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To determine if calcium-dependent secretagogues directly act on epithelial cells 
to elicit CI- secretion, their effects on CI- transport and intracellular Ca2+ concen- 
trations ([Ca2+li) were determined in primary cultures of rabbit distal colonic 
crypt cells. The CI- sensitive fluorescent probe, 6-methoxyquinolyl acetoethyl 
ester, MQAE and the Ca2+-sensitive fluorescent probe, fura-2AM were used to 
assess CI- transport and [Ca2+Ii, respectively. Basal CI- transport (0.274 2 0.09 
mM/sec) was inhibited significantly by the CI- channel blocker diphenylamine 
2-carboxylate (DPC, 50 pM, 0.068 5 0.02 mM/sec; P < 0.001) and the Na'/K+/ 
2CI- cotransport inhibitor furosemide (1 pM, 0.1 37 t 0.04 mM/sec; P < 0.01). 
Ion substitution studies using different halides revealed the basal influx to be I- 
> F- 2 CIV > Br-. DPC inhibited I -  influx by -SO%, F- influx by 80%, CI- 
influx by 85%, and Br- influx by 90%. Furosemide significantly inhibited influx 
of Br- (84%) and CI- (81 YO) but not of F- and I-. The effects of agents known to 
alter biological response by increasing [Ca2'Ii in other epithelial systems were 
used to stimulate CI- transport. CI- influx in mM/second was stimulated by 1 
pM histamine (0.58 2 0.05), 10 pM neurotensin (2.07 5 0.321, 1 pM serotonin 
(1.63 2 0.28), and 0.1 pM of the Ca2+ ionophore A23187 (2.05 2 0.40). The 
CI- permeability stimulated by neurotensin, serotonin, and A231 87 was partially 
blocked by DPC or furosemide added alone or in combination. Histamine-in- 
duced CI- influx was significantly inhibited by only furosemide. lndomethacin 
blocked histamine-stimulated CI- permeability but had no effect on the actions 
of the other agents. These studies, focusing on isolated colonocytes without the 
contribution of submucosal elements, reveal that (1) histamine stimulates CI- 
transport by activating the Na+/K+/2CI- cotransporter via a cyclooxygenase-de- 
pendent pathway; (2) neurotensin, serotonin, and A231 87 activate both CI- chan- 
nels and the cotransporter, and their actions are cyclooxygenase-independent. 
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In the mammalian colon, hormones and neurotrans- 
mitters influence C1- transport by activating the intra- 
cellular regulators Ca2+, CAMP, cGMP, and protein ki- 
nase C. Previous studies from this laboratory charac- 
terized the CAMP, PKC, and cGMP-mediated C1- 
permeabilities in primary cultures of isolated human 
(Sahi et al., 1994; Goldstein et al., 1994) and rabbit 
colonocytes (Sahi et al., 1994). The advantage of using 
isolated cells vs. intact epithelia is that the transport 
mechanisms in the colonocytes can be analyzed without 
the contribution of the subepithelial cells. For example, 
phorbol ester induced C1- transport is dependent on 
prostaglandins in intact rabbit colonic mucosa (Musch 
et al., 1990; Smith et al., 1982) but not in isolated rabbit 
colonocytes (Sahi et al., 1994). A variety of secreta- 
gogues influence intestinal C1- secretion via a Ca2+ me- 
diated mechanism. Although the precise mechanisms 
are unclear, agents such as the ionophores, A23187, 
and ionomycin apparently elevate [Ca2 +Ii  by increasing 
Ca2' influx from the extracellular milieu, while others 
0 1996 WILEY-LISS, INC. 

such as histamine, serotonin, neurotensin, and the 
muscarinic agonist bethanechol also appear to release 
Ca2+ from intracellular stores. 

Previous studies on Ca2'-mediated stimulation of C1- 
transport in the rabbit distal colon, have focused 
largely on the actions of A23187 and histamine, al- 
though the mode of action of the latter has not been 
clearly elucidated. In the intact rabbit colonic epithe- 
lium, A23187 increases [Ca2+li and stimulates C1- se- 
cretion (Frizzell, 1977) at least partially, by increasing 
intracellular prostaglandins (Martens et al., 1985; 
Smith and McCabe, 1984; Frizzell, 1977). Similarly, 
the action of histamine on C1- secretion in the intact 
rabbit colon is indomethacin-sensitive (McCabe and 
Smith, 1984) and is enhanced by PGE, (Wang et al., 
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1990). While histamine requires [Ca"], for its actions 
(McCabe and Smith, 19841, it is not known whether it 
increases [Ca2'li in rabbit colonocytes. Extensive stud- 
ies in the rat and guinea pig distal colon indicate that 
histamine also stimulates C1- secretion via a prosta- 
glandin-dependent pathway (Weymer et al., 1985; Ya- 
jima et al., 1988; Wang et al., 1990). 

The effects of Ca2'-dependent secretagogues such as 
neurotensin and serotonin have been studied in other 
species andor segments of the intestine but not in the 
rabbit distal colon. In the cat (Eklund et al., 1987) and 
guinea pig (Yau et al., 1983) small intestine, neuroten- 
sin presumably causes C1- secretion by activating the 
release of neurotransmitters from enteric nerves. While 
serotonin also acts via a neuronal mechanism in the 
guinea pig ileum (Cooke and Carey, 19851, it initiates 
PI hydrolysis and enhances intracellular prostaglandin 
production in the rat colon (Beubler et al., 1990). In 
the rabbit proximal colon, serotonin was found to have 
no effect on C1- secretion (Donowitz et al., 1980). Thus, 
the actions of Ca2+-dependent secretagogues are com- 
plex and may involve the arachidonic acid cascade. 
While some studies have examined isolated colonic 
crypts (Halm et al., 1993), most of the above have been 
conducted on intact colonic sheets, and as such the rela- 
tive influence of the submucosal elements on the final 
response of the colonocytes is not known. 

In the present study, we therefore examined if Ca2+- 
dependent secretagogues can directly alter C1- perme- 
ability of isolated rabbit colonocytes placed in primary 
culture. The halide-sensitive fluorescent probe, 6-me- 
thoxyquinolyl acetoethyl ester (MQAE), was used to 
quantitate C1- permeability and the effects of the Ca2+ 
dependent secretagogues neurotensin, serotonin, hista- 
mine, and A23187 were examined. These agents were 
selected because, unlike bethanechol and carbachol, 
they do not interfere with MQAE fluorescence. The ef- 
fects of the secretagogues on [Ca2+li were monitored 
using the Ca2+-sensitive fluorescent probe, fura-2-AM. 
C1- transport mechanisms were characterized with re- 
spect to their ion dependencies, kinetics, and responses 
to the selected agents. To analyze the prostaglandin- 
mediated effects on C1- secretion, studies were con- 
ducted in the absence and presence of indomethacin. 
DPC was used to assess the C1- permeability through 
C1- channels, and furosemide to study the C1- perme- 
ability via the Na'/K'/2Cl- cotransporter. 

MATERIAL AND METHODS 
Materials 

6-Methoxy-quinolyl acetoethyl ester (MQAE), fura- 
2, fura-2-AM, and pluronic F127 were obtained from 
Molecular Probes Inc. (Junction City, OR). Hams F-12 
Nutrient Mixture and fetal calf serum were from Gibco 
Laboratories (Life Technologies Inc., Grand Island, 
NY). Sterile lactated Ringer's was from Baxter Health 
Care Corporation (Deefield, IL). Diphenylamine-%-car- 
boxylate (DPC) was purchased from Aldrich (Milwau- 
kee, WI) and added from a 50 mM stock solution in 
DMSO. All other reagents were of analytical grade and 
were purchased from Sigma Chemical Co. (St. Louis, MO). 

Colonocyte isolation and culture 
New Zealand White rabbits (2-3 Kg) were from 

Lesser Rabbits (Delfield, WI). The rabbits were housed 

in accordance with the guidelines set by the National 
Institute of Health and the Institutional Animal Care 
Committee. The animals were fed water and Rabbit 
Chow High Fiber (Scientific Animal Feed and Bedding, 
Arlington Heights, IL) ad libitum. Rabbit distal colonic 
epithelial cells were isolated as described previously 
(Benya et al., 1991). The distal colonic tissues were 
transported on ice in oxygenated lactated Ringers con- 
taining 5 mM dextrose and antibiotics (in pg/ml: ampi- 
cillin, 25; penicillin, 120; streptomycin, 270; and am- 
photericin B, 1.25). The colonic mucosa was stripped 
off the underlying muscle and digested (0.1% pronase, 
0.03% collagenase) for 90 min at 37"C, in the presence 
of 3 mM D'M'. The cells were filtered to remove residual 
tissue and serially centrifuged to enrich for crypt cells 
as described previously (Benya et al., 1991). The colono- 
cytes were plated at 2 x lo4 celldml in tissue culture 
media (Hams F-12 nutrient mix), supplemented with 
20% fetal calf serum, insulin (0.5 U/ml), L-glutamine 
(4 mM), hydrocortisone (1 @I), selenium (10.5 mM), 
sodium butyrate (0.5 mM), and antibiotics for 24 hours. 
The cells are not floating but rest on the plastic surface 
of the tissue culture flask; however, very few adhere to 
this matrix. The colonocytes are columnar in appear- 
ance and retain this morphology after 24 hours in cul- 
ture, when the transport studies are conducted, and 
also after loading. 

C1- transport 
Following our previously described protocol (Sahi et 

al., 1994), we determined the rate of C1- influx in pri- 
mary cultures of rabbit colonocytes using the halide 
sensitive fluorescent probe MQAEL Briefly, isolated, 
non-attached cells were pipetted out from the tissue 
culture flask and subjected to low speed centrifugation 
to remove media. Cells were washed in a buffer con- 
taining in mM: NaCl, 110; MgC12, 1; CaC12, 1; dextrose, 
5; mannitol, 50; and K2S04, 1 (Buffer A), and loaded 
with 5 mM MQAE in Buffer A for 5 min at room temper- 
ature and for 90 min on ice. Cells were then C1- de- 
pleted for 30 min in a buffer containing in mM: Na 
isethionate, 110; MgSO,, 1; dextrose, 5; mannitol, 50; 
K2S04, 1; and CaSO, , 1 (Buffer B). Cells did not change 
in morphology after loading. MQAE loaded cells were 
washed to remove any extracellular MQAE and the 
agent to be tested was added to the C1- depleted cells 
5 min before putting the cells into the spectrofluoro- 
meter. Approximately lo4 isolated cells were used for 
each run. Fluorescence was measured at an excitation 
h of 340 nm and an emission h of 550 nm, using a FTI 
Alphascan spectrofluorometer (Princeton, NJ). Wave- 
length scans were obtained for each agent to determine 
if they interfered with the emission spectrum of MQAE. 
Dose response curves were generated for all the secre- 
tagogues to determine optimal concentrations. Baseline 
fluorescence of the MQAE loaded cells in Buffer A in the 
presence of the agent to  be tested were first obtained in 
a C1- free buffer. Five mM NaCl was then added to the 
cuvette and the change in fluorescence monitored over 
time as C1- entered the cells. The rate of C1F influx is 
a reflection of the C1- permeability and was calculated 
as described previously (Sahi et al., 1994), using the 
formula Jc~  = (Fo/Kc1F2)(dF/dt) (see Fig. 2). Jc~  is the 
C1- influx rate in mM/second and dF/dt is the slope of 
the initial rate of change of fluorescence upon addition 
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of C1- (fluorescence units/second). Fo and F are the ab- 
solute fluorescence units in the absence of C1- and in 
the presence of 5 mM C1-. Background fluorescence 
was obtained by adding 150 mM KSCN and 5 p M  valin- 
omycin to the cells. This value was deducted from both 
F and Fo . & is the Stern-Volmer constant for quench- 
ing of intracellular MQAF, by C1- which we have deter- 
mined to be 24.6 M-' for rabbit colonocytes (Sahi et 
al., 1994). Using the same protocol, we determined the 
Stern-Volmer quenching constants for the halides Br-, 
I-, and F-. 

Determination of Stern-Volmer constant 
MQAE fluorescence is quenched strongly by non- 

physiological halides such as thiocyanate and nitrite, 
and quenched weakly by other intracellular anions 
(Verkman, 1990). We determined the quenching con- 
stants for intracellular MQAE by Br-, I-, and F- in 24- 
hour cultured rabbit colonocytes, using the formula: 
Fo/F = 1 + Nhalide], where K is the Stern-Volmer 
constant for MQAE, Fo is the absolute fluorescence in 
the absence of halide, and F is the absolute fluorescence 
at each concentration of halide used. 

[Ca2+Ii concentration 
The acetoxymethyl ester of fura-2, fura-2-M) was 

used for these studies. Excitation was at  340 and 380 
nm, and emission was measured at  505 nm. The 24- 
hour cultured rabbit colonocytes were washed free of 
tissue culture media and resuspended in 1 ml of buffer 
C containing in mM, NaCl 110, KC1 5, Dextrose 5, 
K,(SZO5) 5, TRIS 10, Mannitol 30, and CaC1, 0.1. A 
mixture of fetal calf serum (50 pl), 20% pluronic F-127 
(1.25 pl) and Fura-2-AM (2 pM) was added to  the cell 
suspension, which was then incubated at  37°C for 45 
min. The cells were briefly centrifuged to remove the 
fura-2 and resuspended in buffer C, with the addition 
of 1 mM CaC12. In all experiments, the autofluorescence 
intensity was measured before dye loading so as to sub- 
tract background. To estimate [Ca2'li in the isolated 
colonocyte population, an in vitro calibration curve us- 
ing the membrane impermeable fura-2 in the calibra- 
tion buffer was generated, as described by Nakanishi 
et al. (1990). Intracellular Ca2+ concentrations were 
calculated as described by Grynkiewicz et al. (1985). 

Statistics 
The Student's t-test was run to determine the statis- 

tical significance of differences between observations. 
When more than two means were compared, the analy- 
sis of variance test (ANOVA) was used. Values of 
P < 0.05 were considered statistically significant. In 
all experiments, n values represent the number of ani- 
mals. Samples were run in duplicate or triplicate 
within an experiment and the mean values from these 
is considered n = 1. 

RESULTS 
Ion substitution studies 

Our previous study (Sahi et al., 1994) characterized 
C1- permeability based on DPC and furosemide sensi- 
tivitv. Basal c1- Dermeabilitv (0.274 2 0.09 mM/sec) 

ble 1 and Fig. 2). These data suggest the presence of 
C1- channels and the Na'/K'/2Cl- cotransporter in the 
rabbit colonocytes and we further confirmed this by 
performing ion substitution experiments. Ion transport 
processes can be characterized by the rank order of 
potency of various inhibitors and/or by their ion selec- 
tivity. Since some inhibitors like bumetanide interfere 
with MQAE fluorescence, we could not analyze in detail 
the rank order of inhibitor potency and therefore exam- 
ined the ion selectivity of the secretagogue-stimulated 
permeabilities (Table 1). While most C1- channels are 
permeable to all the halide ions (Frizzell et al., 1984), 
the Na'/K'/2C1- cotransporter is selective for only C1 
and Br- (O'Grady et al., 1987). Verkman (1990) re- 
ported that F- is a more efficient quencher of MQAE 
fluorescence than C1-. To ensure that calculated influx 
rates represent halide permeability and not different 
rates of M W  quenching, we determined the Stern- 
Volmer quenching constants for Br-, I-, and F- in rab- 
bit colonocytes, as described earlier for C1- (Sahi et al., 
1994). This constant was found to be 25.1 M-', 24.2 
M-', and 98.4 M-' for Br-, I-, and F-, respectively. 
These values were then used to calculate the influx 
rates of the respective halides. Basal influx was in the 
order of 1- > F- 2 C1- > Br- (Table 1). DPC inhibited 
I- influx by -50%) while Br- and F- influx rates were 
decreased by 90 and 80%, respectively. Furosemide sig- 
nificantly (P < .001) inhibited influx of Br- by 84% but 
not of F- and 1- (-28 and 16%) not significant). 

Dose response 
Dose response curves were generated for histamine, 

neurotensin, and serotonin, using concentrations be- 
tween 10-l' and M. Histamine caused a significant 
increase in C1- influx rates over the basal (0.333 2 0.05 
mM/sec) a t  lo-'' M (0.678 2 0.04 mM/sec). This influx 
rate did not increase with higher concentrations of his- 
tamine, being 0.611 ? 0.08 mM/sec at M. The 
dose response curve generated with neurotensin was 
sigmoidal and is shown in Figure lA. C1- influx signifi- 
cantly increased between the basal state (0.29 ? 0.02 
mM/sec) and lo-' M (0.62 2 0.17 W s e c ) ,  M 
(0.96 2 0.11 mM/sec), and M (1.67 2 0.14 mM/sec) 
neurotensin. There was no further increase at higher 
concentrations, influx being 1.84 ? mM/sec at M 
neurotensin. The ECS0 for neurotensin was 2.3 pM. 
With serotonin, i.e., 5-hydroxytq1tamine (5HT), there 
was a significant increase at  lo-' M (0.57 2 0.05 mM/ 
sec) as compared to basal values (0.25 2 0.02 mM/sec). 
The C1- influx rate increased steadily with higher doses 
and begins to plateau at lop9 M (1.34 2 0.09 mWsec) 
with a maximal value of 1.55 ? 0.07 at M (Fig. 
1B). The EC50 for serotonin was 44 pM. 

Intracellular Ca" 
To determine whether the putative Ca2 +-dependent 

secretagogues altered [Cali, the latter was assessed us- 
ing fura-2. In our system for studying cells in suspen- 
sion, there is a time delay of 2-3 seconds between the 
addition of the secretagogue and monitoring [Ca2+l, 
when cells in suspension are studied. Therefore, Ca2' 
transients of a duration 5 3  seconds cannot be observed. 
In the basal state, [Ca''], for the isolated rabbit colono- 
cvtes was 29.79 2 1.24 nM (n = 6). A simificant in- 

was "inhibited 75% by DPC and 50% by furosemide (Ta- &ease in [Ca" Ii was observed when the-colonocytes 
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TABLE 1. Effect of inhibitors and secretagogues on ion substitution in primary cultures of rabbit 
colonocytes' 

A 

Halide influx (mM/second) 
Chloride Bromide Iodide Fluoride 

Basal 0.389 2 0.06 0.328 f 0.05 0.425 t 0.01 0.396 5 0.06 
DPC 0.057 f 0.01 0.030 2 0.01 0.219 t 0.11 0.059 f 0.02 
Furosemide 0.075 ? 0.01 0.052 t 0.02 0.358 2 0.11 0.235 ? 0.09 
DPC + furos. 0.031 ? 0.01 0.048 t 0.00 0.310 ? 0.09 0.065 ? 0.02 
Histamine 0.553 5 0.06 0.678 f 0.21 0.482 t 0.16 0.333 ? 0.05 
Neurotensin 1.487 f 0.26 1.660 2 0.71 1.351 2 0.31 0.911 ? 0.19 

'Effect of ion substitution on basal, inhibitor (DPC and furosemide), and secretagogue (histamine and neurotensinb 
sensitive halide influx, in rabbit colonocytes. Colonocytes were isolated and placed in primary culture for 24 hours, as 
described in Materials and Methods. Cells were loaded with MQAE (5 mM), Cl-' depleted and incubated with the agent 
under study for 5 min at 23°C. After fluorescence was measured in the C1- free buffer, 5 mM C1-, or I-. or Br , or F- 
was added and the change in MQAE fluoresence monitored. Results are mean 2 SE of six experiments. Significance 
was calculated by analysys of varisnce for single variables 
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were stimulated with neurotensin (37.97 5 1.38 nM) 
and the Ca2+ ionophore (111.27 2 8.48 nM). However, 
even at 1 pM, neither histamine (31.87 2 2.14 nM) 
nor serotonin (33.26 L 2.47 nM) caused an increase in 
[Ca2+li over the basal state. 
Effect of inhibitors on secretagogue-mediated 

C1- secretion 
We characterized secretagogue-stimulated C1- per- 

meabilities of the rabbit colonocytes a t  2 maximal 
doses of the neurotransmitters: histamine (1 @I), neu- 
rotensin (10 pM), serotonin (1 pM), and the Ca2+ iono- 
phore A23187 (0.1 pM). The effects of the secretagogues 
were measured in the presence and absence of DPC 
andor furosemide. Representative fluorescence profiles 
of the effects of these secretagogues and inhibitors from 
one experiment is shown in Figure 2. Tracings from 
different runs within the experiment have been plotted 
on the same graph. While all cells were treated with 
KSCN at the end of the run, we have truncated this in 
all graphs, except basal, in the interest of showing 
clearly the change in fluorescence caused by different 
agents. These results have been quantitated in Fig- 
ure 3. 

As shown in Figure 3, basal C1- influx (0.274 2 0.09 
mMlsec) was increased to 0.577 ? 0.05 mMlsec by 
histamine, to 2.07 ? 0.32 mM/sec by neurotensin, to 
1.63 2 0.28 mM/sec by serotonin, and to 2.047 t 0.40 
mM/sec with the Ca2' ionophore A23187. This C1- in- 
flux was partially inhibited by DPC (neurotensin, 46%; 
serotonin, 73%; and A23187,61%), showing that a sig- 
nificant part of this influx was via the DPC-sensitive 
C1- channels. DPC did not inhibit histamine induced 
C1- permeability significantly. Furosemide inhibited 
the C1- influx induced by histamine, neurotensin, sero- 
tonin, and A23187 by -51, 31, 57, and 57%, respec- 
tively, suggesting that part of the stimulated C1- per- 
meability occurs via the Na'/K'/2C1- cotransporter. 
The two inhibitors, together, had an additive effect in 
the basal state and also when C1- transport was stimu- 
lated by neurotensin and serotonin. 

Earlier studies on the intact rabbit colonic epithe- 
lium suggest that some Ca2+-dependent secretagogues 
act by increasing tissue prostaglandins (Frizzell, 1977; 
McCabe and Smith, 1984; Martens et al., 1985). To 
determine if this also occurs at the level of isolated 
colonocytes, we examined the effects of indomethacin, 
a known inhibitor of the cyclooxygenase pathway (Fig. 
4). While indomethacin (1 pM) caused a decrease in 
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Fig. 2. Fluorescence profile of the effect of histamine (1 pM), neum- 
tensin (10 pM), serotonin (1 pM), and inhibitors (DPC, 50 pM+ furose- 
mide, 1 pM) on the rate of C1- influx in rabbit colonocytes. Cells were 
isolated and placed in primary culture for 24 hours, as described in 
Materials and Methods. Cells were loaded with MQAE (5 mM), C1- 
depleted and incubated with the agent under study or with DPC and 
furosemide together for 5 min at 23°C. After fluorescence was mea- 
sured in the C1- free buffer, 5 mM C1- was added (arrow) and the 
change in C1- influx monitored. At the end of the run, 150 mM KSCN 
and 5 pM valinomycin were added (arrow head) to quench M W  
fluorescence completely. The various parameters used to calculate 
flux are depicted and represents the Stern-Volmer constant as 
described in Materials and Methods. Partial fluorescence profiles from 
five separate runs have been printed on the same graph and the y- 
axis fluorescence values have been adjusted in the interest of space 
and clarity. It is important to note that the relevant fluorescence 
values are differences and not the absolute values. The complete fluo- 
rescence profile is shown only for the untreated, control cells. Although 
obtained for all groups, the part of the tracing in response to KSCN 
has been deleted for clarity. 

the mean rate of C1- permeability over the basal state 
(basal: 0.31 ? 0.05 mwsec; indomethacin: 0.24 ? 0.01 
mM/sec), this difference was not significant by ANOVA. 
When cells were treated with indomethacin and 1 pM 
histamine, C1- influx declined to 0.32 ? 0.04 mM/sec 
as compared to 0.60 2 0.06 mM/sec with histamine 
alone. These results indicate that the histamine effect 
is mediated via a prostaglandin-dependent pathway. 
Neurotensin, serotonin, and the Ca2+ ionophore, ap- 
pear to act primarily via a non-prostaglandin depen- 
dent pathway, as indomethacin did not block their ef- 
fects on C1- influx significantly. 

Effect of secretagogues on influx 
of different halides 

When the effects of histamine on the influx of C1-, 
Br-, I-, and F was examined, there was a significant 
increase in C1- (1.4-fold) and Br- (2-fold) influx as com- 
pared to basal values. However, histamine did not alter 

the rates of I- or F- influx over the non-stimulated 
state. Influx rates of C1-, Br-, I--, and F- increased 3.8-, 
5.1-, 3.2-, and 2.3-fold, respectively, with neurotensin 
(Table 1). Similarly, A23187 and serotonin also in- 
creased the influx rates of all four halide ions (data not 
shown). 

DISCUSSION 
In C1- secreting cells such as the colonic crypts, alter- 

ations in [Ca2+], have been shown to affect one or more 
of at least three different transport processes: C1- exit 
via C1- channels on the apical membrane, K' exit via 
K' channels, and Na' and C1- entry via the Na+/K'/ 
2C1- cotransporter on the basolateral membrane. In a 
number of cell types, including rabbit distal colonic 
crypt cells, permeability of the apical membrane is a 
rate limiting step for C1- secretion (Frizzell, 1984). De- 
pending upon the cell type, there are mixed reports 
about whether the Ca2' controlled C1- channels are 
different (Cliff and Frizzell, 1990; Anderson and Welsh, 
1991) or the same type (Alert et al., 1992; Kunzebnann 
and Greger, 1993) as the CAMP controlled C1- channel, 
CFTR. In addition to a direct effect on [Ca2+li-depen- 
dent signaling pathways, Ca2+-dependent secreta- 
gogues could also act by increasing prostaglandin pro- 
duction. Stimulation of PGEz can, in turn, lead to depo- 
larization and decrease apical membrane resistance as 
shown for rabbit colonic crypt cells (Welsh et al., 1982). 

In this study, we focused on examining the effects of 
Ca2'-dependent secretagogues on C1- transport pro- 
cesses in isolated colonocytes, independent of submuco- 
sal influences. Our studies revealed that other halides 
can substitute for C1- in the basal state with an order 
of I- > F- 2 C1- > Br-. However, only C1- and Br- 
influx are affected by furosemide, confirming the ion 
selectivity of the cotransporter (O'Grady et al., 1987) 
and the ability of the MQAE fluorescence technique to 
distinguish between major transport processes. In the 
presence of histamine and neurotensin, the order of the 
halide permeability in the colonocytes changed to 
Br- > C1- > 1- > F.. . While no firm comparisons can 
be drawn between such measurements and electro- 
physiological determinations of ion selectivity of chan- 
nels, it is interesting to note that Anderson and Welsh 
(1991) reported that cAMP-stimulated CFTR in T-84 
cells has a selectivity of Br- 2 C1- > I- > F-. A n  earlier 
article by Halm et al. (1988) however, reported the ion 
selectivity sequence for the apical membrane C1- chan- 
nel in T-84 cells to be I- > Br- > C1- > F-. 

Histamine is contained in large amounts in colonic 
mast cells (Metcalfe et al., 1981) and is a major modula- 
tor of intestinal (ma1)function in disease states. Our 
studies with histamine reveal similarities with findings 
in the intact rabbit colon and provide further insight 
into its cellular action. In addition, they demonstrate 
striking differences between rabbit colonocytes and 
other cell types. In rabbit distal colonic sheets, hista- 
mine-stimulated C1- secretion is potentiated by both 
Ca2- (A23187) and CAMP- (PGE,, 8Br-CAMP and chol- 
era toxin) mediated secretagogues and is not affected 
by tetrodotoxin (McCabe and Smith, 1984). In contrast, 
in T84 cells, histamine-stimulated C1- secretion is me- 
diated via [Ca2+li and not CAMP (Wasserman et al., 
1988). In our studies, 1 pM histamine significantly in- 
creased C1- influx in isolated rabbit distal colonocytes. 
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Fig. 3. Effect of DFC andor furosemide on basal, histamine, neuro- 
tensin, serotonin, and A23187-induced C1- influx in rabbit colono- 
cytes. Open bars represent control samples, light gray stippled bars 
are cells treated with DPC, striped bars are cells treated with furose- 
mide, and filled bars represent treatment with both DPC and furose- 
mide. Colonocytes were isolated and placed in primary culture for 

24 hours, as described in Materials and Methods. Cells were loaded 
with M W  (5 mM), C1- depleted and incubated with the agent under 
study alone, or with DPC (50 m) and/or furosemide for 5 min at 
23°C. After fluorescence was measured in the C1- free buffer, 5 mM 
C1- was added and the change in rate of C1- influx monitored. Results 
are mean -t SE of six experiments. 
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Fig. 4. Effect of indomethacin on basal, histamine, neurotensin, sero- 
tonin, and A23187-induced C1- influx in rabbit colonocytes. Colono- 
cytes were isolated and placed in primary culture for 24 hours, as 
described in Materials and Methods. Cells were loaded with MQAE 
(5 mM), C1- depleted and incubated with the agent under study alone 
(open bars), or with indomethacin (stippled bars) for 5 min at 23°C. 
After fluorescence was measured in the C1- free buffer, 5 mM C1- was 
added and the change in rate of C1- influx monitared. Results are 
mean -t SE of four experiments. Significance (*) was calculated by 
analysis of variance for single variables. 

The C1- permeability significantly decreased when in- 
domethacin and histamine were added together, sug- 
gesting that the histamine effect is mediated via pros- 
taglandins. Over the same time period as it affected 
C1- permeability, histamine did not alter [Ca2+li in the 
colonocytes even at very high doses M). These 
results suggest that the histamine effect on C1- perme- 
ability in the isolated colonocytes either does not in- 
volve [Ca2+li or that the changes in [Ca2+li are highly 
transient (12-3 sec) and below the levels of detection 

in our system. Equally important, our findings are the 
first demonstration that in rabbit colonocytes, hista- 
mine stimulates C1- permeability primarily via the 
Na'/K+/2Cl- cotransporter. This is borne out by the 
evidence that furosemide, but not DPC, significantly 
blocks histamine enhanced influx and that histamine 
alters Br- and C1- but not I- and F- influx. These 
results provide the cellular basis for the earlier obser- 
vations of McCabe and Smith (1984) that furosemide 
and indomethacin block histamine-stimulated C1- se- 
cretions in intact rabbit distal colonic sheets. However, 
these authors did not examine the effects of the C1- 
channel blockers or perform [Ca2+li measurements. As 
their studies were on colonic mucosa, no conclusions 
could be drawn about the cellular site of histamine 
action. A problem we faced with studying histamine 
was that some of the colonocyte preparations were com- 
pletely non-responsive to histamine, although they re- 
sponded to neurotensin. The responders also showed 
animal to animal variability (1.5-fold to 2-fold), leading 
to higher standard errors. A similar observation on the 
lack of response of colonic mucosa from some rabbits to 
histamine has been made earlier (McCabe and Smith, 
1984). 

The effect of the [Ca2+li stimulator neurotensin has 
not been studied thus far in rabbit colonocytes. Neuro- 
tensin is found in enteric N cells (Reinecke, 1985) and 
submucosal neurons (Buchan et al., 1986). It is released 
into the lumen by secretagogues like cholera toxin, STa 
(Eklund et al., 1989) and also when high concentrations 
of short chain fatty acids are present in the lumen 
(Fems et al., 1985). Once released, neurotensin may 
cause intestinal fluid secretion by increasing [Ca2'li 
(Donowitz et al., 1982; Brown and Treder, 1988) and/ 
or by stimulating the Ca" dependent release of enteric 
neurotransmitters like Substance P (Stapelfeldt and 
Szurszewski, 1989). In HT29 cells, neurotensin in- 
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creases C1- permeability by raising [Ca2 'Ii and increas- 
ing exocytosis of C1- channel-containing membrane 
vesicles (Greger et al., 1993). Our studies demonstrate 
that in contrast to other intestinal tissues, neurotensin 
can directly act on epithelial cells of the distal rabbit 
colon to enhance C1- transport. This C1- permeability 
is mainly via C1- channels, although the permeability 
through the Na+/K'/2Cl- cotransporter is also in- 
creased. In marked contrast to the actions of histamine, 
stimulation of the colonocytes with neurotensin causes 
a significant increase in [Ca2+li, and is not attenuated 
by indomethacin. 

Serotonin is postulated to be the primary neurotrans- 
mitter to activate the secretory reflex in the enteric 
nervous system (Cassuto et al., 1982; Nilsson et al., 
1983). In rat colon, the effect of serotonin on C1- secre- 
tion is via a non-neuronal mechanism (Zimmerman et 
al., 1984). Serotonin initiates PI hydrolysis after stimu- 
lation of the 5-HT2 receptor in rat aorta (Roth et al., 
1986). Protein kinase C appears to play a role as an 
intermediate in PI hydrolysis and to induce fluid secre- 
tion via prostaglandins in the rat colon (Beubler et al., 
1990). However, in stripped sheets of rabbit proximal 
colon, serotonin does not stimulate C1- secretion (Do- 
nowitz et al., 1980). The present study is the first to 
examine the effects of serotonin on rabbit distal colon. 
Serotonin enhanced C1- permeability via both the C1- 
channel and the Na+/K+/2Cl- cotransporter in these 
colonocytes. In contrast to the rat colon, these effects 
did not appear to be mediated by the prostaglandin 
pathway. However, serotonin did not increase [Ca2+li, 
concentrations significantly. As in the case of hista- 
mine, it is possible that serotonin causes an early tran- 
sient increase in [Ca2+li that is 52-3 seconds. Alterna- 
tively, it is conceivable that serotonin acts by a [Ca2+li 
and prostaglandin-independent pathway. The EC50 
value obtained for serotonin (44 pM) was one to two 
orders of magnitude less than what has been reported 
for a wide variety of cell types (0.9-2 pM) (e.g., Osborne 
et al., 1993). We can only speculate that this is because 
our isolated cell preparation may unmask certain high 
affinity receptors and/or remove inhibitors of serotonin 
action. 

Our studies with the Ca2+ ionophore A23187 re- 
vealed some features distinct from those reported for 
intact rabbit colonic mucosa. A23187-induced C1- per- 
meability was enhanced via both the C1- channels and 
the cotransporter in the colonocytes. In contrast to 
findings on intact colonic mucosa (Smith and McCabe, 
19841, this effect is not dependent on the synthesis of 
prostaglandins. This implies that A23187 acts on sub- 
mucosal elements to increase prostaglandin synthesis, 
and this in turn contributes to the overall secretory 
response. Our studies also indicate that prostaglandins 
are not essential for A23187 causing an increase in 
ICa2+l, in isolated colonocytes. 

In summary, this study provides new information on 
the cellular mechanisms regulating C1- transport in 
colonocytes. First, our findings further delineate earlier 
studies on intact colonic mucosa stripped of underlying 
muscle (McCabe and Smith, 1984) and reveal that in 
the rabbit colon, histamine acts via prostaglandins to 
alter Na+/K+/2Cl- cotransport and thereby affect C1- 
secretion. In contrast to histamine action on T-84 cells 
(Dharmsathaphorn et al., 19891, its action on rabbit 

colonocytes does not appear to  involve increases in 
[Ca2+], . Second, our findings demonstrate that A23187 
can enhance C1- transport in colonocytes by a prosta- 
glandin independent pathway and imply that the pros- 
taglandin-dependent action of A23187 in the intact co- 
lonic epithelium must involve submucosal elements 
(McCabe and Smith, 1984). Third, we provide new evi- 
dence that neurotensin and serotonin are potent stimu- 
lators of C1- transport in the rabbit colon. Their actions 
are independent of prostaglandin synthesis and only 
neurotensin appears to act by increasing [Ca2+li. Thus, 
the isolated colonocyte preparation is a good model to 
dissect the complex signaling pathways evoked by the 
Ca2+-dependent secretagogues without the contribu- 
tion of submucosal elements. 
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