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NPY inhibits ion secretion by reducing chloride and potassium conductance 

Abstract 

Neuropeptide Y (NPY) is probably the most abundant neuropeptide, with a plethora of 
central as well as peripheral effects, including its proabsorptive action in the gastro-intestinal 
tract. The effects of NPY on electrical parameters related to three different pathways 
stimulating ion secretion were investigated using the human intestinal cell line HT29cl.l9A. 
Transepithelial potential and resistance were measured with the preparation maintained in a 
horizontal Ussing chamber, allowing simultaneous measurement of the membrane potential 
and determination of the fractional resistance of the apical cell membrane. It was found that 
application of NPY, after the adenylyl-cyclase-activating drug forskolin, resulted in complete 
inhibition of forskolin-induced effects within approximately 20 min. The secretion stimulated 
by adenosine appeared to be insensitive to NPY. The acetyl choline analogue carbachol 
stimulates ion secretion by increasing intracellular free calcium concentrations ([Ca ];) 
which activates the basolateral potassium (K+) conductance. NPY caused 50% inhibition of 
the effect of carbachol. Measurements of [Ca2+], showed that NPY inhibited the carbachol-
mduced rise in [Ca2+]i, which correlates with the reduced activation of basolateral K7 
channels. From this study we conclude that NPY inhibits cAMP-stimulated as well as Ca +-
stimulated secretion via a reduction in the apical Cl~ and basolateral K+ conductance. This 
Jouble effect makes NPY an effective proabsorptive peptide. 

Introduction 

Several peptides of neural or endocrine origin that are present in the intestinal mucosa have 
been shown to play a role in physiological functions, including epithelial ion transport [1]. 
Neuropeptide Y (NPY), a 36-amino-acid peptide, localized in both the myenteric and 
submucous plexi, has been shown to influence motility by causing relaxation of longitudinal 
muscles. The effect appeared to be indirect via stimulation of release of norepinephrine from 
sympathetic neurons, which inhibits acetyl choline release from postganglionic neurons 
through interaction with cc2 receptors [2]. Another important action of NPY is the regulation 
of water and ion transport by the intestinal epithelium. Both in vivo and in vitro studies with 
several species, including humans [3, 4, 5, 6, 7], have shown that NPY can inhibit 
secretagogue-induced secretion and can stimulate absorption. In porcine distal jejunum [3] 
and rat distal colon [7], NPY reduced basal as well as cAMP-stimulated secretion. In rat 
jejunum, the increase in short-circuit current induced by carbachol (an acetyl choline 
analogue) was also inhibited [4]. However, this was not observed to occur in rat distal colon 
[7]. NPY is structurally related to peptide YY, which is re-leased into the blood after a meal 
[8]. These peptides share a common receptor (Y,) along the villus-crypt axis of the 
epithelium of the rat small intestine [9]. These receptors are predominantly expressed in the 
crypt cells. A similar distribution of the Yi receptor mRNA has been found in human colon 
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Chapter 6  

[10]. Coupling of this receptor to intracellular pathways appears to be cell-type specific. 

Recently, Mannon et al. [11] demonstrated that the human intestinal epithelial cell line HT29, 

treated with butyrate, expresses functional NPY/PYY receptors in the basolateral membrane, 

which makes this cell line a very useful model with which to study NPY effects at the cellular 

level. The receptor was characterized as a Y, receptor, negatively coupled to adenylyl cyclase 

and thereby reducing the intracellular cAMP concentration. Though in several other cell 

types it has been found that Y, receptor activation can induce changes in the intracellular 

calcium concentration, [Ca2+], [12, 13, 14, 15, 16, 17, 18], no effects of NPY on [Ca2"]; were 

seen in butyrate-treated HT29 cells. The CI" secreting subclone HT29cl.l9A also appeared to 

express functional NPY receptors. The work described in this paper relates to the effects of 

NPY on ion transport in this cell line, measured as intra- and ex-tracellular electrical changes. 

It was found that NPY affects the basal secretory state of the cells as well as cAMP- and 

Ca +- induced electrical changes. 

Materials and methods 

Cell culture 

The cell culture method that was used has been described previously [19]. In short, the 

HT29cl.l9A cell line, passage number 9-30, was grown in Dulbecco's Modified Eagles 

medium supplemented with 10% fetal calf serum. The medium contained 40 mg/1 penicillin, 

8 mg/1 ampicillin and 9 mg/1 streptomycin. The cells were seeded in 25-cm 2 culture flasks 

that were placed in an incubator (5% C 0 2 /95% 02) at 36.5°C. For experiments, cells were 

subcultured on transparent filters (Falcon, 25 mm diameter) for 10-21 days to form confluent 

monolayers. The medium was replaced every other day. 

Solutions 

All electrophysiological experiments were performed using bicarbonate-buffered Ringer's 

solution (pH 7.4). For the Ca2+ -imaging measurements, Tris/HEPES Ringer was used. The 

composition of the bicarbonate Ringer was (in mM): NaCl 117.5, KCl 5.7, NaHC03 25.0, 

NaH2P04 1.2, CaCl2 2.5, MgS04 1.2, mannitol 27.8. The composition of the Tris/HEPES 

Ringer was (in mM): NaCl 137.5, KCl 5.7, Tris/HEPES 10.0, NaH2P04 1.2, CaCl2 2.5, 

MgS04 1.2, mannitol 27.8. 
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Microelectrode experiments 

The filter was cut from the ring, rinsed with Ringer buffer and divided in four pieces. One-
quarter was mounted in a small horizontal Ussing chamber, leaving an oblong area of 0.35 
cm2. The apical (upper) and basolateral (lower) compartments were continuously perfused 
with Ringer solution gassed with 5% C02 /95% 02 and maintained at 37°C. Both 
compartments were connected through Ringer/agar bridges to Ag-AgCl electrodes to monitor 
the transepithelial potential (Vt). An extra Ag/AgCl electrode was connected to the apical 
compartment to serve as a ground. Apical membrane potentials (Va) were measured by 
impalement with glass microelectrodes, pulled from capillaries (1 mm o.d., Clark 

lectromedical, Reading, UK) with a Flaming Brown P-87 micropipette puller (Sutter 
instrument, San Rafael, Calif, USA) and filled with 0.5 M KCl. The tip resistance of the 
electrodes, inserted in the bath solution, was 80-200 MQ. and the tip potential 2-5 mV. In the 
wall of the upper and lower compartment current electrodes (Ag-AgCl) were placed; these 
were used to apply bipolar current pulses from a floating current source of 10 and 50 |jA, at 
30-s intervals, in order to calculate the transepithelial resistance (Rt ) and the fractional re
sistance of the apical membrane [fRa = Ra /(Ra + Rb)]- The equivalent short-circuit current 
(Isc) was calculated from Vt and Rt. The potentials were measured differentially with M-4A 
electrometer probes (W-P Instruments, New Haven, Conn., USA) and continuously displayed 
on a dual-beam oscilloscope and recorded on a multipen recorder and on a computer using 
custom-made software. 

The microelectrode measurements were corrected for the offset of the electrodes and 
for the resistances of the fluid and the filter without cells. All data are presented as mean ± 
SE. Statistical significance was evaluated using the unpaired t-test. The P values < 0.05 are 
presented as * and P < 0.01 as **. 

Measurement of [Ca ], 

[Ca +]i was measured by dynamic fluorescence microscopy of fura-2-loaded confluent 

monolayers, as described previously [20]. HT29cl.l9A cells were grown as described above 

on transparent permeable filters (Falcon, 0.6 cm2, 0.4 (iM pore size, Micronics) for a duration 

of 14 days. A confluent monolayer was loaded with fura-2 for 2 h in an incubator (37°C, 5% 

C02 /95% 02), in normal growth medium containing 10 uM fura-2/AM, 0.01% (w/v) 

pluronic F127 and 4% (v/v) fetal calf serum. Subsequently, the monolayer was washed twice 

with Tris/HEPES buffer solution and mounted in a perfusion chamber that was placed on the 

stage of an inverted microscope (Nikon Diaphot, Tokyo, Japan) and maintained at 37°C. The 

apical and basolateral compartments were perfused separately with buffer solution at flow 

rates of 1 and 5 ml/min respectively. Fluorescence measurements were performed with a 

long-working-distance objective (Fluor 60x; N.S. = 0.7; Nikon). Dynamic video imaging was 

carried out with MagiCal hardware and TARDIS software provided by Joyce Loebl (Tyne 
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and Wear, UK). Cells were excited intermittently at 340 nm and 380 nm and fura-2 

fluorescence emission was monitored at 492 nm. After correction for background the ratio 

between the 340 nm and 380 nm frames was calculated. The interframe interval between the 

ratio frames was 6.4 s. On every filter, [Ca2+]j was calculate according to the formula derived 

by Grynkiewicz et al. [21]: [Ca2+], = Kd • Rbl [(R-R min )/(Rmax -R)]. Kd is 224 nM and Rbf is 

the ratio of the 380 nm excitation fluorescence emission intensities measured in the absence 

and presence of 2 mM Ca2+ in the extracellular medium after the addition of 5 uM 

ionomycin. 

Materials 

All cell culture materials were obtained from Gibco (Breda, The Netherlands), except for the 

Falcon filters Micronic, Lelystad, The Netherlands), penicillin/streptomycin (Boehringer 

Mannheim, Almere, The Netherlands) and ampicillin (Sigma, St. Louis, Mo., USA). 

Chemicals used for the buffer solutions were obtained from Merck (Merck Nederland), 

except for Tris(hydroxymethyl)amino-methane (Janssen Chimica, The Netherlands). NPY, 

carbachol, forskolin, A^,2'-0-dibutyryl 3':5'-cyclic monophosphate (dB-cAMP) and 

adenosine were purchased from Sigma. 

Results 

Inhibition of the basal ion-secreting activity ofHT29cl.l9A monolayers by NPY 

Preincubation for 20 min of confluent monolayers with 1 uJVl NPY at the basolateral side 

caused a decrease of Rt and Vt and a reduction of Isc. No change was seen in the membrane 

potential ( Va) or in the fractional resistance of the apical membrane. A summary is presented 

in Table 1. 

Table 1. effect of NPY on baseline values of electrical parameters 

V,, mV R,, n.cm2 Va, mV fR, Isc, uA.crn2 

Baseline 3.3 ±0.4 164±11 -52 ± 2 0.73 ± 0.03 21 ±2 

20 min. after NPY ( luM) 2.0 ± 0.3 137 ± 9 -52 ± 2 0.74 ± 0.03 15 ± 2 

A -1.3 ±0 .3 -27 ± 4 * 0 ± 2 0.00 ± 0.02 - 6 ± 1 * 

Average electrical parameters of 27 monolayers before and after application of NPY (ImM) to the basolateral 
bathing solution. Vlaues are presented as mean ± SE (V„ transepithelial potential; R„ transcpithelial resistance; 
Va, apical membrane potential; fRa, fractional resistance of apical membrane; lsc, equivalent short circuit 
current). For V„ and fRa, n=21). * PO.05. 
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NPY inhibits ion secretion by reducing chloride and potassium conductance 

forskolin 3 JJM 

NPY 0.1 pM 
NPY 0.3 jvM 

dB-cAMP 100 nM 

NPY 1 |jM 

WASH 

5 min 

Isc 

igure 1. A typical experiment (one of four) showing 
the inhibitory effect of neuropeptide Y (NPY, 0.1 and 
0.3 (iM) on the electrical changes induced by forskolin 
'3 |iM). Both NPY and forskolin were applied to the 
lasolateral bath (bold lines and dots). The thin lines 
ind open dots represent a parallel experiment with 
forskolin alone. Note that transepithelial potential (V,) 
tarted to decrease after addition of 0.1 u\M NPY 

while no change in apical potential (Va) or fractional 
apical resistance (fRa) was seen until 0.3 pM NPY 
was added. See text for explanation. (ISL. Short-circuit 
current). 

Figure 2. One example of three experiments which 
showed that NPY (1 pM), added to the basolateral bath, 
was ineffective at reducing the electrical changes 
induced by basolateral application of 100 pM rf\2 -O-
dibutyryl 3':5'-cyclic monophosphate (dB-AMP) 
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Inhibition of forskolin-induced CI" secretion It has been shown that, in HT29cl.l9A cells, 

forskolin stimulates protein-kinase-A- (PKA-) activated CI" channels (cystic fibrosis 

transmembrane conductance regulator or CFTR) [19, 22], via direct activation of adenylyl 

cyclase, resulting in depolarization of Va, a reduction of fRa and an increase of Vt and Isc. 

Addition of 0.3 |aM NPY to the basolateral bath of a monolayer stimulated with forskolin 

relaxed the response of these parameters to baseline levels in about 20 min. A typical 

example of four experiments is shown in Fig. 1. Addition of 0.1 |iM NPY caused a small 

decrease in Isc, without notable effects in Va and fRa. Application of 1 (J.M NPY induced a 

faster change but did not affect the maximal effect. Thus, the EC 50 of the NPY effect is 

between 0.1 and 0.3 (J.M NPY. When CI" secretion was stimulated directly by circumventing 

adenylyl cyclase, through application of 100 uM dB-cAMP, 1 uM NPY was without effect. 

Figure 2 shows one example. Another intracellular pathway that has been suggested to be 

involved in ion transport in intestinal epithelial cells is the activation of phospholipase A2, 

which may result in the production of free arachidonic acid [23], The physiological activator 

of this pathway appeared to be adenosine. In HT29cl.l9A cells addition of adenosine to the 

basolateral side caused electrical changes similar to those induced by forskolin, except that 

the adenosine response was transient so that baseline levels were attained again after about 40 

min. When NPY (1 |xM) was added at the summit of the adenosine-induced effect, the slope 

of the relaxation of the adenosine-induced response was not altered (Fig. 3). Also 

preincubation of the cells with 1 |iM NPY had no statistically significant effect on adenosine 

induced changes (Table 2). 

Table 2. effect of NPY on changes in electrical parameters induced by 100 \xM adenosine 

V„ mV R„ n.cm2 Va, mV fRa lsc, uA.cm ° 

Control (n=6) 

Baseline 3.8 ±0.6 178 ±27 -48 ±3 0.64 ±0.02 22 ±2 
Adenosine 12.6 ±1.4 141 ± 14 -22 ±3 0.26 ±0.06 91 ± 8 

A 8.8 ± 1.1 -37 ± 14 26 ±3 

NPY (n=5) 

-0.38 ±0.05 69 ±8 

Baseline 2.5 ±0.5 152 ±23 -49 ±5 0.73 ± 0.02 17±3 
Adenosine 9.7 ± 1.2 124 ± 17 -18 ±4 0.21 ±0.04 81 ± 10 

A 7.2 ± 0.9 -28 ± 6* 31 ±2 -0.51 ±0.03 64 ±8 

Lack of effect of preincubation with NPY on adenosine-induced electrical changes. Average changes in 
electrical parameters induced by adenosine in naive monolayers (control) or after incubation of 1 mM NPY (20 
min) in the basolateral bath. Values are presented as mean ± SE. 
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adenosine 
NPY 0.3 uM 

INPY 1 uM 
wash 

Figure 3. One example of four 
experiments demonstrating the lack of 
effect of NPY (0.3 and 1 uM) on the 
electrical changes provoked by 100 u.M 
adeno-sine in the basolateral bath. 

ISC 

Inhibition of the carbachol-induced secretion 

In addition to the inhibitory effect of NPY on cAMP-induced CI" secretion, we also found an 

effect of NPY on carbachol-induced secretion. Carbachol, a stable muscarinic agonist, 

induced a biphasic intracellular response. A typical response to 10 uM carbachol is shown in 

Fig. 4. The complex effect of carbachol on HT29cl.l9A has been described in detail [24]. 

First, the cell membrane depolarizes, followed by a fast hyperpolarization. Because similar 

changes can be caused by elevating [Ca2+]„ it is believed that the fast depolarization is the 

result of transient opening of Ca2"-sensitive CI" channels and that the hyperpolarization is 

caused by opening of Ca2+-sensitive K+ channels in the basolateral membrane. After 20 min 

of preincubation of the cells with 1 |iM NPY, the intracellular effect of 10 \xM carbachol was 

significantly reduced (Fig. 4 and Table 3). Both the depolarization (phase 1) and the fast 

hyperpolarization (phase 2) were approximately 50% smaller than in the control situation. 
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The other changes in electrical parameters caused by carbachol are not measurably affected 
by NPY. 

Figure 4. Tracings, representative of 
five experiments in the presence of 1 
[lM NPY (bold line and dots) and four 
control measurements (thin lines and 
open dots), of the effects of carbachol 
addition (10 pJVI, basolateral) on the 
electrical parameters. NPY was added 
on the basolateral bath 20 min before 
carbachol. 

I sc 

Table 3. effect of NPY on carbachol-induced changes in Va by NPY 

Carbachol (n=4) NPY+carbachol (n=5) 
Va, mV Va, mV 

Baseline -56 ± 4 -53±5 

phase 1 

A phase 1 

phase 2 
A phase 2 

-32 ± 4 
24 ± 2 

-64 ± 3 
-8 ± 2 

-44 ± 5 
8 ± 1 * 

-57 ± 5 
-4± 1* 

Inhibition of the carbachol-induced changes in membrane potential by NPY. Changes in membrane potential 
induced by carbachol (10 uM) in naive monolayers (control, n = 4) or after incubation with 1 uM NPY (20 min, 
n = 5) in the basolateral bath. Values denoted as phase 1 were measured at the time point of maxi-mal 
depolarization of Va and values indicated as phase 2 during the maximal hyperpolarization. Values are presented 
as mean ±SE. * significantly different from corresponding value without NPY incubation (P<0.5, unpaired 
Student's t-test). NPY appeared to have only effect on Va. Changes in other electrophysiological parameters 
induced by carbachol were not measurably affected by the presence of NPY. 
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\JPY inhibits the carbachol-stimalated Isc 

To study the effect of NPY on carbachol-induced Isc, the manifestation of the transepithelial 

effect of carbachol was increased. This could be accomplished by enhancing the apical 

conductance before carbachol was added. For this purpose adenosine was used, because the 

response to it was shown to be unaffected by preincubation with NPY. Adenosine (100 uM) 

was added to the basolateral side of the cells. At the summit of the adenosine-induced effect, 

carbachol (100 uM) was applied to the same bath. Under these circumstances an increased 

conductance for K+ ions resulted in an increase in current. Part of the monolayers was 

preincubated with 1 |J.M NPY for 20 min. The changes induced by carbachol under both 

conditions are shown in Fig. 5a and are summarized in Fig. 5b. 

adenosine 

carbachol 

wash 

Isc 

Figure 5A. Changes in equivalent short-
circuit current Isc induced by combined 
addition of adenosine (100 uM) and 
carbachol (100 uM) under control 
conditions (open dots) or after 20 min 
preincubation with 1 uM NPY (black 
dots). 

160-1 
B 

T s control 
NPY 

- 120-
E 
u 
1 80-

T 
T 

U T 
40-

n. 

* 

baseline carbachol 

Figure 5B. Histogram demonstrating 
the inhibitory effect of NPY 
preincubation (1 uM, 20 min, 
basolateral bath) on the Isc induced by 
adenosine (100 uM) plus carbachol (100 
uM) in the basolateral bath. Values for 
adenosine-induced changes were 
measured just before carbachol addition; 
carbachol-induced changes are peak 
values (see A). Values are means ± SE. 
For control measurements, n = 6; for 
measurements in the presence of NPY, n 
= 5. * Significantly different from 
corresponding values without NPY 
(P<0.05, unpaired Student's Mest). 
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NPY reduced basal and carbachol-stimulated [Ca2+Ji 

The inhibition by NPY of the carbachol-induced electrical changes could be due to changes 

in the ability of carbachol to elevate [Ca2+];. To test this possibility, confluent monolayers 

were loaded with fura-2 for 1.5-2 h in DMEM at 37°C. During the last half-hour of the 

incubation the medium was replaced with buffer solution (control) plus fura-2 or buffer 

solution plus fura-2 and 1 |iM NPY. For both groups basal and carbachol-stimulated [Ca 2+ ] 

i were measured. Figure 6 shows results of a typical experiment, and a summary of all 

experiments is presented in Fig. 7. After application of 10 jxM carbachol to the basolateral 

side of the monolayer, [Ca +], rapidly in-creased and remained at an elevated steady-state 

level for as long as carbachol was present (Fig. 6). Preincubation with 1 |aM NPY caused a 

40% reduction of the basal [Ca2+]i and a 50% reduction of the carbachol induced increase 

(Fig. 7). 

1000 

—. 800 

•£• 600 

cS 4 0 0 -
CO 
O 

200 

0 J 

-carbachol 10 uM 

-NPY 1 uM + carbachol 10 uM 

2 min 

Figure 6. Representative measurement 
of increases in [Ca_+]j induced by 
carbachol (10 uM) with or without 
preincubation (20 min) in NPY (1 U.M). 
NPY and carbachol were both added to 
the basolateral side of the monolayer. 

carbachol 

500 

400 

S 300H 

l3 200 

100 

0 

X. 

control 
NPY 

I 
Figure 7. Average [Ca""], just before 
(baseline) and after perfusion of 
carbachol (10 uM) on the basolateral 
side of confluent monolayers. Five 
filters were given NPY (1 uM) 20 min 
before mounting in perfusion chamber. 
The baseline values as well as the 
effect of carbachol in the presence of 
NPY were significantly different from 
corresponding values without NPY 
(PO.05, unpaired Student's /-test). 

baseline carbachol 
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discussion 

The peptide NPY, abundantly present in the enteric nervous system, has been shown to exert 
its effect on cAMP-mediated water and ion secretion in the colon and small intestine of 
several species [25, 26, 7]. Studying the effects in vitro, to clarify at what level(s) the effects 
take place, has been rather complicated, in as much as isolated intestinal mucosa always 
contain more than one cell type. In recent years, intestinal cell lines and isolated cells in 
culture have become available and have been shown to be valuable tools with which to reveal 
the mechanisms that account for these effects. It was shown by Mannon and coworkers [11] 
that the epithelial cell line HT29, treated with butyrate to induce differentia-tion, expresses 
functional Y, receptors, negatively coupled to cAMP. No effects of NPY in this model were 
found on [Ca2+]i, with or without carbachol. In the present study, electrophysiological 
techniques were used to study the effects of NPY on ion transport activated by several 
intracellular pathways in HT29cl.l9A cells, a fully differentiated transporting clone of the 
HT29 cell line. A schematic representation of the proposed actions of NPY on these 
processes is given in Fig. 8. 

-q 
'(/> 
"re 
y 

'Q. 
CO 

Na+_ W 

CI-

m adenosine 
J 

• • ^ - © — (PLA?) 
~P\À \,forskolin 

.cAMP 
c/> c r 
à- S" 
™ o 

Û3 
r+ 
CD —\ 
O) 

Figure 8. Schematic representation of the postulated effect of NPY on ion transport processes in HT29cl.l9A 
cells. Na-K-2C1 cotransporters and Na/K-ATPases are depicted as A and B respectively. (CFTR, cystic fibrosis 
transmembrane conductance regulator; PLA2, phospholipase A2; PKA, protein kinase A). 

It was shown that NPY inhibits the basal secretory state as well as cAMP-stimulated 

ion secretion, activated by forskolin, while NPY has no effect on dB-cAMP- induced 

secretion. The lack of effect of NPY in the presence of dB-cAMP suggests that the observed 
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reduction of Isc by NPY is not caused by activation of a serosa- to-mucosa current by the 

peptide and is fully compatible with the inhibitory action of the peptide on cAMP production, 

as observed in another clone of HT29 cells [11]. The effect of NPY on the actions of other 

secretagogues was also tested. NPY did not influence the adenosine-induced electrical 

changes, but did reduce the Ca2+-mediated response, stimulated by the muscarinic receptor 

agonist carbachol, by approximately 60%. The latter effect appeared to be largely due to a 

decreased rise in the carbachol-stimulated [Ca2+]j. This corroborates the suggestion of Cox 

and Cuthbert in 1988 [27], i.e.that Ca"+-stimulated secretion in rat jejunum could be inhibited 

by NPY. Incubation of monolayers with NPY for 20 min caused a 30% decrease in 

spontaneous lsc, when compared to control levels, but no change in Va and fRa was observed. 

From electrical circuit analyses of leaky epithelia [19], it can be concluded that in that case 

the observed reduction of Isc after application NPY must be caused by a decrease of the 

difference between the electromotive force across the apical (Ea) and across the basolateral 

(Eb) membranes and, most probably, concomitant changes in the resistances Ra and Rb . [That 

is because the difference (Ea-Eb) is the driving force for transcellular current. A change in E 

can occur from changes in ion conductances or changes in the concentration of ions 

(primarily Na+, K+ or CI"). As we have no indications of changes in ion activity we postulate 

that the changes in Ea and Eb occur primarily via effects on ion conductances in the 

membranes.] Because Va and fRa remained constant, Ea and Eb must have changed in 

opposite directions, that is Ea hyperpolarized and Eb depolarized. The hyperpolarization of Ea 

could be due to a decreased CI" conductance, which also leads to an increase in Ra. (This is 

compatible with the observed decrease in cAMP in HT29 cells [11]) Since no effect on fRa [= 

Ra /(Ra + Rb)] was seen, an increase in Rb must have taken place as well. This conclusion fits 

with the postulated depolarization of Eb and suggests that NPY decreased the K conductance 

of the basolateral membrane. Therefore, in addition to its effect on the apical CI" 

conductance, it is suggested that NPY can also inhibit the resting basolateral K+ conductance. 

Such an effect on basolateral K channels has also been postulated for somatostatin by Lomax 

et al. [28] in human colonocytes. Another hypothetical possibility to explain the 

depolarization of Eb and the increase of Rb is that NPY strongly decreases the intracellular K+ 

activity, by reducing the activity of K+ uptake mechanisms (Na7K+ pump, Na+-K+-2C1" 

cotransporter). However, we are not aware of observations, which may corroborate this 

speculation. Then the apical CI" conductance was first stimulated via forskolin-induced 

activation of adenylyl cyclase, so that electrophysiological parameters had reached a steady-

state, the addition of 0.3 M NPY caused a repolarization of Va which reached the baseline 

level within approximately 20 min. A three times lower concentration of NPY appeared to 

decrease V( and Isc without a notable effect on Va and fRa (see Fig. 1), which suggest that at 

this concentration NPY effectively inhibited the K+ conductance while the effect on the 

apical CI" conductance had not yet reached its maximum. It may be that at this concentration 

of NPY the repolarization of Ea is more or less compensated by a depolarization of Eb, so that 

no change in Va could be observed. Following this line of thought, the addition of a higher 
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concentration of NPY (0.3 |iM) might cause a more prominent repolarization of Ea, resulting 
in a repolarization of Va. Because NPY did inhibit forskolin-induced CI" secretion, but not the 
secretion induced by dB-cAMP, it can be concluded that in HT29cl.l9A cells NPY inhibits 
cAMP-induced secretion at the level of adenylyl cyclase (see [11]). In many cell types 
adenosine receptors are coupled to adenylyl cyclase and exert their action through cAMP. 
However, Barrett et al. [23, 29] reported that in the T84 cells, another intestinal epithelial cell 
line, adenosine can increase Isc-mediated by A2 receptors, without a detectable rise in cAMP 
and [Ca2+]i, and that this effect on Isc can be inhibited by PLA2 inhibitors. Comparable results 
could be obtained in studies of HT29cl.l9A cells (unpublished observations). The present 
study demonstrates that incubation of HT29cl.l9A with NPY had no significant effect on the 
adenosine-mediated electrical changes, suggesting that NPY is ineffective at inhibiting PLA2-
mediated secretion. In addition to the effect of NPY on cAMP-mediated ion secretion the 
electrical changes induced by muscarinic receptor activation with carbachol were also 
reduced by the peptide. Application of carbachol causes a multi-phasic electrical response in 
these cells, which is Ca2+-dependent [24]. Phase 1, a fast transient depolarization of Va, is 
caused by an increased CI" conductance in both membranes. Subsequently, Va hyperpolarizes 
due to the opening of basolateral K+ channels (phase 2). Occasionally a slow depolarization 
follows phase 2, accompanied by an increase in Vt and Isc caused by a stimulation of another 
CI" conductance in the apical membrane only (phase 3). However, in the large majority of 
experiments, due to the low apical CI" conductance, Vt and Isc hardly changed, in spite of the 
increase in K+ conductance during phase 2. Incubation with NPY reduced both phase 1 and 
phase 2 by approximately 60%. In the experiments in which the apical membrane 
conductance was increased by adenosine before carbachol was added, the reduction of phase 
2 by NPY was shown to be effective at reducing Isc. Experiments with fura-2 showed that 
these electrical measurements correlated with a reduced rise in intracellular Ca"+. Some 
studies, using other cell types, also reported an inhibitory effect of Yi receptor activation on 
intracellular Ca2+ activity [14, 18]. In melanotrope cells of Xenopus laevis, NPY inhibits 
basal cAMP production and sponta-neous Ca2+ oscillations via a Y, receptor [18]. The 
coupling of Yi receptors to Ca2+ mobilization has been shown to be cell-type specific. Herzog 
et al. [15] showed that the Yi receptor expressed in the 293 cell line couples to a pertussis-
toxin-sensitive G protein that mediates the inhibition of adenylyl cyclase. No effect on 
intracellular Ca2+ levels has been detected, whereas the Yi receptor expressed in Chinese 
hamster ovary cells is not coupled to the inhibition of adenylyl cyclase but rather to the 
elevation of intracellular Ca2+. It has been shown [16] that Yi receptors expressed in COS1 
cells reduce cAMP levels and stimulate Ca2^ influx. In other cell types, such as 
neuroblastoma cells [12], erythroleukemia and SK-N-MC cells [13], Ca2^ release from 
intracellular stores is also activated by NPY. This effect appears to be associated with the 
generation of inositol phosphates [13]. The influence of NPY on the response to carbachol 
may involve direct interaction between NPY receptors and cholinergic receptors, which has 
been suggested to occur in some systems [30]. NPY reduced the spontaneous Isc while Va 
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remained unchanged, which led us to conclude that the basolateral K+ conductance was being 

inhibited. It was also shown that in the presence of NPY the Ca2" levels were lower in the 

basal state as well as in the carbachol-stimulated state. These observations suggest that NPY, 

by reducing [Ca + ] i ; may inhibit the Ca2+ -sensitive K+ conductance indirectly. Xiong and 

Cheung [31] have also found an inhibitory effect of NPY on Ca2+ -activated K+ channels in 

smooth muscle cells from the rat-tail artery. To answer the question of whether NPY affects 

K + channels HT29cl.l9A exclusively via Ca 2+ and/or also via other messenger systems 

requires further experiments. This also applies to the observation that preincubation with 

NPY decreased Rt, concomitant with a reduction of the apical CI" and basolateral K+ 

conductance, which suggests that NPY has an effect on the tight junctions of the epithelium. 
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