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Abstract

Since their invention, ion-selective microelectrodes have become an indispensable tool for investigations of intra-
cellular ion regulation and transport. While highly selective sensors for all major intracellular monovalent ions
have been available for decades, the development of sensors for divalent cations seems to have presented more
difficulties. As ion-selective microelectrodes typically have time-constants in the range of 0.5 to several seconds
they turned out to be inapt for the investigation of intracellular Ca**. The development of sensors for Mg?+-
selective electrodes has made its most striking progress only over the past few years. While the first Mg+ sensor,
ETH 1117, was barely able to detect physiological Mg?t concentrations in the presence of other mono- and
divalent cations, the newest sensors allow measurements in the micromolar range. When used in macroelectrodes,
the most recent developments, ETH 5506 and ETH 5504, have even been reported to do so in the presence of
millimolar Ca®* concentrations. Although there is still room for improvement to make these sensors applicable in

microelectrodes, some preliminary data look extremely promising and indicate that a new era for Mgt -selective

microelectrodes is about to start.

Introduction

Ion-selective microelectrodes have now been used for
almost half a century, since Caldwell developed the
first pH-sensitive microelectrodes in 1954. These first
ion-selective microelectrodes were constructed from
ion-sensitive glass initially only available for pH, but
later also for Na™ and K. The ion-selective mi-
croelectrodes used today are mostly based on the
so-called liquid membrane electrodes that were de-
veloped some 15 years later (Orme 1969, Ca?™,
Ca’T+Mg?*, CI~; Walker 1971, K+, CI7). Since
then the number of sensors for a large variety of ion
species has increased rapidly, and now includes sen-
sors for pH, Na®, K*, Li*, Ca’*, Mg?*, CI~, NOj,
NH; .

In parallel to the development of ion-selective mi-
croelectrodes another major technique for the direct
measurement of intracellular free ion concentrations
was introduced, namely ion-sensitive fluorescence
dyes. Both techniques have various advantages and

disadvantages that render one or the other more suit-
able for a specific preparation or type of investigation
(for rev. see also Alvarez-Leefmans et al. 1987):

e A major advantage of ion-selective microelec-
trodes over microfluorimetric measurements is the
fact that the membrane potential (E,;) is mea-
sured simultaneously, so that the condition of the
preparation is constantly monitored.

e A further advantage of ion-selective microelec-
trodes is that electrodes, with very few excep-
tions, cannot penetrate intracellular organelles, so
that their response exclusively reflects concentra-
tion changes within the cytoplasm. In contrast,
fluorescence dyes, especially when used in their
ester form, will always yield a combined signal
from both the cytoplasm and the matrix of cell
organelles.

e Once successfully impaled, microelectrodes allow
continuous recording as long as the impalement
holds which, in non-contracting preparations, may
be for up to several hours. In contrast, the duration
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of microfluorimetric experiments is generally lim-
ited to about one hour due to bleaching, leakage
and in some cases even active extrusion of the dye
from the cells.

e Fluorescence dyes used in microfluorimetric ex-
periments may increase the intracellular buffering
power of the measured ion significantly. This may
decrease the intracellular free ion concentration
and damp changes in these ion concentrations.
Such effects can be ruled out if ion-selective mi-
croelectrodes are used.

e The greatest disadvantage of ion-selective micro-
electrodes is that their use is limited to relatively
large, robust cells. Within these cells, ion-selective
microelectrodes only monitor changes at one spe-
cific location, while microfluorimetry can be used
to visualize intracellular concentration gradients
when used in imaging systems.

e A further disadvantage of ion-selective microelec-
trodes is that due to their relatively long time
constants (in the range of about one to several sec-
onds) they are unable to record rapid transients,
such as those known to occur in the intracellular
free Ca®* concentration.

e Both, ion-sensitive microelectrodes and fluores-
cence dyes are affected by a variety of interfering
substances that have to be carefully evaluated in
order to enable a reliable interpretation of the
experimental result.

Construction of ion-selective microelectrode

The basic electrochemistry of ion-sensitive microelec-
trodes, their advantages and disadvantages for use in
physiological experiments and various ways to manu-
facture these electrodes have been described in great
detail (see, e.g., Amman 1986; Thomas 1978). In
brief, these electrodes consist of a glass capillary
that is pulled out to form a small tip (diameter typ-
ically < 1 wum). The tip of the electrode is filled
with a liquid membrane consisting of an organic phase
(e.g., 2-nitrophenyl octyl ether), containing an additive
(e.g., potassium tetrakis(4-chlorophenyl)borate) to re-
duce the electrical resistance, and an ionophore that
is specific for a certain ion species. The shaft of the
electrode is filled with an electrolyte (backfill solu-
tion) that should contain the measured ion species and
CI™ to yield a stable potential at the chlorided silver
wire that is inserted into the shaft of the electrode and
through which the electrode is connected to the ampli-

fier. When an ion-selective microelectrode is impaled
into a cell, the electrode records the membrane poten-
tial (Ep,) of this cell plus the ionic potential (Ejo,) due
to the gradient of the measured ion across the liquid
membrane. In order to measure E;qy it is necessary to
determine E, with a separate intracellular reference
electrode and then to subtract E,, from the output sig-
nal of the ion-selective electrode. As conditions within
the shaft of the electrode can be considered constant,
Eion depends on the ion concentration at the tip of the
electrode.

Crucial for stabilising the hydrophobic membrane
phase in the tip of the ion-selective microelectrode
and thus for obtaining functional electrodes is a proper
silanization of the glass capillary prior to filling. Gen-
erally, silanization involves the exposure of the glass
capillaries to the vapour of a methylsilyl compound
such as hexamethyldisilazan or dimethyltrimethylsi-
lylamine and a subsequent baking of the capillaries at
temperatures > 200 °C (Ammann 1986, Munoz et al.
1983, Tsien & Rink 1980; Thomas 1978). This is rela-
tively straightforward if conventional, single-barrelled
glass capillaries are being used. More sophisticated
methods are required if the ion-selective electrodes
are to be combined with a reference electrode to form
double- or even multi-barrelled microelectrodes as de-
scribed below (Borrelli er al. 1985; Ronnau 1984,
Coles & Tsacopoulos 1977).

The simplest method for filling liquid membrane
microelectrodes is the front filling method. Here the
electrolyte chosen as backfill solution is filled into the
silanized capillary and forced into the tip by using
pressure. The tip of the capillary is then immersed
into the liquid membrane, which is drawn into the tip
either spontaneously by capillary force or by applying
suction. The great advantage of this method is that it
generates very short liquid membrane columns, typ-
ically between 50 and 200 um, which minimize the
electrical resistance of the electrode. The major dis-
advantage is that this method requires relatively large
tip diameters or very high pressures as decreasing tip
sizes make it increasingly difficult to force the elec-
trolyte into the silanized and therefore hydrophobic
capillary.

For the alternative back-filling technique the liquid
membrane is filled into the capillary from the shaft,
i.e. the back end of the capillary, before it is overlaid
by the backfill solution. In these electrodes the height
of the liquid membrane column may exceed 1 cm.
Major difficulties during the filling procedure are the
formation of air-bubbles within the membrane column



(these may be removed by storing the electrodes in
a vacuum for some time before adding the backfill
solution) and at the interface between the membrane
column and the backfill solution. This method is much
more time consuming than the front-filling technique;
however, it allows the use of considerably smaller
tip diameters and the construction of double- and
even multi-barrelled electrodes for the simultaneous
measurement of several ion species.

The use of double-barrelled microelectrodes is a
convenient way of combining the ion-selective mi-
croelectrode with the intracellular reference electrode,
thus preventing the need to impale a single cell with
two separate electrodes. This is especially advanta-
geous if the cells are either small or if they may
contract, shrink or swell during the experimental pro-
cedure. In electrically active cells double-barrelled
microelectrodes also ensure that the intracellular ref-
erence potential is determined in the same spot as the
potential of the ion-sensitive microelectrode.

Double-barrelled microelectrodes either consist of
two glass capillaries glued together or a so-called
theta-type capillary that contains a partitioning wall
so that the cross-section of such a capillary looks like
the Greek letter 6. Pulling out such capillaries results
in a single tip with two openings. One side of such
a double-barrelled capillary has to be silanized be-
fore being filled as described above, to be used as
the ion-selective electrode. The other side needs to
be prevented from being silanized so that it can be
filled with an electrolyte solution such as 3 M KCl
to be used as intracellular reference electrode. This
selective silanization can be achieved, e.g., by con-
tinuous perfusion of the future reference channel with
compressed air. By combining a single-barrelled and a
theta-style capillary or even two theta-style capillaries
the same technique can be used to construct three- and
four-barrelled microelectrodes (Giinzel et al. 1997,
1999).

Calibration of ion-selective microelectrodes

Each ion-selective microelectrode should be calibrated
before and after every experiment. There are numer-
ous ways for calibrating ion-selective microelectrodes
(for rev. see Ammann 1986; W. Zhang et al. 1998;
Thomas 1978). Personally, we favour using calibration
solutions with a fixed ionic background to mimic in-
tracellular conditions and thereby to minimize effects
of interfering ions (‘unorthodox’ calibration, Thomas

239

1978). As all microelectrodes, possibly with the ex-
ception of pH-electrodes, do not show ideal Nernstian
behaviour in the physiologically relevant range, more
than two, usually four to seven, calibration solutions
have to be used. The obtained calibration data can then
be fitted with the Nicolsky-Eisenman equation (see
Figure 1, for a detailed description of the equation see
Ammann, 1986 and W. Zhang et al. 1998), which, in
its simplified form can be written as:

Eion = C + Smax - log(a + aop) (D

with Ejon, ionic potential; C, constant; spax, maxi-
mum (Nernstian) slope (s=In(10)RT/zF, where R, T,
F and z, have their usual meaning) a, activity of
the measured ion, ag, detection limit of the electrode
expressed as ion activity.

Both, the Nernst equation and the Nicolsky-
Eisenman equation require the use of ion activities,
not concentrations. To convert the ion concentrations
of the calibration solutions into activities, the activ-
ity coefficient of a given calibration solution can be
calculated using the Debye-Hiickel formalism (see
Ammann 1986). During intracellular recordings, the
output voltage of an electrode can then be converted
into an ion activity, using the determined calibration
curve. As the composition of the cytoplasm is usually
not sufficiently well known, this intracellular activity
value cannot be converted back into a concentration. If
the activity coefficient of the measured ion within the
calibration solutions cannot be calculated, the most ac-
curate way would be to describe the measured values
as having the same activity as a calibration solution
with a certain concentration (see Alvarez-Leefmans
et al. 1984, 1986).

Usually, however, it is simply assumed that the
ionic strength and therefore the activity coefficient of
the measured ion in the cytoplasm is similar to that of
the calibration solutions and the intracellular value is
then given as a concentration. The Nicolsky-Eisenman
equation is therefore written as:

Eion = C + smax - log(c + ¢p) ()

¢, concentration of the measured ion; ¢y, detection
limit of the electrode expressed as concentration

Although not strictly correct, the error introduced
by this assumption is probably well within the range
of the general accuracy of the method. Giving val-
ues as concentrations also has the advantage that
values obtained by various other methods can be
compared much more directly to those obtained with
ion-selective microelectrodes.
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Figure 1. Calibration of a Mg2+-selective microelectrode based on the sensor ETH 5504. (A) Recording of the potential output, Ejyg, of the
electrode during the calibration procedure. The calibration solutions contained an ionic background of 80 mM KCI, 10 mM NaCl, 10 mM
HEPES, pH adjusted to 7.3 with KOH. Mg2+ was added from a 1 M MgCl, stock solution (FLUKA) to a final concentration of 10 mM,
2.5 mM and 0.5 mM, respectively. The nominally Mg27L free calibration solution contained approximately 20 uM Mng In the ‘0 mM Mg2+’
solution the residual Mg2+ was buffered with 3 mM EDTA. The free Mg2+ concentration in this solution was assumed to be below 10~8 M.
(B) Plot of the Epg values obtained from the calibration shown in A against the pMg values of the calibration solutions (e). The values are
fitted with the Nicolsky-Eisenman equation (thick line) assuming a smax of —28.2 mV/decade and a detection limit of 9.0 M. Thin lines depict
the asymptotes of the fitted curve. The projection of the intercept of the asymptotes onto the x-axis yields the detection limit (pMg 5.05) of the

electrode.

pMg



As shown in Figure 1, the shape of a calibra-
tion curve, as derived from the Nicolsky-Eisenman
equation can be described by two parameters: the
maximum (Nernstian) slope, smax, at high ion concen-
trations and the detection limit, cg, defined as the ion
concentration at the intercept of the two asymptotes of
the curve (Ammann 1986). By adjusting the numerical
value of C, the values obtained during an electrode
calibration can be fitted with the Nicolsky-Eisenman
equation. In theory, it is therefore sufficient to calibrate
an ion-selective microelectrode in three calibration so-
lutions: two solutions containing high concentrations
of the measured ion to determine spax and one solution
not containing the measured ion, to be able to deter-
mine cg. It is, however, advisable to add at least one
calibration solution with a concentration close to the
expected intracellular concentration of the measured
ion. The three values determined during calibration,
Smax, co and C are sufficient to calculate the free ion
concentration, ¢, at any time during a recording by
solving the Nicolsky-Eisenman equation for the ion
concentration c:

c = lo(Eion_C)/Smax — ¢p. (3)

Relevant for the resolution and thus for the ac-
curacy of a measured value is the slope within the
physiological concentration range of this ion, Sphysiol,
which can be calculated as:

c

“)

Sphysiol = Smax *
phy ctco

Thus, the resolution of ion-selective microelec-
trodes is generally better for monovalent ions than for
divalent ions and increases with increasing c/co. As
can be seen from this equation, Sphysiol Will only be
50% of smax if ¢ equals cp. Assuming that for optimal
performance sphysiol should be at least 90% smax this
means that the detection limit of an ion-selective mi-
croelectrode should be less than 1/9 of the expected
intracellular ion concentration.

According to the Nicolsky-Eisenman equation, cy
should only depend on the concentrations of the inter-
fering ions and their respective selectivity coefficients.
It has been found, however, that other factors such as
tip diameter and membrane resistance also influence
co (Spichiger & Fakler 1997). Therefore, the perfor-
mance especially of very fine electrodes may be con-
siderably less than expected from the given selectivity
coefficients. In some cases, the quality of ion-selective
microelectrodes may be greatly improved by bevelling
the electrode tip.
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Finally, as pointed out by Fry et al. (1990) it has
to be kept in mind that the recorded potential is pro-
portional to the logarithm of the ion concentration (or
the plon = —log [Ion]) but not to the ion concentra-
tion itself. Thus, if the potentials recorded e.g. during
a determination of the intracellular resting levels for
a certain ion species show a normal distribution, the
plon values are also normally distributed (at least if
[Ton] is far above cg, or if the scatter of the values
is small) but not the values of the free intracellular
ion concentration, [lon];. Averaging individual [Ion];
values therefore overestimates the mean [Ion]; value.
To obtain a more accurate estimate of the mean [lon];
the individual plon values should be averaged and the
resulting mean plon value can then be converted into
a mean [lon];.

Mg2*-selective microelectrodes

ETH 1117

The first Mgt -ionophore used for measuring the in-
tracellular free Mgt concentration ([Mg>t];) was
developed about 20 years ago (ETH 1117, Lanter et al.
1980). However, the use of this sensor for intracellular
Mg2+ determinations was very limited, not, in spite
of wide-spread prejudice, because of the lack of selec-
tivity for Mg?T over Ca>* but because of the lack of
selectivity for Mg?+ over K. In solutions simulating
intracellular conditions (100 mM K*, 10 mM Nat,
10~7 M Ca?*) Lanter et al. (1980) report a detection
limit of these electrodes, given as Mgt activity, of
0.32 mM which is equivalent to a Mg?* concentra-
tion of about 0.8 mM (activity coefficient 0.38 for a
ionic strength of 0.1 M, Debye-Hiickel formalism, see
Ammann 1986). This corresponds well to the mean
detection limit estimated from calibrations given by
Alvarez-Leefmans ef al. (1984, 1986), McDermott
(1990), McGuigan & Blatter (1989), Lopez et al.
(1984) and Hess et al. (1982), of 0.98 + 0.55 mM
(range 0.5 to 2 mM) which is at or even above the
actual intracellular values (Figure 2A). According to
the definition of the detection limit this means that
the slope of the electrodes in this range is only half
the ideal Nerstian value, i.e., less than 15 mV/pMg-
unit. As Alvarez-Leefmans ef al. (1986) showed that
a 20% change in KT altered the electrode potential in
the relevant range by about 3 mV this would alter the
determined [Mg2+]i considerably. It is therefore not
surprising that some [Mg?T]; values determined with
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these electrodes were probably considerably overesti-
mated (Lanter er al, 1980; Hess et al. 1982; Lopez
et al. 1984, for rev. see Blatter and McGuigan 1988).
Reliable determinations of [Mg?*]; could only be car-
ried out if [KT]; was either known from previous
studies and very stable (McGuigan et al. 1990) or
if it was measured simultaneously and the contribu-
tion of KT interference was taken into consideration
(Alvarez-Leefmanns 1986).

ETH 5214

The considerably improved Mg**-ionophore ETH
5214 was developed in 1989 (Hu et al. 1989), imme-
diately replaced ETH 1117 and is still in use. As ETH
1117, ETH 5214 is pH-independent and shows negli-
gible Ca’T-interference under intracellular conditions,
i.e. for Ca®t concentrations < 107° M (McGuigan
et al. 1990; Giinzel & Galler 1991), but it is unsuit-
able for extracellular Mg”-determinations, i.e., in the
presence of millimolar Ca>t concentrations. Interfer-
ence through Nat and KT is improved; however, it
still has to be taken into consideration when design-
ing calibration solutions. Selectivity coefficients for
Na*t and K are almost identical which implies that
even large intracellular changes in [Na™]; and [K™];
are no problem as long as the sum of [Nat]; + [KT];
is roughly constant. Calculated from the selectivity
coefficients given by Hu ef al. (1989), the detection
limit for electrodes based on ETH 5214 in calibration
solutions containing 80 mM KCl, 10 mM NaCl and
about 10~ M Ca* should be at a Mg?* concentra-
tion of about 0.09 mM (0.03 mM Mg activity). This
is in good agreement with the mean detection limit of
0.07 £ 0.04 mM (n = 25) determined by Giinzel et al.
(1997). 1t is sufficiently low for most preparations and
experimental conditions, however, it is by no means
ideal, as sphysiol is well below 90% smax (Figure 2A).
Although microelectrodes based on the sensor
ETH 5214 are well suited to measure resting levels
of [Mg2+]i there are several limitations when inves-
tigating [Mg?*]; regulation. The greatest problem is
that these electrodes tend to loose selectivity dur-
ing longer-lasting experiments, so that in many cases
a calibration carried out after an experiment differs
considerably from the initial calibration. The rea-
son for this is unclear; only part of this seems to
be due to a clogging of the electrode by cell frag-
ments that can be removed by quick rinsing under
tap water. A further observation in our laboratory
was an interaction of Mg?*-selective microelectrodes

with unknown compounds (possibly plasticizers) from
silicone-containing products such as sylgard or sili-
cone tubing. We observed that Mg>*-selective micro-
electrodes invariably failed to work in experimental
chambers that had been freshly coated with sylgard,
while other types of electrodes (pH, Na™, K, CI7)
were not affected. The resulting loss in sensitivity
could be prevented if the chambers were stored in
ethanol for about a week prior to use. Silicon tubing
was initially used in one of the perfusion systems.
If calibration solutions were left in contact with this
tubing for longer periods of time, Mg?*-electrodes
showed a transient response that was not present if
the duration of contact between the tubing and the
solutions was minimized (Petra Schulte, Universitit
Diisseldorf, unpublished results). Similar effects of sil-
icone on Mg”*-macroelectrodes have been described
by Marsoner et al. (1994).

The unaccounted loss of selectivity during an ex-
periment is a serious problem for the evaluation of the
data. Resting [Mg”*]; levels should only be evaluated
from measurements that obey strict criteria. Various
criteria have been set by different authors such as a
difference of 1 mV or less between the two calibra-
tion curves obtained before and after an experiment
(Blatter & McGuigan 1986; McDermott 1990; Giinzel
& Galler 1991) or a difference of less than 0.4 mM for
the [Mg2+]i values calculated from the two calibration
curves (Buri & McGuigan 1990, Hintz et al. 1999).

Even if a recording does not comply with these cri-
teria, however, they may still be used for the evaluation
of rates of Mngr influx or extrusion, as long as the
values are not expressed as a change in [Mg>*]; per
time unit but as a change in pMg per time unit. This is
demonstrated in Figure 3A. In the majority of cases,
calculation of pMg from the two calibration curves
obtained before and after an experiment causes a par-
allel shift in the calculated values. Rates of changes in
pMg thus remain virtually independent of the calibra-
tion used. If these values were converted into [Mg2+]i
before an evaluation of the rates of de- or increase,
the values calculated from the two calibrations would
differ greatly (see Figure 3B).

Mg**-selective microelectrodes based on ETH
5214 show strong interference through substances,
such as Lit, TMA or choline, that may be used to
replace Na* when studying the function of Nat/Mg>+
antiport (Gasser 1990, McGuigan et al. 1993). More-
over, all drugs that are commonly used to inhibit
Nat/Mg?* antiport, such as amiloride, imipramine
and quinidine show severe interference (Giinzel &
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Figure 2. Properties of Mg2+-selective microelectrodes based on the Mg2+-sensors ETH 1117, ETH 5214, ETH 7025 and ETH 5504. (A)
Theoretical relationships between pMg and the electrode potential for the four Mg2Jr sensors, ETH 1117, ETH 5214, ETH 7025, and ETH
5504, calculated from the published selectivity coefficients (Lanter et al. 1980, Hu et al. 1989; Schaller e al. 1993; Zhang et al. 1998, thin
lines). Thick lines, s > 90% smax; #, detection limit; shaded area, physiological range of [Mgzﬂi (B) Theoretical relationships (thick lines)
and mean measured relationships (thin lines) & SD (shaded areas, n = 3-4) between pMg and the electrode potential for microelectrodes
based on the Mg2+ sensors ETH 7025 and ETH 5504. For both sensors, microelectrodes with tips broken to a diameter of about 5 um had the
predicted properties, while the sensitivity was considerably reduced if the tip size was < 1 um.
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Figure 3. Recording of [Mgzﬂi in a leech Retzius neurone during which the Mg2+—selective microelectrode (based on ETH 5214) showed
a pronounced loss in sensitivity. During a recording of [Mg2+]i in a leech Retzius neurone the cell was loaded with Mg2+ by increasing the
extracellular Mg27L concentration from 1 to 30 mM. After reducing the extracellular Mg2Jr concentration back to 1 mM, Mg27L was extruded
from the neurone until [Mg2+]i reached its original value. In this experiment the calibration curves of the Mg2+-selective microelectrode
obtained before and after the experiment, differed greatly. The loss in sensitivity resulted in a parallel shift of the pMg values calculated
from the calibration before (upper curve) and after (lower curve) the experiment. While it is impossible to determine [Mg2+]i from such an
experiment, the rate of change, expressed as pMg/min, differs only marginally, as indicated by the linear regression (thin line) during the phase
of Mg27L extrusion. (B) If the pMg-values from A are converted into [Mgzﬂi the rates of Mg2Jr extrusion, expressed as (mM/min), differ
drastically.



Schlue 1996). In some cases, these substances may
still be used, as they do not sufficiently enter the cells
to elicit an electrode response. As the permeability for
these drugs may depend on the cell type (Hintz et al.
1999), interference tests have to be carried out for each
drug and preparation.

While ETH 5214 is insensitive to pH changes even
over a range that by far exceeds physiological values,
it does respond to NHI, which is often used to induce
changes in pH; (Glinzel et al. 1997; McGuigan et al.
1993).

In spite of all these difficulties related to the use of
microelectrodes based on ETH 5214, these electrodes
still seem to provide more reliable results than the
fluorescence dyes magfura-2 and magfura-5. While
magfura-5 shows strong interference from changes in
pH; (Buri et al. 1993), major interference at magfura-
2 occurs through Ca®*, even at physiological levels.
This has most impressively been demonstrated by
an experiment carried out by Kennedy (1998), dur-
ing which she simultaneously measured [Mg?*]; with
magfura-2 and a Mg T -selective microelectrode. This
experiment shows that under conditions that increase
[Ca2*]; the fluorescence signal shows an apparent in-
crease in [Mg2+]i which is not at all visible in the
recording of the Mg?*-selective microelectrode. It
thus has to be concluded that the apparent increase
in [Mg2*]; indicated by the fluorescence signal was
solely due to an increase in [Ca?t];.

Discrepancies between measurements using Mg?+-
selective microelectrodes and magfura-2 were also
found by Munsch et al. (1995) in leech glial cells,
although here the reason for these discrepancies re-
mained unclear.

In a study on pancreas acinar cells, both magfura-
2 and Mg?*-selective microelectrodes were employed
to rule out contributions of changes in the free Ca>*
concentration in the cytoplasm and in intracellular
stores to the Mg>* signal. It was observed that the
magfura-2 signal only paralleled the signals obtained
with microelectrodes if the cells were concomitantly
loaded with the Ca®t buffer, BAPTA-AM (Mooren
et al., 2001), suggesting that increases in [Ca®T]; in-
terfered with the signal of magfura-2 but not with that
of the Mg? " -selective microelectrodes.

One of the major advantages of Mg>*-selective
microelectrodes over other techniques for measuring
[Mg?*]; is that they can easily be combined with other
electrophysiological techniques, such as two-electrode
voltage-clamp or iontophoretic injection of various
substances. It is also possible to form multi-barrelled
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microelectrodes that allow to measure the Ey, and up
to three different ion-species.

Triple-barrelled Mg?*- and Na*-selective micro-
electrodes proved to be extremely useful for investiga-
tions of Nat/Mg?*-antiport systems in neurones and
glial cells of the central nervous system of the leech
Hirudo medicinalis (Giinzel & Schlue 1996; Hintz
et al. 1999). These electrodes allow simultaneous
measurement of all three parameters that determine
the driving force of such an antiport, Ep, [Mg2+]i
and [Nat];. Based on such recordings it is possi-
ble to make predictions about the stoichiometry of
this antiport. The validity of these predictions could
then be verified in experiments that combined the
use of Mg?*-selective microelectrodes with a two-
electrode voltage-clamp (Miiller ez al. 1997a). In these
experiments, the reference channel of the double-
barrelled Mgt -selective microelectrode served as
voltage-electrode in the voltage-clamp array, while a
separate, conventional microelectrode was used for
current-injection. The results of these experiments
showed that the rate of Mg>* extrusion from leech
Retzius neurones decreased with more negative E,
values and thus supported the hypothesis, that the
Nat/Mg?*-antiport in these neurones works with a
stoichiometry of 1 : 1. Similarly, Kennedy (1998)
voltage-clamped neurones of the snail Helix aspersa
to —60 mV while investigating Mg>" extrusion, thus
avoiding secondary effects resulting from depolariza-
tions elicited by the various experimental conditions.

A relatively recent development is the construc-
tion of multi-barrelled Mg?*/Nat/H T -sensitive mi-
croelectrodes that have been successfully used in
leech neurones to determine the pH-dependence of
intracellular Mg?*-buffering and Mg?*-sequestration
(Giinzel et al. 1997, 1999, 2001; for rev. see Giinzel &
Schlue 2000) and to investigate changes in [Mg?*]; in-
duced by the activation of glutamate receptors (Miiller
et al. 1997b). Although, admittedly, such electrodes
are somewhat tedious to manufacture, they proved to
be essential to detect correlations between changes in
intracellular ion concentrations if these changes were
small and/or variable.

In the above-mentioned studies on intracellular
Mg?*-buffering, triple-barrelled Mg?t/H* -electrodes
were also employed in control experiments in cell-
sized electrolyte droplets (Giinzel et al. 1999, 2001),
demonstrating that these electrodes are not only use-
ful in cellular but also in technical systems. In both
the experiments on cells and on electrolyte droplets
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Figure 4. Recording of [Mg2+]i in a leech Retzius neurone with a Mg2+ -selective microelectrode based on ETH 5504. A Mg2+-selective
microelectrode based on ETH 5504 and a separate intracellular reference electrode were used to determine [Mgzﬂi in a leech Retzius neurone.
A depolarization of the neuronal membrane by increasing the extracellular KT -concentration to 89 mM did not cause any changes in [Mg2+]i.
Similar to the experiment shown in Figure 3, the neurone could be loaded with Mg2+ by increasing the extracellular Mg2+ concentration from
1 to 30 mM. The observed [Mgzﬂi increase was fully reversible after decreasing the extracellular Mg27L concentration back to 1 mM (gap:

approx. 30 min).

recordings of [Mg>*]; could be combined with an
iontophoretic injection of HY, OH™, or Mg>*.

ETH 7025, ETH 5506, ETH 5504

Compared to the Mg sensors developed in the 80°s,
the newer sensors, namely ETH 7025 (Schaller et al.
1993), but especially ETH 5506 (O’Donell ez al. 1993,
Spichiger and Fakler 1997) and ETH 5504 (X. Zhang
et al. 1998) have excellent selectivities for Mg+ over
all major physiologically relevant ions. The reported
selectivity data (X. Zhang ef al. 1998) suggest that
Sphysiol Of electrodes based on ETH 5504 should be
> 90% for [Mg**]; values as low as 0.1 mM (Fig-
ure 2A). The selectivity for Mg+ over Ca’>* should
even be sufficient to allow determinations of the ex-
tracellular Mngr concentration, i.e., in the presence of
millimolar Ca2t concentrations. However, while these
sensors have been successfully used for Mg+ selec-
tive macroelectrodes (see below) their usefulness for
microelectrodes has yet to be demonstrated. The fun-
damental difference between ETH 1117 / ETH 5214
and all newer sensors (ETH 7025, ETH 5506, ETH

5504) is the composition of the membrane matrix.
While both ETH 1117 and ETH 5214 work in a true
liquid membrane, ETH 7025 / ETH 5506 / ETH 5504
require the presence of PVC. To enable filling of a
microelectrode, the PVC has to be dissolved, e.g., in
THF or cyclohexanone. After filling, the evaporation
of these substances causes the sensor column to shrink
considerably. This eventually results in a tearing of the
sensor column or a withdrawal of the column from the
electrode tip. In both cases the microelectrodes will
be non-functional. The risk for tearing of the sensor
column can be reduced by minimizing the height of the
sensor column. This, however, can only be achieved
by front-filling the electrodes, which requires larger
electrode tips and which, from our experience, makes
the construction of double-barrelled microelectrodes
impossible. Therefore, the use of these electrodes
is limited to cells large enough to tolerate the im-
palement of two separate microelectrodes, such as
frog oocytes and some large invertebrate neurones or
muscle fibres.



To our knowledge there is, so far, no report on
the successful use of microelectrodes based on ETH
7025 and ETH 5506. The only report of the successful
use of microelectrodes based on ETH 5504 does not
concern a determination of [Mg>*]; in a living cell but
Mg2+ measurements in small (50 pl) samples of rat
serum (X. Zhang et al. 1998).

Our own, as yet preliminary, data for microelec-
trodes based on ETH 7025 and especially on ETH
5504 are very promising but also show that further ad-
justments are needed before these sensors can replace
ETH 5214 in physiological experiments. Microelec-
trodes filled with ETH 7025 or ETH 5504 were both
greatly superior to microelectrodes based on the sen-
sor ETH 5214, as long as the tip size of the electrodes
was in the range of about 5 um. In calibration so-
lutions mimicking intracellular conditions (80 mM
KCl, 10 mM NaCl, nominally Ca?t-free, see Fig-
ure 2B), microelectrodes based on ETH 7025 had a
maximum slope of —30.6 & 1.73 mV/decade and a
detection limit of 39.0 + 7.6 uM (n = 3). Mi-
croelectrodes based on ETH 5504 even had a mean
detection limit of 7.2 + 4.7 uM at a mean slope of
—28.7 £ 1.47 mV/decade (n = 3, Figure 2B). As
shown in Figure 1, this detection limit is actually low
enough to allow the determination of the free Mg+
concentration in a nominally Mg?*-free solution.

If, however, the tip-size was reduced to below
1 pum, to enable impalement into cells, the prop-
erties of the electrodes changed considerably. Ini-
tially, none of these microelectrodes showed any
Mg?*-sensitivity. Sensitivity could be partially re-
stored by bevelling and we assume that the complete
loss of sensitivity is mainly due to the formation of
a dead space at the very tip of the electrode, due
to the shrinking of the sensor column. After bevel-
ling, the mean slope of electrodes based on ETH 7025
amounted to —27.5 = 1.9 mV/decade while the de-
tection limit increased to 0.15 £ 0.05 mM (n = 4,
Figure 2B). The detection limit thus was significantly
higher than the detection limits found for electrodes
based on ETH 5214. In contrast, bevelled micro-
electrodes based on ETH 5504 had a mean slope
of —25.5 £ 1.0 mV/decade and a detection limit of
45 £ 23 uM (n = 3), well below any microelec-
trode based on ETH 5214, but still significantly above
ETH 5504 based microelectrodes with large tips (Fig-
ure 2B). It will now be the principal task to further
improve the composition of the membrane matrix to
minimize shrinking of the sensor column and to fur-
ther reduce membrane resistance (Spichiger & Fakler
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1997) to optimize the performance of these sensors in
microelectrodes.

Some preliminary experiments with microelec-
trodes based on the sensor ETH 7025 in leech Retzius
neurones resulted in a mean [Mg?T]; of 0.36 mM
(pMg of 345 £ 0.12) at a mean E, value of
—36.7 £ 5.0 mV (n = 3) which was not significantly
different from the values obtained with electrodes
based on the sensor ETH 5214 ([Mg2+]i = 0.46 mM,
pMg = 3.34 + 0.23, E, = 35.6 £ 6.1 mV, n =
32). An example of an intracellular recording in a
leech Retzius neurone using a microelectrode based
on ETH 5504 is shown in Figure 4. The trace shows
that [Mg®*]; is not affected by a depolarization of
the cell in the presence of high (89 mM) extracellular
K™ concentrations. Similar to the experiment shown
in Figure 3B, [Mg?"]; increases during an increase in
the extracellular Mg+ concentration from 1 to 30 mM
and returns to its original level upon the reduction of
the extracellular Mg>* concentration back to 1 mM.
These results demonstrate that electrodes based on
ETH 7025 and ETH 5504 are functional and can be
applied to living cells.

Mg?*-selective macroelectrodes

While the new, PVC-based Mg?* sensors still have
to be optimized for their general application in micro-
electrodes for the determination of [Mg2+]1, they have
been very successfully used in macroelectrodes. Both
ETH 7025 (Zhang et al. 1995) and ETH 5506 (Liithi
et al. 1997) were used for the construction of macro-
electrodes that are less than 5 mm in diameter and thus
enable measurements in very small volumes. Elec-
trodes based on ETH 5506 can reliably be calibrated
down to 1 uM (Liithi et al. 1997).

Although these electrodes are far too large to be
used for a direct determination of [Mg2+]i they can
nonetheless provide information on possible changes
in [Mg?*];, e.g. from measurements in cell-lysates.
Thus, an estimate of [Mg2+]i could be obtained for
young and mature spinach chloroplasts, showing, that
[Mg2*]; rises more than twofold during chloroplast
maturation (Horlitz & Klaff, 2000). This study sup-
ports the hypothesis that Mg?+ may be the physio-
logical regulator of the differential mRNA stability
observed during leaf maturation.

Furthermore, these electrodes have been used for a
direct determination of the intracellular Mg+ buffer-
ing either by titrating cell lysates (Glinther et al.
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1995) or by the determination of the Mg+ binding
properties of substances such as ATP (Zhang et al.
1997; Liithi et al. 1999) which is considered a major
intracellular Mg+ buffer.

The ionophore ETH 7025 is also routinely used
in commercially available equipment for the determi-
nation of [Mg?*] in blood samples (Marsoner ef al.
1994).

Conclusions

The development of sensors for the measurement of
MgZ* over the past two decades and especially dur-
ing the past few years has been very successful. The
greatest achievement is that ETH 5506 and 5504,
which are truly Mg?*-selective sensors, allow Mg -
determinations in an extracellular environment, i.e.
in the presence of millimolar Ca>t concentrations.
Mg?*-selective microelectrodes have not yet profited
from the new sensors, as the membrane composi-
tions have not yet been optimized. Preliminary exper-
iments, however, look very promising. The greatest
drawback of the new generation of Mg”*-sensors is
their requirement of the PVC in the membrane ma-
trix which complicates the construction of functional
microelectrodes.
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