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Abstract

No-nitro-L-arginine (LNNA) inhibits the synthesis of heat shock proteins in animals and cultured
cells exposed to heat stress. Heat shock protein synthesis is known to be Ca?*.dependent. In this study,
we have characterized the effect of LNNA on [Ca?*); before and after heat stress in human colon
carcinoma T84 cells. In untreated cells incubated in the presence of external Ca?*, the resting [Caz*]i was
20143 nM. If these cells were exposed to 45 °C for 10 min, [Ca**]; increased by 50+2%. Preincubation
with LNNA (100 uM) without subsequent heating led to a decrease in [Ca¥*]; in a LNNA concentration-
dependent manner. Preincubation with LNNA followed by heating increased [Ca®]; to levels 88+5%
greater than cells heated without LNNA pretreatment. Incubating cells in medium without external Ca*
(no heating, no LNNA treatment) lowered resting [Ca®]; to 1152 nM and greatly reduced the increase
in [Ca®]; observed if cells were heated in the presence of Ca®, indicating that external Ca® plays an
important role in the maintenance of [Ca?"]; in T84 cells. With external Ca?* absent, LNNA pretreatment
further reduced [Ca®*}; in unheated cells, and heating failed to enhance [Ca*]);. We determined (with
external Ca’* present) that the heat-stress induced increase in [Ca®]); in T84 cells was blocked by
dichlorobenzamil, a Na*/Ca®* exchanger inhibitor, suggesting that the exchanger mediates Ca? entry.
The median inhibitory concentration (ICs) in cells not treated with LNNA was 0.970+0.028 uM. With
LNNA pretreatment, the ICsy was 5.099+0.107 uM. Heat stress of T84 cells did not affect the binding
affinity of the Na*/Ca?* exchanger for external Ca®, but it increased the maximal velocity of the
exchanger. In unheated cells, preincubation with LNNA decreased the binding affinity of the exchanger
for Ca®*, but after heat treatment, both the binding affinity and maximal velocity of the exchanger
increased. Our data are consistent with the idea that LNNA affects the activity of the Na*/Ca®*
exchanger. We also determined there are intracellular Ca” pools in T84 cells sensitive to thapsigargin,
monensin, and ionomycin. Treatment with TMB-8, a blocker of Ca’* sequestration and mobilization, or
ionomycin inhibited the LNNA-induced decrease in [Ca®*]; observed in the absence of external Ca?,
suggesting that LNNA promotes Ca®* sequestration.
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Introduction to be regulated by the Na*/Ca?* antiporter (exchanger),
Ca**-adenosine triphosphatase-regulated pumps, Ca**
Cytosolic Ca** concentration ([Ca*];) is known channels located at the cell membrane (including
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voltage-gated, second messenger-operated, and
receptor-operated channels), Ca®* mobilization
from intracellular pools, and cytosolic Ca®*-binding
proteins such as calmodulin and calcineurin (22).
Increases in [Ca®*]; stimulate Ca**-dependent enzymes
that catalyze many biochemical reactions in the cell
(4, 16, 20). This laboratory previously reported that
heat stress increases [Ca®*]; via a Na*/Ca** exchange
system and Ca®* mobilization from an inositol 1,4,5-
trisphosphate-sensitive pool in human epidermoid A-
431 cells (19).

Nitric oxide (NO) is produced by constitutive
and inducible NO synthases in many cell types, includ-
ing endothelial cells, neurons, and macrophages (29).
It is involved in a wide range of physiological pro-
cesses, including blood vessel relaxation (13), neuro-
transmitter transduction (23), memory functions (26),
and host defense against microbial pathogens (24).
Only the constitutive NO synthase is Ca’*-dependent
(7). Increased levels of NO (14, 33, 34) and NO syn-
thase activity (1, 14, 25, 34, 35) have been measured
during hemorrhagic shock. Inhibition of NO
production reduces the damage caused by hemorrhagic
shock (2, 34, 38). A number of in vitro studies have
demonstrated that the heat stress inhibits inducible
NO synthase gene expression (11, 12, 36, 37).

In this study, we have characterized the effect of
Now-nitro-L-arginine (LNNA, an inhibitor of constitu-
tive NO synthase) on [Ca?*]; in human colon carcinoma
T84 cells before and after heat stress. LNNA decreases
[Ca*]; in the presence and absence of external Ca®*,
but it enhances the heat stress-induced increase in
[Ca**]; by increasing the binding affinity of the Na*/
Ca? exchanger for external Ca®* and its maximal
velocity. Our data indicate that LNNA also promotes
Ca’* sequestration in intracellular Ca** pools that are
insensitive to thapsigargin and monensin.

Materials and Methods
Cell Culture

Human colon carcinoma T84 cells (American
Type Culture Collection, Rockville, MD) were
grown on 75 mm? flasks incubated at 37 °C in a 5%
CO, atmosphere. The tissue culture medium was
Dulbecco’s modified Eagle medium supplemented
with 0.03% glutamine, 4.5 g/ glucose, 25 mM HEPES,
10% fetal bovine serum, 50 pg/ml peniciltin, and 50
U/ml streptomycin (Gibco BRL, Gaithersburg, MD).
Cells were fed every 3-4 days. Cells from passages
56-69 were used for experiments.

Intracellular Ca®* Measurements

T84 cells were trypsinized from the culture

flasks, washed, then loaded in suspension with
5 uM fura-2AM plus 0.2% pluronic F-127 (to make
cells more permeable to the probe) at 37 °C for
60 min. Cells were washed with Na* Hanks’ solution
before fluorescence measurements. The method to
determine [Ca®*]; has been described previously
(15). Briefly, the suspended cells were placed in
a thermostatically controlled cuvette that was
kept at a constant temperature of 37 °C. The
fluorescence signal was measured with a PTI
DeltaScan spectrofluorometer (Photon Technology
International, Inc., South Brunswick, NIJ)
with emission at 510 nm and dual excitation at 340
and 380 nm (slit width 4 nm). To minimize any
contribution to the fluorescence signal resulting from
dye in the medium, cells were washed thoroughly in
Hanks’ solution before measurement of [Ca**]. To
perform experiment in the absence of extracellular
Ca®, cells were incubated in the Ca*-free buffer
containing 10 mM EGTA for 10 min prior to treatments
with drugs.

Ca**-uptake measurements

For Ca**-uptake measurements, medium was
removed from each well of six-well culture plates
containing uniformly confluent cells and replaced
with 3 ml Na* Hanks’ buffer containing 100 uM
LNNA. Cells were then incubated with LNNA for
1 h at 37 °C. After incubation and immediately
before heat treatment, LNNA medium was removed
and replaced with 2 ml Na* Hanks’ buffers with
CaCl, concentrations ranging from 0.1 to 1.6 mM,
each of which contained a constant specific activity
of *CaCl, (1.56 Ci/mmol CaCl,; Dupont/NEN,
Boston, MA). Heat treatment was accomplished by
floating culture dishes in a water bath held at 45 °C
for sufficient time to bring medium over cells to 45 °C
for 10 min. After heating, radioactive medium
was immediately removed, and each well was
quickly washed three times with 3 ml Na* Hanks’
buffer containing 10 mM EGTA. Cells were removed
from each well by incubating with 1 ml trypsin/
EDTA, and the suspension was combined with a 1 ml
Na* Hanks’ buffer rinse. The cell suspension
was sonicated and duplicate aliquots removed for
protein determination. The remaining sonicated
suspension was combined with Ecoscint scintillation
cocktail (15 ml, National Diagnostics, Manville,
NJ), and radioactivity was determined (Beckman
LS5801, Palo Alto, CA). Specific radioactivity of
the Ca® buffers was determined by counting the CPM
in a 10 pl aliquot of the 1.6 mM Ca? incubation
medium. Total Ca* taken up by the cell was then
calculated and expressed as pmol Ca** « mg protein™
o min~' (17).
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Fig. 1. Decreases in [Ca’]; by LNNA in T84 cells. Cells were treated
with different concentrations of LNNA in presence of 1.6 mM
external Ca®* followed by [Ca®*]; measurement (n=3-6). *P<0.05
vs. control, determined by one-way ANOVA and Bonferroni’s
inequality.

Measurements of Cell Viability

Cell viability was determined by trypan blue
exclusion assay. Twenty microliters of cell suspension
were mixed with 20 pl of 0.4% trypan blue solution
(Sigma Chemical Co., St. Louis, MO). A drop of the
mixture was placed on the hemocytometer and cells
were counted under the microscope. Cells turned
blue represented the unviable cells, whereas others
represented the viable cells. The viability was
calculated according to the following equation:
Viability (%) = [number of viable cells/ (number of
viable cells + number of unviable cells)]x100%.

Solutions

Hanks’ solution contained in mM: 145 NaCl,
4.6 KCI, 1.2 MgCl,, 1.6 CaCl,, and 10 HEPES (pH
7.40 at 24 °C). Ca*-free Hanks’ solution was prepared
by adding 10 mM EGTA to nominally Ca**-free Hanks’
solution.

Statistical Analysis

All data are expressed as the meantS.E.M.
Analysis of variance, Student’s t-test, Studentized
Range-test, and Bonferroni’s inequality were used
for comparison of groups. Curve fitting was
determined using the GraphPad Inplot program
(GraphPad, San Diego, CA).

Chemicals
Nw-nitro-L-arginine, aminoquanidine, and

caffeine were purchased from Sigma Chemical Co.
(St Louise, MO). Dichlorobenzamil was provided by
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Fig. 2. Enhancement of heat-induced increase in [Ca*]; by LNNA in T84
cells. Cells were treated with 100 uM LNNA in presence of 1.6
mM external Ca®* for | h prior to exposure to 45 °C for 10 min and
measurement of [Ca*); (n=5). *P<0.05 vs. unheated cells; **P<
0.05 vs. unheated cells and vehicle/heated cells, determined by
two-way ANOVA and studentized-range test. : unheated; l:
heated

Dr. Peter K.S. Siegl (Merck & Co, Inc., West Point,
PA). Fura-2AM, trimethoxybenzoate (TMB-8),
thapsigargin, monensin, and ionomycin were
purchased from Molecular Probes, Inc. (Eugene, OR).
Bradykinin was obtained from Peninsula Laboratories
(Belmont, CA).

Results

Resting [Ca*]; in human colon carcinoma T84
cells was 201£3 nM (n=9). Treatment of cells with
LNNA, an inhibitor of constitutive NO synthase,
significantly decreased resting [Ca®*]; in a
concentration-dependent manner (Fig. 1). Exposure
of cells to 45 °C for 10 min increased [Ca®']; to 150£2
% of controls (“Vehicle”, Fig. 2). Figure 2 shows that
if cells were pretreated with 100 uM LNNA for 1h,
the heat stress-induced increase in [Ca®']; was
enhanced. Aminoguanidine, an inhibitor of in-
ducible NO synthase, altered neither the basal level of
[Ca®]; nor the increase in [Ca*]; after heating (data
not shown), indicating that the LNNA effect is
specifically associated with constitutive NO synthase.
Data from cell viability studies showed that
pretreatment with LNNA or aminoguanidine before
or after exposure of cells to heat stress did not alter
cell viability (Fig. 3).

Removal of external Ca®* decreased the resting
[Ca®]; in T84 cells to 11512 nM (n=18), suggesting
that Ca?* entry contributes to the maintenance of
resting [Ca®*];. Treatment of these cells with LNNA
significantly decreased [Ca*"]; (Fig. 4), and the relative
magnitude of the decrease was similar to that measured
in cells treated with LNNA in the presence of 1.6 mM
Ca®. This result suggests that action of LNNA on
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Fig. 3. No changes in cell viability after treatment with LNNA or
aminoguanidine followed by heat stress in T84 cells. Cells were
treated with 100 uM LNNA or aminogaunidine (AG) for 1 h prior
to exposure of cells to heat stress (HS) at 45 °C for 10 min (n=3).
0O: unheated; B: heated
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Fig. 4. Decreases in [Ca®*]; by LNNA in unheated T84 cells in absence of
external Ca®. Cells were treated with different concentrations of
LNNA in absence of external Ca®* and [Ca®*]; was measured (n=
3-6). *P<0.05 vs. control, determined by one-way ANOVA and
Bonferroni’s inequality.

T84 cells is not related to external Ca?*.

In the absence of external Ca®* and with no
LNNA treatment, heating cells at 45 °C for 10 min
still increased [Ca*]; but to a much lower level than
that measured in the presence of external Ca?*,
indicating that extracellular Ca** makes a major
contribution to the heat stress-induced increase in
[Ca®™];. With no external Ca®* present, pretreatment
with 100 uM LNNA for 1 h did not further enhance
the heat stress-induced increase in [Ca®']; (Fig. 5).

It has been previously shown that the heat stress-
induced increase in [Ca*]; in human epidermoid A-
431 cells is mediated by the Na*/Ca®* exchanger (19).
To determine whether a similar mechanism is involved
in T84 cells, we tested the effect of incubating the
cells with dichlorobenzamil, a specific inhibitor of
Na*/Ca® exchangers. Figure 6 shows that treatment
with dichlorobenzamil inhibited the heat stress-
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Fig. 5. No enhancement by LNNA of heat-induced increase in {Ca?*]; in
T84 cells in absence of external Ca”*. Cells were treated with 100
UM LNNA for 1 h in absence of external Ca** prior to exposure of
cells to 45 °C for 10 min and measurement of [Ca®*}; (n=5). *P<
0.05 vs. unheated cells, determined by two-way ANOVA and
studentized-range test. _: unheated; B: heated
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Fig. 6. Dichlorobenzamil inhibition of heat stress-induced increase in
[Ca®); after LNNA pretreatment. Cells were preincubated with-
out or with 100 uM LNNA for 1 h prior to exposure to 45 °C for
10 min in presence of different concentrations of dichlorobenzamil
followed by measurement of [Ca®*]); (n=3-5). IC50 of
dichlorobenzamil in untreated and LNNA-treated cells are
0.97+0.03 pM and 5.10.1 pM, respectively. P<0.05 vs. control,
determined by two-way ANOVA and Boferroni’s inequality.
-O-: control; -@-: LNNA-treated

induced increase in [Ca*']; in a concentration-
dependent manner, with a median inhibitory
concentration (ICsp) of 0.97+0.03 uM, suggesting
that Ca®* entry is via the Na*/Ca®* exchanger. In the
presence of 100 UM LNNA, the ICsq of dichloroben-
zamil was 5.1£0.1 uM (P<0.05 vs. that observed in
LNNA-untreated cells, Student’s t-test), suggesting
that LNNA exerts its effect on the Na*/Ca* exchanger.

To determine the binding affinity (K,,) of the
Na*/Ca®* exchanger for external Ca?* and the maximal
velocity (Vnax) of this exchanger, we measured the
kinetics of Ca®* uptake in cells incubated in medium
containing different concentrations of Ca** with and
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Table 1. Association Constant (K,,) and Maximal Ve-
locity (Vpmay) of Ca?* Entry in T84 Cells

Treatment K., (mM) Vmax (pmol Ca?*/mg
protein/min)
Unheated 0.430£0.075 362157
Heated 0.489+0.071 826x10°
LNNA, unheated 0.700+0.168" 506x116
LNNA, heated 0.340+0.037° 869+81°

2P<0.05 vs. unheated, heated, and LNNA plus heated;

®P<0.05 vs. heated, and LNNA plus unheated,;

¢P<0.05 vs. unheated and LNNA plus unheated, deter-
mined by Student’s t-test.

without heating to 45 °C for 10 min. Table 1 lists the
K., and V.x obtained from each group. Heat stress
(no LNNA pretreatment) did not affect K, but it
increased V., by 128%, indicating that heat stress
did not affect the affinity of the Na*/Ca®* exchanger
for external Ca*, but it did increase the exchanger
velocity. Preincubation of cells with 100 uM LNNA
for 1 h altered the kinetics of the exchanger even
without heating. The affinity of the exchanger for
Ca? decreased by 63%, though its velocity did not
change. Exposure of these LNNA-treated cells to
heat stress resulted in a decreased Km by 52% as well
as an increased Vmax. These results suggest that the
constitutive NO synthase may directly or indirectly
regulate the Na*/Ca®* exchanger. It has been shown
in a number of different cell types that there are
various intracellular Ca* pools (3, 5, 8, 10, 18, 30).
To characterize the different intracellular Ca®* pools
in T84 cells, cells were treated sequentially with
10 uM bradykinin, 10 uM thapsigargin, 40 mM
caffeine, 100 UM monensin, and 10 pM ionomycin.
The concentration used of each of these agents was
optimized for T84 cells by selecting the concentration
that just failed to elicit an additional response after a
second treatment of the cells.

Incubated in the absence of external Ca**, T84
cells were found to have intracellular Ca?* pools
sensitive to thapsigargin, monensin, and ionomycin,
but not bradykinin or caffeine (Fig. 7). Treatment
with thapsigargin, monensin, and ionomycin increased
[Ca®*]; by 1622% (n=7), 1913% (n=7), and 6620 %
(n=5), respectively. After the thapsigargin-sensitive
Ca®* pool was depleted by thapsigargin, treatment
of these cells with 100 uM LNNA still decreased
[Ca®*); (Fig. 8). A similar result was obtained after
cellular Ca®* pools were depleted by monensin. When
cells were depleted sequentially with thapsigargin,
monensin, and ionomycin, LNNA failed to decrease
[Ca®*);,. This indicates that LNNA decreases [Ca**),
by promoting Ca®* sequestration to an intracellular
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Fig. 7. Detection of intracellular Ca®* pools in T84 cells. Cells were
treated sequentially with 40 mM caffeine (CAF), 10 uM
thapsigargin (TG), 100 pM monensin (MON), and 10 uM
ionomycin (ION) in absence of external Ca®* (n=4-9). *P<0.05
vs. Control baseline, determined by Student’s t-test.
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Fig. 8. Inhibition of LNNA-induced decrease in [Ca®*]; by ionomycin
and TMB-8. Cells were treated with 10 uM thapsigargin (TG),
100 uM monensin (MON), 10 uM ionomycin (ION), and 100 uM
TMB-8 in absence of external Ca®* (n=4-9) before treatment with
100 uM LNNA. *P<0.05 vs. control, determined by student’s t-
test. CON: Control.

Ca®* pool not sensitive to thapsigargin and monensin.
Treatment with TMB-8, a blocker that inhibits Ca®*
sequestration and mobilization, 30 min prior to LNNA
treatment significantly diminished the LNNA-induced
decrease in [Ca?*]; (Fig. 7). This observation supports
the concept that constitutive NO synthase regulates
Ca?* sequestration.

Discussion

Treatment of T84 cells with LNNA, an inhibitor
of constitutive NO synthase, in the presence of external
Ca?*, decreased the basal level pf [Ca®*]; in a LNNA
concentration-dependent fashiL)n. If these LNNA-
treated cells were heated, the [Ca?*]; increase observed
was greater than in cells not treated with LNNA.
Removal of external Ca?* greatly diminished the heat
stress-induced increase in [Ca®*]; in cells not treated
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with LNNA, and LNNA treatment failed to enhance
the increase in [Ca®*]; that was observed when external
Ca?* was present.

As has been shown in other types of cells (19),
heat stress of T84 cells apparently increases [Ca®*);
by activating the Na*/Ca®* exchanger. When T84
cells were heated (but not treated with LNNA), the
exchanger’s affinity for binding external Ca®* did not
change, but the maximal velocity of the exchanger
increased by 128%. LNNA treatment alone reduced
the binding affinity of the exchanger for external Ca?*
by 63% but did not significantly change V... Heating
the LNNA-treated cells led to an increase in the
affinity of the exchanger for Ca?* and its maximal
velocity, which explains the capability of LNNA
enhancing the heat stress-induced increase in [CaZ*],.
Since LNNA is known to exert its effect through
constitutive NO synthase, this suggests that either
constitutive NO synthase (or perhaps NO) may be
regulating the activity of the exchanger.

How this regulation might occur is not clear. In
unpublished studies with other cell types, we have
shown that HSP-70 immunoprecipitates with the
Na*/Ca?* exchanger after exposure to heat or low
levels of hypoxia (see review, 21, 22). This suggests
that formation of constitutive NO synthase/exchanger
complex might be responsible for activating the
exchanger in those cells, thereby increasing the
exchanger’s affinity for external Ca®* and its maximal
velocity. It is possible that in these T84 cells the
constitutive NO synthase could bind the Na*/Ca?*
exchanger and likewise down-regulate the sensitivity
of the exchanger. NO has been shown to be involved
in not only S-nitrosylation reactions which have
critical physiological relevance to mammalian
neurotransmission, ion channel function, intracellular
signalling, and anti-microbial defense (see review 9)
but also in protein interactions (see review 32).
Therefore, the possibility that cellular levels of NO
might also control the function of the Na*/Ca?*
exchanger cannot be ruled out.

We detected three different intracellular Ca®*
pools in T84 cells, ones sensitive to thapsigargin,
monensin, and ionomycin. Surprisingly, Ca®* pools
sensitive to inositol 1,4,5-trisphosphate were not
found, which differentiates these cells from a number
of other cell types. Inositol 1,4,5-trisphosphate-,
monensin- and ryanodjne-sensitive intracellular Ca%*
pools are observed in GH3 (8) and A-431 cells (18).
In rat PC 12 cells, igositol 1,4,5-trisphosphate-,
monensin- and caffeine-sensitive intracellular Ca®*
pools are detected (5). Jurkat cells possess inositol 1,
4,5-trisphosphate-, thapsigargin-, caffeine-, ryanidine-
and ionomycin-sensitive pools (10, 30). In Lewis rat
splenic T lymphocytes inositol 1,4,5-trisphosphate,
thapsigargin- and ionomycin-sensitive Ca®* pools have

been identified (3).

In the absence of external Ca2+, treatment of
T84 cells with LNNA resulted in a decrease in the
basal level of [Ca®*];. This decrease was not observed
when intracellular Ca%* pools were depleted by
ionomycin. Treatment with monensin or thapsigargin
alone did not affect the LNNA-induced decrease in
[Ca?*];. Furthermore, blockade of Ca®* sequestration
and mobilization by treatment with TMB-8 also
effectively inhibited the LNNA-induced decrease in
[Ca®*];. These results suggest that the LNNA-induced
decrease in [Ca?*]; is not mediated by Ca®* entry from
the external sources. The decrease in [Caz*’],- may be
due to the capacity of either constitutive NO synthase
or NO to regulate Ca®* sequestration into intracellular
Ca®* pools not sensitive to monensin or thapsigargin.
It is not likely that either constitutive NO synthase
affect [Ca?*); by altering Ca?* efflux, because, if so,
the LNNA-induced decrease in [Ca®*]; would have
been measured even after the intracellular Ca®* pools
had been depleted by ionomycin or blocked by TMB-
8.

Nitric oxide overproduction has been implicated
in disease pathogenesis in a variety of autoimmunoin-
flammatory syndromes including type I diabetes (6),
inflammatory arthritis (27, 28), inflammatory bowel
disease (31), and hemorrhagic shock (14, 33, 34).
Although NO overproduction can damage tissues, it
also appears in certain cases to play beneficial roles
such as helping to maintain immunological
homeostasis. It would be of interest to determine
whether LNNA might prove to be therapeutically
useful for preventing tissue damage caused by NO
overproduction. ’

In summary, LNNA decreases the resting
[Ca?*);in a concentration-dependent manner, which
was due to its promoting Ca?* sequestration to
intracellular Ca?*]; pools. LNNA enhanced the heat
stress-induced increase in [Ca®*]; by increasing the
binding affinity of Na*/Ca?* exchangers for external
Ca?*.
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