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Abstract. " E c c e n t r i c "  is a newly-isolated mutant of 
P a r a m e c i u m  t e t raure l ia  that fails to swim backwards in 
response to Mg 2+. In the wild type, this backward 
swimming results from Mg 2§ influx via a Mg2+-specific 
ion conductance (IMg)" Voltage-clamp analysis con- 
firmed that, as suspected, step changes in membrane po- 
tential over a physiological range fail to elicit IMg from 
eccen t r ic .  

Further electrophysiological investigation revealed 
a number of additional ion-current defects in eccen -  

tric:  (i) The Ca 2+ current activated upon depolarization 
inactivates more slowly in e c c e n t r i c  than in the wild 
type, and it requires longer to recover from this inacti- 
vation. (ii) The Ca2+-dependent Na + current deacti- 
vates significantly faster in the mutant. (iii) The two K + 
currents observed upon hyperpolarization are reduced 
by >60% in eccen t r i c .  

It is difficult to envision how these varied pleiotrop- 
ic effects could result from loss of a single ion current. 
Rather, they suggest that the e c c e n t r i c  mutation affects 
a global regulatory system. Two plausible hypotheses 
are discussed. 

Key words: Mg z+ current - -  Mutation - -  P a r a m e c i -  

u m  - -  Intracellular Mg 2+ homeostasis 

Introduction 

Magnesium is an abundant intracellular cation, second 
only to potassium in total concentration. Most estimates 
place intracellular magnesium at around 30 mM (Altura, 
Durlach & Seelig, 1987), a value that greatly exceeds 
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the levels required for optimal activity of Mg 2+- 
dependent processes. In recent years, however, techni- 
cal developments have made it possible to measure 
and monitor intracellular f r e e  Mg 2+ concentrations 
([Mg2+]i). Surprisingly, most cells maintain low (sub- 
millimolar) levels of free Mg 2+ against a steep electro- 
chemical gradient (Murphy et al., 1989; Rotevatn et 
al., 1989; Blatter, 1990; Buri & McGuigan, 1990; Mac- 
Dermott, 1990). The implications of this finding are far- 
reaching. Since almost all intracellular pathways in- 
volve MgZ+-dependent enzymes, and since the Mg 2+- 
concentration dependence of many of these enzymes 
also lies in the submillimolar range, there exists the 
very real possibility that [Mg2+]g could be a key regu- 
lator of cell function (Grubbs & Maguire, 1987). Sup- 
port for this notion has been provided by studies on 
adipocytes (Elliott & Rizack, 1974), murine $49 lym- 
phoma cells (Erdos & Maguire, 1983; Maguire 1984) 
and BC3H1 myocytes (Grubbs, 1991), in which extra- 
cellular hormones were shown to influence [Mg2+]i, 
although the physiological significance of these changes 
have yet to be defined fully. 

One aspect of cell physiology that is an obvious 
candidate for regulation by [Mg2+]i is membrane ex- 
citability (White & Hartzell, 1989; Strata & Carbone, 
1991). Many classes of ion channel are blocked by in- 
tracellularly applied Mg 2+, including K channels (Horie, 
Irisawa & Noma, 1987; Matsuda, Saigusa & Irisawa, 
1987; Vandenberg, 1987; Ciani & Ribalet, 1988), Ca 
channels (White & Hartzell, 1989), Na channels (Pusch, 
Conti & Sttihmer, 1989; Pusch, 1990a, b), and ligand- 
gated channels (Johnson & Ascher, 1990; Colamartino, 
Menini & Torre, 1991). Increased [MgZ+]g may also 
stimulate pathways that regulate channel activity 
(Duchatelle-Gourdon, Hartzell & Lagrutta, 1989; Tarr, 
Trank & Goertz, 1989; Duchatelle-Gourdon, Lagrutta & 
Hartzell, 1991). Although many channels are clearly 
Mg 2+ sensitive, most of these studies have been con- 
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ducted using isolated membrane fragments, or on cells 
that have had their cytoplasmic compartment violated by 
internal perfusion. Thus, it is unclear what effect chang- 
ing [Mg2+]i in vivo might have on cell excitability. In- 
deed, it would be interesting to know if processes oth- 
er than membrane excitation are affected by changing 
[Mg 2+] in vivo. 

Recently, we described a Mge+-specific current 
( L )  that is activated by rising intracellular Ca 2+ lev- ~v~g 
els during membrane-potential change in P. tetraurelia 
(Preston, 1990)�9 This current is particularly fascinating, 
because it inevitably changes [Mg2+]i once activated. 
As a first step toward determining how such changes 
might affect the excitability of Paramecium, we isolat- 
ed several mutants that lack IMg to use as a null control 
in studies of the wild-type current. Here, we describe 
the membrane properties of one such mutant, named 
"eccentric". 

Materials  and Methods  

CELL STOCKS AND CULTURE CONDITIONS 

The present studies used a wild-type stock of P. tetraurelia (stock 51, 
sensitive), and d4-700, an "eccentric" mutant (xntAl/xntA l) derived 
from this stock (R.R. Preston and C. Kung, in preparation), d4-700 
is an F6 descendant of the original isolate, the result of  three succes- 
sive backcrosses to the wild type, each followed by a round of auto- 
gamy. Both wild-type and eccentric stocks additionally contained the 
trichocyst nondischarge mutation nd6 (Lefort-Tran et at., 1981). Cells 
were grown at room temperature (22.5-25~ on a semi-defined 
medium inoculated with Enterobacter aerogenes (Preston, Saimi & 
Kung, 1990a). 

SOLUTIONS 

Unless stated otherwise, all solutions contained 1 mM Ca 2+, 0.01 mM 
EDTA, 1 mM HEPES buffer, pH 7.2. The following salt concentra- 
tions (in mM) were added to this solution as required: Mg 2§ solution 
(for studying Mg 2§ currents): 5 MgCI 2, 10 tetraethylammonium chlo- 
ride (TEA-C1); Na + solution (for studying Na + currents): 10 NaC1, 
10 TEA-CI; TEA + solution (for studying Ca 2§ currents): 10 TEA-C1; K § 
solution (for studying K § currents): 4 KC1. Action potentials were 
elicited from cells bathed in 1 mM K § solution, containing 1 mM KC1. 

INTRACELLULAR RECORDING 

The membrane potential and membrane currents of Paramecium were 
recorded using established techniques (Hinrichsen & Saimi, 1984; 
Preston, Saimi & Kung, 1992). The capillary microelectrodes used 
for clamping membrane potential contained either 3 M KCI (when 
recording K + currents) or 4 M CsCI (when recording Mg 2+, Na +, or 
Ca 2+ currents), tip resistance 12-25 MfL Membranes were usually 
held at - 4 0  mV in TEA +, K +, or Na + solution, or at - 3 0  mV in 
Mg 2+ solution, values that approximate "resting" potential in these so- 
lutions. Current-clamp electrodes contained 0.5 M KCI, tip resistance 

100-150 MfL Current traces were filtered at 1-2 kHz. All experi- 
ments were performed at room temperature (22.5-25~ 

DATA ANALYSIS 

Data were analyzed with pCLAMP software (Axon Instruments, Fos- 
ter City, CA). When appropriate, responses to voltage steps were cor- 
rected for linear leak current, estimated from the averaged, respons- 
es to repeated small hyperpolarizations (3 to 12 mV) of 20-msec du- 
ration. Capacitive transients required up to 0.6 msec to settle 
following step changes in membrane potential, so analyses of the time 
courses of  current activation and inactivation generally excluded the 
initial 1-2 msec of the trace. Current amplitudes at the instant of step- 
ping to a new voltage level were then determined by back-extrapola- 
tion. Data are presented as means _+ SD, and were compared statis- 
tically using a Student's t-test: P values <0.05 were considered sig- 
nificant. 

Results 

"Eccentric" was isolated by virtue of its inability to re- 
spond behaviorally to extracellular Mg 2§ (R.R. Preston 
and C. Kung, in preparation). Thus, we used a two- 
electrode voltage clamp to determine whether this Mg 2+ 
insensitivity results, as suspected, from a loss of IMg. 

Mg e+ CURRENTS IN WILD-TYPE AND ECCENTRIC C e l l s  

I • c a n  be evoked by either depolarization or hyperpo- 
lartzation of the wild type in Mg 2+ solution. This cur- 
rent develops relatively slowly during a 500-msec step 
(Fig. 1A, left, open arrowhead), perhaps reflecting its de- 
pendence on Ca 2+ influx via either depolarization- or 
hyperpolarization-activated Ca 2§ c u r r e n t s  (/Ca(d) and 
/Ca(h); Preston, 1990). Returning to holding potential 
( - 3 0  mV) following either depolarization or hyperpo- 
larization elicits a slowly decaying tail current of IMg 
(Fig. 1A, left, filled arrowheads). Amplitudes of cur- 
rents at 500 msec and of tail currents as a function of 
voltage are shown in Fig. 1B, C. Depolarization of ec- 
centric in Mg 2§ solution elicits /Ca(d) alone (Fig. 1A, 
right) The loss of L is apparent in the reduced amount �9 M g  

of current flowing during the voltage step (Fig. 1B), and 
in the complete lack of a corresponding tail current 
(Fig. 1A, C). Step hyperpolarization also fails to elicit 
IMg from eccentric, at least over physiological voltage 
ranges. More extreme hyperpolarizations ( -80  to - 120 
mV) do evoke inward Mg 2+ current (Fig. IA), but the 
magnitude of this current is reduced by >70% compared 
with the wild type (Fig. 1B, C). Eccentric derived its 
moniker from its quirky behavior in the absence of any 
specific stimulus, characterized by repeated, spasmod- 
ic turning events and unprovoked backward swimming 
episodes. These behaviors cannot be attributed solely 
to the loss of IMg, suggesting that other aspects of mem- 
brane excitability may be affected by the xntA t muta- 
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Fig. 1. IMg in wild-type and eccentric 
Paramecium. (A) Left: currents elicited from the 
wild type by 500-msec step changes in 
membrane potential in Mg 2+ solution. Membrane 
potentials (in mV) at which the currents were 
elicited are indicated by the numerals to the left 
of the traces. Open arrowhead indicates the slow 
development of 1Mg during the voltage step, 
whereas the filled arrowheads indicate IMg tail 
currents upon returning to holding potential ( -30  
mV). Response of eccentric to similar steps is 
shown at right. The broken lines in this and 
subsequent figures represent holding current 
levels, which were of the order of -0.1 nA. The 
traces have been corrected for linear leak current. 
(B) Amplitudes of membrane currents at 500 
msec (1500) as a function of membrane potential 
(V). Points are means • SD from 14 wild-type 
(0) and 13 eccentric ((3) cells, and have been 
leak-corrected. (C) IMg tail-current amplitudes 
(Itail) are plotted as a function of membrane 
potential (Vm). Cells and symbols are the same as 
used in B above. 
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Fig. 2. Voltage dependence of/Ca(d) in wild 
type and eccentric. (A) Ca 2§ currents elicited 
upon depolarization of the wild type and 
eccentric in Mg2+-free, TEA + solution. 
Numerals to the left of the traces indicate 
membrane potentials (in mV) at which they 
were recorded: all traces have been leak- 
corrected. (B) Peak amplitude of lca(a3 (Ipeak) 
plotted as a function of membrane potential 
(V). Points are means • SD from 16 wild-type 
(0) and 12 eccentric (O) cells. (C) Amplitude 
of currents at 10 msec (110) as a function of 
membrane potential (V). Symbols and cells 
are the same as used in B above. Data have 
been leak-corrected in both plots. 

t ion.  Thus ,  we nex t  e x a m i n e d  the proper t ies  o f  the 
Ca 2+, Na  +, and  K + currents  in  eccen t r i c .  

EFFECTS OF THE ECCENTRIC MUTATION ON THE 
Ca 2+ CURRENTS 

Depola r i za t ion  of  P a r a m e c i u m  elici ts  a rapid,  i nward  
Ca 2+ t rans ien t  (Fig. 2A, left). In  the wi ld  type,  a max-  
imal  inward  current  is observed  at ca. - 8  m V  (Fig. 2B). 
Depolar iza t ion  of  e c c e n t r i c  elicits a s igni f icant ly  smal l -  
er Ca  2+ cur ren t  (Fig. 2B), a r educ t ion  that could  no t  be  
accoun ted  for by  a shift  in  vol tage  sens i t iv i ty  (Fig. 2B), 
or  by  a change  in s teady-sta te  inac t iva t ion  proper t ies  
(Table ,  A). This  c o n d u c t an ce  also deact ivates  faster  in 

eccen t r i c  than in the wild type, a difference that emerges  
w h e n  Ba 2+ is subst i tu ted for Ca 2+ as the charge carri-  
er (Table ,  A). 

A closer  inspec t ion  of  the cur ren t  traces in  Fig. 2A 
reveals  that Ica(d~ decays  more  s lowly  dur ing  depolar-  
izat ion than does the wi ld- type  current ,  a d i f ference that 
is readi ly  apprecia ted  in a plot  o f  the late currents  at 10 
msec  as a func t ion  of  m e m b r a n e  potent ia l  (Fig. 2C). In  
the wi ld  type,/Ca(d) usua l ly  decays  m o n o e x p o n e n t i a l l y ,  
~l ~ 1 msec  (Table ,  A), as repor ted  (Hinr ichsen  & Sai- 
mi,  1984). In some ins tances  (10 of  16 cells examined) ,  
it was necessary  to inc lude  a second  exponen t i a l  com-  
ponen t  to adequate ly  descr ibe this cur ren t ' s  decay (~r 2 = 
40 _+ 33 msec  at 5 mV),  bu t  such currents  were on ly  ob- 
served fo l lowing  step depola r iza t ion  to be tween  0 and 
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Table  1. Electrophysiological properties of  wild-type and eccentric mutant paramecia 

Current Parameter Wild type Eccentric (n) 

(A)/Ca(d) 
Steady-state V~ 2 

inactivation S 
Deactivation 

/Ca O'tail 
lBa q'tail 

Decay 3" 1 
Voltage-dependent 

inactivation "/'onset 

- 2 6  ,+ l - 2 6  .+ 1 mV (7,7) 
3.3 -- 0.2 3.6 ,+ 0 . 4 m V  (7,7) 

0.29 -- 0.03 0.24 ,+ 0.05 msec (4,6) 
0.96 -- 0.28 0.67 .+ 0.13 msec (8,8)** 
0.83 ,+ 0.11 0.99 -+ 0 .14msec  (16,12)* 

152 --- 30 135 ,+ 27 sec (4,7) 

(B)/Ca(h) 
Amplitude - 2 . 0  _+ 0.2 - 2 . 3 - -  0 . 9 n A  (6,6) 

Steady-state VI, 2 - 6 4  -+ 5 - 6 5  -+ 9 m V  (5,10) 
inactivation S 23 - 9 21 _+ 4 m V  (5,10) 

Recovery from 

inactivation ~ec 0.78 - 0.13 0.76 "+ 0.43 (8,5) 

(C)/Na "/'tail' + 10 153 "+ 94 79 "+ 14 msec (8,10)* 
'7"tail,--120 16 "+ 6 9.4 "+ 2 .7msec  (10,12)** 

323 --+ 77 57 --+ 18 msec (10,12)*** 

(D) IK(d) Ipeak 2.6 "+ 0.6 2.4 "+ 0 . 9 n A  (11,13) 

(E) IK(Ca.d) Itail 1.0 "+ 0.5 0.8 "+ 0 . 3 n A  (11,13) 
"/'tail 38 -+ 16 36 "+ 18 msec (11,13) 

(F) IKIh) Ipeak --15 "+ 2 --11 "+ 2 n A  (8,13)*** 
'/'tail 2.9 "+ 0.4 2.6 "+ 0 .6msec  (10,8) 

(G) IK(ca.h) I500 --9.9 -- 1.9 --3.8 -- 0.9 nA (8,13)*** 
~'tail 22 "+ 15 27 "+ 20 msec (8,10) 

(H) Resting properties 

Rrest 58 "+ 12 86 "+ 16 Mfl  (7,5)* 
V m - 3 8  - 1 - 3 9  -+ l mV (7,5) 

Values are means ,+ SD of (n) determinations. The numerals in the (n) column represent number of wild-type and eccentric cells, respectively. 
Asterisks indicate significant differences between means: * P < 0.05. ** P < 0.01, *** P < 0.001. 
(A) Steady-state inactivation: specimens were held at potentials ranging from - 4 5  to - 10 mV for 500 msec, and then stepped to - 10 mV to 
elicit Ica(d ). Plotting the relative magnitude of the evoked currents against membrane potential yields curves that are described by the follow- 
ing equation: ///max = (1 + exp ([V - VI,2]S)) - l ,  where/ / Ima x is the amplitude of ICa(d ) relative to its maximum value, V is membrane poten- 
tial, Vt~ 2 is the membrane potential at which ICa(d ) is 50% inactivated and S is a curve steepness factor. Deactivation:/ca tail-current time con- 
stants were determined at - 4 0  mV, following a 1.7 msec step to - 10 mV. lBa was elicited in a modified T E A -  solution, in which 1 mM Ba 2+ 
replaced Ca 2+. Ba 2+ currents were elicited using a 20-msec step to - 1 0  mV, and "~tail was determined at - 40 mV. Decay: time constant ('rl) 
for the decay of Ica(d) during depolarization to - 2 0  mV. Voltage-dependent inactivation was invoked by depolarization to 0 mV. (B) Ampli- 
tude of lca(h)was determined from the membrane response to a 300-msec step to - 115 in TEA + solution. Steady-state inactivation." cells were 
held for 500 msec at potentials ranging from 0 to - 110 mV, and then/Ca(h) was elicited by a 300-msec step to - 120 mV. The relationship be- 
tween holding potential and Ca2+-current amplitude is again described by the equation given in (A) above. Time course of recovery from in- 
activation was determined using a paired-pulse protocol similar to that described for Ifa(d ), but here Vcond and Vtest comprised 300-msec steps 
to - 110 mV. Recovery proceeds with an exponential time course, with a time constant "rrec. (C) lNa deactivation rates were determined at - 4 0  
mV following 500-msec steps to + 10 or - 1 2 0  mV. Tails elicited by hyperpolarization decayed biexponentially. 1K(d) constitutes the peak out- 
ward current elicited by a 1.5-sec step to - 1 0  mV in K+-solution. (E) IK(ca,d ) tail currents were elicited using a 1.5-sec step to - 1 0  mV. (F) 
lK(hr which comprises a major portion of the inward peak (1peak) upon hyperpolarization in K + solution, was elicited using a 500-msec step to 
-110 mV. IK(h) tail current decay rates ('gtail) were determined following a 30-msec step to - 1 1 0  mV. (G) 1K(Ca,h ) comprises a major portion 
of the inward current evoked at 500 msec by a step to - 110 mV (I500). lK(Ca,h) deact ivat ion rate ('l'tail) was determined upon returning to hold- 
ing potential following a 500-msec step to - 110 mV. (H) Resting membrane properties were determined in 1 m u  K § solution. Membrane re- 
sistance (Rrest) was determined from membrane potential responses to small (0.05-0.2 nA) current injections. 
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Fig. 3. Recovery of lca(d ~ from inactivation. (A)/Ca(d) w a s  inactivat- 
ed using a 20-msec step to + 10 mV (V~ond) and the ability of Vtest (a 
20-msec step to - 1 0  mV) to elicit current tested at various times 
thereafter. In the examples shown, the interval between V~o,d and Vtest 
increases from 10 msec up to 120 msec. In both cases,/Ca(d) recov- 
ery proceeds exponentially, but more slowly and after an increased 
delay in eccentric (Z're c = 37.6 msec after delay of 26 msec in the wild- 
type cell, whereas recovery is delayed by 33 msec and occurs with a 
Tre c of 54.7 msec in the mutant). (B) Time constant for Ica(d~ recov- 
ery (~ec) as a function of Vco,~ in the wild type (O) and eccentric (�9 
Points are means _+ SD from 5-8 cells. 

5 mV. The fast component o f / C a ' d )  decay, Z'l, is in- 
creased significantly in eccentric (~able, A). Further, 
the slow component of decay (v2:30 _+ 23 msec at 5 
mV, n = 12) is prominent in all (12 of 12) cells exam- 
ined, and at membrane potentials ranging from - 10 to 
+15 mV. 

1Ca(d ) also recovers from inactivation more slowly 
in eccentric. In Fig. 3A, /Ca(d) has been inactivated us- 
ing a 20-msec conditioning step to + 10 mV, and the 
progress of this current's recovery tested using 20-msec 
steps to - 10 mV. The onset of recovery is delayed in 
both the wild type and eccentric (Fig. 3A). Once this 
lag period has elapsed, recovery of /Ca(d)  proceeds ex- 
ponentially in both cell lines, but significantly slower in 

eccentric. The difference in wild-type and m u t a n t  Ica(d ) 
recovery rates is most pronounced using conditioning 
depolarizations to + 10 mV, but significant differences 
were also noted when Vcond = --10 mV, +30 mV, or 
+50 mV (Fig. 3B). During prolonged depolarizations, 
/Ca(d) inactivates by a slow, Ca2+-independent mecha- 
nism (Hennessey & Kung, 1985). The eccentric muta- 
tion has no significant effect on the onset of this inac- 
tivation at 0 mV (Table, A). 

A second, hyperpolarization-activated Ca 2-- cur- 
rent (I �9 Preston et al ,  1992) provides the rise in in- Ca(h)" 
tracellular Ca 2+ concentration necessary for activating 
IM (Ca h)" Eccentric has no effect on the magnitude, 
voltage dependence, activation and inactivation kinet- 
ics, or on the time course of recovery of/Ca(h)  from in- 
activation (Table, B). 

EFFECTS OF ECCENTRIC ON Na + CURRENT 

A Ca2+-dependent Na + c u r r e n t  (INa) can be elicited by 
membrane depolarization and hyperpolarization of 
Paramecium in Na + solution (Saimi, 1986), with a time 
course that is reminiscent of lug (Fig. 4A). Returning 
to - 4 0  mV following 500-msec voltage steps elicits 
slow inward tail currents that can be described using 
single or double exponential functions (Table, C). Step 
changes in membrane potential also elicit Na + currents 
from eccentric (Fig. 4A, right). The current activated 
upon hyperpolarization is reduced slightly (P < 0.05) 
at membrane potentials between - 6 0  to - 9 0  mV (Fig. 
4B), but the mutation's most striking effect is on the de- 
activation kinetics of INa" The tail current elicited fol- 
lowing a 500-msec depolarization of eccentric decays 
approximately twice as fast as the wild-type equivalent, 
whereas the current elicited following hyperpolarization 
decays up to six times faster (Table, C). 

EFFECTS OF ECCENTRIC ON THE K + CURRENTS 

Depolarization of wild-type P. tetraurelia in K + solu- 
tion elicits two K + currents. The first activates within 
milliseconds of a step depolarization and then inacti- 
vates. This current has not been characterized previ- 
ously and its properties are largely unknown. There is 
no apparent difference between the magnitude of this 
current in the wild type and eccentric, as judged by 
peak outward current amplitudes (Table, D). A second, 
Ca2+-dependent K + c u r r e n t ,  IK(Cad)' activates slowly 
during depolarization, and deactivates slowly upon re- 
turning to holding potential. There was no significant 
difference in either the magnitude or deactivation rate 
of this current (Table, E) between the two strains. 

Membrane hyperpolarization elicits two additional 
K + currents (Preston et al., 1990a). The first, IK(h),is 
a voltage-dependent conductance that activates rapta~y 
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Fig. 4. Na § currents in wild-type and eccentric 
paramecia. (A) Na + currents elicited by step 
depolarization or hyperpolarization in Na § 
solution. The current traces represent pure lNa: all 
other currents have been digitally subtracted, as 
described (Saimi, 1986). Numerals to the left of 
the traces indicate membrane potential (in mV) at 
which they were elicited. The tail currents 
elicited upon returning to holding potential from 
-110 mV have been overlayed with computer- 
fits to two exponential functions. The time 
constants of the two components ('t'fast and rslow) 
are given alongside each trace. The contribution 
of the slowly decaying component to each tail 
current is indicated by the second of the two 
superimposed lines. (B) Tail-current amplitudes 
(Itail) are plotted as a function of membrane 
potential (V). Points represent means _+ SD from 
five wild-type (O) and nine eccentric (O) cells. 
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Fig. 5. K § currents evoked upon 
hyperpolarization. (A) Families of currents 
elicited by 500-msec step hyperpolarizations to 
-80, -90, - 100, and - 110 mV in K § solution. 
lK(h) activates rapidly to yield the inward peak 
(double arrowhead). IK(ca,h ~ develops more 
slowly, and is indicated by the open arrowhead. 
The outward tail elicited upon returning to 
holding potential (filled arrowhead) represents 
the summed deactivation of IK(h) and IK(Ca,hy (B) 
The amplitude of the fast-decaying tail 
component (fast tail), representing the 
deactivation of lK(h), is plotted as a function of 
membrane potential (V) of the activating step. 
(C) Amplitude of the slowly decaying tail 
component (slow tail), IK(Ca,h), plotted against 
membrane potential (Vm). Points in both B and C 
are means +_ SD from 8 wild-type (O) and 14 
eccentric (O) cells. 

du r ing  step hype rpo la r i za t ion ,  peaks  at 3 5 - 9 5  msec  
(Fig. 5A, double  arrowhead) ,  and  then decays  to a new,  
sus t a ined  level .  The  second  is a s lower -ac t iva t ing ,  
Ca2+-dependen t  K + current ,  IK(Ca h) (Fig. 5A, open  ar- 
rowhead) .  The tail  cur rent  that is 'e l ici ted by  re tu rn ing  
to ho ld ing  potent ia l  fo l lowing  a 500-msec  hyperpolar -  
iza t ion (Fig. 5A, f i l led ar rowhead)  is b iphasic ,  repre-  

sent ing  the s u m m e d  deac t iva t ion  of  IK(h) and  IK(Ca h)" 
Step hyperpo la r i za t ion  of  eccentric elicits  s ign i f ican t ly  
less inward  K + current  compared  with the wi ld  type 
(Fig. 5A). This  applies  both  to the peak,  where  IK(h) is 
p r edominan t  (Table,  F) ,  and to the current  at 500 msec  
(Table,  G), where  IK(Ca h) predomina tes .  Note  that the 
tails o f  IK(h) (Fig. 5B) and IK(Ca,h) (Fig. 5C) are also re- 

duced  in ampl i tude  in eccentric,  by marg ins  that are 
s imi lar  to the di f ferences  in i nward -cu r ren t  va lues  giv-  
en  in  the Table ,  F and G. xntA l has no  s ign i f ican t  ef- 
fect  on  the t ime  cons tan ts  o f  these two tails (Table ,  
F,G).  

EFFECTS OF ECCENTRIC ON RESTING MEMBRANE 
PROPERTIES AND ON THE ACTION POTENTIAL 

Al though  the eccentric  muta t ion  affects several  com-  
ponen ts  of  P aram ec ium ' s  exci table  m e m b r a n e ,  the net  
effects on the ce l l ' s  res t ing propert ies  are minor .  The  
m e m b r a n e  res is tance  of  eccentric in 1 mM K + so lu t ion  
is increased  s l ight ly  (Table,  H), bu t  its m e m b r a n e  po- 
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L .................. 
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Fig. 6. Effects of [Mg2+]o on the action potential 
of wild-type and eccentric paramecia. Action 
potentials were elicited in 1 mM K + solution 
using 2-msec current pulses (8 nA). Ten 
consecutive action potentials (elicited at 8-sec 
intervals) have been averaged to produce the 
traces shown. Broken lines represent zero 
potential. (A) Action potentials elicited from the 
wild type before (left) and after (right) adding 
0.5 mM Mg 2+ to the extracellular solution. Note 
that Mg 2+ depolarizes the cell by ca. 10 mV and 
inhibits the after-hyperpolarization fully (filled 
arrowhead). (B) Action potentials elicited from 
an eccentric mutant cell in the absence (left) and 
presence (right) of 0.5 mM [Mg2+]o . Mg 2§ has 
little effect on the membrane potential or after- 
hyperpolarization (open arrowhead) of eccentric. 

tential rests at about the same level as that of the wild 
type (Table, H). 

One reason for isolating an IMg-deficient strain of 
P. tetraurelia was so that we might have a better un- 
derstanding of the role of this current in the wild type. 
Thus, we compared the characteristics of membrane 
excitation in wild-type and eccentric mutant paramecia. 
In Paramecium, the action potential is graded with stim- 
ulus intensity, and a 2-msec, 8-nA current pulse is re- 
quired to elicit a maximal response. In K § solution, 
resultant action potentials are characterized by an over- 
shoot of 4-5 mV and a strong ( - 4  to - 5  mV) after-hy- 
perpolarization lasting several hundred milliseconds 
(Fig. 6A, left). Adding Mg z+ to the K + solution at a 
physiological concentration (0.5 mM; see Machemer & 
Deitmer, 1985) depolarizes the wild type by 10 mV 
(_  1 mV, n = 5) and suppresses the after-hyperpolar- 
ization fully (Fig. 6A, right, filled arrowhead). By con- 
trast, 0.5 mM Mg 2+ has little effect on either the mem- 
brane potential ( A V  = 1 _+ 7 mV, n = 5) or action 
potential of eccentric: note that the after-hyperpolariza- 
tion remains prominent (Fig. 6B, right, open arrow- 
head). 

Discussion 

An electrophysiological examination of eccentric, a 
newly isolated mutant of P. tetraurelia that fails to re- 
spond behaviorally to Mg 2+, has revealed several in- 
teresting anomalies. Eccentric essentially lacks an in- 
ward Mg 2§ current in response to physiological changes 
in membrane potential. Although L can be evoked by lvlg 
extreme hyperpolarizations, resultant currents are great- 
ly reduced in amplitude compared with the wild type. 
The Ca 2+ current activated upon depolarization of Para- 
mecium inactivates more slowly in the mutant than it 
does in the wild type, and also recovers from inactiva- 

tion more slowly. Also, the Na + current deactivates sig- 
nificantly (five to six times) faster in eccentric compared 
with the wild type. Finally, the K + currents elicited up- 
on hyperpolarization of eccentric are reduced in mag- 
nitude, by about 50% of wild-type values. 

EFFECTS OF THE ECCENTRIC MUTATION ON IMc 

A priori, the reduction in I. magnitude in eccentric Mg 
could result either from a decrease in the driving force 
for Mg 2+ entry or from an increase in membrane resis- 
tance to Mg 2+ permeation. Results presented in Fig. 1 
favor the latter possibility, although an increase in in- 
tracellular free Mg 2+ concentration could be a contrib- 
utory factor in eccentric 's  loss of IMg (see below). Fig- 
ure 1B shows that the eccentric mutation reduces cur- 
rent amplitudes at all membrane potentials. A reduction 
in the driving force for Mg 2+ entry by increasing [Mg2+]i 
would indeed decrease inward current magnitudes at 
potentials negative to the reversal potential for Mg 2+ 
(Er), but there should be an accompanying increase in 
outward current during steps positive to E r. This is not 
the case, however, suggesting that overall membrane 
permeability to Mg 2+ has been decreased in eccentric. 

EFFECTS OF ECCENTRIC ON OTHER 

MEMBRANE CURRENTS 

The Ca 2+ current activated upon depolarization of Para- 
mecium decays during the voltage step, a consequence 
of [CaZ+]i-stimulated Ca-channel inactivation (Brehm & 
Eckert, 1978; Brehm, Eckert & Tillotson, 1980). The 
Ca 2+ that enters the cell via these channels causes the 
cilia to reverse their beating direction, and the cell 
swims backwards. That the channels inactivate during 
the depolarization usually ensures that the backward- 
swimming events are transient, and the cell turns. Thus, 
the finding that Ica(d ) inactivation is slowed in eccentric 
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(Fig. 2A) explains its quirky behavioral phenotype: 
spontaneous membrane depolarizations that would nor- 
mally cause the wild type to turn briefly actually cause 
eccentric to swim backwards for several seconds, or 
cause repeated turning events as the excessive Ca 2+ in- 
flux interferes with the process of membrane repolar- 
ization. Strongly depolarizing stimuli can trigger sus- 
tained Ca 2-- influx and prolonged backward swimming 
of the wild type--and again eccentric overreacts (R.R. 
Preston and C. Kung, in preparation), consistent with 
the observed Ca2+-current defect in this mutant. Ec- 
centric thus phenocopies Dancer, a mutant that was de- 
scribed previously by Hinrichsen, Saimi and Kung 
(1984). Not only does the 1ca(a ) inactivation defect 
cause Dancer to overreact to depolarizing stimuli, it al- 
so causes abnormally enhanced and prolonged activa- 
tion of the Ca2+-dependent K + and Na + currents, pre- 
sumably as a consequence of excessive Ca 2" buildup 
within the cell body (Hinrichsen & Saimi, 1984). Ec- 
centric shows no such effect (Table, C,G,E), however, 
perhaps because the Ca2+-current inactivation defect is 
less pronounced than in Dancer, and thus Ca 2+ buildup 
either is less severe or never occurs. 

The acceleration of Na + tail-current decay in ec- 
centric (Fig. 4A) is particularly interesting. Tail-current 
kinetics reflects the rate at which channels close fol- 
lowing removal of an activating stimulus. Since the Na 
channel requires both Ca 2+ and calmodulin (CAM) to 
open (Saimi & Ling, 1990), channel closure likely in- 
volves dissociation of Ca 2+, CaM, or a Ca2+-bound 
CaM complex. The eccentric mutation may thus weak- 
en the association between Ca 2", CaM and the channel 
protein. It will be interesting to examine eccentric's 
Na + channel under patch clamp to determine whether 
there is a change in the properties of the conductance it- 
self, or if there is indeed a perturbation in the CaM ac- 
tivation/deactivation pathway. 

POSSIBLE MOLECULAR TARGET OF THE 

ECCENTRIC MUTATION 

Parallel genetic studies (R.R. Preston and C. Kung, in 
preparation) have shown eccentric's phenotype to re- 
sult from a recessive, single-gene mutation. There are 
several ways in which a defect in a single protein could 
affect several ion currents simultaneously: here we con- 
sider two likely possibilities. 

Loss  OF A Mg 2+ INFLUX PATHWAY DISTURBS 
INTRACELLULAR FREE Mg 2+ HOMEOSTASIS 

IMg is a major pathway for Mg 2+ entry into wild-type 
paramecia, and possibly even the major pathway. The 
loss of this current might thus be expected to have 
repercussions for intracellular Mg 2+ homeostasis, per- 
haps leading to a persistent change in [Mg2+]i. As no- 
ted in the Introduction, many facets of cell activity are 

sensitive to [Mg2"];, with ion channels being particu- 
larly susceptible to [Mg2"]i (see Strata & Carbone, 
1991). A persistent change in [Mg2+]i in eccentric 
would thus readily account for the changes in the Ca 2-, 
K +, and Na + currents described here, but might be ex- 
pected to also cripple or kill the cell. The eccentric mu- 
tation has no obvious deleterious effects on cell physi- 
ology, however. One possible explanation is that the 
suggested change in [Mg2"]i is restricted to an intra- 
cellular compartment whose ion activities are deter- 
mined largely by fluxes through the ion channels. This 
would produce the observed dramatic effects on the ion 
currents but leave other aspects of cell function un- 
scathed. In the future, it may be interesting to compare 
[Mg2+]i in eccentric and the wild type using Mg 2+- 
sensitive dyes, electrodes or NMR techniques. 

THE AFFECTED GENE ENCODES A CENTRAL 

REGULATORY PROTEIN 

Eccentric's pleiotrophy is reminiscent of the Parame- 
cium cam mutants. These mutants fall into two broad 
groups epitomized by pantophobiac A and fast-2, which 
lack either Ca2+-dependent K + currents or Ca2--de - 
pendent Na + currents, respectively (Kink et al., 1990). 
Both classes of mutants exhibit multiple additional ion- 
current defects, including reduced Ca2+-current ampli- 
tudes and altered time courses of Ca2+-current inacti- 
vation (Preston et al., 1990b, 1991; Kung et al., 1992). 
This diversity presumably reflects that these strains har- 
bor mutations in the gene that encodes calmodulin, a key 
intracellular regulatory protein, rather than in the re- 
spective K- or Na-channel structural genes (Kink et al., 
1990). The eccentric mutation may similarly disrupt a 
central cell regulator. Many classes of ion current are 
modulated by phosphorylation/dephosphorylation reac- 
tions (Levitan, 1985), so kinases or phosphatases are 
likely targets. Thus, if we assume that the Mg 2+ per- 
meability can only be activated when dephosphorylat- 
ed, it might be possible to explain the loss of L, in ec- rvjg 
centric in terms of a defective phosphatase upsetting a 
delicate balance between phosphorylation and dephos- 
phorylation. Note that several studies (reviewed by 
Chad, Kalman & Armstrong, 1987; Trautwein & Hes- 
cheler, 1990) have suggested that Ca2"-dependent Ca- 
channel inactivation involves channel dephosphoryla- 
tion, so the inactivation defect shown in Figs. 2 and 3 
could be consistent with eccentric being a phosphatase 
mutant. 

ROLE OF ...I~g IN SHAPING THE ACTION POTENTIAL AND 

BEHAVIOR OF PARAMECIUM 

Regardless of mechanism, the failure of physiological 
membrane potential change to elicit IMg in eccentric pro- 
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vides  va luable  insights as to the possible  role  o f  this cur-  

rent  in the  wi ld  type.  P a r a m e c i u m  d i sp lays  severa l  

l eve l s  o f  m e m b r a n e  exc i ta t ion ,  r ang ing  f r o m  the b r i e f  

ac t ion  po ten t ia l  to depo la r i za t ions  that  m a y  last  m a n y  

minu te s .  In the p r e sen t  s tudy,  we  h a v e  asked  on ly  
w h e t h e r  L c o u l d  be  i n v o l v e d  in b r i e f  m e m b r a n e  lvlg 
events .  F igure  6A shows  that 0.5 mM [Mg2+]o inhibi ts  
spike a f te r -hyperpolar iza t ion  ful ly in the wi ld  type. The  

lack  o f  a s imi la r  e f fec t  on e c c e n t r i c  (Fig.  6B), sugges ts  
that  M g  2+ inf lux  v ia  IMg is r equ i r ed  for  this inh ib i t ion  
and that it is not  due  to M g  2+ act ing ex t race l lu la r ly .  A t  

present ,  we  do not  k n o w  whe the r  loss  o f  the af te r -hy-  
pe rpo la r i za t ion  represen ts  a s imple  cha rge  cance l l a t ion  
by the M g  2+ f lux,  o r  an in t race l lu la r  b lock  by M g  2+ o f  

the K channe l s  r e spons ib l e  for  the hype rpo la r i za t i on  

but,  r ega rd less  o f  m e c h a n i s m ,  the b e h a v i o r a l  conse -  
quences  are read i ly  apparent .  [Mg2§ (0.5 mM) caus-  

es a p r o n o u n c e d  ce l lu la r  reor ien ta t ion ,  or  whi r l ing ,  fol-  

l owing  t rans ient  c i l i a ry  reversa l  (the mo to r  r e sponse  to 

sp ik ing  in P a r a m e c i u m ) .  E c c e n t r i c  typ ica l ly  does  not  
show such behav io r  in the presence  o f  [Mg2§ . Perhaps 

IMg cont r ibutes  a " w h i r l i n g - p o t e n t i a l "  to the e lec t r ica l  

cont ro l  o f  b e h a v i o r  in P a r a m e c i u m ,  thereby  fac i l i ta t ing  
a r a n d o m  wa lk  s w i m m i n g  pa t te rn  that  e n h a n c e s  the 
c e l l ' s  chances  o f  loca t ing  food  (Van H o u t e n  & Van  

Houten ,  1982). 

We are grateful to Dr. Yoshiro Saimi for his comments and sugges- 
tions on this work, and for the support of the Lucille P. Markey Char- 
itable trust and the National Institutes of Health (GM22714 and 
GM38646). 
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