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ABSTRACT Na*- and Ca®*-selective microelectrodes were made with Simon’s neutral carrier ETH 227 and ETH
1001, respectively, and their properties were studied for intracellular application. The ky,x (selectivity coefficient for
Na* with respect to K*) values of the Na*-selective microelectrodes were in the range of 0.01-0.02, which is
comparable to those of recessed-tip Na*-selective glass microelectrodes. The ky,um, values of the microelectrodes were
~0.005 so that the interference by intracellular Mg?* levels could be negligible. The ky,c, values were ~2 and the
Na*-selective microelectrodes were more selective to Ca?* than Na*. This indicates that their intracellular application
requires special care to handle Ca®* interference under certain conditions. The ky,x, knamg» and ky,c, values did not
depend significantly on the methods used for their determination or on the ion activity levels tested. The Nicolsky
equation described well the microelectrode potentials in the mixed solutions of NaCl (1-100 mM) and KCl. Potential
and resistance of the microelectrodes were stable for a long period and their response time was fast. The results indicate
that the Na*-selective microlectrodes are suitable for measurements of intracellular Na ion activities. Ca®*-selective
microelectrode potentials at Ca>* concentrations lower than 10~* M changed significantly for the first 2-3 h and then
became fairly stable. The rate of the potential change was dependent on the column length of the Ca”*-selective liquid
filled. Potentials of the microelectrodes varied from 10-20 mV for Ca?* between 10~ and 10~% M concentrations, which
may be the cytosolic free-Ca>* range. With the Ca®* concentrations >10-° M, the microelectrodes had potential
changes of ~30 mV or greater for a tenfold change in Ca®* concentration. The kc,x and k¢,x, values were in the ranges
of 107°-107¢ and 107-10%, respectively. The kc,v; values were ~107". The results show that the Ca’*-selective

microelectrodes can be used for measurements of cytosolic Ca ion activities.

INTRODUCTION

Measurements of intracellular Na and Ca ion activities are
important for the study of cell membrane transport of these
ions, and cellular functions related to the ion activities.
Intracellular ion activities have been measured directly
with ion-selective microelectrodes. When new types of
ion-selective microelectrodes are developed, their proper-
ties must be studied for application. Intracellular Na ion
activities have been measured with recessed-tip Na*-
selective glass microelectrodes because selectivity of the
glass microelectrodes for Na* over K* is better than that
of the Na*-selective microelectrodes made with available
Na*-selective liquid ion exchangers (Lee, 1981). However,
the major disadvantages of the recessed-tip Na*-selective
glass microelectrodes are difficulty in the microelectrode
construction and slow response time. The response times of
the recessed-tip microelectrodes are inevitably slower than
those of liquid ion-exchanger microelectrodes because ions
must diffuse into the recessed space for an equilibrium
between the space and a test solution (Thomas, 1976). The
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blockade of the microelectrode tip is also a problem,
particularly in cases of impalement for a long period. It is
obvious that the ion-selective microelectrodes made with a
liquid ion-exchanger overcome the disadvantages of the -
recessed-tip glass microelectrodes. Recently Steiner et al.
(1979) have reported Na*-selective microelectrodes made
with a Na*-selective neutral carrier, ETH 227 (Ammann
et al.,, 1974). ETH 227 represents a Na*-selective ligand
and its structure has been shown by Ammann et al. (1974).
Their study indicated that the Na*-selective microelec-
trodes with tip diameters of ~1 um have adequate selectivi-
ties for Na* over K* and Mg?* for measurements of
intracellular Na ion activities. However, the Na*-selective
microelectrodes are more selective to Ca>* than to Na* so
that they must be used carefully under certain conditions.
The present study is concerned with the properties and
intracellular application of the neutral carrier (ETH 227)
Na*-selective microelectrodes with tip diameters <1 or ~1
um. The properties include selectivity, resistance, stability,
and response time. We describe how the problems of Ca?*
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interference can be managed. Construction of the neutral
carrier Na*-selective microelectrodes is much easier than
that of recessed-tip Na*-selective glass microelectrodes.
The results of this study indicate that the neutral carrier
Na*-selective microelectrodes are suitable for measure-
ments of intracellular Na ion activities in small cells.

Recently Ca’*-selective microelectrodes were made by
using a Ca’*-selective neutral carrier, ETH 1001 (Am-
mann et al., 1975), and have been used for measurements
of intracellular Ca ion activities (Rink et al., 1980; O’Do-
herty et al., 1980; Lee et al., 1980a; Marban et al., 1980;
Lee et al.,, 1980b; Sheu and Fozzard, 1981; Alvarez-
Leefmans et al.,, 1981; Lux et al.,, 1981). ETH 1001
represents a Ca’*-selective ligand and its structure has
been shown by Ammann et al. (1975). The Ca**-selective
microelectrodes have some problems and their intracellu-
lar application is not easy (Tsien and Rink, 1980; Lee,
1981). The major problems may be changes of the micro-
electrode potentials with time (potential drift) and super-
Nernstian slopes over a certain range of Ca?* concentra-
tion. Despite such problems, the microelectrodes can be
used to measure intracellular Ca ion activities under
certain conditions. In the present study, we report some
properties of the neutral carrier Ca’*-selective microelec-
trodes that may be useful for their intracellular applica-
tion. Tsien and Rink (1980) have modified the original
Ca’*-selective liquid provided by W. Simon (Simon et al.,
1978). They reported that such a modification improved
the microelectrode stability and reduced hysteresis greatly
in potential responses of the microelectrodes.

METHODS

Construction of Na*- and Ca?*-selective
Microelectrodes

To prepare glass micropipettes, glass tubing was cleaned by the following
procedures. Borosilicate glass tubing (ID, 1.1 mm; OD, 1.8 mm; length, 7
cm; Corning Glass Works, Corning, NY, code 7740) was soaked in
ethanol for ~30 min, boiled in distilled water for ~20 min, and then dried
by heating at ~200°C for ~1 h. Glass micropipettes with tip diameters <1
um were pulled from the cleaned glass tubing using a micropipette puller
(David Kopf Instruments, Inc., Tujunga, CA, model 700 C). The surface
of the micropipettes was silanized by exposure to dichlorodimethylsilane
gas (Eastman Kodak Co., Rochester, NY). 10-15 micropipettes were
placed vertically (tip up) in a glass staining jar with a ground-glass cover.
This glass jar was transferred to an oven, preheated to ~200°C. After
heating at this temperature for ~30 min, a small amount (0.03 ml) of
dichlorodimethysilane was dropped quickly into the glass jar and covered.
The glass jar was transferred to the oven and heated further for ~30 min.
Then the jar was cooled slowly. For a Na*-selective microelectrode, the
shank and shoulder of the silanized micropipette were filled with a
100-mM NaCl solution by a syringe and then the solution was pushed
down to the tip by applying pressure. Na*-selective liquid was drawn up
to 100400 um from the tip by applying back pressure. For a Ca’*-
selective microelectrode, the silanized micropipette was filled with a
5-mM CaCl, solution or a buffer solution of pCa 6.6 as described for a
Na*-selective microelectrode. Ca?*-selective liquid then was drawn up to
500-900 um from the tip. Both ion-selective liquids (ETH 227 and ETH
1001) were provided by W. Simon of the Eidgendssische Technische
Hochschule, Ziirich, Switzerland.
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Solutions and Measurement of
Microelectrode Potential

Single (pure) and mixed electrolyte solutions were used for investigating
properties of neutral carrier Na*-selective microelectrodes. The single
electrolyte solutions were 1, 2, 5, 10, 50, 100, and 150 mM NaCl; 50, 100,
and 150 mM KCI; 1.8 mM CaCl,; 1 mM MgCl,. The mixed electrolyte
solutions consisted of 1 mM NaCl + 149 mM KCI, 2 mM NaCl + 148
mM KCl, 5 mM NaCl + 145 mM KCl, 10 mM NaCl + 140 mM KCl,
50 mM NaCl + 100 mM KCI, 100 mM NaCl + 50 mM KCl, and 150
mM NaCl + 1.8 mM CaCl,. The mixed solutions of NaCl and KCl had a
constant ionic strength of 0.15 M. Ionic activities of the electrolyte
solutions were calculated using the activity coefficient of each solution.
Mean ionic activity coefficients of single electrolyte solutions are known
or can be calculated by the extended Debye-Hiickel equation (Robinson
and Stokes, 1965). The known activity coefficients (determined experi-
mentally) agree well with the calculated activity coefficients. Activity
coefficients of the mixed electrolyte solutions also were calculated by the
extended Debye-Hiickel equation.

The solutions used for studying neutral carrier Ca*-selective micro-
electrodes had Ca ion concentrations of 1073, 1074, 1075, 107, 1077, and
1072 M; they also contained 150 mM K*, and 1 mM Mg?*, and had a pH
of 7.0. Also used were solutions containing 10" or 10~* M Ca’* and 140
mM K* plus 10 mM Na*. The single electrolyte solutions used were 150
mM KCJ, 10 mM NaCl, and 2 mM MgCl,. These solutions contained 0.1
mM EGTA so that the solutions were Ca®* free. The solutions containing
1073, 107, and 10~° M Ca?* were made by dilution of 100 mM CaCl,
solution. The solutions of 10~%, 1075, 1077, and 10~ M Ca’* were made
from a Ca?* buffer containing EGTA. Two sets of these solutions were
made using the apparent stability constants of 4.90 x 10° M~ (Schwar-
zenbach constant) and 2.51 x 10° M~' (Allen and Blinks constant) for
Ca-EGTA complex at a pH of 7.0 (Fabiato and Fabiato, 1978). Note that
the solutions containing 10~ M Ca?* were made by EGTA buffer as well
as simple dilution. The mixed electrolyte solutions had virtually the same
ionic strength and were assumed to have the same activity coefficient for
Ca?*. The Ca** activity coefficient of 0.32 was used to calculate Ca**
activities in the solutions (Lee, 1981).

Potential and resistance of the microelectrodes were measured as
described previously (Lee and Fozzard, 1974).

RESULTS

Selectivity of Na*-selective
Microelectrodes

The evaluation of ion-selective electrodes focuses on their
selectivity coefficients (k,g), i.¢., mathematical expression
of their ability to distinguish between the primary ion A
and the interfering ion B. In determination of the selectiv-
ity coefficients, two major problems have emerged (Moody
and Thomas, 1971; Simon et al, 1978; Lee, 1981). First,
the selectivity coefficient of an ion-selective microelectrode
varies depending on the methods used. Second, the selectiv-
ity coefficient varies with the levels of the primary ion
activity and the interfering ion activity. In the present
study we have determined selectivity coefficients of neutral
carrier Na*-selective microelectrodes with the different
methods and at different ion activity levels. The behavior
of ion-selective microelectrodes is described by the follow-
ing empirical equation (extended Nicolsky equation):

E = Eg + RT/z,FIn (a, + kag(ag)™™). 1)
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E is the potential measured with an ion-selective micro-
electrode. E, is a constant potential of a given ion-selective
microelectrode. RT/z,F is the Nernstian factor. z, and zg
are the valences of A and B ions, respectively. a, and ag are
the activities of A and B ions, respectively. k,g is the
selectivity coefficient of an ion-selective microelectrode.
Several different methods for determining the selectivity
coefficient have been described (Moody and Thomas,
1971; Lee, 1981). Selectivity coefficients of the Na*-
selective microelectrodes were determined by the following
equations (methods):

kAB = (a_a):%; X 10(5'_EA)/S (2)

B

1

AB = W X 10Ee-Ed/S (3)

B

aa

kas = (@) 4)
kan = (10595 — a,]/(ag) /™. ©)

E, and E, are the potentials measured with single electro-
lyte solutions containing the ion A and the ion B, respec-
tively. S is Nernstian factor (slope) determined experimen-
tally. Egs. 2-5 were derived or modified from Eq. 1.

Fig. 1 shows the potentials measured with a typical
neutral carrier Na*-selective microelectrode. The num-
ber(s) above each potential recording represent the concen-
tration (mM) of the primary ion (Na*) and interfering
ions (K*, Ca’*, and Mg”*) of the electrolyte solutions.
Note that single and mixed electrolyte solutions were used.
The selectivity coefficients of the Na*-selective microelec-
trodes were calculated by the Egs. 25, using the measured
potentials as shown in Fig. 1 and ionic activities of the
electrolyte solutions. Table I shows the selectivity coeffi-

mM
Mg |
Ca 1.8 1.8
K 150 100 50 50 100 140 145 148
No 1005010 § 2 100 50 10 5 2 150150
+ 751
+ 50}
ENa
(mVv)
- 50}
—100t+
—125%
4 min
FIGURE 1 Potential recording of a typical neutral carrier Na*-selective

microelectrode. The potentials were measured with single and mixed
electrolyte solutions of NaCl, KCl, CaCl,, and MgCl, as shown above the
potential recording. The solutions of Na* concentration <10 mM
contained 0.1 mM EGTA. The zero potential represent a grounded
reference potential.
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TABLE I
SELECTIVITY COEFFICIENTS (knu,» Anaca AND knang) OF A
NEUTRAL CARRIER Na*-SELECTIVE MICROELECTRODE

Method Solutions knak knavg  Knaca
(mM)
Eq.2 100 NaCl and 150 KCl1 0.013
10 NaCl and 150 KCl1 0.013
5 NaCl and 150 KC1 0.013
2 NaCl and 150 KCl1 0.012
100 NaCl.and 100 KCl1 0.013
10 NaCl and 100 KCl1 0.013
5 NaCl and 100 KC1 0.013
2 NaCl and 100 KCI 0.012
100 NaCland 50 KCl 0.014
10 NaCland 50 KCl 0.014
5 NaCland 50 KCl 0.014
2NaCland 50 KCl 0.013
100 NaCl and 1 MgCl, 0.005

10 NaCl and 1.8 CaCl, 1.92
Eq.3 150 KCl 0.013
100 KClI 0.013
50 KCl1 0.014

1 MgCl, 0.005

1.8 CaCl, 1.85
Eq. 4 150 KClI 0.013
100 KClI 0.013
50 KCl1 0.013
Eq.5 10 NaCl + 140 KC1 0.011
5 NaCl + 145 KCl 0.012
2 NaCl + 148 KCl 0.011

150 NaCl + 1.8 CaCl, 1.93

cients of the Na*-selective microelectrode used in the
experiment shown in Fig. 1. The ky,x values were in the
range of 0.011 to 0.014 regardless of the methods (equa-
tions) used. The values of 0.011 to 0.014 correspond that
the Na*-selective microelectrode is 90-71 times more
selective to Na* than to K*. The results indicate that any
methods (equations) shown above can be used for determi-
nation of ky,x of the microelectrodes. The results (Table I)
also indicate that the ky.x values determined by each
method do not vary significantly with the ion activity levels
tested.

The average ky,x value obtained from 40 Na*-selective
microelectrodes was 0.017 + 0.008 (mean + SD). The
knamg values of the Na*-selective microelectrodes were
~0.005 (Table I). This indicates that the interference by
Mg?* activities in cells is negligible. The ky,y, value
obtained from five Na*-selective microelectrodes was
0.0052 + 0.0014 (mean + SD). The ky,c, values of the
microelectrodes were ~2 as shown in Table I, indicating
that the Na*-selective microelectrodes are more selective
to Ca?* than to Na™*. The ky,c, value obtained from eight
Na*-selective microelectrodes was 1.97 + 0.25 (mean +
SD). Under certain conditions, special handling of Ca**
interference is required for measuring intracellular Na*
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activities with the Na*-selective microelectrodes. This will
be described.

Intracellular Application of Na*-selective
Microelectrodes

Generally there are two methods to determine intracellular
ion activities with ion-selective microelectrodes (Lee,
1981). One method is to use the equation (Nicolsky
equation) describing the ion-selective microelectrode
potentials. The other is to determine intracellular ion
activities using a calibration curve. The use of the Nicolsky
equation for a new type of ion-selective microelectrode
must be justified (Lee, 1981). For this justification, the
microelectrode potentials observed in various mixed elec-
trolyte solutions are compared with those calculated by the
Nicolsky equation using a selectivity coefficient deter-
mined. In the present study, a ky,x value (0.016) of a
Na*-selective microelectrode was determined by a simple
method (Eq. 3) using 150 mM KCl solution. In Fig. 2, the
calculated and measured potentials were plotted against
—log ay,. The continuous curve (—) represents the poten-
tials calculated by the Nicolsky equation. The filled circles
(®) are the microelectrode potentials measured with the
mixed solutions of NaCl and KCl. The calculated poten-
tials agree well with the measured potentials. This indi-
cates that the Nicolsky equation can be used to determine
intracellular Na ion activities with neutral carrier Na*-
selective microelectrodes. The broken line (---) represents

ENO (mV)

3 2 1
-log ang

FIGURE 2 Comparison of calculated potentials solid curve (—) with
measured potentials (@) in various mixed solutions of NaCl and KCl for a
typical Na*-selective microelectrode. The open circles (O) represent the
microelectrode potentials measured with single electrolyte solutions of
NaCl. The mixed solutions used were (1 mM NaCl + 149 mM KCl),
(2 mM NAC! + 148 mM KCl), (5 mM NaCl + 145 mM KCl),
(10 mM NaCl + 140 mM KCl), (20 mM NaCl + 130 mM KCl), (50
mM NaCl + 100 mM KCl), and (100 mM NaCl + 50 mM KCI). The
solutions of Na* concentrations <10 mM contained 0.1 mM EGTA.
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the microelectrode response with a slope of 59.8 mV in
single solutions of NaCl.

One can use the Nicolsky equation (Eq. 1) to determine
intracellular Na* activity (a\,). Appropriate corrections
should be made for interference by k,p(as)™™ in the
equation. For an example, the value of ky,x (ax) is 1.5 mM
for 100 mM d (intracellular K* activity) and 0.015 of
knax- The value of ky,c, (ac,)"/? is 0.6 mM for 100 nM
(intracellular Ca®* activity) and 2.0 of ky.c,. Thus, selec-
tivity coefficients (kn.x and ky,c,) of each electrode should
be determined. The interference of 1.5 mM or 0.6 mM is
smaller than the intracellular Na* activity range of 6 to 11
mM in resting cardiac muscle. The interferences due to
changes in ai and a., may be insignificant when the
changes in di and al, are less than 30 mM and 50 nM,
respectively.

In the other method, intracellular Na ion activities are
determined using calibration curves. In this method, a
calibration curve for a Na*-selective microelectrode is
constructed with the potentials measured in a series of
mixed solutions such as 1 mM NaCl + 149 mM KCl, 5
mM NaCl + 145 mM KCl, 10 mM NaCl + 140 mM
KCl, 20 mM NaCl + 130 mM KCl, 30 mM NaCl + 120
mM KCl, and 149 mM NacCl + 1 mM KCI. Note that all
solutions have the same ionic strength. The measured
potentials are plotted against Na* activities (Ellis, 1977;
Thomas, 1978; Lee, 1981). The calibration solutions must
include an electrolyte solution similar to the extracellular
bathing fluid (Edelman et al., 1978) because the potential
measured in the bathing fluid is used in the method. The
solution of 149 mM NaCl and 1 mM KCl is nearly the
same as the extracellular fluid containing 150 mM Na*.
The microelectrode potential measured in a solution con-
taining 149 mM NaCl and 1 mM KCIl must be the same as
the potential measured in the extracellular fluid. Then the
former potential is set arbitrarily as zero in the calibration
curve. The 1 mM K* is different from the normal K*
concentrations (3—5 mM) in the extracellular fluid, but the
effect of the difference on the microelectrode potential is
not significant because of high selectivity of the microelec-
trodes for Na* over K*. It was found, however, that the
method using a calibration curve for neutral carrier Na*-
selective microelectrodes is quite complicated. With these
microelectrodes there is significant interference by Ca®*. It
has been shown that the ky,c, values are ~2 (Table I). As
shown in Fig. 1, the difference between the potential
measured with 150 mM NaCl and that measured with the
mixed solution of 150 mM NaCl and 1.8 mM CaCl, was
~8 mV. We observed that the potential differences were in
the range of 7 to 12 mV, depending on the ky,c, value of
the individual microelectrode. Therefore, the calibration
solution equivalent to the extracellular fluid must contain
1.8 mM Ca?* in addition to K*, but other calibration
solutions must contain a Ca?* concentration equivalent to
intracellular free Ca’*. Then microelectrode potentials are
not linear in the range of high Na* activities. If the
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calibration solution (150 mM NaCl) without Ca?* is used
and the potential is set as zero in the calibration curve, this
potential differs from that measured in the extracellular
fluid and significant errors are produced in the determina-
tion of intracellular Na* activities. A convenient method is
to use the Nicolsky equation, which does not require
potential measured in the bathing fluid but contains appro-
priate corrections for intracellular interfering ions.

Stability of Na*-selective Microelectrodes

Ion-selective microelectrodes must be stable for reliable
and wide application. The tips of ion-selective microelec-
trodes are chemically and electrically complicated because
of the small tip diameter, the possibility of poor silaniza-
tion, and possible shunt through the glass wall. The
selectivity coefficients and resistances of some ion-selective
microelectrodes change with aging (Lee, 1979; Lee, 1981).
Table II shows slopes (S), selectivity coefficients (ky,x),
and resistances (R) of a neutral carrier Na*-selective
microelectrode for ~120 h aging after construction. The
microelectrode had ~300 um column of the Na*-selective
liquid from the tip (the tip diameter <1 pm). The micro-
electrode had been kept in air except for the periods of
potential measurements. The slopes were measured with
10 and 100 mM NaCl solutions. The selectivity coeffi-
cients were determined by Eq. 3 using the potential
measured with 150 mM KCl solution. As seen in Table I,
the slope of the microelectrode was stable and very close to
the theoretical slope (59.8 mV). The selectivity coefficient
and resistance of the microelectrode did not change sub-
stantially during this period. Four additional Na*-selective
microelectrodes showed results similar to those in Table II.
We also measured the slope, selectivity coefficient, and
resistance of Na*-selective microelectrodes whose tips
were immersed continuously in 100 mM NacCl solution for
~10 h. The experiments done with three microelectrodes
showed that the slope, selectivity coefficient and resistance
were stable. The results indicate that the properties of
neutral carrier Na*-selective microelectrodes are quite
stable for a long period. The data also suggest that the
Na*-selective microelectrodes did not have an electrical
shunt by poor silanization or hydration of the glass wall.
Response times of neutral carrier Na*-selective micro-

TABLE 111
SELECTIVITY COEFFICIENTS (kcuo Kcane AND kcog) OF
Ca?*-SELECTIVE MICROELECTRODES ( = 6)

Solutions

used ke kcana kcamg
150 mM KCl (4.6 £ 2.1)
x 10°¢
10 mM NaCl (5.2 +22)
x 103
2 mM MgCl, (29 +24)
x 1077
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electrodes were in the range of 10 to 20 s for more than
95% response of the final stable potential. Such response
times may be due to the high resistance and capacitance of
the microelectrodes (Lee, 1981). A slow response time can
be improved by silver conductive paint of ion-selective
microelectrodes as described by Tsien and Rink (1980)
and Lewis and Wills (1980). Two Na*-selective micro-
electrodes were painted with conductive silver. These
microelectrodes showed a response time of <5 s for a full
response.

Change of Ca’*-selective Microelectrode
Potential with Time

The major problems of neutral carrier Ca’*-selective
microelectrodes are potential drift and super-Nernstian
slope (Tsien and Rink, 1980; Lee, 1981). Fig. 3 shows
potential changes of two Ca’*-selective microelectrodes
with time after they were constructed. The Ca’*-selective
microelectrode used in the upper panel was filled with 5
mM Ca(l, solution and had ~550 pm column length of
Ca?*-selective liquid, while the Ca**-selective microelec-
trode used in the lower panel was filled with a buffered
solution of pCa 6.6 and had ~600 um column length of
Ca’*-selective liquid. The potentials of both electrodes
changed considerably for ~2 h before becoming stable. For
~2 h after construction the slopes in the range of pCa 4 to 6
were ~50 mV /pCa, a value greater than the theoretical
one of 30 mV. The slopes reached the theoretical value
with time. The potential differences between pCa 6 and 7
remained constant or sometimes increased slightly, which
is important for intracellular application of the microelec-
trodes because cytosolic free Ca concentrations were
reported to be in the range of pCa 6 to 7 (Lee, 1981). It was
also observed that the rate of the microelectrode potential

100

_ Lt s 1 s s s
50 0.5 1 2 3 4

Time (hours)

FIGURE 3 Change in Ca’*-selective microelectrode potential (Ec,) with
time. The potentials were measured with the calibration solutions
containing pCa 3, 4, 5, 6, and 7. A, microelectrode filled with 5-mM
CaCl, solution. B, microelectrode filled with buffered pCa 6.6 solution.
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change depended on the column length of the Ca’*-
selective liquid. The longer the column length, the slower
the rate of the microelectrode potential change. The micro-
electrodes with a column length of 1 to 2 mm often had
super-Nernstian slopes for a long period. Such microelec-
trodes may still be useful as long as the potential drift is not
significant.

Selectivity of Ca*-selective
Microelectrodes

Selectivity coefficients of ion-selective microelectrodes can
be determined by several methods as described for Na*-
selective microelectrodes. The method using Eq. 3 is
suitable to determine selectivity coefficients of Ca’*-
selective microelectrodes (Lee, 1981). Ca’*-selective
microelectrodes were aged for 3 to 4 h until their slopes in
the range of pCa 6 to 3 were linear and close to the
theoretical value (see Fig. 3). Then the potentials of these
microelectrodes were measured with the single electrolyte
solutions (Table III) containing the interfering ions K*,
Na*, and Mg?*. The potential (Eg of Eq. 3) measured with
each solution was used for calculating kc,x, kcina, and
kcamg values. Table III shows the calculated selectivity
coefficients. It appears that the values of kc,x influence
significantly the Ca®*-selective microelectrode potential at
pCa 7. One can estimate the influence (interference) by
calculating the kg (a)™/™ value of ‘Eq. 1. The value of
46 x 10 %(107")> M for 0.1 M K* (intracellular K*
activity) affects significantly the Ca?*-selective microelec-
trode potential measured with pCa 7 solution. The value of
5.2 x 107° (107%)> M for 0.01 M Na* (intracellular Na*
activity) is about one order lower than the value
4.6 x 10 ~° (107")*> M for intracellular K* activity. It was
observed that the selectivity and slope of the Ca®*-selective
microelectrodes were considerably improved by breaking
the tips to 1-2 um. The neutral carrier Ca’*-selective
microelectrodes have excellent selectivity for Ca’* over
Mg?*. The interference by Mg?* in cells is almost negligi-
ble if cytosolic Ca’* and Mg?* activities are 10~7 and
107°-10~2 M, respectively.

To test whether Eq. 1 describes the Ca’*-selective
microelectrode potentials, the microelectrode potentials

TABLE 11
EFFECTS OF AGING ON SLOPE (S), knw AND
RESISTANCE (R) OF A NEUTRAL CARRIER
Na*-SELECTIVE MICROELECTRODE

Aging N kg R

hours 1114 Q
0.5 59.5 0.013 7.3 x 10"
19 59.6 0.014 7.4 x 10"
43 59.4 0.012 8.1 x 10"
68 59.5 0.013 8.1 x 10"
92 59.3 0.014 6.8 x 10"
118 59.7 0.012 7.0 x 10"
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measured with the solutions of pCa 3-8 were compared
with the potentials calculated by Eq. 1 using a k¢, value.
The solutions contained 150 mM K*. The measured values
agreed with the calculated values.

Intracellular Application of Ca**-selective
Microelectrodes

Recently, cytosolic Ca®* activities have been measured
with neutral carrier Ca®*-selective microelectrodes (Lee,
1981). In most measurements, the method using calibra-
tion curves was chosen. This is because the neutral carrier
Ca’*-selective microelectrodes often showed super-Nern-
stian slope, drift, and hysteresis in their potential responses.
In the method, standard calibration solutions containing
Ca’* and interfering ions are prepared and a calibration
curve for each microelectrode is constructed. A problem is
the uncertainty of the apparent stability constant for the
Ca-EGTA complex in preparation of the calibration solu-
tions containing low Ca’* concentrations (Fabiato and
Fabiato, 1978; Lee, 1981). The Ca?* concentrations in the
solutions depend on the apparent stability constant chosen.
In the present study, we have chosen the stability constants
(K) of 2.51 x 10° M~ (Allen and Blinks constant) and
4.90 x 10° M~' (Schwarzenbach constant) that have been
frequently used. Marban et al. (1980) used the stability
constant of 2.63 x 10° M~". Fig. 4 shows calibration curves
constructed with the solutions made using the two stability
constants in the range of pCa 8 to 5 and the solutions made
by simple dilution in the range of pCa 5 to 3. The potentials
were measured with a Ca?*-selective microelectrode aged
for ~4 h. The potential changes are nonlinear in the Ca**
concentrations lower than 107* M. This is due to the
interference by K* and Na* in the calibration solutions. At

80
60 ,
Unbuffered solutions
40+
20+ .
EGTA buffered solution
Iy = 6 -1
S oL keas0oxiotm)
E
S - 20t
a0l EGTA buffered solutions
- (K =2.51x108 M~")
- 60
- 80}
-100 1 -y 1 I i 4
9 8 7 6 5 4 3
-log a¢,

FIGURE4 Calibration curves constructed for a Ca?*-selective microelec-
trode using apparent stability constants (K) of 4.90 x 10°M~'and 2.51 x
10° M~ for Ca-EGTA complex at pH of 7.0. The solutions of pCa 7 and 8
contained 140 mM K* and 10 mM Na*. The solutions of pCa 3, 4, 5, and
6 contained 150 mM K*.
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the pCa of 7, 6, and 5, the potentials measured with the
solutions made using the two stability constants were
different as expected. At the pCa of 8, the potentials were
similar because of relatively large interference by the K*.
At the pCa of 5, the potential measured with the unbuf-
fered solution is closer to the potential measured with the
solution made using the value of 2.51 x 10° M~' than to
the potential measured with the solution made using the
value of 4.90 x 10° M~'. This suggests that the apparent
stability constant of 2.51 x 10° M~' is more likely to be
closer to the true value. As shown in Fig. 4, two calibration
curves were constructed using different stability constants
and intracellular Ca?* activities (aL,) were determined
(Lee and Dagostino, 1981). The af, value determined
using 2.51 x 10° M~' was about twice the value deter-
mined using 4.90 x 10° M. This reflects the difference of
the two stability constants, indicating that the al, value
determined using a stability constant can be converted to
that corresponding to another stability constant.

DISCUSSION

Selectivity coefficients (kn.x) of neutral carrier Na*-
selective microelectrodes have been determined by various
methods at different levels of primary and interfering ion
activities (Table I). It was observed that the ky,x values do
not depend significantly on the methods used and the ionic
activity levels in the physiological ranges. The ky,k values
obtained in the study are similar to the ky,x of 0.02 (log
knak = —1.7) reported by Steiner et al. (1979) and those
(mean ky,x = 0.008; kn.x range of 0.005 to 0.01) reported
initially by O’Doherty et al. (1979). However, the ky,x
values in the present study are substantially lower than the
knak Of 0.038 (0.071 for unshielded microelectrodes)
reported by Lewis and Wills (1980) and those (kn,x range
of 0.031 to 0.055) reported by Garcia-Diaz and Armstrong
(1980). It should be pointed out that the Na*-selective
liquids used by Lewis and Willis (1980) and Garcia-Diaz
and Armstrong (1980) were the mixtures of K*-selective
exchanger resin and neutral carrier Na*-selective resin.
Eaton (1981) reported that the selectivity coefficients
(knax range of 0.04 to 0.06) of Na*-selective microelec-
trodes made with the monensin exchanger were not signifi-
cantly different from those of Na*-selective microelec-
trodes made neutral carrier Na*-selective resin. It is
apparent that the reported ky,x values vary from one
investigator to another and the ky,x values differ some-
what between individual microelectrodes. Such variations
of selectivity coefficients may be also true in Ca**-selective
microelectrodes. Although the reason for such variations is
not completely clear, there are a few possible explanations.
First, poor silanization of the glass surface has been
suggested (Armstrong and Garcia-Diaz, 1980). Second, an
electrical shunt through the glass wall may affect ion-
selective microelectrode potentials (Lewis and Wills, 1980;
Armstrong and Garcia-Diaz, 1980; Baumgarten, 1981).
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Third, poor contact (phase boundary) between test solution
and ion-selective resin at the end of the tip is also possible.
These possibilities are examined with a schematic diagram
of the tip of ion-selective microelectrodes as shown in
Fig. 5.

Poor silanization produces a shunt resistance (R, in Fig.
5), attenuating the potential E, of an ion-selective micro-
electrode. This attenuation depends on the relative magni-
tude of R, to the total resistance of an ion-selective
microelectrode. A long column of ion-exchanger liquid
may reduce the possibility of such a shunt resistance. The
poor silanization is a technical problem.

The shunt resistance (R, in Fig. 5) through glass wall
attenuates the potential of E, of an ion-selective microelec-
trode, depending on its relative magnitude to the total
microelectrode resistance. The resistance of the glass wall
of a micropipette was estimated to be ~10'* ohms (Lewis
and Wills, 1980; Lee, 1981). This value is at least ~100
times greater than the resistances (10'-10"' ohms) of
ion-selective microelectrodes. This indicates no significant
attenuation of the potentials of ion-selective microelec-
trodes. However, it was postulated that glass hydration
may cause a reduction of the resistance through the glass
wall (Lewis and Wills, 1980; Armstrong and Garcia-Diaz,
1980; Baumgarten, 1981). The resistances of glass wall of
the microelectrodes have not been directly measured dur-
ing hydration except those of microelectrodes made from
Eisenman and co-workers (Eisenman et al., 1957; Eisen-
man, 1962) NAS,; , and NAS,, ;s glass (Lee and Fozzard,
1974; Lee, 1979). However, Eisenman (1969) has demon-
strated the existence of different thicknesses of hydrated
layers in NAS,,, and NAS,, ,; glasses. He concludes that
the NAS,, s glasses hydrate for >10 A whereas the

Glass wall

Liquid
ion-exchanger

; Tip of
il e microelectrode

Eg; Roy

FIGURE 5 Schematic diagram of a portion of ion-selective microelec-
trode and equivalent circuit. C, represents distributed capacitance across
microelectrode glass wall. R, is shunt resistance along glass surface of
poorly silanized microelectrodes. Electrical potential and resistance
across the glass wall are represented by E, and R, for the shank and E,,
and R, near the tip. E, and R, are potential and resistance across
ion-selective liquid column.

205



NAS,,, glasses hydrate uniformly with time up to depths
exceeding 100,000 A. Although NAS,, , glass is subject to
hydration, it took about one month for about a tenfold
decrease in the resistance of the glass microelectrodes with
sealed tips. The resistance of the microelectrodes made
with NAS,, ;s glass increased with aging in electrolyte
solutions (Lee, 1979). Therefore hydration of glass
depends on its composition, and so hydration of chemically
durable glasses such as Corning 7740 may be very slow.
Fig. 5 shows two lumped resistances (R, andR,) through a
glass wall of an ion-selective microelectrode. R, and R,
represent the resistance of the glass wall within 1-2 um
from the tip and that of the rest of glass wall, respectively.
The glass wall is assumed to have no hydration layer
initially because the micropipettes are pulled by heat and
heated at a high temperature (~200°C) during silaniza-
tion. It is unlikely that R, decreases significantly by
hydration within several hours, and this affects the micro-
electrode potential (E,). This is because the glass wall is
relatively thick. If hydration occurs, it starts from the tip
because of the thinner glass wall. Hydration of the glass
wall near the tip is often supported by an improvement of
selectivity when the tip of an ion-selective microelectrode is
broken by ~1 um or less. Such an improvement of selectiv-
ity by breaking the tip was observed in this study. Walker
(1976) has shown an increase in selectivity of K*-selective
microelectrodes when the tips are broken to ~2 um diame-
ter. However, even if the glass wall near the tip is hydrated,
the resistance of R, may be high because of the small
surface area of the glass wall near the tip (Lewis and Wills,
1980). In the present study, possible hydration of the glass
wall has been tested by measuring resistance and selectiv-
ity coefficient of Na™-selective microelectrodes immersed
in an electrolyte solution for ~10 h and in air for ~1 wk
(Table II). Any apparent changes in resistance and select-
ivity coefficients were not observed. This result indicates
that the glass wall of the ion-selective microelectrodes did
not hydrate significantly. Silanization of the glass surface
makes the glass difficult to react with water.

An alternative explanation for the improvement of
selectivity by breaking the tip may be a poor contact of test
solution with the ion-exchanger at the tip. Such a poor
contact may be possible because the inner diameter of the
microelectrode tip is quite small and the glass surface is
hydrophobic. Sometimes it was observed that the selectiv-
ity of the ion-selective microelectrodes was improved by
mechanical touch of the tip without an apparent break.
Such a touch or a break of the tip may improve a poor
contact of a solution with the ion-exchanger at the tip.

Selectivity coefficients (kn,x) of neutral carrier Na*-
selective microelectrodes are comparable to those of
recessed-tip Na*-selective glass microelectrodes (Lee,
1979) and the microelectrode potentials are quite stable.
The response time of neutral carrier Na*-selective micro-
electrodes are faster than those of recessed-tip Na*-
selective glass microelectrodes. Furthermore, the construc-
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tion of neutral carrier Na*-selective microelectrodes is
much easier. These offer wide application of the microelec-
trodes for measuring intracellular Na ion activities. How-
ever, neutral carrier Ca%*-selective microelectrodes have
considerable problems, although they can be used for
measuring cytosolic Ca ion activities. Recently Tsien and
Rink (1980) and Rink and Tsien (1980) reported that the
improved Ca’*-selective microelectrodes made with a
modified Ca®*-selective liquid had quite stable potentials.
Such improvements are needed for convenient and wide
use of the Ca’*-selective microelectrodes.

Finally, it should be mentioned that the Na*- and
Ca’*-selective microelectrodes may be interferred with by
certain anions and drug molecules. This has not been
investigated in the present study. However, Dani et al.
(1982) have reported that the Ca’*-selective liquid mem-
brane electrode (Orion Research Inc., Cambridge, MA)
was interfered with by lyotropic anions. Therefore, possible
interferences by anions and drugs for the cation-selective
microelectrodes should be examined in certain relevant
experiments.
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