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Abstract. The modulation of , K* current by ten triva-  within the electric field but which is not specific for
lent lanthanide (LA") cations spanning the series with Ca&?*. They are consistent with a model where3[n
ionic radii ranging from 0.99 A to 1.14 A was charac- binding to negative charges on the gating apparatus alters
terized by the whole-cell patch clamp technique in bo-the voltage-dependence and kinetics of channel opening.
vine adrenal zona fasciculata (AZF) cells. Each of theLn®'s modulate transient Kand C&" currents by two
ten L*s reduced , amplitude measured at +20 mV in fundamentally different mechanisms.
a concentration-dependent manner. Smallet'snere
the most potent and half-maximally effective concentra-key words: lon channels — Adrenal — Lanthanide —
tions (EGgs) varied inversely with ionic radius for the pgtassium channel
larger elements. Estimation of E£ yielded the follow-
ing potency sequence: EU(EC,, = 3.0 um) = Yb3*
(ECgo = 2.7pM) > EP* (ECy, = 3.7pum) = Dy*" (EC;,  Introduction
= 4.7 pm) > G (EC;p = 6.7 pm) = St (EC,, =
6.9 uM) > Nd®* (ECgo = 11.2um) > PP* (ECso = 22.3  Trivalent cations including L3 and the lanthanides (el-
M) > Ce* (ECgo = 28.0 pum) > La®" (ECyo = 33.7  ements 58-71 in the periodic table) share biologically
M). important chemical properties with the divalent calcium
Ln>"s altered selected voltage-dependent gating angCa?*) cation (Nieboer, 1975; Williams, 1982; Evans,
kinetic parameters of, with a potency and order of 1990). Their similarity to C& with respect to ionic ra-
effectiveness that paralleled the reductionl gfampli-  dii, coordination chemistry and preference for the oxy-
tude. Lr**s markedly slowed activation kinetics and gen donor groups provides the basis for their strong in-
shifted the voltage-dependence Igf gating such that teraction with C&" binding sites on membrane proteins
activation and steady-state inactivation occurred at mor¢Nieboer, 1975; dos Remedios, 1981; Evans, 1990).
depolarized potentials. In contrast, s did not mea- Ln®* elements have been especially useful in the
surably alter inactivation or deactivation kinetics andstudy of voltage-gated G& channels where they po-
only slightly slowed kinetics of inactivated channels re-tently inhibit both low and high voltage-activated Ta
turning to the closed state. Replacement of external Ca currents. In one extensive study, I'a were shown to
with Mg had no effect on the concentration-dependeninhibit low voltage-activated T-type G& channels
inhibition of |, by Ln**s. In contrast to their action da  through occlusion of the pore, with a potency that varies
K* current, Lit*s inhibited T-type C& currents in AZF  inversely with the ionic radius (Mlinar & Enyeart,
cells without slowing activation kinetics. 199%). In contrast, the potency of L-type €achannel
These results indicate that £hmodulatel, K*  block by Lr?* varies directly with ionic radii (Lansman,
channels through binding to a site gpchannels located  1990).
Several reports suggest that®Canay bind to spe-
cific sites on voltage-gated ‘Kchannels where they may
S be directly involved in voltage-dependent gating (Arm-
Correspondence tal.J. Enyeart strong & Lopez-Barneo, 1987; Begenisich, 1988). Al-
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though systematic studies describing the effects Gf Ln for approximately 1 hr at 37°C, triturating after 30 and 45 min with a

on voltage-gated K currents have not been reported sterile, plastic transfer pipette. After incubating, the suspension was

La®* has been shown to produce a depolarizing shift inﬁltered through 2 layers of §ten|e gheesecl_oth, then c_er_1tnft_19ed to
llet cells at 100 »g for 5 min. Undigested tissue remaining in the

o e
Fhe \{Oltz_ige depende_nce of activation a”q Steady_Stat(F?%eesecloth was incubated with collagenase (2 mg/ml) for an additional
inactivation of a transient outward'kcurrent in rat cer- hour. Pelleted cells were washed twice with DMEM/0.2% BSA, cen-
ebellar neurons. L was also reported to slow the ac- trifuging as before. Cells were filtered through 2@ stainless steel
tivation and inactivation kinetics of this'Kcurrent (Wat-  mesh to remove clumps after resuspending in DMEM. Dispersed cells
kins & Mathie, 1994)_ were again centrifuged and either resuspended in DMEM/F12 (1:1)

AIthough some varieties of Kchannels may contain with 10% l_:BS, 100 U/ml penicillin, Q.l mg/ml streptomy_ci_n angl plated
Ca2+—specific sites that are critically involved in gating forimmediate use of resuspended in FBS/5% DMSO, divided into 1-ml

. ...~ aliquots each containing abio2 x 1¢ cells and stored in liquid nitro-
others may not (Mayer & Sugiyama, 1988)' In addition gen for future use. Cells were plated in 35-mm dishes containing 9

tq imere_lclting with Cé’f—binding sites, LA's bind With  mn? glass coverslips that had been treated with fibronectinug/nl)
high affinity to other sites on selected proteins. Acetyl-at 37°C for 30 min then rinsed with warm, sterile PBS immediately
choline and insulin receptors possess two types 6f Ln before adding cells. Dishes were maintained at 37°C in a humidified
binding sites, only one of which accepts®CéRubsamen  atmosphere of 95% air and 5% GORat thyroid 6-23 C cells were
et al.. 1976: Williams & Turtle 1984) Thus. Bh cultured as previously described (Biagi & Enyeart, 1991).
modulation of voltage-gated Kchannels might occur

through receptors _ar_u_j mechanisms that differ fundamens,, ;1.ons AND BATH PERFUSION

tally from their inhibition of C&* channels.

“We have examined the mOdU|ati0_n of a rapidly in- For recording whole-cell Kcurrents, the standard pipette solution was
activating A-type K current by a series of 10 Bfs (in mm): 120 KCI, 2 MgCh, 1 CaC}, 10 HEPES, 11 BAPTA, 20Qm
which span the series and vary in ionic radii from 0.99 toGTP, 2 mu MgATP with pH buffered to 7.2 using KOH. With this
1.14 A. Although Li*s suppress, K* current with a ~ composition, free [C&] was determined to be 2.3 x 10u using the

potency that varies inversely with the ionic radius, the Bound and Determined” program (Brooks & Storey, 1992). The
development of the noninactivating. K* current that is present in

meChamsm(s) IPVOIVed ar,e C_“S,t,mCt from those that pro'these cells was completely eliminated by including 200 cAMP in
duce T-type C&" channel inhibition. the pipette solution. CAMP selectively inhibits the. K* current and
does not altet, (Enyeart, Mlinar & Enyeart, 1996). Pipette solutions
were filtered through 0.22 micron cellulose acetate filters. The external
Materials and Methods solution consisted of (in mM): 140 NacCl, 5 KCI, 2 CaCl, 2 MgC10
HEPES and 5 glucose, pH 7.4 using NaOH.
Tissue culture media, antibiotics, fibronectin, and fetal bovine serum T-type C&" currents were recorded from AZF cells or the rat
were obtained from Gibco BRL (Grand Island, NY). Culture dishes thyroid 6-23 cell line were recorded as previously described (Biagi &
were purchased from Corning (Corning, NY). Coverslips were from Enyeart, 1991; Mlinar, Biagi & Enyeart, 1993).
Bellco (Vineland, NY). Lanthanide chlorides (at least 99.9% purity) Handling of lanthanides is restricted by their chemical properties
were obtained from Aldrich Chemical (Milwaukee, WI). All other (Evans, 1990). To avoid formation and precipitation of insoluble
chemicals were purchased from Sigma (St. Louis, MO). The rat med_Ln(OH); and Ln(CO), as well as formation of radiocolloids and loss
ullary thyroid carcinoma 6—23 (clone 6) cell line (rat C cells) was of Ln®" ions to the container surface, millimolar aqueous stock solu-
purchased from the American Type Culture Collection. tions of LnCl; were prepared daily in polyethylene microtubes. Stock
solutions were diluted to final concentration directly in the bath per-
fusion vessel immediately before use. The perfusion system consisted
IsoLATION AND CULTURE OF CELLS of polyethylene and polypropylene containers and tubing, sinte Y
La®* and the lanthanides strongly bind to negatively charged groups or
Bovine adrenal glands were obtained from steers (age range 1 to glass surfaces. The recording chamber (volanteml) was continu-
years) within 15 min of slaughter at a local slaughterhouse. Fatty tissu®usly perfused by gravity at a rate of 5-6 ml/min. Bath solution ex-
was removed immediately and the glands were transported to the labd:hange was done by a manually controlled six-way rotary valve.
ratory in ice-cold PBS containing 0.2% dextrose. Isolated AZF cells Despite the relatively constant activity coefficients of trivalent
were prepared as previously described with some modifications (Goslanthanide chlorides in aqueous solution and precautions taken in ex-
podarowicz et al., 1977). In a sterile tissue culture hood, the adrenalerimental procedures, free concentration of unhydrolyzed 4@kt
were cut in half lengthwise and the lighter medulla tissue trimmedionic species in the extracellular solution cannot be determined with
away from the cortex and discarded. The capsule with attached glocertainty. Partial hydrolysis of Lifs results in rapid formation of rela-
merulosa and thicker fasciculata-reticularis layer were then dissectedively soluble Ln(OHF*, Ln(OH)," and other species (Evans, 1990;
into large pieces approximately 1.0 x 1.0 x 0.5 cm. A Stadie-RiggsBiedermann & Ciavatta, 1961), the final concentrations of which are
tissue slicer (Thomas Scientific) was used to slice fasciculata-unknown. It is possible that some of the hydrolysis products contrib-
reticularis tissue from the glomerulosa layers by slicing 0.3 to 0.5 mmuted to the observed effects in this study.
slices from the larger pieces. The first medulla/fasciculata slices were
discarded. One to two subsequent fasciculata slices were saved in cold
sterile PBS/0.2% dextrose. Fasciculata tissue slices were then diceRECORDING CONDITIONS AND ELECTRONICS
into 0.5 mn? pieces and dissociated with 2 mg/ml (about 200-300
U/ml) of Type | collagenase (neutral protease activity not exceedingAZF cells were used for patch clamp experiments 2—12 hr after plating.
100 units/mg of solid), 0.2 mg/ml deoxyribonuclease in DMEM/F12 Coverslips with cells were transferred from 35-mm culture dishes to the
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recording chamber. Cells with diameters of 15420 in diameterand  for each of the ten elements after measuninga_t Ln*
capacitances of 8-15 pF were used for recording. Patch electrodes witigncentrations ranging from 1 to 5Q04. Ecsos varied

resistances of 1-2 megohms were fabricated from 0010 glass (CorningﬁVer a more than 10-fold range from 2.74 + 0,20 (n
using a Brown-Flaming Model P-80 microelectrode puller (Sutter In- 3+ ’ T 3%
= 7) for Yb® to 33.7 £ 4.8um (n = 7) for La”" (Fig.

struments, Novato, CA). Access resistance during recording estimated . : \
from the transient cancellation controls of the patch clamp amplifier2”). The potency of the L#fs in reducingl , amplitude
was 2-5 megohms. The combination of access resistance and cell c¥aried inversely with the ionic radii of these ten metal
pacitance yielded voltage clamp time constants of <80 cations (Fig. B). This inverse relationship was most
Whole cell currents were recorded at room temperature (22—-evident for Lrf's with ionic radii between 1.160 A

24°C) following the procedure of Hamill et al. (1981), using a List (La3+) and 1.079 A (Sr?f') where E(;os ranged from
EPC-7 (List-Medical, Darmstadt, Germany) patch clamp amplifier. 33.7pM + 4é = 7)t06.86 + 1.36um (n = 7). For

Pulse generation and data acquisition were done with a personal con}h .. I | ith ioni di .
puter and PCLAMP software with an Axolab interface (Axon Instru- e remaining smaller elements with lonic radii ranging

ments). Currents were digitized at 1-50 kHz after filtering with an from 1.055 A (Gd") down to 0.977 A (Ld"), ECses
8-pole Bessel filter (Frequency Devices, Haverhill, MA). Linear leak decreased much more gradually (Fig)2
and capacity currents were subtracted from current records using
summed scaled hyperpolarizing stepsyefio ¥4 pulse amplitude.
Data were analyzed using PCLAMP 5.5 and 6.03 (CLAMPAN Ln®*s AND AcCTIVATION KINETICS
and CLAMPFIT) and GraphPAD Inplot 4 (GraphPAD Software, San

Diego, CA). All fits to single exponential functions were done using The concentration-dependent reductionlpfamplitude

the PCLAMP least-squares regression subroutine. Inhibition curves d db h of the Bfs d at inale test
are InPlot 4 least-square regression fits, where current in control salin@0aUC€0 Dy €ach of the Lis, measured at a single tes

is normalized to 1, and assuming complete block of current with suf-Potential (+20 mV) could have occurred through any of
ficient concentration of antagonists. All quantitative results are givenseveral different mechanisms. Besides occluding the
as the mean sem or, in the case of least-square fits, as the estimate +channel pore, L#'s might suppresd, K* current
SEE (standard error of the estimate). through modulation of the steady-state voltage depen-
dence or kinetics of channel gating.

In viewing whole-cell recordings, it was obvious

ABBREVIATIONS that, in addition to reducinty, amplitude, each of the ten

ECso half-maximally effective concentration

Ln3* lanthanide Ln>"s also slowed the activation kinetics of this current

In inactivating potassium current in bovine adrenal fas- (Fig. 3A). Activation kinetics ofl 5 in AZF cells is de-
ciculata cells scribed by an equation of the form (Mlinar & Enyeart,

AZF bovine adrenal fasciculata 199%):

ATP-y-S Adenosine 80-(-3-thiotriphosphate)

DMEM Dulbecco’s modified eagle medium =] MAX[l _ EXp(—T/Ta)]4

DMEM/F12+ DMEM/F12 (1:1) containing 10% FBS, 100 U/ml
penicillin, 0.1 mg/ml streptomycin and the antioxi- o o o )
dants 1um tocopherol, 20 m selenite and 10Qum Quantitation of activation kinetics is complicated by the

ascorbic acid overlapping process of open channels progressing rap-
BAPTA 1,2-bis-(2-aminophenoxy)ethane-N,N.W"- idly to the inactivated state. Howevel, inactivation
v L‘?:f‘;cte\t'ocltzz]': relationship kinetics are independent of voltage over a wide range of
1\ instantaneous current/voltage relationship membrane pOtentlals (Mlmar & Enyeart, 19£3A

FBS fetal bovine sera large fraction £80%) of |, inactivation occurs with a
rapid time constant (10-15 msec) (Mlinar & Enyeart,
1993) which is not altered by trivalent IHis (seeFigs.
Results 6 and 7 and corresponding Results below). Therefore,
the early phase of, current (0—-20 msec) recorded in
o response to depolarizing steps to +20 mv could be nicely
Ln™"s SuPPRESS| 5 CURRENT fit by the formula:l = lyax[1 — exp(-T/t,)][exp(-T/
)], where 7, is the voltage-dependent and i'a
In whole-cell patch clamp experiments, each of the terinsensitive inactivation time constant obtained from fits
Ln3* elements rapidly reducdg amplitude in a concen- of the inactivating component of measured at +20 mV
tration-dependent manner (Fig. 1). Inhibition by less po-in control saline (Fig. B).
tent Lr**s such as LH was rapidly and nearly com- The effectiveness of the Efis in slowing activation
pletely reversible upon switching to control saline (Fig. kinetics varied inversely with ionic radii, and this rela-
1A). Inhibition by more potent Li{'s such as Y& was  tionship was again especially apparent for the larger el-
only partially reversed after prolonged washing (Fig.ements. In Fig. 3, superfusing the cell with p& La®*
1C). (ionic radius 1.16 A) increaseq from 0.91 msec to 2.19
To quantitate the relative potency of the¥ionsin ~ msec. In comparison, 1@m Sn?* (ionic radius 1.079
reducingl, current, inhibition curves were constructed A) increasedr, from 1.04 msec to 6.11 msec.



142 J.J. Enyeart et al.: Modulation of A-typ€ ICurrent by Lanthanide Elements
A. La3~ 1500 1 uM La3*
LI 4 10 uM
1 LlM Ceeve,
100 uM eette?
10 uM 1000} IETTIN 3 .
<
& L)
< *
— L
100 uM 500k °
WASH
[ 0 1 1 1
5 10 15
50 ms TIME (min)
Nd3* Nd3*
2000}* 1 uM
.t
*
1 uM .
. 1500} . 10 M
2 -
a, *
10 uM < 1000F . 100 uM A
— ) Ld
et -
[ 2
100 uM ~00r * )
¢ysesn ¢
— O t 1 K'WASH ]
30 ms 5 10 15 20
TIME (min)
. Yb3" 3000r M Yb3"
)
25001
10 uM
1 uM sooof tetee
=<
£ 1500} .
=
1000 .
.. 100 uM s
10 uM 500 *tes. ¥ eneeneonettttet
100 uM O' , | ..OQ.'\WIASH |
0 5 10 15 20 25
50 ms TIME (min)

Fig. 1. Concentration-dependent inhibition bf K* current by Li#*s in bovine AZF cellsl, was activated from a holding potential of -80 mV
by voltage steps to +20 mV, applied at 30-sec intervals. Cells were superfusedAyitta®(; (B) Nd**; or (C) Yb3®* at concentrations of 1, 10 or
100 um with continuous recording df, current. The averaged current traces represent the steady-state current at the inditateddemtration.
Peak current amplitudes are plotted against time at right and show effect of superfusing control saline at the indicated time (wash).

Slowing of activation kinetics by Lfis was concen- 1.14 + 0.12 msecn = 4) to values of 2.76 + 0.21,
tration-dependent and indicative of increased potency.41 + 0.50 and 9.20 £ 0.02 msec, respectively. By con-
of the smaller LA* elements. At concentrations of 1, 10 trast, L&" at the same three concentrations increased
and 100uM, Sn* increasedr, from a control value of  from its control value of 1.09 + 0.09 msen & 3) to
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Fig. 2. Concentration-dependent inhibition b by Ln**s and rela- 3): R yga' o
tionship to ionic radius.4) Inhibition curves for 10 LA* ions. Data < 2 e Lu?
obtained in experiments as described in the legend of Fig. 1. Data - ik
points are normalized mean values obtained in 47 separate measure-
ments after steady-state block was reached. Inhibition curves are best 095 100 105 110 115

fits of the data to an equation of the forivi:= 1/1 + (X/EC,)" where
Y is the fraction of control current remaining after addition of the
antagonist, ani is the LI concentration andh is the Hill slope.  Fig. 3. Effect of Lr®*s onl , activation kinetics. The effect of 4 (10
ECscs have been estimated from the fits, and these ar¥; B&.7 4.8 .w) and Smi* (10 pm) on the kinetics of , activation were studied in
pm; CE, 28.0 + 4.1um; PP, 22.3 + 10.4um; Nd®*, 11.2 + 1.9um; whole-cell recordings by applying activating voltage steps from a hold-
Sn*, 6.86 + 1.36pM; GA**, 6.71 + 1.59um; Dy**, 4.66 + 0.37uMm; ing potential of 80 mV to a test potential of +20 mV before and after
Er®*, 3.72 + 0.33uM; Yb®", 2.74 + 0.20um; Lu®", 2.97 + 0.17um. Hill superfusing cells with L#s. The ascending portion f current was
coefficients varied monotonically and ranged from 0.571 fof*Lta fit from time = 0 with an equation of the form:= 1 _[1 — exp(=T/
1.267 for Li#*. (B) Potency as a function of ionic radius. ESof the 1 y]4lexp(-T/7,)] wherel., is the maximum value that the current would
10 Ln®*s are plotted against corresponding cationic radius (Shannongeach in the absence of inactivation, is the voltage-dependent time
1976), assuming a coordination number of 8. While 8 is the most likely constant of activation ant is a voltage-independent inactivation time
coordination number for L#fs (Nieboer, 1975), the presence of ionic constant obtained by fitting the inactivating componernityofeasured
species with other coordination numbers is probable. Symbols gfS£C  at +20 mV in control saline.A) Current records before and after
are the same as i\ above. superfusing cells with 1@ La®* (left traces) or 1Qum S (right

traces). B) Same currents as imA] displayed on an expanded time

scale. Solid lines show best fits to above equation with respectse

of 2.19 and 6.11 for L&~ and Sni*-treated cells.€) Activation time
1.15 £ 0.12, 2.42 + 0.20 and 5.96 * 0.45 msec, respecconstants obtained fd, currents in the presence of 30u Ln®*" are
tively. expressed as a ratio of control value and plotted against ionic radius for

Overall, the increase im,s produced by seven Bh 8 Ln®*s. Values are mean sem, for 3-5 determinations.
elements at a concentration of {1 (expressed as a ratio
of the control value) ranged from 2.24 + 0.18 £ 3) for The activation kinetics of,, are voltage-dependent
La®* to 6.01 + 1.05 for YB" (n = 3) (Fig. ). The in-  and accelerated at progressively more positive test po-
verse relationship between size and slowing of activatiortentials (Mlinar & Enyeart, 199%. Figure 4 illustrates
kinetics was again most evident among the larger elementéie effect of 1Qum Dy** (ionic radius 1.027 A) o, K*
with ionic radii between 1.079 A and 1.160 A. current amplitudes and activation kinetics at test poten-

IONIC RADIUS (A)



144 J.J. Enyeart et al.: Modulation of A-typ€ ICurrent by Lanthanide Elements

A CONTROL 10 uM Dy>*

-80 — — -80 mV

Fig. 4. Effect of Dy** on voltage-dependent
activation kineticsl, currents were recorded in
response to voltage steps to test potentials between
C 9 —-20 and +60 mV, applied from a holding potential
' . of -80 mV before and after superfusing
e CONTROL 34 A .
. 10 uM DyS* Dy>*. Activation time constants were determined
by fitting the ascending component bf current
Br with the equation described in the legend of Fig.
2 . 3. (A) Current records at test potentials between
o
.

TIME (ms) TIME (ms)

-20 and +60 mV before and after superfusing 10
. um Dy3*. (B) Activating portion ofl , and
. corresponding fits (solid lines) at indicated test
o potentials for same cell as id\). (C) Activation
o N ° o time constantst(s) derived from fits in B) and
L L . L L : : L plotted against test potential.

Vm

tials between —20 and +60 mV. Activation kinetics for the effect of C&" (10 um) on the decaying phase of
I, were fit as in Fig. 3 above. In control saline,s  current measured at test voltages between -20 and +6(
obtained from fits varied from 2.28 msec at —20 mV to mV. In control saline,l, inactivation was fit with a
0.66 msec at +60 mV (Fig.BLC). After superfusing 10 single exponential time constant that did not change sig-
um Dy**, 7,s ranged from 8.17 msec at +10 mV (the nificantly over the entire range of test voltages, wifh
most negative potential for which reliable fits could be ranging from 10.5 + 2.1 msec to 12.3 + 2.4 msac=
obtained) to 2.48 msec at +60 mV. Thus, 1@ Dy**  3) (Fig. 5A andB). In the presence of G& (10 um), |,
produced the equivalent of an approximate 80 mV shiftinactivation kinetics at negative potentials (-20 to 0 mV)
in |, activation kinetics (Fig. @). Similar results were appeared to be markedly slowed, whils approached
obtained in each of 3 cells. control values at more positive potentials (Fig.
5B). These results suggested that the apparerit-Ce
a induced slowing of inactivation at negative voltages oc-
Ln="s AND INACTIVATION KINETICS curred as a consequence of slowed activation at these
potentials.
In a previous study, we found that the major fraction of To determine if the apparent slowed inactivation of
| (>80%) inactivates with a single voltage-independentl, produced by C¥& at negative test voltages was an
fast time constant (Mlinar & Enyeart, 1998 In the  outcome of slowed and prolonged activation, we mea-
present study, we found that theI's do not measurably sured inactivation kinetics in 1fim Ce** at potentials
alter the inactivation kinetics df,. Figure 5 illustrates between —-20 and -10 mV aftéy activation had been
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accelerated by a 5-msec prepulse to +40 mV. UndeA.
these conditionss;s approached the same voltage-

independent time constant in the presence and absence of . o
Ce. In the experiment illustrated in Fig. &, inacti- _M J)%_

vation was measured at —10 mV with (Fid)7and with-

-20 mV ~-10 mV 0 mV

out (Fig. 7A) a 5-msec prepulse to +40 mV before and +20 v +40 WV 750 av
after superfusing 1qum Ce** as indicated. Without the y

accelerating prepulse, the inactivating component,of .

was fit with single time constants of 13.9 and 42 msec in

control saline and in 1Q.m Ce**, respectively (Fig. 8).

By comparison, when the voltage protocol included the e
accelerating prepulse, the inactivating phasé,dinea-

sured at —10 mV) was fit with time constants of 12.3 msec 60

before, and 15.7 msec after exposure to G¢Eh. 6B). 50 o CONTROL

Overall, when inactivation was measured at poten- * 10 uM Ce?”

tials between —-20 and -10 mV, afta 5 msec prepulse
to +40 mV, ;s in control saline and 1Q.m Ce** were
13.6 £ 0.9 msec and 12.9 + 1.5 mset € 4). Thus,
when activation was accelerated by strong depolariza-
tion, C€" had no effect on, inactivation kinetics even

40t

30r

T; (APPARENT)

20k ——
g "3

o 5

—

at relatively negative potentials. %0 -0 0 10 20 30 40 50 60
VOILTAGE (mV)
3
EFFECT OFLN>"s ON RECOVERY AND Fig. 5. Ce€" and|, inactivation kinetics. &) 1, was activated from a
DEACTIVATION KINETICS holding potential of =80 mV by voltage steps to potentials between -20

] ) o o and +60 mV applied at 30-sec intervals in control saline and after
In contrast to their marked slowing of activation kinetics, superfusing 1Gum Ce**. Traces show scaled currents in control saline

Ln®" had little impact on the kinetics of inactivated” K and in the presence of €eas indicated.B) The decaying phase of
channels returning to their closed state. Recovery kinetwas fit with a single exponential to determine the apparent inactivation
ics were studied by first clamping cells at =20 mV for 30 time constant). 7;s are plotted against membrane potential. Values
sec to inactivaté,, then stepping the membrane potential ' Mean sem. forn = 3.

to —80 mV for various periods up to 30 sec, before ap-

plying an activating test pulse to +20 mV (Fig\)Z Re- was concentration-dependent and again greatest with the

covery I+<|net|cs in c_ontrpl saline and m_the_presence of 18 maller Li?"s. Voltage-dependent inactivation lgfwas
M Ce** were fit with single exponential time constants

of 9.3 + 0.3 sec and 8.8 + 0.3 sec respectively{ 3) quantitated by applying 10-sec conditioning pulses to

. . various potentials between —-82.5 and -7.5 mVin 7.5 mV
(Fig. 7AandB). While Ce* had no measurable effecton ; ts. foll db tivati It t to +20
., the smaller LA*s, Dy** (10 uwm) slightly slowedr, increments, Tolowed: by activating voltage steps to

. mV. The normalized current was plotted as a function of
from 10.1 + 0.2 sec to 13.5 + 0.4 set € 3) (Fig. 7C). h TR | fi ith a Bol
Ln®"*s failed to alter the closing kinetics tf chan- the conditioning voltage and fitted with a Boltzmann

N equation. Figure 8 and B illustrate an experiment in
nels that had been opened by depolarization. In thesﬁ/hich 10 and 10Qum Pr* shifted the midpoint of the
experiments, deactivating “tail’” currents were recorded

O . steady-state inactivation curve by 19.6 mV and 39.1 mV,
at =50 mV after activatind, channels with a short 5- y ! et Lrve Dy

msec voltage step to +50 mV in control saline and aﬁerrespectively. Overall, at 1M, two of the larger LA's,
. . Ce** and PF*, shifted thev,, s of steady-state inactiva-
superfusing 1 and 1Qm Gd®*. In the absence of s, Y2 y

tion by 14.8 £+ 1.3 mVif = 3)and 21.3 £ 2.0 mVr( =
| » channels relaxed to the closed state through a proce%3 respectively. By comparison, the smaller elements
fit by a single exponential with a time constant)(of 9.5 ! ' '

3+ + H + —
+0.9 msecii = 3). By comparison, in these same cells, N and EF" shiftedv,, by 26.1 £ 0.8 mV ¢ = 6) and

° - . .
|, deactivated with time constants of 10.94 + 1.48 msec?’o'3 +2.5mV 0 = 6), respectively (Fig. ).
and 10.28 + 1.15 msec after superfusing®Gat 1 um

and 10pM, respectively. V OLTAGE-DEPENDENTACTIVATION
EerecT oELN%*s oN VOLTAGE-DEPENDENT Current-voltage relationships obtained in the absence
STEADY-STATE INACTIVATION AND ACTIVATION and presence of [His indicated that these elements pro-

duced a rightward shift along the voltage axis in the
Ln®* shifted the voltage-dependence of steady-state inthreshold forl, activation. Further, L#'s became less
activation to the right along the voltage axis. This shift effective at reducindg, amplitude at progressively more
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CONTROL 10 uM Cce3*

Fig. 6. Effect of activating voltage om;. |

currents were activated from —80 mV by a single
voltage step of 40-msec duration to a test potential
of =10 mV (A) or by an identical voltage step
preceded $ a 5 msec prepulse to +40 m\B)

Both protocols were applied to the cell before and
after superfusing 1@m Ce**. The inactivating
component of , measured at =10 mV in each

case was fit with a single exponential between the
points demarcated by arrows on each of the traces.

-80 mV

CONTROL 10 uM ce3"

positive test potentials (Fig. 9). Both of these effects are  The voltage dependence of opening was determined
consistent with a L¥-induced depolarizing shift in the by applying activating voltage steps of various size from
voltage dependence df open probability. Again, the a holding potential of -80 mV, and then stepping the
smaller Lr**s were more effective at altering the appar- voltage back to a constant potential (-50 mV) where the
ent threshold fot , activation and reducing, amplitude  tail current was measured (Fig. AQ The tail current
at all voltages. Specifically, G& (10 wm) and Li** (10  amplitude is directly proportional to the number of chan-
M) altered the threshold fdr, activation by approxi- nels that are open at the end of the activating pulse.
mately +20 and 40 mV respectively (FigA%nd C). Fraction open curves were obtained by plotting the
Dy*" and Gd* produced intermediate shifts. Similarly, initial amplitude of the tail current as a function of the
Cée** reducedl, amplitude by 48.7 + 2.5% and 29.3 + membrane potential during the activating voltage step.
6.4% ( = 3) at test potentials of 0 and +60 mV respec- Tail current amplitudes were normalized and expressed
tively. By comparison, L& reduced , by 89.6 + 1.9% as the fraction of open channels, plotted against mem-
and 77.2 + 5.8%r( = 3) at these same voltages. Py brane potential and fit by a Boltzmann function of the
was again intermediate in potency, reducipdpy 80.2 +  form:
9.0% and 64.4 + 9.5%n(= 3) and 0 and +60 mV.

The diminished effectiveness of the ¥'s in reduc-  fraction open= 1/[1 + exp{s,, - V)/K]*
ing |, amplitude at progressively more depolarized po-
tentials suggested that these agents altered the voltag@,herevl/2 is the voltage where half of the single gate
dependence off, activation by shifting the channel ac- sensors are in the open configuration and K is the slope
tivation or fraction open curve to the right along the factor (Mlinar & Enyeart, 1993b). Curves were fit to
voltage axis. It is difficult to accurately determine the data points acquired at test potentials between —50 and
steady-state voltage dependence of activation of a rapr60 mV. In Fig. 18, Ce** (10 um) shifted the midpoint
idly-inactivating current. In this regard, we discovered of the fraction open curve by +24 mV, while E‘)S/pro-
that substituting the nonhydrolyzable ATP analog ATP-duced a +48 mV shift.
v-S for ATP in the pipette solution markedly slowéd
inactivation kinetics over a period of minutes in about
one-third of the cells tested (Fig. AQleft traces). We MECHANISM OF Ln®" AcTIoN
studied the effect of G& (10 um) and Dy** (10 um) on
the voltage dependence of activation in cells whigre The inhibition ofl, K* current in AZF cells resembles
activation kinetics had been dramatically slowed bythe inhibition of T-type C&" current in thyroid C cells by
ATP-y-S. Ln3's where the potency also varies inversely with the
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Fig. 7. Effect of Ln**s on recovery kinetics. Time-dependent recovery ofinactivated by a 30-sec prepulse to —20 mV) was monitored by
applying voltage steps to +20 mV after stepping to —80 mV for periods ranging from 0.05 to 30 sec. After measuring recovery in control sal
cells were superfused with €eor Dy** and recovery was against measuréy).Current traces sholy at indicated times after switching from the
inactivating prepulse potential of —20 mV to the recovery potential of —~80 mV before and after superfusingCe&*. (B) Temporal pattern of

| 5 recovery. Peak current amplitudes normalized to maximum curiiént,( are plotted against time at recovery potentials of -80 mV before and
after exposing cell to G& (B) or Dy** (C). Values are mean s£m, for 3 separate experiments. Data points were fit to a single exponential function
of the forml/l . = 1 — exp(-T/1,).

ionic radius, particularly for the larger elements. Theinhibited T-type C&" current by approximately 50%, but

potency of Li* as T-type C&" channel antagonists was produced no measurable slowinglgfctivation kinetics

reduced by C#, indicative of competitive antagonism, (Fig. 12A and B). Similarly, EF* (100 nv) and Gd*

between the blockers and permeant ion for a commorf100 nv) significantly inhibited T-type C& current in

binding site (Mlinar & Enyeart, 1993). To determine thyroid C cells (Fig. 1€) and AZF cells (Fig. 1D)

whether LA* ions compete with Cd for binding sites  without altering activation kinetics. In Fig. L2the Ty,

on |, K* channels, the concentration-dependent inhibi-for T current activation was 5.8 msec both in control

tion of 1, by Ce€" was compared in saline containing saline and after superfusing 10& fEr**. In Fig. 1D,

nominally 0, or 2 nm CaCl. The absence of CaC{re- 7y, in control saline and in the presence of 100 @d*

placed with equimolar MgG) had no effect on the con- was 4.7 msec.

centration-dependent reduction lig produced by C&

(Fig. 11). In standard saline (2nmCaCl,), CeCl, sup-

pressedl, with an EG, of 28.0 + 4.1um (n = 7), Discussion

compared to 32.1 + 2.6 (n = 7) in “zero Ca&”"

saline”. The potency of CeGlalso was not increased In this study, we discovered that 10 nelements sup-

when CaCJ and MgC), were each reduced from 2.0vm  presd , K* current, slow activation kinetics, and alter the

to 0.2 mm (n = 3) (data not showhn voltage-dependence of steady-state activation and inac-
The failure of C&" removal to alter C¥ inhibition tivation with a potency that varies inversely with 1'n

of 1, amplitude indicated a fundamental difference be-ionic radius. Voltage-dependent gating and kinetic pa-

tween the interaction of Lis with I, K* and T-type rameters were not all affected. Channel closing, inacti-

Ca* channels. To further investigate this point, we ex-vation, and recovery kinetics were relatively insensitive

amined the effect of the potent EhHo®**, EF*, and to the Lr**s. The potency of the ¥ elements in in-

Gd®* on T-type C&" current recorded from rat C cells or hibiting |, current was independent of external“Ca

bovine AZF cells. At a concentration of 100 nM, o  In contrast to their dramatic slowing df, activation
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0.4 steady-state inactivatioh, was activated by
voltage steps to +20 mV after 10-sec conditioning
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3 7.5 mV increments. Steady-state inactivation
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e 10 uM er3+  andKis the slope factor.A andB) Traces and
corresponding steady-state inactivation curves
recorded in control saline and after superfusing
cell with 10 um and then 10Qum PrR*. (C)
Steady-state inactivation curves for individual cells
obtained before and after 4m Ce** (left) or 10
um Er®* (right). Ce* shifted vy, from -49.9 to
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kinetics, Lr**s inhibit T-type C&" channels in AZF cells Ln®'s as T-type C& antagonists, indicative of competi-
and thyroid C cells without slowing activation kinetics. tive antagonism between the blocker and permeant ion

for a binding site.

a These results suggest that¥s block T-type C&"

MECHANISM OF | 5 INHIBITION BY Ln™'s channels by occlusion of the pore upon binding to 4'Ca

site located outside of the membrane electric field. In
Although Lr* inhibit both 1, K* current and T-type contrast, LA*s modulatel , K* channels through inter-
Ca* current with a potency that varies inversely with the action with a non-C& specific site located within the
ionic radius, fundamental differences in their respectivemembrane electric field. While the Bfs alter selected
mechanisms of channel modulation are apparent. Speroltage-dependent gating and kinetic parameters, the ex-
cifically, Ln*'s slowl, activation kinetics and shift the tent to which these agents affect permeation through pore
voltage dependence of activation and steady-state ina@cclusion is not clear. In this regard, the marked slowing
tivation. In contrast, L#'s failed to alter activation ki- of activation kinetics and the rightward shift in the volt-
netics of T channels in AZF cells or thyroid C cells. Pre- age dependence of channel activation would both act
viously, we had demonstrated thatalocks T-type to reducd , current amplitude to an extent dependent on
Ca* channels in C cells without altering the voltage- the test potential.
dependence of steady-state inactivation (Mlinar & En- In a simplified gating schemd, channels travel
yeart, 1993). While inhibition ol , by Ln*'s was not from closed to open, and finally, to the inactivated state
enhanced by C4 removal, C&" reduced the potency of during the course of a depolarizing voltage step:
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Fig. 9. Effects of Lr**s onl, current voltage relationshipk, K* currents were activated from —80 mV by voltage steps applied at 30-sec intervals
to potentials between -50 and +60 mV before and after superfusifig(0@ um) (A), Gd** (10 um) (B), or Lu®* (10 wm) (C). Peakl, current
amplitudes are plotted against test potentials.

k., k By shifting the fraction open curve to the right on
C-0-I the voltage axis, the s would also inhibitl , current
by an amount that would vary with the magnitude of the

By slowing activation kineticsk;) without altering  shift as well as the test voltage. In general, the inhibition

inactivation kinetics K), Ln®*'s reduce the maximum of 1, by Ln®*'s would decrease at progressively more
number of channels that are simultaneously open duringositive voltages where the fraction open could still ap-
a depolarizing voltage step. Consequently, peak currerroach unity.
which is directly proportional to the number of open Therefore, the LA-induced reduction ir, ampli-
channels is reduced. The extent of peak current redudude produced by slowed activation kinetics and shifts in
tion would depend on the relative valueslgfandk..  voltage dependence of activation would both be propor-
In the extreme case, with marked reductionkgffew  tionately less at more positive test voltages where acti-
channels would accumulate in the open state gnd vation is accelerated and the fraction of open channels
would be dramatically reduced. Further, ¥#induced increased. WhenV relationships were recorded in the
reduction ofl, would be blunted at more positive test presence of Lii's, we did observe that fractional inhibi-
potentials where activation is accelerated wiijlés un-  tion of 1, decreased at progressively more depolarized
changed. test potentials.
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Fig. 10. Effect of Lr**s on voltage-dependent
steady-state activation of (A andB). |, currents
were recorded with a pipette containing standard
pipette solution supplemented with IMMATP-y-S
in place of ATP. This dramatically slowdgd

B inactivation kinetics within 13 minA4), left traces.

: The effect of C&" (10 wm) and Dy** (10 pum) on

Ho voltage-dependence of activation was measured

ogl by recording tail currents at a constant potential
- = (=50 mV) after applying activating test pulses to
o o various potentials between -50 and +60 mV,
Z 06 ; before and after superfusing cells with either*t,n
E E (A) middle and right tracesBj Tail current
o 04 Q amplitudes were normalized and plotted as the
T = fraction of open channels against test potential.

02F A o CONTROL 0.2r o CONTROL Data points were fit with a Boltzmann expression

A ® 10 uM Ce3* * 10 uM Dy>"  of the form: Fraction Open= 1/[1 + exp{;,, -
0.0 e 0.0 : . : : . v)/IK]A.
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If Ln>*s modulatel , current only by slowing volt- ation of these channels (Armstrong & Lopez-Barneo,
age-dependent activation kinetics and by inducing al987; Armstrong & Cota, 1990). It is unlikely that such
rightward shift in the fraction open curve, then the totala site exists or, channels since omission of €afrom
current integrals measured in response to a voltage stegxternal saline did not affett, function. Therefore, it is
of sufficient size and duration should be equal, in theunlikely that Lr**s interact with such a G&specific site
absence or presence of I's. In the presence of 0  onl, channels. The insensitivity of Bfiinhibition of I ,
Ce™, the I, current integral measured at +60 mV in amplitude to complete removal of all external®caup-
experiments such as those shown in Fig.v8as 104 £  ports this conclusion. L¥is bind to specific sites on
4% (n = 3) of the corresponding control value. For 10 some proteins where they cannot be displaced b¥ Ca
um Gd®*, thel, current integral measured only 80% of (Dower et al., 1975; Stefanini et al., 1983). Other pro-
its control value. For smaller L3ﬁS, theIA current inte- teins have two Separate i‘*’nbinding SiteS, On|y one of
gral was further suppressed. which accepts C& (Rubsamen et al., 1976; Williams &

Thus, although the actions of the largersicould  Tyrte, 1984). Our results indicate that1's bind to a
all be attributed to the effects on gating described abovepecific site orl , channels that is not occupied by Ta
it is possible that these agents might also alter ion perynger physiological conditions.
meation. In this regard, the smaller, more potent'sn Cationic radius is an important variable that deter-
markedly inhibited , current even at test potentials of at jines the affinity and rate of ion interactions with pro-
least +60 mV. It is difficult to determine whether this (qi binding sites (Tew, 1977; Tam & Williams, 1985).
reduction in current stemmed from an action on ion PEr-Assuming that the EGs that we measured provide a
meation or an extreme rightward _s_hift _in the fraction good approximation of the [3is affinity for | , channels,
open curve such that open probability did not approachpese results demonstrate a progressive decrease in th
unity even at +60 mv. affinity of larger Lit"s for the binding site. L#'s with
ionic radii closest to that of G4 (1.12 A) are least potent
with respect to modulating, amplitude and gating. This
Ca&*-binding to specific sites on some'Khannels may data would again argue against¥rbinding to a C4*-
function critically in controlling the gating and perme- specific site onl, channels. However, s inhibit T-

INFERENCESREGARDING THE Ln®* BINDING SITE
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AN .
107% 107> 1074 1073 short (30 msec)R,C,D) voltage steps to =15 or =20 mV applied from
CONCENTRATION Ce3* (M) a holding potential of —=80 mV at 30-sec intervals. Records show cur-

) ) L rents after steady-state block was achieved witf'Ha andB), Er*
Fig. 11. Reduction of , by C€*is independent of Cd. I, currentwas (), or Gd** (C), each at 100m. Recordings iPA—C are from thyroid
recorded at 30-sec intervals in response to voltage steps to +20 mV ig cells, those irD are from AZF cells. €) and 0) show activating

control saline or in saline where Ca@Vas replaced with MgGI(*0” portion of T-type current. Cutoff frequency is 10 KHz.
Ca&*). After recording control currents in either of these two solutions,

CeCl; was superfused at concentrations of 1, 10, and 100 (A)
Traces show averaged currents at the indicated €encentrations
after steady-state inhibition was achieveB) (nhibition curves for
Ce**. Data obtained in experiments as described above. Points ar
normalized mean values obtained in either 4 (2 @aCL) or 7 (0 nm
CaCl,) separate experiments. Inhibition curves are best fits of the data 3+
to an equation of the formy = 1/[1 + (X/EC)"] whereY is the ~ LN~'S AND | GATING
fraction of control current remaining after the addition ofCeandX
is the C&" concentration. Egs for CE* estimated from the fits were  \yith regard to mechanism, the £¥s could alter voltage-
2_8.0 +pm and 32.1 #um for control and “0” C&* solutions, respec- dependent parameters by any of several mechanisms
tively. According to Surface-Potential Theory, divalent and tri-
valent cations alter voltage-dependent gating parameters
by screening of negative surface charges on the mem-
type Ca" channels with this same order of potency brane, thereby changing the effective electric field across
through competitive interaction with an apparenfGa the membranesgeHille, 1992 for a discussion). At least
binding site (Mlinar & Enyeart, 1993). The Ehbinding  two lines of evidence argue strongly that3xinduced
site on T-type C& channels has a 100-fold higher af- changes in modulation ¢, gating did not occur through
finity for Ln>* than the binding site on A-type channels. surface charge screening. First, surface charge theory
Although the Li#* binding sites on T- and A-type chan- predicts that all voltage-dependent gating parameters
nels are clearly distinct, it seems apparent that the meashould be shifted equally along the voltage axis3'sn
sured affinity of Lri#* of varying ionic radii for binding ~ dramatically shifted voltage-dependent activation and in-
sites does not allow prediction of Eaaffinity. activation, as well as the kinetics bf activation but had
The affinity sequences of fifor proteins and vari- little effect on deactivation and recovery kinetics. Fur-
ous biological preparations are frequently different fromther, the smaller L#'s produced marked effects dgat
that which we observed o current. Maximal affinity  concentrations as low as jiM. Since M@* and C&"
for larger elements or for those in the middle of thewere present at millimolar concentrations in these ex-
lanthanide series have often been observed (Nieboeperiments, the total change in surface potential intro-

1975; dos Remedios, 1981; Evans, 1990) reflecting the
apparent diversity of L#-binding sites on proteins.
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duced by the L#"s would be insignificant and could not This work was supported by National Institute of Diabetes and Diges-
account for the large shifts in gating parameters. tive and Kidney grant DK-47875 and by National American Heart
. Association Grant-in-aid 94011740 to JJE.
Other researchers have also found that‘Lshifts
voltage-dependent gating parameters for” Nad K
channels nonuniformly and even inan opposllte directionreferences
(Armstrong & Cota, 1990; Watkins & Mathie, 1994).
Earlier studies with divalent cations such as’Zpro-  Armstrong, C.M., Cota, G. 1990. Modification of sodium channel gat-
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Ln®'s increase the size of the energy differences sepa- mone and cAMP inhibit noninactivating ‘Kcurrent in adrenocor-
rating closed and open conformations of the channel tical cells by an A-kinase-independent mechanism requiring ATP

(seeGilly and Armstrong (1982) for a complete discus- _ "drolysis.J. Gen. Physiol108251-264 _
Evans, C.H. 1990. Chemical Properties of Biochemical Relevadnce.
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In summary, LA" elements interact with Specific pamii. 0.p.. Marty, A.. Neher, E., Sakmann, B., Sigworth, F.J. 1981.
binding sites orl, K* channels to modulate gating and Improved patch clamp techniques for high resolution current re-
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elements can pe used to study gating and permeation gfaver, M.L., Sugiyama, K. 1988. A modulatory action of divalent
low concentrations, where surface charge screening ef- cations on transient outward current in cultured rat sensory neu-
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