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Summary 

Solid- state microelectrodes for measuring intracellular C1- activity 
(aic1) were made by sealing the tips of tapered glass capillaries (tip diameter 
0.3 gm), coating them under vacuum with a 0.2--0.3 pm thick layer of spec- 
troscopic grade silver, and sealing them (except for the terminal 2--5 #m of 
the tip) inside tapered glass shields. 106 microelectrodes had an average slope 
of 55.0 + 0.6 mV (S.E.) per decade change in ac1. Tip resistance was (77.1 -+ 
3.1) X 109 ~2 (n=30). Electrode response was rapid (10--20 s), was unaffected 
by HCO3-, H2PO4-, HPO42- or protein, and remained essentially unchanged 
over a 24-h period, aic1 in frog sartorius muscle fibers and epithelial cells of 
bullfrog small intestine was measured in vitro. In both tissues, aic1 signifi- 
cantly exceeded the value corresponding to equilibrium distribution of C1- 
across the cell membrane. 

Most intracellular C1- activity (aic1) measurements so far reported have 
utilized either Ag/AgC1 microelectrodes [1,2 ] or C1--selective liquid ion- 
exchanger (Coming 477315) microelectrodes [3]. Recent studies, together 
with our own experience in evaluating these microelectrodes, indicate that  
the values which they yield for C1- activity (ac1) in complex media such as 
cytoplasm are subject to serious uncertainties. It was reported [4] that  liquid 
ion-exchanger microelectrodes [3] consistently overestimate ac1 in solutions 
containing C1- together with HCO3-, propionate-, isethionate-, Br-, or I-. 
Further, when the composition of such mixtures is varied, at constant ionic 
strength, the calculated selectivity coefficients for these electrodes are not  
constant [4,5]. We confirmed these results for KC1/KHCO3 mixtures and 
found similar effects in KC1/KH2PO4/K2HPO4 mixtures. 

When used intracellularly, Ag/AgC1 microelectrodes appear to be sub- 
ject to a systematic offset potential which causes aic1 to be overestimated. In 
addition, upon withdrawal from a cell after impalement, the potential regis- 
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tered by such electrodes frequently does not return to its initial extracellular 
value or does so very slowly [6 ,7] .  This may be due, in part at least, to an 
irreversible or slowly reversible change in the electrode surface following 
exposure to an intracellular environment, or may reflect some sensitivity of 
these electrodes to redox systems in the cell. 

These findings prompted us to develop a microelectrode, suitable for 
measuring ac1 in relatively small cells, and free from the shortcomings associ- 
ated with liquid ion-exchanger or Ag/AgC1 microelectrodes. A C1--selective 
microelectrode [8] ,  formed by the chemical deposition of a small plug of 
solid silver inside the open tip of a conventional glass microelectrode seemed 
unaffected by the artifactual potentials found with Ag/AgC1 microelectrodes 
[6] ,  and appeared to be capable of accurate measurements of aic1 [8] .  
However, in our hands, silver deposition by this method proved difficult to 
control. Frequently, microelectrodes were either incompletely sealed or had 
excessive deposits of silver on the tip and were, as a result, unsuitable for 
impaling cell membranes. Further studies were directed towards the fabrica- 
tion of silver microelectrodes in which the size and shape of  the tip could be 
rigorously controlled. 

Fig. 1A is a schematic drawing of a completed microelectrode. Lengths 
of capillary glass (Kimax-51, outer diameter 1 mm; inner diameter 0.7 mm), 
previously cleaned in methanol, were drawn in a Kopf 700C vertical electrode 
puller to very fine tip diameters. The tips were then sealed under high magnifi- 
cation [9] .  Sealed tips averaged about 0.3 um in diameter when inspected in a 
Phillips 500 scanning electron microscope. Pipettes were then mounted, tip 
downwards, in a specially designed holder and immersed briefly (in a dust- 
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Fig.  1.  A .  S c h e m a t i c  d r a w i n g  o f  a s o l i d - s t a t e  s i lver  m i e r o e l e c t r o d e .  B. C a l i b r a t i o n  o f  a s i lver  m i c r o -  
e l e c t r o d e .  T h e  l ine  g iv ing  t h e  s l o p e  o f  t h e  e l e c t r o d e  p o t e n t i a l  w a s  f i t t e d  b y  l eas t  s q u a r e s  a n a l y s i s .  
E o ( t h e  p o t e n t i a l  t h a t  t h e  e l e c t r o d e  w o u l d  reg i s t er  in  a s o l u t i o n  w h e r e  a C l = l ) ,  w a s  c a l c u l a t e d  f r o m  
t h e  e q u a t i o n  o f  th i s  l ine .  



167 

free atmosphere), first in boiling trichloroethylene and then in a 1/1 (v/v) 
methanol/isopropanol mixture, maintained just at its boiling point. Then they 
were transferred to the rotary holder of a Varian NRC Mono 3117 vacuum 
coater and covered with a uniform layer (0.2--0.3 pm thick) of spectroscopic 
grade silver. 

As described elsewhere for K+-selective glass membrane microelectrodes 
[9],  all but the tips of the silver coated micropipettes were isolated from the 
ambient medium by inserting them, under high magnification, in slightly 
wider glass micropipettes and forming paraffin wax seals at the point where 
the silver coated tip emerged from the lumen of the glass shield. With prac- 
tice, exposed tip lengths 2--5 pm are routinely achieved by this method*.  
Finally, a paraffin seal was made between the open end of the glass shield 
and the barrel of the silver coated micropipette, and a coating of electrically 
conducting silver paint was applied to the part of the barrel which protruded 
from this seal (Fig. 1A). In this form, microelectrodes can be stored indefi- 
nitely in a light-tight box. 

Fully assembled microelectrodes were calibrated in solutions containing 
1, 5, 10, 20, 50, or 100 mM KC1 or NaC1. ac1 in solution was calculated from 
the Debye-H(ickel equation [11]. Silver microelectrodes were connected 
directly to the input of a high-impedance preamplifier (Analog Devices, 
311J). Reference electrodes were calomel half-cells connected to the calibra- 
ting solution by a salt bridge (3% agar in 1 M potassium citrate) [12].  Elec- 
trode potentials were displayed simultaneously on a digital voltmeter (Fair- 
child 7050 or Keithley 165) and a Brush 240 pen recorder. When relatively 
rapid phenomena, e.g. electrode response times, were examined, a Tetronix 
5103N dual beam storage oscilloscope and C-59 polaroid camera were included 
in the display system. A Narishige MM 33 micromanipulator was used to ad- 
vance the microelectrode into the calibrating solution. 

The 106 microelectrodes examined had an average slope at 25°C of 55.0 
-+ 0.6 (S.E.) mV per decade change in ac1. For each electrode the slopes in KC1 
and in NaC1 solutions were identical. Incorporation of 10 mequiv. HCO3-, 
2.4 mequiv. H:PO4- plus 7.6 mequiv. HPO42--, or 5% (w/v) bovine serum albu- 
min in solutions containing 5--100 mM KC1 did not  appreciably alter the res- 
ponse of the microelectrodes to C1- (Fig. 1B). Erratic responses were obtained 
when B i  or I- (1, 5 or 10 mM) were added to these solutions. 

These microelectrodes had relatively rapid response times. Steady-state 
potentials were attained in 10--20 s after immersion and remained constant, 
within 1 mV, for immersion periods up to 1 h (the longest time tested). In 
repeated calibrations the electrode response to C1- did not change during at 
least 3 h and, with 4 electrodes whose response to calibrating solutions was 
monitored for longer times, slopes remained within 1--2 mV of their initial 
values over a 24-h period. The average tip resistance recorded for 30 micro- 
electrodes was (77.1 + 3.1) × 109 ~2. 

*Very  recen t ly ,  Dr. Waclaw Woj tkowsk i  has  d e v e l o p e d  in our  l abora tory  a p r o m i s i n g  a l ternat ive  
sh ie ld ing  m e t h o d .  Thi s  is b a s e d  on  a m e t h o d  u s e d  to  insu late  t u n g s t e n  m i c r o e l e c t r o d e s  [ 10] ,  and 
involves  cover ing  the  silver c o a t e d  m i c r o p i p e t t e  with  a l ayer  o f  h i g h  m o l e c u l a r  w e i g h t  p o l y m e t h y l -  
m e t h a c r y l a t e  (tool. wt .  ~ 1 .106) .  The  p o l y m e t h y l m e t h a c r y l a t e  l ay e r  c o v e r i n g  t h e  t e rmina l  2--3 p m  
of silver is t h e n  d e g r a d e d  b y  e x p o s i n g  i t  to  the  b e a m  of a scanning e lec t ron  m i c r o s c o p e  and dis- 
solved by  i m m e r s i n g  the  tip o f  the  m i c r o e l e c t r o d e  in ethanol .  
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aiC1 was measured in frog (Rana pipiens) sartorius muscle fibers and 
epithelial cells of bullfrog (2~ana catesbeiana) small intestine. Tissues were 
equilibrated at 25°C with oxygenated isosmotic Ringer solutions [13,14].  Iso- 
lated muscles were pinned in a simple organ bath [9] which had a total capa- 
city of about 50 ml. The small intestine was stripped of its underlying muscle 
layers [15] and mounted as a flat sheet in a perfusion chamber [12] which 
permitted continuous recording of the transmural PD. Epithelial cells were 
impaled through their mucosal membranes. Membrane potentials were recor- 
ded in the same experiments with conventional microelectrodes [9,12],  con- 
nected through agar bridges to a calomel half-cell, a second 311J preamplifier 
and another digital voltmeter. Narishige MO-10 hydraulic micromanipulators 
were used to advance both microelectrodes into the cells and a single (groun- 
ded) half-cell connected to an agar bridge in the bathing medium served as a 
reference for both. In experiments with the small intestine the reference elec- 
trode was placed in the mucosal medium. 

Figs. 2A and 2B are oscilliscope tracings of impalements in a sartorius 
muscle fiber and an epithelial cell of the small intestine. Table I summarizes 
the results obtained in these experiments. In this table the mean measured 
aic1 values we obtained are compared with the equilibrium values (aeqc1) 
calculated from the relationship aoc1/aeqcl=ex p (EF/RT) where ao C1 is the 
extracellular chloride activity,/~ is the mean membrane potential (mucosal 
membrane potential in experiments with intestinal epithelial) and R, T and F 
have their usual meanings. In calculating aeqc1, the equilibrium condition, 
/~=EcI, where EC1 is the chloride equilibrium potential across the cell mem- 
brane, was assumed. 

Table I shows that,  under the conditions of our experiments, the ob- 
served value of aic1 was significantly greater (P<0.001) than that  predicted 
for electrochemical equilibrium across both the muscle fiber membrane and 
the mucosal membrane of the intestinal absorptive cell. In the latter, since 
the serosal membrane potential in a sodium chloride medium without  external 
substrate is usually not  more than 1--3 mV greater than the mucosal mem- 
brane potential [12,13],  it is clear that  aic1 also exceeds the value required 
for electrochemical C1- equilibrium across this membrane. Thus, in the frog, 

Fig. 2. I m p a l e m e n t  w i th  a silver m i c r o e l e c t r o d e  of: (A) a sartorius m u s c l e  f iber (R. pipiens), (B) an intes-  
t inal  epithelial  cell (R. catesbeiana). P 5 m i n  (A) s h o w s  stabi l i ty  o f  i m p a l e m e n t  af ter  5 rain. NR,  n o r m a l  
R inger  so lu t ion  (121 mequ iv .  C1--/1). 
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T A B L E I  

Mean  o b s e r v e d  C l -  ac t iv i t ies  (aiGl) -+ S.E. ,  c a l c u l a t e d  e q u i l i b r i u m  C1- ac t iv i t ies  (aeqc1) ,  a n d  m e a n  
m e m b r a n e  p o t e n t i a l s  (E) in  f r o g  sax to r ius  m u s c l e  f ibers  (I, lI)  a n d  i n t e s t i na l  ep i the l ia l  cel ls  (III). 
T issues  e q u i l i b r a t e d  in  R i n g e r  s o l u t i o n s  c o n t a i n i n g  C l -  a t  the  c o n c e n t r a t i o n s  a n d  c a l c u l a t e d  [ 11 ] ac t iv i t ies  
( a °c1 )  i n d i c a t e d .  F igures  in p a r e n t h e s e s  axe n u m b e r  o f  an ima l s  f o l l o w e d  b y  t o t a l  n u m b e r  o f  impa le -  
men t s .  E in  inV.  O t h e r  p a r a m e t e r s  in  mequ iv . ] l .  

[C1] o a ° c 1  E aiCl  a e q c 1  

i 121  92 .3  - - 8 2 . 7  ± 0 . 9 ( 1 2 : 6 1 )  7 .0  +- 0 . 4 ( 1 2 : 5 4 )  3 .3  
II 76 .2  58.1  - - 8 5 . 3  + 1 . 0 ( 8 : 1 5 )  6 .0  +- 0 . i ( 8 : 2 8 )  2.1 

I l l  1 0 5  81 .1  - - 2 4 . 0  +- 1 . 1 ( 9 : 4 4 )  7 1 . 0  -+ 4 . 7 ( 9 . 3 8 )  3 1 . 5  
(mueosa l )  

both skeletal muscle fibers and epithelial cells of the small intestine appear to 
have the ability to accumulate C1- against an electrochemical potential gra- 
dient. These results are in general agreement with reported measurements of 
aic1 in rabbit ileum [16,17 ] and confirm earlier measurements of aic1 in frog 
(Rana temporaria) sartorius muscle [ 18]. 

The mechanism underlying C1- accumulation in muscle is still unclear. 
In an earlier study from this laboratory [ 13 ], an uphill C1-pump from lumen to 
cell in the brush border membrane, together with a downhill movement  of C1- 
across the basolateral cell membrane, was invoked as one possible explanation 
for active transepithelial C1- transport in isolated bullfrog small intestine. The 
present results provide strong support for the localization at the apical cell 
membrane of the primary accumulative step in this process. There is now 
abundant evidence for active C1- absorption by the distal small intestine of 
several mammalian species including man. In isolated rabbit ileum the intra- 
cellular C1- concentration of the mucosal cells appears to exceed that  of the 
surrounding medium. It was suggested that  this is due to uphill C1- transport 
from the mucosal medium to the cell interior [19],  and that  the energy for 
C1- accumulation could be derived, in part at least, from the electrochemical 
potential gradient for Na + across the mucosal membrane [20]. The extent to 
which C1- accumulation by the epithelial cells of bullfrog small intestine, 
under the conditions of our experiments, depends on a concomitant  downhill 
Na + transport, or is due to a Na+-independent active transport of C1- [13],  is 
a question that  requires further study. Nevertheless the results shown in Table 
I for bullfrog small intestine may reflect a component  of intestinal C1- trans- 
port which is of widespread occurrence in the animal kingdom. 
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