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Abstract

Calcium/calmodulin is involved in the regulation of basal rab-
bit ileal active Na and CI absorption, but the mechanism by
which elevated intracellular Ca2" affects Na and Cl transport is
unknown. To investigate the roles of the Ca2+/calmodulin and
protein kinase C systems in ileal NaCl transport, two drugs,
the isoquinolenesulfonamide, H-7, and the naphthalenesulfon-
amide, W13, were used in concentrations that conferred speci-
ficity in the antagonism of protein kinase C (60 MMH-7) and
Ca2+/calmodulin (45 MMW13), respectively, as determined
using phosphorylation assays in ileal villus cells. W13but not
H-7 stimulated basal active NaCl absorption. H-7 inhibited
changes in Na and Cl absorption caused by maximal concen-
trations of Ca2" ionophore A23187 and carbachol and seroto-
nin, secretagogues that act by increasing cytosol Ca2", while
W13had no effect. In contrast, neither H-7 nor W13altered the
change in NaCl transport caused by the cyclic nucleotides
8-Br-cAMP and 8-Br-cGMP. These data suggest that: (a)
basal rabbit ileal NaCl absorption is regulated by the Ca2'/
calmodulin complex and not by protein kinase C; (b) the effect
of elevating intracellular Ca2" to decrease NaCI absorption is
mediated via protein kinase C but not by Ca2+/calmodulin; (c)
the effects of protein kinase Care not overlapping or synergis-
tic with those of Ca2+/calmodulin on either basal absorption or
on the effects of increased Ca2+; and (d) neither Ca2+/calmo-
dulin nor protein kinase C are involved in the effects of cAMP
and cGMPon ileal active NaCl transport.

Introduction

Basal active Na and Cl transport in rabbit ileum is regulated by
Ca2+/calmodulin (CaM)' (1-7). The naphthalenesulfonamide,
W13, a Ca2+/CaM inhibitor, stimulates a specific Na-absorp-
tive process, active linked NaCl absorption. This suggests that,
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1. Abbreviations used in this paper: CaM, calmodulin; G, conductance;
I,,, short circuit current; PD, potential difference; PS, phosphatidyl-
serine.

under basal conditions, this Na-absorptive process is under
continuous inhibition by Ca2+/CaM (2, 3, 7). Elevating intra-
cellular Ca2+ in ileal epithelial cells by neurohumoral agents or
by Ca2+ ionophores further decreases the neutral linked NaCl-
absorptive process and also stimulates electrogenic Cl secre-
tion. Surprisingly, when Ca2' was increased in ileal epithelial
cells by the Ca2" ionophore A23187, carbachol or serotonin,
the Ca2`-induced changes in Na and C1 transport were not
reversed by Ca2+/CaM inhibitors (7). Thus, the mechanism by
which elevated intracellular Ca2' affects ileal electrolyte trans-
port is not known. The present study was undertaken in an
effort to determine the intracellular mediator responsible for
the effects of elevated cytosol free Ca2' in regulating rabbit
ileal Na and Cl transport. The results suggest that elevated
Ca2+ acts on NaCl absorption through protein kinase C.

Methods

Animals. Male New Zealand albino rabbits weighing 2-2.5 kg were
maintained on a standard rabbit laboratory diet with free access to
water. The animals were anesthetized with pentobarbital sodium, and
the distal ileum was removed. Epithelial sheets or villus cells were
prepared for study as described below.

In vitro active electrolyte transport. The methods used to measure
active ileal electrolyte transport have been described previously (4). In
brief, stripped ileal mucosa was mounted as a flat sheet between two
lucite modified Ussing chambers that had an area of 1.13 cm2, oxy-
genated, and maintained at 37°C. Usually six to eight pieces of ileum
from a single animal were studied simultaneously. Transmural poten-
tial difference (PD), short-circuit current (IC), and conductance (G)
were determined. An automatic voltage clamp corrected for fluid resis-
tance between the PD-sensing bridges and provided continuous short-
circuiting of the tissue. Unidirectional fluxes of 22Na and 36CI were
determined on the same tissue matched to differ in Gby not more than
25% and were measured while the tissues were short-circuited.

Unless specified, the bathing solutions consisted of Ringer's-HCO3
composed of (in millimolar): NaCl, 115; NaHCO3, 25; K2HPO4, 2.4;
KH2PO4, 0.4; CaCI2, 1.2; and MgCl2, 1.2. Osmolality was 275 mos-
mol/kg and pH was 7.4 after gassing with 95% 02-5% CO2. 10 mM
glucose was added to the serosal and 10 mMmannitol to the mucosal
bathing fluid at the time of mounting the tissues.

Separate experiments were performed to determine the effects of
the isoquinolenesulfonamide, H-7, and W13on basal transport and on
changes in transport caused by glucose-dependent stimulation of Na
absorption and on the change in transport caused by secretagogues. In
the latter, experiments evaluating the effects of H-7, W,3, or indo-
methacin on changes in transport caused by the Ca2+ ionophore
A23187, serotonin, carbachpl, theophylline, 8-Br-cAMP, and 8-Br-
cGMPwere performed. In these experiments, either the inhibitors or
solvent controls were added 20 min after adding isotope and 40 min
after mounting ileal mucosa in the Ussing chambers. 10 min later, two
20-min periods of ion flux measurements were made (designated pe-
riod A in Table I and in figure legends). This was followed by addition
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of secretagogue or a solvent control and, starting 10 min later, by two
further 20-min flux periods (designated period B in Table I and figure
legends). Ethanol was added to the time controls up to the same eth-
anol concentration as the simultaneously studied test substances and
in all cases was less than 0.1%.

Protein kinase Cassay. Villus cells were obtained by lightly scrap-
ing the ileal mucosa as previously described (8) and cytosol prepared at
40C. The mucosa was homogenized in a buffer solution containing S
mMEDTA, 0.5 mMEGTA, 50 mMDTT, 0.2 mMPMSF, 0.01%
leupeptin, 1 ng/ml phosphoramidone, 20 mMTris, pH 7.5, in a glass/
teflon homogenizer. The homogenate was centrifuged at 40,000 gfor 1
h. Glycerol was added to the supernatantto a concentration of 10%
and stored at -800C until use. The supernatant was diluted 1:5 before
use and protein kinase Cwas assayed within one week Qf preparation.

Protein kinase C activity was assayed by the measurement of
transfer of 32P from ATP to histone III-S which occurred in the pres-
ence of phosphatidylserine (PS), phorbol dibutyrate, and Ca2+ com-
pared with Ca2+ alone. The protein kinase C assay mixture (100 Al)
contained 10 mMMgacetate, 1.1 mMCaCl2, 1 mMEGTA, 2 mM
DTT, 0.01% leupeptin, 40 pg of histone III-S, 5 pM or 500 pM [y-
32P]ATP (3.8 pCi), -15 pug of cytosol protein, 2 mMTris, pH 7.5.
WhenPS and phorbol dibutyrate were used, they were at concentra-
tions of 44) pg/nil and 10 AM, respectively. The isoquinolenesulfona-
mide H-7 or the naphthalenesulfonamides W13and W,2 were added
over a range of concentrations PS and phorbol dibutyrate were pre-
pared by bath sonication (1-min sonication of PS in water at room
temperature followed by addition of phorbol dibutyrate and an addi-
tional 1-min sonication at room temperature) and were always added
just before starting the reaction by the addition of cytosol. Assays were
performed over 10 min at 300C and terminated by the addition of 1 ml
of 10%TCA-0.2% Napyrophosphate to each tube, followed by heating
at 1000C for 10 min. The protein precipitates were collected on glass
fiber filters (model GF/A, Whatman, Inc., Clifton, NJ), dried over-
night, and assayed by liquid scintillation spectrometry. Results were
expressed as picomoles phosphate per milligram protein. The concen-
tration-dependent inhibition of protein kinase C by H-7 or W,3 was
determined by Woolf-Hanes analyses for each experiment (9) by set-
ting total activity in the absence of inhibitor as 100% and determining
the inhibitor concentration which reduced activity to 50%.

Ca24/CaM-dependent phosphorylation of deal microvillus mem-
branes. Microvillus membranes were prepared as open vesicles from
rabbit ileal villus cells as previously described (8). Basal phosphoryla-
tion and the increase in phosphorylation caused by Ct+/CaM-depen-
dent protein kinase(s) in the microvillus membranes were determined
as previously reported using broken cell phosphorylation techniques
with [(y'yAP]ATP, separating the phosphorylated peptides by one-di-
mensional SDS-PAGE(5-15% continuous acrylamide gradient),
identifying the phosphorylated peptides by a comparison with simulta-
neously run molecular weight standards, and quantifying the extent of
phosphorylation by scanning densitometry (10-12). Results are ex-
pressd in arbitrary densitometry units. Phosphorylation was carried
out at 5 and 500 pMATPand in the presence and absence of 60 pM
H-7; when present, the free Ca24 concentration was 0.3 pMand exoge-
nous CaMwas 5 pM.

Theophylline was purchased from Eastman Kodak Co., Rochester,
NY; Tris, AtP, 8-Br-cAMP, 8-Br-cGMP, carbachol, serotonin creati-
nine sulfate, Wl2, Wl3, H-7, indomethacin, PS, phorbol dibutyrate,
histone Im-S, and CaMwere from Sigma Chemical Co., St. Louis, MO.

Results are expressed as mean±SEM. Statistical analyses, unless
otherwise specifed, were !by Student's paired and unpaired t tests.

Results

Initially, conditions were determined under which H-7 af-
fected ileal protein kinase C activity without significantly af-
fecting Ca2+/CaM-dependent protein kinase activity, as indi-
cated by an effect on specific Ca24/CaM-dependent protein

phosphorylation in the same tissue in which transport was
being studied.

Effect of H-7 and W43 on ideal villus cell cytosol protein
kinase C activity. Protein kinase C activity was measured in
ileal absorptive cell cytosol using histone HI-S as a substrate,
under conditions of maximal stimulation by Ca2+ (free Ct+

- 100 AM), PS (40 jpg/ml), and phorbol dibutyrate (10 pM).
H-7 caused a concentration-dependent inhibition of protein
kinase C activity, as shown in Fig. 1, when protein kinase C
activity was assayed using two different concentrations of
ATP. In Fig. 1 (left), the ATP concentration was 5 AM, which
is the concentration used in most published protein kinase C
assays (13), and H-7 inhibited protein kinase Cactivity with an
IC5o of 22±6 AM. A concentration-dependent inhibition by
H-7 of protein kinase C was also seen in the presence of 500
pMATP (Fig. 1 [right]), but now with an IC,0 of 89±11 AM.

In contrast to the effects of H-7, the naphthalenesulfona-
mide W13 (at 45 pM, the ICso for stimulation of ileal NaCl
absorption [71) failed to cause a significant inhibition of cyto-
sol protein kinase C activity. When W13 was studied in the
presence of 5 AMATPprotein kinase C activity was -13±8%
of the control value (n = 3); 45 AMW12, a hydrophobic control
for Wi3 (14), also failed to cause any significant change and the
cytosol protein' kinase C activity was +5±9% of the control
value (n = 3).

Effect of H-7 on ileal villus cell microvillus membrane
Ca2+/CaM-dependent phosphorylation. Wehave previously
demonstrated that Ca2+/CaM increased the phosphorylation
of six microvillus membrane peptides, identified by one-di-
mensional SDS-PAGEand autoradiography (10-12), and that
W13 caused a concentration-dependent inhibition of these
phosphorylations with an IC50 of 45 AM(unpublished ob-
servations); In order to determine the specificity of the H-7

120

110

100
:b 90

x E80

J.I 70

6.0
a~ 50

40

20

10
0

ATP (SuM)

H-7 Ki 22uM

ATP (S5OuM)

0 20 40 60 80 100 120 0 20 40 60 80 100 120
H-7 Concentration (uA/f

Figure 1. Concentration-dependent inhibition of ileal absorptive cell
cytosol protein kinase C activity by H-7. Data shown are from three
experiments and are expressed as a percent protein kinase C activity
measured in the absence of H-7. Experiments shown in both panels
were identical except that the total ATPconcentration was either 5
or 500 pM. IC,50 values were derived for each experiment by Woolf-
Hanes linearization. ICo for H-7 at 5 pMATPwas 22±6 pMand at
500 pMATPthe IC,4 was 89±1 1 pM. In the absence of H-7, protein
kdnase C activity with 5 and 500 pMATPwas 322±112 and
475±205 pmol phosphate incorporated/mg protein per 10 min, re-
6pectively.
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effect on protein kinase C, the effect of H-7 was determined on
these Ca2+/CaM-stimulated microvillus membrane phosphor-
ylations studied in the presence of 5 and 500 MMATP. The
results were similar at both ATP concentrations. 60 MMH-7
caused a general decrease in basal microvillus membrane
phosphorylation (Fig. 2 A, compare lanes I and 2, and lanes 3
and 4). In contrast to this general decrease in phosphorylation,
the Ca2+/CaM stimulation of phosphorylation of specific pro-
tein bands was not inhibited by H-7. As previously reported
(10-12) and shown in Fig. 2 A, Ca2+/calmodulin increased the
phosphorylation of peptides with molecular weights of
137,000, 116,000, 77,000, 58,000, 53,000, and 50,000; these
were all increased similarly whether in the presence or absence
of H-7 (Fig. 2, A and B). Thus, under conditions of 60 ,M H-7
exposure used for the intact tissue studies, H-7 did not signifi-
cantly inhibit brush border Ca2+/CaM-dependent phosphory-
lation although it did decrease basal phosphorylation.

Effects of H-7 on basal ileal electrolyte transport. The ef-
fects of 60 MMH-7, the inhibitor of protein kinase C, were
determined in transport studies on intact tissue, and compared
with the effects on transport caused by 45 MMW13, the Ca2+/
CaMinhibitor. Shown in Table I are the effects of 60 AMH-7
and 45 MUMW13 on basal ileal active electrolyte transport,
compared with time controls. When values for two 20-min
flux periods are compared to two 20-min flux periods from the
same tissues before drug addition, 60 MMH-7 caused a slight
increase in ileal Ic and an increase in serosal-to-mucosal C1
flux, neither of which were significant when compared to
time-related changes in control tissue. When two further 20-
min flux periods were studied both in time control tissue and
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tissue to which 60 MMH-7 was added (i.e., total 50-90 min
after H-7 addition), there were no significant changes in trans-
port in either H-7 exposed or time control tissue. Of note, H-7
induced a rapid onset, small increase in I,, which occurred
maximally within 2 min of addition; the change in ion trans-
port which explains this increase was not detected by flux
measurements. 60 AMH-7 also did not alter the glucose-de-
pendent increase in ileal IC (peak increase in I., which oc-
curred within 10 min of addition of 10 mMglucose to the
mucosal surface was 1.59±0.59 vs. 1.64±0.48 ueq/cm2-h in
H-7 exposed (n = 5) and untreated control tissue (n = 5),
respectively).

Confirming our previous studies (7), W-13 caused a signifi-
cant decrease in ileal I4C and decrease in G (Table I). In addi-
tion, 45 MMW13significantly increased mucosal-to-serosal Na
and Cl unidirectional fluxes which led to a significant increase
in both net Na and Cl absorption, but did not alter glucose-
dependent Na absorption. In separate experiments, the effect
of 45 AMW13 was determined over the same time course in
ileal mucosa initially exposed for 50 min to serosal addition of
1 MMCa2" ionophore A23 187 plus 60 AMmucosal plus sero-
sal H-7. These effects of W13were similar to the effects of W13
on basal transport shown in Table I. The effects of W13 in
tissue pretreated with Ca2" ionophore plus H-7 were (compare
with W13 effect in Table I): I4, -0.81±0.26 Meq/cm2-h; JM,
1.03±0.41 Meq/cm2 -h; Jm -0.51±0.89; JNet, 1.55±0.68; J`s,
2.00+.7 1J;Ja, 0.81±0.99; J1 , 1. 19±0.30; n = 5.

Effects of H-7 on Ca2`-mediated changes in ileal active
electrolyte transport. The effects of H-7 on changes in ileal
active electrolyte transport caused by Ca2" (both as elevated by

77,000 Mr

NS

Figure 2. Effect of 60 AMH-7 on the Ca2"/
CaM-dependent increase in phosphoryla-
tion of ileal microvillus membranes. (A)
Autoradiograms of phosphorylation of mi-
crovillus membranes with the incubation
solution containing microvillus mem-

] Control branes and 500 AM[32P]ATP, 3 mM
H-7 EGTA, 5 mMMgCl2, 10% (wt/vol) su-

crose in lane I and, additionally, in lanes 3
and 4 from left, 0.3 AMfree Ca2+ plus 5
AMexogenous CaM, and in lanes 2 and 4,
60 MMH-7. Phosphorylation was per-
formed at 0C for 120 s and the reaction
was stopped by addition of 50 Ml of a solu-
tion of 0.1 MEDTA, 5% (wt/vol) SDS,
200 mMDTT, and 5 Ag of pyronin Y/ml,
followed immediately by immersion in
boiling water for 2 min and incubation at

27°C for 20 min. Equal amounts of membrane protein (50 Mg) were loaded on each lane of the polyacrylamide gel. Analysis was by scanning
densitometry and the results are expressed in arbitrary densitometry units. H-7 decreased the basal phosphorylation (compare lanes I and 2);
however, Ca2+/CaM increased phosphorylation comparably in six peptides in the presence and absence of H-7 (compare lanes 1/3 and 2/4).
The increase can be seen on the autoradiogram except for the 77,000-mol wt peptide which reached saturation on the photographic film. As
previously reported, Ca2+/CaM effects on phosphorylation of this peptide are best seen with 30 s of phosphorylation at 0C and data from such
phosphorylation studies are shown in B. To indicate the magnitude of the increase caused by Ca2+/CaM in the presence and absence of H-7,
the Ca2+/CaM-dependent increase in phosphorylation of peptides with molecular weights of 137,000 and 77,000 caused in the presence and ab-
sence of H-7 is shown, with the data shown being the magnitude of the phosphorylation in the presence of Ca2+/CaM expressed as a percent of
basal phosphorylation. Note, Ca2+/CaM caused a slightly, but not significantly greater increase in phosphorylation in the presence of H-7. Data
are mean±SEMof three experiments. NSrefers to comparison of the Ca2+/CaM effect in the presence and absence of H-7. A similar conclu-
sion, that the Ca2+/CaM-induced increased phosphorylation of these peptides was not inhibited by 60 AMH-7, was reached when the magni-
tude of the Ca2+/CaM-induced increase in phosphorylation of these six peptides was determined (in arbitrary densitometry units) in the pres-
ence and absence of H-7 (increase in phosphorylation of 137,000-mol wt peptide in the absence and presence of H-7, respectively, 0.22±0.04
vs. 0.16±0.04, n = 3, NS; increase in phosphorylation of 77,000-mol wt peptide in the absence and presence of H-7, respectively, 2.0± 1.0 vs.
0.8±0.3, n = 3, NS).

Protein Kinase Cand ileal Transport 1955

I



Table L Effect of H-7 and W,3 on Basal fleal Active Electrolyte Transport Compared to Time Control*

Period A Period B

Conditions 4sc PD G Jma J m JNa J, .1s J, I. PD G JNa JN

0-0(n = 8) 2.11 -2.8 20.7 10.46 9.18 1.28 5.95 6.15 -0.19 2.34 -3.1 20.9 10.52 9.76
±0.31 ±0.4 ±1.0 ±0.51 ±0.84 ±0.48 ±0.47 ±0.55 ±0.49 ±0.35 ±0.5 ±0.7 ±0.63 ±0.75

P+

O-H-7 (n = 10) 2.02 -3.2 15.8 7.79 7.87 -0.08 5.11 5.92 -0.80 2.69 -4.4 16.4 7.91 8.15
±0.26 ±0.4 ±1.0 ±0.71 ±0.65 ±0.53 ±0.33 ±0.36 ±0.30 ±0.20 ±0.5 ±1.4 ±0.70 ±0.74

P+
P++

O-W13 (n = 6) 2.13 -4.3 15.0 5.62 7.66 -2.04 6.28 6.32 -0.04 1.12 -3.7 13.9 7.20 8.36
±0.20 ±0.7 ±2.3 ±0.91 ±0.81 ±0.76 ±1.12 ±0.91 ±0.99 ±0.19 ±0.5 ±2.1 ±0.72 ±0.85

P+
P++

* Units for I,, and fluxes are geq/cm2-h; PD, mV; G, mS/cm2. n, number of animals studied. Period A: two 20-min flux periods starting 60 min
after mounting tissue and 20 min after isotope addition. Period B: two 20-min flux periods starting 10 min after addition of H-7 or WI3 and 70
min after isotope addition. P+ refers to comparison of periods A and B in the same tissue (paired t test). P++ refers to comparison of period B
- A vs. time control over the same period (unpaired t test).

the neurohumoral secretagogues carbachol and serotonin and
by the Ca2l ionophore A23 187) and by the cyclic nucleotides,
cAMPand cGMP, were studied. In these studies (Fig. 3), as
has been previously demonstrated (15), 10-6 Mcarbachol
added to the ileal serosal surface caused a significant increase
in IS, and decreased both net sodium and chloride fluxes due to
a decrease in the mucosal-to-serosal Na and Cl fluxes as well as
to a slight but not significant increase in the serosal-to-mucosal
C1 flux. In the presence of 60 ,uM H-7, carbachol caused a
significantly smaller increase in IC and failed to significantly
decrease either net Na or net Cl fluxes. This was due to the
inhibition by H-7 of the carbachol-induced decrease in the
mucosal-to-serosal Na and Cl fluxes and increase in the sero-
sal-to-mucosal Cl flux.

Similarly, as previously described (16, 17), serotonin in-
creased ileal ISC and decreased net Na and Cl fluxes, due to a
decrease in mucosal-to-serosal Na and Cl fluxes (Fig. 4).
Treatment with 60 ,M H-7 inhibited the serotonin-induced
increase in I,, and prevented the serotonin-induced decreases
in mucosal-to-serosal and net Na and Cl fluxes (Fig. 4).

AIsc jNOa AjNo AJNo Aj C AJCI
p <0.05 p Ms sm net Ms sm

p(<0.05 p <0.05 NS NS p<0.025 NS

2

.4

.4p

~; -I
-21

- 2
I I O-Corbochol, N-6

-3 H-7-Corbachol, N-6

As previously reported (7, 18), Ca2+ ionophore A23187
increased ileal IS and decreased net Na and net Cl fluxes with
the effects being due to decreases in mucosal-to-serosal Na and
Cl fluxes and an increase in the serosal-to-mucosal Cl flux (Fig.
5). Treatment with 60 ,M H-7, similarly to the effects on the
carbachol- and serotonin-induced changes in ileal transport,
inhibited the calcium ionophore-induced increase in ileal I,,
and the decrease in net Na and net Cl fluxes with the effects
being due to inhibition of the decreases in mucosal-to-serosal
Na and Cl fluxes.

Because, in some cell types, Ca2+/CaM and protein kinase
C interact, we determined the effects, separately and together,
of 60 ,M H-7 and 45 AMW13 on changes in active ileal Cl
transport caused by carbachol and Ca2+ ionophore A23187.
The results in Fig. 6 show that treatment with 45 AMW13did
not alter the carbachol-induced decrease in mucosal-to-serosal
Cl flux or the increase in serosal-to-mucosal Cl flux and con-
sequently had no effect on the carbachol-induced decrease in
net Cl transport. Thus the change in Cl fluxes caused by car-
bachol in the presence of W13 was similar to the effects of

,LJCI
net

p <0.025

Figure 3. Effect of 60 IM H-7 on carbachol (10-6
M)-induced changes in ileal Na and Cl transport.
During period A, tissue is either treated as control,
with no addition, or exposed to 60 ;tM H-7 on the
mucosal plus serosal surfaces and 10 min after H-7
addition, two 20-min flux periods were determined.
Then, carbachol was added to the serosal surface and,
again starting 10 min after addition, fluxes were mea-
sured over two further 20-min periods (period B).
Data shown are the means±SEMof the difference
between period B and period A. Nrefers to the num-
ber of animals studied. P values above the bars refer
to comparison of the carbachol effect in the presence
and in the absence of H-7 (paired t test).
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B-A
Glucose-dependent

J~ JL J2, J, ,I. PD G JA J= J= Ja J, increase in 1,,

0.76 5.81 6.52 -0.71 0.21 -0.3 0.2 0.06 0.58 -0.52 -0.14 0.37 -0.51 1.64
±0.65 ±0.57 ±0.51 ±0.53 ±0.12 ±0.3 ±0.6 ±0.40 ±0.28 ±0.35 ±0.11 ±0.32 ±0.30 ±0.48

NS NS NS NS NS NS NS NS NS

-0.24 5.24 6.69 -1.45 0.67 -1.2 0.6 0.12 0.28 -0.17 0.13 0.78 -0.65 1.59
±0.58 ±0.40 ±0.30 ±0.66 ±0.24 ±0.7 ±0.6 ±0.38 ±0.38 ±0.48 ±0.41 ±0.21 ±0.48 ±0.59

<0.05 NS NS NS NS NS NS <0.05 NS
NS NS NS NS NS NS NS NS NS

-1.16 7.64 6.38 1.26 -1.11 0.6 -1.1 1.59 0.70 0.89 1.36 0.06 1.30 1.90
±0.48 ±0.78 ±0.55 ±0.61 ±0.34 ±0.5 ±0.4 ±0.47 ±0.27 ±0.33 ±0.38 ±0.18 ±0.43 ±0.56

<0.05 NS <0.05 <0.05 <0.05 <0.05 <0.05 NS <0.025
<0.05 NS NS <0.05 NS <0.05 <0.01 NS <0.01

carbachol alone. Furthermore, H-7 inhibited all aspects of C1
flux changes caused by carbachol, while the effects of H-7 in
the presence of W13were not different from the effects of H-7
alone. That is, the effects of carbachol on C1 fluxes were inhib-
ited by H-7 with no evidence of synergism or additivity on the
carbachol effects when H-7 and W13were studied together.

As shown in Fig. 7, the effects of H-7 and WI3 on the
changes in Cl transport caused by calcium ionophore A23187
were similar to their effects on the changes in Cl transport
caused by carbachol. W13 itself had no significant effect on the
changes in C1 fluxes caused by Ca2+ ionophore A23 187 and the
combination of W13plus H-7 was not different than the effects
of H-7 by itself, which inhibited all Cl flux effects of the Ca2?
ionophore.

Effects of H-7 on cyclic nucleotide-induced changes in ileal
active electrolyte transport. To study the specificity of the effect
of H-7 in inhibiting Ca2+-mediated changes in active ileal
electrolyte transport, the effect of pretreatment with 60 gM
H-7 was determined on the changes in active electrolyte trans-
port produced by 8-Br-cAMP, 8-Br-cGMP, and 10 mMthe-
ophylline. As shown in Fig. 8, 100 MM8-Br-cAMP increased
ileal Ic and decreased net Na and Cl fluxes with the effect on
the net C1 flux exceeding the effect on the net Na flux. Pre-

2

-2

Isc AJNa aiNo
p<0.05 p < 0.025 NS

LIO-Serotonin N=9

H -7 - Serotonin N=9

treatment with 60 MMH-7 did not alter any aspect of active
electrolyte transport affected by 8-Br-cAMP. Similarly, 100
gM 8-Br-cGMP altered active ileal electrolyte transport by
increasing the IS, and decreasing the net Na and Cl fluxes.
Again, pretreatment with 60MgMH-7 did not alter the effects of
8-Br-cGMP on ileal IC or on net Na or net Cl fluxes.

Pretreatment with 60 MMH-7 did not alter the change in
active ileal electrolyte transport caused by 10 mMtheophylline
added to the ileal serosal surface. The increase in ileal IC pro-
duced by theophylline was 61±12 vs. 60±7 MA/cm2 in theoph-
ylline exposed tissue previously exposed to 60 MMH-7; the
change in net Na flux was -0.84±0.38 vs. -0.71±0.24 Mueq/
cm2-h in theophylline-exposed tissue and in tissue exposed to
theophylline after exposure to 60 gM H-7, respectively; the
change in net Cl flux was -2.47±0.70 vs. -2.56±0.57 Meq/
cm2-h in theophylline-exposed tissue and in tissue exposed to
theophylline after exposure to 60 MMH-7, respectively.

Role of arachidonic acid metabolites via the cyclooxygen-
ase pathway in the Ca2l-induced changes in ileal electrolyte
transport. In rat descending colon, the increase in electrogenic
Cl secretion caused by phorbol dibutyrate (presumably acting
by protein kinase C) is mediated by arachidonic acid metabo-
lites via the cyclooxygenase pathway, whereas the decrease in

AJNO AiCI ajCI ajCInet a ms sm net
p<0.05 p < 0.05 NS p <0.025

L4

I LL Figure 4. Effect of 60 MMH-7 on serotonin (2.6
X IO-' M)induced changes in ileal Na and Cl
transport. These studies were performed as de-
scribed in the legend to Fig. 3 and in Methods.
The change in I,, is the peak increase caused by
serotonin, which occurred within 10 min of sero-

tonin addition.
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p<0.05 p <0.05 NS p <0.05 p <0.05 NS p<0.05

Figure 5. Effect of 60 AsM H-7 on Ca2+ ionophore
A23187 (10-6 M)-induced changes in ileal Na and
Cl transport. The studies were performed as de-
scribed in the legend to Fig. 3 and in Methods.* H-7-A23187 N.7

NaCl absorption, caused simultaneously, occurred indepen-
dently of the cyclooxygenase pathway (19). Consequently, we
determined whether the effects on active ileal electrolyte trans-
port caused by Ca2l ionophore A23 187 or carbachol also were
mediated by products of the cyclooxygenase pathway. Pre-
treatment of ileal mucosa with 10 uM indomethacin for 50
min did not alter the effects on active ileal electrolyte fluxes
caused by Ca2l ionophore A23187 (10-6 M) or carbachol (10-6
M) (Table II).
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Discussion

In these studies, conditions were established in which H-7 was

an effective inhibitor of protein kinase C activity in ileal villus
epithelial cells, and its specificity, regarding protein kinases
currently recognized as being involved in regulation of ileal
electrolyte transport, was determined by a variety of protein
kinase and transport studies. The conclusions reached in these
studies are firmest for those cells in which the protein kinase
activity was measured: i.e., the villus absorptive cells which
contain the neutral NaCl absorptive process. Consequently, in
the discussion we emphasize regulation of NaCl absorption
and not C1 secretion. H-7 at 60 uM did not affect all ileal

0.5

0

-0.5

-1.0

-1.5

T

1.5

1.0

0.5

0

-0.5
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Carbachol Carbochol Carbochol

after after after
Carbachol 60uM H-7 45uM W13 H-7 plus W13

Figure 6. The effects of H-7 and/or W13on carbachol (10-6 M)-in-
duced changes in ileal Cl transport. Studies were performed as de-
scribed in the legend to Fig. 3 with the change in Cl fluxes caused by
10-6 Mcarbachol determined for two 20-min flux periods starting 10
minutes after carbachol addition and compared to a basal period
consisting of two 20-min flux periods either in the absence of addi-
tions or studied with 60 pMH-7, 45 pMWI3, or the combination of
H-7 plus WI3. Data from six experiments are shown and expressed
as means±SEM.
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A23187 6OuMH-7 45uM W13 H-7 plus W13

Figure 7. The effects of H-7 and W13on Ca2+ ionophore A23 187
(10-6 M)-induced changes in ileal Cl transport. Experiments were
carried out as described in the legend to Fig. 6. Data from seven ani-
mals are shown and expressed as means±SEM.
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Figure 8. The effect of 60 AMH-7 on 8-Br-cAMP- and 8-Br-cGMP-
induced changes in ileal Na and Cl transport. Data shown represent
the effects of 100 uM 8-Br-cAMP (top) and 100 MM8-Br-cGMP (bot-
tom) on active ileal electrolyte transport determined during two 20-
min flux periods starting 10 min after cyclic nucleotide addition (pe-
riod B) compared to a control period with fluxes determined during
two 20-min flux periods ending just before addition of the cyclic
8-Br-cAMP and 8-Br-cGMP (period A). For comparison are shown
the effects of similar additions and concentrations of cyclic nucleo-
tides performed in the presence of 60 ,gM H-7, which was present for
ten minutes before initiating flux measurements during period A.
Numbers below and above horizontal lines refer to the number of
animals studied. Results are mean±SEM. P values above the bars
represent comparison of the effects of cyclic nucleotides in the pres-

ence and absence of H-7 (paired t test).

protein kinases. Specifically, H-7 did not affect Ca2+/CaM-de-
pendent protein kinase activity in broken cell studies with the
same ileal villus cells used for transport measurements and did

not alter the cAMP- or cGMP-dependent protein kinases in-
volved in regulation of ileal active Na and Cl transport. Fur-
ther evidence that H-7 is not acting as an antagonist of Ca2"/
CaM-dependent protein kinases in these studies is summa-
rized in Table III in which the effects of W13, which is a
Ca2`/CaM antagonist, are compared with the effects of H-7. It
is especially important to note, with respect to basal transport
and the effects of agents which alter Na and C1 transport by
altering cell Ca2+, that W13 and H-7 had very few similar ef-
fects. That WI3 had effects on basal transport not duplicated by
H-7 and that W13, not H-7, inhibited Ca2+/CaM-dependent
phosphorylation of specific peptides in ileal microvillus mem-
branes (the location of the rate-limiting step for Na and Cl
absorption) strongly suggests that in ileal villus cells, H-7 is not
acting as a Ca2`/CaM antagonist. Thus, in intact ileal villus
cells, H-7 appears to be an inhibitor of protein kinase C and
not an inhibitor of microvillus membrane Ca2+/CaM-depen-
dent protein kinase(s) or an inhibitor of cAMP- or cGMP-de-
pendent protein kinases. H-7 did decrease basal ileal brush
border phosphorylation (Fig. 2 A), performed in the absence of
Ca2+, indicating that it had effects not attributable to inhibi-
tion of protein kinase C; but this was not associated with a
change in basal active ileal NaCl absorption. Thus this effect of
H-7 is not involved in regulation of active NaCl absorption.
This demonstrated specificity that 60 MMH-7 does not inhibit
ileal Ca2+/CaM-dependent protein kinase and does not affect
the protein kinases through which cAMPand cGMPare pre-
sumed to alter ileal active Na and Cl transport is somewhat
surprising. This is because, although H-7 is a poor inhibitor of
the Ca2+/CaM-dependent myosin light chain kinase activity,
in some cells under broken cell conditions it is a better antago-
nist of cAMP-dependent protein kinase than it is a protein
kinase C antagonist, and is an equally effective cGMP-depen-
dent protein kinase antagonist (20-22). The discrepancies be-
tween the intact tissue studies presented here and that of bro-

Table IL Effect of Indomethacin (10 MM) on Carbachol (1 lM)- and Ca2l Ionophore A23187 (1 gM)-induced
Changes in Real Active Electrolyte Transport

Period I. PD G JcaJ:: Jm A., J2, J

A23187
A. Indomethacin (10 ;M) 1.23±0.22 -1.3±0.3 22.3±1.7 10.42±0.71 9.27±0.64 1.15±0.85 9.52±0.88 6.63±0.54 2.89±1.01
B. A23187 (I uM) 1.75±0.19 -2.1±0.3 23.1±1.5 8.53±0.85 8.97±0.68 -0.44±0.78 8.33±0.58 8.56±0.58 -0.23±0.56
(n = 6) B -A 0.52±0.15 -0.8±0.3 0.8±0.4 -1.89+0.75 -0.30+0.70 -1.59±0.71 -1.19±0.69 1.93±0.43 -3.12±0.67
P+ <0.05 <0.05 NS <0.05 NS <0.05 <0.05 <0.05 <0.025
A. 0 (ethanol) 1.72±0.33 -2.5±0.5 17.5+0.9 8.26±0.29 7.51±0.56 0.75±0.52 6.24±0.45 6.86±0.47 -0.62±0.34
B. A23187 (1 uiM) 2.16±0.30 -3.3±0.5 17.5±0.9 7.40+0.24 7.95±0.53 -0.55±0.52 5.13±0.55 7.59±0.48 -2.46±0.26
(n = 6) B - A 0.44±0.07 -0.8±0.1 0.1±0.5 -0.86±0.23 0.44±0.29 -1.30±0.36 -1.11±0.23 0.73±0.35 -1.84±0.40
P+ <0.05 <0.05 NS <0.05 NS <0.05 <0.05 <0.05 <0.025
P++ NS NS NS NS NS NS NS NS NS

Carbachol
A. Indomethacin 1.79±0.37 -2.6±1.2 19.9±1.6 11.68±0.96 9.06±0.59 2.59±0.81 8.31±0.74 7.08±0.66 1.23±0.88
B. Carbachol (1 MM) 2.05±0.30 -3.3±1.6 20.8±3.0 9.89+0.84 10.72±0.63 -0.83±0.79 7.14±0.63 8.70±0.80 -1.56±0.71
(n = 5) B - A 0.26±0.26 -0.7±0.6 0.9±0.8 -1.79±0.77 1.66±0.76 -3.43±0.81 -1.17±0.61 1.62±0.61 -2.79±0.69
P+ NS NS NS <0.05 <0.05 <0.025 <0.05 <0.025 <0.025
A. 0 (ethanol) 2.76±0.45 -4.1±0.5 18.2±1.3 8.63±0.71 8.65±0.55 -0.02±0.54 6.23±0.78 7.72±0.43 -1.49±0.62
B. Carbachol (1 uM) 2.94±0.23 -4.5±0.4 18.0±1.0 6.96±0.53 10.53+0.81 -3.57±0.64 4.84±0.66 8.95±0.89 -4.11±0.65
(n = 5) B - A 0.18±0.24 -0.4±0.3 -0.2±0.6 -1.67±0.59 1.88±1.06 -3.55±0.83 -1.39±0.61 1.23±0.65 -2.62±0.80
P+ NS NS NS <0.025 NS <0.01 <0.05 <0.05 <0.01
P++ NS NS NS NS NS NS NS NS NS

* Units as in Table I. n, number of animals studied. Period A: two 20-min flux periods starting 60 min after mounting the tissue, and 10 min after adding indometh-
acin or solvent control (0.1% ethanol). Period B: two 20-min flux periods starting 10 min after serosal addition of Ca2` ionophore A23187 or carbachol. P+ refers to
comparison of periods A and B in the same tissue (paired t test). P+ refers to comparison of period B - A (A23 187 or carbachol effect) in the absence vs. the pres-
ence of indomethacin (paired t test).
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Table III. Different Effects on Basal and Stimulated Changes
in Ieal Active Na and Cl Absorption Caused by a Ca2+/CaM
Antagonist (W,3) and a Protein Kinase CAntagonist (H-7)

Protein kinase C
antagonist H-7 Ca2+/CaM antagonist

(60 ,IM) W13(45 jiM)

Basal
NaCl absorption - t

'sc f
(slight)

Glucose-dependent Na absorption
Ca2"-mediated changes in Na and

Cl absorption
Carbachol: decreased NaCl -

absorption
Serotonin: decreased NaCl -

absorption
Ca2 ionophore A23187: -

decreased NaCl absorption
cAMP, cGMP-mediated changes

in Na and Cl absorption
Decreased NaCl absorption

-, no effect.

ken cell protein kinase studies are not understood. In this re-
gard, it is of interest that the cAMPprotein kinase inhibitor
also appears far less effective on membrane bound than solu-
ble cAMP-dependent protein kinases (23). This specificity
may not pertain to all intact cells, and the specificity of drugs
such as H-7 must be determined in each individual system in
which they are used. This is why we limit our discussion to
ileal villus Na-absorbing cells. That specificity cannot be as-
sumed for any intact tissue studies was demonstrated recently
in lymphocytes in which neither H-7 nor W13 demonstrated
the specificity found in the current work (24).

Complicating the choice of conditions under which to
study the effect of H-7 is the fact that H-7 competes with ATP
in its action to inhibit protein kinases. Thus the concentration
of ATP and the concentration achieved by H-7 at the site of
interaction on a protein kinase becomes of great importance.
In most cells ATP concentrations are thought to be in the
range of 3-6 mM. With such high concentrations of ATP, it
would not be expected that H-7 would be a very effective
protein kinase inhibitor in intact tissue. In ileal villus cells the
rate-limiting step for Na transport is at the brush border. The
brush border ATP concentration has been estimated to be
several millimolar (25); however this ATPappears to be found
mostly in the cytoskeletal core, and it is possible that the ATP
available to interact with the protein kinases in the plasma
membrane is much lower.

The fact that inhibition of arachidonic acid metabolism by
the cyclooxygenase pathway using indomethacin did not alter
changes in active ileal Na and Cl fluxes caused by carbachol
and Ca2+ ionophore A23187 indicates that cyclooxygenase
pathway products are not involved in the transport effects
which result from elevating Ca2+ in rabbit ileum. In addition
to the experiments shown in Table II, we also determined the
effect of indomethacin (10'- M) added after addition of Ca2"

ionophore A23 187 and demonstrated no difference in the Na
and Cl flux changes caused by indomethacin in the two condi-
tions (data not shown). Thus the effect of elevated Ca2" in the
neutral linked NaCl absorptive process does not appear to be
mediated via the cyclooxygenase pathway. In addition, the
decrease in ISC caused by indomethacin (1-5 M) was only
slightly but not significantly larger in Ca2+ ionophore-exposed
tissue (maximum decrease after indomethacin in ISC in control
(n = 6) and A23187 (10-6 M) (n = 6) exposed tissue, respec-
tively 32.8±7.4 vs. 46.7±8.5 ,A/cm2, NS).

Given the demonstrated specificity of H-7, the major find-
ings of this work are that the effects of raised cytosol Ca2+
concentrations in ileal electrolyte absorption are mediated by
protein kinase C, whereas Ca2+/CaM, possibly acting via a
Ca2+/CaM-dependent protein kinase, regulates basal electro-
lyte transport. That is, the two systems exert sequential, non-
overlapping control over NaCl transport (see Fig. 9). The bio-
chemical explanation for this nonoverlapping control has not
yet been determined, but may have to do with the basal level of
cytosol free Ca2' being set higher in ileal villus cells than in
other intestinal cells (1-3). For instance, basal cytosol free Ca2+
has been estimated in ileal villus cells using the Ca2--sensitive
fluorescent dye fura-2 and a fluorescent microscope/imaging
system. Cytosol free Ca2" in rabbit ileal villus cells was esti-
mated to be 133 nM vs 76 nM in the model Cl secretory line
cell T84 measured under identical conditions (Reinlib, L.,
R. Mikkelsen, D. Zahniser, and M. Donowitz, unpublished
observations).

Our studies support the view that Ca2+/CaM, and not pro-
tein kinase C, is involved in regulation of basal active Na and
Cl absorption in rabbit ileum. Whereas W13stimulated neutral
linked NaCl absorption, H-7 caused a slight increase in ileal I,,
without measurably affecting active Na and Cl transport. Fur-
ther evidence of the independence of the two systems is that
sequential addition of H-7 followed by W13 affected basal
transport similarly to the effect of W13 addition by itself (un-
published observations) and that W13 caused similar effects in
ileal mucosal Na and Cl transport under basal conditions and
in tissue with intracellular Ca2+ increased by the Ca2+ iono-
phore A23 187.

In regard to changes in transport caused by carbachol and
the Ca2" ionophore A23187, W13 had no inhibitory effect
whatsoever whereas H-7 inhibited all aspects of the changes in
Na and Cl transport. The combination of W13 plus H-7 was
neither additive nor synergistic on the secretagogue-induced
changes in Cl fluxes and thus the effect was strictly due to the
inhibition caused by H-7 itself. Thus no hint of synergism or
additivity of the Ca2+/CaM and protein kinase C systems in
regulating either basal or Ca2+-stimulated changes in active Na
and Cl absorption in ileum has been found. The results pre-
sented here do localize the protein kinase C effects at least
partly, distal to the elevation of cytosol Ca2+ in the transport
mechanism, since the Ca2+ ionophore effects were inhibited
similarly to the effects of carbachol and serotonin. Thus, in
addition to feedback effects on the plasma membrane hor-
mone receptor-phosphatidylinositol turnover-diacylglyc-
erol-IP3 aspect of stimulus-secretion coupling which has been
described (26, 27), our system represents an example in which
protein kinase C is used to carry out the effect of elevated Ca2".

While many systems have shown multiple types of interac-
tions of Ca2+/CaM and protein kinase C (26-30), we postulate
that rather than a synergistic or overlapping effect on the ileal
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linked NaCl absorptive process, that Ca2+/CaM and protein
kinase C act in a sequential manner with Ca2+/CaM regulating
basal transport (as previously described [7]), and that when
Ca2l is elevated above basal levels, protein kinase C mediates
the effect.

The concept that elevated cytosol Ca2" is acting through
protein kinase C in the regulation of ileal Na and Cl absorption
and that Ca2+/CaM is not involved is unusual. Most neurohu-
morally mediated systems that act through Ca2l are believed
to respond to neurohumoral secretagogues with an early in-
crease in Ca2", which causes an effect via the Ca2+/CaM com-
plex, with a later, Ca2'-dependent effect which occurs at a
lower although still elevated Ca2" concentration, being due to
protein kinase C (28-30). What biochemically explains the
sequential involvement of Ca2+/CaM and protein kinase C is
not yet known.

It is not known whether the effects of H-7 are exerted on
epithelial cells directly, or on intermediate cells, and this issue
has not been resolved by the current study. The fact that con-
ditions have been selected in which H-7 inhibits ileal villus
absorptive cell cytosol protein kinase C at the same concentra-
tion at which it regulates Ca2+-dependent changes in active Na

MAXIMUM BASAL
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Figure 9. Hypothesis of sequential regulation of ileal villus cell-
linked NaCl absorption by Ca2+/CaM at basal levels of cytosol free
Ca2" and by protein kinase C at elevated levels of cytosol free Ca2+.
Shown is the effect of changes in cytosol free Ca2+ using the basal
Ca2+ level as a reference (represented by the vertical dashed line) on
ileal-linked NaCl absorption. The interaction of the two Ca2+ sys-
tems can be represented approximately as a single S-shaped curve
made up of the two independent concentration response curves.
Ca2+/CaM inhibitors increase linked NaCl absorption indicating that
under basal levels of Ca2 , the Ca2+/CaM complex is inhibiting this
transport process. At basal Ca2+ this Ca2+/CaM effect is at its maxi-
mum(as represented by the upper portion of the Ca2+/CaM dose re-
sponse curve to the right of the vertical) since W13caused similar
stimulation of NaCl absorption under basal Ca2+ conditions and
when the intracellular Ca2+ was increased with a Ca2+ ionophore.
WhenCa2+ is elevated, protein kinase C causes further inhibition of
linked NaCl absorption; however protein kinase C is not involved in
regulation of NaCI absorption under basal conditions (as represented
by the lower portion of the protein kinase C dose response curve to
the left of the vertical) since H-7 had no effect on basal NaCl transport.

and Cl absorption that occur in the same cell type, suggests
that the effects could be exerted directly on the epithelial cell
but neither prove the point nor eliminate the possibility of H-7
affecting other cells indirectly involved in regulating Na and Cl
absorption. Thus, these studies do not eliminate a role for
protein kinase C at nerves, endocrine cells or inflammatory
cells which are all present in the ileal preparation.

The fact that the effects of cAMPand cGMPon ileal Na
and Cl transport were not altered by either H-7, as demon-
strated in this study, or by W13, as reported previously (7),
suggests that neither Ca2+/CaM nor protein kinase C are in-
volved in the cyclic nucleotide-induced changes in ileal elec-
trolyte absorption. It was demonstrated previously that agents
that elevate cytosol free Ca2l in ileal absorbing cells fail to alter
the cyclic nucleotide levels (2, 3). Thus, the Ca2? and cyclic
nucleotide systems appear to act independently on ileal elec-
trolyte absorption.

In summary, Ca2+/CaM and protein kinase C appear to
have separate effects in the regulation of active ileal NaCl ab-
sorption, as depicted in Fig. 9, with Ca2+/CaM acting on basal
transport to inhibit neutral NaCl absorption, while elevating
cytosol free Ca2` above basal levels further inhibits NaCl ab-
sorption. How the cell switches sequentially from the Ca2"/
CaMsystem to protein kinase C, based on the level of cytosol
free Ca2", and why there does not appear to be overlap or
synergism between these systems in ileum remain to be deter-
mined.
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