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Abstract. The properties of Mg2+ conductances inPara-
mecium tetraureliawere investigated under two-
electrode voltage clamp. When bathed in physiological
Mg2+ concentrations (0.5 mM), depolarizing steps from
rest elicited a prominent Mg2+-specific current (IMg) that
has been noted previously. The dependence of this cur-
rent on extracellular Mg2+ approximated that of Mg2+-
induced backward swimming, demonstrating thatIMg

contributes to normal membrane excitation and behavior
in this ciliate. Closer analysis revealed that the Mg2+

current deactivated biphasically. While this might sug-
gest the involvement of two Mg2+-specific pathways,
both tail-current components were affected similarly by
current-specific mutations and they had similar ion se-
lectivities, suggesting a common pathway. In contrast, a
Mg2+ current activated upon hyperpolarization could be
separated into three components. The first,IMg, had
similar properties to the current activated upon depolar-
ization. The second was a nonspecific divalent cation
current (INS) that was revealed following suppression of
IMg by eccentricmutation. The final current was rela-
tively minor and was revealed following suppression of
IMg and INS by obstinate Agene mutation. Reversal-
potential analyses suggested thatIMg andINS define two
intracellular compartments that contain, respectively,
low (0.4 mM) and high (8 mM) concentrations of Mg2+.
Measurement of intracellular free Mg2+ using the fluo-
rescent dye, Mag-fura-2, suggested that bulk [Mg2+] i

rests at around 0.4 mM in Paramecium.
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Introduction

Recent years have witnessed increasing support for the
idea that intracellular free Mg2+ ([Mg2+] i) may be a criti-
cal regulator of cell activity in eukaryotes (Grubbs &
Maguire, 1987; White & Hartzell, 1989; Romani &
Scarpa, 1992). This notion has been fueled by finding
that most cells maintain [Mg2+] i in the range of 0.2 to 0.8
mM (Alvarez-Leefmans, Giraldez & Gamin˜o, 1987). Al-
though extracellular free Mg2+ is typically not much
greater than [Mg2+] i (plasma contains about 0.8 mM), a
cell’s negative membrane potential provides a strong
driving force for Mg2+ influx. Indeed, if Mg2+ were in
equilibrium across the plasma membrane, internal values
should be of the order of 5 to 200 mM. Maintaining a
low [Mg2+] i thus requires that cells continually remove
this cation from the cytoplasm, and this is accomplished
using Mg2+-specific transporters (reviewed by Beyen-
bach, 1990; Flatman, 1991). Most eukaryotic cells ap-
pear to contain a Na+/Mg2+ exchanger that uses the trans-
membrane Na+ gradient to expel Mg2+ (Beyenbach,
1990; Günther & Ebel, 1990; Flatman, 1991) and there is
also evidence for Mg2+:Cl− and Mg2+:H+ cotransporters
(Günther & Vormann, 1990; Amalou et al., 1994). While
these observations are interesting in their own right, their
true significance becomes apparent only when one con-
siders that many of the enzymes involved in basic cel-
lular functions are Mg2+-dependent and/or Mg2+-
regulated (Cowan, 1995). Further, their requirement for
Mg2+ often approximates [Mg2+] i, suggesting that even
small changes in internal levels could have dramatic ef-
fects on cell activity. There are now many reports of
extracellular factors causing changes in [Mg2+] i (Pa-
olisso et al., 1986; Grubbs & Maguire, 1987; Gylfe,
1990; Grubbs, 1991; Ishijima, Sonoda & Tatibana, 1991;
Dai & Quamme, 1992; Okada, Ishikawa & Saito, 1992;
Hwang, Yen & Nadler, 1993; Singh & Wisdom, 1995;
Sébille et al., 1996) but, while these results are tantaliz-Correspondence to:R.R. Preston
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ing, showing that hormone-induced changes in [Mg2+] i

couple reception of a stimulus with a specific cellular
response has proved difficult. This is due in part to the
fact that when changes in [Mg2+] i have been observed,
they are often relatively small and occur over several
minutes. This makes it difficult to determine their pos-
sible functions.

Attempts to better understand how changes in
[Mg2+] i affect eukaryotic cells have included studies of a
Mg2+-specific conductance inParamecium(Preston,
1990). Though a protozoan,Parameciumpossesses a
sophisticated excitable membrane that bears many char-
acteristics common to neurons and secretory cells (Hin-
richsen & Schultz, 1988). Excitation inParameciumin-
volves Ca2+ influx through voltage-sensitive channels in
the ciliary membrane. Ca2+ then acts as a second mes-
senger to cause ciliary reversal and backward swimming
away from the stimulus (reviewed by Preston & Saimi,
1990). Ca2+ influx also elicits a Mg2+-specific current,
IMg. While Mg2+ fluxes have been described in other
excitable cells, they usually occurvia Ca2+ channels or
nonspecific cation channels (Nakatani & Yau, 1988;
Narita, Kawasaki & Kita, 1990; Kawa, 1996).IMg in
Parameciumis unusual because Mg2+ is the preferred
change carrier and because Ca2+ is impermeant, a selec-
tivity sequence sets it apart from most other known ion
channels. Perhaps most interestingly,IMg activates rap-
idly upon membrane excitation and the resultant Mg2+

flux is sufficiently large that it could change [Mg2+] i

significantly. The rapid kinetics and magnitude of this
current means that it is easy to study and manipulate
using conventional electrophysiological techniques. Fur-
thermore, mutations are available that either specifically
suppress (‘‘eccentric A’’, Preston & Kung, 1994a,b) or
potentiate (‘‘chameleon’’, Preston & Hammond, 1997)
this current.Eccentricprovides a living control that al-
lows the experimenter to distinguish changes caused by
Mg2+ influx from those associated with Mg2+ acting ex-
tracellularly, whereaschameleonprovides a way of en-
hancing and highlighting intracellular effects. Thus,IMg

in Parameciumpresents a unique and invaluable oppor-
tunity to determine the consequences of physiological
changes in [Mg2+] i in a eukaryotic cell.

Initial characterization ofIMg in Parameciumwas
brief and was performed using much higher concentra-
tions of Mg2+ extracellularly than are found in freshwater
(5 mM, c.f. the 0.2 to 0.7 mM Mg2+ found in soft and hard
water, respectively, Machemer & Deitmer, 1985). This
has raised questions about the physiological significance
of IMg in vivo. The present study investigatesIMg in
more detail and at physiological Mg2+ concentrations.
It takes advantage of the availability of theIMg-deficient
eccentric mutant and of a newly isolated mutant that
lacks IMg upon hyperpolarization (‘‘obstinate A’’) to re-
veal a Mg2+-permeable but nonspecific cation conduc-

tance inParamecium.Finally, evidence is presented that
suggests that Mg2+ may be compartmentalized within
Paramecium.

Materials and Methods

CELL STOCKS AND CULTURE CONDITIONS

The present studies were conducted using a wild-type stock ofPara-
mecium tetraurelia(stock 51, sensitive) and three mutants derived from
this stock: d4-95pawn B(Kung, 1971a,b), d4-700eccentric A(Preston
& Kung, 1994b) and pa-716obstinate A(unpublished). All stocks also
containednd6,a trichocyst non-discharge mutation (Lefort-Tran et al.,
1981). Cells were raised at 23°C on ‘‘C7’’, a semi-defined culture
medium similar to that used previously (Preston, Saimi & Kung, 1990).
This medium contained 0.2 mM MgSO4, 0.5 mM CaCl2, 0.5 mM

K2HPO4, 0.1 g/l NH4-acetate, 0.2 g/l glucose, 3 mM NaOH, 0.5 mg/l
stigmasterol, 7.5 mg/l phenol red, 5 mM HEPES buffer and was inocu-
lated withEnterobacter aerogenesprior to introducing paramecia.

SOLUTIONS

Unless stated otherwise, all solutions contained (in mM): 1 Ca2+ (0.25
Ca(OH)2 + 0.75 CaCl2), 0.01 EDTA, 1 HEPES buffer, pH 7.2. Chlo-
ride salts of other ions were added as required. ‘Resting solution’
additionally contained 4 mM KCl. ‘‘Dye buffer’’ contained (in mM) 5
Na+, 2 Mg2+ and 1 K+. Studies of the Mg2+ current (including inves-
tigations into its specificity) used solutions supplemented with 10 tet-
raethylammonium (TEA) Cl to block K+ currents.

BEHAVIORAL TESTING

A sample of cells (15–20 individuals) was transferred from growth
medium to resting solution where they remained for 10 min. Individu-
als were then selected using a micropipette under low-power magnifi-
cation and ejected into a solution containing Mg2+. The duration of
evoked backward swimming was timed using a stopwatch.

INTRACELLULAR RECORDING

Membrane currents were recorded using established voltage-clamp
techniques (Hinrichsen & Saimi, 1984; Preston, Saimi & Kung, 1992).
The two intracellular capillary microelectrodes used for clamping the
membrane contained either 3M KCl (when recording K+ currents) or 4
M CsCl (when recording Mg2+ currents), tip resistance 10–25MV.
Currents were filtered at 1–2 kHz. All experiments were performed at
room temperature (22.5–25°C).

DATA ANALYSIS

Data were collected and analyzed using pCLAMP software (Axon
Instruments, Foster City, CA). All currents were leak-corrected on the
basis of linear responses induced by −3 to −12 mV steps of 20-msec
duration. Membrane capacitance was determined from the time course
of membrane voltage responses to 0.2 nA current injections (100
msec). Capacitive transients elicited by step changes in membrane
potential required up to 0.6 msec to settle, so tail current analyses
excluded the initial 1–2 msec of the trace. Current amplitudes at the
instant of stepping to a new voltage level were then determined by
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back-extrapolation. When determining the Mg2+-concentration depen-
dence of currents, cells were stepped for 500 msec from holding po-
tential (between −40 and −30 mV depending on [Mg2+]o) to potentials
that were 20 mV beyond that required to elicit a maximal (for currents
activated upon depolarization) or saturating (for currents activated
upon hyperpolarization) inward tail current (a voltage excursion of
ø140 mV). All data are presented as means ±SD, and were compared
statistically using a Student’st-test:P values < 0.05 were considered
significant.

SPECTROPHOTOMETRICDETERMINATION OF [Mg2+] i

[Mg2+] i was estimated using the fluorescent probe, mag-fura-2 (Mo-
lecular Probes, OR). A 500-ml sample of cells in logarithmic growth
was concentrated by centrifugation then washed and resuspended in 2.5
ml of dye buffer. Membrane-permeant dye (mag-fura-2 AM) was
added (20mg dissolved in 20ml anhydrous DMSO) and loading con-
ducted in the dark at 28°C for 1 hr. Cells were then washed into 100
ml of fresh dye buffer and incubated in the dark at room temperature
for 1 hr to allow for dye conversion. The cells were then concentrated
and transferred in 1.8 ml of dye buffer to a stirred quartz cuvette placed
within the excitation beam of a SLM-Aminico 4000 spectrofluorom-
eter. [Mg2+] i was calculated using the following equation (seeGrynk-
iewicz, Poenie & Tsien, 1985):

@Mg2+# = KdQ
~R − Rmin!

~Rmax − R!

whereR is the ratio of mag-fura-2 fluorescence intensity recorded at
490 nm using excitation wavelengths of 320 nm (for Mg2+-complexed
dye) and 390 nm (Mg2+-free dye),Rmin is the ratio in the absence of

[Mg2+]o (chelated using 3 mM EDTA) and Rmax is the ratio in the
presence of 12 mM [Mg2+]o. Rmin and Rmax were determined after
permeabilizing the cells with 0.02% Triton X-100.Q was determined
from the ratio of emissions from Mg2+-free and Mg2+-complexed dye
using an excitation wavelength of 390 nm.Kd of mag-fura for Mg2+ in
vivo has been calculated to be 1.5 mM (Raju et al., 1989; Grubbs &
Walter, 1994).

Results

ACTIVATING IMg UNDER PHYSIOLOGICAL CONDITIONS

Early studies ofParameciumbehavior and electrophysi-
ology routinely used simple experimental solutions con-
taining 1–4 mM K+, 1 mM Ca2+ and 1 mM Tris, MOPS or
HEPES buffer. These solutions were designed to mimic
freshwater,Paramecium’snatural habitat. Depolarizing
Parameciumin such a solution (‘‘resting solution’’) elic-
ited an inward Ca2+ current (ICa(d); Fig. 1A, upper cur-
rent trace, asterisk) followed by two outward K+ cur-
rents. Returning to −40 from 0 mV evoked a slow (t ≅
100 msec) outward tail current caused by K+-current de-
activation (Fig. 1A, arrow). The Ca2+ current normally
provides the rise in [Ca2+] i that drives ciliary reversal and
backward swimming inParamecium,whereas the K+

currents help repolarize the membrane and restore for-
ward swimming. All three currents have been described

Fig. 1. Currents activated in the presence of extracellular Mg2+. (A) Currents upon depolarization. Currents were activated by 500-msec steps from
−40 to 0 mV under voltage clamp (membrane potential trace:top). Upper current traceshows membrane response in a Mg2+-free solution
containing 1 mM K+ and 1 mM Ca2+ (seeMaterials and Methods). The initial inward transient (asterisk) reflected activation ofICa(d), followed by
two outward K+ currents. Thearrow indicates the slow decay of the tail current associated withIK(Ca,d). Middle current tracewas elicited after
adding 0.5 mM Mg2+ to the bath solution. Digital subtraction of the previous trace from the response in Mg2+ yielded a difference current that
approximatedIMg (lower current trace). Note that thelower tracehas been scaled by a factor of two to better show development of the inward
current. (B) Current elicited by 500-msec step hyperpolarizations from −40 to −100 mV (voltage trace,top). In the absence of Mg2+, the voltage
step elicited an inward Ca2+ transient (ICa(h): asterisk) and two inward K+ currents (upper current trace). The arrow indicates the decay ofIK(h) and
IK(Ca,h) tail currents. Adding 0.5 mM Mg2+ to the bath potentiated the inward current and promoted a slow inward tail current upon returning to −40
mV (middle current trace). The difference current (lower current trace) is a rough approximation ofIMg upon hyperpolarization. Traces in this and
all subsequent figures have been corrected for linear leak current (seeMaterials and Methods). Broken lines represent holding current.
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previously (Oertel, Schein & Kung, 1977; Saimi et al.,
1983). HyperpolarizingParameciumunder these same
conditions elicited a similar yet distinct set of currents.
The peak inward current in Fig. 1B (upper trace, aster-
isk) comprised a novel hyperpolarization-activated Ca2+

current (ICa(h)) and a K+ current. Both currents inacti-
vated during the voltage step, but Ca2+ entering the cell
via ICa(h)then activated a Ca2+-dependent K+ current that
developed slowly during the step and was sustained for
at least 2 sec (Preston et al., 1990). The outward tail
current upon returning to rest (Fig. 1B, upper trace, ar-
row) reflected K+-current deactivation. These three cur-
rents have also been described previously (Oertel, Schein
& Kung, 1978; Preston et al., 1990, 1992; Richard, Saimi
& Kung, 1986).

Freshwater contains Mg2+ in addition to K+ and
Ca2+. The concentration varies according to the degree
of hardness, but is typically around 0.2–0.7 mM (see
Machemer & Deitmer, 1985). When a physiological
concentration of Mg2+ (0.5 mM) was added to resting
solution, the outward current elicited by step depolariza-
tion was reduced slightly and the tail now comprised
both outward and inward components (Fig. 1A, middle
trace). Step hyperpolarization in the presence of Mg2+

yielded an inward current that was increased compared
with the response in Mg2+-free resting solution, while
returning to −40 mV elicited a prominent, slow, inward
tail (Fig. 1B, middle trace). Subtracting the currents elic-
ited in the absence of Mg2+ from those with 0.5 mM
Mg2+ yielded difference currents (Fig. 1A andB, lower
traces) that approximated a Mg2+-specific conductance,
IMg (Preston, 1990).

To examineIMg in isolation from the K+ currents,
the clamp microelectrodes were now filled with CsCl
instead of KCl, while TEA+ (10 mM) replaced K+ in the
bath. Cs+ blocks K+ currents intracellularly while TEA+

blocks the K+ currents extracellularly (Hinrichsen &
Saimi, 1984; Preston et al., 1990) to yield Ca2+- and
Mg2+-currents. TEA+ had no significant effect onIMg

(not shown). Step depolarization ofParameciumunder
these conditions again elicitedICa(d)which activated rap-
idly and then inactivated within milliseconds (Fig. 2,
upper two traces). Returning to −40 mV evoked a slow
inward tail current representing deactivation ofIMg. Step
hyperpolarization also elicited an inactivating Ca2+ cur-
rent (ICa(h)), followed at ca. 200 msec by the slower-
activating Mg2+ current (Fig. 2A, lower three traces).
Again, a return to −40 mV following step hyperpolariza-
tion was accompanied by a slow inward tail. The rela-
tionship between currents measured at the end of the
500-msec voltage step and membrane potential (Vm) was
N-shaped (Fig. 2B, filled circles). This is because while
hyperpolarization always activated inward currents, posi-
tive steps elicited inward currents at −30 to 10 mV and
outward currents atù20 mV. The relationship between
tail-current amplitudes and step size was bell-shaped
(Fig. 2B, open circles), reflecting the fact thatIMg could
be activated by positive or negative steps from rest. Note
that tail amplitudes saturated when the activating step
reachedca. −100 or 20 mV.

DEPENDENCE OFIMg ON [Mg2+]o

Vm rests at −30 to −40 mV in the low-salt buffer solu-
tions used here, providing a strong driving force for
Mg2+ influx when extracellular concentrations are 20mM

or greater ([Mg2+] i rests at around 0.4 mM; Preston,
1990). Thus, activatingIMg depolarizes the membrane of
a free-swimming cell and thereby potentiates and sus-
tains Ca2+ influx via the depolarization-activatedICa(d)to
cause prolonged ciliary reversal and backward swim-

Fig. 2. IMg in Paramecium.(A) Currents were
elicited in 0.5 mM Mg2+ and 1 mM Ca2+ (after
suppressing K+ currents with Cs+ and TEA+: see
Materials and Methods) using 500-msec steps to
20, 0, −70, −90 or −110 mV (voltage trace,top).
(B) Amplitudes of the currents measured at 500
msec immediately before returning to −40 mV
(filled circles) and of resultant tail currents (open
circles) are plotted as a function of membrane
potential at which they were elicited (Vm). Points
represent means ±SD from 13 cells. Currents (I)
have been leak-corrected.
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ming. The dependence of backward-swimming duration
on [Mg2+]o is shown in Fig. 3A. Mg2+ concentrations of
<0.5 mM typically caused transient ciliary reversals and
repeated turning (‘‘Mg2+ dancing’’). Concentrations of
ù0.5 mM elicited sustained backward swimming, the du-
ration of which increased with [Mg2+]o to a peak at 3–10
mM and declined thereafter. To determine whether
Mg2+-induced backward swimming results from activa-
tion of IMg, the dependence of this current upon depo-
larization on extracellular Mg2+ concentration was ex-
amined also. Figure 3B shows that Mg2+ tail currents
were first observed at >50mM [Mg2+]o and were maxi-
mal at 1 mM [Mg2+]o. Further increases in concentration
yielded smaller currents (presumably due to Mg2+ inhi-
bition of ICa(d): see Discussion), much as increasing
[Mg2+]o above 10 mM reduced backward swimming du-
rations compared with lower concentrations (Fig. 3A).

The concentration-dependence of the tail currents
activated upon hyperpolarization is shown in Fig.
4. Whereas depolarization elicited Mg2+ tails that were
always inward, the currents upon hyperpolarization were
complex. The tails typically decayed with a time course
that was best described using two exponential functions
with time constants of around 10 msec and 150–250
msec (see below). However, whereas the slower-
decaying component was inward at all Mg2+ concentra-
tions tested, the faster-decaying component was outward
at 25 mM–0.5 mM Mg2+ but then reversed polarity and
was inward atù1 mM (Fig. 4B). At 25 mM Mg2+ the two
components were of approximately equal magnitude,
their sum representing a current density of 24 pA/pF
(±23 pA/pF,n 4 8).

DEVELOPMENT OF IMg WITH TIME

Previous studies always used 500-msec voltage steps to
elicit IMg, so there is little sense as to how fast this
current develops or for how long it remains active fol-

lowing excitation, although behavioral observations (Fig.
3A) suggested that it may persist for several seconds
upon depolarization.

To examine this more directly, cells were held at
−30 mV in 5 mM Mg2+ and then stepped to 20 mV for
periods ranging from 10 msec to 2 sec. This produced a
family of tail currents, as shown in Fig. 5A. The ratio-
nale behind this lay in the fact that whereas many inde-
pendent conductances contribute to the current flowing
during a voltage step, tail currents are relatively pure and
may thus be used to investigate the kinetics of Mg2+

currents in isolation (Preston, 1990; Preston et al., 1990).
The tail currents elicited by steps of short duration (10–
50 msec) typically could be described by a single expo-
nential function with a time constant of about 11 msec
(Table). Step depolarizations ofù50 msec elicited tails
that contained a second, slower exponential component
with a time constant ofca. 150 msec (Table). The am-
plitudes of the two Mg2+ tail components have been plot-
ted against the duration of the activating step in Fig. 5B,
while their sum is shown in Fig. 5C. This suggested that
IMg activated rapidly during depolarization toward a peak
at 100–200 msec and then relaxed toward a new, sus-
tained level at around 500 msec (Fig. 5C). IMg devel-
oped surprisingly fast during depolarization: a tail cur-
rent with a time constant of 10.7 msec could be readily
observed following a step depolarization of only 10 msec
and by 30 msec was prominent (Fig. 6A, arrow). For
comparison, Fig. 6B shows currents elicited by a similar
voltage protocol from aneccentricmutant cell.Eccen-
tric was isolated by virtue of its inability to respond to
Mg2+ with backward swimming (Preston & Kung,
1994b) due to its loss ofIMg (Preston & Kung, 1994a;
seebelow).

The development of Mg2+ currents during step hy-
perpolarization (to −110 mV) of the wild type was in-
vestigated also (Fig. 7A). These tails also decayed bi-
phasically and with similar time constants to the depo-

Fig. 3. Mg2+-concentration dependence of
behavioral excitation and ofIMg activated upon
depolarization. (A) Duration of backward
swimming elicited upon transferring individual
cells to solutions containing various concentrations
of Mg2+. Points are means ±SD from 10 cells. (B)
Amplitudes ofIMg tail currents elicited by
500-msec step depolarizations from cells under
voltage clamp in various concentrations of Mg2+.
Points are means ±SD from 4–8 cells.
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larization-activated current. A fast-decaying tail
component (t ≅ 15 msec; Table) peaked rapidly at 50
msec and relaxed slowly over the subsequent 2 sec (Fig.
7B, upper). A slower-decaying component (t ≅ 160
msec; Table) was apparent after steps of only 10-msec
duration in some cells but became prominent at 50 msec
and increased gradually toward a peak at 500 msec. This
component then waned slowly over the subsequent 2 sec
(Fig. 7B). The envelope of combined Mg2+ tails (Fig.
7C) resembled that of the depolarization-activatedIMg

(Fig. 5C); current developed rapidly toward a peak atca.
50 msec, relaxed, rose toward a second peak at 200–300
msec and then subsided gradually.

PROPERTIES OF THEMg2+ CURRENT ELICITED

UPON DEPOLARIZATION

The finding that Mg2+ tails upon both depolarization and
hyperpolarization could both be separated into fast- and
slow-decaying components invited questions about the
number of ion-channel species underlying these currents.
To investigate these questions directly,pawn Bmutant
cells were depolarized for periods ranging from 25 msec
to 2 sec (Fig. 8,upper current trace). Pawns lack the
ciliary Ca2+ current (Oertel et al., 1977); the lack of an
inward tail in the traces shown suggested that the two
Mg2+ currents shared a common dependence onICa(d).
Eccentric Aspecifically lacksIMg. It too was depolar-
ized to 20 mV for periods ranging from 25 msec to 2 sec,
but again there was no evidence of a Mg2+ tail (Fig. 8,
lower trace).

Finally, the ion selectivity of the two tails was ex-
amined to see if they shared the strong preference for
Mg2+ over Ca2+ that is the hallmark ofIMg (Preston,
1990). Cells were held at −40 mV and then stepped for
500 msec to 20 mV in the presence of 1 mM Mg2+ or
various other divalent cations (Fig. 9A). Magnitudes of

Fig. 5. Development ofIMg upon depolarization. (A) Cells bathed in
Mg2+ solution were held under voltage clamp at −30 mV and then
stepped to 20 mV for periods ranging from 10 msec to 2 sec. Note that
the amplitude of the tail currents can vary during collection of data
from a single cell (asterisksindicate tails at 0.4 and 1.5 sec that are
larger than might have been expected from the other tails in the se-
quence). This is normal and common and is believed to be related to the
way in which [Ca2+] i is regulated during depolarization, although this
has not been investigated systematically. (B) Amplitudes of fast-
decaying (filled squares) and slow-decaying (open squares) tail com-
ponents plotted as a function of the duration of the step used to elicit
current. (C) Combined amplitudes of fast and slow tails plotted as a
function of step duration. Points are means ±SD from 16 cells.

Fig. 4. Concentration-dependence of Mg2+ currents
upon hyperpolarization. (A) Currents were elicited
using 500-msec steps from −40 to −140 mV in 0.25
mM, 1 mM or 2.5 mM Mg2+, or from −30 to −130
mV in 10 or 25 mM Mg2+. (B) Amplitudes of the
two tail-current components are plotted as a
function of extracellular Mg2+ concentration.Filled
circles indicate fast-decaying tail currents, whereas
open circlesindicate slow-decaying currents. Points
are means ±SD from 3–8 cells.
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both tail components were greatest when Mg2+ was the
charge carrier (Fig. 9B), but kinetically similar currents
were observed when Mn2+ and Co2+ replaced
Mg2+. Substitution of Ba2+ or Ca2+ reduced significantly
or suppressed the currents compared with those in Mg2+

(seeFig. 9, legend).

PROPERTIES OF THEMg2+ CURRENT ELICITED

UPON HYPERPOLARIZATION

IMg activated upon hyperpolarization was subjected to a
similar analysis.Obstinate Ais a newly isolated mutant
in which ICa(h) is suppressed (unpublished). Steps to
−110 mV of 10 msec to 2-sec duration elicited a minor
inward tail current (<0.2 nA) with a time constant of
about 100 msec (Table, Fig. 10), but there was no evi-
dence of significant fast or slow tails comparable to those
observed in the wild type (Fig. 7). Figure 11A shows
currents elicited by step hyperpolarization ofeccentric.
Whereas depolarization had failed to elicit Mg2+ currents
in this mutant (Fig. 8), hyperpolarizations of short dura-
tion (10–50 msec) produced fast-decaying tails (Table)
that peaked at 50 msec and relaxed thereafter (Fig. 11B,
filled squares). Steps of >50 msec often (in 6 of 11 cells
examined) elicited a biexponential tail current. The sec-
ond, slower component (Table) was slow to develop and
relaxed slightly during the step (Fig. 11B, open squares).

Next, the ion selectivity of the fast and slow wild-
type Mg2+ tails were compared. Currents were elicited
using 500-msec steps to −110 mV in the presence of
Mg2+ or various other divalent cations (Fig. 12A). Whereas
the slow tail showed a similar selectivity to the tails upon
depolarization (Mg2+ > Ba2+, Ca2+: Fig. 12B, lower), the
fast-decaying tail surprisingly showed a preference for
Ba2+, Co2+, and Mn2+ over Mg2+ (Fig. 12B, upper) al-
though again there was no significant inward tail in Ca2+.
This implies that there may be two distinct Mg2+ con-
ductances activated upon hyperpolarization of the wild
type: IMg and a second divalent cation current that has a

significant Ba2+ permeability (‘‘INS’’). This might ex-
plain how eccentricmutation could suppressIMg upon
depolarization yet leave a residual current upon hyper-
polarization. To explore this idea more fully, the selec-
tivity of eccentric’sMg2+ tail was examined to determine
whether its ionic preference matched that ofIMg (Mg2+ >
Ba2+) or of the fast-decayingINS (Mg2+ < Ba2+). The
results are shown in Fig. 13. The slow tail component
noted above appeared inconsistently and was too small to
analyze in terms of its ion specificity. The fast compo-
nent was considerably larger, however, and clearly
showed a preference for Ba2+ and over Mg2+ (Fig. 13B).

DETERMINATION OF [Mg2+] i IN THE WILD TYPE AND

IN ECCENTRIC

The properties of the fast-decaying tail ineccentricwere
investigated further. Cells were hyperpolarized for 400
msec to elicit current andVm was then stepped to poten-
tials ranging from −70 to 20 mV (Fig. 14A, top). This
elicited the Mg2+ currents described above and various
other currents associated with membrane hyperpolariza-
tion and depolarization (Fig. 14A, middle). In order to
subtract out the latter currents and analyze the behavior
of the isolated Mg2+ tail, the voltage protocol in Fig. 14A
was repeated after inactivatingICa(h) and its dependent
currents with 4.5-sec steps to −120 mV (Fig. 14A lower).
Digital subtraction of the two sets of traces yielded dif-
ference currents (Fig. 14B) whose tails were clearly de-
pendent onVm (Fig. 14C). The current shown had a
reversal potential (Er) of −28 mV, andEr shifted by 29.9
mV for a tenfold increase in [Mg2+]o (Fig. 14D), close to
the 29 mV/decade change predicted by the Nernst equa-
tion for a divalent cation current. More interesting is the
fact that the reversal potentials correspond to an [Mg2+] i

of 7.8 mM (±1.9 mM, n 4 27).
[Mg2+] i in the wild type was estimated previously to

be 0.4 mM (Preston, 1990), but was based onEr deter-
minations of inward currents at low [Mg2+]o (0.05–0.5

Table. Summary of the properties of the tail currents elicited from wild-type and mutant cells in 5 mM

Mg2+

Cell stock Activation
step (mV)

Ion current Tail kinetics Time constant (msec) Ion selectivity

Wild type +20 IMg Fast 11.2 ± 2.6(15) Mg2+ > Ba2+

+20 IMg Slow 148 ± 66 (15) Mg2+ > Ba2+

−110 INS Fast 14.6 ± 2.4(18) Mg2+ < Ba2+

−110 IMg Slow 156 ± 67 (18) Mg2+ > Ba2+

Eccentric −110 INS Fast 15.5 ± 2.9(11) Mg2+ < Ba2+

−110 IMg, Iobs? Slow 145 ± 95 (6) nd
Obstinate −110 Iobs Intermediate 103 ± 42 (5) nd

Tails were elicited using 50-msec or 1-sec steps from −30 mV to give currents with predominantly fast
and slow kinetics, respectively. Data are means ±SD of (n) determinations. ‘‘nd’’ indicates that selectivity
was not determined.
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mM) where the slow-decaying tail predominates (Fig. 4).
At higher Mg2+ concentrations, both fast and slow tails
were prominent, so theoretically it should have been pos-
sible to measureEr for both tails over a range of [Mg2+]o.
In practice, the current subtraction procedure used inEr

determinations (as described above foreccentric) ob-
scured the fine structure of tail currents and made it
difficult to determine amplitudes of the individual com-
ponents with the necessary accuracy. However, it even-
tually proved possible to estimate fast- and slow-tail re-
versal potentials in ten wild-type specimens in 5-mM

Mg2+. The slow component reversed at 17.9 ± 7.9 mV,
corresponding to an [Mg2+] i of 1.4 mM (±0.5 mM). The
fast tail reversed at 6.5 ± 14 mV, corresponding to an
[Mg2+] i of 5.1 ± 5.7 mM.

The analyses above imply that there are at least two
Mg2+ compartments withinParamecium,one at a low con-
centration (ca. 0.4 mM) and one at high concentration (ca.

Fig. 6. Rapid development ofIMg upon depolarization. (A) Tail cur-
rents elicited by depolarizations from −30 to 10 mV that increased in
duration from 5 to 30 msec. The inward currents flowing during the
voltage step have been blanked to allow the tail currents to be viewed
clearly. Note that a slow tail component (t 4 10.7 msec) appeared
following a 15-msec step and was prominent at 30 msec (arrow).
Lower traceshows the inward current that was blanked in the traces
above. (B) The voltage protocol shown in (A) above was repeated using
an eccentricmutant cell bathed in 5 mM Mg2+. Note that the slow
inward Mg2+ tail seen in the wild type is missing ineccentric.The
residual tail is associated with deactivation ofICa(d). Lower traceagain
shows current flowing during the step that has been blanked in the
family of traces presented immediately above.

Fig. 7. Development of Mg2+ current upon hyperpolarization. (A) Cur-
rents elicited from wild-type cells in 5 mM Mg2+ by steps from −30 to
−110 mV of 10 msec to 2-sec duration. (B) Amplitudes of the resultant
fast-decaying (filled squares) and slow-decaying (open squares) in-
ward tails plotted as a function of stimulus duration. (C) Amplitudes of
the combined fast- and slow-tail currents as a function of step duration.
Points are means ±SD from 18 cells.

Fig. 8. Suppression ofIMg by mutation. Two mutant strains ofPara-
meciumwere held at −30 mM in 5 mM Mg2+ and then stepped to 20 mV
for periods ranging from 25 msec to 2 sec.Pawn Bmutants lackICa(d)

and the Ca2+-dependentIMg, whereaseccentricmutant cells specifi-
cally lack IMg. There was no evidence for a Mg2+ tail current in either
of the current families shown.
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8 mM). To determine bulk cytosolic [Mg2+] i, wild-type
and eccentricmutant cells were loaded with the Mg2+-
sensitive fluorescent dye, mag-fura-2. Spectrofluoro-
metric analysis suggested that [Mg2+] i was 0.38 ± 0.09
mM (n 4 3) in wild-type cells and 0.32 ± 0.07 mM (n 4
3) in eccentric.

Discussion

The studies described above show thatIMg contributes
significantly to membrane excitation and ciliary reversal
in Parameciumat physiological [Mg2+]o. Close analysis
of tails elicited following depolarization and hyperpolar-
ization showed both to decay biphasically, but the depo-
larization-activated currents appeared to be mediated by
a common pathway. The Mg2+ current elicited upon hy-
perpolarization was complex, however, and could be
separated into three components. The first,IMg, could be

Fig. 9. Ion selectivity ofIMg upon depolarization. (A) Cells were held
at −40 mV in 1 mM Mg2+, Co2+, Mn2+, Ba2+, Mg2+ (+1 mM Ca2+) or
2 mM Ca2+ and then stepped to 20 mV for 500 msec to elicit the
currents shown. (B) Amplitudes of resultant fast-decaying and slow-
decaying tail-current components are shown inupperand lower plots,
respectively. Data are mean ±SD determinations from 3 to 7 cells. Note
that the value given for Mg2+ is cumulative from all cells tested. While
the variance appears relatively large, comparison of currents in single
cells before and after substituting Mg2+ with another ion does reveal
statistically significant differences for Ba2+, Sr2+, Ca2+ (both tails) and
Co2+ (slow tail).

Fig. 10. Currents elicited upon hyperpolarization ofobstinate Amu-
tants. (A) Cells were held under voltage clamp at −30 mV in 5 mM

Mg2+ and then stepped to −110 mV for periods ranging from 25 msec
to 2 sec to elicit the currents shown. (B) Amplitudes of the inward tail
currents elicited during (A) above are plotted as a function of step
duration. Points are means ±SD from 7 cells.

Fig. 11. Mg2+ currents elicited upon hyperpolarization ofeccentric.
(A) Eccentricmutant cells were held at −30 mV in 5 mM Mg2+ and then
stepped to −110 mV to elicit the currents shown. (B) Amplitudes of
resulting fast-decaying (filled squares) and slow-decaying (open
squares) tail-current components are plotted as a function of stimulus
duration. (C) Amplitude of combined tail currents plotted as a function
of step duration. Points are means ±SD from 6–11 cells.
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suppressed byeccentricmutation. The second, a non-
specific cation current (INS), could be suppressed byob-
stinate Amutation and by Ca2+-current inactivation. A
third possible component (Iobs) appeared as a minor cur-
rent that was revealed after suppressingIMg and INS in
obstinate A.Reversal potential analysis of the two major
Mg2+ tails suggested that one reflected bulk cytosolic
[Mg2+] i (0.4 mM) whereas the other reflected fluxes into
a high Mg2+ compartment (8 mM).

PHYSIOLOGICAL ROLE OF IMg

IMg remains the only example of a current that is strongly
Mg2+-specific. Whereas Mg2+ currents via nonspecific

cation channels have been reported in other cells (Naka-
tani & Yau, 1988; Narita et al., 1990; Kawa, 1996), the
preference of theParameciumconductance for Mg2+

over Ca2+ (Figs. 9 and 12) is highly unusual, although it
may no longer be unique. Pottosin and Scho¨nknecht
(1996) recently described a cation channel in spinach
thylakoid membranes whose conductance to Mg2+ was
greater than that to Ca2+, while Beyenbach et al. (1997)
presented radiolabel flux data suggestive of a Mg2+-
selective pathway in trout renal cells.

Parameciumthrives in freshwater where [Mg2+]o is
low (ca. 0.2 and 0.7 mM for soft and hard water, respec-
tively: Machemer & Deitmer, 1985), which had raised
questions about whether Mg2+ currents elicited and po-

Fig. 12. Ion selectively of the inward tail elicited
upon hyperpolarization of the wild type. (A)
Individual cells were held at −40 mV in 1 mM Mg2+,
Co2+, Mn2+, Ba2+, Sr2+, or 2 mM Ca2+ and stepped
for 500 msec to −110 mV to elicit the currents
shown. (B) Amplitudes of resulting fast-decaying and
slow-decaying tail-current components are provided
in upperand lower plots, respectively. Values
represent means ±SD from 5 to 8 cells. The fast tails
in Co2+, Mn2+, Ba2+ are statistically larger than that
in Mg2+, whereas the slow Mg2+ tail is statistically
larger than any tail following ionic substitution (see
legend to Fig. 9).

Fig. 13. Ion selectivity of the fast inward tail
elicited upon hyperpolarization ofeccentric.(A)
Currents elicited by 500-msec steps from −40 to
−110 mV fromeccentricmutant cells bathed in 1
mM concentrations of the ions indicated. (B)
Amplitudes of resultant fast-decaying inward tails
are plotted ±SD, n 4 4 to 9. The Ba2+ value is
statistically larger than that for Mg2+.
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tentiated using forced voltage steps are of physiological
significance. [Mg2+] i in Parameciumis also low, how-
ever (0.4 mM: seeResults and Preston, 1990), so even
with only 0.2 mM [Mg2+]o, there is still a strong driving
force for Mg2+ influx provided by the negativeVm. Indeed,
if Mg2+ were in electrochemical equilibrium across the
membrane, [Mg2+] i should rest at between 5 and 18 mM

(for [Mg2+]o of 0.2 and 0.7 mM, respectively). Several
lines of evidence suggest thatIMg is both a physiological
and relevant current inParamecium.First, both positive
and negative excursions from rest in physiological con-
centrations of [Mg2+]o elicited inward currents that were
saturable with respect to the magnitude of the activating
stimulus (Fig. 2B). The ability to specifically inhibit this
conductance by single-gene mutation (Preston & Kung,
1994a) additionally argues againstIMg being, for ex-
ample, an artefactual leak current. Second, the duration
of backward swimming induced by transferring cells to
Mg2+ solution correlated well with the [Mg2+]o-dependence
of IMg upon depolarization (Fig. 3A and B), suggesting
that Mg2+ entry via this pathway is the cause of the
prolonged backward swimming. Again, the ability to
specifically block Mg2+-induced backward swimming by
mutation (Preston & Kung, 1994b) supports the conten-
tion that the two events are linked. Third,IMg activated
within 15 msec of step depolarization (Fig. 6A). Since
an action potential inParameciumcan last from tens of
milliseconds to seconds, there is a strong likelihood of
IMg contributing significantly to membrane excitability
and recovery. Indeed, previous studies have suggested

that this current may be involved in modifying the re-
covery phase of the action potential (Preston & Kung,
1994). Finally,IMg has been shown recently to couple
GTP-receptor binding to repulsion from this nucleotide
in Paramecium(Clark et al., 1997).

Note that both Mg2+-induced swimming behavior
(Fig. 3A, see alsoClark et al., 1997) and the tail current
upon depolarization peaked at between 1 and 10 mM

[Mg2+]o and then declined with further increases in con-
centration. This is consistent with the known Ca2+-
dependence ofIMg (Preston, 1990) and the block ofICa(d)

by extracellular Mg2+ (Nakaoka et al., 1994).

Mg2+ CURRENTS UPONDEPOLARIZATION

Depolarization elicited Mg2+ tails that often required two
exponents to adequately describe them, but several ob-
servations suggested that a single species of membrane
conductance mediated both components. Both tails were
missing inpawn B(Fig. 8), a mutant whose lack ofICa(d)

suggested a common Ca2+-dependence. Both were in-
hibited fully by eccentric mutation (Fig. 8) and both
showed a selectivity sequence in which Mg2+ was pre-
ferred over Ba2+ or Ca2+ (Fig. 9). The biphasic nature of
the tail current’s decay could be explained in several
ways, but the most plausible is that the two time courses
reflect both intrinsic channel closure rates and also the
rate at which Ca2+ is cleared from the cytosol following
excitation.

Fig. 14. Reversal analysis of the Mg2+ tail current ineccentric.(A) Upper voltage trace indicates that cells were held at −40 mV in varied [Mg2+]o

and then stepped to −120 mV for 400 msec to elicit current. Tail currents were elicited by stepwise increases in membrane potential from −70 to
30 mV. Current traces show membrane responses to voltage protocol above either before (‘‘control’’) or after inactivatingICa(h)using 4.5-sec steps
to −120 mV. (B) Four of the difference currents from the traces in (A). Membrane potential at which the tail currents were elicited are indicated.
(C) Amplitudes of the tail currents shown in (B) are plotted as a function of the membrane potential at which they were recorded. Note that the tail
reverses polarity at −28 mV (Er). Solid line was fitted by linear regression. (D) The procedure described in (A) through (C) above was repeated using
Mg2+ concentrations ranging from 0.5 to 5 mM. Reversal potentials have been plotted as a function of [Mg2+]o. Points are means ±SD determinations
from 6 to 8 cells. Solid line was fitted by linear regression.Er changes by 29.9 mV per decade change in [Mg2+]o.
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EVIDENCE FOR TWO Mg2+ CONDUCTANCES

UPON HYPERPOLARIZATION

In contrast, the membrane response to hyperpolarization
probably involves two or possibly three distinct path-
ways. The first (Iobs) was relatively small, comprising
<0.2 nA of the inward tail elicited following a step to
−110 mV in 5 mM Mg2+, and was revealed following
inhibition of IMg and a nonspecific divalent cation cur-
rent (INS) by obstinate Amutation (Fig. 10). This current
was so small that it was difficult to study systematically,
but appeared to activate within 25 msec of a step change
in potential and to persist for at least 2 sec. This current
may correspond to a largely uncharacterized divalent cat-
ion conductance suggested by Nakaoka and Iwatsuki
(1992) to stimulate increased ciliary beat frequency upon
hyperpolarization ofP. caudatum.

The second component,INS, was revealed following
suppression ofIMg by eccentricmutation. This current
was characterized by a permeability to Ba2+, Mn2+, Co2+,
and Sr2+ in addition to Mg2+ (Fig. 13B) and for its de-
pendence onICa(h). The latter could be deduced from the
loss of an associated fast-decaying tail whenICa(h) was
inhibited by mutation (Fig. 10) or was inactivated (Fig.
14A and Preston, 1990). While the envelope of fast tails
shown in Fig. 11B (filled squares) may be contaminated
by ICa(h) (seebelow), it suggests thatINS activated rap-
idly during hyperpolarization to −110 mV and was sus-
tained for at least 2 sec. Manyeccentricmutant cells
also exhibited a slow-decaying tail upon hyperpolariza-
tion (Fig. 11B, open squares). This minor current may
have resulted from incomplete suppression ofIMg or,
more likely, may have represented current referred to as
Iobs above. This current was insufficiently large or con-
sistent ineccentricto be analyzed thoroughly.

The third Mg2+ conductance showed a preference
for Mg2+ over Ba2+ and Ca2+ that matched that of the
Mg2+ current upon depolarization, suggesting that the
two are mediated by a common pathway,IMg. Confir-
mation of this idea awaits detailed single-channel analy-
sis.

It should be noted that hyperpolarization in Mg2+

solution also activates the Ca2+ current that allows for
activation of IMg and INS. On the basis of studies con-
ducted in the absence of Mg2+, ICa(h) might be expected
to contribute an inward peak at 35–80 msec and to be
associated with an inward tail current with a time con-
stant of 12.7 msec (Preston et al., 1992). This current
might thus have accounted for at least some of the in-
ward transient seen at 50 msec in Fig. 11B (filled
squares) that was attributed toINS. Millimolar concen-
trations of Mg2+ block ICa(h), however, and it inactivates
fully by 300 msec (Preston et al., 1992). Thus, while this
current might have contributed to the tails elicited by
steps of short duration in 5 mM Mg2+, it is unlikely that
it explained the currents at >300 msec. Support for this

belief comes from the fact thatINS was preferentially
carried by Ba2+, a cation that inhibitsICa(h) fully at 1 mM

(Preston et al., 1992), and also from reversal potential
analysis ofINS in eccentricthat showed the current to be
closely tied to extracellular Mg2+ at constant [Ca2+] (Fig.
14).

COMPARTMENTALIZATION OF [Mg2+] i IN Paramecium

Perhaps the most remarkable and significant finding of
these studies is the suggestion thatIMg and INS reflect
fluxes into low- and high-Mg2+ compartments, respec-
tively. Spectrofluorometric determinations of [Mg2+] i in
wild-type cells yielded a value of 0.38 mM, which agrees
well with values determined from the reversal potential
of IMg (0.39 mM: Preston, 1990) and with equivalent
estimates of [Mg2+] i that are well below electrochemical
equilibria in many other cell types (reviewed by Alvarez-
Leefmans et al., 1987).Eccentricmutant cells contained
low [Mg2+] i also (0.32 mM), yet reversal potential deter-
minations ofINS in eccentricyielded a value of 7.8 mM.
A limited analysis of the fast tail current in the wild type
also placed [Mg2+] i at high concentrations (ca. 6 mM),
values that suggest thatINS reflected movement into and
out of a compartment that may actually be in electro-
chemical equilibrium with the cell exterior. These val-
ues have to be interpreted with caution because the pro-
cessing of determiningEr can change [Mg2+] i, but this
does not diminish the significance of finding that there
are discrete compartments withinParameciumin which
free Mg2+ levels may be regulated independently. This
supports earlier suggestions by Grubbs, Collins & Magu-
ire (1984) that Mg2+ may be sequestered in two discrete
pools in S49 lymphoma cells (based on radiolabel ex-
change studies). The importance of these findings re-
lates to the idea that Mg2+ may be a critical regulator of
cell function in eukaryotes. If changes in free Mg2+ lev-
els are used by cells to modulate activity, it should be
possible to show that Mg2+ fluxes and changes in [Mg2+] i

remain contained, much as Ca2+ fluxes are spatially seg-
regated to ensure that they do not simultaneously trigger
every Ca2+-sensitive process within a cell.Paramecium,
for example, contains at least two distinct Ca2+ conduc-
tances. Whereas one is activated upon depolarization
and results in ciliary reversal, hyperpolarization-
activated Ca2+ influx occurs without reversing the cilia,
implying that the two fluxes remain functionally and
spatially segregated (Preston et al., 1992).

Parameciumremains the only eukaryotic cell in
which a clear physiological function for Mg2+ fluxes can
be demonstrated. It also remains the only eukaryote in
which the conductances responsible can be manipulated
through genetic mutation. The recent successful appli-
cation of expression cloning techniques toParamecium
(Haynes et al., 1996; Skouri & Cohen, 1997) should soon
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also make it possible to describe the various components
involved in intracellular free Mg2+ homeostasis inPara-
meciumat the molecular level, demonstrating the impor-
tance of continued studies ofIMg and the role of [Mg2+] i

in this organism.
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