membrane poten tia l.

I H . 3 .  Intracellu lar Na4- a c tiv itie s

ISMs (102 and 115 mM, respectively) (P < 0 .001 , t - te s t ) ,  and a

Intracellu lar Na+ activity  measurements were made in larval and prepupal 
preparations using ISMs based  on a neutral ion ca rr ier , ETH 227 (S te in er  et 
al, 1 9 7 9 ) .  The properties o f the la tter  are d iscussed  in se c tio n s  I . 3 . i i i  
and n . l . v i .

m . 3 .i. Larvae

A typical impalement o f a  larval muscle c e ll  with a Na+ -sen sitiv e  
m icroelectrode is  shown in figure 6 2 . The upper trace shows the potential



F ig . 62 Chart recording of the impalement of a Calliphora larval muscle 
c e l l  with a  Na+ ISM . a ^  rep resen ts the le v e l  o f intracellu lar  
Na+ , Em, the referen ce  p oten tia l.



which corresponds bo the sodium a ctiv ity , V^a t and the lower o n e , the 
referen ce p oten tia l. The ISM p en etera tes the c e ll  at the point marked by an 
arrowhead, and an immediate sharp d eflection  i s  seen  in both tr a c e s . A new 
steady le v e l is  almost instantaneously reached by the re feren ce  poten tia l. 
Due to the rather slow response time o f the Na4"" NIC, how ever, the 
Na+ -sen sitiv e  potential takes up to 3 minutes to reach a  new steady sta te  
after impaling a c e l l .  S ince Na+ IS  Ms were calibrated in solutions which 
resem bled the intracellular medium (se c tio n  U . l . v i ) ,  the intracellu lar value 
o f VNa was referred  d irectly  to the calibration curve of the ISM . For the 
same reason , the a ^  sc a le  has been  drawn adjacent only to the intracellular  
le v e l o f  potentia l. R ecordings were accepted  only from c e l ls  where the 
impalement had been  maintained for 4  minutes or lo n g er , a s  d escrib ed  under 
'criteria  for se lec tio n  o f r e su lts ', sec tio n  U . 5 .  For th is reason , data  
satisfy ing these cr iter ia  were d ifficu lt to obtain , and sm aller numbers of 
reliab le  impalements were made using Na+ -sen sitiv e  m icroelectrod es, than 
using or Cl" sen sitiv e  o n e s .

The trace shown in figure 62 is  a  recording made with a double-barrelled  
Na+ sen sitive  m icroelectrode from a  c e ll  with an intracellu lar Na+ activ ity , 
a Ni* o f 1 7  mM (upper tra ce) and an Em of -4 4  mV. This ajj^ value
corresponded to a  sodium equilibrium p oten tia l, E*ja , o f 50  • Similar
recordings were made from 30 c e l ls  in 5 preparations, giving the average  
data shown in tab le 13 below.

T ab le  13 I n t r a c e l l u l a r  Na+ a c t i v i t y  d a ta  from Calliptiora  la r v a e .
(D ata  i s  g iv e n  a s  mean ± SE from 30 c e l l s ,  5 p r e p a r a t io n s ) .

SNa ! 1 1 ± 1 mM
ENa : 65 ± 2 mV
Em : -48 ± 1 mv
ENa"Em: 113 ± 2 mV

Frequency histograms illu strate  the distributions o f th ese  param eters (fig u res  
6 3 a , 6 4 a , 6 5 a ) .  The a ^  histogram (figu re 63a) has a  normal distribution  
with a  range of 4 .5  to 24 mM and the mean (1 1  mM) fa lls  in the modal 
c la s s .

The sodium equilibrium potential v a lu es, Ej*a , calculated  from th ese  
values were consistently  p o sitiv e , with a range o f 4 1 .5  to 8 3 .6  mV and a
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P ig . 63 Frequency histogram s illustrating the d istributions o f a ^  values 
m easured, a .  in Calllphora larvae and b . in  prepupae.
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P ig . 64 Frequency histogram s illustrating the distributions of sodium 
equilibrium potential values Ej*a , a .  in Calllptiora larvae and 
b . in prepupae.
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somewhat irregular distribution. T h is, together with the asymmetry of the 
distribution o f Em values recorded using Na+ IS  Ms (figu re  64a) i s  likely  to 
b e due to the small number of c e l ls  im paled. A comparison between the 
distributions o f Em values measured using conventional and Na+ -sen sitiv e  
m icroelectrodes (fig u res 5 1 , 65a) shows that, although a  narrower range o f 
values was recorded  with Na+ -ISM s ( - 4 1  to -52  mV, c f .  -33  to -6 4  mV 
recorded using OMs) the peaks o f the two histogram s f e l l  in the same c la s s .  
This in d ica tes that Na+ IS Ms were not causing sign ifican t damage to the 
c e l ls '  membranes during impalements.

m . 3 . i i .  Prepupae

A typical recording obtained from prepupal muscle c e l ls  i s  illustrated  in 
figure 6 6 . As in figure 6 2 , the upper trace corresponds to Na+ activ ity , 
and the lower one i s  the referen ce p oten tia l. The intracellu lar Na+ activ ity , 
a Na> °* c e ll  was 9 mM (which remained steady for around 4 m inutes), its  
sodium equilibrium p oten tia l, E^a , 6 6 . 2  mV, and its  membrane potentia l, Ejn, 
-46  mV. A verage data for th ese  param eters from 43 c e l l s ,  6 preparations, 
are shown in tab le 1 4 , below.

T a b le  14  i n t r a c e l l u l a r  Na+ a c t i v i t y  d a ta  from Cal 1 iphora  p rep u p ae.
D ata from 43 c e l l s ,  6 p r e p a r a t io n s ,  g iv e n  a s  mean ± SE)

ani : 7 ± 1 mM
ENa : 76 ± 2 mV
Ejj, : -46 ± 1 mV
ENa-Em5 122 ± 3 mV

The distributions of the population o f values for each  parameter are  
illu strated  in frequency histograms (fig u res 6 3 b , 6 4 b , 6 5 b ) .  The histogram  
showing ajj^ data (figu re  63b) has a  somewhat irregular d istribution. This is  
lik e ly  to  b e due to chance a lone s in ce  data from only a  rela tively  small 
number o f c e l ls  were a ccep ted . The calcu lated  E^a valu es were consistently  
p o s it iv e , covering a wide range ( 5 6 .5  to 1 1 6 .9  mV) (figu re  64b) with an 
approxim ately normal distribution.

The values o f Em recorded in prepupae using Na+ ISMS ranged between -38  
and -4 9  mV, and the mean ( - 4 6  mV) fa lls  in the modal c la s s  o f the frequency  
histogram ( f ig .  6 5 b ) .
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i n . 3 . i l i  Comparison between larval and prepupal Na+ data

The intracellu lar Na+ data obtained in Calliphora larvae and prepupae using 
N IC -based is  Ms is  summarised in table 15 below .

T a b le  1 5 . I n t r a c e l l u l a r  Na+ a c t i v i t y  d a ta  from Calliphora  la r v a e  
and prepupae (D a ta  from 30 c e l l s ,  5 p r e p a r a t io n s  f o r  
la r v a e ,  4-3 c e l l s  6 p r e p a r a t io n s  f o r  p rep u p a e , l i s t e d  
a s  mean ± S E .)

atfidnM)
LARVAE 
1 1  ± 1

PREPUPAE 
7 ± 1

ENa (mV) 65 ± 2 76 ± 2
Em (mV) -4.8 ± 1 -4.6 ± 1
ENa-Em (mV) 113 ± 2 122 ± 3

The average intracellular Na+ activity is  thus sign ificantly  greater in larvae  
than in prepupae (p  < 0 .0 1 ,  t - t e s t ) ,  (figu re 6 3 ) .  This resu lt i s  consistent 
with the ea r lier  suggestion  (sec tio n  3 .1 . i i i )  that there may be a  maturation of 
a pumping mechanism during developm ent, tending to pump more K*4' into the 
c e l l .  Such a pump would a lso  tend to remove Na+ from the c e l l ,  hence the 
relative lack o f Na+ in prepupal muscle c e l l s ,  which contain 36% le s s  Na+ 
than larval c e l l s .

In a ll c e l ls  studied in both larvae and prepupae, Ejja  had a p ositive  value.
This su g g ests  that Na+ may b e  the ion ’x* referred  to at the end o f section
m . 2 . i i i ,  with its  equilibrium potential more p ositive  than Em , which, in 
addition to K+ , contributes to  resting membrane e le c tr o g e n e s is . The average  
Efla  in prepupae was higher than in larvae (76  mV c f .  65 mV in larve)
(figu re 64 ) which re fle c ts  the fact that a ^  tends to be sm aller in prepupae
than in la r v a e . The average membrane potentia ls in the two preparations 
were sim ilar (-4-8 mV in la rv a e , -4-6 mV in prepupae (figu re  6 5 ) ) .

m .4 . .  Intracellu lar Cl" a c tiv itie s

m . 4 . . i .  Preliminary measurements

Preliminary measurements o f in tracellu lar Cl" a c tiv it ie s , a e j ’s ,  were made in 
larvae using ISMs based on the Coming Cl" exchanger (co d e  477315) with



the re feren ce  barrel f ille d  with a mixture o f potassium chloride and potassium  
sulphate ( section  n . 1 . i i i , tab le  7 ) .  A typ ical impalement of a  muscle c e ll  
i s  illu strated  in figure 6 7 . The upper trace shows the membrane potential of 
the c e l l  ( -5 3  mV), the lower tr a c e , the ch lo r id e-sen sitiv e  p o ten tia l, V ci- 
The latter  corresponded to an a c t  of 59  mM, 2111(3 a  ch loride equilibrium  
p oten tia l, E ci o f 21 mV. This E ci value was more p ositive  than Ejn by 32 
mV. It w as, however, noted that the intracellu lar Cl" activ ity  o f  the c e ll  
appeared to in crea se  with time following the impalement o f the c e l l  ( s e e  lower 
tr a c e , figure 67 ) and that it  did not seem  to reach a com pletely steady  
l e v e l .

Data was obtained using th is type o f ISH from a total o f 4.8 c e l ls  from 4. 
prep aration s, giving the average values o f  acj> Eci and Em shown in tab le  
16 below .

T a b le  16 I n t r a c e l l u l a r  Cl" a c t i v i t y  d a ta  f o r  Calliphora  la r v a e ,  
m easured u s in g  ISMs  w ith  K ci/K 2S 0 * - f i l l e d  r e f e r e n c e  
b a r r e l s .  (D a ta  from 48 c e l l s ,  4  p r e p a r a t io n s ,  g iv e n  a s  
mean ± S E ).

a c i 28 ± 1 mM
E c i 41 ± 1 mV
Em 48 ± 1 mV
E ci'E m 7 ± 1 mV

Figure 68a shows a frequency histogram for the distribution o f intracellu lar  
Cl" activ ity  values m easured. The latter were a ll in the range 15 to 50 mM, 
and were distributed asym m etrically. The distribution o f ch loride equilibrium  
potentia l values calculated  from the above data i s  shown in figure 68c  
and had a range o f  - 2 5 .4  to  -5 4 .1  mV.

A comparison between the distributions o f  E d  and Em ( f ig  68 b ,c )  showed 
that in the vast majority (81%) o f c e l l s ,  E c i was apparently more p ositive  
than Em. In the rem ainder, E c i was d o s e  to  Em. This unexpected result 
su g g ests  that Cl" may not b e  p assively  distributed in th is in se c t . A number 
of other factors could a lso  account for th is resu lt, however. F irstly , the 
Com ing C l” LIX 477315 is  known to be rather u n selective (Baumgarten,
1 9 8 1 ) ,  responding to a  range o f anions in addition to  c l" ,  e g .  HC03 ". The 
p resen ce  o f such anions in the c e ll  could thus have led  to  the active  barrel
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P ig . 6 7 . Chart recording o f the impalement of a  Camphora larval muscle 
c e l l  using a  Cl" ISM with the re feren ce  barrel f ille d  with 
KCl/K^SO*.
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P ig . 68 Frequency histogram s illustrating the d istributions o f ,  a .  a^ i 
v a lu e s ; b . Em values and c . Eqi va lues measured in
CalJlphore larvae using Cl" ISMs  with K ci/K 2 S 0 * -f i l le d  
re feren ce  b arre ls .



recording a  high value for the apparent intracellu lar Cl" a ctiv ity . Secondly , 
the referen ce  b arrels of th is type of ISM contained K ci and K2 SO*. 
Leakage o f  th ese  anions from the referen ce  barrel into the muscle c e ll  
following impalement could therefore account for the high values o f apparent 
a c l  reco rd ed . Evidence for the latter  su ggestion s was derived from the form 
o f  the chart recordings o f impalements o f c e l ls  ( s e e  figure 67 ) which clearly  
ind icate that a^j in creased  with time following the introduction o f the ISM 
into the c e l l .  The a^ i le v e l did not appear to reach a  steady va lu e, but 
continued to r ise  in d efin ite ly .

In order to te st the hypothesis that the high a ^ i values recorded using IS  Ms 
with KC1/K2 SO * -fille d  referen ce  b arrels were due to leakage o f anions from 
the re feren ce  barrels into the muscle c e l ls .  T hese intracellu lar Cl" activity  
measurements were rep ea ted , using IS Ms whose referen ce  barrels were filled  
with an organic referen ce  liquid io n -ex ch a n g er , RLIE. This la tter  eliminated  
the p o ssib ility  that leakage from the referen ce  barrel could influence the a^j 
le v e ls  recorded  by the active b arrel. In addition , a new ly-available  
improved version  of the Coming Cl" exchanger (C om ing 4-77913; Baumgarten, 
1981) was used in the active barrel o f the ISM. The latter  helped  to reduce  
the e ffe c t  o f  intracellu lar anions other than Cl" on the recorded value of
a d .  The resu lts obtained using th is type of ISM a re  d escrib ed  in the next 
se c t io n .

m . 4..ii. Intracellu lar Cl" a c tiv itie s: Larvae

A typ ical impalement o f a  larval muscle c e ll  is  given in figure 6 9 . The upper 
trace shows the referen ce  p oten tia l, corresponding to a  membrane potential o f 
-5 2  mV, the low er, the C l" -sen sitive  p oten tia l, Vq^, corresponding to an 
in tracellu lar Cl" activ ity , a ^ j, of 19 mM and a  ch loride equilibrium p oten tia l, 
E d  of -5 0  mV. It should be noted that th is recording and others made using 
the same type o f  ISM showed no tendency for acJ to in crease  from the value 
recorded  immediately following the impalement o f the c e l l .

Similar recordings were obtained from a total of 50 cells from 7
preparations, giving the average values for ac{, Eci and Em shown in table
17 below .
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Fig 69 Chart recording o f the impalement of a  Calliphora larval muscle 
c e l l  with a  C l'ISM  with a R L IE -filled re feren ce  b a rre l.



T a b le  17 I n t r a c e l l u l a r  Cl" a c t i v i t y  d a ta  f o r  Calliphora  la r v a e ,  
m easured u s in g  ISMs w ith  R L I E -f i l le d  r e f e r e n c e  b a r r e l s .  
(D a ta  from 50 c e l l s ,  7 p r e p a r a t io n s ,  g iv e n  a s  mean ± S E ).

a c i  17 ± 1 mM
E c i -53  ± 1 mV
Em -53  ± 1 mV
E ci-Em  0 .1  ± 0 .3  MV

The distributions of the values for each  parameter are illustrated  a s  
frequency histogram s in figu res 70 and 7 1 . values have a somewhat
asymmetrical distribution (figu re 70 ) ranging between 1 2 .7  and 28 mM (mean 
17 mM) but with the vast majority ( 8 8 1 )  o f values fa lling  between 1 2 .7  and 
22 mM. The mean of those a c l  values which are between 1 2 .7  and 22 mM is
1 6 .3  ± 0 . 5 ,  which fa lls  in the modal c la s s  of the frequency histogram .

Frequency histogram s comparing the distributions of membrane potential and 
ch loride equilibrium potential values are shown in figure 7 1 . The two 
param eters have comparable d istributions, both with ranges o f -4-0 to -60  mV, 
and id en tica l means ( -5 3  mV), in  a ll c a s e s ,  the value o f E c i calculated for  
a  c e l l  i s  very c lo se  to the measured Em, indicating that Cl" is  p assively  
distributed in CaUiphora la rv a e . This resu lt i s  a lso  illustrated  by plotting  
individual E c i values against the Em value for the same c e ll  ( f ig .  7 2 ) .  All 
points fa ll  very c lo se  to the lin e  E ci = Em ( the actual s lo p e  of the lin e  
along which the points fa ll i s  0 . 9 8 ) ,  which is  extrem ely c lo s e  to the s lo p e  of 
1 for the lin e  along which E ci = Em* The correlation  co effic ien t for this 
data is  0 . 9 4 {  prwiclpU. ofr UasV sq u a res

The p ossib ility  that Cl" ISMs damage c e ll  membranes more than conventional
m icroelectrod es was e ffec tiv e ly  elim inated by comparing the total population
o f Em valu es recorded using th ese  Cl" ISMs ( - 4 0  to -60  mV, with a mean o f
-53  mV f ig .  71 b ) with the total population recorded using conventional
m icro e lectro d es, OM's ( -3 3  to -6 4  mV, with a mean o f -48  mV, figure
51 a ) .  Both populations are similar in means and d istrib u tion s, indicating
that Cl "IS Ms do not cause sign ificantly  more damage to the c e ll  membrane
than conventional m icroelectrod es, d esp ite  their slightly  larger  tip s iz e s .  In
fa c t ,  the average Em recorded using the Cl" ISMs is  sign ifican tly  higher than

(t 'fce jt, p <  o.oi).that obtained using OMs ( -5 3  mV c f .  -48  recorded using OM s). In order toA
esta b lish  that this d ifferen ce  was due to chance alone and did not re flec t  
erroneous measurements by the R L IE-filled referen ce  b a r r e ls , values o f Em
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P ig . 7i . Frequency histogram showing the distribution o f  a .  E^i and b . Eq, 
values obtained in Calliphora larvae using C l' IS  Ms with
R LIE -filled referen ce  b arrels.
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P ig . 72 Graph to illu strate  the relationship  between Eqi and Em in larvae  
( f il le d  c ir c le s )  and prepupae (hollow  c ir c le s ) .  The dashed  
lin e  den otes the equality  E^i = Em, showing that for a ll  larval 
c e l l s ,  E c i i s  c lo s e  to Em, whilst in prepupae, E^i is  
con sisten tly  more p o sitiv e  than Em.(7kB. comc<el«/ice. of -Ho© or 
d a ta . povnt* is uXdicoJt td. bcj a. Iiv ĉdA cxdLjCLCaxt" -fa-fLa-i"
p o u v t.)



were measured in one preparation in which rela tively  high Em values had been  
encountered using both an ISM and an OM. The resu lts obtained are  
illustrated  in figure 7 3 , which shows that, whilst a wider range o f  Em values 
was measured using the OM ( - 4 6  t o -60 mV a s  opposed to -5 0  to -58 mV using 
the IS M ), the mean Em recorded ( -5 3  mV) was identical using the two types  
of m icroelectrode. It was therefore concluded that R LIE-filled referen ce  
b arrels re flec t the 'true' situation in muscle c e l ls .

Thus, the above data confirms that Cl" i s  apparently p assively  distributed in 
Calliphora la rv a e , and that the unexpectedly high values o f intracellular C1‘ 
activity  recorded in preliminary stu d ies using ISMs with KC1/K2S 0 * -f i l le d  
referen ce  b arrels were artefactu al, probably resulting from leakage o f  Cl" 
and S0%~ from the referen ce  barrel into the c e l l .  All subsequent 
measurements of intracellu lar Cl" data were therefore made using ISMs 
b ased  on the Com ing Cl" exchanger 4-77913, with R L IE -filled referen ce
b a rre ls .

m . 4 . i i i . Prepupae

The type of recording obtained when a prepupal muscle c e ll  was impaled using 
a Cl" sen sitiv e  m icroelectrode is  illustrated  by figure 74-. The upper trace  
i s  the referen ce  potentia l and the lower o n e , the potential corresponding to  
Cl" activ ity . Both remained com pletely steady for ten minutes. For this 
c e l l ,  Em was -4-8 mV, a d ,  30 mM and E ci -3 8 .3  mV. Similar recordings  
made from a total o f 35 c e l ls  (6  preparations) gave the average values of  
a c i ,  E ci Em shown in tab le 18 below .

T a b le  18 I n t r a c e l l u l a r  Cl" a c t i v i t y  d a ta  f o r  Calliphora  p rep u p ae. 
(D a ta  from  35 c e l l s ,  6 p r e p a r a t io n s ,  g iv e n  a s  mean ± S E ).

a c i 4-0 ± 2 mM
E ci -3 1  ± 1 mV
Em -5 0  ± 1 mV
E c i-E m  1 9  ± 1  MV

Frequency histograms illustrating the distributions of the values of th ese three
param eters are given in figures 75 and 7 6 . The histogram for  a d  values
( f ig .  7 5 ) has a  total range o f 2 8 .6  to 66 mM, with a ll values but one fa lling
between 2 8 .6  and 53 mM. The distribution is  rather flattened  in sh ap e , with
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P ig . 73 Frequency histogram s to compare the distributions o f  
in a  CaUlphora larva recorded using, a .  a Cl" ISM 
conventional e le c tro d e .

Em values  
and b . a
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Fig • 74. Chart recording o f the impalement of a Calliphora prepupal 
muscle c e l l  using a  Cl "ISM with a  R L IE -filled referen ce  
b a r r e l.
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P ig . 75 Frequency histogram illustrating the distribution o f a^J values in 
Calllphora prepupae.
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F ig . 76 Frequency histogram illustrating the distribution o f  E^i and
valu es in Calllphora prepupae on the same a b sc issa  for  
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the mean (40 mM) falling close to the midpoint of the distribution.

The distribution of ch loride equilibrium p oten tia ls , Eci» calcu lated  from the 
above data i s  rather irregu lar , with a  range of 1 8 .4  to 3 9 .5  mV (figure 76a)  
Eqi was found to be consistently  more p ositive  than Em in a ll c e l ls  studied  
(Em ranged from -38  to  -58  mV, with a mean o f -5 0  mV and an approxim ately  
normal d istribution , figure 76 b ) .  This su ggests  that Cl" may not be  
distributed p a ssiv e ly  in th is p reparation . There a re  three p o ssib le  
exp lanations for th is . F irstly , Cl" may be involved in generating Eg,. 
However, Cl" substitution experim ents on prepupae (sec tio n  IV. 1) showed 
con clu sively  that changes in extracellu lar  Cl" activity  le d  to only transient 
a lteration s in Em, i e .  that Cl" was indeed p assively  d istributed . S econ d ly , 
the high valu es o f intracellu lar Cl" activity  recorded  may have resulted  from 
damage to the muscle c e ll  membrane during its  impalement. This p ossib ility  
was elim inated by comparing the mean and distribution o f Em values recorded  
in a  s in g le  preparation, using both conventional m icroelectrodes (O H 's) and 
Cl “-se n s it iv e  m icroelectrodes ( f ig .  7 7 ) .  Both the mean and range of the two 
populations of values were sim ilar: OMs recorded a  mean Em o f -46 mV and
a range o f  -4 0  to -52 mV; ISMs  recorded  a mean o f -47  mV and a range o f  
-38 to -52  mV, ( f ig .  7 3 ) .  Further, the Em values recorded  from a ll 6 
prepupal preparations using Cl"-ISM s were compared with the total population 
o f values recorded  in prepupae using OMs ( f ig s .  76 b and 51 b ,  
r s p e c t iv e ly ) . Cl" ISM s gave a range o f -38  to -58  mV, with a  mean Em of 
-50  mV; OMS gave a range o f -35 to -6 2 , with a mean o f -47  mV. The two 
distributions were thus very sim ilar , with the mean Em recorded using 
C l"-ISM s being sligh tly  higher than that obtained using OMs, confirming the 
ea r lier  conclusions that Cl"-ISM s did not cause more membrane damage than 
OMs.

Thirdly, the p resen ce  o f an interferent in prepupal muscle c e l ls  to which the 
Com ing Cl" exchanger responded would exp la in  the high values of apparent 
a d  recorded  in th is in se c t . This seem s the most likely  explanation for Eq\ 
being apparently more p ositive  than Em, and is  considered  further in section
I V .1 .

The graph o f the E ci value for each  c e l l  against the recorded  Em for that 
c e ll  ( f ig .  7 2 ) shows that there i s  no c lea r  relationship  between th ese  two 
param eters in prepupae (th e points follow a lin e  with s lo p e  -0 .2 6  and 
correlation  co effic ien t - 0 .2 4 ) .  This may r e flec t the p resen ce  of varying
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F ig . 77 Frequency histogram s comparing the distributions of Em values in  
a Calllphora prepupa recorded using, a .  a Cl'ISM  and b . a  
conventional m icroelectrode.



amounts of in terlerent in the population of c e l l s ,  which would mask any 
relationsh ip  that might e x is t .

In con clu sion , in la rv a e , E ci was very c lo se  to the measured Em in a ll c e lls  
im paled, and a  graph o f E ci against Em showed that a ll points fa ll  near the 
lin e  along which E ci = Em ( f ig .  7 2 ) .  In con trast, in prepupae E ci was 
con sisten tly  more p ositive  than Em. This was tentatively attributed to the
p resen ce  o f an in terferen t.

H I . . i v . Comparison between larval and prepupal in tracellu lar Cl" 
a c t i v i t y  d a ta

The intracellu lar Cl" activity  data obtained from larvae and prepupae is  
summarised in tab le 19 below:

T a b le  19 I n t r a c e l l u l a r  Cl" a c t i v i t y  d a ta  f o r  Calliphora  la r v a e  
and p rep u p ae . (D a ta  from 4.3 c e l l s ,  7 p r e p a r a t io n s  f o r  
la r v a e ;  35 c e l l s ,  6 p r e p a r a t io n s  f o r  p rep u p a e , g iv e n  
a s  mean ± S E ).

aci(m M )
LARVAE 
17 ± 1

PREPUPAE 
40 ± 2

E c i (mV) -53 ± 1 -31  ± 1
Em (mV) -53 ± 1 -50  ± 1
ENa_Em (mV) 0 .1 ± 3 19 ± 1

The in tracellu lar Cl" a ctiv ity , a d »  values measured for larvae and prepupae 
a re  thus very d ifferen t. There i s  a large  separation between the means of 
the two populations (23  mM on average) and the distribution o f prepupal a d  
values i s  considerably  wider than that o f larval a d  values ( f ig .  7 8 ) .  There 
i s  very l it t le  overlap between the two populations. T hese observations may 
b e attributable to the p resen ce  o f an interferent in prepupal muscle c e l l s ,  
and th is will be considered  further in chapters IV and V H .
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in larvae and prepupae on the same a b sc is sa .



IV. IONIC SUBSTITUTION EXPERIMENTS ON CALLIPHORA:
A MODEL OF RESTING MEMBRANE ELECTROGENESIS

The aim of th ese  ionic substitution experim ents was to  obtain a quantitative 
assessm ent of the contribution of K+ , Na+ and Cl" to the membrane p oten tia l, 
Em, of Calliphora muscle c e l l s ,  and to construct a quantitative model o f  
resting membrane e lec tro g en esis  in this in sec t.

All experim ents were carried  out on prepupal preparations. In prepupae, the  
muscle c e l ls  do not contract, whilst appearing to retain their electrochem ical 
resp on siven ess (Jan & J a n , 1976; Irving &
M iller, 1 9 8 1 ) . The problem o f c e lls  contracting in high-K+ solutions and 
exp ellin g  the m icroelectrode was thus elim inated. Experiments were
performed only on c e lls  which, when im paled, gave steady recordings of Ero. 
C ells were then allowed to equilibrate in each o f a s e r ie s  o f R inger-based  
solutions until a  new, steady value of Em was recorded in each .

IV . 1 . Chloride substitution experim ents

Previous measurements- of intracellular chloride activ ities  in larval and 
prepupal muscle c e l ls  (sectio n  ITT .4 )  suggested  that Cl" is  p assiv e ly
distributed in larvae (the Cl" equilibrium potentia l, Eqi was c lo se  to Em in 
a ll c e l l s ,  both having a mean value of -53 mV). In prepupae, however, E ci 
was more positive than Em by an average o f some 18 mV. This d iscrepancy  
reflected  either that Cl" was involved in generating Em, or that an
interferent was present in the c e lls  to which the ISM responded, giving 
a rtific ia lly  high apparent intracellular Cl" le v e ls .

The aim o f C l' substitution experim ents was to determine whether C l" is
involved in generating the membrane potential in this in se c t , or whether it is  
distributed p assively  across the c e ll  membrane. The substitution experim ents 
were carried  out on both larvae and prepupae using the solutions lis ted  in 
appendix 4 ,  in which gluconate was substituted for C l". ( Extra Ca2  ̂ was
added to th ese  solutions to compensate for the known Ca2 + -sequestering
properties o f gluconate (Kenyon & Gibbons, 1977; V aughan-Jones, 1 9 7 9 ) ) .

V . l . i .  Larvae

A typical recording obtained when low-Cl" (l.^ -m M ) Ringer (Appendix 6 ) was



substituted for Normal (137  mM Cl") Ringer i s  shown in figure 7 9 . The trace  
shows a  transient hyperpolarisation of 5 mV in when the extracellu lar  
ch loride a c tiv ity , a<£, was red u ced . The membrane then gradually
d ep o la r ised , returning to the o rig in a l, pre-treatm ent, Em within l  to 3 
m inutes. When Normal Ringer was re-introduced into the recording chamber, 
a secon d  transient hyperpolarisation o f 4  mV occurred . The Em subsequently  
d ep o larised  to its  in itia l le v e l within 1 to 3 m inutes. Similar data was 
obtained from 6 c e l ls  (6  preparations) giving transient hyperpolarisations of 
5 -1 0  mV when a<3 was reduced , and o f 4.-9 mV when Normal Ringer was 
rein troduced .

Thus, th ese  experim ents confirmed the suggestion  from the intracellular  
ch loride activ ity  data for la rv a e , that Cl" i s  p assiv e ly  distributed in this 
preparation , s in ce  changes in a d  produced no sustained a lteration s in Em.

I V . l . i i .  Prepupae

In contrast to the situation in la rv a e , where E c i was approxim ately equal to  
Ejj, ,  in tracellu lar Cl" activity  measurements in prepupae showed that E ci was 
apparently more p ositive  than Em. This implied either that Cl" was not 
p a ssiv e ly  d istributed , and was involved in the generation of Em, or that an 
in terferen t was presen t in prepupal muscle c e l l s ,  to which the C l"-exchanger  
resp on d ed , giving e levated  values o f apparent a d *  In order to  investigate  
th ese  two p o ss ib ilit ie s , C l"-substitution experim ents were performed using 
Cl " -free  Ringer whilst monitoring a d  and Em using a Cl" ISM . The new 
stead y  a d  le v e l recorded after the c e ll  had been soaked in C l" -free  Ringer 
to d ep lete  the c e ll  o f Cl" provided a  measure of any interferent present in 
the c e l l .  Such an experim ent i s  illustrated  in figure 8 0 . The upper trace  
shows the apparent a d  and the lower o n e , the membrane p oten tia l. The c e ll  
was in itia lly  bathed in Normal Ringer (1 3 7  mM C l" ), and was impaled with a  
c h lo r id e -sen sitiv e  m icroelectrode. Steady readings o f intracellu lar Cl" 
activ ity  (58  mM) and membrane potential ( - 4 4  mV) were obtained , and 
ch lo r id e -fr e e  Ringer substituted in for  Normal R ice 's  sa lin e  (shown a s  a so lid  
bar beneath the Em t r a c e ) . A transient hyperpolarisation o f 10 mV was seen  
in Ejn, follow ed by a depolarisation  to the pre-treatm ent le v e l within 1 
minute. The c e l l  was bathed in Cl " -free  Ringer until a  new stead y  value o f 
apparent a d  was reached (in  this c a s e ,  around 13 mM) which represented  
the ISM s resp on se  to the in terferen t. To test that the removal o f Cl" from 
the c e l l  was rev e r s ib le , Normal R ice ’s  sa lin e  was re-introduced  into the
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Pig 79 . Chart recording of a  Cl" substitution experim ent on a Calliphora 
la rv a , showing the transient resp on ses o f to  changes in
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recording chamber. Chloride quickly entered the c e l l ,  the a c j  returning to  
its  orig inal value within 2 minutes. A simultaneous hyperpolarisation o f Em o f  
some 14 mV was observed, which recovered to its  or ig in al, pre-treatm ent lev e l  
within 2 minutes this recovery was rather slower than that recorded when the 
c e ll  was first exp osed  to C l’ -fr e e  Ringer (1  m inute). Similar resu lts were 
obtained from a  total o f 7 c e lls  from 7 preparations, giving transient 
hyperpolarisations o f 9 to 14 mV when a<8 was reduced and o f 12 to 16 mV 
when Normal Ringer was re-introduced . The intracellular Cl" data is  
summarised in table 2 0 , below. A full lis t  o f results is  given in appendix
I I .

T ab le  2 0 . D ata from C l“- d e p le t io n  ex p er im en ts  on Calliphora.
prepupae. (D a ta  from 7 c e l l s  (7  p r e p a r a t io n s )  i s  
g iv e n  a s  mean ± SE ).

Em (mV) -50  ± 3

a ^ i ,  when c e l l s  w ere b ath ed  in  43 ± 5
Normal R in ger  (mM)

a d ,  when c e l l s  w ere b ath ed  in  10 ± 1
z e r o  Cl" R in ger (mM)

Thus, changes in extracellu lar Cl" activity produced no sustained alteration  
in Em, indicating that Cl" is  passively  distributed in this preparation. The 
intracellular Cl" activ ity , a d ,  is  markedly lower in c e lls  bathed in zero
Cl" Ringer than in those bathed in Normal Ringer, which is  a lso  consistent 
with Cl" being passively  distributed and moving down its  concentration  
gradient out o f the c e l l .  The earlier  suggestion that the apparent d ifferen ce  
between Em and E d  in prepupae was due to in terference was confirmed by the 
fact that the Cl" IS Ms recorded an average apparent a d  of 10 mM after the 
c e ll  had been depleted  o f C l". This value provides a  measure of the 
quantity o f interferent present in th ese c e l ls .

Chloride substitution experim ents on both larvae and prepupae have thus 
shown conclusively that Cl" is  p assively  distributed in the two preparations, 
playing no part in resting membrane e lec tro g en es is . An interferent occurs in  
prepupal c e l l s ,  however, accounting for some 10 mM of the total apparent 
intracellular Cl" activity recorded by the ISM.



IV . 2 . Potassium substitution experim ents

Measurements of intracellular K+ a ctiv ities  in Calliphora prepupae (sec tio n  
3 .1 )  showed that the potassium equilibrium p oten tia l, Er * is  consistently  more 
negative than the membrane potential in this preparation. This im plies that 
K+ is  not the only ion involved in generating Em. In order to determine the 
extent o f  the contribution o f K+ , K+ substitution experim ents were carried  out 
using R inger-based  solutions containing K+ a c tiv it ie s , a g ' s , between 0 .9 7  and
9 7 .2  mM, using Naf  a s  the substitute (Appendix 3 ) .  The le v e l o f Em 
measured in each solution was taken to be steady when it remained constant to  
within ± 1 mV over a 15 minute period .

A typical recording o f the changes in Em obtained during th is type o f  
experim ent is  shown in figure 81 . The c e ll  was impaled at the point marked 
by an arrowhead and a steady Em of -4.0 mV recorded . Solutions containing 
a range of Kf  activ ities  were then substituted in a s indicated above the Em 
tr a ce , and a steady Em obtained in each following equilibrium periods o f  at 
le a st  30 minutes. The c e ll  was twice returned to Normal R ice's sa lin e  to  
ensure that the Em changes were rev e r s ib le , and that the c e ll  remained 
generally  healthy throughout the experim ent. Changes in Em following 
alterations in a £  were found to be fa stest when a £  was reduced ( s e e  figure  
81) e g . when a g  was reduced from 9 .7  to 3 .6  mM, the Em reached a new, 
steady le v e l within around 15 minutes; when a £  was increased  from 36 to  
9 7 .2 ,  the Em did not reach a steady value for more than 30 minutes. (I t  
should be noted that th is result was not simply due to c e lls  becoming le s s  
responsive towards the end of along experim ent, because the same slow
resp on ses to high K+ Ringer were observed when the latter were applied at
the start o f the experim ent).

A summary of the resu lts obtained from 11 c e lls  (each  from a d ifferent  
preparation) is  given in tab le 2 1 . Thus, changes in a £  result in sustained  
alterations in Em, confirming that K+ is  involved in generating Em. The 
relationship  between Em and the logarithm o f a £  ( f ig .  82) has a  maximum
slo p e  of only 31 mV per tenfold change in a £ ,  however, which is
considerably le s s  than the 58 mV per tenfold change in a £  predicted  by the 
Nernst equation for a  membrane that is  perm eable only to K+ .

T hese experim ents w ere, however, rather lengthy, lasting for up to four 
hours, and, although each c e ll  was repeatedly  returned to Normal Ringer to
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T a b le  2 1 . R e s u l t s  from  K4 s u b s t i t u t i o n  e x p e r im e n ts  on Cal 1 iphora 
p rep u p a e . (D a ta  from  11 c e l l s ,  11 p r e p a r a t io n s )

E x t r a c e l lu la r  K4 a c t i v i t y ,  a £  (mM)
c e l l 0 .9 7 3 .6 9 .7 36 9 7 .2

n o . Membrane p o t e n t i a l s , Em ( “*V )
1 65 52 43 24 12
2 74 60 49 23 13
3 64 56 4 4 26 14
4 7 4 60 48 31 17
5 68 60 50 28 16
6 81 66 5 4 34 18
7 64 58 48 21 11
e 68 61 47 28 16
9 68 56 39 27 18

10 66 53 36 26 14
n 68 57 48 23 10

* 6 9 .1 5 8 .1 46 2 6 .5 1 4 .5
SE 1 .6 1 .2 1 .5 1 .1 0 .8
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P ig . 82 Graph showing the relationship  between Em and the logarithm of 
a g .  (B ars represent S .D 's )
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ensure that it  was in a  healthy sta te  throughout the experim ent , it  was 
con ceivab le  that c e l ls  were becoming le s s  resp on sive to  changes in  
extracellu lar  ion ic  a c tiv itie s  with tim e. If th is were the c a s e ,  it might 
account, at le a s t  in part, for the d iscrepancy between the observed  s lo p e  o f  
the Em against the logarithm o f ex tracellu lar id" a c tiv ity , a £ ,  graph (a  
maximum o f 31 mV) and the 58 mV s lo p e  predicted  by the N em st equation, i f  
the membrane were perm eable only to  K+ * In order to  te st th is p o ss ib ility ,  
a  number o f  shorter substitution experim ents were performed which involved a  
maximum o f three solution ch an ges. A c e l l  was impaled in Normal Ringer 
( 9 .7  mM K+ ) and a steady Em record ed . Low-K4" Ringer ( 0 .9 7  mM K4") was 
then substituted in and the c e l l  allowed to eq u ilib rate . This was follow ed by  
high-id* Ringer ( 9 7 .2  mM id"), and finally  the c e l l  was returned to Normal 
R inger. Using th is p ro toco l, a  maximum slo p e  o f 30 mV was recorded for  
ajj's between 9 .7  and 97 mM ( c f .  31 mV for this range o f a £  values obtained  
in full substitution experim ents) and a  maximum slo p e  o f  24- mV was recorded  
for a £  values between 0 .9 7  and 9 .7  mM ( c f .  23 mV from the fu ll substitution  
ex p er im en ts). The s lo p e s  obtained for  given a £  ranges using the two typ es  
o f  protocol are thus not sign ificantly  d ifferen t. It was therefore concluded  
from th ese  experim ents that the shallow slo p e  o f the Em against the logarithm  
o f a g  graph obtained from the full K4" substitution experim ents provided a  
true reflectio n  o f the physiology o f  the c e l l , rather than resulting from 
deterioration  o f the health o f the c e l l  during the course o f the experim ent. 
The deviation from the 58 mV slo p e  exp ected  for a  pure K+ e lec tro d e  i s  
consistent with the fact that the potassium equilibrium potentia l was not equal 
to  the membrane p oten tia l, but was consistently  more negative than Em. This 
confirms that at le a st  one ion in addition to K4" must contribute to Em. A 
candidate for  th is ion is  Na4".

I V .3 . Construction o f a  model for resting membrane e le c tro g en es is  in 
C alliphor a prepupae

Evidence from intracellu lar id" activity  measurements (se c tio n  m . 2 )  and id" 
substitution experim ents (sec tio n  IV . 1 )  on CaUiphora su ggested  that K+ was 
not the only ion involved in generating the membrane p oten tia l, Em. This 
was implied fir stly  by the fact that the potassium equilibrium p oten tia l, Ej^, 
calculated  for each  c e ll  from it s  in tracellu lar K4" a ctiv ity , was con sisten tly  
more negative than the Em o f the c e l l ;  and secon d ly  by the observation that 
the s lo p e  o f  the graph o f Em against the logarithm o f  the extracellu lar  K4" 
a ctiv ity , a g ,  was sign ificantly  shallow er than the 58 mV per tenfold change in



a £  predicted  by the N em st equation for a  membrane perm eable only to  K+ . 
The additional ion ic  mechanism which would b e  exp ected  to  contribute to  Em 
would have an equilibrium potential more p ositive  than Em. C l' was known 
from the substitution experim ents d escrib ed  in section  IV . 1  not to  be involved  
in  resting membrane e le c tro g en es is . Thus, the most likely  candidate for th is  
ion ic  mechanism was Na+ . Further, s in ce  Na+ was used a s  the substitute for  
K+ in the K* substitution experim ents, then i f  Na+ was involved in generating  
Em, varying the ex tracellu lar Na+ activity  would b e  ex p ected  to  a ffec t Em. 
The changes in Em observed during the substitution experim ents were 
th erefore considered  in relation  to the changes in both extracellu lar  K+ and 
Na+ . Assuming that the c e l l  membrane was perm eable only to K+ and Na+ , 
with Cl" being p assively  d istributed, resting membrane e lec tro g en es is  should  
behave according to the sim plified Goldman-Hodgkin-Katz equation:

KT fag + a
*"> = F  ln U  + a a ^ r 1 <mV> (1>

(where a = PNa/PK and all other terms are defined in section 1.1).

I f  the c e l l  membrane obeyed  the above equation , a  tenfold change in  
(a £  + a  a N§ )  would give r ise  to  a  58 mV change in Em. Thus, a  value o f a  
(th e  ratio o f the partial perm eability o f the c e l l  membrane for Na+ to that 
fo r  K4* i e . PNa/Plc) was calculated  by numerical substitution from the K+ 
substitution data describ ed  in the previous section  (sec tio n  I V .2 , tab le  21) 
such that the above condition was met: it s  value was 0 .0 8 6 .  This value was 
then substituted into equation ( 1 ) ,  together with the values o f  a g  and a ^ a » 
known from the com position o f  Normal Ringer (appendix 1 ) a s  follow s:

= 58 lo g
9 .7  + (0 .0 8 6  X 1 2 4 .6 )  

a£  + 0 .0 8 6  a^ia (mV)

= 76 - 58 lo g  [ a j  + 0 .0 8 6  a*^] (mV) ( 2 )
Equation (2 )  provided a  hypothesis to  exp lain  resting membrane
e le c tro g en es is  in Calliptioro. prepupae. It su g g ests  that the major ion
involved in generating Em i s  K+ , with Na+ making a  small contribution. 
According to  th is h yp oth esis, the ratio o f the partial perm eability o f  the c e ll  
membrane for Na+ to  that for id ', a ,  has a  value 0 .0 8 6 .

The graph o f Em against the logarithm o f (a g  + 0 .0 8 6  aN§ )  ( f ig .  83 ) shows 
that a ll points fa ll c lo se  to a  lin e with a s lo p e  o f  58 mV p er tenfold change 
in (a £  + 0 .0 8 6  a ^ g ) , and have a  high correlation  co effic ien t ( 0 .9 4 ) .  It
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was n oted , how ever, that the points c lea r ly  follow ed a  smooth curve rather 
than a  true straight l in e . The grea test deviation from the straight lin e  
occured at high values of (a g  + 0 .0 8 6  a ^ g ) * In view o f the fact that the 
p rop erties o f the muscle c e l l  membrane had been  found to change markedly 
when bathed in low-Na+ Ringer (showing an in crea se  in resista n ce  and a  
reduction in perm eability to  id", s e e  sec tio n s IV .4 ..i i  and IV . 4 . i i i ) ,  Em data  
obtained in high K+ R ingers (where a*t§ was lower than, or equal to ,  that in  
Normal R inger) and in low K+ R ingers (where a£jg was higher than, or equal 
to ,  Normal) were considered  sep a ra te ly . An a value o f 0 .1 6 9  was thus 
calcu lated  from Em data obtained in R ingers with a g  le v e ls  between 9 .7  and 
97 mM, and corresponding a^ g  le v e ls  o f 1 2 4 .6  to 3 7 .1  mM; and one o f
0 .0 3 6  was calcu lated  from Em data measured in Ringer solutions with a g  
le v e ls  between 0 .9 7  and 9 .7  mM, and corresponding a ^ g  le v e ls  o f 1 3 3 .3  to
1 2 4 .6  mM. T hese values are summarised in tab le 22 below .

Table 2 2 . a  values for Calliphora prepupae, calcu lated  from Em
data obtained in Ringer so lu tions o f  various com positions
( s e e  tab le 21 )

Ringer com positions a
All a g  & a^ g  values 0 .0 8 6
High a g  /  low a Ng 0 .1 6 9
Low a g  /  high aNg 0 .0 3 6

Figures 84 and 85 illustrate the straight lin e  relation sh ip s between Em and
the logarithm o f (a g  + a a g a ) for the two additional va lu es o f  a .  Both s e t s
o f data have very high correlation  co e ffic ien ts: 0 .9 2  for the high K+Aow
Na* data where a  = 0 .1 6 9  ( f ig .  8 4 ) ;  0 .9 9  for the low K+/h ig h  Na+ data(P rincip le  op \4 A ibwhere a  = 0 .0 3 6  ( f ig .  8 5 ) N Thus, considering sep arate ly  data from high  
K+/lo w  Na+ and low K+/tuBti Na+ Ringers appear to provide a  more accurate  
description  o f  the behaviour of the c e l l  membrane than considering a ll the 
data togeth er .

IV . 4 .  T ests o f the model o f resting membrane e le c tro g en es is  

IV .4 . i .  Sodium substitution experim ents

T hese were carried  out in order to  te st d irectly  whether Na+ had an e f fe c t  on  
Em, and, i f  s o ,  whether the e ffe c t  was o f  the right order o f  magnitude to
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F ig . 84- Graph illustrating the relationship  between Em and the logarithm  
o f (a g  + 0 .1 6 9  a j j § ) . (B ars represent S .D ! s ) .  Streu^kblcrtG. 
PC±ed by 4+fJL .
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Graph illustrating the relationship  between Em and the logarithm  
o f (a £  + 0 .0 3 6  a ^ g ) .  (B ars represent S .E ' s ) .  Straightlurvfi 
•Potted btf Jtijjz .
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Figure 86 shows a  typ ical recording o f the e ffe c t  on Em of reducing  
ex tracellu lar Na+ activ ity  from 1 2 4 .6  mM to 1 .2 5  mM, using MgCl2 a s  a  
substitute (th e  c e l l  membrane was apparently not perm eable to  the la tter: a
tenfold change in a jjg , using g lucose a s  a  substitute caused  no more than 1 
mV change in Em) . Immediately a fter  the introduction o f  low-Na+ Ringer into  
the recording cham ber, the Em showed an in itia l hyperpolarisation  o f some 8 
mV from its  resting le v e l o f -5 0  mV. This was follow ed a fter  l e s s  than 1 
minute by a sustained depolarisation  o f some 18 mV to a  stead y  Em le v e l o f  
-40  mV which was reached 10 minutes a fter  the introduction o f the low-Na+ 
R inger. This e ffe c t  reversed  com pletely within 5 minutes o f  the return o f  
Normal Ringer to  the recording chamber.

In order to te st that th is unexpected resu lt was not due to  the unsuitability o f  
MgCl2 a s  a  Na+ substitute, th is type o f experim ent was repeated  using a  
variety  o f substitutes: choline ch lo r id e , n-methyl D-glucamine (nM DG),

tetromethylamwoftWmchloride (TMA c h lo r id e ) , g lucose and , for com parison, 
magnesium ch loride (MgCl2 ) .  In a ll  c a s e s ,  similar resu lts were obtained  
( f ig .  8 7 ) .  When Low-Na+ Ringer was substituted in for Normal sa lin e , an  
in itia l hyperpolarisation o f  2 to  7 mV was se e n . This i s  the type o f  resu lt 
ex p ected  if  Na+ were involved in generating Em. This in itia l
hyperpolarisation w as, in a ll c a s e s ,  follow ed by an u n exp ected , sustained  
depolarising p h a se , which began within one minute o f  the application  o f  
low -N a+ R inger. This phase d ep olarised  Em to le v e ls  2 to  8 mV more
p ositive  than their original resting values within the duration o f the
experim ent.

Thus, instead o f the sustained hyperpolarisation in Em ex p ected  i f  the 
perm eability o f the c e l l  membrane to Na+ were to  account for  the d ifferen ce  
between the exp ected  58 mV per d ecad e s lo p e  o f  the graph o f Em against the 
logarithm o f a g  and the observed  31 mV s lo p e , only a  transient 
hyperpolarisation occurred . This was follow ed by an unexpected  sustained  
depolarisation  in Em. Two p o ssib le  explanations for th is depolarising phase  
would b e  (a )  an in crea se  in a £  and a  corresponding depolarisation  in Eg
when the c e l l  was bathed in low -N a+ R inger, which would account for the
depolarisation  in Em, or (b )  a  change in the rela tive perm eability o f  the

account for the difference between the expected 58 mV per decade slope of
the graph of Em against the logarithm of the extracellular K* activity, and
the observed slope of no more than 31 mV per decade.
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F ig . 86 Chart recording o f a  Na+ substitution experim ent on a  Calllphora 
prepupa, illustrating the e ffe c t  on Em o f reducing the 
extrace llu lar  Na+ a ctiv ity , a N§ .
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P ig . 87 Tracings o f chart recordings o f  Na+ substitution experim ents on Calllphora prepupae using a variety o f Na+ substitutes ( lis te d  to  
the right o f  each  tr a c e ) .  This illu stra tes the con sisten cy  o f  
the resp on se  o f  Em to reduced a ^ g , reg a rd less o f  the substitute  
u sed .



muscle c e ll  membrane to Na+ and IC* in the p resen ce o f low extracellu lar  
Na+ . For exam ple, a  reduction in the perm eability o f the c e l l  membrane to  
K+ would resu lt in  the le v e l o f Em moving away from that o f  Er and hence Em 
would d ep o la r ise .

IV .4 -.ii .  The e ffe c t  o f low-Na* Ringer on E y

The depolarising phase o f the response o f  Em to low-Na+ Ringer could be  
exp la ined  i f  the intracellu lar K+ a ctiv ity , aj{, in creased  when the c e l l  was 
ex p o sed  to low a ^ g 's .  If th is were the c a s e ,  E g , and hence Em, would
d ep o lar ise  a s  a^  r o s e . In order to te st th is p ossib ility  experim ents were
d esign ed  in which aj£ was monitored whilst aj*g was reduced .

A typical chart recording obtained from such an experim ent i s  shown in figure
8 8 . The upper trace  shows the membrane potential o f the c e l l  ( in itia lly  38
m V), and the low er, the potassium -sensitive p oten tia l, which corresponded to
an ajj o f 80 mM. When low-Na+ Ringer ( 1 .2 5  mM Na+ ) was applied  to the
c e l l  a s  indicated beneath the tra ce , Em in itia lly  hyperpolarised  by some 4  mV
and then d ep olarised  to a  le v e l 9 mV more p ositive  than it s  orig in al resting
va lu e. (T his type o f result was consistent with data from ea r lier  Na+  .Similar claJfca. W'Orvfl.okbcuuA^ti -G-ovm .a. 'to ta l o-f 3caUs . substitution exp er im en ts). The ajJ o f  the c e lls  > how ever, remainedA
unchanged. —

Thus, the fact that Em gave a sustained depolarisation  in resp on se to  low  
le v e ls  o f ajja could not be exp lained  in terms o f a  change in the E^ o f the 
c e l l ,  s in ce  low-Na+ Ringer had no e ffe c t  on ajj.

IV .4 -.ii i .  The e ffe c t  o f low'-Na* Ringer on membrane r e s is ta n c e .

Any change in the re la tive  perm eability o f  the c e l l  membrane to  Na+ and K+ 
might be re flected  a s  a  net change in the resistan ce  o f  the membrane. In  
order to  te st the p ossib ility  that such a perm eability change was occurring in  
low -N a+ R inger, the membrane resista n ces o f c e l ls  were monitored during 
low-Na+ substitution experim ents (with Mg2+ a s  the su b stitu te).

A typical recording from one such experim ent i s  given in figure 8 9 . The 
lower trace i s  the current monitor, each  constant current pulse being denoted  
by an upward d eflection  o f the tr a c e . Current p u lses o f  7 .5  x  1 0 "^A were 
applied  to the muscle c e l l .  The upper trace shows the membrane potentia l o f



161

P ig . 88 Chart recording from an experim ent in which ajJ was monitored 
whilst aj|S  was reduced . This shows that a^  remains unchanged 
in  low -N a* R inger.



the c e l l  (in itia lly  -4 2  mV) and its  resp on ses to  the application o f the current 
p u lse s . T hese resp o n ses provide a  measure o f  the membrane res is ta n c e . 
The derivation o f resu lts from the chart paper in this type o f experim ent i s  
outlined in sectio n  H . 4 . i i i .  Data were obtained from 7 c e l l s ,  each  from a  
d ifferen t preparation, and are summarised in tab le 2 3 . The la rg e  p u lses  
ob served  immediately following the impalement o f the c e l l  ( f ig .  89) represent 
the membrane resista n ce  (column 1 ,  tab le 2 3 ) .  T hese p u lses were then  
balanced using the bridge circuit in order to  make any subsequent small 
changes in membrane resistan ce  e a s ie r  to  record  on chart paper. Following 
the introduction o f low-Na+ (1 .2 5  mM) Ringer (Mgz+ a s  substitute) into the 
recording cham ber, an in crease  in membrane resista n ce  was observed  
(columns 2 to  4 ,  tab le 2 3 ) .  The mean value o f the membrane r e s is ta n c e , 
Rm, in Normal Ringer was 96 ± 9 kn, and th is in creased  by an average of  
26% in low-Na+ Ringer to g ive a  mean o f 121 ± 10 kn*

Thus, the observation that the membrane resista n ce  in creased  when the c e ll  
was ex p o sed  to low -N a+ Ringer i s  consistent with the ea r lier  suggestion  that 
the re la tive  perm eability o f the c e l l  membrane to IC4* a n d /o r  Na+ appears to  
change in the p resen ce  of low ex tracellu lar Na+ . It i s  not p o s s ib le , 
how ever, to  deduce from th ese  experim ents whether the perm eability o f the 
c e l l  membrane was changing sp ec ifica lly  to  K+ or Na+ .

I V .4 .iv  The e ffe c t  o f low-Na* Ringer on the ’K* permeability* o f the c e ll  
membrane

In order to  determ ine whether the membrane resista n ce  in crea ses  observed  
when a  c e l l  i s  ex p o sed  to low Na+ Ringer were due to  a  reduction in the 
perm eability o f  the c e ll  membrane to K+ , potassium pulsation experim ents 
were carried  out. T hese involved the application o f con stan t-sized  p u lses  o f  
high ( 9 7 .2  mM) K+ Ringer to a  muscle c e ll  bathed in Normal Ringer and 
obtaining membrane resp on ses to th ese  p u lse s . Low-Na+ ( 1 .2 5  mM) Ringer 
was then substituted in for the Normal R inger, and any change in the  
membrane resp on se to  the high K+ p u lses n oted . This type o f experim ent i s  
illu strated  in figure 9 0 , which shows the depolarising resp o n ses o f the  
membrane potential to  high-K+ p u lses , the application o f which are denoted  
by short bars beneath the Em tr a c e ) ,  and low-Na+ Ringer ( 1 .2 5  mM Na+ ) .  
In Normal Ringer (1 2 5  mM Naf ) the p u lses d ep o larised  the Em by some 15  
mV. In low -N a+ R inger, however, the membrane resp on ses were reduced to  
around 3 mV. Shortly after the re-introduction o f Normal Ringer into the
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F ig . 89 Chart recording o f a  Na+ substitution experim ent on a  C&Uiphoro.
prepupa during which membrane resista n ce  was monitored by the  
rep e cited application  o f con stan t-sized  current p u lse s . It shows 
that membrane resista n ce  in creased  when a^ §  was reduced .



T a b le 23 C hanges In  membrane r e s i s t a n c e  record ed  d u rin g  low-NaH 
s u b s t i t u t i o n  e x p e r im e n ts  on Calllphora  prepupae (D a ta  
from  7 c e l l s )

C e l ln o .
Normal Rq 

( membrane r e s i s t a n c e )
kn

Low Na4
(membrane r e s i s t a n c e )

kn

A Rm
in  low  Na4 

kn

X A %  
in  low  Na4

1 100 150 50 50
2 85 115 30 3 5 .3
3 70 85 15 2 1 .4
4 14 0 160 20 1 4 .3
5 80 95 15 1 8 .8
6 100 120 20 20
7 97 120 23 2 3 .5

X 96 1 2 0 .7 25 2 6 .2
SE 8 .5 1 0 .2 4 .6 4 .7
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P ig . 90 Chart recording o f  a  K+ pulsation experim ent on a C&Uiphora, 
prepupa. This shows that the response o f the c e ll  membrane to  
co n sta n t-sized  p u lses o f  high K+ Ringer was markedly reduced  
when the c e ll  was ex p o sed  to low-Na+ R inger.
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T a b le  2 4 . Calliphora  m u sc le  c e l l  membrane r e s p o n s e s  t o  c o n s t a n t - 
s i z e d  p u ls e s  o f  h ig h  K* ( 9 7 .2  mM) R in ger  when b a th ed  
in  Normal R i c e ' s  s a l i n e  ( 1 2 4 .6  mM Na+ ) and low -N a+  
( 1 .2 5  mM) R in g e r .

Membrane r e sp o n se  a s  Z o f  i n i t i a l  r e sp o n se
t C e l l C e l l C e l l C e l l

(X  1 0 0 s ) 1 2 3 4
0 96 100 64 117
1 93 100 109 100
2 100 100 91 100
3 100 100 100 100
4 100 131 27 150
5 3 .6 7 .7 18
6 0 19 9 17
7 5 .4 23 18 0
8 1 .8 23 9 0
9 0 19 0 0

10 0 19 0 0
11 0 23 9 0
12 0 1 5 .4 9 0
13 1 .8 23 9 0
14 0 31 18 0
15 1 .8 154 73 0
16 1 .8 169 91 33
17 0 177 82 33
18 3 .6 154 73 33
19 93 154 91 66
20 93 162 64 66
21 86 154 73 167
22 89 154 73 100

*23 79 154 91 167
24 86 154 64 100
25 89 150 64 66

91 100

C e l l C e l l C e l l * SE
5 6 7

117 113 91 9 9 .7 7 .1
89 100 86 9 6 .7 3 .0

100 120 109 1 0 2 .9 3 .5
89 77 114 9 7 .1 4 .3
- - 77 111 9 9 .3 1 7 .7
11 77 o 1 1 9 .6 1 1 .8

0 13 0 8 .3 3 .2
0 13 0 8 .5 3 .6
0 10 0 6 .3 3 .2
0 10 0 4 .1 2 .8
0 7 0 3 .7 2 .7
0 7 0 5 .6 3 .2
0 7 14 6 .5 2 .5
0 7 14 7 .8 3 .2

22 10 36 1 7 .2 5 .5
0 7 9 3 4 .9 2 2 .1
0 7 0 4 3 .1 2 4 .4

11 10 9 4 6 .0 2 4 .2
11 10 100 5 4 .9 2 1 .4
11 10 105 7 5 .7 1 9 .5
11 10 109 7 3 .6 2 0 .4

156 87 109 1 1 8 .9 1 4 .8
122 80 109 1 0 3 .9 1 0 .5
156 73 82 1 1 4 .5 1 5 .9
144 73 118 1 0 5 .6 1 3 .1
156 73 109 1 0 1 .0 1 4 .6
144 95 100 1 0 6 .0 9 .626



recording cham ber, the resp on se o f  the membrane recovered  com p letely . 
Similar resu lts were obtained from a  toted o f 7 c e l ls  (ta b le  24 .).

The e ffe c t  o f low ex tracellu lar Na+ on the perm eability o f  the c e ll  membrane 
to  K+ is  illu strated  by figure 9 1 , a  graph showing the variation in the 
membrane resp on se to  co n sta n t-sized  p u lses o f  high K+ Ringer throughout the  
experim ent. (The membrane resp on se is  ex p ressed  a s  a  percen tage o f the 
in itia l pretreatment response to the pulse o f  K+ )~. This shows c lea r ly  the 
reduction in the resp on siven ess, i e .  perm eability o f the c e ll  membrane to  K+ 
which resu lts when the c e l l  i s  ex p o sed  to low ex tracellu lar  Na+ . A 
hundredfold reduction in ex tracellu lar  Na+ lea d s to an average reduction in  
membrane response to 4.% o f it s  orig in a l value.

The above attempt to  te s t  the hypothetical model , o f  resting membrane 
e lec tro g en es is  in Calliphora prepupae ( equation 2 ) ,  by performing Na+ 
substitution experim ents was thus only partially  su ccessfu l. A reduction in  
the extracellu lar Na* activity  of a  c e l l  gave an in itia l hyperpolarisation in  
Em, confirming that Na+ was involved in generating Em. This hyper- 
polarisation  w as, however, follow ed by an unexpected d epolarisation  in Em, 
which occurred sim ultaneously with a marked reduction in the perm eability o f  
the c e ll  membrane to K+ .

Thus, Na+ appears to  influence Em. However, in low -N a+ solutions the 
partial perm eability o f the c e ll  to  K* (and possib ly  other io n s) ch an ges, 
thereby altering the value o f a  and invalidating the model being te sted .

IV . 4.. v . Measurement o f both intracellu lar K+ and Na+  a c tiv itie s  in the
same population o f c e l ls

According to the model for resting membrane e le c tro g en es is  based  on the 
sim plified version  o f the Goldman-Hodgkin-Katz equation, which taken into  
account only the transmembrane gradients o f  K+ and Na+ (equations 1 and 2 ,  
section  IV . 3 ) it  should be p o ss ib le  to  predict the Em o f a  c e ll  from a  
knowledge o f the in tra- and ex tra -ce llu la r  a ctiv ities  o f K+ and Na+ , together  
with the value o f a (PNa/PK ) :

Em = 58 lo g
'9 .7  + a . 1 2 4 .6  
a j  + a  aNi  . (mV)

Thus, a  s e r ie s  o f experim ents was undertaken, involving the u se o f NIC-type
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F ig . 91 Graph illustrating the change in the magnitude o f  the membrane 
resp on se to  co n stan t-sized  p u lses o f high K+ Ringer when the  
cells were ex p o sed  to low Na+ R inger. This shows the marked 
reduction in Pj< which occurred in the p resen ce  o f  low le v e ls  o f  
ex tracellu lar  Na+ . (Bars rGfnAWnfc f̂cOwvdlc-rdl -Errors^ r\-~l
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K+ - and Na+ -ISM s to measure intracellu lar id" and Na+ a c tiv itie s  (a £  and 
a u i»  resp ectiv e ly ) together with the membrane potentia ls in a  population o f  
c e l l s .  The aim o f th ese  experim ents was to  substitute measured values o f  a £  
and a * ^  from sin g le  c e l ls  into the m odified Goldman-Hodgkin-Katz equation  
given a b o v e , and to determine which o f  the three values o f  a  calcu lated  
( 0 .0 8 6 ,  0 .1 6 9  or 0 .0 3 6 ,  s e e  section  I V .3 ,  tab le 22) gave the most accurate  
prediction  o f  the Em o f the c e l l .  Values o f  a ^ , a ^  and Em were th erefore  
measured in a  total o f 18 c e l ls  from 3 preparations, and are lis ted  in 
appendix 12 (columns 1 ,  2 and 3 r e sp e c t iv e ly ) .

The values o f  Em predicted  for each  c e l l  using the a  values 0 .0 8 6 ,  0 .1 6 9  
and 0 .0 3 6  are lis te d  in appendix 12 (columns 4 ,  5 and 6 ) and tab le 25 
where they are compared with the average measured value o f  Em.

1
T a b le  25 Com parison b etw een  Em v a lu e s  p r e d ic te d  u s in g  a  v a lu e s  o f

0 .0 8 6 ,  0 .1 6 9  and 0 .0 3 6  and m easured Em v a lu e s  (D a ta  i s  
g iv e n  a s  mean ± S E ).

___________a
0 .0 8 6  0 .1 6 9

Em ( p r e d ic t e d )  (mV): -3 9  ± 1 -27 ± 1
Em (m easu red ) (mV) : -48  ± 1 -48  ± 1
Em ( p r e d ic t e d )  - Em (m ea su red ): 9 ± 1 21

The membrane potential predicted  using an a  value of 0 .0 8 6  was thus more 
p ositive  than the measured membrane potential in a ll c e l l s ,  by an average o f  
9 mV, which i s  highly sign ificant (p  < 0 .0 0 1 ,  t - t e s t ) .  This i s  illustrated  by 
figure 9 2 , a  graph o f predicted  Em against measured Em. T hese points g ive  
a  correlation  co effic ien t o f 0 .6 1  and a  s lo p e  o f 1 .3 ,  and have a  rather wide 
sca tter . It was th erefore c lea r  that the above value o f a  did not provide an 
accurate prediction o f the Em of a  c e l l ,  implying that it  did not truly re fle c t  
the membrane p ro p erties.

The a  value calculated  from the high K+/lo w  Na+ data ( 0 .1 6 9 )  gave  
pred icted  Em values on average 21 mV more p ositive  than the measured Em 
v a lu es, reflectin g  perhaps the "abnormal" behaviour o f the c e l l  membrane in 
the p resen ce  o f low extracellu lar  Na+ le v e ls .  The a  value calcu lated  from 
the low K+/h ig h  Na+ data ( 0 .0 3 6 ) ,  how ever, provided, on a v er a g e , a  very  
accurate prediction o f  Em (th e  mean predicted  Em was equal to the mean 

measured Em) . Figure 93 shows the relationship  between Em (p red icted ) and

0 .0 3 6  
-48  ± 1 
-4 8  ± 1 
0
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F ig . 92 Graph showing the relationship  between the Em valu es predicted  
for a  population o f c e l ls  from the Goldman-Hodgkin-Katz 
equation using an a  value o f 0 .0 8 6 ,  and the values measured in 
the same c e l l s .  It illu strates the fact that the majority o f  the 
p red icted  values were more p ositive  than the measured Em's .
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F ig . 93 Graph showing the relationship between the Em values predicted  
for a population of ce lls  from the Goldman-Hodgkin-Katz 
equation using a values of 0 .0 3 6 , (filled  c irc les) and 0 .1 6 9  
(hollow c ir c le s ) , and the measured Em values in the same c e lls .  
It Illustrates that the a  value at 0 .0 3 6  provides the most 
accurate prediction of Em.



Em (measured) using the two additional values of a . This illustrates the 
greater accuracy of the a value of 0 .0 3 6  in predicting Em. The correlation  
coefficients for the points a re , however, low for both values of a  (0 .5 9  for 
a  = 0 .0 3 6 , 0 .6 1  for a  = 0 .1 6 9 ) ,  reflecting the high degree of scatter o f 
the points, relative to the range of Em values involved.

Thus the value of a (0 .0 3 6 ) calculated using data points from substitution 
experiments in which the extracellular Na+ levels  were equal to or greater  
than that in Normal Ringer ( ie .  where extracellular K+ varied betwen 0 .9 7  
and 9 .7  mM) provided the best predictions of Em. The final model for 
resting membrane electrogenesis was therefore modified from that proposed 
initially ( equation ( 2 ) ) ,  to include the a  value of 0 .0 3 6 . The latter was 
substituted into the simplified Goldman-Hodgkin-Katz equation together with 
the known values o f a£  (9 .7  mM) and ajj§ (124..6 mM) to give the 
following:

Em = 58 log
9 .7  + (0 .0 3 6  X 1 24 .6 )' 
. a£ + 0 .036  x  ajjit

Em = 6 6 .8  - 58 log  (a£  + 0 .036  aNJ ) ( 3 )

The above model remained to be tested by a further ser ies  of substitution 
experiments which will be discussed in the next section .

IV .4 .vi The effect of varying ( a &  + 0 .0 3 6  a*r§) on Em. whilst keeping 
( a 9  + 0 .0 3 6  aM§) x  arfl constant

According to the model for resting membrane electrogenesis proposed in the 
preceding section ( equation ( 3 ) ) ,  the Em of a muscle ce ll is  explicable in 
terms o f the transmembrane gradients o f K+ and Na+ , with the contribution of 
Na+ being weighted by a factor, o ( PNa/Px) with a value of 0 .0 3 6 . If this 
were correct, a  tenfold change in (a £  + 0 .0 3 6  a^a) would be expected to 
lead to a 58 mV change in Em. Since Cl" was known to be passively  
distributed in this preparation (sections m . 4 ,  I V . l . i i )  substitution solutions 
were constructed such that (a £  + 0 .0 3 6  a^a) x  a<R were kept constant 
(Appendix 6 ) .  The latter ensured that Cl" and water did not move across  
the ce ll membrane, in accordance with the Donnan equilibrium, when a£  and 
aNa were a ltered . Thus, changes in a£  and a ^ i would be expected to
produce rapid changes in Em«



As expected , a ll Em changes were quick and reversib le, occurring within le s s  
than a minute of the completion of the solution change (f ig . 9 4 ) . This 
confirmed the conclusions from intracellular Cl* activity measurements and Cl* 
substitution experiments that Cl* is  passively distributed in this insect.

The results obtained from 7 ce lls  (7 preparations) when (a g  + 0 .0 3 6  a*j§) 
was varied between 1 2 .9  and 1 8 .3  mH are listed  in appendix 13 , and the 
mean Em changes are shown in table 26 , below.

T able 26. Summary o f  th e  r e s u l t s  ob ta in ed  from s u b s t it u t io n  
experim ents on C a lllp h o ra  in  which (a g  + 0 .036  
aga ) was v a r ied  w h ils t  keep ing (a g  + 0 .0 3 6  aga ) 
x  a g i co n sta n t

(ag  + 0 .036  aNg )  
(mM)

Em ± SE 
(mH)

1 2 .9 -56 2
1 4 .2 N -54 2
1 5 .5 -51 2
1 7 .2 -49 2
1 8 .3 -47 2

The changes in Em with changes in (a g  + 0 .0 3 6  ajj§) are represented  
graphically in figure 95. The latter illustrates the linear relationship  
between Em and the logarithm of (a g  + 0 .0 3 6  a jj§ ). The slope of the line  
i s  59 mV per tenfold change in (a g  + 0 .0 3 6  a*j§) with a correlation  
coefficient of 0 .9 9 6 . This slope is  extremely c lose to 58 mV, providing 
conclusive evidence that the model for resting membrane electrogenesis  
proposed (equation (3 ) )  accounts fully for the ionic bases of the resting 
membrane potential.

In conclusion, in Calliphora prepupae, both the IC* and Na+ gradients are 
involved in generating the resting membrane potential o f the body-wall muscle 
c e lls . The membrane potential can best be explained by assuming that the 
ratio of the Na+ : K+ permeabilities of the membrane, a = PNa/PK» has a  
value of 0 .0 3 6 .
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F ig . 94. Chart recording showing a substitution experiment on a
Calllphora prepupa in which (a £  + 0 .0 3 6  a^§) was varied whilst 
(a g  + 0 .0 3 6  a^§) x  a<5 W3LS kept constant. It illustrates the 
rapid and sustained nature of the changes in Em in response to 
changes in (a £  + 0 .0 3 6  a ^ § ).
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Graph illustrating the relationship  between Em and the logarithm  
o f ( a g  + 0 .0 3 6  a j j § ) . It shows that a ll  points fa ll extrem ely  
c lo s e  to  a  lin e  with a  s lo p e  o f 59 mV per tenfold  change in  
(a g  + 0 .0 3 6  a ^ g ) .  (Bars ind icate S .E . ' s )
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V. INTRACELLULAR IONIC ACTIVITY MEASUREMENTS IN CHILD LARVAE

V . 1 .  Conventional m icroelectrode measurements o f  membrane p otentia ls

Conventional 2 .5  M K C l-filled  m icroelectrodes (OM's) were used to estab lish  
the 'normal* le v e ls  o f resting p oten tia ls , Em, in Chilo preparations, a s  
d escrib ed  in sectio n  m . l  for Calliphora. Using th is inform ation, it was 
p o ss ib le  to test that IS  Ms did not in flic t sign ificant damage on Chilo muscle 
c e l l  membranes during the impalement o f the c e l l s ,  by comparing the mean 
and distribution o f  membrane potential values measured using the two types o f  
m icroelectrode. I f  damage were occurring, d ep olarised  le v e ls  o f  resting  
potentia l would be record ed . Thus, i f  the rela tively  co a rse  tips o f  ISM s 
(<  1 .5 ^ m cf < ljun for OMs) were leading to  poor impalements being obtained , 
the Em values recorded using th is technique would be ex p ected  to  have a  
lower mean and a more asymmetrical distribution than the values recorded  
using OMs. Control data was obtained from a total o f 99 c e l ls  from 13 
preparations using OMs (with tip re s ista n ces between 60 and 80 Mn) and a  
frequency histogram illustrating the distribution o f the values measured is  
shown in figure 9 6 . Em's o f between -35  and -59  mV were record ed , giving  
a  mean of -US mV. The distribution o f th ese  values was normal, with the 
mean falling very c lo se  to the modal c la s s .

The means and distributions o f Em values subsequently measured using the 
re feren ce  b arrels o f  io n -sen sitiv e  m icroelectrodes (ISM s) were compared with 
the above population o f values recorded  using OMs ( f ig .  9 6 ) .  Data from 
ISMs was accepted  only i f  the Em values measured in a  given preparation were 
comparable in both mean and distribution to  those measured with OMs.

Intracellular ion ic  activ ity  measurements in Chilo larvae

K*, Na*- and C l" -sen sitiv e  m icroelectrodes were made and calibrated  a s  
d ecribed  in section  H . l .  S in gle  c e l ls  in preparations bathed in W eevers' 
sa lin e  (Appendix 2 ) were impaled with ISMs under m icroscopical control. 
The resu lts d escrib ed  below were derived from chart recordings by d irect  
measurement (fo r  membrane p oten tia ls) and by referring the recorded  
potential from the active barrel to the calibration curve for the ISM (io n ic  
activity  measurements) (sec tio n  I I .4 -.i i ) .  Full l is t s  o f data from individual 
c e l ls  are given in append ices 8 (K* d a ta ) , 9 (Na+ data) and 10 (Cl" d a ta ) .  
In each  l i s t ,  the data from different preparations is  separated  by a  sp a c e .
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F ig . 96 Frequency histogram illustrating the distribution o f Em values  
measured in Chllo larvae with conventional m icroeletrod es.



the secondThe f ir st column g iv es  the membrane potential o f each  c e l l ,  Em; 
the potential resp on se to the primary ion (K f , Na+ or C l" ), Vx ; the th ird , 
the in tracellu lar activ ity  o f  the primary io n , a^j; the fourth, the 
corresponding equilibrium p oten tia l, Ex , and the fifth , the d ifferen ce  between 
the equilibrium potential for the primary ion  and the membrane potentia l for  
each  c e l l ,  Ex  - Em.

It should be n o ted , how ever, that the muscle c e l ls  o f Chilo larvae are  
markedly sm aller than those o f CQlUphora larvae or prepupae (~  0 .2  x  1 .5  
mm c f .  0 .5  x  2 mm in Ce77/phora) with the resu lt that Chllo c e l ls  were more 
difficu lt to impale without inflicting damage on the c e l l  membrane. This
resulted  in more variability  in the data recorded and n ecessita ted  the 
discarding o f  a la rg e  amount o f data which was not in  accordance with the 
cr iter ia  s e t  down for the se lec tio n  o f  resu lts (sec tio n , H . 5 ) for exam ple, a  
total o f 63 c e l ls  from 10 preparations were impelled using Na+ ISM S, but only  
13 c e l ls  (21Z  o f the total Na+ data) were a ccep ted .

V .2 . Intracellu lar K* a ctiv itie s

Measurements o f intracellu lar IC* a c tiv it ie s , a jj 's , were made using two typ es  
o f  K+ ISM: one based  on the Coming potassium exchanger (c o d e  4-77317),
LIX, and the second on the valinom ycin-based neutral ion ca rr ier , NIC 
(Oehme & Simon, 1 9 7 6 ) .  A typical impalement using each  type o f  K+ ISM is  
shown in figu res 97 and 9 8 . In ea ch , the upper trace corresponds to  the 
membrane p oten tia l, Em, and the lower the potassium -sensitive p o ten tia l, V^, 
which was referred  to the calibration curve o f  the ISM to g ive the 
in tracellu lar K+ a ctiv ity , ajJ. Figure 97 shows the impalement o f a  c e ll  with 
a  IiEX-type id" ISM giving an Em o f -4-4- mV and an ajj o f 90 mM which 
corresponded to a potassium equilibrium p oten tia l, Ek » o f -3 6  mV. The 
la tter  was more p ositive  than Em by 8 mV. Figure 98 shows an impalement 
made using a  NIC-type id - ISM , giving an Em o f -4 0  mV, an a^  o f 69 mM 
and a corresponding E^ Of -29 mV. As noted for the LEX-type ISM d ata , Ek 
was more p ositive  than Em, here by 11 mV. Data were obtained from a  total 
o f 78 c e l ls  from 7 preparations using LIX-type ISM s, and from 77 c e l l s ,  8 
preparations using NIC-type ISM s. The averaged  data i s  summarised in tab le  
2 7 , below .
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P ig . 97 Chart recording showing a  typical impalement o f  a  Chllo larval 
m uscle c e ll  with a LIX-type K+ ISM .
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F ig . 98 Chart recording showing a typ ical impalement o f  a  Chllo larval 
muscle c e ll  with a N IC -type K+ ISM .



T a b le  27 I n t r a c e l l u l a r  K4" d a ta  from  Chilo  la r v a e  (D a ta  from LIX- 
ty p e  (7 8  c e l l s ,  7 p r e p a r a t io n s )  and N IC -type (7 7  c e l l s ,  
8 p r e p a r a t io n s )  ISMs a r e  g iv e n  a s  mean ± SE)

LIX NIC
a £  (mM) : 65 ± 1 62 ± 1
EK (mV) : -27  ± 1 -26  ± 1
Em (mV) : -46  ± 1 -45  ± 1
EK_Em (mV): 19 ± 1 - 19 ± 1

The intracellu lar K4* a ctiv ity , a £ ,  va lu es recorded using LIX-type ISMs 
ranged from 4-3 to  96 mM with a  mean o f 65 mM. The distribution o f th ese  
v a lu e s , illustrated  in the form o f a  frequency histogram in figure 9 9 a , i s  
somewhat skewed but approxim ately normal, with the mean (6 5  mM) fa llin g  in  
the c la s s  adjacent to the modal c la s s .  Similar trends were observed  in the  
data recorded  using NIC-type ISMs ( f ig .  9 9 b ) .  Values were in the range 44- 
to  82 mM, with a  mean o f 62 mM.

The corresponding potassium equilibrium v a lu es, E x , for LIX-type ISM data  
were between -20  and -38 mV (mean -27 mV) and follow ed an approxim ately  
normal distribution ( f ig .  1 0 0 ) Ex was con sisten tly  more p ositive  than Em, 
which had values between -36 and -60  mV, with a  mean o f -46  mV. This 
trend is  re flected  in figure 1 0 0 , where the distributions o f the two 
param eters are compared on the same a x e s .  The two distributions are quite 
d istin c t, with only a very small area  o f  over lap , between -32 and -4 0  mV, 
and a d ifferen ce  o f 19 mV between the m eans. The Ex values calcu lated  
from the NIC-type ISM data were between -18  and -34  mV with a  mean o f -26  
mV which f e l l  in the modal c la s s  o f the frequency histogram for th is data  
( f ig .  1 0 1 ) .  This data resem bled that from LIX-type ISMs in E x being  
con sisten tly  more p ositive  than Em in a ll c e l ls  stu d ied , by an average o f  19  
mV. Em values recorded by the refen ce  b arre ls  o f NIC-type ISMs ranged  
from -36  to  -5 4  mV with a  mean o f -45  mV which fe l l  in the modal c la s s  o f  
the frequency histogram for th is data ( f i g . 1 0 1 ) .  The separation between  
the populations o f Ex and Em values i s  a lso  illustrated  in the same fig u re .

T hus, the intracellular K4" activity  data obtained from Chilo larval muscle 
c e l ls  using two types o f K4" ISM , based  on LIX- and NIC-type K+ -s e n s o r s ,  
were qualitatively sim ilar. The mean values o f  ajJ recorded using the two 
typ es o f  ISM (6 5  mM using LIX-type and 62 mM using NIC-type ISM s) w ere, 
how ever, signficantly  d ifferent (p  < 0 .0 5 ,  t - t e s t ) .  This implied that Chilo
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F ig . 99 Frequency histogram s illustrating the distributions o f aj£ values  
measured in Chllo larvae usin g , a .  LIX-type K+ -ISM ’s  and 
b . NIC-type K+ -ISM *sf drawn on the same s c a le s  for  
com parison.
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Frequency histogram s illustrating the d istributions o f Eg and Em 
values measured in Chllo larvae using LIX-type K+ IS  M 's, on  
the same a b sc issa  for com parison.
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Frequency histogram s illustrating the distributions o f  EK and Em 
values measured in Chllo larvae using N IC -type X+ IS H ’s ,  on 
the same a b sc issa  for com parison.
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larval muscle c e l ls  may contain a  small amount of interferent to  which the LIX 
responded , giving a  sligh tly  e levated  value for apparent ajJ ( c f .  Calliphora 
prepupae, section  H I . 2 .  i i ) .

Values o f Ek calculated from the above aj£ data (from both ty p es o f IC* ISM ) 
were consistently  more p ositive  them Era. There a re  two p o ssib le
explanations for th is observation: f ir s t ly , the high values o f  Ex may result
from damage to  the muscle c e l ls  during impalement allowing extracellu lar  
to  enter the c e ll  and e lev a te  the intracellu lar K+ activ ity; seco n d ly , the 
fa c t that Ex i s  more p ositive  than Em may be a  true reflectio n  o f the 
p rop erties o f  the muscle c e l l  membrane, suggesting that id* i s  not the only  
ion  involved in resting membrane e le c tro g en es is  in Chllo. The former
p o ssib ility  was investigated  by comparing the values o f  Em measured using 
conventional m ciroelectrodes (OMs) and K+ ISM s,i fir stly  in a  given  
preparation , and secon d ly  in the total population o f c e l ls  in vestiga ted .

The Em values measured in one preparation using a LIX-type K* ISM and an 
OM were very sim ilar in both mean and distribution: Em's  measured using an
ISM ranged from -4-0 to -4-5 mV with a mean o f 4.3 mV, th ose measured using  
an OM were between -37  and -47 mV, with a mean o f -4 2  mV ( f ig .  102 a ,b ) .  
The total population o f Em values measured using K+ IS  Ms (both LIX- and 
N IC -type) ( f ig .  10 3 ) a lso  compared favourably with the total population  
recorded  using OMs ( f ig .  9 6 ):  va lues between -36 and -6 0  mV, with a mean
o f -45  mV were recorded  using K+ IS Ms, c f .  a  range o f -35  to  -58  mV with
a  mean o f -45  mV measured using OMs. This confirmed that K* ISMs do not
cau se sign ificant damage to  Chilo muscle c e l l s ,  and that the high values o f  
E x calculated  are th erefore lik ely  to r e f le c t  the true membrane p ro p erties. It  
was concluded that in th is in se c t , K+ i s  not the only ion  involved in the
maintenance o f Em. One or more io n ic  mechanisms, 'x ' ,  with equilibrium
p o ten tia l, Ex , more negative than Em must a lso  be in vo lved . P ossib le
candidates for th is mechanism were Na+ , Cl" and a m etabolic pump, which
were subsequently in vestigated .

V . 3 . Intracellu lar Na+ a ctiv itie s

Measurements o f in tracellu lar Na+ a c t iv it ie s , a ^ ,  were made using ISMs 
based  on the neutral ion carrier  ETH 227 (S te in er  et al, 1 9 7 9 ) .  The 
behaviour o f  th is type o f ISM was found to be rather unstable in the 
high-C a2+ lepidopteran sa lin e  used to  bathe the Chile preparation , however.
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(a)

Em (mV)

(b)

F ig . 102 Frequency histogram s illustrating the distributions o f Em values  
measured in one Chllo larva , u sin g , a .  a  conventional 
m icroeletrode and b . a  K1 ISM .
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F ig . 103 Frequency histogram showing the d istributions o f  Em values  
measured in Chilo larvae using the two typ es o f  K+ ISM .



The vast majority o f  impalements did n ot, th erefo re , obey  the cr iter ia  for 
se le c tio n  o f resu lts lis te d  in section  H .5 .  The resu lts d escrib ed  below  
rep resen t re lia b le  impalements from only 13 c e l ls  (from 6 p rep aration s). 
Such an impalement i s  shown in figure 1 0 4 . The upper trace  shows the 
intracellu lar Na+ activ ity  a ^  ( h e r e , 8 mM) and the low er, the membrane 
p oten tia l, Em ( - 4 0  mV) o f the c e l l ,  with steady values o f  each  being  
maintained for four m inutes, thus satisfy ing  the cr iter ia  for se lec tio n  o f  
resu lts . The data obtained from 13 c e l ls  i s  summarised in tab le  28 below .

T a b le  28 I n t r a c e l l u l a r  Na+ d a ta  from  m u sc le  c e l l s  o f  Chilo  la r v a e
(D a ta  from  13 c e l l s ,  6 p r e p a r a t io n s  a r e  g iv e n  a s  mean ± SE)

aNa ! 
ENa ! 
Em !
ENa_Em !

12 ± 2 mM 
-6  ± 4  mV 

-47  ± 2 mV 
+41 ± 3 mV

The values of in tracellu lar Na+ a ctiv ity , a ^ ,  recorded  from Chilo larvae  
were between 4 .6  and 29 mM, with a mean o f 1 2 .3  mM. The frequency  
histogram o f th ese  values (figure 10 5 ) shows an approxim ately normal 
distribution with the majority (9 2 Z ) o f values falling between 4 .6  and 19 mM, 
and the mean c lo s e - to  the modal c la s s .

The values for the sodium equilibrium p oten tia l, Ejja» calcu lated  from the ajja 
data had a normal distribution ranging from + 1 5 .9  to -3 0 .5  mV with a mean 
o f  -6  mV ( f ig .  1 0 6 ) .  The mean f e l l  in the modal c la s s  o f the frequency  
histogram . ,  Ejja was found to be con sisten tly  more p o sitiv e  them Em, by an 
average o f 41 mV. (E m ranged from -39  to -6 0  mV with a mean o f -47  mV). 
This is  illustrated  in figure 1 0 7 , which shows frequency histogram s for both 
Ej|a and Em on the same a x e s :  the two populations do not overlap  at any
point.

In order to te st that Na+ -ISM s did not damage c e l l  membranes during 
im palem ents, the mean and range o f Em values recorded by the referen ce  
b arrels of th ese  IS Ms were compared with th ose measured using conventional 
m icroelectrodes ( f i g . 9 6 ) .  There warn found to b e  a  c lo s e  correspondence  
between the two s e t s  o f values: Em's measured using Na+ISM s were in the
range -39  to -60  mV, with a mean o f -47  mV; those recorded  using OM's 
were between -36 and -60  mV with a mean o f -45 mV. This confirmed that
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P ig . 104. Chart recording showing a typ ical impalement o f  a Chflo larval 
muscle c e ll  with a Na+ ISM .
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P ig . 105 Frequency histogram illustrating the distributions o f a ^  values  
recorded  in CJiilo larvae.

Fig. 106 Frequency histogram illustrating the distribution of E^a values
for C h tlo  larvae.
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Fig. 107 Frequency histograms showing the distributions of ENa and Em
values in ChiJo larvae, on the same abscissa for comparison.
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Na+ IS Ms had not in flicted  damage on the muscle c e l l s .

Thus, it  was concluded from th ese  measurements that whilst Na+ may be  
involved to some exten t in resting membrane e le c tr o g e n e s is , it  i s  not the ion  
'x ' predicted  at the end o f the previous sectio n  to be involved in resting  
membrane e le c tro g en es is  in Chilo, s in ce  E^a is  not more negative than Em, 
but more p o sitiv e . Another candidate for the ion 'x ' was C l", which was 
in vestigated  in the next sec tio n .

V .4 .  Intracellu lar Cl" a c tiv itie s

Intracellu lar Cl" activity  measurements were made in muscle c e l ls  o f Chilo 
larvae using d ou b le-b arrelled  Cl" sen sitiv e  m icroelectrodes based  on the 
improved Cl" liquid ion exchanger (C om ing 477913;« Baumgarten, 1 9 8 1 ) .  
The referen ce  b arrels o f th ese  IS  Ms were f ille d  with an organic referen ce  
liquid ion exchanger (RLIE, Thomas & Cohen, 1 9 8 1 ) .  The la tter  had 
previously proved to be more su itable a s  a re feren ce-b a rre l fillin g  solution  
than the alternative mixture o f KC1 and Kz SO,t. ( s e e  section  m . 4 . i )  which 
shows a  tendency to leak into impaled c e l l s ,  thus artific ia lly  elevating the 
in tracellu lar Cl" activity  sen sed  by the active b arrel.

A typical im palem ent-of a c e l l  using a Cl"-ISM is  shown in figure 1 0 8 . The 
upper trace shows the C l"-se n sitiv e  response o f the active  b a rre l, 
corresponding to  an intracellular Cl" activity  o f 8 .2  mM, and the lower 
tr a c e , the membrane potential o f the c e l l  ( - 5 0  mV). Both tra ces remained 
p erfectly  steady for more than 5 m inutes, showing that the impalement was 
s ta b le . The a d  value of 8 .2  mM corresponds to a  ch loride equilibrium  
p oten tia l, E c i, o f -53  mV, more negative than the Em o f -50mV. Similar 
data was obtained from a  totcil o f 92 c e l ls  from 9 preparations, giving the 
resu lts lis te d  in tab le 29 below.

T a b le  29 I n t r a c e l l u l a r  Cl" a c t i v i t y  d a ta  from Chilo  la r v a e .  (D a ta  
from 92 c e l l s ,  9 p r e p a r a t io n s  a r e  g iv e n  a s  mean ± SE)

a4l :
Eci :
Em
Eci-Em

8 ± 0 .2  mM 
-5 4  ± 1  mV 
-4 6  ± 0 .5  mV 

-8  ± 0 .4  mV
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Pig. 108 Chart recording illustrating a typical impalement of a C h ilo
larval muscle cell with a C1~-ISM.



The va lu es for in tracellu lar Cl" a c tiv ity , recorded  ranged betw een 4 .8
and 15 mM, with a  mean o f 8 .2  mM. The frequency histogram  o f th is  data 
(fig u re  10°)) shows a  somewhat asym m etrical d istrib u tion , with the m ajority 
(9 0 1 )  o f data poin ts fa llin g  betw een 4 .8  and 1 0 .5  mM.

The ch lorid e equilibrium  p oten tia l v a lu es, E ci» ca lcu la ted  from the above a^j 
data were between -38  and -67  mV (m ean, -5 4  mV) with a  rather irregu lar  
but approxim ately normal d istrib u tion . E c i was co n sisten tly  more n egative  
than the membrane p oten tia l in  a ll c e lls , by an average o f 8 mV. (E m va lu es 
ranged betw een -36  and -55  mV, with an average o f -46  m V). The d is ­
tributions o f Em and E c i va lu es are shown in  frequency histogram s ( f ig . 110  
a ,b ) .  The fa ct that E ci was con sisten tly  more n egative than Em is  b etter  
illu stra ted  in  figu re 1 1 1 , in  which valu es o f E ci from individual c e lls  are  
p lotted  again st the corresponding Em value from the sam e c e l l .  T his resu lt 
i s  not ex p lica b le  in term s o f membrane dam age during im palem ents with ISM 's 
for two reason s: (a )  membrane damage is  known to resu lt in  d ep o larisa tion
o f the Em. V alues o f Em record ed  with ISM 's w ere sim ilar in  both mean and 
distribution  to th ose record ed  with OM's (ranging from -3 6  to  -55  mV with a  
mean o f -4 6  mV c f . va lu es o f -36  to  -6 0  mV, with a  mean o f -4 7  mV 
obtained with O M 's). This confirm ed that the IS Ms did  not damage the c e ll  
membranes during im palem ents; (b ) if  dam age had o ccu rred , it  would have 
been  ex p ected  to  lea d  to an elev a tio n  in in tracellu lar Cl" a ctiv ity  le v e ls , and 
h en ce to  E c i valu es more p o sitiv e  than Em.

Thus, th ese  m easurem ents o f in tracellu lar Cl" activ ity  in  Chllo larvae in d icate  
that Cl" may play a  ro le  in  restin g  membrane e le c tro g en es is  in  th is in se c t, 
s in ce  E ci d o es not equal Em. A lso , Cl" is  a  lik e ly  candidate for the ion  'x* 
which contributes to  Em, a s d escrib ed  at the end o f sectio n  V .2 , with its  
equilibrium  p oten tia l more n egative than Em. This p o ssib ility  is  further 
in vestiga ted  by a s e r ie s  o f substitution experim ents in sec tio n  V I.5 .
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109 Frequency histogram illustrating the distribution of a<^ values in
C h ilo  larvae.
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F ig . 110 Frequency histogram  illu stra tin g  the d istrib u tion s o f , a . E^i 
valu es and b . Em valu es in Chllo la rv a e .
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Graph illu stratin g  the rela tion sh ip  betw een E ci and Em in  Chilo 
la rv a e . The so lid  lin e  d en otes the eq u ality  E ci = Em, showing 
that fo r a ll Chilo m uscle c e l ls ,  E c i was wore n egative than 
Em.

Fig. Ill



V I. IONIC SUBSTITUTION EXPERIMENTS ON CHILO LARVAE

The hae/m olym ph o f L epidoptera larvae i s  known bo contain the in organ ic io n s  
K+ , Na+ , Mgz+ and C l". The r o le  o f th ese  io n s in  restin g  membrane 
e le c tr o g e n e s is  in  Chilo was th erefore in v estig a ted  by carrying out a  s e r ie s  o f  
io n ic  substitution exp erim en ts. A ll so lu tion s used were b ased  on Wee v ers' 
lep id op teran  sa lin e  (ap p en d ix 2 ) and th eir com positions were a s  lis te d  in  
ap p en d ices 3 , 4 , and 7 . Ion ic substitution experim ents involved  im paling a  
c e ll bathed in  Normal sa lin e  and recording a  stead y  membrane p oten tia l from  
i t .  Solu tion s containing a  range o f a c tiv itie s  o f the ion  under in vestiga tion  
w ere substituted  in  and new , stea d y , Em va lu es record ed  in  e a c h .

In addition  to  th e r o le s  o f K *, Na+ , Mgz+ and C l" , th e p o ssib le  contribution  
o f an e le c tr o g e n ic , m etabolic pump to  Em was in v estig a ted . Two ty p es o f  
experim ent w ere perform ed: fir stly  c la s s ic a l coolin g  exp erim en ts, in  which
the tem perature o f the preparation was red u ced , thus slow ing down the  
chem ical reaction s o f  m etabolism ; and seco n d ly  the ap p lication  o f a  sp e c ific  
Na+-K+ ATPase in h ib ito r , ouabain . The e ffe c t on Em o f th ese  two 
proced u res was a sse sse d  by im paling a  c e ll with a  conventional m icroelectrod e  
at room tem perature and recording a  stea d y  Em. The preparation  was then  
co o led  or ouabain ap p lied  and new , ste a d y , record in gs o f Em o b ta in ed , and 
the rev ersib ility  o f-th e  e ffe c t tested  by returning the c e ll to  Normal R inger 
a t RT.

V I. 1 . Potassium  substitution experim ents

P revious ISM m easurem ents o f in tracellu lar 1C4* a c tiv itie s  in  Chilo, show ed that 
in  th is in se c t the potassium  equilibrium  p o ten tia l, E g , is  more p o sitiv e  than 
Ejj| in  a ll c e l l s . T his im plies that K+ i s  not the on ly ion  involved  in
generating Em. In order to  a s s e s s  the s iz e  o f the contribution o f K+ to  
Em, substitution experim ents were carried  out in  which the ex tra ce llu la r  K+  
a c tiv ity , a £ , was varied  betw een 0 .7 2  and 3 0 .2  roM, using Na+ a s  the  
su b stitu te . The com positions o f the so lu tion s used are lis te d  in  append ix 3 .

F igure 112 shows a  chart recording o f such an experim ent. The c e ll was 
im paled with a  conventional 2-5m K C 1-filled m icroelectrod e a t the point marked 
by the arrow head, and a  . stead y  Em o f -4 3  mV reco rd ed . Solu tion s 
containing a  range o f K+ a c tiv itie s  w ere th^n substituted  in  and the c e ll  
allow ed to eq u ilib rate in  each  for a t le a s t  12 m inutes, or until a  com pletely
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F ig . 112 Chart record ing showing a  K4 substitution experim ent on a  Chilo 
la rv a . T his illu stra te s the su stain ed  e ffe c t on %  o f changing



stea d y  new Em was ob ta in ed . Sim ilar d ata  was obtained from a  to ta l o f 8 
c e l ls ,  each  from a  d ifferen t p rep aration , and a re  lis te d  in  tab le 3 0 .

T h ese resu lts a re  rep resen ted  grap h ica lly  a s  mean Em (±  S E ) aga in st the  
logarithm  o f the ex tra cellu la r  K+ a c tiv ity , a £ , in  figu re 1 1 3 . The p o in ts 
fo llow  a  curve rather than a  stra igh t lin e , with a  maximum slo p e  o f 30  mV p er  
ten fo ld  change in  a g  (fo r  a g  va lu es betw een 2 1 .6  and 3 0 .2  mM) and a  
minimum slo p e  o f  3 mV p er ten fold  change in  a g  (fo r  a g  va lu es betw een 0 .7 2  
and 2 .2  mM). T his maximum slo p e  o f 30 mV is  markedly d ifferen t from the 
s lo p e  o f 58 mV p er ten fo ld  change in  a £  p red icted  by the N em st equation fo r  
a  c e ll  membrane perm eable only to  id*. This resu lt i s  co n sisten t with the  
fa c t that the potassium  equilibrium  p o ten tia l, Ex* a s  ca lcu la ted  from the  
in tracellu lar id* a ctiv ity  data for th is in se c t , was not equal to  Em, but was 
co n sisten tly  more p o sitiv e  than Em in  a ll c e lls  studied  ((sectio n  V .2 ) .

T a b le  30 D ata from  id  s u b s t it u t io n  ex p e r im e n ts  in  Chilo

Membrane p o t e n t ia l s ,  Em* (-m V ) 
in  v a r io u s  a g * s (mM)

C e ll n o . 2 1 .6m 7 .2 2 .1 6 0 .7 2 2 1 .6 m 3 0 .2

1 40 — 46 47 48 38 31
2 43 46 48 50 44 39
3 46 49 51 53 46 38
4 44 52 58 60 44 38
5 43 49 51 52 43 49
6 35 38 41 43 35 30
7 41 45 48 50 40 34
8 40 44 47 48 41 35

X 4 1 .5 4 6 .1 4 8 .9 5 0 .5 4 1 .4 3 6 .8
SE 1 .2 1 .5 1 .7 1 .7 1 .3 2 .1

V I .2 . Membrane resista n ce  m easurem ents

The resu lts o f K+ substitution experim ents (se c tio n  V I. 1 ) showed that th e  
relation sh ip  betw een Em and the logarithm  o f a g  was not lin e a r , but follow ed  
a  sm ooth curve ( f ig . 1 1 3 ) . One p o ssib le  exp lan ation  fo r  the n on -lin ea rity  o f  
the membrane resp on se to  ch an ges in  a g  would b e a  change in  the re la tiv e  
perm eability o f  the m uscle c e ll membrane to  Na+ and id* when the
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P ig . 113 Graph showing the rela tion sh ip  betw een and the logarithm  o f 
a £  in Chilo la rv a e .
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extracellu lar Na4 activ ity , a^ g , was altered  (c f . that in Calllphora, section  
rv.4-.iii). In the K4 substitution experim ents described  in section  VI. 1 , Na4  
was used a s the substitute, therefore high-K4  solutions contained low Na4 
activ ities and low-K4 solutions contained high Na4 a ctiv ities. Changes in 
membrane permeability might be expected  to be reflected  in changes in the 
resistance o f the c e ll membrane. The following ser ie s  o f experim ents was 
therefore carried out in which membrane resistance was monitored during a K4  
substitution experim ent. Stimulating current pulses 7.5 x  1 0 "®A in s ize  were 
applied continuously, allowing calculation o f membrane resistance from Ohm's 
law. Measurements from 24 c e lls  (4  preparations) gave an average value for 
membrane resistance o f 4417 ± 310 KO (s e e  appendix 1 4 ) . In four o f these 
c e lls , th is response to the stimulating pulses was balanced using the bridge 
circuit facility  on the am plifier, in order to make small subsequent resistance 
changes more obvious. Low-K4 Ringer (0 .7 2  mM K4 ) was then substituted in , 
and any change in membrane resistance noted. The c e ll was returned to  
Normal Ringer (2 1 .6  mM K4 ) before being placed in high-K4 Ringer (3 0 .2  
mM K4 ) then finally returned to Normal Ringer. A typical recording of such 
an experiment is  given in figure 114 . This shows the d ecrease in membrane 
resistan ce typically observed in low JcVhigh Na4 solu tions, and the increase  
observed in high IcVlow Na4 solutions.

The results obtained from 4 c e lls , each from a  different preparation, are 
given in table 31 . It was found that in low JCVhigh Na4  Ringer, the 
membrane resistance decreased by an average o f 3 7 2 , and in high K4/low  
Na4 Ringer, it increased by an average of 41 z . These changes may be
attributable to a number of mechanisms, which will be discussed in the final 
chapter.

VI. 3 . Sodium substitution experim ents

Previous measurements o f intracellular Na4 a ctiv ities in ChiJo (section  V. 3) 
showed that the sodium equilibrium potential, E^a was not equal to E^. This 
suggested that Na4 might be involved in resting membrane electro gen esis, and 
to investigate this possib lity  a ser ie s of Na4  substitution experim ents was 
carried out. Extracellular Na4 activ ity , a^g was varied between 0 .9  and 8 .6  
mM, using Mg24 a s the substitute, the latter being an impermeant cation (se e  
section  V I.4 ) .  The composition of these solutions is  given in appendix 7 .
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P ig . 114.. Chart recording o f a K* subtitution experim ent on a Chilo larva 
during which membrane resistance was monitored by repeated  
application o f constant-sized  current p u lses. It shows that 
membrane resistance increased when a£  was reduced/a£a 
in creased , and decreased when a£  was in creased /afta reduced.
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T able 3 1 . Membrane r e s is ta n c e  changes 
exp erim en ts in  w hich ajj and

in  C h ilo  during s u b s t itu tio n  
aga  w ere v a r ied  sim u lta n eo u sly

C e ll
no.

Membrane
r e s is ta n c e

<W2)
A Membrane 

low id y h ig h  Na+
r e s is ta n c e  (KD) in  
Normal h igh  K ^/low Na+

1 1667 - 667 0 +1333
2 3333 -1000 0 +1333
3 4000 -2667 0 +1333
4 3333 - 333 0 + 333

C e ll
no.

Membrane
r e s is ta n c e

(XD)
A Membrane 

low JCVhigh Na+
r e s is ta n c e  (X )
Normal h ig h  K+/low Na+

1 1667 -40Z 0 +8 OX
2 3333 -30X 0 +40*
3 4000 -67X 0 +33X
4 3333 -10X 0 +10X

X -37*  
± 2 3 .7

+41X
±29.1

T able 3 2 . Na+ s u b s t itu t io n  d ata  from C h ilo  la r v a e . (D ata from  
7 c e l l s ,  7 p r e p a r a tio n s .)

E x tr a c e llu la r  Na+ a c t iv i t y ,  aj}a  (mM)
C e ll 8 .6 4 2 .7 0 . 86 8. 64

no.
Membrane p o te n t ia ls , Em ( -mV)

1 45 4 6 .5 48 45
2 47 49 50 48
3 40 4 1 .5 42 40
4 3 7 .5 3 8 .5 39 37..5
5 3 9 .5 41 4 1 . 5 40
6 50 51 52 49..5
7 50 51 51. 5 49. 5

X 4 4 .1 4 5 .5 4 6 . 3 44..2
SE 2 1 .9  2 1 .9



Figure 115 shows a representative chart recording made during a Na+ 
substitution experim ent. The c e ll was impeded with a conventional 
m icroelectrode in Wee vers' sa lin e , giving a steady Em of -50 mV. Solutions 
containing a^a'8 2 .7  and 0 .9  mM were then introduced into the recording
chamber a s indicated beneath the membrane potential tra ce , and a new, 
steady Em of -51 and -52 mV respectively obtained in each . F inally, the 
c e ll was returned to Normal saline to ensure that any change in Em was 
reversib le. (Only three substituion solutions were used to cover a decade 
change in ajj§ because the response o f the membrane to Na+ was found to be 
very small and it would therefore not have been possib le to record accurately 
the Em changes resulting from finer adjustments in a ^ a ).

The results obtained from 7 c e lls  (from 7 preparations) are listed  in table 
32 . Data from each c e ll are plotted in figure 116 which shows the 
relationship between Em and the logarithm of a^ g. This shows clearly that 
the muscle c e ll membrane in Chllo has a small but significant perm eability to 
Na+ , with Em changing consistently by some 2 mV in response to  a tenfold  
change in ajj§[. Na+ is  therefore involved to a small extent in generating 
Em*

V I.4 . Magnesium substitution experim ents

These were carried out to determine whether Mg2+ contributed to Em in 
Chilo, and involved the reduction of extracellular Mg2+ activ ity , ajjg using 
glucose a s a substitute, by a factor o f ten from 13 to 1 .3  mM (s e e  appendix 
7 for the composition o f the solutions used) whilst monitoring Em. A typical 
recording o f such an experiment is  shown in figure 117 . This shows clearly  
that changing a^g had no effect on Em. Similar data were obtained from 5 
c e lls , each from a different preparation: any changes in Em which did occur
following the introduction of low-Mg2+ Ringer into the recording chamber were 
small (~  1 mV), inconsistent in direction and irreversib le.

Thus, it was concluded that Mg2+ is  not involved in resting membrane 
electrogen esis in Chllo , since changing a>*g had no e ffect on Em*

V I.5 . Chloride substitution experim ents

Previous measurements o f intracellular IC** and Na+ a ctiv ities in Chllo 
(section s V .2 and V .3 respectively) showed that both the K+ and Na+
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P ig . 115 Chart recording of a Na+ -substitution experim ent on a Chllo 
larva, illustrating the small sustained e ffec t on Em of changing 
a N§*
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F ig. 116 Graph showing the relationship between and the logarithm of 
a^a in Chllo muscle c e lls  (each  symbol represents a
different c e l l ) . It illu strates the consistency of the effect of
aN§ on m̂*
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Chart record in g o f a  Mg2+-su b stitu tion  experim ent on 
la rv a , showing that changing a ^ g  has no effect- on Em.

F ig . 117 a  CM Jo



equilibrium  p o ten tia ls, Eg and E^a* r e sp e c tiv e ly , were con sisten tly  more 
p o sitiv e  than Em. It was th erefore concluded that another io n , *x’ , with its  
equilibrium  p o ten tia l, Ex , more n egative than Em* must a lso  b e involved in  
the gen eration  o f Em* Cl“  was a  candidate for th is io n , 'x* , and 
m easurem ents o f In tracellu lar Cl-  a c tiv itie s  (se c tio n  V .4.) confirm ed that the  
ch lo rid e  equilibrium  p o ten tia l, E c i, was in d eed  more n egative than the Em* 
If Cl~ were involved  in  restin g  membrane e le c tr o g e n e s is , changing 
ex tra ce llu la r  ch lorid e a c tiv ity , a ^ ,  would b e ex p ected  to  lea d  to  sustained  
a ltera tio n s in  Em ( c f . the transient e ffe c t on Em o f changing a^S when C l’ is  
p a ssiv e ly  d istributed  a cro ss the c e ll m em brane). In order to  in v estig a te  th is 
p o ss ib ility , ch lorid e substitution experim ents w ere carried  out in  which a^J 
was varied  one hundredfold from 0 .7  to  6 7 .7  mM C l~, using gluconate a s  a  
su b stitu te . (T he com positions o f the so lu tion s u sed  a re  lis te d  in  appendix 4 .). 
A ty p ica l recording from such an experim ent is  shown in  figu re 1 1 8 . C ells  
w ere im paled in the R inger containing the low est Cl" activ ity  ( 0 .7  mM) and 
subsequently ex p o sed  to  R ingers in  order o f in creasin g  Cl" a c tiv ity . T his 
was n ecessa ry  becau se d ecreasin g  the a ^  was found to cau se d ep olarisation  
and h en ce contraction o f the m uscle c e l l s , lead in g  to  exp u lsion  o f the 
m icro electro d e.

C l” substitution experim ents o f th is type w ere carried  out on a  to ta l o f 7 
c e lls  from 7 p rep aration s, and the data obtained is  given  in ta b le  3 3 . T hus, 
ch an ges in  a<fj led  to  sustained  a ltera tio n s in  Em» in d icating that Cl" is  
involved  in  restin g  membrane e le c tro g en es is  in  Chilo. The average Em va lu es 
a re  p lo tted  again st th e logarithm  o f a ^  in  figu re 1 1 S , showing a s lig h tly  
curved lin e  with a  maximum slo p e  o f around 17 mV (betw een 23 and 6 7 .7  mM 
C l" ).

V I. 6 . E lectrogen ic m etabolic pumps

In ord er to  in v estig a te  whether an e lec tro g en ic  m etabolic pump was involved  
in  the m aintenance of*Em in  Chilo, two typ es o f experim ent w ere carried  out: 
th e preparation was co o led  (to  slow  down the chem ical rea ctio n s involved in  
m etab olism ), and sin ce  the Na pump is  the most common typ e o f e lec tro g en ic  
m etabolic pump in a c tiv e  tis su e s , the m etabolic b locker ouabain was ap p lied  
(th e  la tter  is  a card iac g ly co sid e  which a c ts  to  prevent Na+ ex tru sio n ).
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F ig .

cEcm

118 Chart recording o f a C l"-substitu tion  experim ent on a Chllo 
la rv a , which illu stra tes the sustained  e ffe c t  on Em o f a ltera tion s  
in  a<^.
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T a b le  3 3 . C l”  s u b s t it u t io n  d a ta  from  Chilo  la r v a e . (D a ta  from  
7 c e l l s ,  7 p r e p a r a t io n s ) .

E x tr a c e llu la r  C l”  a c t i v i t y ,  a g i  (mM)
C e ll

n o .
0 .7 2 .3  6 .8  

Membrane p o t e n t ia l s ,
23

Em ( -mV)
68

1 26 2 9 .5 32 36 50
2 22 22 27 32 40
3 27 30 35 39 46
4. 37 40 45 50 55
5 36 40 47 54 60
6 24..5 30 36 44 51
7 22 2 3 .5 30 36 46

X 2 7 .8 3 0 .7 36 4 1 .6 4 9 .7
SE 2 .4 2 .7 2 .8 3 2 .5

T a b le  34.. R e s u lts  from  ex p er im en ts on Chilo  la r v a e  t o  d eterm in e  
th e  e f f e c t  o f  o u ab a in  (1  mM) on th e  r e sp o n se  o f  Em t o  
ch a n g es in  a g .

no ou a b a in  w ith  ou a b a in
ag(mM) 0 .7 2 2 1 .6 ^ 3 0 .2 0 .7 2 2 1 .6N 3 0 .2

c e l l  n o .

1 62 55 48 61 55 48
2 48 41 33 47 40 33
3 48 40 33 48 40 32
4 51 44 35 52 44 36

5c 52 r3 4 5 .0 3 7 .3 52 4 4 .8 3 7 .3
SD 6 . 7 6 .9 7 .2 6 .4 7 .0 7 .4
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F ig . 119 Graph showing the relation sh ip  betw een and the logarithm  o f 
a ^  in Chi Jo la rv a e .
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V I.6 . i C ooling experim ents

T h ese w ere carried  out on c e lls  from which stead y  Em record in gs had been  
ob ta in ed , and involved  the introduction o f co o led  Normal sa lin e  in to the 
recording chamber w hilst Em was continuously m onitored. F igure 120 shows a  
typ ica l experim ent, in  which a  c e ll was im paled in  Normal sa lin e  a t room  
tem perature, ( 20°C ) giving an Em o f >48 mV. Ic e -c o o le d  sa lin e  was then  
substituted  in  to  reduce the tem perature o f the preparation  to  6 °C , which 
d ep o la rised  the membrane by 10 mV. S a lin e  a t RT was then re-in trod u ced  to  
te s t the rev ersib ility  o f the e f fe c t , and the membrane quickly rep o la rised  to  
it s  o rig in a l le v e l . This experim ent was rep eated  on 7 c e lls  from 7 
p rep aration s, and the average d ep olarisa tion  in  Em follow ing coo lin g  by 1 4 °c  
was 12 ± 2 mV (o r  26 ± 3% o f the in itia l Em)* (A ppendix 1 5 ) .

T hus, it  can be concluded th at, a t r e s t , an e le c tr o g e n ic , m etabolic pump 
o p era tes to  h yp erp olarise the membrane. The ex a c t contribution o f th is pump 
to  Em w ill be d iscu ssed  in  the fin a l ch ap ter.

V l .6 . i i .  A pplication o f m etabolic blocker

Experim ents involving the app lication  o f the card iac g ly c o s id e , ouabain , were 
d esign ed  fir stly  to  determ ine whether an e le c tro g en ic  m etabolic pump 
contributes to  the restin g  Em o f a  c e l l ,  and secon d ly  w hether the activ ity  o f  
th is pump v a r ies when the c e ll i s  ex p o sed  to  so lu tion s containing a  range o f 
K+ a c tiv itie s .

In the form er type o f experim ent, a  c e ll bathed in  Normal R inger was im paled
and a stead y  Em reco rd ed . Normal R inger containing ouabain was then
substituted in  ( f ig . 1 2 1 ) . There was no e ffe c t on Em. It i s ,  how ever,

(Anstec t/gouNdTy i<nq }known that K+ com petes with ouabain a t it s  s it e s  o f a c tio n ^  and at a g 's  such  
a s that in  Normal R inger (2 1 .6  mM) th is may b e th e reason  for it s  lack o f  
e ffe c t . A lternatively the pump may on ly be a c tiv e , fo r  exam p le, in  low  
le v e ls  o f a f .  In ord er to  te s t th is p o ss ib ility , th e K* substitution
experim ents d escrib ed  in sectio n  6 .1  were rep ea ted , with each  solu tion  
containing 1 mM ouabain . The low -K * so lu tion s contained  a £  a s  low a s  0 .7 2  
mM, which would not in terfere  with ouabain a c tio n . I f  a  m etabolic pump were 
resp o n sib le  fo r the d ifferen ce  betw een the s lo p e  o f the graph o f Em again st 
the logarithm  o f a £  (a  maximum o f 30 m V /decade) and th e th eo retica l slo p e  
o f 58 m V /decade pred icted  by the N em st eq u ation , then a K* substitution
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F ig . 120 Chart recording o f an experim ent in  which a  ChiJo m uscle c e ll 
was co o led  by 14.°c. It show s the sustained  d ep olarisa tion  in 
Em which resu lted .
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!F ig . 121 Chart recording showing the lack  o f e ffe c t o f ouabain on Em in  iChll a.



experim ent perform ed in  the p resen ce  o f ouabain should y ie ld  the th eo retica l 
58 mV change in  Ejq p er ten fo ld  change in a £ .

F igure 122 shows such an experim ent, in which th e e ffe c t on Em o f th ree K4" 
substitu tion  so lu tion s (w ith K4- a c tiv itie s  o f 0 .7 ,  2 1 .6  (Norm al sa lin e ) and
3 0 .2  mM) was com pared with the e ffe c t o f the sam e so lu tio n s containing 1 mM 
ouabain in  s in g le  c e l ls .  Each c e ll was im paled in  Normal sa lin e , and a  
stead y  Em reco rd ed . Normal sa lin e  containing ouabain was then substituted  in  
and the c e ll  allow ed to  eq u ilib rate b efo re returning it  to  Normal sa lin e . The 
e ffe c t o f low  (0 .7 2  mM) K4" R inger cm Ejq was then determ ined, and reversed  
by washing th e c e ll in  Normal sa lin e . T his procedure was then rep eated  
using low K4" R inger containing 1 mM ouabain fo r  com parison. Sim ilarly for  
high ( 3 0 .2  mM) K4* R inger, the e ffe c t o f R inger containing no ouabain was 
com pared with that o f R inger p lus 1 mM ouabain . The c e ll  was returned to  
Normal sa lin e  to  ensure that the e ffe c t was rev ersib le  p rior to  withdrawal o f 
the m icroelectrod e from the c e l l .  Data were obtained from 4 c e l ls ,  each  
from a  d ifferen t p rep aration , and a re  shown in  ta b le  3 4 . T his ta b le  shows 
th at, on a v era g e , the d ifferen ce  betw een the a ltera tio n  in  the Ejq in  resp on se  
to  ch an ges in  a g  in  the p resen ce  and ab sen ce o f ouabain was le s s  than 1 mV. 
T his is  illu stra ted  by figu re 1 2 3 , which shows the average Ejq record ed  in  the 
th ree substitution so lu tio n s in  the p resen ce  and a b sen ce  o f ouabain . 
T here i s  c le a r ly  no sign fican t d ifferen ce  betw een the two s e ts  o f d a ta .

Thus, w hilst a  tem p eratu re-sen sitive h yperpolarising pump ap p ears to be  
p resen t in  Chllo m uscle c e ll m em branes, it  i s  in sen stitiv e  to  ouabain , 
resu lt w ill b e d iscu ssed  in  the la s t ch ap ter.

This



217

P ig . 122 Chart recording o f a  K4- substitution  experim ent on a  Chilo larva  
in  which the e ffe c ts  o f changing a^  in the p resen ce  and ab sen ce  
o f ouabain were com pared. It illu stra te s th e fa c t that ouabain  
had no e ffe c t on the resp on se o f to  ch an ges in a £ .
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P ig . 123 Graph illu stratin g  the rela tion sh ip  betw een Em and the logarithm  
o f a g , in  the p resen ce  (so lid  c ir c le s )  and ab sen ce (hollow  
c ir c le s )  o f ouabain . The two curves are very sim ilar.

(m
M

)



V U  DISCUSSION

v n . l .  The ISM technique

The p resen t study involved a  com parative approach to  the in vestigation  o f the 
m echanism s o f restin g  membrane e le c tro g en esis  in  body-w all m uscle c e lls  o f 
larvae o f two sp e c ie s  o f in sec t: the b low fly , Calliphora erythrocephala
(D ip tera ) and the r ic e  stem  b o rer , Chilo partellus (L ep id o p tera ). A number 
o f com patible m icroelectrode techniques were em ployed , with io n -sen sitiv e  
m icroelectrod es being used for the fir st time in  dipteran and larva l 
lep id op teran  m uscle c e lls . The m easurem ents thus obtained  o f the 
in tra cellu la r a c tiv itie s  o f K *, Na+ and Cl~ should resp resen t a  substan tial 
improvement upon the data a v a ila b le  in  the litera tu re . A ll previous stu d ies o f 
in se c t m uscle electroch em istry , ex cep t one (R heuben, 1972: o f adult
Antherea (L epidoptera) using LIX -type K* IS M 's) re lied  ex c lu siv e ly  on 
in d irect estim ates o f the ov era ll concentrations o f in tracellu lar ion s e g . by 
flam e photom etry for K* and Na+ (e g . Wood, 1957) and colorim etric d iffusion  
or b ack -titration  m ethods fo r  estim ating Cl* (G ordon, 1 9 5 2 ; W igglesw orth, 
1 9 3 8 , r e sp e c tiv e ly ). The most p h y sio lo g ica lly  relevan t param eter for an ion  
i s ,  how ever, it s  activ ity  ( i e .  the proportion o f the ion s which are fr e e ly  
m obile and can th erefore contribute to  electroch em ica l phenom ena, including  
the generation  o f membrane p o ten tia ls) and not its  to ta l in tracellu lar  
con cen tra tion . The la tte r , which m easured in d irectly  a s in  the m ethods lis te d  
a b o v e , would rep resen t the to ta l amount o f each  ion  p resen t in  the c e ll or 
ex tra ce llu la r  medium, including that which is  bound (e g . to  p ro te in s) and 
cannot th erefo re contribute to electroch em ical p o ten tia ls. One o f the major 
advantages o f ISM 's is  that they provide a  d irect measurement o f the a ctiv ity  
o f each  io n , and hence allow  the accurate calcu lation  o f its  equilibrium  
p oten tia l from the N em st equation . A number o f tech n ica l problem s w ere,
how ever, a sso c ia ted  with the u se o f IS M 's. T hese w ill now be d iscu ssed .

S e le c tiv ity  o f the liquid sen so rs

As a lread y  sta te d , certain  problem s were encountered with resp ect to  the 
s e le c t iv it ie s  o f the liquid io n -sen so rs fo r the primary ion  over in terferin g  
io n s , particu larly  in the c a se  o f liquid io n -ex ch a n g ers (L IX 's). m  prepupal 
Calliphora c e l ls ,  fo r  exam ple, LIX -type K* ISM 's have a £  va lu es on average  
267 mM higher than th ose recorded  using N IC -type K+ IS M 's. T hus, a ll 
m easurem ents made with L IX -type K+ ISM 's w ere rep eated  using N IC -type JC4"



ISM 's known to  b e le s s  prone to  in te r fe r en ce , and in a ll p rep aration s, the 
ajj va lu es record ed  with LIX -type ISM 's w ere sign ifica n tly  h igher than th ose  
record ed  with N IC -type IS M 's.

An a sso c ia ted  problem  occurred  in the u se o f Na+ IS M 's, which were based  
on a  NIC that was p oorly  se le c tiv e  fo r  Na+ over Ca2+ . The behaviour o f  
th is type o f ISM was found to be somewhat unstab le in  R ic e 's  and W eevers' 
s a lin e s , which contain re la tiv e ly  high le v e ls  o f Ca2+ ( 0 .9  and 8 mM 
r e s p e c tiv e ly ) . C alibration so lu tion s fo r th is type o f ISM w ere th erefore  
d esign ed  to  include a  constant background o f in ter feren ce , mimicking the 
in tra cellu la r medium a s  c lo se ly  a s  p o ss ib le , and containing very sm all amounts 
o f Ca2 + . In tracellu lar le v e ls  o f Na+ -se n sitiv e  p oten tia l record ed  from the 
a ctiv e  b arrel o f the ISM were then referred  d irectly  to the ca lib ration  curve 
o f the ISM , with no referen ce  being made to  the le v e l o f p o ten tia l recorded  
when the ISM was bathed in  Normal sa lin e .

Leakage from the referen ce  barrel

Leakage o f sa lt so lu tion s from the re feren ce  b arrels o f ISM 's p o se s  a  
problem  in  the measurement o f in tracellu lar io n ic  a c tiv itie s , tending to  resu lt 
in  a r tific ia lly  high va lu es being reco rd ed . T his source o f error is  norm ally 
countered by fillin g  the referen ce  b arrel with the solution  o f a  sa lt to  which 
the ion sen so r  d o es not resp on d . T hus, leak age from the re feren ce  b arrels  
o f IT*" and Na+ ISM 's ( f ille d  with LiCl and KC1 resp ectiv e ly ) would have lit t le  
e ffe c t  upon the ajj or ajja  le v e ls  reco rd ed , b ecau se o f the high se le c tiv itie s  
o f K+- and Na+ -se n so r s  for the primary ion  over secondary in terferin g  io n s 
such a s  Li+ and K+, re sp e c tiv e ly . C l'IS M 's, how ever, are b ased  on a  rather 
u n sp ecific  an ion ic ex ch a n g er, and in  th is study problem s w ere encountered  
when the referen ce  b a rrels were f ille d  with a  m ixture o f KC1 and K2S 0 * . 
Prelim inary chart record in gs o f a<3i in  Calliptiora larvae c lea r ly  showed that 
th e le v e l o f apparent a<*i continued to  in crea se  in d efin ite ly , follow ing the 
im palem ent o f a  c e ll with th is type o f ISM . T his observation  was attributed  
to  the C l‘ -exch an ger responding to  an ions leak ing from the re feren ce  b a rre l, 
and h en ce giving unstable read ings and high va lu es for apparanet a £ j. The 
problem  was so lv ed  by the u se o f Cl" -ISM ’s  whose referen ce  b arrels were 
f ille d  with an organ ic referen ce  liquid  io n -ex ch a n g er , RLIE (Thomas & 
C ohen, 1 9 8 1 ) . Any leak age from th is type o f referen ce  b arrel would have no 
e ffe c t on the a ctiv e  b arrel o f the ISM .



Tip p o ten tia ls

Tip p o ten tia ls con stitu te an in esca p a b le  problem  with m icroelectrod e  
reco rd in g s. They seem  to  a r ise  from the p resen ce o f an aqueous sa lt  
solu tion  in sid e  the tip  o f a  g la ss  m icro electro d e, and th erefore crea te  a  
problem  m ainly in  conventional m icroelectrod es and the re feren ce  b a rrels o f 
d o u b le-b a rrelled  ISM s. The main danger i s  that the tip  p oten tia l o f the 
m icroelectrod e may change during the impalement o f the c e l l , lead in g  to  
erron eou s m easurem ents o f E ^ . T here may a lso  b e a  p o sitiv e  correla tion  
betw een the tip  p oten tia l o f the m icroelectrod e and the .values o f Em recorded  
by that m icroelectrod e, (A drian, 1 9 5 6 ) . H ow ever, in  the ISM 's used in  the 
p resen t stu d y , the d ifferen tia l p oten tia l record ed  by the io n -se n sitiv e  barrel 
when the tip  was immersed in  an earthed  solu tion  o f com positon id en tica l to  
that o f the b a ck -fillin g  solu tion  was never more than 2 mV d ifferen t from the 
th eo retica lly  p red icted  0  mV read in g . The sam e was ob served  by V yskocil and 
K riz (1 9 7 2 ) . The tip  p o ten tia ls a sso c ia ted  with the referen ce  b arrels o f the 
ISM s could only have been  elim inated by in creasin g  the tip  s iz e s  o f the 
ISM s. T his was u n d esirab le , how ever, becau se it  would have led  to damage 
o f the m uscle c e ll membranes and leak age o f fillin g  so lu tion s from the 
e le c tr o d e s . The standard method o f breaking the tip s o f e le c tro d e s to  
m easure tip  p oten tia ls was not perform ed in  the p resen t stu d y, s in c e  it  was 
found that the perform ance o f an ISM (e sp e c ia lly  that o f Na+ ISM 'S) often  
im proved with tim e. ISM 's were th erefore kept fo r  a s  long a s  p o ssib le  
without th eir tip s being broken. In stea d , the e ffe c t o f the ISM tip  p oten tia ls  
on the membrane p oten tia l (E m) m easurem ents was in vestiga ted  by m easuring 
E ^ 's in  a  given preparation independently using fin e  conventional 
m icroelectrod es f ille d  with 2 .5  M KC1. Good agreem ent was usually found 
betw een th ese  two s e ts  o f va lu es ( e g . f ig s  5 1 a , 5 5 ) , which su g g ests that the 
tip  p o ten tia ls had been  minimised su ffic ien tly  an d /or kept constant so  a s  not 
to  have an ad verse e ffe c t on the Em m easurem ents.

F urther, in vestiga tion s o f the rela tion sh ip  betwen the Em's m easured using  
ISM 's and the corresponding valu es o f referen ce  barrel r e sista n c e s  showed 
no correla tion  between th ese  two param eters ( f ig . 1 2 4 .). T his ev id en ce  
provided  further support for the claim  that tip  p o ten tia ls in  th e se  ISM s had 
b een  su ffic ien tly  minimised and kept constant such that p o ssib le  a r te fa c ts in  
the m easurem ents o f membrane p o ten tia ls w ere elim inated .

T hus, ISM 's w ere used to  m easure the in tracellu lar a c tiv itie s  o f K *, Na+ and
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P ig . 1 2 4 . Graph showing th e rela tion sh ip  betw een th e membrane p oten tia l 
(Em ) va lu es record ed  by an ISM and the tip  re sista n c e  o f the 
re feren ce  b a r r e l. It in d ica tes that th ere i s  no sig n ifica n t
co rrela tio n  betw een the two param eters (  prw\cipU of l-eait* }
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Cl~ in  Calliphora larvae and prepupae, and Chilo la r v a e . Ik wets assum ed 
that the a ctiv ity  c o e ffic ie n t, y , had the sam e value in the in tra - and 
e x tr a -c e llu la r  medium, o f 0 .7 2  (CRC Handbook o f Chemistry & P h y sics, 52nd 
e d . 1 9 7 2 ) . Thus va lu es for the concentration o f each  ion can b e ca lcu lated  
by d ivid ing its  activ ity  by the y  value o f 0 .7 2 .

V H . 2 . Io n ic  substitution experim ents

M easurem ents o f the in tracellu lar a c tiv itie s  o f K4 , Na4  and Cl" gave 
equilibrium  p o ten tia ls fo r  th ese  ion s which did not equal the average Em, 
ex cep t for Cl" in  Calliphora la rv a e , where E ci was very c lo se  to  Em in  a ll 
c e lls . The fa c t that the other equilibrium  p o ten tia ls w ere not equal to  Em 
su g g ested  that each  ion  might be involved in  generating T hus, in  order
to  quantitatively a s s e s s  the ro le s  o f JC4 , Na4  and Cl" and, in  Chilo a lo n e , 
Mg2 4 , io n ic  substitution experim ents were carried  ou t.

The p resen t study h a s, how ever, h igh lighted  a  major reason  to  in terp ret the 
resu lts o f io n ic  substitution experim ents with caution: the e ffe c ts  on the c e ll
membrane o f changing the ex tracellu lar a ctiv ity  o f a  particular ion may in  
som e c a se s  b e com p lex, extending beyond th e e ffe c t p red icted  by the 
Goldm an-H odgkin-K atz equation . This was noted with rela tion  to  Na4  
substitution exp erim en ts, where a  reduction in  ex tra ce llu la r  Na4  a ctiv ity  
resu lted  in  a  tran sien t hyperpolarisation  in Em» follow ed  by a  sustained  
d ep olarisin g  p h a se . T his contrasted  with th e sustained  hyperpolarisation  
p red icted  by the Goldm an-Hodgkin-Katz equation . In th is c a s e , the  
d iscrep an cy  betw een p red icted  and observed  resu lts was found to resu lt from 
a  secon d ary  e ffe c t o f Na4 which caused  a  marked reduction in  the 
perm eability o f the c e ll membrane to K4  when ex p o sed  to low ex tra cellu la r  
Na4 . Such perm eability changes might b e ex p ected  to  b e re flected  in  the 
resista n ce  o f the c e ll membrane, Rm» and it  would th erefo re  seem  a d v isea b le  
to  m onitor Rm during a ll substitution experim ents in  order to  help  id en tify  
when secon d ary  e ffe c ts  may b e occu rrin g . S im ilarly the u se o f io n ic  
pulsation experim ents in which the resp o n se  o f the c e ll membrane to  
f ix e d -s iz e d  p u lses o f a  particular ion  is  m onitored in  a  variety  o f 
ex tra ce llu la r  io n ic  m edia, could b e very valu ab le in  id en tify in g more 
p r e c ise ly  any perm eability changes which might b e  taking p la c e . T his typ e o f 
procedure was em ployed in  Calliphora prepupae to  show that p g  was reduced  
when the c e ll was bathed in low Na4  R inger.
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A further m eans by which the secondary e ffe c ts  o f a lterin g  the ex tracellu lar  
activ ity  o f an ion  may b e m ediated is  by th eir action  on various io n ic  pumping 
m echanism s which may op erate under normal conditions in  the c e ll  membrane 
e g . the coupled  Na+ -K+ pump. Such action  may b e in vestiga ted  by the 
ap p lication  o f sp e c ific  m etabolic in h ib itors to  the c e ll and m onitoring the 
e ffe c t on E ^ . T his type o f experim ent was attem pted on Chi Jo to  determ ine 
whether the shallow  slo p e  o f the graph o f Em again st the logarithm  o f a £  in  
low le v e ls  o f a £  might be caused by the activation  o f a  d ep olarisin g  pump 
under such co n d itio n s. Ouabain was ap p lied  to c e lls  bathed in low-K4" 
so lu tio n s, but was found to  have no e ffe c t on Em, which may in d ica te that the 
pump was p resen t but was o u a b a in -in sen sitiv e , or that it  was a b sen t.

Io n -ex ch a n g e m echanism s such a s  Naf-C a^exchange may a lso  be a ffected  by 
changing th e ex tra ce llu la r  Na+ a c tiv ity , catering a ^  and hence E ^ B e r s  b  
EUU,
Thus, a lterin g  the ex ta ce llu la r  a c tiv itie s  o f a  variety  o f io n s may have 
secon d ary e ffe c ts  on the c e ll membrane which may ob scu re the sim ple e ffe c ts  
resu lting from changes in  the equilibrium  p oten tia l o f the io n .

V H . 3 . The m odel o f restin g  membrane e le c tr o e e n e s is  in  body-w all m uscle 
c e l l s  o f  Cal Upbore. prepupae

The construction o f a  m odel to exp la in  restin g  membrane e le c tro g en es is  in  
prepupal m uscle c e lls  b ased  on the sim p lified  Goldman-Hodgkin—Katz equation  
was d escrib ed  in  chapter IV . The prelim inary m odel proposed  was based  on 
sev era l lin e s  o f ev id en ce , including in tracellu lar io n ic  a ctiv ity  m easurem ents 
and io n ic  substitution exp erim en ts. M easurem ents o f in tracellu lar K+ a ctiv ity , 
ajJ, in d icated  that K+ was not the only ion  involved  in generating Em, sin ce  
Eg was co n sisten tly  more n egative than Em. This was confirm ed by a  s e r ie s  
o f K* substitu ion experim ents (using Na+ a s  the su b stitu te ), which gave a  
maximum change in  Em o f 32 mV p er ten fo ld  change in  ex tra ce llu la r  K+ 
a c tiv ity , a £  ( c f . th e 58 mV change p red icted  by the N em st equation fo r  a  
c e ll membrane perm eable on ly to  K * ). T h ese resu lts su g g ested  that the c e ll 
membrane was perm eable to  another ion  in  addition  to  K+ , with it s  equilibrium  
p oten tia l more p o sitiv e  than Em. S in ce Cl" was known from the resu lts o f
in tracellu lar Cl" a ctiv ity  m easurem ents and Cl" substitution  experim ents taken 
to g eth er , to  b e p a ssiv e ly  d istrib u ted , the most lik e ly  can d id ate fo r  th is ion  
was Na+ . The la tter  h ad , in  fa c t , been  used  to su b stitu te fo r  K+ in the K*f  
substitution exp erim en ts, and it  was th erefo re  n ecessa ry  to con sid er the Em

i
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ch an ges ob served  during th ese  experim ents in  rela tion  to  the a ltera tion s in  
both a £  and af}a . If the c e ll membrane behaved accord ing to  the sim p lified  
Goldm an-H odgkin-K atz eq u ation , a  ten fo ld  change in  ( a £  + a  a ^ § ) would 
cau se a  58 mV change in  Em, where a  is  the ratio  o f the p artia l perm eability  
o f the c e ll membrane fo r Na4" to  that fo r  K4" ( P N a/pK) • th u s, a  value for a  
o f 0 .0 8 6  was ca lcu la ted  by num erical substitution such that the above  
condition  was m et. T his value was then substituted  in to  the sim plified  
G oldm an-H odgkin-K atz equation (equation  2 ) ,  togeth er with the va lu es o f a £  
and a $ a , known from the com position o f Normal R inger (A ppendix 1 ) to  g iv e  
the follow ing m odel:

Em =  58 lo g
ag  + 0 .0 8 6  a j a l 
.a£ + 0 .0 8 6  aga J

= 7 6 - 5 8  lo g  (a& + 0 .0 8 6  afta )(mV)
T his m odel p red icted  that the Em o f a  c e ll  could b e exp la in ed  in  term s o f the 
trans-m em brane grad ien ts o f K4* and Na+ .

Attempts to  te s t th is m odel by perform ing Na+ substitution experim ents to  
determ ine the e ffe c t o f a^ g on Em w ere only p artia lly  su c c e ssfu l, how ever. 
When a § a was red u ced , the Em h y p erp o la rised , a s  ex p ected  if  Na+ were 
involved in  gen eratin g Em* T his in itia l h yperpolarisation  was follow ed by an  
u n expected  su stain ed  d ep olarisin g  p h a se , how ever. The la tter  coin cid ed  with 
an in crea se  in  membrane resista n ce  (se c tio n  IV .4 -.ii)  and a  marked reduction  
in  Pk but no change in Eg (se c tio n s  IV .4 -.iv  and IV . 4 . i i  r e sp e c tiv e ly ). Any 
change in  p * , without a  corresponding change in  Pfja  would resu lt in  a  
change in  th e value o f a , and h en ce lea d  to the invalid ation  o f the above  
m odel. In  view  o f th e fa c t that Px was known to  change in  low a $ a ’s ,  
sep a ra te  a  va lu es w ere ca lcu lated  for Em data obtained in  high-K * R ingers 
(w here a $ a was low er than or equal to  that in Normal R inger) and in  low-K + 
R ingers (w here a £ a  was h igher than or equal to  that in  Normal R in g er). A 
value o f 0 .1 6 9  was obtained from delta from high JC4/lo w  Na+ R in gers, and 
0 .0 3 6  fo r  data from low K ^/high Na+ R in gers. In  order to  te s t which o f the  
th ree a  v a lu es, 0 .0 8 6  (from  the to ta l d a ta ), 0 .1 6 9  (from  high K+/lo w  Na+ 
d ata) or 0 .0 3 6  (from  low IcV high  Na+ d ata) gave the b e st decrip tion  o f the 
membrane p ro p er tie s, va lu es o f a g , aj}a and Em were m easured in  a  number 
o f c e lls  (se c tio n  IV . 4 . iv , appendix 1 2 ) .  Using th ese  v a lu es o f ajJ and ajja  
and each  a in  turn, va lu es o f Em w ere p red icted  fo r  each  c e l l ,  and com pared 
with the m easured Em o f the c e l l . The most accu rate p red iction  o f Em was 
provided by the a  value ca lcu la ted  from the low K ^/high Na+ Em d ata ,



T able 3 5 . R elation betw een [Na4 ]0 and the restin g  p otential in Drosophila 
la rv a e . (From Jan & J a n , 19 7 6 )

E xternal concentrations A verage Predicted
____________ -̂------------------------ — — —----------x R elative resting from

N a + Tris+ K + c i - Ca1+ MgI+ Sucrose ionic R elative poten tia l eqn. (4)
E x p t. --------> strength ton icitv (mV) (mV)< --------

1 127 1 2 142 1-8 4 36 1-0 1-0 — 50 ± 5 (16)* - 4 3
2 102 26 2 142 1-8 4 56 1-0 1 0 - 5 1  ± 4  (16) - 4 8
3 64 64 2 142 1-8 4 87 1-0 1-0 — 59 ± 6 (16) - 5 9
4 26 102 2 142 1-8 4 118 1-0 1-0 — 54 ± 8 (12) - 7 8
5 26 102 2 134 1-8 0 118 0-9 1-0 - 5 9  ± 5  (20) —
6 26 0 2 40 1-8 4 210 0-3 1-0 — 57 ±  3 (24) —
7 6 122 2 142 1-8 4 138 1-0 1-0 - 5 4  ± 4  (14) - 9 9
8 6 122 2 134 1-8 0 138 0-9 1-0 - 5 4  ± 5  (22) —
9 6 0 2 20 1-8 - 4 242 0-2 1-0 - 5 5  ± 2  (22) —

10 0 0 2 99 45 4 155 1-0 1-0 - 8 1  ± 4  (20) -  112
11 0 0 2 99 32 17 155 1-0 1 0 - 8 8  ± 4  (20) -  112
12 0 0 2 99 19 30 155 1-0 1-0 — 75 ± 5 (19) -  112
13 0 0 2 99 1-8 - 47 155 1 0 1 0 - 5 6  ± 3  (20) -  112
14 128 0 2 142 5-8 0 36 1 0 1 0 - 5 7  ± 3  (16) - 4 3
15 128 0 2 139 0-1 4 36 1 0 1-0 - 4 0  ± 4  (17) - 4 3
16 128 0 2 142 0 5-8 36 1 0 1 0 - 3 4  ± 4  (14) - 4 3

* The number in each parenthesis indicates the num ber o f  fibres studied in each experim ent.

T able 36 E ffect o f sodium ion substitution on Em in leech  anterior neuropile  
g lia l c e l ls .  (From Walz & S ch lu e , 1 9 8 2 ).

N a-sub- N a-su b-  
s titu te  s titu te  

( m M )

c i -
( m M )

S O i2~ 
(  m M )

S u crose  
(  m M )

Is Em ±  S .D . ( m y )
H yp erp o la r iza tio n  D ep o la riza tio n

S u lp h a te-b ased  salin e
Tris 160 3.6 82 — — 1.3 ±  1.1 (n =  6)-* +6.2 ±  3.0 (n = 9)
Li 115 3.6 59.5 76 —2.1 ±  1.6 (n =  11)-* -J-9.7 ±  2.0 (n =  7)
C h loride-based  salin e
Tris 134 7.6 -t-4.8 ±  1.2 (n =  8)
Li 140 147.6 —4.0 ± 3 .1  (n =  8 )-* + 9 .0  ±  4.2 (n =  8)

In addition, all solutions contained 4 mM K, 1.8 mM Ca, 10 mM malic acid (buffer with Tris) and 
11 mM glucose. In sodium-free solutions with Tris as sodium-substitute the pH was adjusted with 
HC1; in solutions with lithium as sodium-substitute the pH was brought to 7.4 with 1 M Tris solution. 
Osmolarity of all solutions was adjusted to 265 ±  lOm-osmole. Where hyperpolarization was followed 
by depolarization, the transition is indicated by an arrow.
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0 .0 3 6 :  the mean p red icted  E ^ , -4-8 ± 1 mV, was equal to  the mean
m easured E ^ . The fin a l m odel for restin g  membrane e le c tro g en es is  wets 
th erefo re  m odified to  in clude the a  value o f 0 .0 3 6  to  g ive the follow ing:

Em = 6 6 .8  - 58 lo g  (a £  + 0 .0 3 6  a j a )

T his m odel was fin a lly  tested  by perform ing a  se r ie s  o f substitution  
experim ents in  which a £  and afjja were v a r ied , w hilst keeping (a £  + 0 .0 3 6  
and afta ) x  a<fj con stan t. If the above m odel were co rrect, a  ten fo ld  change 
in  (a £  + 0 .0 3 6  a $ a ) would b e ex p ected  to g iv e  r ise  to  a  change in  Em o f 
som e 58 mV. S in ce C l’ was known to  b e p a ssiv e ly  d istrib u ted , the changes 
in  Em resu ltin g  from ch an ges in  a £  and a $ a  were ex p ected  to b e ra p id , which 
was the c a s e . In ad d itio n , the slo p e  o f th e graph o f Em again st the 
logarithm  o f (a £  + 0 .0 3 6  afta ) was ind eed  c lo se  to 58 mV ( f ig . 9 4 ) ,  
providing con clu sive ev id en ce that the above m odel for restin g  membrane 
e le c tr o g e n e s is  ex p la in s fu lly  the io n ic  b a ses o f the Em>

A le s s  d eta iled  but broadly com parable in vestigation  o f restin g  membrane 
e le c tr o g e n e s is  was carried  out on Drosophila melanogaster (D ip tera) larva l 
b od y-w all m uscles by Jan & Jan (1 9 7 6 ) . I t was concluded that Em was 
dependent upon the ex tra ce llu la r  K4 and Na4  concentrations according to the 
Goldm an-H odgkin-K atz equation (PNa/PK  -  0 .2 3 )  with Cl~ distributed  
p a ss iv e ly .

The major shortcom ing o f th is  work is  the fa c t that the rev ersib ility  o f the 
experim ents perform ed was not tested  during each  exp erim en t. This is  
p articu larly  v ita l in  experim ents d esign ed  to  determ ine the e ffe c ts  o f 
ex tra ce llu la r  JC4 and Na4  , where the preparation w as soaked for up to  50  
m inutes in each  o f 7 so lu tio n s. Each experim ent could th erefo re la s t for 
sev era l hours, during which time the condition  o f the c e lls  could d eter io ra te  
and the Em's  d ep o la r ise  irresp ectiv e  o f the ex tra ce llu la r  K4  and Na4 . The 
only te s t o f the r ev ersib ility  o f the e ffe c t o f ex tra ce llu la r  K4  and Na4  was 
perform ed a s  a  sep a ra te  experim ent. A preparation was bathed in  Normal 
R inger (2  mM K+ , 128 mM Na4 , 142 mM C l’ ) and the restin g  p oten tia l o f a  
number o f c e lls  m easured. I t was then tran sferred  to a C l’ -fr e e  solu tion  
containing 85 mM K4 , OmM Na4 for 60 m inutes. When returned to  Normal 
R in ger, the Em va lu es recovered  to only 80 to  9 0 X of th eir orig in a l va lu es  
a t the start o f the experim ent within 10 m inutes. This was taken a s  ev id en ce  
that the e ffe c ts  o f ex tra ce llu la r  K4" and Na4  w ere com pletely rev ersib le ! A



secon d  shortcom ing o f Jan & J an 's experim ents i s  that they involved m ultiple 
im palem ents o f the sam e population o f c e lls . T his may in  it s e lf  have dam aged 
the m uscle c e ll membranes and hence d ep o larised  E ^ . T his p o ssib ility  was 
apparently not te s te d .

Jan  & Jan (1 9 7 6 ) made attem pts to  illu stra te  the dependence o f Em on 
{[K +]0  + 0 .2 3  [Na+]0 ) in  two w ays. F ir stly , substitution experim ents were 
carried  out in  which {[K+Jq and [Na+ )0  were v a r ied , w hilst keeping  
{[K^Do + 0 .2 3  [Na+]0 ) x  [C l-)0 con stan t. I f Em did in d eed  depend on 
{[K + 3o + 0 .2 3  [Na+ 3o)» then a  graph o f Em aga in st the logarithm  o f the 
la tter  would have had a s lo p e  o f 58 mV p er ten fold  change in  {[K^Jo + 0 .2 3  
[N a+]0 ) . The data p oin ts ob ta in ed , how ever, showed a  marked deviation  
from a  58 mV slo p e  ( f ig . 1 0 ) but w ere n ev erth e less taken a s  ev id en ce that 
Em was p red icted  co rrectly  by the Goldman- Hodgkin - Katz equation with an a  
valu e o f 0 .2 3 .

S eco n d ly , Na+ substitution experim ents w ere carried  out (using T ris a s  a  
su b stitu te) to  determ ine whether a reduction in [Na+]0  led  to  a  
h yp erp olarisation  in  Em a s pred icted  by the a  value o f 0 .2 3 . The resu lts  
obtained  a re  lis te d  in  ta b le  3 5 . T his data has been  p lotted  in  the form o f a  
graph o f Em aga in st the logarithm  o f [Na+ ]0 ( f ig . 1 2 5 ) , which shows that Em 
h yp erp olarised  when [N a+)0  was red u ced . H ow ever, th ere is  lit t le  
co rrela tio n  betw een the s iz e  o f the h yperpolarisation  and th e amount by which 
[Na+ ]0  was reduced (r 2 = - 0 .5 ) .  The Em va lu es record ed  in  each  [Na+ ]0  
b ore lit t le  rela tion  to the Em's p red icted  from the Goldm an-Hodgkin-Katz 
equation using an a  value o f 0 .2 3  ( ta b le  3 5 ) . No m ention was made o f the 
tim e for which c e lls  were allow ed to eq u ilib rate in each  so lu tio n , which may 
have been  cru cia l i f  the resp on se o f Ero to reduced [Na+ ]0  was sim ilar to  
that o f Calllphora m uscles ( ie .  giving an in itia l h yperpolarisation  follow ed by  
a  d ep olarisin g  p h a se ) . A far b etter experim ent would have been  to m onitor 
Em continuously during the substitution experim ent, rather than rep eated ly  
impede the sam e population o f c e lls .

Jan  & Jan (1 9 7 6 ) estim ated that the value o f {CK4-]* + 0 .2 3  [Na+]j)  was 173  
mM. T his i s  fa ir ly  c lo se  to  the value o f {[K+]j + 0 .0 3 6  [Na+]j}  o f 160  mM 
ca lcu la ted  fo r  Calllphora from the average m easured valu es o f ajj and a^ a  by  
converting the la tter  to  concentrations by d iv ision  by 0 .7 2 . T his agreem ent 
i s  n o t, how ever, in con sisten t with Jan & J a n 's value o f a  being in co rrect, 
having been  estim ated from a s e r ie s  o f crude exp erim en ts. The contribution
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P ig . 1 2 5 . Graph showing the rela tion sh ip  betw een and the ex tra cellu la r  
Na4* concentrator! in  Drosophila (D ata from Jan  a  J a n , 1976) s e e  
ta b le  3 5 ). Xt illu stra te s  that th ere i s  lit t le  co rrela tio n  betw een the 
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o f 0 .2 3  x  [Na+] i  to  the sum o f {[K+] i  + 0 .2 3  [Na+ )jJ is  very sm all com pared 
to  that o f [K *]!, b ecau se in  most system s is  approxim ately ten  tim es
greater than [Na+]j .

A more d eta iled  d iscu ssion  o f the ro le s  o f C l" , K+ and Na+ in  restin g  
membrane e le c tro g en es is  in Calliphora i s  p resen ted  in  the follow ing se c tio n .

V H .3 .i . The ro le  o f Cl~ in  generating Em

In tracellu lar Cl" a c tiv ity , a<jx, data for Calliphora larvae and prepupae was 
obtained  using Cl" ISM 's b ased  on the im proved Com ing C l" -exchanger  
(4-77913; Baum garten, 1981) with the referen ce  b arrel f ille d  with an organ ic  
re feren ce  liq u id  ion  exch an ger (R LIE, Thomas & C ohen, 1 9 8 1 ). The la tter  
elim inated the p o ssib ility  o f an ions leaking from the referen ce  b arrel in to the 
c e l l . T his data was p resen ted  in  sec tio n  m . 4 ,  and rep resen ts the fir st  
in tracellu lar Cl" activ ity  data to b e m easured in  Dipteran m u scles. A verage 
a<ji va lu es o f 17 ± 1 mM and 40 ± 2 mM were obtained for larvae and 
prepupae r e sp e c tiv e ly . In la r v a e , the Eqx va lu es ca lcu la ted  from th is data  
w ere c lo se  to  the Em valu es: the average E ci ( -5 3  ± 1 mV) was equal to
the a v erage Em. In  p repupae, how ever, Eqi ( -3 1  ± 1 mV) was co n sisten tly  
more p o sitiv e  than Em ( -5 0  ± 1 m V), by an average o f 19  mV. Cl"
substitution experim ents on th e two preparations (se c tio n  IV . 1 ) in d icated  that 
Cl" was p a ssiv e ly  d istributed  in  e a c h , confirm ing that the high apparent a<*x 
value in  prepupae was attributable to  the p resen ce  o f an in terferen t in the 
m uscle c e l ls .  Thus, in  p a ra lle l with the in crea se  in  the concentration o f a  
ca tio n ic  in terferen t during the 'developm ent' from larva to  prepupa (se c tio n  
m .2 )  an an ion ic in terferen t which was not p resen t in  su ffic ien t q u an tities in  
larvae to  a ffe c t a<3i va lu es, occu rs in  prepupae. Cl" d ep letion  experim ents 
on prepupae showed that an apparent a£x o f an average o f 10  ± 1 mM 
rem ained in  a  c e ll follow ing soaking o f the c e ll in C l" -free  R inger to  d ep le te  
it  o f C l" , providing a m easure o f the amount o f in terferen t p resen t in the 
c e l l .  S in ce  the average Em o f the c e lls  on which Cl" d ep letion  experim ents 
w ere ca rried  out was -5 0  ± 3 mV (A ppendix 1 1 ) , and Cl" was known to  b e  
p a ssiv e ly  d istrib u ted , the true a<*x would b e exp ected  to  have an average  
valu e o f 19 mM, corresponding to  an Eq i o f -5 0  mV. When th e c e ll was 
soaked  in  C l" -free  R inger, th is 19  mM Cl" would b e ex p ected  to  move down 
it s  concentration  gradient and out o f  the c e l l ,  leav in g  som e 24 mM (4 3  - 19  
mM) apparent a<jx in  the c e ll which would correspond to  the activ ity  o f 
in terferen t p resen t. The actual value o f 10 ± 1 mM record ed  was thus



con sid erab ly  sm aller than the ex p ected  value o f 24. mM. T here are two 
p o ssib le  exp lan ation s for th is: f ir s t ly , the ISM p rop erties may change in  the
a b sen ce  o f C l" , giving a  sm aller resp on se to  the in terferen t when the c e ll 
was d ep leted  o f C l~; seco n d ly , the in terferen t may lea v e  the c e ll when it  is  
soaked  in  C l'- fr e e  R inger, p ossib ly  v ia  C l' channels.

The resp o n se  o f the c e ll membrane to  low ered a £ i was u n exp ected , in stea d  
o f th e tran sien t d ep olarisation  p red icted  i f  C l' were d istributed according to  
a  Donnan equilibrium , a  hyperpolarisation  was ob served . This con trasts with 
resu lts obtained  in  other in sec ts e g . Schlstocerca gregaria (L ea & 
U sherw ood, 1 9 7 3 ) , Antherea polyphemus (R heuben, 1 9 7 2 ), where a  reduction  
in  a g i cau sed  a  transient d ep olarisation  in  Em, a s  p red icted . Calliphora 
m uscle c e lls  a lso  hyperpolarised  in resp on se to  elevated  a g i's , a s  ex p ec ted , 
and in  agreem ent with data for other in sec ts (L ea & Usherwood, 1973; 
R heuben, 1 9 7 2 ) .

T his hyp erp olarisation  o f Em in resp on se to  low ered a g i may be attributable 
to  a  number o f m echanism s. F ir stly , Cl~ is  known to be involved in  the 
regu lation  o f in tracellu lar pH , and a reduction in  a £ i might th erefore change 
pHi by a ffectin g  the Cl" - HC03 exch an ge mechanism (Thom as, 1 9 7 7 ). This 
might resu lt in  a  hyperpolarisation  o f Em. S econ d ly , low ering a g i may 
in d eed  lea d  to  a  very sm all d ep olarisation  which may be su ffic ien t to  in crea se  
the perm eability  o f the c e ll membrane to  an ion such a s K4", thus causing Em 
to  h y p erp o la r ise . T his could occur v ia  p o ten tia l-sen sitiv e , se lf-in a ctiv a tin g  
K+ ch an n els such a s  th ose found in Drosophila flig h t m uscle ( Salkoff & 
Wyman, 1 9 8 3 ) . Such channels would b e activated  im m ediately follow ing the 
o n set o f the transient dep olarisin g  resp on se to  low ered a g i pred icted  from  
the Donnan equilibrium . T his would resu lt in  the observed  hyperpolarisation  
in  Ejn which would obscure the exp ected  d ep olarisa tion . The Em would then 
rep o la r ise  and return to  it s  orig in al restin g  le v e l a s  the K4* channels w ere 
in a ctiv a ted , by which time Cl" might a lready have re -esta b lish ed  an  
equilibrium  and have no further tendency to  d ep o larise Em.

H ow ever, a s  p reviou sly  d iscu ssed , changes in a g i produced no sustained  
ch an ges in  Em in  e ith er  larvae or prepupae. It was th erefore concluded that 
C l” was p a ssiv e ly  d istributed in  Calliphora, playing no part in  restin g  
membrane e le c tr o g e n e s is .



V H .3 .i i . The ro le  o f X4  in  generating Em

In tracellu lar K+ a c tiv itie s , a jj 's , were m easured in  larvae and prepupae using  
LIX-and N IC -type X4 IS  M s, (sec tio n  m . 2 ) .  This was the fir s t such data to  
b e obtained in  D ipteran m uscle. In la rv a e , the mean a £  value a s  m easured  
by L IX -type ISM 's was 129 ± U mM, by N IC -type IS M 's, 102 ± 2 mM. In  
prepupae, the mean ajJ m easured using LIX -type ISM 's was 382 ± 12 mM, and 
using N IC -type IS M 's, 115 ± 3 mM. The Eg va lu es ca lcu la ted  from th ese  
data w ere con sisten tly  more n egative than Em in a ll c e l ls ,  by a  minimum o f 11  
mV (la r v a , N IC -type ISM d ata) to  a  maximum o f 4-1 mV (p rep u p a, L IX -type 
ISM d a ta ). The fa c t that E x was not equal to  Em in d icated  that X4  was not 
p a ssiv e ly  d istributed  a cro ss the c e ll m embrane, but was lik e ly  to  be involved  
in  generating Em. I t a lso  su ggested  that X+ was not the on ly ion  involved in  
restin g  membrane e le c tr o g e n e s is . The resu lts o f a  s e r ie s  o f X4  substitution  
experim ents in which Na4  was used a s  the su b stitu te , were con sisten t with 
th ese  su g g estio n s. The c e ll membrane d ep o la rised  in  resp on se to  e lev a ted  
le v e ls  o f a £ , and hyperpolarised  when a £  was red u ced . The relation sh ip  
betw een Ejn and the logarithm  o f a £  was lin ea r (co rre la tio n  c o e ffic ien t
0 .9 9 5 )  with a slo p e  o f 28 mV per ten fo ld  change in  a g . T his was markedly 
shallow er than the 58 mV p er tenfold  change in  a £  p red icted  by the N em st 
equation fo r  a  membrane perm eable on ly to  X4 , confirm ing that the membrane 
was lik e ly  to be perm eable to  one or more add itional io n s .

The d ep olarisin g resp on se o f the m uscle c e ll membrane to  e lev a ted  le v e ls  o f 
a £  was used a s  an in d ex  o f  the perm eability o f the membrane to  X4* in  a  
s e r ie s  o f X4  pulsation experim ents (se c tio n  IV .4 -.iv ). The la tter  were 
d esign ed  to  dem onstrate any change in  the m em brane's perm eability to  X4  
occurring when the c e ll was exp osed  to  low le v e ls  o f afla . Each experim ent 
involved  the ap p lication  o f co n sta n t-sized  p u lses o f high-X 4  (9 7 .2  mM) 
R inger to  the c e ll and recording its  resp on se when bathed in  Normal R inger. 
Low Na4  ( a . 25 mM) Ringer was then substituted  in  for the Normal R inger. 
The s iz e  o f the d ep olarisin g  resp o n ses o f the membrane to  the p u lses o f high  
X4 R inger was found to  d ecrea se  to  an average o f 4-Z o f th eir  in itia l s iz e  in  
Normal R in ger, when the c e ll was ex p o sed  to  low afta . T his in d icated  that 
the perm eability o f the c e ll membrane to K+ was grea tly  reduced when the  
c e ll was bathed in  low -N a4 R inger. The mechanism o f th is reduction in  p x  is  
not c le a r . I t h as been shown that D ipteran m uscle p o s s e s s e s  th ree ty p es o f  
X4* conductance mechanism ( Salkoff & Wyman, 1 9 8 3 ): 1 . the c la s s ic a l
d e la y ed , rectify in g  X4* conductance o f the kind d escrib ed  in  the squid giant
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axon  by Hodgkin and H uxley (1 9 5 2 );  2 .  a calciu m -activated  JC4  conduct­
a n c e , o f th e typ e found in sn a il neurones by M eech and Standen (1 9 7 5 );  
and 3 . a  fa st tran sien t K4 conductance, whose tim e cou rse could not exp la in  
th e su sta in ed  d ep olarisa tion  in  Em when th e c e ll  w as ex p o sed  to  low a fla . 
Lowering a $ a  would a lso  not b e ex p ected  to  ex p la in  th e d e la y ed , rectify in g  
K4  con d u ctan ce, and i t  has been  shown that a # a  had n o  e ffe c t on th is  
conductance in  th e squid  giant axon (H odgkin & H uxley, 1 9 5 2 ) . H ow ever, 
reducing aj$a  might have an in d irect e ffe c t  on th e C a-activated  K4  
conductance. T hus, in  sh eep  h eart Purkinje fib r e s , a  reduction in a $ a  
ca u ses a  reduction  in  ajja  and a  corresponding in c r e a se  in  [Ca]^ (B exs & 
E llis , 1 9 8 2 ) . A sim ilar situ ation  was rep orted  in  sn a il neurones (P artrid ge & 
Thom as, 1 9 7 6 ) . Such a  r ise  in in tracellu lar Ca2+ would b e ex p ected  to  
a ctiv a te  th e Ca2 4  - dependent K4 conductance, lead in g  to  an in crea se  in  pjr 
and a h yp erp olarisation  in Em when a § a was red u ced , which is  in fa c t 
o b serv ed . T h is schem e d o es n o t, how ever, ex p la in  th e even ts se e n  in  
CaUiphora m uscle c e l ls ,  where th e tran sien t hyp erp olarisation  in  Em which 
occu rs when aj$a  i s  red u ced , i s  fo llow ed  by a  sustained  d ep olarisin g  p h a se . 
The d ep olarisa tion  m ight, how ever, b e exp la in ed  i f  reducing a $ a led  to  a  
reduction  in  ajja  and h en ce v ia  an unknown exch an ge mechanism to  a  reduction  
in  in tracellu lar Caz + . T his would lower th e  C a-dependent K4 -con d u ctan ce, 
lead in g  to  a  reduction  in  p *  and a  corresponding d ep olarisa tion  in  Em* 
A ltern atively , th e  behaviour o f Calliphcrra m uscle c e lls  may in itia lly  b e sim ilar 
to  that o f sh eep  heart Purkinje fib r e s , with a  reduction o f a § a causing a  
drop in  a j|a  and h en ce an in crea se  in  a^a and a  h yperpolarisation  o f Em* 
When a ^  r ea ch es a  certain  le v e l, i t  m ight b e taken up by cellu lar o rg a n elles  
lead in g  to  a  drop in  a ^  and a  corresponding reduction  in  p *  and 
d ep olarisa tion  in  Em* If a^a  was thus reduced  to  a  le v e l lower than it s  
orig in a l v a lu e , th is  could ex p la in  th e n et d ep olarisa tion  in  Em to  a  le v e l 
more p o sitiv e  than that in itia lly  reco rd ed . The seq u en ce o f even ts occurring  
could  b e c la r ifie d  further by m onitoring aj}a and a^a  during a low -N a4  
substitu tion  experim ent.

V H .3  . i i i  T he r o le  o f Na4 in generating Em

M easurem ents o f in tracellu lar K4 a c tiv itie s  in  la v a e  and prepupae showed that 
th e Ejr was co n sisten tly  m ore n eg a tiv e  than Em» im plying that th e c e ll  
membrane w as perm eable to  one (o r  m ore) io n s in  addition  to  K4 , with 
equilibrium  p o ten tia ls  more p o sitiv e  than Em* S in ce  Cl~ had b een  shewn to  
b e p a ssiv e ly  d istrib u ted , Na4 was a  lik e ly  candidate for such an io n .
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In tracellu lar Na4  a c tiv itie s  were m easured in  both larvae and prepupae using  
N IC -based Na4  lSM *s. T his was th e fir s t ajja  data to  b e obtained  in  in se c t 
m uscle, and gave average v a lu es o f 11 ± 1 and 7 ± 1 mM resp ec tiv e ly . 
T h ese co rresponded  to  Ej*a  va lu es o f 65 ± 2 and 76 ± 2 mV, r e sp ec tiv e ly , 
which w ere p o sitiv e  for a ll c e lls  stu d ied . The fa c t that E^a  was m ore 
p o sitiv e  than Em and not equal to  it  was co n sisten t with Na4  being involved  in 
generating Em*

Attempts to  determ ine quantitatively th e ro le  o f Na4 in  restin g  membrane 
e le c tr o g e n e s is  by perform ing Na4 substitution experim ents w ere com plicated by 
th e fa c t th at th e e ffe c ts  o f changing a £ a on th e c e ll membrane w ere not 
sim p le . Secondary e ffe c ts  w ere a lso  found to  occur e g . th e  p erm eability  o f  
th e c e ll membrane to  X4 w as reduced when th e c e ll was ex p o sed  to  low -N a4  
R inger. T h is w as thought to  exp la in  th e ob servation  that follow ing th e in itia l 
hyp erp olarisation  o f 2  to  7 mV which resu lted  from reducing a $ a (an  e ffe c t  
co n sisten t with Na4  being involved  in  th e m aintenance o f Em ), a  d ep o la r ­
isa tio n  o f  Em occu rred , to  le v e ls  2 to  8 mV more p o sitiv e  than it s  orig in al 
v a lu e . T h is d elayed  d ep olarisation  could b e  exp la in ed  q u a lita tiv e ly , a s  
fo llow s: if  th e  perm eability o f th e c e ll membrane to  X4  w as reduced in  low
a $ a > to e  Em would tend to  m ove away from E g , which i s  m ore n eg a tiv e  than  
Emt and h en ce to  d ep o la r ise .

Further ev id en ce  fo r  th e involvem ent o f Na4  in generating Em in Calliptiora 
w as obtained from a s e r ie s  o f substitution  exp erim en ts, d esign ed  to  te s t  th e  
m odel fo r  restin g  membrane e le c tr o g e n e s is . T h ese involved  varying a £  and 
a $ a w hilst keeping (a £  + 0 .0 3 6  a $ a ) x  a g j con stan t, and a  ten fo ld  change 
in  (a jj +  0 .0 3 6  a $ a ) was found to  g iv e  a  change in  Em c lo se  to  58 mV a s  
ex p ected  i f  th e m odel fu lly  accounted for th e io n ic  b a se s  o f Em* The te s t  
so lu tio n s in  th e se  experim ents w ere constructed  such that on ly  re la tiv e ly  sm all 
ch an ges in  a $ a  occurred (from  1 2 4 .6  to  8 8 .6  mM i e .  by 29X c f . th e  
change from 1 2 4 .6  to  1 .2 5  mM ie .  o f 99T in  th e Na4  substitu ion  
ex p er im en ts). T hus, th e Em gave su sta in ed  resp o n ses to  a ll so lu tio n s, with 
no tran sien t h yp erp olarisation s /d ep o la r isa tio n s o f th e ty p e record ed  in  
conventional Na4  substitution exp erim en ts. The resp o n ses o f th e Em to  
ch an ges in so lu tio n s in  which (a £  + 0 .0 3 6  a $ a ) x  a £ i w as kept constant w ere 
much fa ste r  than th o se  in conventional X4 substitution  exp erim en ts, occurring  
w ithin a  few  m inutes, a s opposed to  se v e r a l ten s o f m inutes in  X4 substitution  
exp erim en ts. T h is confirm s th e con clu sion s from Cl" substitu tion  experim ents 
that C l' i s  p a ssiv e ly  d istributed  in  th is  p rep aration . S in ce  th e s lo p e  o f the



graph o f Em a g a in st th e logarithm  o f (a £  + 0 .0 3 6  afta ) was very  c lo se  to  58  
mV, th is  confirm ed that th e PNa/PK 01 a  va lu e o f 0 .0 3 6  was co r r e ct. T his 
valu e i s  m arkedly larger than th e a  o f 0 .0 1  ca lcu lated  for frog  sk e le ta l 
m uscle fib r e s  (H odgkin & H orow icz, 1 9 5 9 ).

As p rev iou sly  n o ted , Jan  & Jan (1 9 7 6 ) p red icted  that Na+ w as involved in  
generating in  Em in Drosophila (se c tio n  v n . 3 ) .  T heir m odel fo r restin g  
membrane e le c tr o g e n e s is  did n o t, how ever, stand up to  experim ental te stin g . 
When Na+ substitu tion  exp eriments  were perform ed, Em did hyper p o la r ise  in  
resp o n se  to  reduced ex tra cellu la r  Na+ a c tiv ity , but th ere  w as lit t le  
co rrela tion  betw een Eg, and a g a  ( f ig . 1 2 5 ) . T h is lack o f correla tion  was not 
ex p la in ed , but i t  was su ggested  that th e m uscle membrane may have b een  
u n sta b le , sea lin g  poorly  a fter m icroelectrod e p en etration , e sp e c ia lly  when the  
fib re  was hyper p o la r ised  by reducing a g a . It i s  m ore lik e ly  that th e Ejq's  o f 
Drosophila m uscle c e lls  behave sim ilarly  in  low a $ a *s to  th o se  o f Calllphora 
c e l ls ,  with an in itia l h yperpolarisation  being follow ed by a  d ep o la risa tio n , 
and that th e  Em v a lu es recorded  in Drosophila w ere obtained during d ifferen t 
s ta g e s  o f th is  re sp o n se .

R esu lts com parable to  th o se  obtained in Calllphora w ere reported  from Na+ 
substitu tion  experim ents on le e c h  neu rop ile g lia l c e lls  (W alz & S ch lu e,
1 9 8 2 ). Na+ w as rep laced  by T ris and L i* , giving th e resu lts shown in ta b le  
3 6 . m  m ost exp erim en ts, Em h yp erp o larised , by a maximum o f -U mV in a 
ch lo r id e-b a sed  sa lin e  and a  maximum o f - 2 .1  mV in  su lp h ate-b ased  sa lin e  
with Li+ a s  th e  Na+ su b stitu te. The in itia l hyperp olarisation  was usually  
follow ed  by a  d ep o la r isa tio n , and in  som e experim e nts Em d ep o la rised  a s  
soon  a s  Na+ was rem oved from the sa lin e  bathing th e c e l l . T h is resu lt was 
n ot ex p la in ed .

V H .3 .iv . Other m echanism s

In Calllphora, th e m odel b ased  on th e sim p lified  G oldm an-H odgkin-K atz 
equation fu lly  accounts fo r  th e restin g  Em in  term s o f th e tran s -membrane K+ 
and Na+ gra d ien ts. T h is, how ever, d o es not ru le  out th e p o ssib lity  that 
ad d ition al m echanism s may contribute to  Em* Such m echanism s in clu d e pH , 
Ca2 + , Mg2+ and an e le c tr o g e n ic , m etabolic pump, none o f which w ere 
in v e stig a te d .

T he e ffe c t o f pH i s  d ifficu lt to  a s s e s s , s in c e  changing pH may a ffe c t a  ran ge



Drosophila la rv a e , was found not to  b e very  se n s itiv e  to  ch an ges in pH 
betw een 6 .8  and 7 .3 ,  a lterin g  by only 2 -3  mV in  th is  r a n g e . (Jan  & J a n , 
1 9 7 6 ). In creasin g  (C a2+]0  in  th e sam e preparation  caused a  
h yperpolarisation  in  Em, o f som e 26  mV when [C a2+]0  w as ra ised  from 1 .8  to  
45 mM. T his was attributed  to  th e c e ll membrane form ing im proved s e a ls  
around th e m icroelectrod e in e lev a ted  le v e ls  o f £Ca2+]0  (Jem  & J a n , 1 9 7 6 j 
S tefan i & S tein b ach , 1 9 6 9 ). It i s ,  how ever, p o ss ib le  th at Ca2+ may have 
secon d ary  e ffe c ts  on Em. in crea sin g  £Mg2+]0  from 4  to  47 mM gave an  
average hyperpolarisa tion  o f only 2  mV in Drosophila, ind icating a low  
perm eability to  Mg2 + .

A Na+/K + pump i s  certa in  to  b e p resen t in  th e m uscle c e ll membrane in  
Calliphora, m aintaining th e trans-m em brane Na+ and K4  g ra d ien ts. I t is  not 
known whether th is  pump contributes d irectly  to  restin g  membrane
e le c tr o g e n e s is . I f  it  d o e s , it s  involvem ent must b e m inor, s in c e  Ejn can be  
exp la in ed  quantitatively by the m odel b ased  on th e  G oldm an-H odgkin-K atz 
equation . T here are no rep orts on an e lec tro g en ic  pump in  D iptera.

V H .4 . Developm ental changes in  in tracellu lar io n ic  a c tiv itie s  in  Calliphora

Changes were ob served  in  th e in tracellu lar a c tiv itie s  o f certa in  io n s and 
in terferen ts in  Calliphora a s  th e in se c t d evelop ed  from th e  larva l to  prepupal 
s ta g e s . It should b e n o ted , how ever, that th e m uscle c e lls  in v estig a ted  in  
th e p resen t stu d y , th e ven tral longitudinal body-w all m u scles 6A and 7A, do  
not p ersist in  th e adult fly  but a re  broken down during m etam orphosis 
(C r o ssle y , 1 9 6 5 , 1 9 6 8 ). The changes in  in tracellu lar io n ic  a c tiv itie s
occurring a s  th e in se c t p a sse s  from larva l to  prepupal s ta g e s  may th erefore  
t>e in terp reted  a s  being due to  the gradual d eterioration  o f th e c e ll prior to  
c e ll d eath .

( i l  C l". Na+ and

C l“ was p a ssiv e ly  d istributed  a cro ss th e c e ll membrane in  both larvae and 
prepupae and s in c e  th ere was no con sisten t change in  Em during developm ent, 
th e  average a<ji would b e exp ected  to  rem ain approxim ately constant a t the  
le v e l o f 17 ± 1 mM found in  la rv a e . It was n o t, how ever, p o ssib le  to  v er ify  
th is , b ecau se an in terferen t p resen t in  prepupal m uscle c e lls  led  to  
a r tific ia lly  e lev a ted  a ^ i va lu es being reco rd ed , giving an a verage apparent

of cellular mechanisms and hence have secondary effects on In



a 6 l O f 40 ± 2 mM. T hus, w hilst in  la r v a e , th e a verage Eq i was equal to  th e  
a v era g e Em, a t -S3 ± 1 mV, in  prepupae Eq i ( -3 1  ± 1 mV) was con sisten tly  
m ore p o sitiv e  than Em ( -5 0  ± 1 m V ), by an average o f 19 mV.

M easurem ents o f in tracellu lar X4* a c tiv itie s  were made in  both larvae and 
prepupae o f Camphors using two ty p es o f X4*-ISM 's: one b ased  on th e
C om ing X4"-exchanger, LIX, (C ode 4 77317) and th e secon d  on a  
valin om ycin -b ased  neutral io n  c a r r ie r , MIC (Oehme & Sim on, 1 9 7 6 ). The 
r e su lts  obtained  have been  p resen ted  in  chapter m .  The mean va lu e o f  
in tracellu lar X4* a c tiv ity , a £ , in  larvae m easured with LIX -type ISM 's was 129  
± 4  mM, and with M IC-type IS M 's, 102 ± 2 mM. That in  prepupae m easured  
with LIX -type ISM s was 382 ± 12 mM, and with N IC -type IS M 's, 115 ± 3 
mM.

In tracellu lar Na4* a ctiv ity  measurements were m ade in  larvae and prepupae 
using n eu tral io n  carrier b ased  ISM s (ETH 2 2 7 , S tein er e t a ; , 1 9 7 9 ). 
T h ese resu lts werp p resen ted  in chapter m .  The mean in tracellu lar Na+ 
a c tiv ity , ajja , va lu e record ed  in  larvae was 11 ± 1 mM; in  prepupae i t  was 
7 ± 1 mM.

It was concluded from th e a £  data that th ere  i s  an in c r e a se  both in  a £  (from  
102 to  115 mM) and in  th e concentration  o f an in terferen t to  which th e  X4" 
LIX resp on d s, in  CaUiphora m uscle c e lls  during th e 'developm ent* from larva  
to  prepupa. The form er may r e fle c t an in crea se  in th e a ctiv ity  o f  a  Na+/K 4' 
pumping m echanism .

T h is in c r e a se  in  aj£ from 102 to  115 mM a s  th e in se c t p a sse s  from larva  to  
prepupa is  co n sisten t with data obtained concerning ch an ges in  nuclear X4- 
a ctiv ity  and to ta l nuclear X* content in  sa livary  glands o f Chrronomos tetans 
(Wuhrmann e t a l, 1 9 7 9 ). T h ese two param eters w ere m easured using
valin om ycin -b ased  d o u b le-b arrelled  X4' ISM 's and fla m eless atom ic absorption  
sp ectrom etry , r e sp e c tiv e ly . The X4* a ctiv ity  in crea sed  by a  factor o f 2 .6  
(from  25  ± 10  to  6 4  ± 15 mM) and th e to ta l K+ , by a  fa cto r  o f 1 .5  (from  12  
i  2  to  18 i  3 mM) a s  o ligopausin g larvae d evelop ed  in to p rep u p ae.

In  addition  to  th e  'developm ental* in crea se  in ajJ from 102 to  115 mM, a  
corresponding d ecrea se  in  a ^ a  was ob served : from an avera g e o f 11 mM in
larvae to  7 mM in  prepupae ( f ig . 1 2 6 a ). T h is i s  co n sisten t with th e ea r lier  
su g g estio n  that th e d evelop men ta l in crea se  in ajj might b e due to  th e
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Eg, and E x on a  p oten tia l s c a le  in  larva l and prepupal (M ean 
v a lu es a re  shown a s  so lid  lin e s , S .E 's  a s  dashed lin e s ) .



In creased  a ctiv ity  o f a  Na+/JCf  exch an ge m echanism . Such a  mechanism might 
b e ex p ec ted  to  have a  coupling ratio  o f 3 Na+ ? 2 K *. The observed  ratio  
w as, how ever, c lo se  to  3 Na+ j 1  K+ (0 .3 6  s 0 .1 1 ) .  T his may in d icate that 
the accep tan ce o f data from only a  sm all number o f c e lls  which gave to ta lly  
stea d y  im palem ents h as le d  to  the developm ental change in  aj$a being  
o verestim ated .

Com parable developm ental in c r e a se s  in  a £  and d e c r e a se s  in  ajja have been  
rep orted  in  mouse sk e le ta l m uscle (Wood ft Wareham, 1984-) and chick  
ven tricu lar m uscle (F ozzard  & Sheu , 1 9 8 0 ) . In  mouse sk e le ta l m uscle, the 
Ejd i s  low a t b irth , in creasin g  from -5 0 .4  ± 0 .8  mV a t 8 days to -7 1 .2  ±
1 .1  mV at 30 days ( c f . CaUiphora, where th ere is  no co n sisten t d ifferen ce  
betw een Em in  larvae and p rep u p a e). The a £  a lso  in crea sed  rapidly with 
a g e , from 8 2 .5  ± 1 .4  mM at 8 d ays to  1 0 9 .1  ± 4 .2  mM at 18 days 
(m easurem ents were made using N IC -based K+ IS M s). The E g ca lcu lated  
from th is data was alw ays grea ter than the record ed  E ^ . T his d iscrepancy  
was g rea test (2 6 .9  ± 0 .8 5  mV) a t 8 d ays and le a s t a t 30 d ays (1 2 .7  ± 0 .6 5  
m V ). T his con trasts with th e situation  in  CalUphora, w here the d ifferen ce  
betw een Em and E g in c r e a se s  with developm ent ( f ig . 126  b ) . It was
concluded  that in  m ouse sk e le ta l m uscle, r is e s  in  ajJ in  develop ing m uscle 
fib r e s  do not fu lly  account for observed  in c r e a se s  in E ^  An a sso cia ted  
d e c r e a se  in  ajja was thought lik ely  to  make a sig n ifica n t contribution} a^ a
f e l l  from 30 mM in  8 d a y -o ld  m ice to  around 8 mM in adult f ib r e s .

In  chick ventricular m uscle Ejr h yp erp olarised  from -6 5 .4  ± 1 .1  at 4  d ays to  
-7 5 .8  ± 0 .6  at 18 d a y s. An in crea se  in  a^  was a lso  o b serv ed , from 7 1 .3  ±
1 .9  mM at 4  d ays to  8 9 .9  ± 1 .1  mM at 18 d a y s. In  agreem ent with the 
situ ation  in  mouse sk e le ta l m uscle the d ifferen ce  betw een Em and Eg 
d ecrea sed  with developm ent. In ad d ition , a*ja was found to  d ecrea se  from
1 2 .5  ± 0 .4  mM in  4  d a y -o ld  ch icks to  7 .0  ± 0 .3  mM in 18 d ay-o ld
in d iv id u a ls. I t  was concluded that in  th is p rep aration , th e hyperpolarisation  
o f Em could b e exp la in ed  by a  r ise  in  a^  and fa ll in  a j|a , a s  i f  the Na-K  
exch an ge pump becam e more a c tiv e . (In  fa c t , K lein , (1 9 6 3 ) and sp ere la k is  
(1 9 7 2 ) found in c r e a se s  in  the sp e c ific  a ctiv ity  o f iso la te d  membrane Na-K  
A T Pase with developm ent o f the chick h ea rt, which ten d s to  confirm the la tter  
su g g e stio n ).

T hus, in  th ese  two p rep aration s, developm ental in c r e a se s  in  aj£ and 
d e c r e a se s  in  a*ja  sim ilar to  th ose in Calliphora have b een  found. In both



h y p erp o larises and thus the d ifferen ce  betw een Em and E g d e c r e a se s , with 
developm ent. T his con trasts with the situation  in  Calllphora, where th ere is  
no co n sisten t d ifferen ce  betw een the average Em's record ed  in  larvae and 
p rep u p ae, and a s  a  resu lt th e Ejq/E k d ifferen ce  in c r e a se s  with developm ent. 
The fa c t that the Em rem ains constant during developm ent is  con sisten t with 
the contribution o f Na+ to  Em being la rg er  in  Calliphora than in  chick or 
mouse m uscle. (T he la tter  are both v erteb rates and might th erefore b e  
ex p ected  to  have a  va lu es sim ilar to  th e value o f 0 .0 1  found in  frog  m uscle 
(H odgkin & H orow icz, 1959) c f . the a  o f 0 .0 3 6  ca lcu la ted  for Calliphora), 
T hus, in  Calliphora, the in creasin g  contribution o f  K4  to  Em during 
developm ent would balance th e d ecreasin g  contribution o f Na+ , with the resu lt 
that Em rem ained approxim ately con stan t. In co n tra st, in  chick and mouse 
m uscle, the in crea se  in  a £  during developm ent would tend to  hyp erp olarise  
Em* w hilst the reduction in  ajja  would have re la tiv e ly  lit t le  e f fe c t , exp lain ing  
the ob served  hyperpolarisation  in Em*

i i . In terferen ts

chick ventricular muscle and mouse skeletal m uscle, however, Em

The a c tiv itie s  o f a t le a s t two in terferen ts in crea se  a s  Calliphora develops 
from larva to  prepupa. One is  a n io n ic , in terferin g  with the C l~ -exch an ger, 
and the seco n d , ca tio n ic , in terferin g  with the X4*-exchanger. The form er is  
apparently absent in  la rv a e , or p resen t a t low enough a c tiv itie s  to  have lit t le  
e ffe c t on a<ji m easurem ents, but occu rs in  sign ifican t q u an tities in  prepupal 
c e lls  and accounts fo r  the d ifferen ce  betw een the ex p ected  a£x o f around 17 
mM and the ob served  value o f 40 mM. I ts  id en tity  is  not known. The la tter  
i s  p resen t in  th e m uscle c e lls  o f  both larvae and p repupae, but i s  more 
abundant in  p repupae. I t  accounts fo r  the d iscrep an cy betw een the mean aj£ 
valu es record ed  in the two p rep aration s using LlX -and N IC -type X+ISM'S: in
larvae th e aj£ obtained  with L IX -type ISM 's was som e 27 mM higher than that 
record ed  with N IC -type ISM 's; in  prepupae the ajj m easured with L IX -type 
ISM 's was around 267 mM higher them that obtained with N IC -type IS M 's. 
The nature o f th is in terferen t is  not c le a r , but it  i s  known that the LIX is  
high ly se n sitiv e  to  the p resen ce  o f certa in  organ ic compounds such a s  
quaternary am ines, responding around th ree hundred tim es more stron gly  to  
th ese  than to  K+ ( f ig . 4 ) .  Thus, the p resen ce  o f an extrem ely  sm all amount 
o f such a  compound in  a c e ll would ex p la in  the high va lu es o f .apparent K+ 
a ctiv ity  record ed  from prepupal c e lls  in  particular (Oehme & Sim on, 1 9 7 6 ). 
Compounds such a s  polyam ines a re  w ell known to  accum ulate in  dying tissu e s



(C a m icero  e t a7, 1 9 8 2 ) and would be lik e ly  to  in terfere  with th e x *  LIX. 
A lternative can d id ates fo r  the in te r fe r e d  are ca rn itin e , an in lin e, which tends 
to  b e abundant in a ctiv e  tis su e s , and ch o lin e , which may occur in  the fr e e
sta te  in  c e lls  e g . a s  phosphatidyl c h o lin e ( B r id e s ,  IS12. } H orl£^ j &
Sct\<xcL.t4u*,

V H .5 . M echanism s o f restin g  membrane e le c tro g en es is  in  body-w all 
m u sc le  c e l l s  o f  Chilo  la r v a e

Larvae o f Chilo, the r ic e  stem  b o rer , are phytophagous, and a s  a  re su lt, 
th eir  haemolymph contains low le v e ls  o f Na+ , and high le v e ls  o f X+ , Mg2*  
and Ca2 + . The main reason  for studying Chilo was for com parison with data  
from Calliphora la r v a e , which are carrion  fe e d e r s  whose haemolymph contains 
low X *, Mg2+ and Ca2+ , and high Na+ le v e ls . Such d ifferen ces in  
haemolymph com position might b e ex p ected  to b e  re fle c te d  in  d ifferen ces in  
th e m uscle e lectro ch em istr ies o f the two sp e c ie s  o f in se c t. T hus, the r o le s  
o f id*, Na+ and C l' in  restin g  membrane e le c tro g en es is  w ere in vestiga ted  by 
m easuring th eir in tracellu lar a c tiv itie s  and perform ing substitution  

exp erim en ts, and the ro le  o f Mg2+ was in vestiga ted  by substitution  
experim ents a lo n e .

V H .5 .i . The ro le  o f X*

In tracellu lar X* a c tiv itie s  were m easured in  Chilo larvae using both LIX- an d , 
fo r  the f ir s t  time in  L epidoptera, N IC -type X* ISM s. The two typ es o f X* 
ISM gave a verage ajj va lu es o f 65 ± 1 and 62 ± 1 mM, resp ec tiv e ly  (se c tio n
V . l ) . T h ese va lu es w ere sig n ifica n tly  d ifferen t (p  < 0 .0 5 , S tudent's t - te s t )  
su ggestin g  that Chilo m uscle c e lls  contain a  sm all amount o f in terferen t to  
which the LIX resp on d s, giving somewhat e lev a ted  va lu es fo r apparent a £ . 
The E x va lu es ca lcu lated  from th is ajJ data w ere co n sisten tly  more p o sitiv e  
than Ejq, by an average o f 19 mV fo r both LIX- and N IC -type ISM d a ta . 
(Ex had an average value o f -2 7  ± 1 and -2 6  ± 1 mV, and Em, an average  
valu e o f -4 6  ± 1 and -4 5  ± 1 mV a s  m easured using LIX- and N IC -type ISM 's 
r e sp e c tiv e ly ) .

T hese re su lts  a re  broadly in  agreem ent with other data a v a ila b le  for sk e le ta l 
m uscle in  the L epidoptera (T ab le 3 7 ) , e g . in  Sphinx ligustrl the [K *]*, a s  
m easured by flam e photom etry, was 8 4 .4  ± 7 mM which corresponded  to  an 
average E x o f -1 3 .3  mV, 29 mV more p o sitiv e  than the m easured Em o f  
-4 4 .5  ± 2 .2  mV (H uddart, 1 9 6 6 a ) [K *]j m easured in  th e sam e preparation



S p e c ie s IK +H [K +lo eK Em M ethod R eferen ce
(mM) (mM) (mV) (mV)

Sphinx l ig u s tr i 84-.4  ± 7 .0 4 9 .8  ± 1 .3 -1 3 .3 -4 4 .5 ± 2 .2 FP Iludd art (1 9 6 6 a )
0 9  9 9  | 1 1 0 .3  ± 2 .5 2 2 .7  ± 1 .4 -3 9 .8 -5 9 .8 0 .9 AAS Wareham e t  al (1 9 7 5 )

Antherea polyphemua 7 8 .9  * 5 .1 4 1 .0  ± 1 .7 -1 6 .5 -4 8 .2 ± 1 .4 FP H uddart ( 1 9 6 6 a )
9 9  9 9 1 5 2 .5 50 - 2 8 .4 -4 9 .6 LIX Kheuben (1 9 7 2 )

Bombyx mori 9 7 .7  1 8 .7 4 1 .3  ± 1 .2 -2 1 .7 -4 0 .1 ± 1 .4 FP H uddart (1 9 6 6 a )
Ac tin s  aclmno 1 1 5 .6  1 5 .2 4 7 .2  * 1 .5 -2 2 .6 - 4 6 .4 ± 1 .3 FP H uddart (1 9 6 6 a )
Chilo p a r te llu s 9 0 .3  ± 1 30 -2 7 - 4 6 .0 ± 1 .0 LIX P r e se n t stu d y

8 6 .1  ± 1 30 -26 -4 5 .0 ± 1 .0 NIC Vf 9 9

FP - Flam e p h o to m etry
AA3 - a to m ic  a b so r p tio n  sp ec tro p h o to m etry  
LIX - L IX -ty p e K+ ISM 
NIC - N IC -typ e K+ ISM

. A com p arison  b etw een  [id*]* d a ta  a v a ila b le  fo r  f i v e  s p e c ie s  o f  L ep id o p teraT a b le  37



using an atom ic spectrophotom eter gave a  value o f 110  mM, and an Eg o f -4 0  
mV, 20 mV more p o sitiv e  than E ^ , (Wareham et a lf 1 9 7 5 ) . The d ifferen ce  
betw een the [X *3i va lu es m easured using the two techniques ( 8 4 .4  mM by 
flam e photom etry; 110  mM by atom ic spectrophotom etry) may r e fle c t e ith er  
r e a l d ifferen ces betwen the two cu ltures o f Sphinx used in  the two d ifferen t 
la b o r a to r ie s , or the p resen ce  o f an in terferen t in  the m uscle c e l ls ,  to  which 
the atom ic spectrophotom eter responds more than the flam e photom eter. 
Sim ilarly the d ifferen ce  betw een the Em va lu es record ed  by the two authors 
(an  a verage o f -4 4 .5  mV by Huddart (1 9 6 6 a ) c f . an average o f -6 0  mV by 
Wareham e t al (1974)) might b e attributable to  r ea l d ifferen ces betw een the  
two Sphinx cu ltu res, but is  more lik e ly  to  r e fle c t that the preparations used  
by Wareham e t  al were h ealth ier or that the c e lls  were dam aged le s s  during 
m icroelectrod e im palem ents than th ose u sed  by H uddart.

Hi Actias selenet the [K4’]* value o f 1 1 5 .6  ± 5 .2  mM m easured by flam e 
photom etry was o f th e sam e order o f m agnitude a s  th ose obtained in  Sphinx. 
T his corresponded  to  an Er  o f -2 1  mV, which was 2 5 .4  mV more p o sitiv e  than 
the average Ero o f - 4 6 .4  ± 1 .3  mV (H uddart, 1966 a ,b ) .  In Antherea
polyphemus, ajj h as b een  m easured using both flam e photom etry (H uddart, 
1966 b ) and L IX -type X4" IS  Ms (R heuben, 1 9 7 2 ). The form er technique gave  
an avera g e ajJ o f 7 8 .9  mM, the la tte r , an ajJ o f 1 0 9 .8  mM. Both th ese
v a lu es corresponded  to  Eg valu es more p o sitiv e  than Eg,: fo r  the flam e
photom etry data by 32 mV, and for the ISM d ata by 2 1 .2  mV (ta b le  3 7 ) .

T hus, th e v a lu es fo r [X4'}* m easured in  th ree s p e c ie s  o f L epidoptera, Sphinx, 
Actias and Antherea, using flam e photom etry w ere 8 4 .4 , 1 1 5 .6  and 7 8 .9  mM, 
resp ec tiv e ly  (ta b le  3 7 ) . T hese valu es w ere com parable with the [K+Jj valu es 
m easured in  Chile using LIX- and N IC -type x+ ISM 's : 9 0 .3  and 8 6 .1  mM
resp ec tiv e ly  (ca lcu la ted  from the ajj data by dividing aj£ by the activ ity
c o e ffic ie n t, y ,  o f 0 .7 2 ) .  The fa c t that the resu lts obtained by flam e
photom etry were com parable to  th ose m easured with ISM 's su g g est that K+ is  
not sig n ifica n tly  bound in  L epidoptera m uscle c e l ls .  T his would need  to  be 
confirm ed, how ever, by m easurem ents o f aj£ in  Sphinx, Actias and Antherea 
using N IC -type x4*-IS M 's. A com parison betw een the [K+]j va lu es m easured 
in  Antherea using flam e photom etry and L IX -type X4* ISM 's (7 8 .9  and
152.5 mM r esp ec tiv e ly ) su g g ests that Antherea m uscle c e lls  contain an 

in terferen t to  which the X4*-exchanger resp on d ed . The true [K+Jj would b e  
ex p ected  to  be somewhat sm aller than the value estim ated by flam e
photom etry, s in c e  the la tter  technique is  known to  su ffer from in terferen ce  by
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cation s other than K4 , and to  m easure bound a s  w ell a s  'a ctiv e ' io n s . The 
fa c t that the apparent [K4 ^  m easured by Rheuben (1 9 7 2 ) was som e 30 mM 
higher than that estim ated by Huddart (1 9 6 6 ) is  thus m ost lik e ly  to  have b een  
due to  in ter feren ce . C andidates for th is in terferen t in clude quaternary 
ammonium io n s e g . a ce ty l ch olin e or ca rn itin e , to  which th e LXX is  known to  
b e very resp on sive (Oehme & Sim on, 1 9 7 6 ). In Chilo the p resen ce o f a  
sm all amount o f such an in terferen t resu lted  in  the avera g e ajj recorded  by 
LIX -type K4  ISM 's bein g som e 3 mM higher than that record ed  with N IC -type 
ISM 's.

The IT4 substitution experim ents carried  out on Chilo to  obtain  a  quantitative 
assessm ent o f the r o le  o f IT4 in  generating Em showed that Ero hyperpolarised  
from its  normal restin g  le v e l in a £ 's  low er than that in  Normal R inger, and 
d ep olarised  when a £  was in crea sed  above that in  Normal Ringer (sec tio n
V I. 1 ) .  The relation sh ip  betw een Em and the logarithm  o f a £  was n o t, 
how ever, lin e a r , but follow ed a sm ooth curve with a  maximum slo p e  o f 30 mV 
per tenfold  change in  a g  ( in the a £  range 2 1 .6  to  3 0 .2  mM) .  T his is  a lso  in  
agreem ent with published data on L epidoptera: in  a ll s p e c ie s  stu d ied , the
relationsh ip  betw een Em and the logarithm  o f a £  was curved and not lin ear  
e g . in Bomhyx mori ( f ig . 15 A ), Sphinx llgustrl ( f ig . 15  B ) , Actlas selene 
( f ig . 15 V) (H uddart, 1966a), Phllosamla cynthia ( f ig . 1 7 ) (P iek , 1 9 7 5 ). 
Piek (1 9 7 5 ) noted that th is rela tion sh ip  showed a  marked d eviation  at [JC4 ]0 's  
c lo se  to  that found in  the Normal R inger fo r th e in se c t , but did not 
sa tisfa c to r ily  ex p la in  th is tren d .

Thus, the rela tion sh ip  betw een Em and the logarithm  o f a £  in  Chilo was not 
lin ea r . A p o ssib le  explanation  fo r th is would have been  a  change in  the  
rela tive perm eability o f the c e ll membrane to K4 and Na4  when exp osed  to  
a ltered  le v e ls  o f ex tra cellu la r  Na4 , com parable to  that observed  in
Calliphora (se c tio n  I V .4 .i i i ) .  I f  such a  change o ccu red , it  might b e  
reflected  a s  a  change in  membrane r e s is ta n c e . In conjunction with the fu ll 
K4  substitution exp erim en ts, a  s e r ie s  o f 3 -ste p  K4  substitution  experim ents 
was th erefore perform ed in which membrane resista n ce  was m onitored (sec tio n  
V I.2 ) .  T hese experim ents showed th at, when ex p o sed  to  low JC4/h ig h  Na4  
sa lin e , the membrane resista n ce  d ecrea sed  by an avera g e o f 3 7 X from it s  
resting le v e l o f 4417 ± 310 kft; in  high K4 /lo w  Na4  sa lin e , membrane 
resista n ce  in crea sed  by an average o f 4 1 Z from its  restin g  le v e l in  Normal 
s a lin e . Thus, it  i s  lik e ly  that th e PNa/PK ratio  fo r the c e ll membrane
changed when a^ g and a £  were v a r ied , accounting for th e n on -lin earity  o f



the relationship between Em and the logarithm of a £ .

V H .5 .i i . The ro le  o f Na+

The fa c t that E g was con sisten tly  more p o sitiv e  than Em in  Chilo su ggested  
that the m uscle c e ll  membrane was perm eable to  a t le a s t on e ion  other than 
K+ with it s  equilibrium  p oten tia l more n egative than Em. Huddart (1 9 6 6 ) 
sta ted  that in  Sphinx, Ej*a (a s  ca lcu la ted  from [Na+] data m easured using  
flam e photom etry) was a s  n egative a s  E ^ , both param eters having va lu es 
c lo s e  to  -4 4  mV. In  order to  in v estig a te  w hether Ej*a might a lso  be a s  
n egative or m ore n egative than Em in  Chi Jo, m easurem ents o f in tracellu lar  
Na+ a c tiv ity , a ^ ,  w ere made in  th is in se c t using N IC -based Na+ IS H 's  
(se c tio n  V .2 ) .

The average a j^  record ed  was 12 ± 2 mM, which is  grea ter than the a fta 
( 8 .6  mM) in  th e Normal sa lin e  fo r the in se c t. T his corresponded  to  an 
average Ej$a o f -6  ± 4  mV, which was more p o sitiv e  than Em by an average  
o f 41  mV. The d ifferen ce  betw een th is and the situ ation  in  Sphinx may b e a  
genuine sp e c ie s  d iffe r e n c e , or may r e fle c t the fa c t that flam e photom etry 
m easures bound Na+ a s  w ell a s  ’active* io n s , and th erefo re  gave high [Na+]j 
valu es and corresp on d in gly  n egative E^a v a lu es. The range o f Ej*a  va lu es 
obtained  in  Chllo was su rp risin gly  w id e, including both n egative and p o sitiv e  
valu es ( - 3 0 .5  to  + 1 5 .9  m V). Ejja w as, how ever, more p o sitiv e  than Em in  
a ll c e lls  stu d ied , ind icating that w hilst Na+ might b e involved  in  generating  
Eg,, it  i s  not the ion  m entioned above with it s  equilibrium  p oten tia l more 
n eg a tiv e  then Em*

T hus, the a v era g e a ^ l record ed  in  Chilo was 12 mM, which corresp on d s to  a  
concentration  o f 1 6 .7  mM. T his figu re is  o f the sam e order o f m agnitude a s  
[Na+ ] i v a lu es record ed  in  other sp e c ie s  o f L epidoptera using flam e 
photom etry (ta b le  3 8 ):  2 0 .7  ± 1 .6  mM ( Sphinx ligustri), 5 .0  ± 0 .7  mM
( Anther ea polyphemvs), 1 2 .4  ± 1 .2  mM ( Bombyx mori) and 1 6 .0  ± 2 .2  mM 
( Actias seJene) (H uddart, 1 9 6 6 a ). The fa c t that sim ilar va lu es fo r  [Na+ ]j 
w ere obtained using both flam e photom etry and Na+ -ISM s su g g ests that in  the 
L epidoptera, in tracellu ar Na+ is  not sig n ifica n tly  bound. The re la tiv e ly  sm all 
d iscrep a n cies betw een the v a lu es are lik e ly  to  b e  attributab le to  s p e c ie s  
d iffe r e n c e s . The E^a  va lu es obtained for Chilo had an a verage o f -6  ± 4  
mV, somewhat le s s  n egative than the E ^a's  obtained  for the above four 
s p e c ie s :  -4 4  mV (Sphinx), -1 0 .5  mV (Antherea), -1 4 .2  mV ( Actias) and -8



S p e c ie s [N a+H
(mM)

lN a+ l 0
(mM) ENa(mV) Em(mV)

M ethod R eferen ce

Sphinx l ig u a tr l 2 0 .7  ± 1 .6 3 .6 ± 0 .3 -4 4 .0 -4 4 .5  ± 2 .2 FP H uddart (1 9 6 6 a )
An therea polyphemus 5 .0  ± 0 .7 3 .3 ± 0 .3 -1 0 .5 -4 8 .2  ± 1 .4 FP «« 99

Bombyx mori 1 2 .4  ± 1 .2 9 .0 ± 0 .5 - 8 .0 -4 8 .1  ± 1 .4 FP tf 99

A ctias selene 1 6 .0  ± 2 .2 9 .1 ± 0 .5 -1 4 .2 - 4 6 .4  ± 1 .3 FP 99 99

Chilo parte l 1 us 1 6 .7  ± 1 12 -6  ± 4 -4 7 .0  ± 2 .0 NIC P r e se n t stu d y

FP - Flam e p h otom etry  
NIC - N IC -typ e Na+ ISM

T a b le  3 8 . A com p arison  b etw een  (Na+ ) i  d a ta  a v a ila b le  fo r  f iv e  s p e c ie s  o f  L ep id o p tera



m  a ll L epidoptera stu d ied , the [Na+3i was greater than [Na+ ]0 . in  Chilo the 
ra tio  o f [Na+]o  to  [Na+) i  was 0 .7 2 ;  in  Sphinx, its  valu e was 0 .1 7 4 ;  in  
Antherea, 0 .6 6 ;  in  Actias, 0 .7 2 6  and Bombyx, 0 .5 6 8 . T his property  
ap p ears to  b e unique to  L epidoptera, and is  alm ost certa in ly  a  re flec tio n  o f  
th e unusual com position o f the haemolymph.

The Na+ su b stl.—dution experim ents carried  out on Chilo to  determ ine 
quantitatively the ex ten t o f the involvem ent o f Na+ in  generating Em, showed 
that Em h yp erp olarised  from its  restin g  le v e l when afta  was red u ced , and 
d ep o la rised  when a $ a  was in crea sed  (se c tio n  V I.3 ) .  The s iz e s  o f th ese  
resp o n ses w ere, how ever, extrem ely sm all (som e 2 mV per ten fold  change in  
afta , f ig . 1 1 5 ) , ind icating that the c e ll membrane has a  sm all but sign ifican t 
perm eability to  Na+ , with around 3 Z o f Em being gen erated  by Na+ .

T his resu lt i s  co n sisten t with data fo r  Antherea (R heuben, 1 9 7 2 ) , where a 
ten fo ld  in crea se  in  [Na+]0 caused a  d ep olarisa tion  o f 4 .6  mV in  Em, from  
which it  was concluded that the restin g  m uscle membrane was slig h tly  
perm eable to  Na+ .

V H .5 .i i i .  The ro le  o f Cl~

mV ( B o m b y x ) . In a ll sp ec ies, however, E^a was more positive than Ejq.

M easurem ents o f in tracellu lar K4- and Na+ a c tiv itie s  (se c tio n s  V .2  and V .3  
r esp ec tiv e ly ) showed that both Ex and ENa w ere co n sisten tly  more p o sitiv e  
than Em. T his im plied that the c e ll membrane must b e perm eable to  a t le a s t  
on e ion  in addition  to  K* and Na+ with it s  equilibrium  p oten tia l more n egative  
than Em* In ord er to  in v estig a te  whether C l' might be th is io n , in tracellu lar  
Cl" a c tiv itie s , a ^ x 's, w ere m easured using L IX -based IS  Ms with R L IE -filled  
referen ce  b a rre ls .

An a verage a<jx value o f 8 ± 0 .2  mM was ob ta in ed , which corresponded  to  a  
[C l" )i o f l l . l  mM and to  an average E d  value o f -5 4  ± 1 mV. The la tter  
was con sisten tly  more n egative them E ^ , by an average o f 8 ± 0 .4  mV, 
su ggestin g  that Cl" i s  not p a ssiv e ly  d istributed  in  th is in se c t .

The fa c t that E ci is  m ore n egative than E^ in  Chilo con trasts with data  
a v a ila b le  fo r  the L ep idoptera, in  which [C l- ] was estim ated by back titration  
(H uddart, 1 9 6 6 a ). [C l~ ]'s  w ere m easured using th is technique in  Sphinx,



Antherea, Act las and Bombyx (T ab le 3 9 ) .

T able 3 9 . [C l~] data from fiv e  L epidoptera sp e c ie s  (D ata from Huddart,
1 9 6 6 a , and th e  p r e s e n t  s tu d y ) .

S p e c ie s [ C l - ) i [C l" 3o E e l Em
(WM) (roM) (mV) (mV)

Sphinx l ig u s tr i 14..5  ±  1 .9 6 1 .3 ± 2 .8 -3 6 .3 -4 4 .5 ± 2 .2
Antherea polyphemas 1 5 .0  ± 1 .4 . 6 7 .5 ± 3 .0 “3 7 .9 -4 8 .2 ± 1 .4
A ctias selene 14..0  ± 1 .4 . 7 5 .0 ± 3 .3 “4 2 .5 - 4 6 .4 ± 1 .3
Bombyx mori 1 3 .3  ± 1 .3 6 8 .2 ± 3 .2 -4 .1 .2 -4 8 .1 ± 1 .4
Chilo p a r te lla s 1 1 .1  ± 0 .2 6 7 .7 -54. ± 1 -4 6 .0 ± 1 .4

T hus, Eqi was more p o sitiv e  than Em in  a ll four s p e c ie s , by 8 .2 ,  1 0 .3 , 3 .9  
and 6 .9  mV in  Sphinx, Antherea, Actias and Bombyx r e sp e c tiv e ly . The fa ct 
that Eqx was more n egative than Em in Chilo, but more p o sitiv e  than Em in  
the other four sp e c ie s  o f L epidoptera might r e fle c t true sp e c ie s  d iffe r e n c e s . 
I t  i s  more lik e ly , how ever, that a  proportion o f the in tracellu lar Cl" was 
bound in  a ll s p e c ie s . The titration  method o f estim ating [C l"]j would m easure 
both bound and 'a ctiv e ' C l", giving u n rea listica lly  high valu es o f Eqx< T his 
would a lso  ex p la in  the fa c t that the [Cl"~3j va lu es m easured in  Sphinx, 
Antherea, Bombyx and Actias using th is technique w ere a ll h igher than that 
m easured in Chilo using Cl" IS  M 's.

In order to  determ ine whether Cl" was a ctiv e ly  involved  in  restin g  membrane 
e le c tr o g e n e s is  in Chilo, a  s e r ie s  o f Cl" substitution experim ents was carried  
out (se c tio n  V I.5 ) .  Changes in a g i w ere found to  lea d  to  sustained  changes 
in  confirm ing that Cl" was in d eed  involved in  the m aintenance o f Em*
The relation sh ip  betw een Em and the logarithm  o f ag} was a  somewhat curved  
lin e , with a  maximum slo p e  o f 17 mV a t high le v e ls  o f a g i ( f ig . 1 1 8 ) . T his 
resu lt i s  in  agreem enr with the situ ation  in  Sphinx, w here a  ten fold  change in 
a £ i gave r ise  to  a  sustained  change o f around 8 mV in  Em (H uddart, 1 9 6 7 ). 
Sim ilar resu lts w ere obtained in  the sam e in sec t by Wareham et a l , who 
reported  that rem oval o f a ll ex tra ce llu la r  Cl" caused a  d ep olarisa tion  o f  
around 19 mV in Em* S in ce addition  o f ouabain a lso  led  to  a  19  mV 
d ep o larisa tion  a fter  the apparently arb itrary time in terval o f 150 m inutes, the 
Cl" -induced d ep olarisa tion  was proposed  to  b e an e ffe c t on the a ctiv e  
com ponent o f the Em* T here ap p ears to  b e lit t le  lo g ic a l b a sis  for th is



proposition  ex cep t that both experim ents gave ex a ctly  19 mV d ep o la risa tio n , 
and it  seem s more lik e ly  that the contributions o f Cl~ and a m etabolic 
mechanism are unrelated .

In Antherea, a ltera tion s in  a £ i caused  only transient changes in Em 
( R heuben, 1 9 7 2 ). In R heuben's stu d y, m ethane-sulphonate was used to
substitu te for C l' . No mention was made o f any te s ts  to  determ ine whether it  
was a  truly impermeant an ion , and no raw data is  shown.

In con clu sion , in  Chilo, C l' is  a ctiv e ly  involved in restin g membrane 
e le c tr o g e n e s is , contributing some 29% (1 7  mV out o f a  p o ssib le  58 mV) to  
Em*

V U .5 .iv . The ro le  o f a  m etabolic mechanism in  generating Em

It was found that in Chilo, the contributions o f K+ (a  maximum o f 30  
m V /tenfold c h a n g e ), Na+ (2  m V /tenfold change) and C l' (a  maximum o f 17 
raV /tenfold change) accounted fo r a  to ta l change in  Em o f 49 mV out o f a  
p o ssib le  58 mV ie :  84% o f the exp ected  change o f 58 mV if  a ll the fa cto rs
a ffectin g  Em had been id en tified  and th eir contributions evalu ated . A further 
mechanism which might have been  involved in restin g  membrane e le c tro g en esis  
was an e lec tro g en ic  m etabolic pump. In order to  determ ine whether such a  
mechanism occurred in Chilo, two typ es o f experim ent were carried  out: 
fir s t ly , the preparation was co o led  (se c tio n  V I.6 .1 ) and seco n d ly , the 
Na+ -K+ pump inhibitor ouabain was app lied  (se c tio n  V I .6 .ii)  and the e ffe c t  
on Em m onitored.

The coo lin g  experim ents constituted an u n sp ecific  in vestigation  o f the 
p resen ce  o f am active mechanism by gen erally  slow ing down the chem ical 
reaction s involved in  m etabolism . A d ep olarisation  o f 12 ± 2 mV was 
ob served  when the preparation was co o led  by 14°C , representing a  change o f 
26 i  3 1  o f the in itia l restin g  Em* If a ll or part o f Em co n sisted  o f a  
d iffusion  p o ten tia l, the amount by which a  change in  tem perature would a ffec t 
Em would b e  predicted  by the ’T’ term in  the N em st equation. This would 
how ever, b e a  re la tiv e ly  sm all e ffe c t: som e 1 .4  mV d ep olarisation  for a
14°C  d ec r e a se  in tem perature (appendix 1 6 ) . Thus, the average  
d ep olarisa tion  o f 12 mV which occurred when the preparation was co o led  by 
14°C  could  not b e attributed so le ly  to  the e ffe c t o f tem perature on the 
equilibrium  p otential for each  io n . It was th erefore concluded th at, a t r e s t ,



a  h yp erp olarisin g  pump is  a ctiv e  in  the c e ll  membrane. The e x a c t s iz e  o f  
th e contribution o f th is pump to  Em cannot b e  a sse sse d  accu rately  from th is  
exp erim en t, how ever, s in ce  th ere is  no ev id en ce  that further coo lin g  o f the  
preparation  would not lea d  to  further d ep o larisa tion  o f Em* It can only b e  
sta ted  that a  pump contributed a  minimum o f 11  mV to  Em at r e s t . T his resu lt 
i s  co n sisten t with the situ ation  in Antherea m u scles, where a  9°C  d ecrea se  in  
tem perature d ep o la r ised  Em by 6 mV (R heuben, 1 9 7 2 ). In  Antherea, a  10°C  
reduction  in  tem perature a lso  gave r is e  to  an average in crea se  in  e ffe c tiv e  
membrane resista n ce  o f 71 ± 4 5 Z , which was exp la in ed  a s  fo llo w s. The sm all 
p oten tia l ch a n g e, togeth er with the la rg e  in crea se  in  resista n ce  w ere taken to  
su g g est that two p r o c e sse s  with n early  equal but opposing p oten tia l e ffe c ts  
w ere responding to  tem perature sim ultaneously. I f coo lin g  d ecrea sed  the 
amount o f current gen erated  by an a ctiv e  transport system , a  sm aller 
p oten tia l would b e p roduced; how ever, s in c e  the re sista n ce  in creased
sim ultaneously, the sm aller amount o f current would b e a b le  to  produce alm ost 
a s  la r g e  a  v o lta g e  drop a s  b e fo r e , hence the sm all change in  Em with 
tem perature. The in crea se  in  resista n ce  may b e attributable to  a  reduction  
in  the coupling c o e ffic ien t betw een e le c tr ic a lly  coupled c e l ls ,  such a s  that 
ob served  in th e crayfish  la tera l giant axon when tem perature i s  reduced  
(P ayton  et al, 1 9 6 9 ).

A more sp e c ific  in vestiga tion  o f the nature o f the h yperpolarising pump 
apparently p resen t in  Chilo was attem pted by th e ap p lication  o f ouabain to  
m uscle c e l l s . Ouabain is  a  card iac g ly co sid e  which in h ib its the 
m em brane-bound Na+ -K4' A T Pase. 1 mM ouabain , how ever, had no e ffe c t on  
Em* T his i s  in  accord an ce with resu lts obtained  in  Antherea m u scles, where 
ouabain produced no change in  Em (R heuben, 1 9 7 2 ). A sim ilar situation  has 
b een  rep orted  in  a  variety  o f in sec t t is s u e s , p articu larly  ep ith e lia l tis su e s , 
review ed by A nstee and Bowler (1 9 7 9 ) . The lack  o f e ffe c t o f ouabain on 
som e in se c t m uscle may perhaps r e fle c t that the Na+ -lCf  pump p la y s lit t le  part 
in  gen eratin g Em» or that the Na+ -K+ ATPase is  in a c c e ss ib le  to  to p ica lly  
a p p lied  ouabain . The high concentration o f ouabain used in  th is  study (1  
mM) was how ever, intended to m axim ise the e ffe c t o f th e chem ical chi the  
c e l l ,  m  contrast with the situation  in  Chilo, how ever, in  Sphinx, Wareham 
e t al (1 9 7 5 ) reported  that ap p lication  o f 0 .5  mM ouabain gave a  
d ep o la risa tio n  in  Em o f som e 19 mV, illu stra tin g  that an a ctiv e  contribution to  
Em was made by th e Na+ -K+ pump in  th is in se c t.

The m ajority o f m etabolic inh ib ition  stu d ies on other in se c t preparations
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involved the u se o f u n sp ecific  inh ib itors such a s DNP ( e g . Huddart ft Wood, 
19 6 6 ) or sodium cyanide ( e g . Wareham et al, 1 9 7 4 ). R esults from such  
experim ents should b e in terpreted  with extrem e cau tion , because th ese  
chem icals sim ply k ill any preparation to which they are app lied  t by 
com pletely preventing cellu lar m etabolism . The fact that Em d ep o la rises when 
DNP is  ap p lied  th erefore provides lit t le  inform ation about the mechanisms o f  
restin g  membrane e le c tro g en es is .

Thus, in Chilo an a c tiv e , ou ab ain -in sen sitive mechanism contributes som e 
24X (1 1  mV out o f a to ta l o f 45 mV) o f the resting Em. This situation  is  
sim ilar to  that in Antherea (R heuben, 1 9 7 2 ), but contrasts with data a va ilab le  
for Sphinx, where the active mechanism is  ou ab ain -sen sitive (Wareham et al,
1 9 7 4 ).

V H .5 .v . oth er mechanisms

In Chilo, it  has been  p o ssib le  to  account for the restin g  Em in  term s o f the 
contributions o f K*, Na+ , C l“ and an electro g en ic  pump, with an error o f 
only 1 0 X. H owever, th is d o es not exclu d e the p o ssib ility  that additional 
mechanisms make som e contribution to  Em. Such mechanisms include pH and 
Ca2* , and th ese  were not in v estig a ted . In Antherea, an in crea se  in pH from  
7 to  8 gave r ise  to  a  hyperpolarisation o f by som e 30 mV (R heuben, 
1 9 7 2 ). Such experim ents provide only lim ited inform ation, how ever, s in ce  
pH may a ffe c t Em in d irectly  via it s  action  on a wide range o f ce llu la r  
p ro cesse s e g . conductances, enzym ic rea ctio n s. Antherea m uscle fib res were 
found not to  be appreciab ly perm eable to  Caz + , and it  is  th erefore lik e ly  
that th is ion would not contribute sign ifican tly  to  Em in Chilo. Rheuben 
(1 9 7 2 ) a lso  in vestigated  the ro le  o f NHj in generating Em in Antherea, but 
concluded that it  was not in volved . This was somewhat surprising sin ce  pH 
held a  marked e ffe c t on Em, and changing [N H j]0  would a lso  a lter  pH j.

V H .6 . A com parison between the m uscle electro ch em istries o f Calllphora 
and Chilo

i .  Haemolymph io n  l e v e ls

As previously sta te d , th ese  two in se c ts  were se le c te d  for th is com parative 
study b ecau se o f their d ifferen t feed in g  habits and correspondingly d ifferen t 
haeroolymph ion con ten ts. Calllphora larvae are carrion fe e d e r s  cultured on



rotting liv e r  (although it  should b e noted  that neither fin a l in sta r , (w andering 
s ta g e ) nor prepupae, fe e d  and a s  su ch , have haemolymph which contains a  
high le v e l o f Na+ and low le v e ls  o f IT**, Mg2+ and Ca2+ . In co n tra st, Chilo 
larvae are phytophagous, feed in g  on r ic e  p lants in  the wild and cultured on  
an a rtific ia l medium. As a  r e su lt, th eir
haemolymph contains a  low le v e l o f K4  and high le v e ls  o f Na+ , Mg2*  and 
Caz + . (F lorkin  & Jeuniaux, 1 9 7 4 ).

The m uscle e lectro ch em istries o f the two sp e c ie s  are compared in the 
follow ing se c tio n , which h igh ligh ts d ifferen ces in the contributions o f the  
major in organ ic io n s id*, Na+ and Cl" to  restin g  membrane e le c tr o g e n e s is . 
T hese a re  alm ost certa in ly  re la ted  to  the d ifferen ces in  haemolymph ion  
le v e ls  in  the two s p e c ie s .

i i . Membrane p oten tia ls

The le v e ls  o f membrane p oten tia l record ed  in  the two sp e c ie s  were 
com parable and Eire summarised in  ta b le  4 0 , below .

T able 4 0 . Summary o f Em data for Calllphora and Chilo

Calllphora  la r v a e  
Calllphora  p repupae  
Chilo  la r v a e

Mean m 
(mV) 

-48  ± 1 
-47  ± 1  
-45  ± 1

Range o f  v a lu e s  
(mV)

-33  to  -63  
-35 t o  -62  
-35 to  -59

T hus, w hilst various ion ic  and m etabolic mechanisms may contribute to  Em to  
d ifferen t ex ten ts in the two s p e c ie s , the ov era ll potentia l generated a cro ss  
the c e ll membrane i s  sim ilar in  each  prep aration .

i i i .  The r o le  o f K4  ~

The involvem ent o f K4 in  restin g  membrane e lec tro g en esis  is  c lea r ly  d ifferen t 
in  Calllphora and Chilo. The in tracellu lar X4  data obtained from each  o f the  
th ree preparations using N IC -type K4  ISM ’s  are summarised in  ta b le  4 1 , 
below .



T a b le I n t r a c e l lu la r  K4" d a ta  m easured u s in g  N IC -typ e K4' ISM 's 
in  Calliphora  and C hilo . (D a ta , from  a  minimum o f  77
c e l l s : from  8 p r e p a r a t io n s , g iv e n  a s  mean ± SE. )

Calliphora Calliphora Chilo
la r v a e p rep u p ae larvae

a £  (n *i) : 102 ± 2 115 ± 3 62 ± 1
Ek  (mV) s -5 9  ± 1 -6 2  ± 1 -2 6  ± 1

(mV) . -4 7  ± 1 -4 7  ± 1 -4 5  ± 1
Ejc-Em 0 » V ). -1 1  ± 1 -1 5  ± 1 +19 ± 1

T hus, in  CalliphorQ and Chilo th e average Ejn's a re  very sim ilar. In
Calliphora, E x was co n sisten tly  more n egative than Em, w hilst in  Chilo, Ex
was co n sisten tly  more p o sitiv e  than E ^ , ind icatin g that in  neith er in se c t is  JC4" 
the on ly ion  involved  in  generating Em. S in ce  the Ejn's in  the two sp e c ie s  
a re  so  sim ila r , the fa c t that in  one s p e c ie s , E x is  more n egative than Em, 
w hilst in  the oth er it  i s  more p o sitiv e , r e fle c ts  d iffe r e n c e s  in  the ratio  o f  a £  
to  aj£. m  Calliphora la r v a e , th is ra tio  has a  value o f 0 .1  (ca lcu la ted  using 
the a x  in  Normal s a lin e , 9 .7  mM) ;  in  p rep u p ae, its  valu e is  0 .0 8 ;  in
Chilo, th e ra tio  i s  0 .3 5  (ca lcu la ted  using th e a x  in Normal S a lin e , 2 1 .6
mM). Thus in  both Camphors p rep aration s, th ere is  around 10  tim es a s  
much K+ in sid e  the c e ll  a s  o u tsid e; in  Chilo, th ere i s  on ly around 3 tim es 
a s  much K4- in sid e  the c e ll a s  o u tsid e .

K4* substitution  experim ents to  a s s e s s  quantitatively the contribution o f K4" to  
Em show ed that the rela tion sh ip  betw een Em and the logarithm  o f a £  in 
Camphors prepupae was lin e a r , with a  s lo p e  o f 32 mV p er  tenfold  change in  
a £ ; in  Chilo la r v a e , th e relation sh ip  follow ed a  sm ooth cu rve, with a  
maximum slo p e  o f 30 mV p er ten fold  change in a £ . T h ese s lo p e s  a re  both 
sig n ifica n tly  shallow er than th e 58 m V /tenfold change in  a £  p red icted  by the 
N em st equation fo r  a  membrane perm eable on ly to  K+ . T his confirm ed the 
con clu sion  from the fa c t that E x was not equal to  E ,̂ in  e ith er  in se c t, that 
K4* was not the on ly ion  involved  in  restin g  m ebrane e le c tr o g e n e s is .

The fa c t that ajj m easurem ents made in  the two sp e c ie s  with L IX -type IS  Ms 
w ere rep eated  with N IC -type ISM 's rev ea led  the p resen ce  o f on e or more 
in terferen ts to  which the LEX resp on d ed , in  both s p e c ie s . T his i s  illu stra ted  
by data from larvae o f the two s p e c ie s , lis te d  in  ta b le  4 2 , below .



T a b le  42 I n t r a c e l lu la r  K4" d a ta  from  Calliphora  and Chilo  m easured  
u s in g  LIX- and N IC -typ e ISMs (D a ta  from  an minimum o f  
77 c e l l s ,  7 p r e p a r a tio n s , g iv e n  a s  mean ± S E .)

Cal1iphora Chilo
la r v a e la r v a e

LIX NIC LIX NIC
a& (mM) : 129 ± 4- 102 ± 2 65 ± 1 62 ± 1
Ek (mV) : -64- ± 1 -5 9  ± 1 -27  ± 1 -2 6  ± 1
Em (mV) * -4 6  ± 1 H■H1̂• -46  ± 1 -4 5  ± 1
Ejc-Em (®V) -18  ± 1 -1 1  ± 1 +19 ± 1 +19 ± 1

Thus the average ajj value record ed  by LIX -type K4 ISM s was 27 mM higher  
than that m easured by N IC -type ISM s in  Calliphora la r v a e , and 3 mM higher 
than that m easured by N IC -type ISM s in  Chilo la rv a e . T hus, both sp e c ie s  
contain one or more in terferen ts to  which the Com ing K4' exch an ger (c o d e  
4.77317) resp on d ed , giving elevated  valu es o f apparent in tracellu lar X4* 
a c tiv ity . The nature o f th ese  in terferen ts is  uncertain , but it  i s  known that 
the LIX is  particu larly  resp on sive to  quaternary ammonium io n s e g . a ce ty l 
ch o lin e , ca rn itin e , which may be p resen t in tra ce llu la r ly .

iv . The ro le  o f Na4

The in tracellu lar Na+ data m easured in  Calliphora and Chilo i s  summarised in  
ta b le  4 3 , below .

T a b le  £ 3 . Summary o f  in t r a c e l lu la r  Na+ a c t i v i t y  d a ta  in  Calliphora  
and C hilo . (D a ta  from  a  minimum o f  13 c e l l s ,  6 
p r e p a r a t io n s , g iv e n  a s  mean ± S E .)

Calliphora
la r v a e

Calliphora
p repupae

Chilo
la r v a e

a£a (mM) i 11
Efia ( InV) '■ 65
Em (mV) : -48
Eic-Em 0"V )s 113

± 1 7 ±
± 2 76 ±
± 1 -46 ±

124.

1 12 ± 2
2 -6  ± 4
1 -4 7  ± 2
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T hus, w hilst the aj}a  valu es m easured in  the th ree p rep aration s were sim ilar  
in  m agnitude, the corresponding E^a  v a lu es were markedly d iffe r e n t, b ecau se



o f  the io n ic  d iffe r e n c e s  in  th e haemolymph. In Calliphora, E^a va lu es were 
co n sisten tly  p o s itiv e , (in  the range 4-1.5 to  8 3 .6  m V), which contrasted  with 
th e situ ation  in  Chilo, where both p o sitiv e  and n egative Eua *s w ere recorded  
(ran ge -3 0 .5  to  + 1 5 .9  m V). In both s p e c ie s , how ever, Ej*a  was con sisten tly  
m ore p o sitiv e  than Em, su ggestin g  that Na+ was not p a ssiv e ly  d istributed  but 
might b e involved  in  generating Em.

T his su ggestion  was confirm ed by Na+ substitution experim ents on Calliphora 
prepupae and Chilo la rv a e . In Calliphora, the PNa/PK ratio  fo r the c e ll  
membrane had a  value o f 0 .0 3 6 . A ltering the ex tra ce llu la r  Na+ a c tiv ity , 
a fta t w as, how ever, found to  have u n exp ected  secon d ary e ffe c ts  on Em. A 
hundredfold reduction  in  afta  resu lted  in  a  tran sien t h yp erp olarisation  o f 2 to  
7 mV, fo llow ed  by a  sustained  d ep o larisa tion  to le v e ls  2 to  8 mV more 
p o sitiv e  than the o r ig in a l restin g  Em. The h yp erp olarisation  was con sisten t 
with Na+ b ein g  involved  in  generating Emt it  was concluded that the  
d ep o larisa tion  might resu lt from the reduction in  p x  which occurred  when the  
c e ll  was ex p o sed  to low a $ a » In Chilo, the m uscle membrane a lso  had a  
sm all but sig n ifica n t perm eability to  Na+ , with Em changing in  a  su sta in ed , 
rev ersib le  manner by som e 2 mV (3 .5 Z )  p er ten fo ld  change in  afta .

V . The ro le  o f Cl"

In tracellu lar Cl" a ctiv ity  data from Calliphora and Chilo m easured using  
LDC-type ISMs  with R L IE -filled  referen ce  b a rrels i s  summarised in  tab le 44-, 
below

T a b le  4 4 . Summary o f  in t r a c e l lu la r  Cl" a c t i v i t y  d a ta  fo r  Calliphora  
and

Chilo  (D a ta  from  a minimum o f  35 c e l l s ,  5 p r e p a r a tio n s , 
g iv e n  a s  mean ± S E .)

a£i (mM) : 
E ci (mV) : 
Em (mV) : 
EK_Em (®V):

Cal 1iphora 
la r v a e
17 ± 1 

-5 3  ± 1 
-5 3  ± 1 

0 ± 0 .3

Cal 1iphora 
p rep u p ae

40 ± 2 
-3 1  ± 1 
-5 0  ± 1 
+19 ± 1

Chilo
la r v a e

8 * 1  
-5 4  ± 1 
-4 6  ± 1 
-8 ± 1

T hus, in  Calliphora larvae E ci was on average equal to  Em, ind icating that



Cl" was p a ssiv e ly  d istrib u ted . This was confirm ed by a  s e r ie s  o f Cl" 
substitution  exp erim en ts, in  which varying a&  was found to  cau se on ly  
tran sien t ch an ges in  Eq .

In Calliphora p repupae, the apparent a<ji was som e 23 mM higher on average  
than that o f la r v a e , giving a  correspondingly more p o sitiv e  E ci* T his was 
found to  b e due to  the p resen ce  o f an an ion ic in terferen t to  which the 
C l" -exch an ger resp on d ed , s in ce  Cl" substitution  experim ents showed that Cl" 
was p a ssiv e ly  d istrib u ted , a s  in  la rv a e .

In  Chllo, how ever, Eqx was co n sisten tly  more n egative than E ^ , a  resu lt 
which was not e x p lica b le  in  term s o f in ter feren ce , su ggestin g  that Cl" was not 
p a ssiv e ly  d istributed  in  th is in se c t. Cl" substitu tion  experim ents confirm ed  
that Cl" was in d eed  involved  in  restin g  membrane e le c tr o g e n e s is , sin ce  Em 
changed by up to  17 mV (2 9 .3 X ) p er ten fold  change in agi*

T hus, probably the most sig n ifica n t d ifferen ce  betw een the m uscle 
e lectro ch em istr ies o f Calliphora and Chllo was that in  Calliphora, Cl" was 
p a ssiv e ly  d istributed  a cro ss the c e ll membrane, w hereas in  Chi Jo, Cl" was 
a c tiv e ly  involved  in  generating Em.

v i . Membrane resista n ces

The restin g  membrane resista n ce  Rm, o f Calliphora prepupal m uscle was on  
a verage 4-6 tim es sm aller than that o f Chilo la rv a e: 96 i  9  Kn a s  opposed  to
44-17 ± 310 Kf2 in Cliilo. The fa c t that Rm i s  so  much higher in  Chllo than in  
Calliphora may r e fle c t e ith er  (a )  that the true Rm’s  o f the two sp e c ie s  are  
sim ila r , but th e input resista n ce  in  Chllo c e lls  i s  h igher b ecau se the c e lls  
a re  e le c tr ic a lly  coupled to a  le s s e r  ex ten t than th ose o f Calliphora\ or (b )  
that m uscle c e lls  in  Chllo and Calliphora are coupled  to  a  sim ilar e x te n t, 
and Rjq in  Chllo h as a  truly h igh value which allow s a  la rg e  Eg, to  be  
gen erated  from a given pump current. Coupling c o e ffic ien ts  betw een in se c t 
m uscle c e lls  range from le s s  than 0 .1  in  Drosophila larvae (D ip tera ) (J a n  & 
J a n , 1 9 7 6 ) , to  0 .2 1  in pharate adult Manduca ( L epidoptera) (S ch w artz, 
1 9 8 1 ) and 0 .3 7  in  Calliphora larvae (H a rd ie , 1 9 7 8 ) . T hus, th ere i s  no 
ev id en ce  fo r  coupling c o e ffic ien ts  being low er in  L epidoptera than in D ip tera , 
a s  su g g ested  in  (a )  a b ove. I t is  th erefore m ost lik e ly  that p o ssib ility  (b ) is  
co rrect: that Chllo and CaUiphora m uscles a re  coupled to  sim ilar d e g r e e s ,
with Rjq in Chllo having a truly high va lu e.
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P a ra lle l experim ents were carried  out on the two sp e c ie s  in  which the 
membrane r e s is ta n c e , Rm, was m onitored during an experim ent in  which low  
Na+/h ig h  K+ R inger was substituted in  io r  Normal Ringer in  the recording  
cham ber. The resu lts o f th ese  experim ents a re  summarised in  tab le 4 5 , 
below .

T a b le  4 5 . Sinnnary o f  ch a n g es in  membrane r e s is t a n c e  in  Cal 1 iphora 
p rep u p ae and Chllo  la r v a e  d u r in g  a  low -N a+/h ig h  K+ 
s u b s t it u t io n  e x p e r im e n t. (D a ta  from  a minimum o f  4  
c e l l s ,  4  p r e p a r a tio n s , g iv e n  a s  mean ± S E .)

Calliphora  
Chllo

Rjd in  Norm al 
R in g er  (K fl)

96 ± 9 
3083 ± 995

Rm in  low  Na+/  
h ig h  K* R in g er

(K n)
121 ± 10 

4166  ± 518

X in c r e a s e  in  
Rm in  low  Na+/  
h ig h  K+

26
41

T his in crea se  in membrane resista n ce  in CaUiphora was attributed to a  
d e c r e a se  in  the Px o f the c e ll membrane when ex p o sed  to  low -N a+ R inger. A 
sim ilar mechanism might b e operating in  Chilo m u scles, although th is  
p o ssib ility  was not te s te d .

v ii E lectrogen ic  pum p(s)

The restin g  Em o f CaUiphora prepupae was found to b e fu lly  accounted for by 
a  m odel b ased  on the Goldm an-Hodgkin-Katz eq u ation , taking in to account 
only the trans-m em brane grad ients o f IT*" and Na+ , with a  value o f 0 .0 3 6  fo r  
a  ( PN a/PK ) • In Chllo, how ever, the situ ation  was more com p lex, with K *, 
Na+ , C l“ and a  m etabolic pump a ll contributing to  Em* The ex ten t to  which 
each  mechanism is  involved in generating Em is  summarised in tab le 4 6 , 
below .

T a b le  4 6 . The c o n tr ib u t io n s  o f  v a r io u s  m echanism s t o  Em in  Chilo
Maximum ch an ge in  Em p e r  t e n fo ld  ch an ge in  a§£

(X o f  58 mV)
K* 52
Na+ 3 .5

2 9 .3Cl"
T o ta l X C o n tr ib u tio n  by  
Ka+ , Na+ and C l" 8 4 .8



Thus, the contributions o f the ion ic  conductance mechanisms to Em in Chllo 
add up to som e 85Z o f Em. It would therefore be predicted that an 
e le c tro g en ic  pump might contribute the remaining 15 X . Cooling the c e l l  would 
h en ce b e  ex p ected  to  g ive  r is e  to  a  maximum depolarisation  of some 7 mV 
( i e .  1 5 X o f 45 mV, the mean Em recorded  in  Chllo). m  fa c t , a  14°C  
reduction in temperature caused an average depolarisation  o f 12 ± 2 mV, 1 .4  
mV o f which could b e  accounted for by the e ffe c t  o f temperature on the  
equilibrium p oten tia ls o f  K*, Na+ and Cl~ (appendix 1 6 ) .  The average  
ob served  depolarisation  attributable to  the m etabolic pump was therefore some
3 .6  mV larger  than p red icted .

Thus, an error o f some 9Z was made in  th is attempt to  account fully for the 
Em o f  Chllo m uscle c e l ls  in  terms o f  the contributions o f  X4 , Na+ , C l' and 
an e le c tr o g e n ic , m etabolic pump. This may b e due to the fact that the ro le s  
o f  the inorganic ion s were a s se s se d  from the maximum response of the c e l l  
membrane to  changes in their ex tracellu lar a c tiv it ie s . I t  may a lso  r e flec t  
that additional mechanisms which were not in v estig a ted , may contribute to  Ejq 
in  th is in sec t e g .  Ca2 + , pH.



APPENDIX 1

The pH o f a ll solutions used in th is study was 7 .
R ice ’s  Saline (F inlayson & O sborne, 1970)

Cone (mM) g / l
NaCl 173 10
KC1 1 3 .5 1
MgCl2 1 0 .2
NaHCOj 1 .2 0 .1
NaH2P0+ 0 .8 0 .1
C a c i2 0 .9 0 .1 3
G lu cose 5 5 .5 10

O sm o la r ity  402 ~Osr*

APPENDIX 2
ModbCEv̂ oL W eever’ s  L ep id o p tera n  S a l in e  ( W eevers, 1966 )

C one. ( mM) g / l
NaCl 12 0 .7
XC1 30 2 .2 4
MgCl2 18 1 .7 1
NaHC03 1 .5 0 .1 3
NaH2P04. 1 .5 0 .2 3
CaCl2 8 1 .1 8

G lu co se
117 C h ilo 2 1 .1

O sm o la r ity  280 mOsrvs



naiiiphora = K± calibrating solutions /  1C*- substitution solutions
The term *N' ( s e e  solution number 4-) i s  used in th is and subsequent 
ap p en d ices to identify  Normal R inger.
The activ ity  co e ffic ien t for id* is  0 .7 2  in th ese  solutions (CRC Handbook 
o f Chemistry & P h y sics, Ed Robert C W east, Pub. Chemical Rubber C o .)

APPENDIX 3: Solutions used bo calibrate K* ISMs

S o lu t io n aK [KC13 [N aC l3
number (mM) (mM) (lriM)

1 0 .9 7 1 .3 5 1 8 5 .2
2 2 .1 6 3 1 8 3 .5
3 5.04- 7 1 7 9 .5

9 .7 2 1 3 .5 173
5 2 1 .6 30 1 5 6 .5
6 5 0 .4 70 1 1 6 .5
7 9 7 .2 135 5 1 .5

A l l  s o lu t io n s a l s o  c o n ta in e d  MgCl2 (lm M ), NaHC03 ( 1 . 2mM)
NaH2P0* ( 0 . 8mM), CaCl2 (0.9lriM ), D -G lu cose (55.5lriM ).

S o lu t io n aK [KC1] [N aC l]
number (mM) (mM) (mM)

1 0 .9 7 1 .3 5 1 8 5 .2
2 3 .6 5 1 8 1 .5

3N 9 .7 1 3 .5 173
4 36 50 1 3 6 .5
5 9 7 .2 135 5 1 .5

A l l  s o lu t io n s a l s o  c o n ta in e d  MgCl2 (lm M ), NaHC03 ( 1 . 2mM)
NaH2PQ4. ( o . 8mM) , CaCl2 (0.9iriM ), D -G lu cose (55.5iriM ).

sS^Tl^S ^olccHotVS C0V-4T tk A  -SCJ'Y' £  f * o-P ■ "tkC.

uppju- on-Q, iocls iM & d  cojUbro-t'e k  + *tUe Lo

Orvfi, Jo r 5uJblh'-fu.h-oK .



Caterpillar K+ -ISM calibrating solutions / K+ substitution solutions

S o lu t io n 3k [KC1] [NaCl]
number (mM) (mM) (mM)

1 0 .72 1 41
2 2 .2 3 39
3 7 .2 10 32
*N 21.6 30 12
5 3 0 .2 40 0
6 £ 3 .2 60 0

In s o lu t io n s  1 - 5: MgCl2 ( 18mM), NaHC03 ( 1 . 5mM),
NaH2P 04 ( 1 . 5mM) ,  CaCl2 (8mM), D -G lu cose  (117mM).
S o lu t io n  6 c o n ta in e d  no MgCl2 , b u t was o th e r w is e  s im i la r  t o  
s o l u t i o n s  1 t o  5 .

APPENDIX 4; SOLUTIONS USED TO CALIBRATE C L 'tlSM ’S
Calliphora: Calibration solutions for Cfi" ISM s/Cfi "substitution solutions
S o lu t io n a c i [N aC l] [Na g lu c o n a te ] c a c i 2

(mM) (mM) (mM) (mM)
iN 137 173 0 0 .9
2 70 80 93 4 .5
3 4 1 .2 40 133 4 .5
4 2 4 .9 1 7 .5 1 5 5 .7 4 .5
5 1 8 .2 7 .8 1 6 4 .9 4 .5

All solutions a lso  contained KC1 (13 .5 m M ), MgCl2 ( ImM) , NaHCO
(1 .2 m M ), NaH2PO} (0 .8 m M ), Glucose (5 5 .5 m H ). Extra Ca z+ was added  
to  so lu tion s 2 -5  to com pensate for the fact that gluconate i s  known to  
seq u ester  Ca2+ (Kenyon & Gibbons, 1977; V aughan-Jones, 1 9 7 9 ) .



Chilo Cl~ tISM calibrating solutions / Cl~ -substitution solutions

Solution a^x 
number(mM)

[KC1]
(mM)

[NaCl]
(mM)

[MgCl2]
(mM)

[CaCl2]
(mM)

[K gl)  
(mM)

[Na gl] 
(mM)

[Mg gl]  
(mM)

[c a  g l) 
(mM)

1 0 .6 8 0 .9 4 0 0 0 2 9 .1 12 36 80
2 2 .3 3 .2 0 0 0 2 6 .8 12 36 80
3 6 .8 9 .4 0 0 0 2 0 .6 12 36 80
4 23 30 1 .9 0 0 0 HOH 36 80
5N 6 7 .7 30 12 36 8 0 0 0 0
( g l  = g lu c o n a t e )
A l l  s o lu t io n s  a l s o  c o n ta in e d  NaHC03 (l.5 m M ), NaH2P 0+ (1.5raM) 
and g lu c o s e  (1 1 7  mM).

APPENDIX 5 ; S o lu t io n s  used  t o  c a l i b r a t e  Na+ -ISM s. 
C a llip h o r a :  C a l ib r a t io n  s o lu t io n s  f o r  Na^-ISMs
S o lu t io n

number
A c t i v i t y  

c o e f f i c i e n t  
f o r  Na+ , y

SNa(mM)
[N aC l] 

(mM)

1 0 .7 4 8 1 .0 1 .4
2 0 .7 4 7 3 .7 4 .9
3 0 .7 4 4 1 0 .3 1 3 .9
4 0 .7 3 4 3 5 .7 4 8 .6
5 0 .7 1 5 9 9 .3 1 3 8 .9

Each s o lu t io n a l s o  c o n ta in e d KC1 ( 1 5 2 .8  mM), MgCl2 (2
CaCl2 ( 0 .0 1 4  mM) and HEPES ( 2 .8  iriM).



C h ilo :  C a lib r a t io n  s o lu t io n s  f o r  Na4 -ISMs
S o lu t io n A c t i v i t y aNa [N a d  ]

number c o e f f i c i e n t  
f o r  Na+ , y

(mM) (mM)

1 0 .7 8 2 1 .1 1.-4
2 0 .7 8 1 3 .8 4 .9
3 0 .7 7 3 1 0 .7 1 3 .9
4 0 .7 5 4 3 6 .6 4 8 .6
5 0 .7 3 1 1 0 1 .5 1 3 8 .9

Each s o lu t io n  a l s o  c o n ta in e d  KC1 (8 6  
CaCl2 (0 .0 1 4 . mM) and HEPES ( 2 .8  mM).

.1  iriM), MgClz ( 2 .8  iriM),

APPENDIX 6: Additional solutions used for ionic substitution experim ents
on Calliphora

Cl~ - fr e e  Ringer
C o n c e n tr a tio n

(mM)
Sodium g lu c o n a te  173
P o ta ss iu m  g lu c o n a te  1 3 .5
Hemi-magnesium g lu c o n a te  2
H em i-ca lciu m  g lu c o n a te  9
NaHC03 1 .2
NaH2P04 0 .8
D -G lu cose  5 5 .5



Low-Cl ~ (1.7mM) Ringer
C o n c e n tr a tio n

(mM)
NaCl 1 .7
Sodium g lu c o n a te 1 7 1 .3
P o ta ss iu m  g lu c o n a te 1 3 .5
Hem i-m agnesium  g lu c o n a te 2
H em i-ca lc iu m  g lu c o n a te 9
NaBC03 1 .2
NaH2PO* 0 .8
D -G lu cose 5 5 .5



Calliphora; K+ substitution solutions with
[a £ + 0 .0 3 6  a*j§! x  ar-9 c o n s ta n t

S o lu t io n  [a £  + C>.036 a ,|g ] [KC1] [N aC l] T o ta l [G lu c o se )
number (mM) (mM) (mM) (mM)

1 1 2 .9 11 194 1 8 .5
2n 1 4 .2 1 3 .5 173 5 5 .5
3 1 5 .5 16 1 5 3 .6 8 9 .3
4 1 7 .2 19 1 3 4 .5 1 2 1 .5
5 1 8 .3 21 123 1 4 0 .5

A ll so lu tions a lso contained MgCl2 (Im M ), NaHC03 ( 1 . 2mM )
(0 .8 m M ), CaCl2 (0.9m M ) .

NaH2PO*

T hese so lu tions were constructed such that a  pair o f  simultaneous equations 
was sa tis fied :

1 .  [a £  + 0 .0 3 6  a ^ i]  x  a<f} = constant (1 946  mM2 )

2 * C1KC1 + c l NaCl < c l Total(Norm al)

where C l^ ci 48 the present a s  KC1; ClNaCl the Cl" present a s  NaCl; 
ClTotal the Cl" content o f Normal R inger.



nailiphn ta  Na4 substitution solutions

All so lu tion s were based  on R ice 's  s a l in e , i . e . ; in addition to NaCl and the  
Na+ su b stitu te , a ll so lu t io n s  contained KC1 ( 1 3 .5  n M ), MgCl2 (Im M ), 
NaHC03 ( 1 . 2mM) ,  NaH2P 0*  (0 .8 m M ), CaCl2 ( 0 .9  mM) and D -G lucose  
( 5 5 .5mM > .

Tot<xl
S o lu t io n [N ftC i] SufiinrurE [G lu c o se ]

number (mM) (mH) - (mM)
1 1 .2 5 1 .7 3 C h o lin e

c h lo r id e
1 7 1 .3

2 1 .2 5 1 .7 3 G lu co se 3 4 2 .5
3 1 .2 5 1 .7 3 T etra m eth y l

ammonium
c h lo r id e

1 7 1 .3

4 1 .2 5 1 .7 3 Magnesium
c h lo r id e

8 5 .6

% 1 2 4 .6 173 - -
APPENDIX 7: A d d it io n a l s o l u t i o n s  u sed  f o r  i o n i c s u b s t i t u t i o n

e x p e r im e n ts  on C h ilo
C h ilo :  Na+ - s u b s t i t u t i o n  s o lu t io n s
S o lu t io n aNa [N aC l] [MgCl2 ] [G lu c o se ]

number (mM) (mH) (TOM) (mM)

% 8 .6 4 1 2 .0 0 0
2 2 .7 3 .7 5 4 .1 4 .1
3 0 .8 6 1 .2 5 .4 5 . 4

In ad d ition , a ll  solutions contained KC1 ( 30mM ) , MgCl2 ( 18mM ) ,
( 1 . 5mM>, NaH2P 0* ( 1 . 5mM) ,  G lucose (117m M ), CaCl2 (8m H ).



Chilo: Mg2+-substitution solutions

S o lu t io n ®Mg [MgCl2 ] [Mg g lu c o n a te ] [G lu c o se ]
number (WH) (mM) (®M) (WM)

1 1 .3 1 .8 32.4 . 117
2N 13 18 - 117
3 40 5 5 .5 - 42

In ad d ition , a ll  so lutions contained KC1 (30m M ), NaCl (12mM) NaHC03
(1 .5m M ), NaH2PO* (1 .5 m M ), CaCl2 (8mH)
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APPENDIX 8: Intracellu lar X4  activity  data:
C alllphora larvae : LIX-fcVDe X4 ISH  data

Em v K 4 ek EK ~Em(-riV ) (-m V) OrM) <-n(V) ( -mV)
63 69 200 7 6 .2 1 3 .2
44 54 114 6 2 .0 1 8 .0
4 7 56 124 6 4 .1 1 7 .1
52 64 170 7 2 .1 2 0 .1
38 52 110 6 1 .1 2 3 .1
42 59 150 6 8 .9 2 6 .9
41 57 140 6 7 .2 2 6 .2
4 4 55 130 6 5 .3 2 1 .3
4 4 59 150 6 8 .9 2 4 .9
4 4 55 130 6 5 .3 2 1 .3
56 59 155 6 9 .8 1 3 .8
50 57 140 6 7 .2 1 7 .2
47 57 140 6 7 .2 2 0 .2
52 55 130 6 5 .3 1 3 .3
49 59 150 6 8 .9 1 9 .9
49 55 130 6 5 .3 1 6 .3
40 59 150 6 8 .9 2 8 .9
51 59 150 6 8 .9 1 7 .9
65 55 130 6 5 .3 0 .3
40 51 105 5 9 .9 1 9 .9
36 57 145 6 8 .1 3 2 .1
40 46 86 5 4 .9 1 4 .9
41 43 72 5 0 .4 9 .4
40 45 80 5 3 .1 1 3 .1
43 47 87 5 5 .2 1 2 .2
43 47 90 5 6 .1 1 3 .1
41 47 90 5 6 .1 1 5 .1
34 46 83 5 4 .0 2 0 .0
31 49 100 5 8 .7 2 7 .7
44 44 74 5 1 .1 7 .1
47 55 125 6 4 .3 1 7 .3
47 65 190 7 4 .9 2 7 .9
52 68 210 7 7 .4 2 5 .4
54 56 125 6 4 .3 1 0 .3
33 40 61 4 6 .3 1 3 .3
65 59 140 6 7 .2 2 .2
44 56 125 6 4 .3 2 0 .3
43 55 115 6 2 .2 1 9 .2
47 60 145 6 8 .1 2 1 .1
47 60 150 6 8 .9 2 1 .9
44 58 140 6 7 .2 2 3 .2
48 58 140 6 7 .2 1 9 .2
56 62 170 7 2 .1 1 6 .1
58 68 220 7 8 .6 2 0 .6
50 60 150 6 8 .9 1 8 .9
43 56 125 6 4 .3 2 1 .3
44 55 120 6 3 .3 1 9 .3
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Em vK ek(-m V) (-m V) <mM) ( -mV)
4-4 55 120 6 3 .3
52 60 125 6 4 .3
62 66 160 7 0 .6
55 63 140 6 7 .2
53 58 120 6 3 .3
54. 63 140 6 7 .2
4.9 60 130 6 5 .3
56 63 140 6 7 .2
55 60 130 6 5 .3
51 61 135 6 6 .3
39 42 80 5 3 .1
60 63 215 7 8 .0
52 55 160 7 0 .6
4-4 51 134 6 6 .1
42 52 127 6 4 .7
55 59 188 7 4 .6
4.8 50 117 6 2 .7
44 52 127 6 4 .7
43 56 105 5 9 .9
34 50 80 5 3 .1
44 52 88 5 5 .5
36 57 113 6 1 .8
37 56 105 5 9 .9
46 57 113 6 1 .8
38 59 113 6 1 .8
50 63 134 6 6 .1
46 62 128 6 4 .9
45 66 150 6 8 .9
42 60 118 6 2 .9
36 56 104 5 9 .7
35 57 108 6 0 .7
34 56 104 5 9 .7
36 55 100 5 8 .7

Ek -Em(-m V)
1 9 .3
1 2 .3

8 . 6
1 2 . 2
1 0 .3
1 3 .2
1 6 .3
2 7 .5
1 0 .3
1 5 .3
1 4 .1
1 8 .0
1 8 .6
2 2 .1
2 2 .7
1 9 .6
14.. 7
2 0 .7
1 6 .9
1 9 .1
1 1 .5
2 5 .8
2 2 .9
1 5 .8
2 3 .8
1 6 .1
1 8 .9
2 3 .9
2 0 .9
2 3 .7
2 5 .7
2 5 .7
2 2 .7
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C allfphora larvae: N ic -tv o e K4* ISM data
Vfc e K e K 'Em(-m V) (-m V) (KM) (-m V) (-m V)

55 64 140 6 7 .2 1 2 .2
58 66 150 6 8 .9 1 0 .9
46 63 132 6 5 .7 1 9 .7
44 59 113 6 1 .8 1 7 .8
5 4 63 132 6 5 .7 1 1 .7
50 60 120 6 3 .3 1 3 .3
50 61 123 6 3 .9 1 3 .9
48 60 120 6 3 .3 1 5 .3
44 61 123 6 3 .9 1 9 .9
42 62 130 6 5 .3 2 3 .3
48 62 130 6 5 .3 1 7 .3
40 57 97 5 7 .9 1 7 .9
41 56 94 5 7 .2 1 6 .2
43 56 94 5 7 .2 1 4 .2
44 56 94 5 7 .2 1 3 .2
47 58 100 5 8 .7 1 1 .7
48 64 130 6 5 .3 1 7 .3
4 4 63 123 6 3 .9 1 9 .9
45 56 92 5 6 .6 1 1 .6
44 58 100 5 8 .7 1 4 .7
47 58 100 5 8 .7 1 1 .7
47 60 n o 6 1 .1 1 4 .1
46 58 100 5 8 .7 1 2 .7
45 60 n o 6 1 .1 1 6 .1
46 64 149 6 7 .2 2 1 .2
50 50 n o 6 1 .1 n . i
52 62 127 6 4 .7 1 2 .7
49 59 112 6 1 .6 1 2 .6
49 60 n 7 6 2 .6 1 3 .6
46 56 190 5 8 .7 1 2 .7
48 62 127 6 4 .7 1 6 .7
48 58 n o 6 1 .1 1 3 .1
47 60 117 6 2 .6 1 5 .6
48 60 117 6 2 .6 1 4 .6
48 64 140 6 7 .2 1 9 .2
44 61 120 6 3 .3 1 9 .3
47 66 150 6 8 .9 2 1 .9
46 54 80 5 3 .1 7 .1
44 51 70 4 8 .7 5 .7
44 52 72 5 0 .4 6 .4
46 52 72 5 0 .4 4 .4
49 54 80 5 3 .1 4 .1
49 55 82 5 3 .7 4 .7
48 50 68 4 9 .0 1 .0
48 58 92 5 6 .6 8 .6
52 56 84 5 4 .3 2 .3
46 49 66 4 8 .2 2 .2
48 55 82 5 3 .7 5 .7
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Em v * a i ek(-m V) (-m V) (WH) ( -mV)
53 56 84 5 4 .3
49 53 75 5 1 .5
50 54 80 5 3 .1
48 50 68 4 9 .0
48 52 72 5 0 .4
43 50 68 4 9 .0
46 50 68 4 9 .0
49 52 72 5 0 .4
48 52 72 5 0 .4
52 54 80 5 3 .1
46 54 80 5 3 .1
52 56 78 5 2 .4
46 60 92 5 6 .6
48 52 66 4 8 .2
4 4 56 78 5 2 .5
46 53 70 4 9 .7
46 50 62 4 6 .7
54 59 88 5 5 .5
55 57 110 6 1 .1
57 56 107 6 0 .4
52 54 100 5 8 .7
54 55 103 5 9 .5
52 54 100 5 8 .7
45 46 71 5 0 .1
43 54 100 5 8 .7
53 57 110 6 1 .1
49 56 107 6 0 .4
38 51 86 5 4 .9
42 53 94 5 7 .2
41 48 76 5 1 .8
45 53 92 5 6 .6
44 53 92 5 6 .6
46 54 96 5 7 .7
44 53 92 5 6 .6
39 54 96 5 7 .7
50 63 134 6 6 .1
52 68 165 7 1 .3
50 62 130 6 5 .3
40 68 165 7 1 .3
54 68 165 7 1 .3
45 60 -  120 6 3 .3
43 60 120 6 3 .3
42 56 100 5 8 .7
50 66 150 6 8 .9
47 56 100 5 8 .7
38 55 97 5 7 .9
49 63 134 6 6 .1
57 63 123 6 3 .9
52 60 110 6 1 .1
48 56 94 5 7 .2
46 56 94 5 7 .2

Ek -Em
(-m V)

1 .3
2 .5
3 .1
1 .0
2.4.
6 .0
3 .01 .4
2 .4
1.1
7 .1
0 .4

1 0 .6
0 . 2
3 .5
3 .7
0 .7
1 .5
6 . 1
3 .4
6 .7
5 .5
6 .7
5 .1

1 5 .7
8.1

1 1 .4
1 6 .9
1 5 .2
1 0 . 8
1 1 .6
1 2 .6
1 1 .7
1 2 .6
1 8 .7
1 6 .1
1 9 .3
1 5 .3
3 1 .3
1 7 .3
1 8 .3
2 0 .3
1 6 .7
1 8 .9
1 1 .7
1 9 .9
1 7 .1

6 .9
9 .1
9 .2

11 .2
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Em vK ek(-m V) (-m V) (nM) ( -mV)
48 54 87 5 5 .2
53 62 120 6 3 .3
53 61 113 6 1 .8
46 54 87 5 5 .2
45 54 87 5 5 .2
45 53 83 5 4 .0
46 53 83 5 4 .0
43 53 83 5 4 .0
48 63 12 4 6 4 .1
53 63 124 6 4 .1
49 52 80 5 3 .1
45 5 4 87 5 5 .2
48 54 87 5 5 .2
45 56 94 5 7 .2
45 54 87 5 5 .2
40 50 74 5 1 .1

Ek 'Em (-m V)
7 .2

1 0 .3
8.8
9 .2

1 0 .2
9 .0
8 . 0

1 1 .0
1 6 .1
11.1

4 .1
1 0 . 2

7 .2
1 2 .2
1 0 .2
11.1
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Calliphora prepupae: UX-type K+ ISH data

Em Yk 4 e K EK 'Em(-m V) (-m V) (mM) (-m V) (-m V)
60 88 500 9 9 .3 3 9 .3
59 80 290 8 5 .5 2 6 .5
69 97 580 1 0 3 .0 3 4 .0
60 87 380 9 2 .3 3 2 .3
46 81 300 8 6 .4 4 0 .4
41 80 290 8 5 .5 4 4 .5
55 84 340 8 9 .5 3 4 .5
47 96 560 1 0 2 .1 5 5 .1
54 97 580 1 0 3 .0 4 9 .0
53 90 440 9 6 .0 4 3 .0
58 84 340 8 9 .5 3 1 .5
50 87 380 9 2 .3 4 2 .3
66 92 470 9 7 .7 3 1 .7
41 879 380 9 2 .3 2 6 .3
68 95 540 1 0 1 .2 3 3 .2
60 87 390 9 3 .0 3 3 .0
46 76 255 8 2 .3 3 6 .3
43 72 208 7 7 .2 3 4 .2
43 75 235 8 0 .2 3 7 .2
46 70 190 7 4 .9 2 8 .9
51 82 320 8 8 .0 3 7 .0
32 74 230 7 9 .7 4 7 .7
37 80 290 8 5 .5 4 8 .5
43 76 255 8 2 .3 3 9 .3
46 75 235 8 0 .2 3 4 .2
43 64 150 6 8 .9 2 5 .9
44 76 255 8 2 .3 3 8 .3
38 71 200 7 6 .2 3 8 .2
34 70 190 7 4 .9 4 0 .9
54 102 660 1 0 6 .2 5 2 .2
40 92 440 9 6 .0 5 6 .0
39 92 4409 9 6 .0 5 7 .0
44 97 540 1 0 1 .2 5 7 .2
45 98 560 1 0 2 .1 5 7 .1
48 105 760 1 0 9 .8 6 1 .8
37 96 520 1 0 0 .2 6 3 .2
39 92 440 9 6 .0 5 7 .0
50 76 230 7 9 .7 2 9 .7
47 93 460 9 7 .2 5 0 .2
71 83 -  300 8 6 .4 1 5 .4
55 71 184 7 4 .1 1 9 .1
47 87 360 9 1 .0 4 4 .5
53 91 420 1 1 3 .6 6 0 .6
51 92 440 9 6 .0 4 5 .0
52 92 440 9 6 .0 4 4 .0
48 94 490 9 8 .7 5 0 .7
59 87 360 9 1 .0 3 2 .0
58 99 385 9 2 .7 3 4 .7
53 101 640 1 0 5 .5 5 2 .5
40 91 420 9 4 .9 5 4 .9

!
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Em(-m V)
38
39
42
50  
47  
46
46
51
47
45
49
50
48
52  
59  
55  
52
46
52
49
55
54
56  
58
58
53
56
51
55
57  
48
59
50
47  
41
5 4
48  
5 4  
54  
47
49  
47  
47
43
44  
43

VK E|C e K 'Em(-m V) (mM) ( -mV) ( -mV)
86 340 8 9 .5 5 1 .5
85 330 8 8 .8 4 9 .8
82 290 8 5 .5 4 5 .5
81 280 8 4 .7 3 4 .7
85 330 8 8 .8 4 1 .8
84 320 8 8 .0 4 2 .0
88 370 9 1 .7 4 5 .7
87 360 9 1 .0 4 0 .0
88 370 9 1 .7 4 4 .7
92 420 9 4 .9 4 9 .9
89 390 9 3 .0 4 4 .0
87 370 9 1 .7 4 1 .7
90 400 9 3 .6 4 5 .6
87 370 9 1 .7 3 9 .7
85 330 8 8 .8 2 9 .8
85 330 CO«COCO 3 3 .8
85 330 8 8 .8 3 6 .8
82 290 8 5 .5 3 9 .5
83 300 8 6 .4 3 4 .4
76 226 7 9 .3 3 0 .3
82 290 8 5 .5 3 0 .5
86 340 8 9 .5 4 5 .5
83 300 8 6 .4 3 0 .4
87 370 9 1 .7 3 3 .7
86 340 8 9 .5 3 1 .5
86 340 8 9 .5 3 6 .5
86 340 8 9 .5 3 3 .5
82 290 8 5 .5 3 4 .5
82 290 8 5 .5 3 0 .5
86 340 8 9 .5 3 2 .5
71 183 7 3 .9 2 5 .9
86 340 8 9 .5 3 0 .5
94 480 9 8 .2 4 8 .2
97 545 1 0 1 .4 5 4 .4
92 440 9 6 .0 5 5 .0
95 500 9 9 .3 4 5 .3
97 545 1 0 1 .4 5 3 .4
96 520 1 0 0 .2 4 6 .2
98 570 1 0 2 .6 4 8 .6
93 460 9 7 .2 5 0 .2
92 440 9 6 .0 4 7 .0
94 480 9 8 .2 5 1 .2
92 440 9 6 .0 4 9 .0
92 440 9 6 .0 5 6 .0

100 620 1 0 4 .7 6 0 .7
87 370 9 1 .7 4 8 .7



Callithora prepupae; NIC-type K4 ISM data

Em Yk e K EK 'Em(-m V) (-m V) <mM) (-m V) (-m V)
52 58 92 5 6 .6 4 .6
54 60 100 5 8 .7 4 .6
50 57 90 5 6 .1 6 .1
51 56 84 5 4 .3 3 .3
47 55 82 5 3 .7 6 .7
44 62 108 6 0 .7 1 6 .7
38 56 85 5 4 .6 1 6 .6
44 62 108 6 0 .7 1 6 .7
46 65 130 6 5 .3 1 9 .3
50 62 116 6 2 .5 1 2 .5
42 62 116 6 2 .5 2 0 .5
41 62 116 6 2 .5 2 1 .5
44 63 121 6 3 .5 1 9 .5
47 63 121 6 3 .5 1 6 .5
35 58 100 5 8 .7 2 3 .7
51 66 140 6 7 .2 1 6 .2
34 58 100 5 8 .7 2 4 .7
48 62 116 6 2 .5 1 4 .5
66 69 154 6 9 .6 3 .6
47 64 128 6 4 .9 1 7 .9
59 60 110 6 1 .1 2 .1
63 60 110 6 1 .1 1 .9
41 50 72 5 0 .4 9 .4
46 60 n o 6 1 .1 1 5 .1
44 61 112 6 1 .6 1 7 .6
36 53 80 5 3 .1 1 7 .1
50 67 142 6 7 .5 1 7 .5
50 66 140 6 7 .2 1 7 .2
47 60 n o 6 1 .1 1 4 .1
48 66 140 6 7 .2 1 9 .2
47 62 117 6 2 .7 1 5 .7
46 54 90 5 6 .1 1 0 .1
54 57 100 5 8 .7 4 .7
49 57 100 5 8 .7 9 .7
50 54 90 5 6 .1 6 .1
48 55 94 5 7 .1 9 .1
46 52 82 5 3 .7 7 .7
47 55 94 5 7 .1 1 0 .1
43 62 -  122 6 3 .7 2 0 .7
37 50 90 5 6 .1 1 9 .1
45 60 n 2 6 1 .6 1 6 .6
46 56 97 5 7 .9 1 1 .9
56 69 147 6 8 .4 1 2 .4
51 68 140 6 7 .2 1 6 .2
35 51 72 5 0 .4 1 5 .4
45 60 102 5 9 .2 1 4 .2
42 60 120 6 3 .3 2 1 .3
59 74 210 7 7 .4 1 8 .4
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Em(-m V) vK(-m V)
44 63
55 68
46 64
40 56
50 67
44 64
44 62
46 46
40 61
44 51
50 58
42 62
35 48
43 60
49 66
47 58
48 58
50 59
48 60
50 61
54 66
48 59
47 59
46 61
39 65
49 70
44 56
51 62
45 61
52 62
43 58
45 59
44 56
47 64
56 72
49 60
45 60

(-m V) e K "Em ( -mV)
6 6 .1 2 2 .1
7 1 .3 1 6 .3
6 7 .2 2 1 .2
5 8 .7 1 8 .7
7 0 .2 2 0 .2
6 7 .2 2 3 .2
6 5 .3 2 1 .3
5 6 .9 1 0 .9
6 1 .8 2 1 .8
5 1 .8 7 .8
5 8 .7 8 .7
6 3 .3 2 1 .3
4 9 .0 1 4 .0
6 1 .6 1 8 .6
6 7 .7 1 8 .7
5 9 .7 1 2 .7
5 9 .7 1 1 .7
6 1 .1 1 1 .1
6 1 .8 1 3 .8
6 2 .9 1 2 .9
6 7 .9 1 3 .9
6 1 .1 1 3 .1
6 1 .1 1 4 .1
6 3 .1 1 7 .1
6 7 .2 2 8 .2
7 2 .1 2 3 .1
5 7 .9 1 3 .9
6 3 .7 1 2 .7
6 2 .9 1 7 .9
6 3 .7 1 1 .9
5 9 .5 1 6 .5
6 1 .1 1 6 .1
5 7 .9 1 3 .9
6 5 .7 1 8 .7
7 3 .8 1 7 .8
6 5 .3 1 6 .3
6 5 .3 2 0 .3

a&
(BM)

134
165
140
100
158
140
130

93
113

79
100
120
68

112
143
104
104
110
113
118
144
110
110
119
140
170

97
122
118
122
103
110

97
132
182
130
130
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Qiilo larvae: LlX-type K*

Em v * a*-mV) (-mV) <BM)
50 33 76
44 26 60
50 28 64
46 27 62
40 26 60
48 33 78
44 32 76
4 4 35 85
48 30 70
46 33 78
4 4 34 82
48 38 96
36 32 76
38 29 67
44 34 82
4 4 33 78
40 34 82
38 36 88
41 31 72
40 22 49
44 22 49
42 23 51
44 24 54
47 26 58
50 26 58
43 26 58
45 27 60
47 27 60
47 25 56
41 24 54
51 29 64
48 27 60
51 26 58
40 24 54
51 26 58
50 26 58
50 26 58
50 28 72
48 30 68
51 30 74
52 32 80
50 33 83
50 28 66
38 26 62
50 31 77
43 33 83
52 32 80
53 34 87
48 30 74
50 34 87

ISM data

ek(-m V) Ek -Em (-m V)
3 1 .7 + 1 8 .3
2 5 .7 1 8 .3
2 7 .4 2 2 .6
2 6 .6 1 9 .4
2 5 .7 1 4 .3
3 2 .3 1 5 .7
3 1 .7 1 2 .3
3 4 .5 9 .5
2 9 .6 1 8 .4
3 2 .3 1 3 .7
3 3 .6 1 0 .4
3 7 .6 1 0 .4
3 1 .7 4 .3
2 8 .5 9 .5
3 3 .6 1 0 .4
3 2 .3 1 1 .7
3 3 .6 6 .4
3 5 .4 2 .6
3 0 .3 1 0 .7
2 0 .6 1 9 .4
2 0 .6 2 3 .4
2 1 .6 2 0 .4
2 3 .1 2 0 .9
2 4 .9 2 2 .1
2 4 .9 2 5 .1
2 4 .9 1 8 .1
2 5 .7 1 9 .3
2 5 .7 2 1 .3
2 4 .0 2 3 .0
2 3 .1 1 7 .9
2 7 .4 2 3 .6
2 5 .7 2 2 .3
2 4 .9 2 6 .1
2 3 .1 1 6 .9
2 4 .9 2 6 .1
2 4 .9 2 5 .1
2 4 .9 2 5 .1
3 0 .3 1 9 .7
2 8 .9 1 9 .1
3 1 .0 2 0 .0
3 3 .0 1 9 .0
3 3 .9 1 6 .1
2 8 .1 2 1 .9
2 6 .6 1 1 .4
3 2 .0 1 8 .0
3 3 .9 9 .1
3 3 .0 1 9 .0
3 5 .1 1 7 .9
3 1 .0 1 7 .0
3 5 .1 1 4 .9
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Em vK a j ek EK -Em(-mV) (-mV) (*M) ( -mV) ( -»V)
41 26 62 26.6 14 .4
45 29 70 29.6 15 .4
39 29 70 29.6 9.4
45 36 94 37.0 8.0
46 28 66 28.1 17 .9

43 26 58 24.9 1 8 .1
44 27 60 25.7 18.3
45 24 54 2 3 .1 2 1.9
40 23 52 22.1 17 .9
46 25 56 24.0 22.0
45 27 60 25.7 19.3
42 22 50 2 1 .1 20.9
40 21 48 20.1 19.9
41 25 56 24.0 17.0

36 24 54 23 .1 12 .9
37 18 43 17.3 19 .7
40 23 51 21.6 18 .4

53 26 58 24.9 28 .1
60 27 60 25.7 34.3
54 29 65 27.8 26.2
54 26 58 24.9 2 9 .1
55 23 51 21.6 33.4
53 30 68 28.9 24.1
54 24 54 23 .1 30.9
50 26 58 24.9 2 5 .1
50 29 65 27.8 22.2
44 24 54 23 ,1 20.9
54 28 62 26.6 27.4

h l lo  la r v a e : NIC -typ e  K+ ISM d ata
Em Vk 4 Ek EK -Em( -mV) (-mV) (n«) (-mV) (-mV)
39 28 69 29.3 9.7
40 28 69 29.3 10 .7
42 30 75 31.4 10.6
40 30 75 3 1.4 8.6
42 27 66 28.1 13 .9
40 28 69 29.3 10 .7
46 32 80 33.0 13.0
40 30 75 3 1.4 8.6
43 30 75 3 1.4 1 1 .6
39 30 75 3 1.4 7.6

40 22 53 22.6 1 7 .4
40 21 50 2 1 .1 18 .9
39 20 48 20.1 18.9
40 20 48 20.1 19 .9
43 20 48 20.1 22.9
42 21 50 2 1 .1 20.9
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Em vK eK
(-mV) (-mV) (DM) , ( -mV)

41 28 62 26.6
41 24 54 23.1
41 27 62 26.6
40 22 49 20.6
37 24 54 23.1
40 24 54 23.1

52 26 54 23.1
53 32 66 28.1
48 23 48 20.1
51 24 50 2 1 .1
51 24 50 2 1 .1
38 22 47 19.6
44 22 47 19.6
47 24 50 2 1 .1
40 20 44 17.9

40 22 48 20.1
46 25 53 22.6
51 22 48 20.1
46 21 46 19.0
42 22 48 20.1
43 20 45 18.5
46 28 60 25.7
44 21 46 19.0
54 29 61 26.2

53 26 56 24.0
48 26 56 24.0
51 30 65 27.8
48 31 68 28.9
50 30 65 27.8
44 28 60 25.7
45 30 65 27.8
46 30 65 27.8
41 29 63 27.0
40 30 65 27.8
41 28 60 25.7

44 32 70 29.6
40 30 65 27.8
46 28 60 25.7
44 29 63 27.0
49 30 -  65 27.8
36 28 60 25.7
42 28 60 25.7
48 30 65 27.8
46 28 60 25.7
46 30 65 27.8
44 28 60 25.7
44 29 63 27.0

54 31 82 33.6
50 30 80 33.0
48 26 66 28.1

Ek -Em (-m V)
14.4 .
1 7 .9
14 .. 4.
19 .4 .
1 3 .9
1 6 .9
2 8 .9
24 .. 9
2 7 .9
2 9 .9
2 9 .9
18 .4 .
24 .. 4.
2 5 .9
2 2 .1

1 9 .9
23 .4 .
3 0 .9
2 7 .0
2 1 .9
24.. 5
2 0 .3
2 5 .0
2 7 .8
2 9 .0
24.. 0
2 3 .2
1 9 .1
22.2
1 8 .3
1 7 .2
1 8 .2
14.. 0
12.2
1 5 .3
14 .4 .
12 .2
2 0 .3  i
1 7 .0
2 1 .2  j
1 0 .3  |
1 6 .3
20.2
2 0 .3
1 8 .2
1 8 .3  |
1 7 .0  |
2 0 .4
1 7 .0
22 .6

I!i
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Em vK(-m V ) (-m V)
51 31
52 30
48 28
49 30
48 32
46 29
48 30
48 29
46 28
45 30
50 32

ek(-m V) EK "Em ( -mV)
3 3 .6 1 7 .4
3 3 .0 1 9 .0
3 0 .7 1 7 .3
3 3 .0 1 6 .0
3 3 .0 1 5 .0
3 0 .3 1 5 .7
3 1 .4 1 6 .6
3 0 .3 1 7 .7
2 9 .3 1 6 .7
3 1 .4 1 3 .6
3 3 .0 1 7 .0

mM)
82
80
73
80
80
92
75
72
69
75
80
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APPENDIX 9
Intracellular Na* data; Calliphora Larvae

Em v Na aNa ENa(-m V) (-mV) (mM) (-m V)
44 38 1 4 .4 5 4 .3
42 45 1 0 .0 6 3 .5
41 5 4 4 .5 8 3 .6
48 42 1 1 .8 5 9 .4
44 54 4 .5 8 3 .6
45 47 9 .0 6 6 .2
52 39 1 3 .7 5 5 .6
49 40 1 3 .0 5 6 .9
48 28 2 4 .0 4 1 .5
48 44 1 0 .4 6 2 .5
47 38 2 0 .2 4 5 .8
51 50 1 0 .0 6 3 .5
46 42 1 6 .2 5 1 .4
48 50 1 0 .0 6 3 .5
49 52 8 .8 6 6 .8
48 45 1 3 .8 5 5 .4
51 44 1 4 .6 5 4 .0
50 46 1 3 .0 5 6 .9
47 46 1 3 .0 5 6 .9
52 58 5 .3 7 9 .5
52 56 6 .6 7 4 .0
52 56 6 .6 7 4 .0
52 54 8 .0 6 9 .2
46 59 7 .4 7 1 .1
44 62 6 .0 7 6 .4
46 58 7 .8 7 3 .7
46 57 8 .4 7 1 .8
48 57 8 .4 7 1 .8
46 55 9 .6 6 8 .4
44 54 1 0 .0 6 7 .4

(Na+ NIC) 

ENa'Ein(-m V)
9 8 .3

1 0 5 .5
1 2 4 .6
1 0 7 .4
1 2 7 .6
111.2
1 0 7 .6
1 0 5 .9

8 9 .5
1 1 0 .5

9 2 .8
1 1 4 .5

9 7 .4
1 1 1 .5
1 1 5 .8
1 0 3 .4
1 0 5 .0
1 0 6 .9
1 0 3 .9
1 3 1 .5
1 2 6 .0
1 2 6 .0
1 2 1 .2

1 1 7 .1
1 2 0 .4
1 1 9 .7
1 1 7 .8
1 1 9 .8
1 1 4 .4
1 1 1 .4



281

Intracellular Na4 data: CalliPhora prepupae (Na4 NIC)

Em vNa a*i ENa ENa-Em(-mV) (-m V) (IBM) (-m V) (-m V)
46 57 5 . 4 7 9 .1 1 2 5 .1
42 58 4 .9 8 3 .1 1 2 5 .1
44 54 7 .0 7 2 .5 1 1 6 .5
44 53 7 .6 7 0 .4 1 1 4 .4
45 53 7 .6 7 0 .4 1 1 5 .4
46 60 3 .6 8 9 .3 1 3 5 .3
48 59 4 .3 8 4 .8 1 3 2 .8
47 62 2 .9 9 4 .7 1 4 1 .7
49 44 1 3 .2 5 6 .5 1 0 5 .5
49 45 1 2 .6 5 7 .7 1 0 6 .7
46 49 9 .8 6 4 .0 1 1 0 .0
46 50 9 .0 6 6 .2 1 1 2 .2
40 59 4 . 4 8 4 .2 1 2 4 .2
38 58 4 .8 8 2 .0 1 2 0 .0
47 49 9 .8 6 4 .0 1 1 1 .0
48 54 6 .6 7 4 .0 1 2 2 .0
44 57 5 .3 7 9 .5 1 2 3 .5
48 50 9 .0 6 6 .2 1 1 4 .2
46 52 7 .8 6 9 .8 1 1 5 .8
46 50 9 .0 6 6 .2 1 1 2 .2
47 52 8 .4 6 7 .9 1 1 4 .9
44 49 1 0 .6 6 2 .1 1 0 6 .1
48 46 1 2 .7 5 7 .5 1 0 5 .5
46 53 7 .8 6 9 .8 1 1 5 .8
47 48 1 1 .2 6 0 .7 1 0 7 .7
46 48 1 1 .2 6 0 .7 1 0 6 .7
46 46 1 2 .7 5 7 .5 1 0 3 .5
42 49 1 0 .6 6 2 .1 1 0 4 .1
44 49 9 .8 6 4 .0 1 0 8 .0
44 42 1 5 .0 5 3 .3 9 7 .3
46 46 1 2 .0 5 8 .9 1 0 4 .9
44 52 7 .8 6 9 .8 1 1 3 .8
41 58 4 .7 8 2 .5 1 2 3 .5
46 58 4 .7 8 2 .5 1 2 8 .5
40 56 5 .6 7 8 .1 1 1 8 .1
46 58 1 .6 1 0 9 .7 1 5 5 .7
48 59 1 .2 1 1 6 .9 1 6 4 .9
48 53 6 .2 7 5 .6 1 2 3 .6
49 59 1 .2 1 1 6 .9 1 6 5 .9
46 48 1 .7 1 0 8 .1 1 5 4 .1
48 44 3 .4 9 0 .7 1 3 8 .7
48 44 3 .4 9 0 .7 1 3 8 .7
47 41 5 .2 8 0 .0 1 2 7 .0
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Intracellular Na^ data: Qiilo larvae

Em(-m V)
48
55
40
52
43
42 
39  
60  
46
45
50
46
43

VNa(-m V)
49
52
52
60
49
46
5 4
28
37
50
36
40
50

(mM)
11 .0

7 .4
8 . 0
4 .6

1 0 .3
12.2

6 .7
2 9 .0
1 9 .0  

9 .3
1 9 .0
1 5 .0

9 .0

ENa(-m V)
- 6 . 1

3 .9
1 .9

1 5 .9
- 4 .4
- 8 .7

6 .4
- 3 0 .5
- 1 9 .8

- 1 .9
-1 9 .9
- 1 3 .9

- 1.0

ENa-Ein(-m V)
4 1 .9
5 8 .9
4 1 .9
6 7 .9
3 8 .6
3 3 .3
4 5 .4
2 9 .4  
2 6 .2
4 3 .1
3 0 .1
3 2 .1  
4 2 .0



APPENDIX 10 Intracellular Cl“ activity data:

Calliphora larvae

Em vCi aci EC1 E c i -Em(-m V) (-m V) (®M) (-mV) (-mV)
51 50 1 9 .0 4 9 .7 1 .3
55 51 1 8 .3 5 0 .7 4 .3
50 50 1 9 .0 4 9 .7 0 .3
48 48 2 0 .8 4 7 .5 0 .5
5 0 51 1 8 .6 5 0 .3 - 0 .3
5 4 54 1 6 .3 5 3 .6 0 . 4
56 56 1 5 .2 5 5 .4 0 .6
48 53 1 8 .2 5 0 .8 - 2 .8
5 4 52 1 9 .0 4 9 .8 4 .2
41 43 2 7 .0 4 0 .9 0 .1
40 42 2 8 .0 4 9 .0 0 .0
46 48 2 2 .0 4 6 .1 - 0 .1
49 50 2 0 .6 4 7 .7 1 .3
44 46 2 4 .0 4 3 .9 0 .1
41 43 2 7 .0 4 0 .9 0 .1
44 48 2 2 .2 4 5 .8 - 1 .8
52 52 1 5 .2 5 5 .4 - 3 .4
5 4 50 1 6 .4 5 3 .5 0 .5
53 47 1 9 .0 4 9 .8 3 .2
50 46 2 0 .0 4 8 .5 1 .5
52 45 2 3 .0 4 8 .0 4 .0
58 50 1 6 .4 5 3 .5 4 .5
58 57 1 3 .2 5 8 .9 - 0 .9
49 47 2 0 .3 4 8 .1 0 .9
58 58 1 2 .7 5 9 .9 - 1 .9
57 56 1 4 .0 5 7 .5 - 0 .5
5 4 50 1 7 .0 5 2 .6 1 .4
57 55 1 4 .4 5 6 .7 0 .3
60 60 1 3 .0 5 9 .3 0 .7
59 54 1 3 .0 5 9 .3 - 0 .3
5 4 54 1 6 .3 5 3 .6 0 .4
60 60 1 3 .0 5 9 .3 0 .7
56 60 1 3 .0 5 9 .3 - 3 .3
58 59 1 3 .4 5 8 .5 - 0 .5
58 58 1 4 .0 5 7 .5 0 .5
57 58 1 4 .0 5 7 .5 - 0 .5
56 56 1 5 .0 5 5 .7 0 .3
56 58 1 4 .0 5 7 .5 - 1 .5
52 53 1 7 .0 5 2 .6 - 0 .6
52 56 1 5 .0 5 5 .7 - 3 .7
55 57 1 4 .4 5 6 .7 - 1 .7
58 60 1 3 .0 5 9 .3 - 1 .3
56 56 1 5 .0 5 5 .7 - 1 .7
52 53 1 7 .0 5 2 .6 - 0 .6
53 54 1 6 .3 5 3 .6 - 0 .6
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54 5 4 1 6 .3 5 3 .6 0 .4
51 50 1 8 .8 5 0 .1 0 .9
51 52 1 8 .2 5 0 .8 0 .2
52 53 1 7 .0 5 2 .6 - 0 .6
48 49 1 9 .7 4 8 .9 0 .9

I n t r a c e l l u l a r  Cfi“ a c t i v i t y  d a ta : C a ll ip h o r a  prepupae

(-m V) VC1(-m V)
a c t

(BM) (
E c i

-mV) E e l “Ejn (-m V)
50 24 5 3 .0 2 3 .9 2 6 .1
56 31 4 0 .0 3 1 .0 2 5 .0
57 32 3 9 .0 3 1 .7 2 5 .3
56 34 3 6 .0 3 3 .7 2 2 .3
52 40 3 0 .0 3 8 .3 1 3 .7
48 38 3 2 .0 3 6 .6 1 1 .4
46 41 2 8 .6 3 9 .5 8 .5
46 40 3 0 .0 3 8 .3 7 .7
48 40 3 0 .0 3 8 .3 9 .7
49 41 2 8 .6 3 9 .5 9 .5
48 40 3 0 .0 3 8 .3 9 .7
42 40 3 0 .0 3 8 .3 3 .7
38 36 3 4 .7 3 4 .6 3 .4
46 38 3 2 .0 3 6 .6 9 .4
48 36 3 5 .0 3 4 .4 1 3 .6
50 39 3 1 .0 3 7 .4 1 2 .6
38 26 5 1 .0 2 4 .9 1 3 .1
42 37 3 3 .3 3 5 .6 6 .4
45 34 3 7 .0 3 3 .0 1 2 .0
42 35 3 6 .0 3 3 .7 8 .3
57 30 4 3 .5 2 8 .9 2 8 .1
58 30 4 3 .5 2 8 .9 2 9 .1
56 31 4 2 .0 2 9 .8 2 6 .2
58 25 5 2 .0 2 4 .4 3 3 .6
56 31 4 1 .5 3 0 .0 2 6 .0
55 29 4 5 .0 2 8 .0 2 7 .0
53 30 4 3 .5 2 8 .9 2 4 .1
51 31 4 1 .5 3 0 .0 2 1 .0
49 26 5 0 .5 2 5 .1 2 3 .9
50 25 5 2 .5 2 4 .2 2 5 .8
50 26 -  5 0 .5 2 5 .1 2 4 .9
50 26 5 0 .5 2 5 .1 2 4 .9
52 30 4 2 .0 2 9 .8 2 2 .2
45 27 4 8 .5 2 6 .2 1 8 .8
49 19 6 6 .0 1 8 .4 3 0 .6



2 8 5

Em v c i a c i E c i(-m V) (-m V) (mM) ( -mV)
42 40 1 0 .5 4 6 .9
40 42 9 .8 4 8 .7
42 42 9 .8 4 8 .7
40 37 1 2 .2 4 3 .2
38 36 1 3 .0 4 1 .6
40 38 1 1 .5 4 4 .7
38 35 1 3 .3 4 1 .0
5 4 5 4 5 .5 6 3 .2
44 49 7 .3 5 6 .1
45 48 7 .3 5 6 .1
49 50 6 .6 5 8 .6
49 48 7 .3 5 6 .1
46 47 7 .7 5 4 .8
47 57 4 .8 6 6 .7
44 46 8 .0 5 3 .8
45 46 8 .0 5 2 .8
50 49 7 .0 5 7 .1
47 49 7 .0 5 7 .1
43 48 7 .2 5 6 .4
46 49 7 .0 5 7 .1
48 50 6 .6 5 8 .6
49 51 6 .4 5 9 .4
38 40 1 0 .4 4 7 .2
48 50 6 .6 5 8 .6
36 41 1 0 .0 4 8 .2
48 48 7 .2 5 6 .4
40 42 9 .6 4 9 .2
43 49 1 0 .3 4 7 .4
39 38 1 1 .3 4 5 .1
46 43 9 .2 5 0 .3
42 40 1 0 .3 4 7 .4
40 42 9 .6 4 9 .2
44 42 9 .6 4 9 .2
44 40 1 0 .3 4 7 .4
46 43 9 .2 5 0 .3
38 37 1 2 .0 4 3 .6
36 37 1 2 .0 4 3 .6
42 40 1 0 .3 4 7 .4
47 43 9 .2 5 0 .3
43 40 1 0 .3 4 7 .4
40 38 1 1 .3 4 5 .1
42 41 1 0 .0 4 8 .2

EC l"Em(-m V)
4 .9
8 .7
6 .7
3 .2
3 .6
4 .7
3 .0
9 .2

1 2 .1
11.1

9 .6
7 .1
8 . 8

1 9 .7
9 .8
8 . 8
7 .1

1 0 .1
1 3 .4
11.1
10 .6
1 0 .4

9 .2
10 .6
1 2 .2

8 .4
9 .2
4 .4
6 . 1
4 .3
5 . 4
9 .2
5 .2
3 . 4
4 .3
5 .6
7 .6
5 . 4
3 .3
4 .4
5 .1
6 .2



Intracellular C£~ activity data C b ilo  larvae

Em VC1 a c l E c i Eci-Em(-m V) (-1rfv) (niM) (-m V) (-m V)
43 42 1 0 .5 4 6 .9 3 .954 50 7 .5 55.4. 1 .453 51 7 .2 5 6 .4 3 .4
36 34 1 5 .0 3 8 .0 2 .0
48 50 7 .5 55.4. 7 .454 59 5 .1 6 5 .1 1 1 .140 44 9 .7 4.8.9 8 .941 48 8 .2 5 3 .2 6 .2
46 51 7 .2 5 6 .4 1 0 .452 58 5 .2 6 4 .6 1 2 .650 53 6 .6 5 8 .6 8 .6
43 50 5 .5 6 3 .2 2 0 .246 48 6 .0 6 1 .0 1 5 .048 41 6.4 5 9 .4 1 1 .445 46 6 .8 5 7 .9 1 2 .942 44 1.4 5 5 .8 1 3 .841 48 6 .0 6 1 .0 1 4 .044 41 6 .4 5 9 .4 1 5 .446 46 6.8 5 7 .9 9 .952 52 5.0 6 5 .6 1 3 .652 46 6 .8 5 7 .9 5 .9
55 52 5 .0 6 5 .6 1 0 .6
51 48 6 .0 6 1 .0 1 0 .0
52 50 5 .5 6 3 .2 1 0 .246 44 8 .2 5 3 .2 7 .248 42 9 .0 5 0 .8 2 .848 41 7 .0 5 7 .2 9 .252 50 6 .0 6 1 .0 9 .052 50 6 .0 6 1 .0 9 .052 55 4.9 6 6 .1 1 4 .141 48 6 .8 5 7 .9 1 0 .946 42 9 .0 5 0 .8 4 .8
50 52 5 .6 6 2 .8 1 2 .8
50 41 7 .0 5 7 .2 7 .241 43 6 .6 5 2 .0 1 1 .042 45 7 .8 5 4 .4 1 2 .446 49 6.4 5 9 .4 1 3 .448 41 7 .0 5 7 .2 9 .241 46 6 .8 5 7 .9 1 0 .9
50 44 -  8 .0 5 3 .8 3 .8
52 50 6 .0 6 1 .0 9 .0
40 40 1 0 .5 4 6 .9 6 .951 52 6 .0 6 1 .0 1 0 .0
38 38 1 1 .5 4 4 .7 6 .748 45 8.4 5 2 .6 4 .649 45 8.4 5 2 .6 3 .645 42 9 .8 4 8 .7 3 .744 42 9 .8 4 8 .7 4 .742 41 1 0 .2 4 7 .7 5 .742 43 9 .3 5 0 .0 8 .0



Appendix 11 Data from Cl" depletion experiments on C a llip h o r a prepupae

Em ( 1 ) ( 2 ) ( 3 ) < *) ( 5 ) ( 6 )
(mV) (mM) (mM) (mM) (mV) (mM) (mM)
-4 4 52 1 4 .5 3 7 .5 -3 2 .6 2 3 .9 1 3 .6
-6 0 24 1 0 .4 1 3 .6 - 5 8 .2 1 2 .7 0 .9
-5 4 60 7 53 - 2 3 .9 1 6 .1 3 6 .9
-4 4 52 10 42 - 2 9 .8 2 3 .9 1 8 .1
-4 2 41 12 29 - 3 9 .1 2 5 .9 3 .1
-5 2 4 4 6 38 - 3 2 .2 1 7 .4 2 0 .6
-5 4 25 7 18 - 5 1 .1 1 6 .1 1 .1

x  -5 0 4 2 .6 9 .6 33 - 3 8 .1 1 9 .4 1 3 .5
SE 2 .5 5 .2 1 .2 5 .2 4 .7 1 .9 5 .0

Columns ( 1 ) a £ i  v a lu e s  reco rd ed  when t h e  c e l l s w ere b a th ed in
Normal R in g e r .

( 2 )  a j i  v a lu e s  reco rd ed  when c e l l s  w ere b a th ed  in  Cl" - 
f r e e  R in g e r .

( 3 )  D i f f e r e n c e  b etw een  a £ i  v a lu e s  reco rd ed  in  Normal 
R in g er  and t h o s e  r e co rd ed  from  t h e  same c e l l s  in
C l" - f r e e  R in g e r , T h is  colum n r e p r e s e n t s  t h e  'tru e*  

v a lu e s .

( 4 )  E c i v a lu e s  c a lc u la t e d  from  colum n 3 a £ j  d a ta .

( 5 )  a £ i  v a lu e s  p r e d ic te d  i f  Cl" w ere p a s s i v e l y  d i s ­
t r ib u t e d  ( c a lc u la t e d  su ch  t h a t  Eq i  i s  e q u a l t o  
t h e  m easured f o r  ea ch  c e l l ) .

( 6 )  D i f f e r e n c e  b etw een  th e  v a lu e s  f o r  ea c h  c e l l  
(co lu m n  3 )  and t h e  a j i ' s  e x p e c te d  i f  Cl" w ere  
p a s s i v e l y  d i s t r ib u t e d  (co lum n 5 ) .



Appendix 12 Measurements of and a&» from the same preparations
Calllvhora  prepupae

P r e d ic te d

C e l l a * a&a E® a = 0 .0 8 6 0 = 0 .0 3 5 6 5 a = .1 6 8 5
number («M) (mM) (mV) (mV) (mV) (mV)

( 1 ) 74 8 .8 45 3 2 .7 4 1 .7 2 1 .0
( 2 ) 82 6 .8 47 3 5 .2 4 4 .3 2 3 .5
( 3 ) 74 1 2 .6 47 3 2 .8 4 1 .8 2 1 .2
( * ) 78 4 .6 47 3 3 .9 4 3 .0 2 2 .1
( 5 ) 88 2 .8 48 3 6 .8 4 6 .0 2 5 .0
( 6 ) 98 2 .8 46 3 9 .6 4 8 .7 2 7 .7
( 7 ) 86 10 47 3 6 .5 4 5 .5 2 4 .8
( 8 ) 110 5 .4 50 4 2 .5 5 1 .6 3 0 .7
( 9 ) 83 9 .6 47 3 5 .6 4 4 .6 2 3 .9

( 1 0 ) 78 1 1 .2 49 3 4 .1 4 3 .1 2 2 .4
( 1 1 ) 82 10 47 3 5 .3 4 4 .3 2 3 .6
( 1 2 ) 120 1 5 .6 54 4 4 .9 5 3 .9 3 3 .2
( 1 3 ) 140 28 49 4 8 .9 5 7 .9 3 7 .4
( 1 4 ) 98 20 48 3 9 .9 4 8 .9 2 8 .4
( 1 5 ) 110 20 52 4 2 .8 5 1 .8 3 1 .3
( 1 6 ) 113 26 49 4 3 .6 5 2 .5 3 2 .1
( 1 7 ) 94 20 44 3 8 .9 4 7 .8 2 7 .4
( 1 8 ) 140 21 50 4 8 .8 5 7 .8 3 7 .2

Mean 9 7 .1 1 3 .1 4 8 .1 39 4 8 .2 2 7 .4
±SE 4 .9 1 .8 ± 0 .6 ± 1 .2 ± 1 .2 ± 1 .2

P r e d ic te d  EmS w ere c a lc u la t e d  from  the m o d if ie d  G-H-K e q u a t io n

[a g  + a  aga ]

Em = 58 lo g
[ a j  + a  ajja]

44
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P o r a  = 0 .0 8 6 ,  Em

a  = 0 .0 3 5 6 5 ,  Em

a  = 0 .1 6 8 5 ,  Em

76 - 

6 6 . 8  

8 7 .9

58 lo g  [a £  + 0 .0 8 6  a £ a ]

- 58 lo g  [a £  + 0 .0 3 5 6 5  a&a ]

- 58 lo g  [ a j  + 0 .1 6 8 5  a&a ]



A ppendix  13 S o lu t io n s  f o r  e x p e r im e n ts  on Calliptiora  prepupae in  
Which rag -f 0 .0 3 6  a&>] was v a r ie d  w h i l s t  k e e p in g  
Tar 4- 0 .0 3 6  a&>1 x  aP i c o n s ta n t

S o lu t io n [a K + 0 .0 3 6  aga ] [KC1) [N aC l] T o ta l  [G lu c o se ]
number (mM) (mM) (mM) (nH )

( 1 ) 1 2 .9 11 194 1 8 .5
( 2 ) n 1 4 .2 1 3 .5 173 5 5 .5
( 3 ) 1 5 .5 16 1 5 3 .6 8 9 .3
(*> 1 7 .2 19 1 3 4 .5 1 2 1 .5
( 5 ) 1 8 .3 21 123 1 4 0 .5

A l l  s o l u t i o n s  a l s o  c o n ta in e d  MgCl2 (1  mM), NaHCO 3 ( 1 .2  mM), 
NaH2P0+ ( 0 .8  mM), CaCl2 ( 0 . 9  mM)

T h ese  s o l u t i o n s  w ere c o n s tr u c te d  su ch  t h a t  a  p a ir  o f  s im u lta  neous  
e q u a t io n s  w as s a t i s f i e d :

+ 0 .0 3 6  a{Ja ] x  a g i  = c o n s ta n t  (1 9 4 6  mM2 )

2 - C1KC1 + c l NaCl * c l T o ta l(  N orm al)

w here C ljcci i s  t h e  Cl" p r e s e n t  a s  KClj C l||ac i  t h e  Cl" 
p r e s e n t  a s  NaCl; CIrpQtal t b s  Cl" c o n te n t  o f  Normal R in g e r .
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A ppendix  14. Membrane r e s i s t a n c e  m easurem ents in  Chilo  m u sc le  f i b r e s

C e l l  number Membrane r e s i s t a n c e  
(Krt)

C e l l  n o . Membrane r e s i s t a n c e  
(kO )

( 1 ) 7333 ( 1 3 ) 4 000
( 2 ) 5333 ( 1 4 ) 6667
( 3 ) 5333 ( 1 5 ) 4 000
( 4 ) 4000 ( 1 6 ) 4667
( 5 ) 4000 ( 1 7 ) 6667
( 6 ) 2667 ( 1 8 ) 1667
( 7 ) 3000 ( 1 9 ) 4333
( 8 ) 5333 ( 2 0 ) 3333
( 9 ) 3667 ( 2 1 ) 5333

( 1 0 ) 3333 ( 2 2 ) 4000
( I D 2667 ( 2 3 ) 4667
( 1 2 ) 7333 ( 2 4 ) 2667

A p p en d ix  15 E f f e c t  o f low  tem p e r a tu r e s  on  Em.

C e l l  No. Ê n (mV)
a t  R.T ( 2 0 ° )

Em (mV) 
a t  6°c

D e p o la r is a t io n  
o f  En, a t  6°C

X d e p o la r is a t io n

( 1 ) -43 -3 4 9 21
( 2 ) -36 -27 9 25
( 3 ) -50 -40 10 20
( 4 ) -48 -38 10 21
( 5 ) -50 -30 20 40
( 6 ) -4 4 -3 4 10 23
( 7 ) -4 4 -30 1 4 32

Mean -4 5  mV -3 3 .3 1 1 .7  mV 26Z
SE 1 .9 1 .8 1 .5 2 .8



A ppendix 16 P ie  e f f e c t  o f  tem p era tu re  on t h e  io n ic  co n d u cta n ce  
m echanism s in v o lv e d  in  g e n e r a t in g  Em in  Chllo

The e ffe c t  o f  temperature on ion ic conductance mechanisms i s  incorporated  
into the N em st equation in the *T’ term:

RT
Ex = _  In2xF

ax
a!'tax ,

w here R, th e  u n iv e r s a l  g a s  c o n s ta n t  h a s  a  v a lu e  o f  
8 .3 1 4  j o u le s /d e g r e e /m o le ;
T i s  th e  A b so lu te  tem p era tu re ;
F i s  th e  F araday c o n s ta n t  ( 9 6 ,5 0 0  co u lo m b s/m o le );  
a g  and a& a r e  t h e  i n t r a -  and e x t r a c e l l u l a r  a c t i v i t i e s  

o f  t h e  io n  *x*;
j&x i s  th e  v a le n c y  o f  t h e  io n  'x* 

and Ex i s  t h e  e q u ilib r iu m  p o t e n t ia l  f o r  t h e  io n  * x ' .

Thus, for the 14°C reduction in temperature which occurred in cooling  
experim ents on Chllo, the equilibrium p oten tia ls for  K4*, Na+ and C1‘ would 
b e ex p ected  tochange by a  factor o f:

8 .3 1 4  x  1 4  
9 6 ,5 0 0 i e .  1 .2 1  mV

rela tiv e  to  the value o f RT/F at 20°C , which i s  25 mV. The changes in the  
eq u ilib riu m  potentia ls o f K4-, Na+ and Cl~, E g , E^a  and Eqi resp ec tiv e ly , 
and hence the change in Ejq exp ected  when the temperature i s  reduced by 
14°C  could th erefore be calculated  a s  follow s:

30 1 .2 1
58 E* X 25 = 0 .6 5 mV

17 >i 21
58 EC1 *  25 = 0 .7 7 mV

2 1 .2 1
58 ENa x  2g = 0 .0 1 mV

T o ta l  p r e d ic te d  change  
in  E„, 1 .4 3  mV

Thus, Ejq would b e  exp ected  to  change by some 1 .4  mV p er 14°C  change in  
temperature i f  it were generated ex c lu siv e ly  by ion ic  conductance mechanisms.



The fa c t th at, on a v era g e , Em changed by 12 ± 2 mV provides ev id en ce for  
the p resen ce  o f  an e le c tr o g e n ic , m etabolic pump.
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In trace llu la r potassium  activ ities of blowfly larval m u sc le  cells
By Jill Dawson and M. B. A. Djamgoz. D e p a r tm e n t o f  P u r e  a n d  A p p l ie d  B io lo g y , 
I m p e r ia l  C ollege, L o n d o n  S W 7  2 B B
The longitudinal body wall muscle cells 6A and 7A (Crossley, 1965; Hardie, 1976), 

found on either side of the ventral midline of C a llip h o ra  e ry th ro cep h a la larvae and 
prepupae were studied. The muscle cells of the latter lose their contractibility, whilst 
appearing to retain their electrochemical responsiveness. The intracellular potassium 
activities (â ’s) and membrane potentials (2?m’s) of these cells were measured 
simultaneously using double-barrelled K+-sensitive micro-electrodes (K+-ISM’s) 
employing either the Corning ion-exchanger 477317, LIX (Djamgoz & Laming, 
1981), or the valinomycin-based neutral ion carrier, NIC (Wuhrmann, Ineichen, 
Riesen-Willi & Lezzi, 1979, modified from Oehme & Simon, 1976). The preparations 
were bathed in Rice’s saline (Finlayson & Osborne, 1970). Stable impalements were 
obtained from a minimum of eighty cells from seven preparations for each insect.
The results obt'ained are summarized in Table 1, in which all values are given as 

means + s.E.’s.
T able  1. Intracellular potassium activities (a ^ ’S) and potassium equilibrium potentials (EK's) of

blowfly larval and prepupal muscle cells
Larvae Prepupae

LIX NIC LIX NIC
a K (n»M) 1 2 9 ± 4 102 ± 2 382 ± 1 2 115 ±  3
E k  (mV) - 6 4  +  1 - 5 9  ± 1 - 9 1  ± 1 — 62 +  1
E m (mV) — 46 +  1 - 4 7  ± 1 - 5 0  ± 1 - 4 7  ± 1
E K - E m (mV) —18 ±  1 — 11 ±  1 - 4 2  ± 1 — 15+ 1

These results suggest that in both larvae and prepupae an interfering ion is present. 
The latter is probably an organic ion to which the NIC-type K+-ISM is unlikely to 
be sensitive. If so, E K is more negative than E m . The apparent rise in during 
development may reflect an increase in the activity of a K+-pumping mechanism.

Jill Dawson holds an S.E.R.C. CASE studentship in association with ICI Ltd. We thank Dr 
Jonathan Coles for a gift supply o f the neutral K + carrier ligand.
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In trace llu la r potassium  activ ities of the m usc le  cells of a L epidopteran 
larva
By Jill Dawson and M. B. A. Djamgoz. D e p a r tm e n t o f  P u r e  &  A p p l ie d  B io lo g y ,  
I m p e r ia l  C ollege, L o n d o n  S W 7  2 B B
Previous measurements of the intracellular potassium activities (â ’s) of the body 

wall muscles of a dipteran larva showed that the potassium equilibrium potential (EK) 
is consistently more negative than the resting membrane potential (Em) (Dawson & 
Djamgoz, 1983). Since Lepidoptera are known to have markedly different haemo- 
lymph ionic contents from Diptera (Usherwood, 1969), these parameters have 
therefore been measured in C h ilo  p a r te l lu s for comparison. a'K’s and I£m’s of the ventral 
longitudinal body wall muscle cells of the larvae of this insect were measured 
simultaneously using double-barrelled K+-sensitive microelectrodes (K+-ISM’s) 
employing either the Corning ion-exchanger 477317, LIX, or a valinomycin-based 
neutral ion carrier, NIC (Oehme & Simon, 1976). The preparations were bathed in 
a Lepidopteran saline (VVeevers, 1966). Data were obtained from 78 cells (7 
preparations) with LIX-, and 77 cells (8 preparations) with NIC-type K+-ISM’s and 
are summarized in Table 1.
T a b l e  1. Intracellular potassium activities (a^’s), potassium equilibrium potentials ( £ K’s) and 
resting membrane potentials (Em's) of Chilo larval muscle cells, measured using L IX - and NIC-type 
K +-ISM’s. All values are given as m ean s+  s .e .’s

a k  (mM) e k (m V ) E m (mV) E K ~ E m (m V )
LIX 65 ±  1 — 27 ±  1 —4 6 ±  1 19± 1
NIC 62 ±  1 — 27 ±  1 - 4 5  ±  1 1 9 ± I

Thus, the two K+-ISM’s give very similar results, the slight difference between the 
measured a lK values, possibly reflecting the fact that LIX-type K+-ISM’s are more 
prone to interference than the NIC-type (Oehme & Simon, 1976).
The main conclusion is that E K is more p o s i t iv e than E m (the opposite to the 

situation in Diptera) thereby suggesting that the resting membrane potential must 
also be driven by at least one other ionic mechanism with its equilibrium potential 
more n eg a tive than E m . A similar conclusion was reached by Rheuben (1972), working 
on adult A n th e re a muscle fibres.

Jill Dawson holds an S.E.R.C. CASE studentship with I.C.I. Ltd. We thank Drs J. Hardie and 
S. Irving for many useful discussions.
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The contribution  of potassium  ions to m em b ran e  electrogenesis in body-wall 
m uscle  cells of blowfly larvae
By Jill Dawson and M. B. A. Djamgoz (introduced by K. H. Ruddock). D e p a r t ­
m en t o f  P u re  a n d  A p p l ie d  B io lo g y , I m p e r ia l  C ollege, L o n d o n *S1F7 2 B B
Previous measurements of intracellular potassium activity (a‘K) in C a llip h o ra  

ery th ro cep h a la prepupae showed that the potassium equilibrium potential { E K ) is 
consistently more negative than the resting membrane potential, E m (Dawson & 
Djamgoz, 1983). This indicates that K+ is not the only ion involved in generating
E m -In order to assess the size of the contribution of K+ to E m , a series of K+ 
substitution experiments was performed. Preparations were bathed in Rice’s saline 
(Finlayson & Osborne, 1970), and ventral longitudinal body-wall muscle cells found 
within the bands 6A and 7 A (Crossley, 1965; Hardie, 1976) were impaled with 
conventional micro-electrodes, filled with 2*5 m-KCI. After a steady E m value was 
recorded from a given cell, a series of salines containing varying K+ activities (â ’s) 
in the range 0-97-97 mM (using Na+ as the substitute) were applied to the preparation. 
During each full substitution series, the preparation was returned to the ‘ normal ’ 
saline twice to check that the same E m values were recorded. Full data sets were 
obtained from ten cells, each from a different preparation, and the mean E m value 
in each solution calculated. The relationship between E m and log was linear 
(correlation coefficient 99-49%) but had a slope of only 30 mV. this agrees with our 
earlier conclusion that potassium ions could only be responsible for generating part
° f £ m. .If the changes in the extracellular sodium activity (â a) were weighted and also 
taken into account, however, then the data points, i.e. the relationship between E m 
and log (®k _̂a®Na)» could be fitted by a straight line of slope 58 mV (correlation 
coefficient 93*7%). This relationship is essentially the one given by the Goldman- 
Hodgkin-Katz equation (Hodgkin & Katz, 1949), assuming that the membrane is 
permeable to both K+ and Na+, and that the Na+:K+ permeability ratio (a) has a 
value of 0 086.
Thus, the resting membranes of blowfly larval muscle cells may have a finite 

permeability to Na+, and the generation of the resting potential can be explained by 
weighted contributions from the K+ and Na+ gradients, similar to the situation in 
D ro so p h ila larval muscles (Jan & Jan, 1976).
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D istribution of ch lo ride  ions in the body-wall m uscle  cells of insect larvae: 
a com parison  betw een  D iptera an d  Lepidoptera
By Jill Dawson and M. B. A. Djamgoz (introduced by G. L. Kidd). D e p a r tm e n t o f  
P u re  a n d  A p p l ie d  B io lo g y, I m p e r ia l  C o lleg e, L on d on ' S W 7  2 B B
Measurements of intracellular K+ activities in single body-wall muscle cells of 

C a llip h o r a  e ry th ro cep h a la larvae and prepupae (Diptera) and C h ilo  p a r te l lu s larvae 
(Lepidoptera) have shown that K+ is not the only ion involved in generating the 
membrane potential, E m , in these insects (Dawson & Djamgoz, 1983, 1984). In order 
to determine whether Cl- might also be involved, two types of experiment were 
carried out: (1) intracellular Cl- activities (âi’s) and E m ’s were measured in the three 
preparations using double-barrelled Cl”-sensitive micro-electrodes (ISM’s); (2) the 
effect of varying the extracellular chloride activity (a£j) on E m was investigated using 
gluconate as the Cl” substitute.
The active barrel of each ISM was based on the improved Corning chloride 

ion-exchanger (Corning 477913; Baumgarten, 1981), and the reference barrel filled 
with an organic reference liquid ion-exchanger (Thomas & Cohen, 1981). C a llip h o ra  
preparations were bathed in Rice’s saline (Finlayson & Osborne, 1970) and C h ilo  
preparations in Weevers’ saline (Weevers, 1966). Using measured values, the 
chloride equilibrium potential, E c l , was calculated for each cell from the Nernst 
equation. The results are summarized in Table 1.

Table 1. Intracellular Cl-  activ ity  data for C a l l ip h o r a  larvae and prepupae and C h ilo  larvae.
All data are given as means +  s.E .’s; n =  35 minimum

Oci (i« m ) P Ci (mV) E m (mV) P ci-^ m  (mV)
C a llip h o r a  larvae 17 ± 1 — 5 3 + 1 - 5 3 + 1 0 1  ±0-3
C a l lip h o r a  prepupae 40 +  2 — 31 ±  1 — 50 ±  1 1 9 ±  1
C h ilo  larvae 8 ±  1 — 5 4 ±  1 - 4 6 + 1 — 8 ±  1

in C a llip h o ra larvae, E cl zz E m , indicating that Cl may be passively
distributed in this insect. This conclusion was supported further by Cl”-substitution 
experiments, in which changing âi had only a transient effect on E m . In C a llip h o ra  
prepupae, although E c l appears to be more positive than E m , changes in a£j produced 
no sustained alteration in E m . Taken together, these observations suggest that Cl” 
is passively distributed across the cell membrane and that the apparently high value 
of recorded is probably due to the presence of an interfering ion. In contrast, in 
C h ilo larvae, E cl is consistently more negative than E m , a result which cannot be 
explained by interference. Cl-substitution experiments confirmed that Cl” is involved 
in resting membrane electrogenesis in this insect: a tenfold reduction in a£j gave a 
sustained membrane depolarization of around 14 mV.
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