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Block of Stretch-Activated Ion Channels in Xenopus
Oocytes by Gadolinium and Calcium Ions

XIAN-CHENG YANG AND FREDERICK SACHS

Gadolinium ions produce three distinct kinds of block of the stretch-activated (SA) ion
channels in Xenopus oocytes: a concentration-dependent reduction in channel open
time, a concentration-dependent reduction in open channel current, and a unique,
steeply concentration-dependent, reversible inhibition of channel opening. This last
effect reduces the probability of a channel being open from about 107" at 5 pM to less
than 107% at 10 pM gadolinium. Calcium has effects on open time and current similar
to that of gadolinium, but this channel is permeable to calcium and calcium does not
completely inhibit channel activity. The availability of a blocker for SA ion channels
may help to define their physiological function, and will simplify the use of oocytes as
an expression system for ion channels.

Two other lanthanides, lanthanum and
lutetium, with ionic radii of 1.061 A and

ADOLINIUM IS A TRIVALENT LAN-
thanide with an ionic radius (0.938

A) dose to that of Na* (0.97 A)
and Ca2* (0.99 A) (1). Gadolinium (Gd**)
blocks gravity sensing, but not growth, in
the roots of plants (2), and since gravity
sensing was hypothesized to depend on SA
channels (3), we directly examined the ef-
fects of Gd** on SA channels. Xenopus
oocytes have an endogenous, SA, nonselec-
tive cation channel (4, 5) which is blocked
by 10 pM Gd** applied extracellularly in
outside-out patches (Fig. 1A) and in cell-
attached patches (Fig. 2A). At 10 pM Gd*",
channel activity disappeared within 30 s.
This could be demonstrated by making cell-
attached patches with pipettes containing
Gd** or by perfusing outside-out patches
with Gd**. No recovery of activity was seen
even when the stimulation was increased to
50 mmHg suction or when the pipette was
held at a strong depolarizing potential for
long periods in an attempt to draw Gd**
out of the channel. The block, however, was
reversible. Washout of Gd** was shown in
outside-out patches (Fig. 1A) and cell-at-
tached patches (legend to Fig. 1A). Gd**
did not seem to affect the SA channel-
gating mechanism directly, since the sensi-
tivity to membrane tension was nearly inde-
pendent of Gd** concentration (Fig. 2B).

Biophysical Sciences, 105 Parker Hall, State University
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0.85 A, respectively (1), also blocked the
oocyte SA channels, but only at concentra-
tions greater than 100 wM. At concentra-
tions below 10 M, Gd** reduced the open
channel current and the bursting kinetics of

W
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the channel became more “flickery” with
shorter open times (Fig. 1A).

Because Gd** competes with Ca?* dur-
ing exocytosis in pituitary cells (6) and with
Ca’* binding to calmodulin (7), we also
examined the effects of Ca** on oocyte SA
channels. In contrast to Gd**, Ca?" carries a
significant amount of current through this
channel (Fig. 1B). As with low concentra-
tions of Gd*>* (below 10 wM), the addition
of Ca?*- to Na*-containing saline reduced
the amplitude of the channel currents and
caused the kinetics to become more flickery
(Fig. 1B). Competition between Ca®* and
Na® also occurs in SA channels in lens
epithelia from the frog (8).

The reduction in channel open time by
Gd?* and Ca”* have a number of similarities.
For both ions at all concentrations, the
mean open time was independent of pres-
sure and voltage (Fig. 3, A and B), suggest-
ing that any barriers to binding lay outside
the membrane field. The difference between
Ca?* and Gd*" is that the reduction of open
time by Ca’' saturates at a finite value,
whereas the reduction by Gd** does not, at
least not within the tested concentration
range (Fig. 3C).

The blocking kinetics were analyzed ac-
cording to the traditional closed-open-block
kinetic model (9). The block by Gd** fol-
lows one prediction of this model—the re-
ciprocal of the open time is a linear function
of the blocking ion concentration (Fig. 3C).
The blocking rate constant extracted from
fitting the data in Fig. 2Cis 1.6 x 10%M !
s”!, indicating a binding reaction that is
nearly diffusion-controlled (10). The lack of

o, Fig. 1. (A) Effect of Gd**
Ca™ on single-channel currents
0uM recorded from an outside-
out patch (pipette potential
of =70 mV). Gadolinium at
10 pwM blocks SA channel
activity reversibly (5 out-
side-out patches and 16 cell-
attached patches). Gadolini-
um at 5 pM reduces both
channel open time and am-
plitude. The downward cur-
rents indicate flow from
bath to pipette. The wash-
out of Gd*>* is observed also
in cell-attached patches by
pretreating the cells with 10
pM G&* for 30 min or
longer and then patching
with  pipettes containing
Gd**-free Na* saline. (B)
Single-channel current re-

corded from cell-attached patches exposed to Ca** (membrane potential of —100 mV). The bottom
trace in (B), with a vertical scale of 5pA (rather than 10 pA), is a Ca*" current through SA channels
(160 mM CaCl, and 0 mM Na™, buffered with 10 mM Hepes—tetracthylammonium hydroxide, pH
7.4). Preparation of oocytes (3, 17) and recording techniques (28) followed published procedures.
Pipette solutions were 150 mM NaCl, 10 mM Hepes-NaOH, and GdCl; or CaCl, as indicated in the
figure, pH 7.4. Bath solution was frog normal saline: 115 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, and 10

mM Hepes-NaOH, pH 7.4 (18° to 23°C).
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voltage dependence for the blocking rate
constant suggests that Gd** blocks the
channel outside the membrane electric field.

The unblocking rate for Gd>* could not
be reliably measured in these experiments.
In contrast to the open channel block ob-
served with weakly bound local anesthetics,
in which bursts get longer and the unblock-
ing rate can be casily estimated (9), with
Gd** (and Ca”") the bursts get shorter (Fig.
1) because the residence time of the blocker
is sufficiently long that the bursts seem to
end. Because there are few long closed peri-
ods, the uncertainty in the distribution is
high, and changes produced by the blockage
are difficult to determine.

In contrast to the results obtained with
Gd** in which the open time appeared to
approach zero with increasing concentra-
tion, the open time obtained with Ca?*
reached a finite minimum (Fig. 3C). The
apparent half-block concentration (Ky) for
Ca?* was 0.33 mM and the extrapolated
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Fig. 2. (A) P, as functions of suction and Gd**
concentration, A nonlinear, least-square algo-
rithm was used for curve fitting (29). The solid
lines represent the best fit to a Boltzmann distri-
bution (30, 31):

P, = Pmax/[1 +K CXP(‘ﬁPZ)] (1)

where Pp,x is the maximum probability of chan-
nel being open, K is the equilibrium constant at
zero pressure, and 9 is the sensitivity to mem-
brane tension, which determines the slope of the
activation curve. The free energy for gating is
proportional to the square of membrane tension.
Tension is linearly related to pressure, p, by
Laplace’s law. (B) The sensitivity to membrane
tension as a function (9) of Gd*>*. ¥ is extracted
by fitting the data to Eq. 1. Each point is the
mean from three experiments.
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open time at infinite Ca*>* (legend to Fig. 2)
was 0.48 ms—the value observed with 160
mM Ca?* (Na*-free). The open time de-
creased from 2.9 ms with pure Na** to 0.48
ms with pure Ca?*. This leveling off of the
open time is not explained by first-order
kinetics. A simple alternative explanation is
that Ca?" is not plugging the channel but
rather is binding to an allosteric site that
lowers the energy barrier between the open
state and an adjacent closed state. This is
equivalent to having two open states, Ca®*
liganded or unliganded: We could find no
evidence of a new, Ca?"-dependent, open
time. Perhaps there is a rapid exchange
between the liganded and unliganded forms
(relative to the open time) so that we only
resolve a single lifetime. Such allosteric
changes associated with Ca?" binding have
been reported for L-type Ca®* channels
(11). The lack of voltage-dependence for the
reduction in open time by Ca®* suggests
that the allosteric site is outside the mem-
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brane electric field and that the site is not
distorted by any movement of the channel in
the field due to structural dipoles. The ap-
parent open channel block by Gd** could
involve the same allosteric site, but because
of the restricted concentration range (less
than 10 pwM), we could not observe the
saturation of open time with concentration.

In addition to shortening the open time,
Gd** and Ca®* both decrease the channel
current over the entire voltage range from
~30 mV to —200 mV (Fig. 4, A and B).
The normal current-voltage (I-1) curve for
Na® and other alkali cations is inwardly
rectifying (4) and can be described by a two-
barrier one-site (2B1S) permeation model
(13). However, the I-V curve with pure
Ca’* (Na*-free) is almost linear with a slope
conductance of 20 pS, nearly identical to the
values reported for other SA channels (8, 13,
14). Gadolinium shifts the I- I/ curves to the
left along the voltage axis (a 26-mV shift in
voltage at 5 pM Gd*") without changing
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Fig. 3. (A and B) The mean open time of SA
channel is independent of both suction and
voltage at each concentration of Gd*>* or
Ca®*. All data in this figure are obtained from
cell-attached patches. The solid lines parallel
to abscissas represent the arithmetic mean of
all data points for experiments done with Na*
saline. The most scattered points are within
*1 ms (or 20%) of the mean. Each data point
is the time constant derived from fitting the
open time histogram. The confidence limits
(90%) for each data point are within 33% of

the mean. O, Na* only; 00, 5 uM Gd*>*; @, 5.3 mM Ca>*. (A) Na*,n = 4; Gd*>*,n = 3; Ca**,n = L.
(B) Na*, n = 3; Gd®*, n = 3; Ca®", n = 6. (C) The reciprocal of mean open time as function of
blocking ion concentration. Each point is the mean of the open time determined from 9 to 35 individual
open time histograms. The straight line for Gd** has a slope of 1.6 X 10%M~' s™" and an intercept of
304 s™'. The Ca®* data are fitted to a saturating function with an offset:

Topen = (Tm) (xb + r)/(xb + Kd) (2)
where x;, is the blocker concentration; Ky is the half-block concentration; ., is open for pure Ca®*; and
the offset, r, is proportional to Kg. For the Ca** data, nonlinear regression yielded values of 1, = 0.48
ms, K4 = 0.34 mM, and r = 2 mM. The data were recorded with a bandwidth of DC-5 kHz on analog
tape, filtered on playback at 2.5 kHz for Gd*>* and 5 kHz for Ca>*, and digitized at 10 kHz and 20 kHz,
respectively. An automated single-channel data analysis program (IPROC, AXON Instruments), was
used for single-channel event detection and histogram construction (32). LPROC (Axon Instruments),
a computer program for classifying and sorting single-channel data (33), was used for generating
additional duration histograms. The open time histograms were generally fit with a single exponential
function. A sum of two exponential functions was required for some histograms, and only the larger
time constant was used for further analysis. We made a first order correction for missing events (32, 34),
which yielded values that were 0.8 to 0.9 times shorter than the uncorrected values.
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Fig. 4. (A and B) Single-channel I-V curves with blocking ions obtained from cell-attached patches. A symmetrical 2B1S permeation model was used for
fitting the I-¥ curves (35). Each solid line represents the best fit to the 2B1S model through all the data points for each given experimental condition. The free
energy values for calculation of the best fit lines (35) were G1 = 10.0 kT, G2 = 11.5 kT, and W = 0.59 kT for Na*, and G1 = 12.4 kT, G2 = 8.9 kT, and
W = 6.7 kT for Ca®>* (where G1 and G2 are peak heights for two barriers, and W is well depth for the site; the values of G1, and G2, and W are all relative to
the free energy of aqueous solution outside the channel). The site is an electric distance of 0.25 from external side of the channel. (A) Gd** at 0 M (x;
n=3),0.5pM(A;n=2),1 uM(Bn=3),and5puM (0;n = 3). (B) Ca®" at 0mM (V;n = 4), 1 mM (®;n = 4), 5mM (A; n = 3), 10 mM (B n = 3),
and 160 mM (O; n = 2). (C) Single-channel currents as a function of blocking ion concentration derived from Fig. 4, A and B. @ and A, Gd**; O and A,

Caz+

the slope conductance. This suggests that
the reduction in channel current produced
by Gd** results from neutralization of nega-
tive surface charge, probably in the vestibule
of the channel. This reduction in surface
charge would decrease the local concentra-
tion of the highly permeant monovalent
cations (15). In contrast to Gd**, the reduc-
tion of channel current produced by Ca**
results from not only shifting the I-J curves
along the voltage axis but also from reduc-
ing the slope conductance. The change in
slope conductance reflects the stronger
binding of Ca?* [with a well depth of —6.7
kT (where k is Boltzmann’s constant and T
is absolute temperature)] over Na™ (with a
well depth of 0.59 kT) at the intrachannel
site (legend to Fig. 4). Strong binding to
this_site reduces the exit rate, which deter-
mines the slope of the I-V curve. The differ-
ence in reduction of channel current by
Gd** and Ca®* results from the differences
in the permeability of the channel to these
two ions and their charges. Gadolinium
seems to be impermeant, whereas Ca®* is
highly permeant. Because of its trivalent
charge, Gd*>* is about 100-fold more effec-
tive than Ca®* in screening negative surface
charges (Fig. 4, A and B).

Gadolinium produces a complete inhibi-
tion of channel activity at 10 pwM. If that
inhibition were caused by open channel
block, the open time would be negligible at
10 pM. By extrapolating the linear plot of
the blocking rate as a function of concentra-
tion (Fig. 3C) to 10 wM, the predicted open
time is 0.53 ms, much too long to account
for the “zero” probability of the channel
being open. Similarly, the reduction of
channel current by Gd** saturates to a non-
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zero minimum (Fig. 4C) and cannot explain
the lack of activity. Thus, Gd** must also be
capable of introducing another, and much
longer lived, blocked state that has a lifetime
greater than the duration of the experiment
(about 300 s).

In more than 20 experiments, we found
that channel activity persisted at 5 uM Gd**
(maximum probability of the channel being
open, P, about 107"), but was unmeasur-
able at 10 uM Gd** (maximum P, less than
107%). Such a steep concentration depen-
dence suggests a Hill coeflicient that is
greater than 7. Perhaps a cooperative transi-
tion takes place in the channel when a
sufficient number of negatively charged sites
are occupied by Gd**.

The results obtained with Ca** show that
SA channels can scrve as an independent
pathway for transporting a significant
amount of Ca?" into cells. We estimate that
in a mixture of 150 mM Na* and 1 mM
Ca’*, the current carried by Ca** through a
single SA channel is about 0.01 to 0.1 pA at
—60 mV (Fig. 4B). This current is compara-
ble to that carried by single Ca®>* channels in
normal saline (16). The density of SA chan-
nels ranges from 0.3 to 2 per square mi-
crometer (4, 17-19), whereas the Ca®*-
channel density ranges from 0.1 per square
micrometer in 3T3 fibroblasts (20) to 30 to
60 per square micrometer in snail neurons
(21). Thus, SA channels may represent a
substantial fraction of the cell’s Ca®" perme-
ability. In fact, because SA channels are
voltage dependent and opening with depo-
larization (22), SA channel currents could be
mistaken for traditional, voltage-dependent,
Ca?* channel currents.

How specific is Gd*>* for oocyte SA chan-

nels relative to other channels? The SA
channels in cultured Xenopus myocytes
(nonselective cation channels) were blocked
at the same concentration as in oocytes. The
K*-selective SA channels in rat astrocytes
were not affected by 10 pM Gd** (23). The
SA channels in yeast (24), which are nonse-
lective among cations and mildly selective
for cations over anions, are blocked by Gd**
at 10 wM (25), in accordance with our
observations. In T lymphocytes, 10 pM
Gd** does not block the delayed rectifier
K* channel, although it does block volume
regulation (26). In neuroblastoma-glioma
hybrid cells, Gd** blocks only one compo-
nent of whole-cell Ca** current, possibly
that through the N-type Ca®* channel (27).
Gadolinium is not a generic channel blocker,
and is the most potent blocker known for
mechanoreceptive transducers. Gadolinium
may also prove useful to those using Xenopus
oocytes as an RNA expression system for
ion channels.
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Neuroanatomical Correlates of Anticipatory Anxiety

Eric M. REIMAN, MAUREEN J. FUSSELMAN, PETER T. Fox,

Marcus E. RAICHLE

Positron emission tomographic measurements of regional blood flow, a marker of
local neuronal activity, were used to investigate the neuroanatomical correlates of a
normal emotion. Healthy volunteers were studied before, during, and after anticipa-
tion of a painful electric shock. During anticipatory anxiety, there were significant
blood flow increases in bilateral temporal poles, the same regions recently implicated in
a lactate-induced anxiety attack in patients with panic disorder. Thus, the temporal
poles secem to be involved in normal and pathological forms of human anxiety.

ology of an emotional response, re-

searchers must be able to relate that
response to the local processes of the living
human brain. Previously, we used positron
emission tomography (PET) to investigate
the neuroanatomical correlates of panic dis-
order, a pathological form of human anxiety
(1-3). Patients with panic disorder and nor-
mal control subjects were studied before and
during lactate infusion, a procedure that
precipitated an anxiety attack in many of the
patients and none of the controls (2, 3).
During the nonpanic state before the infu-
sion, the patients who were vulnerable to
lactate-induced panic had an abnormal asym-
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metry (left less than right) of blood flow, of
blood volume, and of the metabolic rate for
oxygen in the vicinity of Economo’s region

TH in the parahippocampal gyrus (2). During
a lactate-induced anxiety attack, there were
significant blood flow increases in bilateral
regions of the temporal poles (3).

In the study reported here, we used PET
measurements of regional blood flow, a
marker of local neuronal activity (4), to
investigate the neuroanatomical correlates of
a normal form of human anxiety, that due to
the anticipation of an external danger. Re-
gional blood flow was measured in eight
healthy volunteers (5) before, during, and
after anticipation of a painful electric shock.
These measurements were made with the
PETT VI system, [*O]H,0, 40-s data ac-
quisition periods, and an interscan duration
of 10 min (6, 7). The subjects were informed
that no shock would be delivered during the
first and third measurements, but that a
painful electric shock would be delivered
sometime within a 2-min period after the
second tracer administration; they were also
informed that the severity of the shock was
likely to increase with the passage of time
before its arrival. A brief electric shock was
delivered immediately after the second data
acquisition period to maintain the credibil-
ity of the investigators for the remainder of
the study; the severity of the stimulus was
predetermined by its ability to produce mild
discomfort in the investigators themselves
(8).

The first scanning procedure permitted
acclimation to the PET routine and provid-
ed data for post hoc comparisons. The sec-
ond scanning procedure provided data cor-
responding to a state of anticipatory anxiety.
The third scanning procedure provided
baseline data for measuring the changes in
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