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Summary. Superfusion with Pb?* induces a slow, noninactivating
and reversible inward current in voltage-clamped N1E-115 neu-
roblastoma cells. The amplitude of this inward current increases
in the range of 1-200 uM Pb?*. Single-channel patch-clamp ex-
periments have revealed that this inward current is mediated by
discrete ion channels. Reversal potentials from linear /-V rela-
tionships are close to 0 mV for whole-cell and single-channel
currents and the single-channel conductance amounts to 24 pS.
The Pb?*-induced membrane current is not mediated by various
known types of ion channels, since it is not blocked by external
tetrodotoxin, tetraethylammonium, D-tubocurarine, atropine,
ICS 203-930 and by internal EGTA. In Na*-free solutions super-
fusion with Pb2* neither evokes a whole-cell inward current, nor
single-channel openings. At —80 mV the open-time distribution
of the single channels activated by 1 um Pb?* is dual exponential
with time constants of 17 and 194 msec. When the Pb?* concen-
tration is increased from 1 to 20 uM these time constants de-
crease to 2 and 13 msec, but the amplitude of single-channel
currents remains —1.9 nA. Cd?* and AIP* induce inward currents
and single-channel openings similar to Pb?*. Time constants fit-
ted to the open-time distribution of single channels are 14 and 135
msec in the presence of 1 uM Cd?* and 15 and 99 msec in the
presence of 50 uM APP*. Conversely, Cu?* induces an irreversible
inward current in neuroblastoma cells. Single-channel openings
are undetected in the presence of Cu?* and in Na*-free solutions
Cu?* is still able to induce an inward current. It is concluded that
Pb?*, Cd>* and possibly AI** activate a novel type of metal ion-
activated (MIA) channel in N1E-115 cells.
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Introduction

Various metal ions interfere with membrane func-
tions that are normally regulated by Ca?*. Elevation
of the internal Ca?* concentration may cause acti-
vation of K*- and Cl -selective, as well as nonse-
lective cation channels in different cell types (for
reviews see, Owen, Segal & Barker, 1986; Blatz &
Magleby, 1987; Partridge & Swandulla, 1988).
Some metal ion species are known to permeate
through voltage-dependent Ca?* channels, whereas

others block Ca’* currents and are widely used as
inorganic Ca?* antagonists (Hagiwara & Byerly,
1981). Injection of a range of metal ions into mollus-
can neurones has demonstrated that certain ion spe-
cies only are able to induce an outward K* current,
which is very similar to the Ca?*-activated K* cur-
rent (Gorman & Hermann, 1979). In addition, an
inward current, which is supposed to be mediated
by nonselective cation channels, has been observed
in molluscan neurones after external application of
high concentrations of Cu®t (Weinreich & Won-
derlin, 1987). In human erythrocytes, internal Pb?*
has been shown to activate Ca?*-dependent K~
channels, but also to block these channels at high
concentrations (Shields et al., 1985).

In N1E-115 neuroblastoma cells a Ca?*-activated,
nonspecific cation channel and two types of Ca?*-
activated K™ current have been characterized (Yel-
len, 1982; Romey et al., 1984; Quandt, 1988). Block-
ing effects of metal ions on two types of
voltage-dependent Ca?* current have been de-
scribed in detail (Narahashi, Tsunoo & Yoshii,
1987). Recently, we have reported that in N1E-115
cells nanomolar concentrations of Pb** block
the nicotinic receptor-mediated inward current,
whereas voltage-dependent Ca?* channels are
blocked in the micromolar range. In the course of
this study an inward current induced by concentra-
tions of Pb2" higher than 1 uM was discovered
(Oortgiesen et al., 1989).

The present study provides a more detailed de-
scription of the Pb?>*-induced inward current in volt-
age-clamped neuroblastoma cells and outside-out
membrane patches. In addition, the effects of Pb**
and those of Cd?>*, AP+ and Cu?* are compared.

Materials and Methods

Mouse neuroblastoma cells of the clone NI1E-115 (Amano,
Richelson & Nirenberg, 1972) were grown in Dulbecco’s modi-
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fied Eagle medium supplemented with 7.5% fetal calf serum and
the following amino acids (in mm): L-cysteine - HCl 0.3, 1-
alanine 0.4, L-asparagine 0.45, L-aspartic acid 0.4, L-proline 0.4
and L-glutamic acid 0.4. The cultures were maintained at 37°C in
a humidified atmosphere containing 5% CO,. Cells of passages
30-45 were subcultured in 35-mm plastic tissue culture dishes.
Cell differentiation was initiated 2-3 days later by adding 1 mm
N¢, 2'-O-dibutyryladenosine 3’ : 5’-cyclic monophosphate and 1
mM 3-isobutyl-1-methylxanthine to the culture medium. This me-
dium was refreshed every 2-3 days. Cells were used for experi-
ments 6—12 days after induction of differentiation.

Experiments were carried out using whole-cell voltage
clamp and single-channel patch-clamp techniques (Hamill et al.,
1981). The resistance of fire polished glass pipettes was 3—5 MQ
in whole-cell voltage-clamp experiments and 5-8 M{ in patch-
clamp experiments. The liquid junction potential at the tip of the
electrode was compensated before each experiment and re-
mained constant within 1 mV. During whole-cell voltage-clamp
experiments the series conductance of approximately 0.15 uS
was compensated for 60-70%. The membrane potential was held
at —80 mV unless otherwise stated. The recordings were low-
pass filtered (-3 dB at 1 kHz; 12 dB/octave), digitized by a
transient recorder (8 bits; 1024 points/record) and stored on mag-
netic disc for off-line computer analysis.

Transitions between open and closed states of the single ion
channels were identified using 50% of the open-channel ampli-
tude as threshold criterion. The probability of channels being
open was determined as the ratio between the time spent in the
open configuration by all channels and the total recording time:

Po\ = (Enopen : t)/tmta.l- (1)

Open-time histograms were obtained from records containing
only single channel openings. When more than three channels
were open simultaneously, the patch was excluded from kinetic
analysis. The channel open times were divided into classes of
approximately equal frequency and are presented in frequency
density histograms (Bendat & Piersol, 1971). Time constants and
sD’s were estimated by a nonlinear least-squares exponential
algorithm (Marquardt, 1963). Results were compared using a
two-tailed Student’s ¢ test (Diem & Lentner, 1968).

The control external solution contained (in mM): NaCl 125,
K(l 5.5, CaCl, 1.8, MgCl, 0.8, HEPES 20, glucose 25 and su-
crose 36.5. The pH was adjusted to 7.3 with approximately 10
mMm NaOH. In some experiments nitrate salts instead of chloride
salts were used. To compensate for osmolality changes that oc-
curred when high concentrations of metal salts were added, the
sucrose concentration of the external solution was reduced. The
pipette solution contained (in mm): KCl1 150, NaCl 10, HEPES 10
and MgCl, 1. The pH was adjusted to 7.2 with approximately 3
mm KOH. In whole-cell voltage-clamp experiments ion channels
were activated by direct, whole-cell superfusion with known
concentrations of the metal for adjustable periods using a servo-
motor operated valve (Neijt, te Duits & Vijverberg, 1988). In
patch-clamp experiments ion channels were activated by addi-
tion of the metals to the bathing solution. The concentration of
heavy metal ions contaminating the control external solution was
less than 130 nM as calculated from the data supplied with the
chemicals used. All experiments were carried out at room tem-
perature (20-24°C).

Pb(NO;),, Cu(NOs),, Cd(NO;), and AI(NO;); were obtained
from Fluka Chemie AG, Buchs, Switzerland; tetraethylammo-
nium chloride (TEA), tetrodotoxin (TTX) and ouabain from
Sigma, St. Louis, MO; D-tubocurarine chloride (bTC) from
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Fig. 1. Concentration dependence of the inward current induced
by superfusion of Pb?* in whole-cell voltage-clamped neuroblas-
toma cells. During superfusion with 100 uM Pb?* a noninactivat-
ing inward current appeared that reversed upon washing with
control external solution (see inset, superfusion period is indi-
cated by bar). The relative inward current (ordinate) was calcu-
lated by normalizing for each cell the amplitude of the inward
current at various concentrations of Pb?* to the value obtained at
200 uM Pb?*. The amplitude of the 200 pM Pb?*-induced inward
current varied between cells and ranged from 0.8-14 nA (n = 4).
Membrane potential was held at —80 mV

Boroughs Wellcome, London, UK; atropine sulphate from OPG,
Utrecht, The Netherlands. ICS 205-930 (3a-tropanyl-1H-indole-
3-carboxylic acid ester) was donated by Sandoz, Basel, Switzer-
land.

Results

INwARD CURRENTS INDUCED BY Pb?t, Cd?*
AND AT

During whole-cell superfusion with Pb2* a noninac-
tivating inward current was observed in cells volt-
age clamped at a membrane potential of —80 mV.
During washing with control external solution the
inward current decayed to the control level. The
amplitude of the Pb?*-induced inward current in-
creased between 1 and 200 uM Pb?* in a concentra-
tion-dependent way (Fig. 1). Further elevation of
the Pb?* concentration was impossible, due to the
limited solubility of Pb(NO3), in the external solu-
tion. The amplitude of the inward current induced
by 200 uMm Pb?* varied from 0.8-14 nA in four dif-
ferent cells.

In order to elucidate the nature of the Pb?*-
induced inward current, the effects of antagonists of
various known types of ion channels were exam-
ined. The inward current induced by 100 um Pb2*
was neither blocked by 1 um of the Na* channel
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Fig. 2. (a) Inward current induced by superfusion with 200 um
Pb**, while 2 mM Mg-EGTA was present in the pipette solution.
(b) Absence of current during superfusion with 100 M Pb?* after
replacing all Na* with K+ in the external and the pipette solution
(left). In the same cell 100 uM Pb2* induced a marked inward
current when superfused with Pb%* in normal external solution
(right). Note a slight shift in the holding current due to the differ-
ent composition of the external solutions. Superfusion periods
are indicated by bars. Membrane potential was held at —80 mV

blocker TTX, nor by 10 mm of the K* channel
blocker TEA. The inward current was also ob-
served in the presence of 10 uMm of the nicotinic
antagonist DTC, 1 uM of the muscarinic antagonist
atropine and of 0.5 uM of the serotonin 5-HT; antag-
onist ICS 205-930. A possible interaction of exter-
nally applied Pb?* with intracellular sites was exam-
ined using a pipette solution to which 2 mm
Mg-EGTA was added. In the presence of the chela-
tor a normal Pb?*-induced inward current was ob-
served (Fig. 2a). Replacement of chloride salts by
nitrate salts in the external and the pipette solution
also did not abolish the Pb?>"-induced inward cur-
rent. However, when Na*™ was replaced by K* in
both the external and the pipette solution, an in-
ward current was not detected during superfusion
with 100 um Pb?*, while in the same cell 100 um
Pb?* clearly induced an inward current after chang-
ing to normal external solution (Fig. 2b). In order to
examine whether Pb?* caused impairment of the
Na*/K* pump, the effect of ouabain was also inves-
tigated. The Pb**-induced inward current was not
blocked in the presence of 3 mM ouabain.

The effect of membrane potential on the Pb2*-
induced inward current was studied by ramp stimu-
lation (—100 - +100 mV in 8 sec) in voltage-clamp
experiments. Control current records were sub-
tracted from records obtained during the steady
Pb2*-induced inward current. Possible contribu-
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Fig. 3. I-V relationship of the 100 um Pb**-induced inward cur-
rent obtained by applying an 8-sec ramp from —100 -~ +100 mV.
Control current records were subtracted from records obtained
during the steady Pb**-induced inward current. Current values,
measured at 1-sec (25-mV) intervals, were normalized to the
value at the start of the ramp (—100 mV) for each cell. The
inward current at —80 mV amounted to 0.7 * 0.4 nA (n = 4).
Depicted are mean normalized values * sp. Regression analysis
showed no deviation of the I-V relationship from linearity (P =
0.36). The reversal potential was 0.0 = 7.3 mV

tions of voltage-dependent ion channels to the re-
sulting whole-cell current, that could originate from
an interaction of Pb>* with these channels, were
excluded by addition of 3 mm TEA and 0.5 um TTX
to the external solution and by replacement of K*
by Cs™ in the pipette solution. The amplitude of the
Pb?*-induced inward current at —80 mV amounted
t0 0.7 = 0.4 nA (n = 4). The I-V relationship shown
in Fig. 3 was obtained by normalizing the current to
the value at the start of the ramp (—100 mV) for
each cell and by plotting the mean normalized val-
ues and the respective sp at 1-sec (25-mV) inter-
vals. Regression analysis showed no deviation of
the I-V relationship from linearity (P = 0.36). The
reversal potential was 0.0 = 7.3 mV (n = 4).
Superfusion with Al>* and Cd?* also evoked re-
versible, noninactivating inward currents. Inward
currents induced by superfusion of the same cell
with 100 um Pb2* and 100 um Cd?* had a similar
amplitude and time course (Fig. 4a). At the same
concentration ALY induced a two to threefold
smaller inward current than Pb?* (Fig. 4b). The am-
plitude of the Cd?*-induced inward current in-
creased with increasing concentrations of Cd?* be-
tween 0.1 uM and 10 mMm in six cells (Fig. 4c). For
each cell relative inward currents were obtained by
normalizing the amplitudes to the value obtained
with 1 mm Cd?*. The mean amplitude of the inward
current induced by 1 mm Cd?* amounted to 0.7 =
0.5 nA(n = 6). Following superfusion with Cd?* at



264
a Ppet ca2*
3+ +
b Al _ sz 250 pA
—-‘»"‘\‘f"‘\/‘ 30 s
c ca??
5 10 uM TmM
—
‘—'\\'\‘1 .

g 500 pAl

5 30 s

o

o t

o

]

3

£

o |

2

ke

]

2

> [ ]
3
O L A — A ’ A 4 i i
-8 log [cd?*] -1

Fig. 4. (¢) Inward currents induced by superfusion with 160 um
PbZ* and 100 uM Cd** in the same cell. (b) Inward currents
induced by superfusion with 100 uM AI** and 100 um Pb?* in the
same cell. (¢) Concentration dependence of the inward current
induced by superfusion with 0.1-10 mm Cd?*. The relative in-
ward current was calculated by normalizing the amplitude of the
inward current at various concentrations of Cd?* to the value
obtained at 1 mmM Cd?* for each cell. The inset shows inward
currents induced by 10 uM and 1 mMm Cd?* in the same cell. After
superfusion with 1 mm Cd?** a transient increase of the inward
current appeared upon washing. Superfusion periods are indi-
cated by bars. Membrane potential was held at —80 mV

concentrations =1 mM, a pronounced increase of
the inward current was observed upon washing.
During continned washing the inward current
slowly decayed to the control level (Fig. 4c inset).

SINGLE CHANNELS ACTIVATED By Pb**, Cd?**
AND A+

In excised outside-out membrane patches of N1E-
115 cells 10 uM Pb?* caused the opening of discrete
ion channels (Fig. 5a). These ion channel openings
were no longer observed within 3—4 min after add-
ing Ca-EGTA in a final concentration of 2 mM to the
bathing solution (Fig. 5b). At —80 mV the amplitude
of single-channel currents was 1.85 = 0.12 pA (n =
8) in the presence of 10 uM Pb?* and 1.94 = 0.10 pA
(n = 4) in the presence of 1 um Pb?*, These values
do not differ significantly (P = 0.26).

The single-channe] current amplitude was mea-
sured for a range of membrane potentials from —80
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Fig. 5. (a) Single-channel openings induced by Pb?*. In normal
control solution no channel openings were recorded. After addi-
tion of Pb?* to the external solution in a final concentration of 10
uM discrete single-channel openings occurred. (b) Multiple sin-
gle-channel openings induced by 10 uM Pb?* disappear within 3-
4 min after addition of 2 mM Ca-EGTA to the bathing solution.
Calibration: horizontal 100 msec, vertical 2 pA. (¢) I-V relation-
ship of the Pb**-activated single channels. Regression analysis
showed no deviation of the I-V relationship from linearity (P =
0.70). The reversal potential was to —6.1 = 5.8 mV (n = 3)

to +80 mV in membrane patches obtained from
three cells. The I-V relationship of single channels
is shown in Fig. 5c. Regression analysis did not
reveal deviation from linearity (P = 0.70) and the
slope of the regression line yielded a single-channel
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Fig. 6. (a) Multiple single-channel openings induced by 10 uM
Pb?* in normal external solution (left) and in the presence of 1 um
TTX (right). (b) No single-channel openings appeared in the
presence of 20 um Pb?* after replacing all Na* with K~ in the
external and in the pipette solution (left). Immediately after
changing to a 50% Na* external solution single-channel openings
appeared (right). In both the external and the pipette solution
nitrate salts were used instead of chloride salts. Calibration: hori-
zontal 100 msec, vertical 2 pA

conductance of 24 pS with 95% confidence limits of
1.8 pS. The mean reversal potential of the single-
channel current was —6.1 + 5.8 mV (n = 3), which
is not significantly different from the reversal poten-
tial of the whole-cell Pb**-induced current (P =
0.29).

Similar to whole-cell currents, Pb2*-activated
single channels were neither blocked by 1 um TTX
(Fig. 6a), 10 mm TEA, nor by replacement of all
chloride salts by nitrate salts. When Na* was re-
placed by K* in both the external and the pipette
solution, 20 umM Pb2* failed to induce single-channel
openings. However, immediately upon changing
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Fig. 7. Single-channel currents induced by (a) 1 um Pb?+, (b) 1
uM Cd?** and (c) 50 um AI** and open-time frequency density
histograms. The parameters obtained from the fitted dual-expo-
nential functions, indicated by dots in histogram, are presented
in the Table. The Chi-square (degrees of freedom) and the P
values were 12.3 (15) and 0.66, respectively, in the presence of 1
#M Pb?*; 12.7 (14) and 0.55 in the presence of 1 um Cd?*; and 8.0
(13) and 0.85 in the presence of 50 uM AI**. Calibration: horizon-
tal 200 msec, vertical 2 pA

to a 50% Na' external solution, containing 65
mM NaNOQO,, single-channel openings reappeared
(Fig. 6b).

Figure 7a shows the frequency density histo-
gram of the open times of single channels activated
by 1 uMm Pb?*. The single-channel open-time distri-
bution was established at different concentrations
of Pb?*. The frequency density histograms showed
dual-exponential open-time distributions. The two
time constants fitted to the open-time distributions
were reduced when the Pb?>* concentration was in-
creased, but consistent changes in the amplitudes of
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Table. Parameters of the dual-exponential function A, - exp(—z/
71) + A, - exp(—t/7,) fitted to the open-time frequency density
histograms of ion channels activated by Pb?+, Cd?*, and AP+

Metal (;LM) T1 A] T Az
(msec) (%) (msec) (%)
Pb2+ 1 17126 51+ 5 194 =*24 49 £ 5
10 5509 70=x 8 489+ 6.6 30=*35
20 1.9+05 7114 126 £ 33 31 =8
Cax 1 13625 71+ 9 135 =48 29 =7
AP 50 14816 58=x 4 94+ 68 423

the two kinetic components were not observed. The
Table shows that the time constant of the fast com-
ponent decreased from 17 to 2 msec and that of the
slow component from 194 to 13 msec when the Pb?*
concentration was increased from 1 to 20 uMm. In
contrast to the duration of channel openings, the
probability of channels being open (P,;, see Eq. (1))
became greater at increasing Pb?* concentration.
Subsequent addition of 1 and 10 um Pb%* to two
outside-out patches revealed that P,, measured
over 100-sec periods, increased from 0.02 and 0.04
to 0.62 and 0.78, respectively. In a limited number
of records obtained at —80 and +80 mV marked
changes in channel kinetics were not observed.

Cd*" as well as AI*" also caused single ion chan-
nels to open (Fig. 7b,¢). The amplitude of the single-
channel current at —80 mV was 1.75 = 0.09 pA (n =
3) in the presence of 1 um Cd?* and 2.19 = 0.03 pA
(n = 3) in the presence of 50 uMm AP*. The AP*-
activated single-channel current was significantly
greater than that of Pb2*- and Cd**-activated chan-
nels (P = 0.001 and P = 0.001), whereas the current
amplitudes of the latter two types of channels could
not be distinguished (P = 0.10). The time constants
fitted to the open-time histogram obtained from
three patches in the presence of 1 um Cd** were 14
and 135 msec and those from three patches in the
presence of 50 uMm AT were 15 and 99 msec (see
Table).

ErrFECTS OF Cu?*

During superfusion of voltage-clamped neuroblas-
toma cells with external solution containing 10—500
uM Cu?' an inward current also developed. The
Cu?*-induced inward current slowly increased dur-
ing continued superfusion with Cu?* without reach-
ing a steady level and could not be reversed by
washing with either control or 2 mm EGTA-contain-
ing external solution for up to 25 min. The Cu?*-
induced inward current was also observed in solu-
tions in which chloride salts were replaced by

M. Oortgiesen et al.: Metal lon-Activated Ion Channels

Cu?+ Cu?®
control Na*-free

250 pA

1 min

Fig. 8. Inward currents induced by superfusion with 50 um Cu?*
in control external solution (left) and after replacing all Na* with
K+ ions in the external solution (right) in the same cell. In all
solutions nitraie salts were used instead of chloride salts. Super-
fusion periods are indicated by horizontal bars. Membrane po-
tential was held at —80 mV

nitrate salts. However, in contrast to Pb?*, Cu?*
was able to induce inward currents in Na*-free solu-
tion (Fig. 8). Addition of 30 uM Cu?" to the external
solution of excised membrane patches failed to
cause discrete single-channel openings, but caused
noisy burst-like fluctuations of the membrane cur-
rent. On subsequent addition of 10 um Pb?* to the
external solution discrete single-channel openings
were also observed.

Discussion

A Pb*-induced inward current in cultured mouse
neuroblastoma cells has been characterized in
whole-cell voltage-clamp experiments. Further,
patch-clamp experiments have revealed that in ex-
cised outside-out membrane patches Pb?>* activates
discrete ion channels. The whole-cell current and
the Pb?"-activated ion channels have several prop-
erties in common, The whole-cell and the single-
channel currents have linear I-V relationships with
areversal potential close to 0 mV. The amplitude of
the inward current and the probability of single
channels being open increase with increasing Pb2+
concentration. Moreover, neither a whole-cell cur-
rent nor single-channel openings can be evoked by
Pb2* in Na*-free solutions. These results indicate
that the discrete single-channel currents investi-
gated constitute the Pb*"-induced inward current.
The probability of Pb?*-activated single chan-
nels being open (P,,) increased 20-30 fold between
1 and 10 umM Pb**, This is consistent with the in-
crease of the amplitude of the whole-cell inward
current from the detection threshold at 1 um by at
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least 25-fold at 10 uM Pb?* (see Fig. 1). It should be
noted, however, that both the fast and the slow time
constants of the single-channel open-time distribu-
tion decreased by a factor of 3—4 in the same con-
centration range (see Table). Therefore, the con-
centration-dependent increase of the amplitude of
the Pb?*-induced current can be explained by -a
large increase in the frequency of channel opening
and a simultaneous, lesser increase of the probabil-
ity of channel closing.

Properties of the Pb?>"-activated channels are
distinct from those of presently known types of ion
channels in N1E-115 cells. Experiments with selec-
tive ion channel blockers, receptor antagonists and
with ion substitution indicate that neither voltage-
dependent Na* and K* channels nor acetylcholine
and serotonin (5-HT3) receptor-operated channels
are involved. The present results, as well as the
finding that the two types of Ca*" current in N1E-
115 cells are blocked by Pb?* in the micromolar
range (Oortgiesen et al., 1989), indicate that Ca?*
channels are not involved. The current-voltage rela-
tionship of the Pb%*-induced current is linear with
the reversal potential close to 0 mV. Since the pi-
pette solution in reversal potential experiments con-
tained Cs™ substituted for K*, the Pb**-activated
ion channel appears permeable to Na* as well as
Cs™ and possibly constitutes a nonselective cation
channel. Nonselective cation channels activated by
internal Ca2?* in N1E-115 cells (Yellen, 1982) and
Ca?*-activated cation channels in various cell types
(Partridge & Swandulla, 1988) have unit conduc-
tances and reversal potentials similar to those of the
Pb?*-activated ion channels presently described.
However, the Ca?t-activated ion channels are
blocked by internal EGTA, whereas Pb%*-activated
ion channels are not. Therefore, the Na*-depen-
dent, Pb2*.activated ion channel can be distin-
guished clearly from ion channels previously char-
acterized in N1E-115 and other types of cells.

Cd?* also induced an inward current, which ap-
pears very similar to the Pb2*-induced current with
respect to both size and concentration dependence.
The amplitudes of the single-channel currents acti-
vated by these heavy metal ions cannot be distin-
guished statistically and the single channels show
similar open-time kinetics. These results indicate
that Cd** and Pb?* act on a single, novel type of ion
channel, here designated metal ion-activated (MIA)
channel. Preliminary observations showed that high
concentrations of Cd** (>100 uM) block Pb2*-acti-
vated single channels in a reversible way. Together
with the transient increase of the inward current
during the removal of high concentrations of Cd**
(see Fig. 4c, inset), this suggests the presence of a
low affinity blocking site at the MIA channel. Low
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affinity channel block by Pb** would also explain
the marked reduction of the open time of Pb**-acti-
vated channels in the range of 1-20 uM Pb?*, The
fast and the slow time constant of the open-time
histogram similarly vary with Pb?" concentration
(see Table) and have been fitted by sigmoidal curves
of the type:

T/Tmax = L{1 + (ICs/[Pb**])7}. 2

The estimated ICsy values are 6.6 and 6.1 um and
the slope factors (n) amount to 1.9 and 2.3 for the
concentration-effect curve of the fast and the slow
time constant, respectively. The result that there is
no clear shift from long to short open times with
increasing Pb?* concentration and the similarity of
the concentration-effect curves indicate that Pb?+
equally blocks channels in the short- and the long-
lived open state.

AP* induced smaller inward currents than Pb2*
and Cd?*, but the single-channel current amplitude
at —80 mV was greater by a significant 10%. It re-
mains unclear whether AI** activates the same class
of MIA channels with modified unit conductance,
or activates a distinct class of ion channels. At
present, the former hypothesis is preferred, since
experiments with Cu?* have shown that MIA chan-
nels cannot be activated by any metal ion species.

The inward current induced by Cu?' differs
from that induced by the other metal ions, because
it was irreversible and because it could be evoked in
Na*-free solutions. In addition, the Cu?*-induced
inward current appeared not to be mediated by acti-
vation of discrete ion channels. In Aplysia cali-
fornica neurones a similar Cu?*-induced inward
current has been reported. This inward current ap-
peared neither to be caused by enhancement of lipid
peroxidation nor by impairment of the Na*/K*¥
pump (Weinreich & Wonderlin, 1987).

The MIA channel presently identified can be
activated by external application of certain species
of metal ions. The nonselective ion channel has a
unit conductance of 24 pS, appears to be Na*-de-
pendent and differs from the various known types
of ion channels. Kinetic analysis revealed that the
ion channel has at least two open states as well as a
resting closed state and a blocked state. The physio-
logical function of the MIA channel remains to be
clarified.
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