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Abstract

In many experimental biological situations, chelating agents like EGTA (ethylene glycol-bis-(f-amino-ethyl ether) N,N,N',N'-te-
tra-acetic acid) are commonly used to control or suppress the concentration of divalent ions like Ca*. The evaluation of liquid
junction potentials in electrophysiological measurements, and particularly in patch-clamp situations, requires information about
the ions within the solution. Where there is a significant concentration of EGTA present, it is necessary to know the values of the
relative mobility of at least the most predominant ionic species of EGTA in order to complete these calculations. EGTA, with four
negative charges with different pK,s, can therefore exist as four differently charged ions in solution (EGTA~, EGTA?,
EGTA3~ and EGTA*~) or as uncharged, although between pH 5.5 and 8 it is almost exclusively EGTA?~. We have measured
limiting equivalent conductivities of the most common ionic forms of EGTA (EGTA”?~and EGTA3~) encountered at
physiological pHs. These were 3594+ 0.7 and 56+2.5 S c¢cm? equiv ! respectively. Their mobilities relative to K+ were
0.24 +0.01 for EGTA2~ and 0.25 4+ 0.01 for EGTA3 . Thus for typical electrophysiological solutions, the contribution of EGTA

to the liquid junction potential should be small (e.g. ~ 0.4 mV). © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liquid junction potentials arise whenever two solu-
tions of different ionic composition or concentration are
in contact and can significantly contribute errors to the
measurements of membrane potential, unless appropri-
ate corrections for them are applied. In patch-clamp and
bilayer situations especially, liquid junction potential
corrections are often up to 10 mV or even more (see
discussion in Barry and Lynch (1991), Neher (1992) and
Neher (1994) and Ng and Barry (1995)). These junction
potential corrections can either be estimated by measure-
ment (Neher, 1992, 1994), although even these measure-
ments need additional corrections (Barry and Diamond,
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1970), or they can simply be calculated directly from a
knowledge of (or at least estimates of) the ionic mobilities
of the ions present in the solutions at any significant
concentration. These mobilities can be determined from
limiting equivalent conductivity data (e.g. see data in
Robinson and Stokes (1965), Dean (1992), Vanysek
(1995)). Relative mobilities of the more common ions
have been published (Zuidema et al., 1985; Barry and
Lynch, 1991) and more recently the mobilities of some
less common, but now frequently used, organic ions have
also been measured (Ng and Barry, 1995). These values
have now been incorporated into a program, JPCalc, that
has been developed (Barry, 1994) together with a full
Windows version, JPCalcW, produced in conjunction
with Axon Instruments, Foster City, CA, USA) to
calculate junction potentials for a full range of patch-
clamp and other electrophysiological situations using the
generalised Henderson equation (Morf, 1981; Barry and
Lynch, 1991; Ng and Barry, 1995).
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The limiting equivalent conductivities and mobilities
of the ionic species contributed by EGTA (ethylene
glycol-bis-(B-amino-ethyl ether) N,N,N’,N’-tetra-acetic
acid; C,,H,4,N,0,,), however, have not been measured,
in spite of the fact that EGTA is very widely used to
control or suppress the concentrations of divalent ions
like Ca?*, though generally used at a reasonably low
concentration. EGTA has four possible negative
charges with different pK,s, and can therefore poten-
tially exist as four different ions (EGTA' ~, EGTA? ",
EGTA®~ and EGTA*~) or in uncharged form (see
Table 1). Hence it is not simple to calculate its contri-
bution to a junction potential and one must first know
the relative proportions of the EGTA ions.

The aim of this paper was to measure the limiting
equivalent conductivities of the EGTA species most
prevalent at physiologically relevant pHs (EGTAZ-
and EGTA®*~) and to calculate the mobility of each
species relative to K*. The experimentally obtained
values could then be used to predict the liquid junction
potentials generated by simple EGTA containing solu-
tions and be compared to experimentally measured
values using these solutions.

2. Theoretical background

The molal conductivity, A”, of a solution (the con-
ductivity/molal concentration) is related to the molal
concentration, m, of solute according to the Onsager
relationship (Maclnnes, 1961):

A" = A"+ 5 /m (1)

where A°™ is the limiting molal conductivity as the salt
concentration tends to zero and s is the slope of the line
(s being independent of concentration), and:

A° = Aum/’z‘ (2)

where A° is the limiting equivalent conductivity and z is
the ionic valency.

Table 1

2.1. Fraction of ionic species of EGTA at different pH,
temperature and ionic equivalents

The fraction of each EGTA ionic species present is
dependent on both pH and ionic equivalents (similar
but not the same as ionic strength, which has a z?
rather than a |z| term; see Bers et al. (1994)). The ionic
equivalents of the solution, I, is defined by Bers et al.
(1994) as:

I.=0.5)(c

Z|) 3)

where the summation is taken over all the different ions
in the solution, |z,| is the absolute value of the valency
of each ion and ¢; is the molar concentration of each
ion 7.

As Fabiato and Fabiato (1979) have indicated, the
total ligand [TL] is made up of 4 different possible ionic
components and one completely protonated, so that we
can write:

[TL]=[L] + [HL] + [H,L] + [H5L] + [H,L] 4)

where [L] is the concentration of completely unproto-
nated free ligand with valency 4 — ; [HL] is the concen-
tration of singly protonated ligand with valency 3 —
and so on with [H,L] being the concentration of com-
pletely protonated ligand of valency 0.

It can be shown that:

[TL] = [L]-{1 + K, [H] + K, K> [H]* + K, K K5 [H]
+ K, 'Kz'K3'K4'[H]4} (5)

Before the association constants (K,,) can be applied,
they have to be corrected for both temperature and
ionic strength and the pH has also to be corrected for
ionic strength with the appropriate value for the H™*
activity coefficient, y;. Using the standard values under
standard conditions as listed by Bers et al. (1994) and
the procedure outlined in their paper (it should be
noted that there was a typographical correction (in the
final publication of that paper) needed for the definition

Fractions of each ionic species of EGTA for pH 7.0-8.0 at 22°C for an ionic equivalents of 0.15, and at 22.5°C for an ionic equivalents of 0.02
and pHs of 6 and 8.8 in the limit as the concentration of EGTA was reduced to zero, so that the ionic equivalents became equal to the larger

of either the [H*] or [OH ]

Fractions of each ionic species of EGTA

I. 0.15 0.15 0.15 0.15 0.02 0.02 1.1IE-6 5.7TE—6
pH 7.0 7.4 7.5 8.0 6.0 8.8 6.0 8.8
EGTA ionic species

L@-) 0.0000 0.0003 0.0005 0.0044 0.0000 0.0235 0.0000 0.0047
HL 3-) 0.0138 0.0339 0.0423 0.1220 0.0007 0.2900 0.0003 0.1639
H?L (2-) 0.9861 0.9658 0.9572 0.8736 0.9985 0.6865 0.9983 0.8314
H3L (1-) 0.0001 0.0000 0.0000 0.0000 0.0008 0.0000 0.0014 0.0000
H*L (0—) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Fig. 1. Plot of fraction of EGTA species in solution vs. pH for a solution with an ionic equivalents of 0.15 equiv 1~ ! and a temperature of 22°C
(see also Table 1 for values from pH 7-8). Inset is the structural formula of an EGTA*~ molecule (C,,H,,N,0,; redrawn from Fig. 2 of Bers

et al. (1994)).

of their parameter ‘6’ in their Eq. (12), which should
have been “...h is a constant (=0.25-A). A is a con-
stant...” (confirmed by Donald Bers; personal commu-
nication)), the Ks could be evaluated under the
appropriate conditions. The relative proportions of
each ionic species could then be deduced from each of
the terms in Eq. (5).

Typical fractions of each ionic species of EGTA over
a range of pH values from pH 4.5 to 9 and an ionic
equivalents of 0.15 equiv 1~ ' (equivalent to a 150 mmol
1=! NaCl solution) and a temperature of 22°C, are
given in Fig. 1 (with some values also in Table 1). It can
be seen that at physiological pH the predominant ionic
species is EGTA?~, however, at other pHs, often en-
countered experimentally, other species become signifi-
cant. At the above ionic equivalents, EGTA®~ becomes
significant above pH 7.5 and EGTA! ~ becomes signifi-
cant below pH 4; it should be noted, however, that
these values of ionic fractions can be very sensitive to
ionic equivalents. For example, at a pH of 8.8, decreas-
ing the ionic equivalents from 0.15 to 0.02 increases the
fraction of EGTA?~ from 0.48 to 0.69.

3. Experimental methods
3.1. Preparation of solutions

CaCl, was obtained from UNIVAR-AJAX (Auburn,
NSW, Australia) and NaCl and NaOH from BDH
(Kilsyth, VIC, Australia). EGTA was obtained from
Sigma (St. Louis, MO, USA). All reagents were at least
of analytical grade and the solutions were prepared
using double demineralised water as the solvent.

The 10 mM EGTA solution was prepared and pH
adjusted with a stock solution of 1 mol 1~ ! NaOH. For
EGTA solutions at a pH of 6, dilutions of 1, 3 and 5
mmol kg=' H,O were prepared using the 10 mmol
kg~! H,O EGTA as a stock solution. For the pH 8.8
measurements, the proportions of EGTA?~ and
EGTA3~, in the limit as [EGTA] tends to zero, are
0.831 and 0.164, respectively (see Table 1) and vary
considerably with pH. The pH of the solution, there-
fore, needed to be controlled much more precisely and
this was achieved by adding very small and precise
amounts of 1 mol 17! NaOH to each solution after
dilution.

3.2. Measurement of A" values

Each experiment involved the measurement of three
samples of each of the 1, 3, 5 and 10 mmol kg—' H,O
concentrations. The values of A” in each experiment
were fitted to Eq. (1) by linear regression. Experiments
for the NaCl, EGTA (pH 6) and EGTA (pH 8.80) were
repeated four to six times until we had four experiments
whose data points fitted the linear regression with r> >
0.95. All conductivity measurements were corrected for
the conductivity of the double de-ionized water used for
the solutions (from 0.8 to 1.0 pS cm~!') as well as a
small adjustment which was needed to calibrate the
conductivity meter (Radiometer CDM 83, Copen-
hagen) to the values published for the limiting equiva-
lent conductivity of NaCl (see Table 2). The
conductivity experiments were performed at room tem-
peratures of 22.5 + 1°C and the reference temperature
to which all measurements were referred was 25°C.



Table 2
Limiting conductivity and mobility data for NaCl, Na®, K*, ClI~ and EGTA?~ and EGTA?~ ionic components®

Solution and pH Limiting molal con- S.E.M. Fraction of predominant Limiting equivalent conduc- S.E.M. Other published  Ion mobility (rela-  S.E.M.
ions ductivity (A°") EGTA species tivity (A°) values® of A° tive to K™)
NacCl 126.45° 0.23 126.45
Na™ 50.10
K+ 73.50
Cl— 76.35
NaEGTA ~6 170.1 0.5 0.998 x EGTA2~ 35.9 0.7 0.24 0.01
8.80 195.7 0.9 0.831 x EGTA*~
0.164 x EGTA3~ 55.8 43 0.25 0.02

@ Units for limiting molal conductivity are S cm? mol~!. Units for limiting equivalent conductivity are S cm? equiv~'. Reference temperature for all values is 25°C.

> The conductivity meter was calibrated to give a limiting equivalent conductivity for NaCl of this value.
¢ Robinson and Stokes (1965).
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Temperature compensation was achieved with the built-
in conductivity meter function (Ng and Barry 1995).

3.3. Measurement of EGTA junction potentials

The apparatus and protocol used to measure junction
potentials was the same as that described in Ng and
Barry (1995). Initially the voltmeter was zeroed with
identical control solutions in both the bath and pipette.
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Fig. 2. Solution measurements used to determine the limiting molal
conductivity of NaEGTA. Panel A shows a set of measurements at
pH 6. Panel B shows a typical set of solution measurements at pH
8.8. Each data point represents the average of three repeat measure-
ments within the same experiment. In panels A and B the line was
fitted by linear regression to the function A™ = A®" + s./m, where
the intercept on the ordinate represents the limiting molal conductiv-
ity (A°") and m is the molal concentration (in mol EGTA (kg
H,0) ). Panel C shows an example of a typical plot used to
determine the limiting ratio of [Na]/[EGTA] as [EGTA] — 0 for a set
of EGTA solutions each precisely titrated to a pH of 8.80.

The bath solution was then changed to the appropriate
test solution and the liquid junction potential measured.
Each experiment consisted of a control—test pair and
each of the two sets of experiments were repeated four
times. Each time a test solution was measured it was
bracketed by control measurements. In most cases 200
ml of the final solution was placed in a shallow crystal-
lizing dish (bath) used for recording. For test solutions
containing 2 mmol kg —! H,O Ca?*, CaCl, was added
directly to the bath and well stirred. The new liquid
junction potential was then measured and compared
with the previous value in the absence of CaCl,. The
experimental apparatus was enclosed in a grounded
Faraday cage. The reference pipettes were also
grounded. All experiments were conducted at an ambi-
ent room temperature of 22 + 1°C.

4. Results and calculations

As already mentioned, the procedure was to initially
measure limiting molal conductivities for the NaEGTA
solutions at two pH values: at a pH of about 6 which
was almost exclusively only contributed to by EGTA?~
and precisely at pH 8.80 at which there was a known
fraction of EGTA?~ and EGTA®~ and virtually no
other EGTA ionic species. From these measurements,
the limiting equivalent conductivity of Na™ would first
be subtracted, the limiting molal conductivity of EGTA
determined and finally the limiting equivalent conduc-
tivity of the two EGTA species evaluated.

4.1. Calculation of limiting equivalent conductivities of
EGTA?~ and EGTA>~

These values were determined from measurements at
various pHs. A typical example of the relationship
between molal conductivity (conductivity/molal concen-
tration of EGTA) and the square root of the molal
concentration of EGTA at pH 6 is given in Fig. 2A. In
this example, the limiting molal conductivity (A°”) was
169.8 S cm? (mol of EGTA) ~!, obtained by extrapolat-
ing [EGTA] to zero. The average value from four plots
of molal conductivity (A°”) of NaEGTA was 170.1 +
0.45 S cm? (mol of EGTA) ~!. As EGTA?~ was essen-
tially the only ionic species present (see Table 2), then
A" of NaEGTA becomes essentially A”” of Nat +
EGTA?~. The ratio of [Na*]/[EGTA] averaged over
all the stock solutions made was equal to 1.963 + 0.018
(n=4). Using the value for the limiting equivalent
conductivity of Na™ (A%,, published) =50.10 S cm?
equiv ~!, the limiting molal conductivity of EGTA?~
alone could be estimated as Afg ... =170.1 —
(1.963 x 50.10) = 71.8 S cm? mol ~ !. The limiting equiv-
alent conductivity of the EGTA?~ species (A%graz-)
was then calculated as:



46 A. Keramidas et al. /Journal of Neuroscience Methods 89 (1999) 41-47

Table 3

A comparison of experimental and theoretical liquid junction potentials (with S.E.M.) for some simple solutions containing EGTA®

Solutions (mmol 171) pH Liquid junction potential (mV)
Control Test Experimental S.E.M. Theoretical
1 20 NacCl 10 NaEGTA 6.7 12.0 0.8 14.1
2 20 NaCl 10 NaEGTA, 2 CaCl, 4.3 10.4 1.2 11
3 150 NacCl 130 NaCl, 10 NaEGTA 6.5 1.5 0.0 1.6
4 150 NaCl 130 NaCl, 10 NaEGTA, 2 CaCl, 4.3 1.4 0.0 1.3

* The potentials in each case represent the potential of the test solution with respect to the control solution.

AfGraz- = AEGraz-/ |Z | (6)

A% rno— =71.8/2' S cm? mol ', which allowing for the
S.E.M. above becomes, A%, .. =359+0.7 S cm?
equiv .

Since the generalised ionic mobility (#), which is
required for junction potential calculations, is given by:

u=A°/|z|F (7

and, since for K+, A% =73.50 (Robinson and Stokes,
1965), then ug x> fux = (35.9/2)/73.50. Thus tg;ra>-—/
ug = 0.244 + 0.005, or better 0.24 +0.01.

Similarly, from measurements at pH 8.8, where a
significant fraction of the EGTA is in the form of
EGTA’ ", it is shown in the Appendix A that A s,
=558+4.3 S cm® mol ' equiv~"' and that u s /
ug =0.2540.02.

4.2. Measurement of liquid junction potentials and
comparison with calculated values

In order to confirm these mobility values and to
further indicate their contribution to the liquid junction
potentials in the different solution combinations, these
junction potentials were directly measured for some
simplified patch-clamp type solutions containing EGTA
and compared to theoretically predicted values using
the above ionic mobilities. The theoretical calculations
were done using the full MS Windows version of the
junction potential program JPCalc (Barry, 1994), JP-
CalcW. The results are shown in Table 3 and, as can be
seen, the measured junction potentials generally agreed
well with the theoretically predicted values.

4.3. Practical implications of correcting for EGTA
mobility

At pH 7.4, it can be assumed that EGTA is almost
exclusively in the EGTA?~ form. With the use of a
typical pipette solution (based on 150 mmol 1= ! KCl or
CsCl, and containing 2 mmol 1=' CaCl, and 10 mmol
1-! EGTA) and a bath solution (based on 150 mmol
1=1 NaCl, and also containing 2 mmol 1~! CaCl,), the
difference in calculated liquid junction potentials, be-

tween ignoring the presence of EGTA and allowing for
it with its measured mobility, is only 0.4 mV. Obvi-
ously, in more unusual situations where the proportion
of EGTA is much greater (see Table 3), its contribution
can become more significant.

5. Discussion

This paper has reported measurements of the limiting
equivalent conductivities and relative mobilities of the
most prevalent ionic species of EGTA, EGTA?~ and
EGTA?~, in the typical physiological pH range. It has
also clearly demonstrated that such measurements for
pH-dependent polyvalent ions like EGTA are by no
means trivial exercises and require considerable care
and theoretical underpinning. It should be noted that
for a chelating agent like EDTA, the experimental
measurement of its mobility would be further compli-
cated by its binding of Na™ ions. However, since
EDTA has a molecular weight of 292 and lies between
the molecular weight of EGTA (mol. wt. 380, mobility
0.24) and HEPES (mol. wt. 238, mobility 0.30; Ng and
Barry (1995)) and, for large organic ions, relative mo-
bility is determined in large measure (but not solely) by
molecular weight, it seems likely that the relative mobil-
ity of EDTA would lie between 0.24 and 0.30.

It is interesting that although there was a consider-
able difference between limiting equivalent conductivi-
ties of the two ionic species (35.9 +0.7 S cm? equiv !
for EGTA?~ and 55.84+43 S cm?® equiv_! for
EGTA3 "), the generalised mobilities of the two ionic
species were equal within our errors of measurement
(0.2440.01 for EGTA?~ and 0.2540.02 for EGTA? ).
Given the large size of these ions (mol. wt. 380.4), it is
not surprising that this mobility for a generalised force
appears to be less dependent on ionic charge, pre-
sumably because the amount of hydration of such a
large molecule would not be significantly altered by the
amount of its protonation. By inference then, the mo-
bilities of both EGTA! ~ and EGTA*~ should also be
about 0.24 £+ 0.02, which would in turn imply limiting
equivalent conductivities of about 18 +2 and 71 £6 S
cm? equiv ! for EGTA'~ and EGTA*~, respectively.
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In conclusion, although EGTA is a complex polyva-
lent ion, it is still possible to determine the concentra-
tion and relative mobility of its ionic species. These
EGTA ions can, even under common electrophysiologi-
cal conditions make a small but significant contribution
to liquid junction potentials, but with the information
that is now presented in this paper, those contributions
can now be calculated.

Acknowledgements

We would particularly like to express our apprecia-
tion to Professor Donald Bers of Loyola University,
Chicago, for discussions and reading through the origi-
nal draft of the theoretical section on the calculations
of the prevalencies of the different ionic species of
EGTA and for similar discussions with Professor
George Stephenson of Latrobe University, Australia.
The help of Elaine Bonnet was also much appreciated,
as was the support of the Australian Research Council
and the National Health and Medical Research
Council.

Appendix A. Calculation of limiting equivalent
conductivity of EGTA3~ at pH 8.8

The limiting molal conductivity of EGTA was mea-
sured at pH 8.80, where there was a reasonable fraction
of EGTA3~ also present together with the EGTA?~
(Table 1). A typical example of the molal conductivity
plots for one set of solutions is given in Fig. 2B, where
A°™ for this particular experiment was 195.5 S cm? (mol
of EGTA) !. The average limiting molal conductivity
(A°™) of Na* plus EGTA%?~ and EGTA®~ over all
these experiments was 195.74+0.9 S cm? (mol of
EGTA)~!. Now it was found that the ratio of [Na*]/
[EGTA] needed to keep the pH at 8.8 varied with the
concentration of EGTA (see Fig. 2C). Fitting a line to
this data and extrapolating it, the limiting ratio of
[Na*]/[EGTA], as [EGTA] tends to 0, =2.169 + 0.000
(n=3). Hence the component of the conductivity of
EGTA* and EGTA’~, A¥liia> & pGras_» ON sub-
tracting the contribution of the Na* ions, was=
195.7 — (2.169 x 50.10) = 87.1 £ 1.0 S cm? mol .

In general, it will be true that the total conductivity
of the solution will be the sum of all the appropriate
fractions of each EGTA ionic species, together with the
molal conductivity of Na ™. It is known that in the limit

as [EGTA] tends to 0 at pH 8.8, the fraction of
EGTA?~ is 0.831 and the fraction of EGTA®*~ is

0.164. Thus, making use of the value of AX% .., as

previously determined, the value of Ay ;- = (87.1 —
(0.831 x 71.8))/(0.164) S cm? mol ~!. Thus, the limiting

molal conductivity, AZ%_ .. ,=167 S cm® mol "

Hence, again taking into account the S.E.M.s, the

limiting equivalent conductivity of EGTA®~, A% 1.5 »

=167/3 S cm? mol=!=558+43 S cm®> mol~!
equiv ~ . Therefore, the generalised ionic mobility, rela-
tiveto K*, u Jux = (55.8/3)/73.5. Thus, uyqras-/

> “EGTA3 —

U = 0.25 4 0.02.

References

Barry PH. JPCalc, a software package for calculating liquid junction
potential corrections in patch-clamp, intracellular, epithelial and
bilayer measurements and for correcting junction potential mea-
surements. J Neurosci Methods 1994;51:107—16.

Barry PH, Diamond JM. Junction potentials, electrode standard
potentials, and other problems in interpreting electrical properties
in membranes. J] Membrane Biol 1970;3:93-122.

Barry PH, Lynch JW. Topical Review. Liquid junction potentials and
small cell effects in patch clamp analysis. J Membrane Biol
1991;121:101-17.

Bers D, Patton C, Nuccitelli R. A practical guide to the preparation
of Ca buffers. In: Methods in Cell Biology: Practical Guide to the
Study of Ca®>* in Living Cells, vol. 40. New York: Academic
Press, 1994.

Dean JA. Lange’s Handbook of Chemistry, 14th edn. New York:
McGraw-Hill, 1992.

Fabiato A, Fabiato F. Calculator programs for computing the com-
position of the solutions containing multiple metals and ligands
used for experiments in skinned muscle cells. J Physiol Paris
1979;75:463-505.

Maclnnes DA. The Principles of Electrochemistry. New York: Dover
Publications, 1961.

Morf WE. The Principles of Ion-Selective Electrodes and of Mem-
brane Transport. Amsterdam: Elsevier, 1981.

Neher E. Correction for liquid junction potentials in patch-clamp
experiments. Methods Enzymol 1992;207:123-31.

Neher E. Voltage offsets in patch clamp experiments. In: Sakmann B,
Neher E, editors. Single Channel Recording, 2nd edn. New York:
Plenum, 1994.

Ng B, Barry PH. The Measurement of ionic conductivities and
mobilities of certain less common organic ions need for junction
potential corrections in electrophysiology. J Neurosci Methods
1995;56:37-41.

Robinson RA, Stokes RH. Electrolyte Solutions, 2nd edn. revised.
Guilford, UK: Butterworth, 1965.

Vanysek P. Ionic conductivity and diffusion at infinite dilution. In:
Lide DR, editor. CRC Handbook of Chemistry and Physics, 76th
edn. Boca Raton, FL: CRC Press, 1995.

Zuidema T, Dekker K, Siegenbeek van Heukelom J. The influence of
organic counter ions on junction potentials and measured mem-
brane potentials. Bioelectrochem Bioenerg 1985;14:479-94.



