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ABSTRACT Ca channel currents were studied in freshly
dispersed bovine adrenal glomerulosa cells to better under-
stand the control of aldosterone secretion by extracellular K
concentration (K.) and angiotensin II (All). The whole-cell
variation of the patch voltage clamp technique was used. Two
types of Ca channels were found. One type is similar to the
"T-type" Ca channels found in many excitable cells. These
channels deactivate slowly (x 7 ms at -75 mV) and
inactivate rapidly during strong depolarizations. The second
channel type activates and inactivates at more positive poten-
tials than the T-type Ca channels and deactivates rapidly.
These channels are similar to the "L-type" Ca channels found
in muscle and nerve. Our studies provide three reasons for
concluding that T-type Ca channels have an important role in
mediating stimulus-secretion coupling in response to high K'
or All: (a) aldosterone secretion and steady-state current
through T-type Ca channels are biphasic functions of Ko and
both increase in parallel for Ko = 2-10 mM; (ii) nitrendipine
blocks the T-type Ca channels and the stimulation of aldoster-
one secretion by high K' or AUl with similar potency; (iii) All
increases Ca entry through the T-type Ca channels.

block of K+ -induced Ca influx in adrenal glomerulosa cells
is 4100-fold greater than for smooth muscle or some other
secretory cells and 4000-fold greater than the Kd for
high-affinity ligand binding (1, 4).

Stimulation of aldosterone secretion by angiotensin II
(All) involves two changes in cellular Ca2+ metabolism:
Ca2+ is released from intracellular stores by way of inositol
1,4,5-trisphosphate and Ca2 influx across the plasmalemma
is increased in a sustained manner (2, 3, 12, 13, 19-21).
Although it is clear that the increase in Ca2 + influx mediates
the sustained effects of All, the nature of the Ca influx
pathway is not defined (3).
We have used the patch electrode voltage clamp technique

to better define the role of Ca channels in stimulus-secretion
coupling in adrenal glomerulosa cells. Two questions were
addressed: (t) Can the unusual dependence of Ca2 + influx on
Ko be accounted for by the voltage dependence of Ca
channel gating? (ii) Does All stimulate Ca2+ influx by
increasing Ca2 + entry through voltage-gated Ca channels? A
preliminary report of this work has been published (22).

The principal mechanism for regulating plasma K + concen-
tration in mammals involves the secretion of aldosterone
from adrenal glomerulosa cells. This mechanism is effica-
cious because small changes in plasma K+ result in large
parallel changes in aldosterone secretion. Stimulus-secre-
tion coupling is thought to be mediated by voltage-gated Ca
channels because small changes in extracellular K concen-
tration (K.) (---2-10 mM) depolarize the cell membrane and
cause an increase in the influx of "5Ca that can be inhibited
by the Ca channel blocker nitrendipine or its congeners
(1-13). Electrophysiological studies with vascular smooth
muscle and other tissues have shown that 45Ca influx that is
stimulated by high K+ and blocked by nitrendipine repre-
sents Ca entry through voltage-gated channels (14-17).
However, no comparable studies have been performed with
adrenal glomerulosa cells and the effects of high K+ and
nitrendipine on these cells differ in several significant ways
from previously studied tissues.

Aldosterone secretion is a biphasic function of K.; secre-
tion increases with K0 up to 10-12 mM, but further increases
in K0 cause a drop in secretion and in intracellular Ca2 +
(1-4, 13). In contrast, the physiological response increases
monotonically with K0 over a broad concentration range in
most other types of secretory cells and smooth muscle, and
much higher K0 are necessary to evoke a significant re-
sponse. Likewise, Ca influx increases over a broad voltage
range in previously studied cells. High-affinity binding of
[3H]nitrendipine to adrenal glomerulosa cells is similar to
that for other tissues (4, 18), but the IC50 for nitrendipine

MATERIALS AND METHODS
Bovine adrenal glomerulosa cells were prepared by collagen-
ase digestion (20). Cells were stored at 0C in physiological
saline for 1-5 hr before use. The bath solution used for
recording Ca channel currents contained (in mM) tetraethyl-
ammonium chloride, 117; BaCl2, 20; MgCl2, 0.5; dextrose, 5;
sucrose, 32; Hepes, 10; and tetrodotoxin, 2 x 10-4; pH 7.5
(adjusted with CsOH). Bath solutions were gassed with 100%
oxygen and maintained at room temperature (20-240C). The
patch pipettes were filled with a solution that contained (in
mM) CsCl, 108; tetrabutylammonium chloride, 10; bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetate (BAPTA), 11;
CaC12, 0.9; MgCl2, 6; Na2ATP, 5; GTP, 0.04; and Hepes, 20;
pH 7.2 (adjusted with CsOH). Nitrendipine and nimodipine
were synthesized by Bayer AG (Wuppertal, F.R.G.) and
stored as 1 mM stock solutions in polyethylene glycol 400.
AII was obtained from Sigma.
Ca channel currents were studied by using the whole-cell

variation of the patch electrode voltage clamp technique (23)
as described (16). Membrane current was sampled at 10 or 20
kHz and filtered with an 8-pole low-pass Bessel filter with a
cut-off frequency ( - 3 decibel) of 2.5 or 5 kHz, respectively.
Linear leak and capacity currents were subtracted digitally
by appropriately scaling a test pulse from - 90 to - 110 mV.
When tail currents consisted of two exponential compo-
nents, an exponential was fit to the slow component and was
digitally subtracted from the total tail current. The remainder

Abbreviations: All, angiotensin II; K0, extracellular K concentra-
tion.
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was then fit with an exponential. Nonlinear least squares
curve fitting was performed by using the Patternsearch
algorithm (24).

RESULTS
Bovine Adrenal Glomerulosa Cells Have Two Types of Ca

Channels. Fig. 1 shows the voltage dependence of activation
of Ca channels in glomerulosa cells and presents evidence
for two distinct types of Ca channels in these cells. Fig. 1
Top shows superimposed measurements of Ca channel cur-
rents elicited during test pulses to - 30, 0, and + 30 mV and
after repolarization. The Ca channel currents during each
test pulse were quite small. This cell was typical of all of our
experiments, in that we rarely measured inward currents
>30 pA with 20 mM Ba as the charge carrier. Since the leak
currents elicited by the test pulses were comparable in
magnitude to the Ca channel currents, it was difficult to
quantitate the Ca channel currents during the test pulse.
However, repolarization of the membrane potential to
< - 65 mV always revealed a slowly deactivating tail current
that increased in amplitude as the preceding test potential
(Vt) became more positive. The tail currents could usually be
fit by a single exponential. The amplitude of this exponential
indicated the instantaneous conductance of these Ca chan-
nels at the time of repolarization. The relative amplitude of
this tail current is plotted vs. V, in Fig. 1 Bottom (open
squares). Each datum point represents the mean of three
experiments. The solid curve through these data is a nonlin-
ear least squares fit to the equation I"Imax = {1 + exp[(Vd -
Vt)/k]}1, with Vd = -7.1 mV and k = 15.4.
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In about 20% of the cells, we found a second component of
tail current when the membrane was repolarized to less
negative potentials. This component of tail current can be
seen in Fig. 1 Middle. The current measurements shown are
for V, = -30, 0, and + 30 mV and the tail currents were
measured at -35 mV. Tail currents decay more slowly at
this potential and a second exponential component that
decays with a time constant of 1.0 ms could now be resolved.
The relative amplitude of the rapidly deactivating compo-
nent of tail current is plotted as a function of V, in Fig. 1
Bottom (open triangles). Each datum point represents the
mean result for three experiments. The solid curve through
these data is for Vd = +7.2 mV and k = 9.98. Hence, the
rapidly deactivating component of tail current activates at
more positive potentials than the slowly deactivating com-
ponent of tail current.
Two similar components of tail current have been charac-

terized in anterior pituitary cells, sensory neurons, and cell
lines derived from vascular smooth muscle (16, 17, 25-27).
Those results were most readily explained by invoking two
populations of Ca channels. The slowly deactivating Ca
channel currents are through "transient" or "T-type" Ca
channels that inactivate rapidly during strong depolariza-
tions and are only available for opening when the cell is very
well polarized. The rapidly deactivating currents are due to
a population of "slowly inactivating" or "L-type" Ca chan-
nels that activate and inactivate at more positive potentials.
Fig. 2 shows that the same interpretation of the tail current
measurements is appropriate to adrenal glomerulosa cells.

Fig. 2A shows that the two components of tail current
differ in the voltage dependence of steady-state inactivation.
The pulse protocol is shown in the Inset. The relative
amplitude of each component of tail current is plotted vs. VP.
The solid curve through each data set is defined by the
equation I/Imax = {1 + exp[(VP - Vh)/k]}'-. The slow-
ly deactivating current component (indicated with open
squares) is fit with Vh = -56.1 mV and k = 6.68. The
rapidly deactivating current component is fit with Vh =
-40.6 mV and k = 9.49.

Fig. 2B shows that the slowly deactivating Ca channels
inactivate rapidly during strong depolarizations. The pulse
protocol is shown in the Inset, and the graph shows a plot of
the amplitude of the slow component of tail current as a
function of te' pulse duration. The conditions were chosen to
minimize Ca-1 iduced inactivation: Ba was the charge carrier,
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FIG. 1. Bovine adrenal glomerulosa cells have two components
of tail current through Ca channels that differ in the voltage
dependence of activation. (Top) Superimposed current measure-
ments made when the membrane was repolarized to Vr = -65 mV.
The tail currents decayed exponentially with a time constant of 7.0
ms. (Middle) Superimposed current measurements made in a differ-
ent cell when Vr = -35 mV. The tail currents were biexponential
and the time constants of decay were 32 and 1.2 ms. Each current
record in the Top does not include measurements made for 800 A.s
after changing the membrane potential and those in the Middle
contain 400-ps gaps. (Bottom) Relative amplitude of each compo-
nent of tail current vs. V,. The pulse protocol is shown in the Inset.
The slow component of tail current was measured at -75 mV and
the fast component was measured at -35 mV. The test pulse
duration was 40 ms for Vt < 0 mV and 10 ms for V >2 0 mV.

B 300

0.2 5

-120 -90 -60 -30

VP (mV)

0
0

+40

-75

-90s

50 0 1
D 50 100 150 200

t (ms)

FIG. 2. (A) The two components of tail current through Ca
channels differ in the voltage dependence of steady-state inactiva-
tion. The relative amplitude of each component of tail current is
plotted vs. VP. The solid curve through each set of data points
indicates a least squares fit to a two-state Boltzmann distribution.
(B) The slowly deactivating Ca channels inactivate rapidly during
strong depolarizations. The amplitude of the slowly deactivating Ca
channel current is plotted vs. the test pulse duration (t). Each tail
current measurement was fit by an exponential with a time constant
of 6.1 ± 0.2 ms. The solid curve through the data is a least squares
fit toI = (IO - Ik)exp( - t/r) + Ix with I0 = 281.4 pA, Ix = 15.8 pA,
and r = 58.2 ms.
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cytoplasmic Ca was buffered at -10 mM by 11 mM bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetate (BAPTA),
and the test potential was chosen to be very positive so that
there was little inward current during the test pulse. The rapid
inactivation is therefore attributable to a voltage-dependent
"gate." Hence, the slowly deactivating Ca channels in adre-
nal glomerulosa cells are similar to the T-type Ca channels
found in some types of excitable cells (16, 25-35).
The two components of tail current also differ in their

sensitivity to dihydropyridine Ca channel agonists and in
their susceptibility to wash out during intracellular dialysis.
Addition of 200 nM of the (-)-(4S) enantiomer of BAY K
8644 had no effect on the slow component of tail current, but
it slowed the rate of deactivation of the fast component and
increased its amplitude (data not shown). These effects are
similar to those in other cell types in which L-type Ca
channels are affected by BAY K 8644 and T-type Ca
channels are not (28, 31, 32, 34). The fast component of tail
current washed out within 10 min of dialysis by the patch
pipette solution, but the slow component was stable. In
anterior pituitary cells and sensory neurons, similar obser-
vations were best explained by invoking two types of Ca
channels (25-27, 33).
High K+ and AUl Increase T-Type Ca Channel Currents.

The data in Fig. 3 present evidence that high K+ stimulates
steady-state Ca influx through T-type Ca channels in adrenal
glomerulosa cells. Fig. 3A shows the voltage dependence of
activation and inactivation of the T-type Ca channels, deter-
mined by using the same pulse protocols as for Figs. 1 and 2,
but each set of data points represents the mean result for
three or four experiments. The curve describing the voltage

dependence of activation was drawn by assuming second-
order activation kinetics: I/Imax = {1 + exp[(Vd - V,)Ik]}-2
This function gave a better fit to the data for Vt < - 30 mV
than first-order activation kinetics (compare the fit of the
curves in Figs. 1 and 3A). The important point here is that the
curves describing steady-state activation and inactivation
overlap. In the voltage range spanned by the overlap, there
should be steady-state current through the T-type Ca chan-
nels. Fig. 3B shows that the voltage dependence of steady-
state Ca2+ influx through T-type Ca channels can account for
the biphasic dependence of aldosterone secretion on KO. The
solid curve is the predicted current through T-type Ca chan-
nels based on the curves in Fig. 3A. The open triangles
indicate the effect of KO on the influx of "5Ca and we have
assumed that the effect of changing KO is solely on the
membrane potential, with the membrane potential at each K.
being estimated with the Goldman-Hodgkin-Katz equation
(7). Likewise, the open squares indicate the dependence of
aldosterone secretion on KO. Both sets of data are reproduced
from earlier studies from this laboratory, which established
that K + -stimulated aldosterone secretion is proportional to
K+-stimulated Ca2' influx (1, 2). These data suggest that Ca
channel currents mediate stimulus-secretion coupling. The
voltage clamp studies suggest that aldosterone secretion is
stimulated by small increases in KO because there is steady-
state Ca influx through T-type Ca channels that activates at
relatively negative potentials. Secretion declines as KO in-
creases beyond 10-12 mM because steady-state Ca influx
does not increase monotonically with voltage.
A second line of evidence indicating that K + -induced

aldosterone secretion is dependent upon Ca2 + entry through
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FIG. 3. K+-stimulated Ca influx is through T-type Ca channels. (A) Voltage dependence of activation and inactivation of the T-type Ca
channels. Open squares indicate the same data as in Fig. 1. The solid curve through the data is a nonlinear least squares fit to the equation m.2
= I/Imax = {1 + exp[(Vd - V)/k]}-2, with Vd = - 24.0 mV and k = 19.0. Open triangles indicate the relative amplitude of the slow component
of tail current as a function of Vp. Each point represents the mean of four experiments. The solid curve through these data is a least squares
fit to the equation h,, = I/'max = {1 + exp[(Vp - Vh)/kI}-1, with Vh = -59.8 mV and k = 7.27. (B) Voltage dependence of 45Ca influx,
aldosterone secretion, and steady-state current through the T-type Ca channels. Note that the abscissa differs from that in A. The solid curve
indicates the predicted steady-state current through the T-type Ca channels (IJ) and is given by I,,. = gcam2h (Vrev - V), where m. and h,,o
are defined above, TCa is the maximal conductance of the T-type Ca channels and was chosen so that the maximal value of I,,. is 1.0, and Vev
is the reversal potential for the T-type Ca channels. The curve assumes that Vr1 = + 70 mV, but the shape of the curve is little affected by
varying Vrev from + 30 to + 110 mV. Open squares indicate the relative levels of aldosterone secretion for K0 = 2, 3.5, 5, 8, 10, and 12 mM.
Each value of K0 has been converted to an equivalent membrane potential by assuming the validity of the Goldman-Hodgkin-Katz equation:
V = (RT/F)ln{[K0 + (PNa/PK)NaoI/Ki} = (61)log{[K0 + (0.037)(150)]/160}, where PNa/PK is the permeability of Na relative to the
permeability of K, and K, is the intracellular concentration of K. This equation is known to be valid for rat adrenal glomerulosa cells (7). PNa/PK
was chosen so that V = -72 mV when K0 = 5 mM (the mean value of three studies with cells isolated from cats, rabbits, and rats; refs. 7,
36, and 37). The rate of aldosterone secretion for each K0 is normalized by the rate for K0 = 10 mM (ref. 1; see Fig. 4). Open triangles indicate
the corresponding levels of 45Ca influx (ref. 2; see Fig. 4). (C) Voltage-dependent block of the T-type Ca channels by nitrendipine. The Right
Insets show superimposed tail current measurements with and without 0.3 ALM nitrendipine. The control records were fit by an exponential with
a time constant of 5.8 ms. The records in drug (indicated by an asterisk) were fit by an exponential with time constants of 5.0 ms and 4.8 ms
for Vp = -110 mV and -60 mV, respectively. The prepulse duration was 4.5 s for each control and 10 s in drug. Each current record was
blanked for 450 ,ts after repolarizing the membrane. The relative amplitude of the slowly deactivating component of current is plotted vs. Vp.
The solid curve through each set of data points indicates the least squares fit to the equation: I/.max = {1 + exp[(Vp - Vl/2)/k]}P 1 For the
curve through the control data, V1/2 = -64.6 mV and k = 8.15; in 0.3 ,uM nitrendipine, V1/2 = -72.6 mV and k = 9.14.
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T-type Ca channels comes from studies with nitrendipine:
nitrendipine blocks the T-type Ca channels and K+ -induced
45Ca influx with similar potency. Fig. 3C shows the steady-
state voltage dependence of nitrendipine block of the T-type
Ca channels. The pulse protocol is shown in the Left Inset
and it is the same as that used for Fig. 2A. The prepulse
duration was 10 s with drug so that drug binding could
equilibrate at each VP. The Right Inset shows superimposed
tail currents with and without 0.3 AuM nitrendipine for two
prepulse potentials. When VP = -110 mV, there was little
block of the T-type Ca channels, although the rate of
deactivation was speeded by drug. When VP = -60 mV,
about two-thirds of the channels were inactivated in the
absence of drug and block was much more potent. The
voltage dependence of nitrendipine block is indicated by a
plot of the relative amplitude of the slow component of tail
current vs. VP. Each datum point represents the mean of two
experiments. The effect of 0.3 AM nitrendipine is to shift the
availability curve to more negative potentials with little
change in slope factor.
To compare nitrendipine block of the T-type Ca channels

with block of K + -induced 45Ca influx, one must evaluate the
effective binding constant for nitrendipine block of T-type
Ca channel currents at any voltage (Keff). This calculation is
facilitated by use of the modulated receptor theory, which
postulates that the affinity of nitrendipine for its binding site
is modulated by channel gating (38, 39). This model has been
used to quantitate the block of Na channels by local anes-
thetics and the block of L-type Ca channels by dihydropy-
ridines (40-42). In these earlier studies, it was assumed that
steady-state drug binding was to rested or inactivated chan-
nels. The extension of this theory to T-type Ca channels in
adrenal glomerulosa cells is complicated by the finding that
channels remain open in the steady state. It can be shown
that the steady-state availability curve in drug (hj') is given
by:

hj = (1 + D/KR)/{(1 - mM2)(1 + D/KR) + m,2(1 +
D/Ko) + [(1 - hi)/h1(1 + D/KI)}, [1]

where KR, Ko, and K, are the dissociation constants for drug
binding to the rested, open, and inactivated states, respec-
tively; D is the drug concentration; and m=2 and h,, describe
the voltage dependence of activation and inactivation, as in
Fig. 3A. It follows that Keff = [(1 - m,2)h,/KR +
Mx2hj/KO + (1 - hj1/K1].
KR is calculated from the amount of block when VP =

- 110 mV; the average value for two experiments was 13.4
,uM. The more potent block observed at less negative values
of Vp could be due to high-affinity binding to open or
inactivated channels. Since the occupancy of the inactivated
state is much greater than the occupancy of the open state
for Vp < - 50 mV, binding to the open state can be ignored
unless Ko << K1. It is unlikely that KO << K, because
block was not much more potent at more positive potentials,
where occupancy of the open state is greater (unpublished
results). Hence, Eq. 1 can be simplified to consider drug
binding only to rested and inactivated states. K, can be
calculated from the data presented in Fig. 3C with use of the
equation: K1 = D/[(1 + D/KR)exp( - AV/k) - 1], where AV
is the voltage difference between the midpoint of the avail-
ability curves with and without drug and k is the mean slope
factor of the availability curves (40). From the data used for
Fig. 3C, K, = 190 nM. In one experiment with nimodipine,
we obtained similar results, with KI = 144 nM. Similar
effects of diphydropyridines on T-type Ca channels have
been found in cell lines derived from anterior pituitary cells
and aortic smooth muscle (17).
The membrane potential should be -65 mV in 8 mM K+

and -76 mV in 3.5 mM K . The predicted values for Keff

25~
*

10 Ms
FIG. 4. All increases T-type Ca channel currents. Tail currents

were measured at - 75 mV after a 40-ms test pulse to + 10 mV. Each
current record was blanked for 500 tts after repolarizing the mem-
brane potential.

at these two voltages are 0.54 AM and 1.7 ,uM, respectively.
Nitrendipine blocks 45Ca influx induced by 8 mM K+ with
an IC50 = 0.45 gM (ref. 1; see figure 2) and the block of basal
secretory activity is much weaker (ref. 2; see table I).

Nitrendipine also blocks the AII-induced influx of 45Ca
into adrenal glomerulosa cells (1, 2). This result suggests that
All modulates a voltage-gated Ca channel. Fig. 4 shows that
current through the T-type Ca channels is increased by 10
nM All. Superimposed tail current measurements are
shown. Each tail current measurement was fit by a single
exponential and the asterisk indicates the current recorded
after a 20-s exposure to All. The amplitude of the exponen-
tial was increased by about 50% and the time constant of
decay was increased from 8.75 to 11.5 ms. Similar results
were obtained in three of four similar experiments. The
effect of All on channel gating was not analyzed in detail
because the effect was very transitory, lasting, at most,
several minutes.

DISCUSSION

Bovine adrenal glomerulosa cells have two components of
Ca channel tail current that we have attributed to two
distinct populations of Ca channels (see Figs. 1 and 2). This
interpretation is supported by the findings that the two
components of current have different activation, inactiva-
tion, and deactivation kinetics and different susceptibilities
to modification by BAY K 8644 and to rundown. Studies in
other types of excitable cells have shown that two similar
components of Ca channel current are associated with
distinctly different patterns of single channel activity (31, 32,
43). Previous studies with adrenal glomerulosa cells also
provide evidence for two populations of Ca channels (2). The
L-type Ca channels account for the high-affinity binding
sites for [3H]nitrendipine and the enhancement of Ca influx
by BAY K 8644 (1-4). The T-type Ca channels account for
the stimulation of Ca influx by small depolarizations from
rest (see below) and the Ca currents reported in a recent
voltage clamp study with rat adrenal glomerulosa cells (44).
L-type Ca channels were not reported in the studies with rat
cells, but it is possible that these channels "washed out"
during dialysis of the cytoplasm. We have found the washout
effect to be severe, even when we used pipette solutions that
minimize the effect in other types of cells (16, 26). The
problem may be severe because adrenal glomerulosa cells
are small (8-12 ,um in diameter), so dialysis of the cytoplasm
may be more complete than in larger cells. It is possible that
we have significantly underestimated the magnitude of L-
type Ca currents in intact cells.

Stimulus-secretion coupling in adrenal glomerulosa cells
is unusually sensitive to small increases in plasma K+,
apparently because Ca influx is stimulated at lower K. than
in most other types of cells. Our studies suggest that the high
sensitivity to changes in plasma K+ occurs because main-
tained Ca influx through T-type Ca channels can be adequate
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to stimulate aldosterone secretion. Under physiological con-
ditions, the membrane potential ranges from -80 to -50
mV (7, 9, 36, 37). In this voltage range, the T-type Ca
channels activate to a much greater extent than the L-type
Ca channels and inactivation of the T-type channels does not
go to completion (see Figs. 1 and 3A). Since there should be
steady-state current through the T-type Ca channels, the
description of these channels as transient is misleading. The
probability that a T-type Ca channel will be open at - 60 mV
is only =0.01, but the surface-to-volume ratio in adrenal
glomerulosa cells is large and the Ca influx necessary to
trigger aldosterone secretion can occur over many minutes.
Hence, it is probable that extremely small Ca currents can
mediate stimulus-secretion coupling. The idea that there are
maintained currents through T-type Ca channels is sup-
ported by the recent finding in this laboratory that 3 nM
atriopeptin blocks current through these channels and blocks
K'-stimulated aldosterone secretion (45). We have also
found evidence for steady-state current through T-type Ca
channels in cell lines derived from anterior pituitary cells and
vascular smooth muscle (16, 17).

In some other types of endocrine cells and vascular
smooth muscle, K+-induced Ca influx is associated with
L-type Ca channels because it is blocked by dihydropyri-
dines with high affinity (14-17). It is possible that some of
the K+-induced Ca influx is through L-type Ca channels in
adrenal glomerulosa cells, but our results suggest that most
of the influx is through T-type channels for KO < 12 mM.
Steady-state current through L-type Ca channels was max-
imal at -25 mV in our studies (see Figs. 1 and 2) and at
this potential -80% of the channels are inactivated. In other
tissues, nitrendipine block of L-type Ca channels is very
potent when most channels are inactivated (15, 41, 42). The
maximal current through L-type channels could occur at
more negative potentials under physiological conditions, but
the low potency of nitrendipine block of Ca influx requires
that the voltage dependence of channel activation shifts to
more negative potentials much more than that for channel
inactivation. This seems unlikely. Furthermore, the voltage
dependence of activation of L-type Ca channels in glomeru-
losa cells is similar to that in some other endocrine cells, so
there is little reason to expect Ca influx through L-type
channels at unusually negative potentials in glomerulosa
cells (see refs. 16, 46, and 47 for activation curves in anterior
pituitary cells, pancreatic beta cells, and adrenal chromaffin
cells, respectively). Ca entry through L-type Ca channels
may be important when adrenal glomerulosa cells are depo-
larized beyond - 50 mV, especially when there is electrical
spiking activity (37).
The modulation of T-type Ca channels by AII is especially

interesting because there are few reports of neurotransmit-
ters or autacoids affecting this channel type (30, 48, 49). In
contrast, L-type Ca channels are modulated by many agents
(50), including AII (51, 52). The effect of AII on the T-type
Ca channels never lasted more than a few minutes. The
effect may have been brief because it was mediated by a
second messenger that was rapidly dialyzed from the cell.
For example, the effects on T-type Ca channels could be
secondary to the formation of one or more inositol polyphos-
phates (8, 20, 53, 54). This possibility is attractive because
inositol polyphosphates are thought to stimulate Ca influx in
many types of endocrine cells (55).
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