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We used perforated patch, whole-cell current re-
cordings and video-based fluorescence ratio im-
aging to monitor the relation of plasma membrane
ionic conductances to intracellular free Ca?* within
individual colonic epithelial cells (HT-29). The Ca?*-
mediated agonist, neurotensin, activated K* and CI~
conductances that showed different sensitivities to
[Ca?'],. The CI~ conductance was sensitive to in-
creases or decreases in [Ca®*], around the resting
value of 76 + 32 (mean + SD) nM (n = 46), whereas
activation of the K* conductance required at least
a 10-fold rise in [Ca®'],. Neurotensin increased
[Ca?*], by stimulating a transient intracellular Ca**
release, which was followed by a sustained rise in
[Ca?*], due to Ca?* influx from the bath. The onset
of the initial [Ca®*], transient, monitored at a mea-
surement window over the cell interior, lagged be-
hind the rise in ClI~ current during agonist stimu-
lation. This lag was not present when the [Ca?*],
rise was due to Ca®* entry from the bath, induced
either by the agonist or by the Ca** ionophore iono-
mycin. The temporal differences in [Ca®*]; and CI~
current during the agonist-induced [Ca?*], transient
can be explained by a localized Ca** release from
intracellular stores in the vicinity of the plasma
membrane Cl- channel. Chloride currents recover
toward basal values more rapidly than [Ca?*], after
the agonist-induced [Ca®*], transient, and, during a
sustained neurotensin-induced [Ca?*], rise, Cl~ cur-
rents inactivate. These findings suggest that an in-
hibitory pathway limits the increase in Cl~ conduc-
tance that can be evoked by agonist. Because this
CI- current inhibition is not observed during a sus-
tained [Ca**], rise induced by ionomycin, the inhib-
itory pathway may be mediated by another agonist-
induced messenger, such as diacylglycerol.

* Corresponding author.

© 1990 by The American Society for Cell Biology

Introduction

Electrolyte and fluid secretion across mam-
malian intestine is driven by a secondary-active
ClI~ transport process (Frizzell et al., 1979).
Chloride is accumulated by secretory cells be-
cause of the combined actions of three baso-
lateral membrane transport mechanisms: Na*/
K*/ClI~ co-transport, Na*/K* pump, and K"
channels. Chloride exits across the apical
membrane down its electrochemical gradient
via apical CI~ channels. Signal transduction
pathways involving cyclic adenosine mono-
phosphate (cAMP), cyclic guanosine mono-
phosphate (cGMP), and Ca?* mediate the se-
cretory actions of various neurohumoral agents
by activating one or more of these transport
mechanisms (Halm and Frizzell, 1990). How-
ever, it is generally agreed that these regulatory
pathways converge on the apical membrane CI~
conductance, the activation of which is a nec-
essary feature of the secretory response (Friz-
zell and Halm, 1990).

Transepithelial measurements have shown
that Ca?* ionophores and Ca?*-mediated ago-
nists stimulate transepithelial Cl~ transport, yet
little is known of the relation of the intracellular
free Ca?* concentration, [Ca?*);, to membrane
ClI~ conductance. Transepithelial Cl~ secretion
is conveniently monitored in Ussing chambers
by the use of intestinal sheets or monolayers of
cultured cell lines. However, [Ca?*]; has rarely
been determined with similar preparations
(Wong et al., 1989), and the results of several
studies have raised doubts as to whether Ca?*
activates CI~ conductance pathways, or
whether its effects are mediated via generation
of other second messengers (Smith and Mc-
Cabe, 1984; Reinlib et al., 1989) or by stimula-
tion of other Ca®*-dependent transport events
(Dharmsathaphorn et al., 1989).

To establish calcium’s role as a mediator of
CI~ conductance changes during secretion, and
as a first approach to resolution of the regula-
tory proteins involved in mediating the effects
of Ca?*, we examined, simultaneously, the tem-
poral relations between changes in CI~ conduc-
tance and [Ca?*]; during agonist activation.
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Chloride-selective conductance pathways were
isolated using perforated patch, whole-cell re-
cording; [Ca®*]; was monitored using the Ca?*
fluorophore fura-2. These methods were applied
to the colonic tumor cell line HT-29, first isolated
by Fogh (Fogh and Trempe, 1975). In their un-
differentiated form, HT-29 cells express recep-
tors for the Ca?*-mediated agonists carbachol
(Kopp et al., 1989) and neurotensin (Kitabgi et
al., 1980), which have been shown to activate
inositol polyphosphate hydrolysis and cellular
Ca?* mobilization in cells in suspension (Turner
and Bollinger, 1989). Thus, HT-29 cells serve as
a model for the Ca?*-mediated regulatory events
that activate CI~ secretion by intestinal cells and
other Cl™-secreting epithelia.

Results

Simultaneous whole-cell current and cell
Ca?* recordings in HT-29 cells

The ionic conductances of individual HT-29 cells
were measured with the whole-cell, voltage-
clamp recording technique (Hamill et al., 1981).
[Ca?*]; was determined from the fluorescence
of fura-2 (Grynkiewicz et al., 1985), loaded in its
esterified form, fura-2/AM. However, during
conventional whole-cell recording, dialysis of
the cell cytoplasm by the pipette solution re-
sulted in loss of cellular fura-2 fluorescence.
Conversely, if the pipette was loaded with the
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Zero Current (A) Perforated patch whole-cell current

recordings were obtained by including
nystatin (100 ug/ml) in the recording
pipette. The dashed lines indicate the
approximate relation of the fluores-
cence measurement window to the
cell's boundaries. (B) Cells were volt-
age-clamped to three holding poten-
tials (H.P.): (a) =20 mV = E¢-, (b) —90
mV = Ey+, and (c) the zero-current
voltage recorded in the absence of
agonist; the lower trace shows cur-
rents recorded at each H.P. (C) Ex-
panded time scale showing relations
between current and [Ca®*], measure-
ments from the same cell. Four volt-
age-clamp cycles were run during the
time for a single calcium measurement
(3.7 s). In subsequent experimental
records, the voltage-clamp values
(H.P.) are provided at the left of each
current trace, as shown. Individual
current pulses are often obscured be-
cause of time compression of the

unesterified dye, measurement of [Ca?']; was
compromised by stray fluorescence from the
dye-filled pipette. To overcome these problems,
we used the perforated-patch method of Horn
and Marty (1988), which allowed for measure-
ment of whole-cell currents without significant
loss of cellular dye fluorescence. A low cellular
access resistance was obtained by adding nys-
tatin (100 xg/ml) to the pipette solution (Figure
1A). Stable cellular resistance and capacitance
levels were obtained within minutes after mak-
ing the gigaseal.

Whole-cell currents. Individual ionic conduc-
tances were monitored by recording the cur-
rents evoked at two clamp voltages, chosen to
correspond to the calculated Nernst equilibrium
potentials (E;,) for K* (—90 mV) and CI~ (—20
mV) (Figure 1B). The currents monitored at
these voltages represent inward CI~ and out-
ward K* currents, respectively. The current
clamp voltage (I = 0) was employed as the hold-
ing potential. As shown in Figure 1C, approxi-
mately four current pulses were recorded during
a single [Ca?*]; determination. Therefore, the
time of onset of cellular responses to agonists
was taken from the changes in membrane cur-
rent, which were better resolved in time than
the [Ca?*); values.

A convenient measure of cell conductance
was the change in current needed to voltage
clamp between E¢- and Ex+, which we will refer
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Figure 2. Effect of calcium ionophore on [Ca?*], and whole-cell currents. (A) Simultaneous [Ca?*], and (B) whole-cell currents,
recorded after addition of 107® M ionomycin (iono.) to the standard bath containing 1 mM [Ca?*],. Inward CI~ currents are
measured at Ex+ (—90 mV); outward K* currents are measured at E¢- (—20 mV). (C) Currents recorded at 15-s intervals during

the [Ca?*); rise to peak values (a1 - - - a8 in 2B).

to as the whole-cell current amplitude (Al_»q —g0)-
In resting cells, Al_5,_go was similar with the
use of the perforated patch (76 = 27 [mean
+ SD] pA, n = 25) and the conventional whole-
cell methods (72 + 20 pA, n = 5). The conven-
tional whole-cell measurements were obtained
with 0.1-0.5 mM ethylene glycol-bis(3-amino-
ethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA)
and no added calcium in the pipette solution.

Intracellular Ca®* measurements. In most ex-
periments, [Ca®*]; was monitored as the mean
fluorescence intensity within a square mea-
surement window placed within the cell’s fluo-
rescence image (- — —, Figure 1A). This provides
a measure of the generalized cellular [Ca?*];,
with which the whole-cell currents were com-
pared. In ratio-imaged, fura-2 loaded cells under
resting conditions, cell Ca?* was 73 + 29 (mean
+ SD) nM (n = 51). When ratio-imaging was
combined with simultaneous whole-cell current
recording, resting [Ca?*]; levels averaged 76
+ 32 nM (n = 46). The current clamp voltage of
fura-2 loaded cells yielded a mean resting
membrane potential (E,) of —39 + 5 (mean
+ SD) mV (n = 46), similar to the E,, found in
cells not preloaded with fura-2 (—38 + —2.8 mV,
n = 5). Voltage clamping the membrane poten-
tial over a wide range (—90 mV-+50 mV) had
no effect on [CaZ*];, demonstrating that voltage-
dependent calcium mobilization pathways are
absent.
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lonophore-induced changes in [Ca?*]; and
whole-cell currents

The calcium ionophore ionomycin was used to
elevate [Ca?*]; artificially as an initial step in
characterizing the relation of membrane con-
ductances to [Ca®'];. lonophore-induced cur-
rents monitored by the conventional whole-cell
method (n = 5) were indistinguishable from
those obtained with the nystatin pipette tech-
nique. Addition of ionomycin (1 xM) under stan-
dard conditions ([Ca®*], = 1 mM) elicited large
and sustained rises in whole-cell currents:
Al_z0 g0 rose >10-fold to 1140 + 460 pA (n
= 15). This coincided with large, sustained rises
in [Ca?*]; when simultaneous ratio-imaging was
performed (n = 12).

Figure 2 shows representative tracings of si-
multaneously determined whole-cell currents
and [Ca?"*]; during stimulation by ionomycin. The
ionophore-induced Ca?* rise peaked at 3 uM
before a sustained level of ~1 uM was obtained.
The transient peak in [Ca?*]; probably reflects
release of stored calcium in combination with
an ionomycin-induced calcium influx from the
bath. The whole-cell current amplitude follows
[Ca?*]; closely, particularly at elevated (>1 M)
Ca?* levels. As shown by the expanded current
tracings (Figure 2C), the activation of outward
current at Eg- (—20 mV) initially lagged behind
the increase in inward current recorded at Ey+
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(—90 mV) (Figure 2C, a1- - - a4). The mean lag
time was 10 = 15 (SD) s (n = 12). Thus, the
initial [Ca®*]; rise acted predominantly to in-
crease inward CI~ current without increasing
outward K* current (n = 16). This was confirmed
by the development of net inward current at the
holding potential of —50 mV (formerly the zero-
current level in the absence of agonist) and by
the agreement between Ec- and the zero-cur-
rent level during this period (a2- - -a4). Gen-
eration of an outward K* current required a
substantial [Ca?*]; rise (Figure 2, A and B). Com-
parison of the time courses of [Ca®*]; and out-
ward current provided an estimate of the [Ca?*);
level required to increase Ix+ of 772 + 308 nM
(n = 16). As predicted from the delayed increase
in K* conductance, the current monitored at
—50 mV recovered toward its original zero-cur-
rent level as the outward K* current increased
(a4 - - -a8).

Currents recorded at E¢+ and E¢- peaked to-
gether with the corresponding peak [Ca?*]; rise
(Figure 2, A and B). On an expanded time scale
(Figure 2C), the CI~ currents recorded during
voltage pulses to —90 mV displayed a charac-
teristic time-dependent relaxation to a lower
steady-state level. These relaxations could be
fit with a single exponential (time constant
= 346 + 31 [mean + SD] ms, n = 6), which was
not particularly affected by the current ampli-
tude. The sustained effects of ionomycin on
whole-cell currents and [Ca?*]; were freely re-
versible on washout of the ionophore (n = 6)
and/or by replacement of the bath solution with
one containing no added calcium and 1 mM
EGTA (n = 6).

When cell membrane potential was recorded
in the current-clamp mode, ionomycin induced
a depolarization to —15.5 + 5 mV (n = 12). This
value is slightly positive to the E¢- calculated
from our bath and pipette Cl~ concentrations
(—20 mV), and possible sources of this discrep-
ancy will be discussed below. The peak depo-
larization of E, coincided with the peak of
[Ca?*);, and E,, returned to its resting value only
after [Ca?*]; returned to control levels.

Calcium sensitivity of the basal whole-cell
current

When 1 uM ionomycin was added to a Ca®*-free
bath (no added calcium, 1 mM EGTA), the [Ca?*];
and current responses were biphasic. Initially,
ionomycin induced simultaneous increases in
whole-cell currents and [Ca®*];, resulting from
release of intracellular Ca®* stores. This was
followed by decreases in current and [Ca®*]; to
below resting levels (n = 9). Al_,4 o0, after de-
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pletion of cell calcium, was reduced to 47 + 15
pA, and at this time [Ca?*]; was 32 + 17 nM (n
= 9). In three experiments where the ionophore-
induced calcium release was sufficient to acti-
vate current at both E¢- and Eg+, recovery of
the K* current preceded that of Cl~, again dem-
onstrating the greater sensitivity of the CI~ con-
ductance to [Ca?*),.

Current-clamp recordings from ionophore-
treated cells under Ca?*-free conditions showed
a steady-state hyperpolarization of the mem-
brane potential (AE,, = —21 + 5 mV [n = 7]),
suggesting that CI~ conductance decreased
during cell Ca®* depletion. These findings dem-
onstrate that the current monitored under rest-
ing conditions is sensitive to changes in [Ca?*];
in both directions from the basal level of ~75
nM. Because of the sensitivity of the cellular CI~
current to [Ca?*];, the Ca?*-dependent control
of E, is exerted predominantly through changes
in cellular CI~ conductance.

Effects of agonists on whole-cell currents
and [Ca**);

Addition of the peptide agonist neurotensin to
the bathing media activated whole-cell currents
and elevated cell Ca®*. Simultaneous recording
of [Ca?*]; and whole-cell currents (Figure 3)
showed that agonist effects were transient and
consisted of several phases. The peak [Ca?');
was similar whether measured by either imaging
alone or imaging together with whole-cell cur-
rent recording: 1000 £ 790 nM (n = 33) and
1210 + 860 nM (n = 28), respectively. At the
peak of stimulation, neurotensin induced a 10-
fold increase in Al_q_go t0 746 + 616 pA.

In most cases (18/26), neurotensin activated
inward CI~ current alone, with no stimulation of
outward K* current (Figure 3B). As observed
during stimulation by ionomycin, the activation
of K* conductance required a [Ca®*]; rise to lev-
els > ~800 nM (n = 5). Agonist-induced in-
creases in whole-cell current and [Ca?*]; were
often followed by rapid decreases in both pa-
rameters to below resting levels (Figure 3, Ai
and Bi). This was followed by a gradual rise in
both current and [Ca?*]; to sustained levels that
exceeded those before agonist addition.

Figure 3C provides a cellular [Ca2*]; map dur-
ing each phase of the response to neurotensin.
Before the onset of agonist effects (0 s), [Ca®*];
was uniformly distributed at resting values
across the entire cell. At a time near the peak
Ca?* rise (7 s), [Ca®']; was elevated in the cy-
toplasm. Subsequently (58 s), [Ca?*]; fell to be-
low resting levels and then rose during the sus-

CELL REGULATION
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Figure 3. Effect of neurotensin
on [Ca?']; and whole-cell cur-
rents. Neurotensin (NT, 5 X 1078
M) was added to the standard
bath (1 mM [Ca?*],) during (A)
[Ca?*}; and (B) whole-cell current
determinations from a single cell
at two times (i and ii) separated
by 30 min. The first addition was
made shortly after fura-2 loading
and washout of esterified dye.
The periods during which the
continuous pulse record is dis-
rupted represent the acquisition
of current-voltage relationships
(see below). The lag between ad-
dition of agonist and onset of the
[Ca?*]; and current responses is
due to perfusion system delay. (C)
Image map of [Ca?*]; during the
neurotensin response. Whole-cell
currents were also monitored
(not shown). Individual pixels
within the cell were false-colored
according to calibrated [Ca®*};
values (displayed on a pseudo-
color scale at the right). [Ca?*];
was imaged before the onset of
stimulation (0 s), during the peak
[Ca?*]; (7 s), during the recovery
below resting [Ca?*]; (58 s), and
during the subsequent sustained
[Ca%*] rise (118 s).

tained phase of stimulation (118 s) to an
elevated steady-state concentration. At these
later times, the [Ca?']; distribution was fairly
uniform. The inhomogeneity of [Ca?*]; observed
during the Ca?* transient (7 s) will be discussed
below, where the temporal relations between
[Ca?*]; and CI™ current are considered.
Repetitive agonist stimulation of the same cell
did not always reproduce all of these phases of
Ca?* mobilization. As shown in Figure 3, Aii and
Bii, addition of agonist to the same cell 30 min
later elicited a larger [Ca®*]; response, which re-
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Cell Ca?* and chloride conductance

Al

118 sec.

covered more slowly from its peak value. No
undershoot to a lower-than-resting [Ca?*], was
seen. Associated with this larger Ca?* rise was
a larger peak inward current; however, the du-
ration of current stimulation was not prolonged.
No clear relationship existed between starting
values of [Ca®']; and the peak responses of
[Ca?*); or current.

In a small proportion of cells (3/19), neuro-
tensin elicited large rises in [Ca?*};. As illustrated
in Figure 4, the [Ca?*]; rise was sufficient to ac-
tivate K* current after the CI~ current had
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Figure 4. Large current and [Ca®'], responses in a neu-
rotensin-stimulated cell. Conditions as in Figure 3; 107* M
[La%*], added at time shown.

peaked. Significant inactivation of the inward
CI~ current was seen in all three experiments
during these prolonged [Ca?']; rises. However,
ionophore-induced [Ca?*]; levels of a similar
magnitude did not lead to a rapid inactivation
of CI™ current (see Figure 2). This lack of direct
proportionality between ClI~ current and [Ca?*);
during the response to agonist implies that fac-
tors other than Ca?* control the CI~ conduc-
tance (see below). In contrast, the outward K*
current induced by either ionophore or agonist
did not show inactivation during prolonged
[Ca?*]; rises (Figures 2 and 4).

Na*-free bath. When outward K* current stim-
ulation was absent, a transient inward current
was often recorded at the E¢- (=20 mV), sug-
gesting that Ca?* stimulated an inward cation
current (e.g., compare Figures 3 and 4). How-
ever, the inward current transient at E¢- was
not affected by removal of extracellular Ca* or
Na* (N-methyl-p-glucamine replacement
[NMDG], data not shown). The transient inward
current at E¢- may result from a lack of com-
plete equilibration of cell and pipette ClI~ during
the initial phase of stimulation. Cell [CI7] could
be higher for a brief period than pipette [CI7].
As discussed above, shifts in the current-clamp
voltage suggest that the reversal potential of
this current transient is —15 mV, which would
be consistent with a transient increase in cell
[CI7] from 60 to 80 mM.
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Properties of the Ca?*-induced CI” current

Whole-cell currents were recorded at two
steady-state [Ca®*]; levels (Figure 5). At [Ca%];
= 95 nM, clamping the membrane potential be-
tween —90 and +50 mV elicited a total current
amplitude of 150 pA. A rise in [Ca®*]; to 360 nM
elicited 950 pA of outwardly-rectified CI~ cur-
rent. The current recorded at —90 mV displays
a characteristic time-dependent relaxation (as
in Figure 2), and that recorded at +50 mV shows
a time-dependent increase in current to steady-
state levels. These properties are similar to
those of the Ca?*-stimulated CI~ current in the
T84 colonic cell line (Cliff and Frizzell, 1990).
The corresponding current-voltage relation-
ships are plotted in Figure 5B. On elevation of
[Ca?*];, the zero-current potential shifted from
—60 mV to a more depolarized value; both in-
stantaneous and steady-state currents reversed
near the E¢- (—20 mV). The Ca?*-activated CI~
currents show greater outward rectification at
steady-state because of the time-dependence
of the currents at depolarizing and hyperpolar-
izing voltages.

A. H.P. (mV)
200 pA +o0 /
400 ms +30 |

Sy qeesveess SR | (zero)

-50
-70
-90
[Cat+]j=95nM [Ca++]j=360nM
B. | (pA) | (pA)

600

-100

-60

M.P. (mV)

-300

M.P. (mV)

(inst. state) (steady—state)

Figure 5. Current-voltage relations at two [Ca?*], values.
(A) Overlay of CI~ currents recorded during voltage pulses
from —90 mV to +50 mV (20-mV increments) at [Ca?*]; levels
of 95 and 360 nM in the same cell bathed by Na*-free so-
lutions. Voltage pulses were of 0.5-s duration and separated
by a 0.5-s interval at —40 mV. (B) Current-voltage relations
obtained at [Ca®*]; = 95 nM (@) and [Ca?*], = 360 nM (O).
Instantaneous currents were recorded 7 ms after the onset
of the voltage pulse and steady-state currents at 400 ms.
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Figure 6. Effects of neurotensin and ion- V
omycin on [Ca*']; and whole-cell currents. o
Neurotensin (5 X 1078 M) and ionomycin T

(107¢ M) were added to the same cell at the
times shown. NT was added to standard 1-
mM [Ca?*], bath and washed out after rec-
ord i was obtained; record ii was obtained
5 min later, 2 min after the bath was re-
placed by a Ca?*-free medium containing 5
X 107* M EGTA.

Temporal relations between [Ca**]; and CI~
currents in agonist-stimulated cells

These simultaneous measurements of [Ca?*);
and whole-cell current make possible a close
temporal comparison of the CI~ current and
Ca?* responses to neurotensin. The time to
peak inward current averaged 3.5 + 1.8 s, and
the duration of the agonist-induced current re-
sponse was 42.4 + 19 s (n = 19). The [Ca%'];
response peaked later, at 6.7 + 2.7 s, and the
duration of the [Ca?*]; transient was longer and
more variable at 66 = 77 s (paired means, n
= 19). Thus, when measured from the onset of
the CI~ current rise, the peak [Ca?*]; transient
occurred, on average, 3.2 s later than the peak
CI~ current. At the [Ca?*]; peak, the CI~ current
had already inactivated to 65 = 19% (mean
+ SD) of its peak value (n = 19).

Figure 6 illustrates this lack of strict temporal
correlation between Cl~ current and [Ca?*]; dur-
ing the initiation of the response to neurotensin
(Figure 6, Ai and Bi). Addition of ionomycin to
the same cell in the absence of bath Ca?* (1
mM EGTA, no added calcium) also evoked a
transient increase in inward CI~ current (Figure
6, Aii and Bii), but the initial rise in current co-
incided well with the ionophore-induced [Ca?*];
rise.

Cell Ca?* levels recorded throughout this
study were monitored as the average [CaZ?*];
within a measurement window with boundaries
within the cellular fluorescence image (Figure
1A). To test whether spatial differences in [Ca?*];
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could explain the discrepancy between the initial
current and [Ca?*]; time-courses, 1,2-bis-(2-
aminophenoxy)ethane-N,N,N’,N'-tetra acetic
acid (BAPTA) was used as a cell Ca®?* buffer to
slow Ca?* diffusion through the cytoplasm and
magnify differences between the current and
[Ca®*); responses. Cells were loaded by expo-
sure to BAPTA/AM during fura-2 loading, and
[Ca?*); levels were monitored both at the pe-
riphery and interior of BAPTA- and fura-2-
loaded cells. BAPTA loading prevented the ac-
tivations of whole-cell current and [Ca?*]; by
neurotensin (5 X 1078 M) (n = 24).

As shown in Figure 7, treatment of BAPTA-
loaded cells with ionomycin (1 uM) elicited slug-
gish rises in both whole-cell current and [Ca?"];,
indicating that the effects of BAPTA are due to
chelation of cell Ca?*. BAPTA introduced a lag
of 240 + 60 s (n = 3) between current activation
and the [Ca?*]; rise monitored in the center of
the cell. In contrast, [Ca?*]; monitored at the
plasma membrane (Figure 8A.2) paralleled the
changes in whole-cell current (Figure 8B). [Ca?*];
peaked at similar values in both the center and
periphery. Subsequent chelation of extracellular
calcium (1 mM EGTA bath) in the continued
presence of ionophore returned both [Ca?*]; and
whole-cell currents toward resting values. The
close correlation between CI~ current and Ca?*
at the plasma membrane suggests that the dis-
crepancies between [Ca?*);and CI~ current dur-
ing stimulation by neurotensin result from spa-
tial inhomogeneities in cell Ca?*.
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Figure 7. Effect of ionomycin on [Ca®']; and whole-cell
currents in a BAPTA-loaded cell. (A) The calcium chelator
BAPTA/AM (10 uM) was loaded together with fura-2/AM
and [Ca?*); monitored at the center (A.1) and periphery (A.2).
(B) Corresponding whole-cell currents during perfusion of
the bath with the standard solution (1 mM [Ca?*],) containing
ionomycin; (a) 0.5 uM; (b) 1 uM; at EGTA the bath contained
1 uM ionophore, no added Ca?*, and 1 mM [EGTA],. Breaks
in the current trace represent acquisition of current voltage
relations.

Source of mobilized calcium

The lack of response of BAPTA-loaded cells to
neurotensin suggests that the agonist-induced
Ca?* peak results from intracellular Ca?* re-
lease. This is also supported by results obtained
with the use of nominally Ca®*-free bath solu-
tions. The peak [Ca?*]; response elicited by neu-
rotensin in cells preexposed (1-5 min) to a
nominally Ca?*-free bath (no added Ca®*) was
not significantly different from that observed
with 1 mM [Ca?*],; mean = 799 + 395 nM (n
= 9). However, the steady-state [CaZ*]; was re-
duced from 68 + 17 to 56 + 20 nM (paired ex-
periments, n = 9). Return of [Ca®*]; to normal
resting values did not occur without re-addition
of bath calcium. Whole-cell current amplitude
was, likewise, reduced by this drop in steady-
state [Ca?*]; but recovered to resting values on
restoration of extracellular Ca?*. When cells
were preincubated in Ca®*-free solutions (no
added calcium, 0.5 mM EGTA) for 30 min, the
agonist-induced [Ca®']; peak was often abol-
ished, probably due to depletion of the agonist-
sensitive cellular Ca?* pool.
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As discussed previously, sustained increases
in [Ca?*]; and cell currents often followed the
neurotensin-induced peak responses; however,
these sustained agonist effects were variable
in size and present in only 60% of cells bathed
in 1 mM [Ca?*],. Increasing bath [Ca®*] to 10
mM consistently produced sustained agonist-
induced [Ca®']; rises—with imaging alone
{[Ca**], = 226 + 104 nM (n = 13)} or in com-
bination with whole-cell recording {[Ca®*]; = 332
+ 165 nM (n = 5)}. These findings indicate that
neurotensin promotes Ca?* influx from the bath
and that this accounts for the sustained [Ca?*);
rise. In the absence of agonist, exposure to 10
mM [Ca?*], had no significant effect on [Ca?*];
(n=7).

The experiment shown in Figure 8 illustrates
the two sources of agonist-evoked Ca?* mobi-
lization. In nominally Ca?*-free media, addition
of neurotensin produced a transient rise in
[Ca?*]; from 90 to 450 nM. This was accompa-

A. [Cat+];
(M) N7 NT + La3+
630 —
546 — l l
450 —
360 —
270 -
180 —
90 -
0 -—
nom. Cat+ ——1E—2M Cao++
B. H.P. (mV)
-20< |
-50—- -+l (zero)
-90~7
. ! 100 pA
C iv. 2.
. H.P. (mV) 100 sec
100 pA | +50
250 ms  +30 [
16—
! (zero)'<-'— """"""" :gg
-70
i.v. control iv. 2. -90

Figure 8. Effect of neurotensin on [Ca?*]; and whole-cell
currents in nominally Ca®*-free solution. (A) [Ca®*]; and (B)
whole-cell current record during addition of 5 X 108 M neu-
rotensin to a nominally Ca?*-free bath solution (no added
Ca?*). During the time shown, [Ca?*], was raised to 10 mM
(NT still present); subsequently, 100 uM La®** was added to
the bath. (C) Current-voltage relations acquired before NT
addition (i.v. control, not shown in B) and during the sus-
tained [Ca?']; rise (i.v.2.); pulse protocol as in Figure 5.
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nied by an increase in inward ClI~ current from
80 to 230 pA. After the peak responses, [Ca®*];
and CI™ current recovered to below prestimu-
lation levels. In the continued presence of ag-
onist, addition of 10 mM CaCl, to the bath
evoked increases in [Ca?*]; and CI™ current to
sustained values of 270 nM and 130 pA, re-
spectively. Subsequent addition of 100 uM lan-
thanum to the bath inhibited the sustained
phases of [Ca?*]; and CI~ current stimulation (n
= 3). Effects similar to those produced by La®*
were seen on removal of neurotensin (n = 2) or
depletion of [Ca%*], (1 mM bath EGTA) (n = 1).
Pretreatment of the cell with 100 uM La** 30 s
before agonist addition did not affect the ago-
nist-induced Ca?* transient (n = 4). These re-
sults indicate that the initial transient stimula-
tion of [Ca?*]; and cell current by agonist is due
to Ca?' release from intracellular stores,
whereas the sustained phase of stimulation re-
quires Ca?* entry from outside via a La®*-block-
able pathway. Current-voltage relations ac-
quired during the sustained [Ca?*]; and current
stimulation (i.v. 2, Figure 8B) show outward rec-
tification, time-dependent inactivation of ClI™
currents at hyperpolarizing voltages, and time-
dependent activation at depolarizing voltages
(Figure 8C).

Discussion

Calcium-sensitive currents in HT-29 cells

Using simultaneous current and fluorescence
measurements, we have shown that undiffer-
entiated HT-29 cells express membrane ClI~ and
K* conductances that are activated by a rise in
cellular Ca?*. Activation of the K* conductance
required a substantial rise in [Ca?*]; (>800 nM),
whereas whole-cell CI~ currents were sensitive
to small (<10 nM) changes in [Ca%*]; and were
reduced under conditions that deplete cellular
Ca?*. Thus, HT-29 CI~ conductance is sensitive
to changes in [CaZ?*]; around the resting level.

Neurotensin and Ca?* ionophore evoked large
increases in [Ca?*]; and whole-cell CI~ and K*
currents. The properties of the agonist and ion-
ophore-induced CI~ currents were similar to
those observed previously in lacrimal gland aci-
nar cells challenged with carbachol (Marty et
al., 1984) or in T84 colonic tumor cells stimu-
lated by Ca ionophores (Cliff and Frizzell, 1990).
The Ca-stimulated CI~ currents in these systems
show outward rectification and voltage- and
time-dependent kinetics. Currents inactivate
during hyperpolarizing voltage pulses and ac-
tivate during depolarizing voltage pulses (Fig-
ures 5A and 8C).
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Calcium mobilization in HT-29 cells

Calcium release from intracellular pools. Ca?*
mobilizing receptor stimulation has been cor-
related with phosphatidyl inositol bisphosphate
(PIP;) breakdown and the generation of inositol
polyphosphates and diacylglycerol (DAG) within
cells (Berridge and Irvine, 1984). There is now
a well-established second-messenger role for
1,4,5-inositol trisphosphate (InsP3) in stimulat-
ing Ca®*-sensitive ionic conductances in a va-
riety of cell types. Likewise, a growing body of
evidence indicates that the other product of PIP,
breakdown, DAG, also has second-messenger
effects; often these complement or antagonize
the effects of Ca?* (for review, see Berridge,
1987).

Neurotensin stimulates PIP, breakdown in
HT-29 cells (Amar et al., 1986). The Ca?*-mo-
bilizing effects of neurotensin are confined ini-
tially to release from an intracellular Ca?* pool.
Removal of extracellular Ca?* did not alter the
onset, duration, or magnitude of the transient
[Ca?*); peak or the corresponding whole-cell
current response. Additional proof that the ini-
tial phase of stimulation depends on intracellular
Ca?* release is provided by experiments con-
ducted in cells loaded with the Ca?* chelator
BAPTA. BAPTA abolished both the current and
[Ca?*]; responses to neurotensin. Other signal
transduction pathways are not involved in the
response of HT-29 cells to neurotensin, which
stimulates PIP, breakdown without changing
cAMP or cGMP levels (Laburthe et al., 1978;
Amar et al., 1986).

[Ca?*], recovery. After the agonist-induced Ca®*
peak, both plasma membrane and internal
membrane Ca?* pumps are activated to lower
[Ca?*]; (Rink and Sage, 1987; Muallem et al.,
1988). The Ca?* pumps involved in Ca?* extru-
sion and reuptake into cellular pools compete
with Ca?* entry and release pathways to deter-
mine the time course of [Ca?*]; during the re-
covery phase. Evidence that processes for Ca?*
extrusion/reuptake are involved in the recovery
of [Ca?*]; is illustrated by the finding that cells
often re-adjusted their Ca?* and whole-cell cur-
rents to below prestimulus levels after the initial
peak values. This undershoot was best ob-
served in cells freshly loaded with fura-2. At later
times, presumably when the Ca?* extrusion/
reuptake processes were metabolically com-
promised, [Ca?*]; recovered more slowly, and
the undershoot of [Ca?*]; and current below
basal values was absent (Figure 3).

Ca®* entry and its relation to the intracellular
Ca®* pool. Agonist-induced Ca?* influx from the
bath followed intracellular Ca?* release. In Ca?*-
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free solutions, Ca?* entry cannot compete with
Ca?* extrusion/reuptake processes, and [Ca?*];
falls below resting values (Figure 8). Re-addition
of Ca?* to the bath results in a large [Ca?*]; rise,
which can be blocked by La®*. These results
reflect the presence of an agonist-stimulated
Ca?* entry process, which is responsible for the
sustained phase of agonist stimulation in HT-
29 cells and a variety of other cell types (Pandol
et al., 1987). The [Ca?*]; and current levels ob-
tained during the sustained phase depend on
the interplay between Ca?* entry and extrusion/
reuptake processes.

The largest sustained rises in both [Ca?*]; and
current were seen on re-addition of Ca?* to a
nominally Ca?*-free bath during agonist stimu-
lation (Figure 8). These results are in keeping
with Putney'’s original observation that depletion
of the agonist-sensitive Ca?* pool leads to an
enhanced influx of Ca?* across the plasma
membrane (Putney, 1986; Takemura and Put-
ney, 1989). This La®*-sensitive Ca?* entry was
detected as a sustained rise in [Ca?*]; that cor-
related well, in time, with the corresponding
elevation in Ca?*-sensitive Cl~ current (see
below).

The remainder of the discussion will focus on
temporal comparisons between CI~ currents
and [Ca?*]; afforded by these simultaneous re-
cordings. We will discuss the implications of
these measurements for receptor-activated
Ca?* signaling pathways and the identification
of an inhibitory pathway that is involved in the
recovery of CI~ currents after the [Ca?*); rise.

Timing between CI~ current activation and
Ca?* mobilization

Ca®* release. The simultaneous recording of
current and [Ca®*]; demonstrates that the gen-
eralized cellular [Ca?]; rise induced by neuro-
tensin lags behind CI~ current activation. This
offset in the temporal relations of [Ca®]; and
current is present under Ca?*-free bath condi-
tions and is, therefore, generated by mobiliza-
tion of calcium from the agonist-sensitive Ca®*
pool. Conventional microelectrode measure-
ments performed in parotid acinar cells have
uncovered a similar time dependence in the ac-
tion of muscarinic agonists on membrane po-
tential and [Ca?*]; (Foskett et al., 1989). In con-
trast to the agonist responses, rises in CI~
current and [Ca?']; in response to ionophore
were not different in onset (Figure 6), probably
because the ionophore rapidly releases Ca?*
from all internal stores simultaneously (compare
Figures 2A and 6A.ii).
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Indirect evidence supporting a localized re-
lease of intracellular Ca%* can be found in stud-
ies of a variety of cell types. Density gradient
subfractionation of microsomes from epithelial
cells of parotid glands indicates that the InsP3-
releasable Ca?* pool is found in fractions having
a density similar to the plasma membrane
(Henne and Soling, 1986). InsP; binding sites
and InsPz-induced Ca?* release have been found
in vesicles co-purifying with the plasma mem-
brane of hepatocytes (Guillemette et al., 1988).
More recently, InsP; receptors have been iso-
lated from rat cerebellar membranes (Supat-
tapone et al.,, 1988) and localized by immuno-
histochemical techniques to subcellular
organelles, mainly within endoplasmic reticulum
(ER), nuclear membrane, and cisternae adjacent
to the plasma membrane; other cellular organ-
elles were not stained (Ross et al., 1989). Injec-
tion of InsP; below the plasma membrane of
Xenopus oocytes leads to stimulation of a Ca?*-
sensitive CI~ current. This response is not seen
with deeper injections (Busa et al., 1985). In oo-
cytes, a cortical ER, responsive to Ca%*-stimu-
latory signals, is found close to the plasma
membrane (Henson et al., 1989).

The rapid onset of the Ca?*-sensitive Cl~ cur-
rent evoked by neurotensin in HT-29 cells in-
dicates that [Ca?*]; mobilization occurs at a site
close to the plasma membrane. The initial Ca%*
release, resulting from receptor occupancy,
PIP, breakdown, and the production of InsP;,
is monitored by the Ca?*-sensitive plasma
membrane CI~ conductance, with better tem-
poral resolution than that afforded by a mea-
surement of generalized [Ca?*]; within the cell.

Ca?* entry. When the agonist-induced [Ca%*};
rise is due to Ca?* entry alone (e.g., Figure 8),
there is good temporal agreement between the
stimulation of CI~ current and [Ca?*];. Why do
the time courses of CI™ current and [Ca?*]; agree
during Ca?* entry but not during Ca?* release?
Probably the simplest explanation involves dif-
ferences in the kinetics of the [Ca®*]; rises. The
rate of [Ca?*]; rise evoked by agonist-induced
Ca®* release is at least an order of magnitude
greater than that observed during Ca?* entry
(see Figure 8). During this rapid Ca2* release,
cytoplasmic Ca?* diffusion is probably the rate-
determining step in producing a generalized
cellular [Ca?*); rise. In contrast, cellular [Ca?*];
reflects its concentration at the plasma mem-
brane during Ca?* entry because cytoplasmic
Ca?* diffusion is not rate limiting. In this context,
the process of Ca?* diffusion includes the mul-
tiple interactions that Ca2* ions encounter as
they move through the cytoplasm.
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Recovery of CI~ currents: an inhibitory
pathway

During the transient phase of agonist-induced
Ca?* mobilization, CI~ currents recover toward
basal levels before [Ca?*]; (Figures 3, 6, and 8).
At the time of the maximal [Ca?*); rise, CI~ cur-
rents had fallen to 65% of their peak value. In
contrast, during recovery from the sustained
phase of agonist effects, there was not a marked
lag between current and [Ca?*]; (Figure 8). These
results can be interpreted in two ways: (a) the
Ca?*-sensitive CI™ current inactivates while Ca%*
concentration at the membrane is still high, or
(b) the [Ca?*]; sensed by the channel recovers
earlier than the rest of the cell, due to Ca?* ex-
trusion/reuptake processes near the plasma
membrane. Image mapping of Ca?* at the [Ca®*];
peak (7 s, Figure 3C) shows that cytoplasmic
[Ca?*); is elevated, whereas [Ca?*]; at the cell
periphery is beginning to fall.

Apart from generating InsP3, PIP, breakdown
also liberates DAG, which is linked to activation
of protein kinase C (PKC) (Berridge, 1987).
Stimulation of the plasma membrane Ca?* pump
and cellular reuptake processes by DAG/PKC
pathways (Smallwood et al., 1988; Furukawa et
al., 1989) could cause CI~ currents to recover
before [Ca?*];. Nevertheless, during large ago-
nist-induced [Ca?*]; responses (e.g., Figure 4),
CI~ currents inactivate even while [Ca?']; re-
mains elevated, favoring an inhibitory mecha-
nism. An inhibitory effect of PKC on channel
activity at high [Ca?*]; (Li et al., 1989; Boton et
al., 1990) could explain the rapid fall in CI~ cur-
rents that occurs in response to agonist, but
not in response to ionophore. This feedback in-
hibitory pathway would serve to protect cell
volume and composition from large CI~ con-
ductance changes. The possibility that an ag-
onist-mediated inhibitory pathway limits CI~
conductance changes during a smaller [Ca®];
rise (e.g., Figure 3) will require detailed spatial
resolution of [Ca?*]; and CI~ currents during ag-
onist and ionophore responses.

Methods

Cells

HT-29 cells (ATCC, HTB 38) were grown in McCoy’s 5a me-
dium containing 10% fetal bovine serum in a humidified 95%
0,/5% CO, atmosphere. Cells were kept in the logarithmic
growth phase and were seeded onto sterile collagen-coated
coverslips (Fisher Scientific, Springfield, NJ) 4-8 h be-
fore use.

Solutions

All solutions were 5 N-hydroxyethylpiperazine-N-2-ethane-
sulfonic acid (HEPES)-buffered at pH 7.2. The standard bath
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solution contained (in mM): 140 NaCl, 4.7 KCI, 1.2 CaCl,, 1
MgCl,, 10 glucose, and 10 HEPES. The standard pipette
solution contained (in mM): 80 K glutamate, 40 KCI, 20 NaCl,
1 MgCl,, 10 glucose, and 10 HEPES. Ca?*-free extracellular
solutions contained no added calcium and 1 mM EGTA (<10
nM free-Ca?*). Nominally Ca?*-free solutions contained no
added calcium (1-5 uM Ca?*). Na*-free solutions contained
NMDG as Na* replacement. The osmolarity of these solu-
tions was 290 + 10 (mean + SD) mosM. Neuro-tensin pep-
tide and salts were purchased from Sigma (St. Louis, MO).

Fura-2 ratio imaging

A coverslip containing the cells formed the bottom of a nylon
experimental chamber. The cells were incubated at 37°C
with a 50% mix of culture media and bath solution containing
5 uM fura-2/AM for 30-40 min. For experiments where the
intracellular calcium buffering capacity was artificially raised,
cells were simultaneously incubated with 10 uM BAPTA/
AM (both from Molecular Probes, Eugene, OR). The cells
were then washed continuously for the next 20 min and for
the duration of the experiment with fresh bath solution. The
bath temperature was maintained at 37°C by prewarming
the extracellular solutions and by water-jacketing the oil im-
mersion lens of the inverted microscope. Light from a high-
intensity-xenon source (XBO 75W, OSRAM, Berlin, FRG) was
passed through a digitally controlled electronic shutter/filter
changer wheel (Atlantix and Zeiler Instrument, Avon, MA)
containing 340- and 380-nm (+10 SD) bandpass excitation
filters (OMEGA Optical, Brattleboro, VT) into an IM-35 in-
verted microscope (Carl Zeiss, Oberkochen, FRG). Excitation
light was deflected with a 405-nm dichroic mirror through
a 40X oil-immersion lens (Nikon CF fluor, Nikon, Garden
City, NY) onto the cells. Emitted light was collected through
a 510-nm-long pass emission filter by a high-resolution im-
age intensifier (VideoScope International, Washington, DC)
coupled to a video camera (Newvicon@, DAGE MTI, Mich-
igan City, IN). The signal output from the camera was con-
nected to a digital image-processing board controlled by
IMAGE1/FL software (Universal Imaging, Media, PA). The
average image from eight successive frames was collected
and corrected for autofluorescence; then the 340 and 380
nm images were divided on a pixel-by-pixel basis to yield a
ratio image. On-line conversion of ratios to [Ca®*]; was car-
ried out for each cell within the field, using a computer-
generated look-up table from the Grynkiewicz formula:

[Ca®*; = Kd X (R = Rein)/(Rmax — R) X Sto/Spz

where Kd is the dissociation constant for fura-2/Ca?* (224
nM) (Grynkiewicz et al., 1985), Rmin and Rpmax are determined
from in vivo dye calibration as described below, and S;./S,.
is the ratio of excitation efficiencies for free and bound fura-
2 recorded at 380 nm. [Ca?*]; values were collected from
measurement windows (~8 X 8 uM) placed in the centers
of six cells within the camera field, one of which was used
for whole-cell recording (Figure 1A). Cell size varied between
9 and 15 um. Ratio images were continuously updated every
3.7 s on a color monitor, and the fluorescence output from
chosen cells was simultaneously written to hard disk; whole-
field images were likewise saved for later analysis. The cal-
ibrated, digitized [Ca?*]; signal from the single cell chosen
for whole-cell current recording was passed through a D/A
converter (DATA Translation, Marlboro, MA) and displayed
in real time on an oscilloscope before being saved on one
channel of a PCM/VCR (A.R. Vetter, model 200-T, Rebers-
burg, PA).
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Calibration of the intracellular fura-2 signal

Calibration was performed in vivo with dye-loaded cells
bathed in solutions containing ionomycin (1 M) in the pres-
ence of either 10 mM EGTA (Rnin) or 10 mM CaCl, (Rmay)-
To determine a usable signal-to-noise ratio for the fluores-
cence signal, the concentration of dye within cells was
monitored by comparing the emitted light intensity with that
found in solution standards. The excitation wavelength cho-
sen was 358 + 3 nm, corresponding to the calcium-insen-
sitive (isobestic) point for fura-2. This wavelength likewise
indicated cellular dye content during the in vivo calibration.
R values were determined from stable maximum changes
in emission signal at both excitation wavelengths. Values
represent the statistical logarithmatic mean from a large
population of cells (n = 1000) for both the Ca%*-free and
Ca?*-saturated forms of cellular dye. Using the fura-2/Ca*
dissociation constant reported by Grynkiewicz et al. (1985),
we found that log [Ca?*]; was linear over a range of 30 nM-
3 uM (the range of [Ca?*]; encountered in these studies).
The optical recording system was linear over the intensity
range encountered experimentally; neutral density filters
were placed in-line with the excitation filters to produce
maximum emission changes within these values. The flat-
ness of the camera field was checked and differences in
signal kept within 10% across both the vertical and hori-
zontal axes. Calibrations were performed on a regular basis
to account for any spectral changes in light output resulting
from burning time of the xenon lamp.

Whole-cell current recordings

Recording electrodes were pulled and fire-polished from KI-
MAX-51 capillary tubing (Kimble, Toledo, OH) to a resistance
of 2-5 MQ when filled with the standard pipette solution.
The perforated patch technique of whole-cell recording
(Horn and Marty, 1988) was performed with nystatin from
Squibb (New Brunswick, NJ). Whole-cell voltages and cur-
rents were recorded using a List EPC-7 patch-clamp am-
plifier (List-Electronic, Darmstradt, FRG), the output of which
was filtered at 1 kHz with an 8-pole Bessel filter (Frequency
Devices, Haverhill, MA) before being displayed on the sec-
ond channel of the oscilloscope and the PCM/VCR. The
simultaneous capture of both [Ca?*]; and whole-cell current
signals by the PCM/VCR allowed for later analysis to be
carried out without temporal separation. Both signals were
also displayed on a chart recorder. Voltage-clamp protocols
were generated with the use of P-Clamp software (Axon
Instruments, Foster City, CA) and an S-90 stimulator (Med-
ical Systems, Greenvale, NY).
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