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. Abstract 

Abstract 

In the first part of this thesis we studied the effects of TNFoc on the ion secretion in several 
models of intestinal epithelium. 

In chapter 2 we describe the effect of TNFa on the ion secretion in HTcl.l9A.cells. 

We used the conventional microelectrode technique, which allows for simultaneous 

measurements of transepithelial potential differences and intracellular potential differences 

across the apical membrane. Preincubation with 10 ng/ml TNFa during 24 hours did not 

affect basal electrical parameters. However, the secretory response to the muscarinic receptor 

agonist carbachol was strongly increased after TNFa exposure. This could be blocked using 

cycloheximide, suggesting that the effect of TNFa involves de novo protein synthesis. The 

electrophysiological response to forskolin or phorbol ester, was not affected by TNFa. 

Application of the PKC inhibitor GF109203X inhibited the response to carbachol, as well as 

the potentiated response, indicating that PKC mediates the effect of carbachol in this cell line 

and that TNFa interacts on that pathway. Propranolol, a substance which blocks the 

conversion of phosphatidic acid PA (the first product of PLD activation) to DAG via an 

inhibition of the enzyme PA phosphatase PAP, strongly reduced the response to carbachol, 

implicating an important role for the PLD pathway in muscarinic receptor activation. 

Moreover, propranolol completely prevented the potentiating effect of TNFa, suggesting that 

TNFa exerts its potentiating effect via this pathway. 

In chapter 3, we provided more evidence for the role of the PLD pathway in 

muscarinic receptor activation and the potentiating effect of TNFa. We used the 

transphosphatidylation technique to measure activity of PLD. In the presence of a primary 

alcool, like 1-butanol, PLD is able to hydrolyze 1-butanol to form the stable product 

phosphatidylbutanol in addition to its physiological product PA. Using thin layer 

chromatography, the levels of the phospholipids can be quantified. Activation of the 

muscarinic receptor in HT29cl.l9A cells, resulted in an increased activity of PLD as we 

proposed in chapter 1. Additionally, addition of propranolol indeed increased the levels of 

PA, confirming its inhibitory effect on phosphatidic acid phosphatase PAP. In the presence of 

TNFa the levels of Pbut were not changed, however, the basal as well as the carbachol-

induced levels of PA were significantly decreased after TNFa exposure compared to control 

monolayers. These data suggest that TNFa increases the activity of the enzyme PAP, thereby 

increasing the turnover from PA towards DAG, and subsequently resulting in activation of 

PKC. Moreover, we described in this chapter that phorbol-ester induced PKC activation is 

able to increase the PLD activity, but PKC activated downstream from carbachol is not able 

to increase the PLD activity. 

In chapter 4 we studied whether the effects measured in chapter 2 and 3 also occurred 

in other epithelial models We studied the effect of TNFa on another colonic epithelial cell 

line, T84, and mouse distal colon. We show that TNFa does NOT potentiate the carbachol-
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Abstract 

ion secretion in T84 cells. Furthermore, inhibition of PKC does not diminish the ion secretion 

induced by carbachol in contrast with results obtained with the HT29cl.l9A cells (chapter 2). 

Western blot analysis shows that the T84 cells express considerably less PKCa than 

HT29cl.l9A cells. We hypothesize that this insufficient level of PKCa in T84 cells is the 

reason why we do not see a potentiating effect of TNFa. However, we show that TNFoc also 

in T84 cells is able to upregulate the PLD pathway. After exposure the cells to 10 ng/ml 

TNFa, the basal as well as the carbachol-induced PLD activity is increased in T84 cells. 

These results suggest a general PLD upregulating effect of TNFa. Interestingly, we show in 

this chapter that in mouse distal colon, TNFa also is also able to potentiate the ion secretion 

induced by carbachol. The mechanisms involved, need further investigation. 

In chapter 5 we studied the effects of TNFa on the ion secretion induced by histamine 

in the HT29cl.l9A cell line and in mouse distal colon. Histamine shows a similar intracellular 

response to histamine, suggesting a similar second messenger system. We showed that TNFa 

also is able to increase the chloride secretion induced by histamine. Inhibition of PKC by 

GF109203X diminished the histamine-induced secretion with and without exposure to TNFa. 

Propranolol also inhibited the response to histamine and completely abolished the 

potentiating effect of TNFa, indicating a role for the PLD pathway. Phospholipid 

measurements revealed that histamine receptor activation results in an increase in PLD 

activity. In the presence of TNFa, the basal as well as the histamine-induced levels of PA 

were decreased, suggesting an upregulation of the expression or activity of the enzyme PAP. 

Moreover, in mouse distal colon, application of 50 ng/ml TNFa also resulted in an increased 

response to histamine. 
The second part of the thesis deals with the effects of neuropeptide Y on the epithelial 

ion secretion. In chapter 6 we describe that application of NPY resulted in a complete 
inhibition of the cAMP-induced chloride secretion. The secretion stimulated by adenosine 
appeared to be insensitive to NPY. Application of NPY also resulted in an inhibition of the 
ion secretion induced by carbachol. Measurements of [Ca]j showed that NPY inhibited the 
carbachol-induced rise in [Ca];, which correlates with the reduced activation of K+ channels. 
Thus, NPY inhibits the cAMP-stimulated as well as the [Ca]s stimulated secretion via a 
reduction in the apical CI" and basolateral K+ conductance. 

In chapter 7 we demonstrate that also the phorbol ester-induced ion secretion is 

inhibited. The study shows that NPY inhibits the phorbol ester-induced secretion at two sides: 

one located in the apical membrane and another in the basolateral membrane. We 

demonstrated that after increasing intracellular calcium levels dramatically using ionomycin, 

NPY was able to reduce the basolateral K+ conductance. 

These observations suggest that NPY is a powerful antisecretory peptide in human 

intestinal epithelial cells. 
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General introduction 

Introduction 

The transport of water, electrolytes and nutrients substrates is a key function of the intestinal 
tract. The amount of water present in the intestine is of great importance for a variety of 
processes and is therefore closely regulated. Water is necessary to maintain fluidity of the 
lumen for digestion and absorption. Furthermore, water is necessary to serve as a medium for 
bringing digestive enzymes into contact with food particles and to allow the diffusion of 
digested nutrients to the epithelial cells for absorption. The intestinal tract is loaded daily 
with nine liters of fluid. The intestine itself supplies a significant proportion of the daily fluid 
load to subserve the above-mentioned functions. Most of the fluid is absorbed by the small 
intestine. The jejunum and ileum absorb four and three and a half liters of fluid respectively, 
leaving 1500 ml for absorption in the large intestine, or colon. The colon regulates the final 
volume and electrolyte composition of the stool, leaving about 100 ml to be excreted in the 
stool. 

Despite the large volume of water involved in the daily water movement across the 
intestinal wall, water transport is a passive process. (Non-) electrolytes, that are transported 
by active processes, are the driving force for water transport into and out of the intestinal 
lumen. The actively transported solutes, mainly electrolytes, cause water to move, so that iso-
osmolarity between luminal and tissue compartments is maintained. Thus, water transport is 
indirectly dependent on the regulation of electrolyte transport. Endogenous as well as 
exogenous factors can affect active electrolyte transport in the epithelium. In addition, 
nutrients and non-absorbable substances also play an important role by their osmolarity or the 
osmolarity of their metabolites in the lumen, thereby affecting passive water transport. 

Besides transepithelial water transport, motility plays an important role in the 
digestion and absorption of ingested nutrients. The motility of the intestine is a result of the 
contractions and relaxations of the external longitudinal and circular muscle layers in the 
intestinal wall that stand under neuronal control. The gastrointestinal tract is unique in having 
an intrinsic nervous system, the enteric nervous system, ENS. It plays an important role in 
the control of motility, blood flow, water and electrolyte transport. 

Neurotransmitters released by enteric nerve endings can directly bind to epithelial 
cells and modulate electrolyte transport, as has been described for acetylcholine and VIP. 
However, neurotransmitters may also have indirect effects on ion transport through their 
ability to release secondary mediators from endocrine or immune cells (e.g. Substance P can 
induce the release of histamine from mast cells [1]). Neural regulation appears to be 
important in maintaining the ion transport tone of the intestine. Mental or physical stressors 
can influence this tone leading to increased secretory activity. This regulation may depend on 
vagus activity. However, the ENS plays a significant role and it is considered to have an 
intrinsic motorprogram. For instance, the timely integration of intestinal electrolyte transport 
and motility is coordinated by the enteric nervous system. In jejunum of humans and other 
mammals the muscular contraction correlates temporally with increased mucosal ion 
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Chapter I  

transport which appears to be a coordinative function of the submucosal plexus [2]. 
Immunohistochemal studies have provided insight into the transmitters and neuropeptides 
present in the neurons of the ENS. It has even been demonstrated that the expression of 
transmitters is polarized, i.e. oral extension contains more VIP, whereas aboral extension 
contains more cholinergic transmitters [3]. 

Besides neural regulation, immune cells play an important role in regulating 
electrolyte transport in the intestine [1,4, 5]. Immune mediators released from immune cells 
like mast cells and monocytes can either directly or indirectly regulate the intestinal ion 
transport. Among these immune mediators are histamine, tumor necrosis factor a (TNFa), 
interferon y (IFN y) and interleukins. The immune modulators may affect the intestinal 
epithelium directly or indirectly via release of subepithelial mediators like prostaglandins. 

Enterochromaffm cells respond to changes in luminal contents and release mediators 
that influence local epithelial cells (paracrine regulation) [4]. In addition, epithelial cells 
themselves also release substances that modify epithelial function (autocrine regulation). 

There is significant cross-talk between the regulatory mechanisms. Strong interactions 
exist between neuronal signaling and the immune cells in the lamina propria. Mast cell 
mediators appear to recruit the enteric nervous system secondarily to propagate the effect of 
mast cell mediators on electrolyte transport [1, 4, 5], This complex control mechanism 
underscores the physiological importance of this response and allows for fine-tuning of fluid 
transport in the intestine. 

Previous studies in our laboratory revealed that in rat intestinal tissue, the addition of 
carbachol, a stable acetylcholine derivative, results in an increase in permeability [6]. 
However, this increase was not evident in all experiments. It was proposed that the variable 
results may be related to the neurohormonal 'state' of the epithelium. E.g. it is possible that 
mediators, which are released by immunocytes in the lamina propria may influence the 
response to carbachol. Immunocytes can release cytokines, as described above. The cytokines 
TNFa and IFNy have been described to affect the intestinal permeability when applied in 
high concentrations [7-12]. We considered the possibility that differing amounts of TNFa in 
the preparation may have an influence on the response to other messengers. Therefore we 
decided to study whether exposure of intestinal epithelial cells to the cytokine TNFa before 
application of a neurotransmitter could change the effect of that transmitter. It turned out that 
TNFa had a synergistic effect on the carbachol and histamine induced secretory responses in 
cell lines as well as in isolated distal colon of the mouse. At the concentrations used the 
permeability was not affected in the cell line. 

To begin with we present an overview of the anatomical substratum and physiological 

processes involved in transepithelial transport in the paragraphs below. 

- 1 6 -



General introduction 

1. Anatomy 

The wall of the small and large intestine consists of four layers: the mucosa, submucosa, 
muscularis and serosa, as illustrated in Figure 1. The mucosa is divided into three sublayers. 
The surface epithelium contains enterocytes, Paneth cells, endocrine cells and goblet cells. 
The lamina propria contains regulatory cells like nerve cells and immune cells. The third 
layer is a thin smooth muscle layer, the muscularis mucosa. 

Epithelium 
Basement membrane 

Lamina propria 

Muscularis mucosa 

SUBMUCOSA 

Circular muscle 

Myenteric plexus 

Longitudinal muscle 

MUSCULARIS 
PROPRIA 

D Mesothelium (SEROSA) 

Figure 1. Generic organization of the intestinal wall. Adapted from [13]. 

The mucosa is supported by the submucosa, consisting of connective tissue, with blood and 
lymph vessels, nerve plexus (plexus of Meissner) and regulatory cells, including 
lymphocytes, mast cells and macrophages. The submucosa rests on the muscularis propria 
(tunica muscularis externa) and consists of two layers of circular and longitudinal muscles 
with an intermediate nerve plexus (plexus of Auerbach). The outer layer is the serosa, 
consisting mainly of connecting tissue. 

It is thought that absorptive and secretory processes are carried out by two separate 
epithelial cell types. The absorptive cells are present only on the villus of the small intestine 
and on the surface of the large intestine. The secretory cells are known to be present in the 
crypts. Electrolyte transport and related transport processes are possible because the epithelial 
cells are polarized. This structural specialization allows cells to transport electrolytes in a 
vectorial or transcellular manner, generally involving a form of active transport on the one 
side, and passive transport on the other. Specific transporters are located either in the apical 
or basolateral membrane. The tight junctions are located near the apical pole of the cell. The 
mucosal and serosal sides of the cells are separated by the tight junctions, which form the 
barrier between the apical and basolateral sides of the epithelium. They also form a barrier 
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Chapter 1  

for diffusion of membrane proteins between apical and basolateral cell membranes. The tight 
junctions largely determine the transepithelial conductance for electrolytes. They are 
normally cation selective and are considered to have pores for non-electrolytes allowing the 
(very slow) passage of small molecules up to about 200 D. They restrict the back-diffusion 
of transported solutes. Although transepithelial resistance is usually considered a good 
indicator for transepithelial permeability, there are circumstances that a rather large increase 
in permeability for (non-) electrolytes does not show in a lowered resistance [14]. Recently, it 
has been shown that tight junctions are a product of an overall polarizing process and that 
they are responsible for the maintenance of the barrier function [15]. It is now recognized that 
the tight junctions are not static structures, but can be actively modulated, either directly by 
phosphorylation of the constituting transmembrane proteins or by changes in the cytoskeleton 
which is anchored to the tight junctions [16-18]. 

2. Epithelial barrier 

In addition to the degradation products formed in the stomach, the lumen of the small 
intestine contains a mixture of undegraded molecules and other possibly immunogenic 
compounds and toxins derived from bacterial contaminations and bacterial overgrowth from 
the colon. In the colon, the large number of bacterial cells and their toxic products can be 
considered a potential health hazzard. To prevent entrance of these unwanted compounds 
there are a number of barriers between the lumen and the circulation. The first barrier is the 
mucus layer. The mucus in the lumen serves as a protection against bacteria and other 
invasive products. Mucus is synthesized by cells in the epithelium, the goblet cells. Mucus 
can act as a barrier by behaving as a viscous hydrated gel. The mucus molecules (mucins) 
possess carbohydrate groups that have the potential to bind bacterial surfaces and inhibit 
direct epithelial-bacterial binding which could otherwise lead to surface colonization. In 
addition, due to the extensive glycosylation, mucins can cross link bacteria and therefore 
serve to aggregate bacteria. Exposure to threats like bacteria or toxins results in a reflexive 
secretory release of mucins. 

The epithelial surfaces in the gastrointestinal tract are loaded with the 
immunoglobulin secretory IgA. Secretory IgA acts as a barrier to antigens and is produced by 
subepithelial cells and transported to the intestinal lumen, where it can bind to luminal threats 
such as pathogenic bacteria or other antigens, e.g. cholera toxin. Besides preventing 
pathogen-epithelial interactions, it may enhance pathogen-epithelial interactions at selected 
sites such as the M-cells. These cells are primarily involved in uptake of macromolecules and 
delivery to the submucosal immunocytes. 

The epithelial cells lining the lumen of the gastrointestinal tract, serve as a barrier and 
separate the lumenal compounds from the subepithelial fluids. The transcellular pathway 
through the epithelial cells is highly restrictive to passive flow of hydrophilic solutes. Small 
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General introduction 

molecules pass by selective transport or selective pores, large molecules can be endocytosed 
and then degraded or passed as undegraded molecules to the basolateral side. The paracellular 
pathway is a major pathway for passive solute permeation. It consists of the apical 
intercellular tight junction and the underlying paracellular space. The lamina propria contains 
a large number of immunocytes, which can be considered the last barrier. Recently it was 
discovered that one type of immune cells may play an important function in regulation of 
epithelial function and in passing signals from the lamina propria to the nervous system. 
These cells, called mast cells, contain a large number of preformed messengers of which 
histamine is the best known. They are also effective in producing cytokines like TNFoc and 
they can be stimulated in an IgE-dependent or IgE-independent way to release preformed 
messengers and to synthesize newly formed messengers [19]. 

In addition to the enterocytes and goblet cells, the epithelium contains endocrine cells. 
Especially serotonin is found in a large number of enterochromaffin cells. These cells seems 
to have a receptive function. They are considered to monitor the intestinal content and by 
releasing their products to the blood side they may activate the neighboring cells in the 
lamina propria like nerves and immunocytes. They may form the sensors of a local reflex 
chain leading to increased secretion of electrolytes and water to remove the message in the 
lumen [20]. It was found recently that enterocytes may also act as sensors and relay the 
presence of an allergen in the lumen to the mast cells in the lamina propria [21]. This 
mechanism may explain the very fast reaction in allergic individuals to the presence of the 
specific allergen in the lumen, and can also be considered as a safety mechanism whereby the 
induced secretion flushes the allergen away. 

3. Cellular mechanisms for transepithelial transport 

A. Absorption 

The predominant electrolyte that drives fluid absorption is Na+. Sodium is absorbed mainly 
via electroneutral mechanisms. The Na+-H+-exchanger (NHE3) is coupled to C17HC03" 
exchange (Figure 2). Coupling of the exchangers occurs through changes in pH. The Na+ 

gradient is maintained by the Na+/K+ pump. The Na+ gradient and the cell potential drives 
Na+ into the cell, and H+ is extruded by means of Na+/H+ exchange. This tends to rise the 
cellular pH, which energizes HC03" efflux in exchange for CI". The net reaction is Na+ and 
CI" uptake in exchange for H+ and HC03" efflux. The coupling of these lumenal compounds 
to C02 and water means that the exchangers transport osmoticants from the lumen to the 
cells. Na+ is pumped out of the cell by the Na+-K+-ATPase, mainly in the lateral intercellular 
space, and CI" follows, by a transporter that has as yet not been identified. Electrogenic Na+ 
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Chapter 1  

absorption takes place via the Na+-glucose cotransporter (SGLT1) (Figure 3). This 
cotransporter is located in the apical membrane of the cells and brings 2 Na+ into the cell 
together with 1 glucose molecule. Na+ is again pumped out of the cell via the NaT-lC-
ATPase. Glucose efflux is mediated by facilitated transport carriers GLUT-2. 

HCO 

Figure 2: electroneutral NaCl absorption in small intestine and colon. Adapted from [22] 

^ 
- * -CI ' 

glucose 

3Na+ 

Figure 3: solute-coupled Na absorption in small intestine. Adapted from [22]. 

Similar Na' cotransport mechanisms also exist for many amino acids and bile salts. Besides 
electroneutral and solute-coupled Na+ absorption, electrogenic Na+ transport occurs via an 
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General introduction 

apical Na+-channel (ENaC) (Figure 4) in the distal colon. This channel is sensitive to 
amiloride and is upregulated by aldosterone. 

Figure 4. Electrogenic Na* absorption in distal colon. Adapted from [22]. 

B. Secretion 

The predominant electrolyte driving fluid secretion is chloride. Chloride is taken up into the 
cell via the Na+K+2C1" cotransporter (NKCC1) in the basolateral membrane and accumulated 
in the cell (Figure 5). The Na+-K+-ATPase, located in the basolateral membrane, provides the 
energy necessary for this process and recycles the sodium. A potassium conductance, located 
in the basolateral membrane, recycles potassium and keeps the membrane potential from the 
cell to a more negative value than the chloride equilibrium. A key function of the sodium-
potassium-chloride transporter is to use the energy of the Na+ gradient to accumulate CI in 
the cells above its electrochemical equilibrium. As chloride is accumulated in the cell, upon 
opening of apical chloride channels by regulatory mechanisms, it will exit into the lumen 
leading to a driving force for cation diffusion from the blood to the lumen. The most 
important chloride channel in the intestinal epithelium is believed to be the cystic fibrosis 
transmembrane regulator (CFTR) which is the product of the CF gene. To keep 
electroneutrality sodium passively follows by paracellular flux through the tight junctions. 
This flux of electrolytes will be accompanied by water because of the osmotic activity of the 
transported salt into the crypt lumen. 
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Na+-*- J 

ci" 7=> 
3Na+ 

Figure 5. CI" secretion in small intestine and colon. Adapted from [22], 

4. Regulation of ion transport 

The epithelium can respond to signals from a variety of regulatory systems, including those 
supplied by the endocrine, neural and immune systems [1, 23, 24, 25]. There is substantial 
interplay between the mediators produced by the various controlling systems. Moreover, the 
lumenal contents may activate the epithelial cells directly as is the case for instance, for 
cholera toxins and E. coli toxins. Because the interaction between all extracellular 
messengers is at the level of intracellular effectors and intracellular messengers a brief 
summary of intracellular messenger systems related to electrolyte secretion is given below. 

A. Intracellular messengers 

(i) cAMP, cGMP 

Increases in the level of cyclic AMP and cyclic GMP stimulate chloride secretion and inhibit 
the electroneutral NaCl absorption. The sodium-proton exchanger NHE has been described as 
being negatively regulated by increases in cGMP or cAMP levels [26, 27]. 

The main pathway for apical chloride exit is through the CFTR chloride channel in 
the apical membrane. CFTR is regulated in a two step process that involves covalent 
modification of the regulatory domain by cAMP-dependent protein kinase (PKA), which is 
followed by ATP binding to the nucleotide binding domain [28-30]. These two steps are 
necessary for the opening of the channel. The resulting chloride secretion is sustained in the 
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presence of the agonist [31]. This is an important characteristic, which allows to discriminate 
between several secretagogues based on their typical time course of CI" secretion. 

Besides the direct increase in chloride channel activation, cAMP regulates the 
chloride secretion via the sodium/potassium/chloride cotransporter NKCC1 [32]. This 
cotransporter is phosphorylated by PKA and thereby activated. Additionally, cAMP increases 
the recruitment of the NKCC1 in the membrane, thus increasing its functionality [33]. 
Furthermore, cAMP activates channels for K+ in the basolateral membrane, which are 
important to maintain the intracellular potential more hyperpolarized than the CF equilibrium 
potential [34, 35]. 

Levels of cAMP are elevated by several endogenous secretagogues by activating Gs 

protein coupled receptors, thereby activating adenylate cyclase [36]. The neuropeptide VIP, 
which is abundantly present in the ENS, is a good example of an adenylate cyclase activating 
transmitter. Beta-adrenergic activation also generates increased cAMP levels. Somatostatin 
and NPY and the hormone peptide YY (PYY) are known to inhibit the chloride secretion, via 
coupling to the Gj-protein coupled receptor which suppress adenlylate cyclase activity 
thereby decreasing cAMP levels [37, 38]. Exogenous secretagogues like cholera toxin and 
thermolabile E. coli toxin have also been shown to stimulate intracellular cAMP levels [39]. 
Cyclic GMP is generated by membrane bound guanylate cyclase which is covalently linked 
to a transmembrane receptor. The receptor is activated by a recently discovered endogenous 
peptide, guanylin, and is also used by the thermostable form of E. coli toxin. An increased 
level of cGMP activates protein kinase G which can also activate CFTR [40]. Since cGMP 
also inhibits a specific isoform of cAMP-phosphodiesterase PDE3 it can increase the level of 
cAMP [40a]. 

(ii) IPs, DAG, Ca2+ 

Increases in intracellular calcium levels have been recognized to inhibit Na+-CF absorption 
and to stimulate chloride secretion. Phosphatidylinositol hydrolysis by phospholipase C 
results in the formation of IP3 and diacylglycerol, DAG. IP3 liberates calcium from the 
intracellular pools, thereby increasing the cytosolic calcium levels [Ca]|. The change in 
intracellular Ca + level consists of a peak-change followed by a sustained increase which only 
decrease very slowly. Elevation of intracellular calcium levels have been shown to inhibit the 
sodium-proton exchanger via a PKC pathway [41, 42]. 

Calcium plays also an important role in the secretory mechanism in the crypt cells 
because it can activate basolateral K7 channels. Thereby the basolateral membrane potential 
is driven to the K+ equilibrium potential and is hyperpolarized. This increases the driving 
force for CI efflux through the apical membrane. It is thought that the activation of the 
muscarinic receptor in the basolateral membrane of T84 cells by e.g. carbachol increases the 
K conductance transiently. As a consequence, the carbachol induced increase in secretion is 
transient [43-45]. In HT29cl.l9A cells, in addition to the increase of Ca2+ activation of PKC 
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occurs via the increased amount of DAG (see below) [46]. A confusing observation is that 
although intracellular Ca2+ levels remain high in the presence of carbachol, the basolateral K+ 

conductance decreases. Some investigators favor the idea that a metabolite of 
inositolphosphate. namely inositol 3,4,5,6-tetraphopshate IP4 is an endogenous inhibitor [47]. 
In other cells an inhibitory function of activated PKC has been found [48, 49]. 

In HT29cl.l9A cells the first response to an increase of [Ca], is the activation of 
calcium-dependent CI" channels in the apical and basolateral membrane. The change in 
conductances is usually larger in the basolateral membrane. This can be deduced from 
intracellular recordings of the fractional membrance resistances, but it is usually not seen on 
transepithelial registration except for a small serosa-negative change in potential. In trachea, 
but not in intestine, a calcium-dependent chloride channel in the apical membrane may 
substitute for CFTR and may contribute to the augmented chloride secretion induced by 
acetylcholine. 

Several intestinal neurotransmitters and hormones, including acetylcholine, bradykinin, 
histamine, substance P and neurotensin have been demonstrated to regulate the chloride 
secretion by releasing IP3 and subsequent increase of the intracellular calcium levels and by 
releasing DAG [4, 50]. In the second part of this thesis, we show that the secretory response 
to these secretagogues can be reduced by NPY. 

The second intracellular messenger derived from PLC activation is DAG. This 
membrane-bound lipid can activate most of the protein kinase C isotypes. In the laboratory, 
the effect of DAG is commonly stimulated by the group of phorbol esters which bind to PKC 
at the same site as DAG. It should be mentioned here that the fatty acid tails of DAG may 
differ strongly depending on its substrate. Consequently, it is conceivable that PLC action on 
different substrates like PIP2 and phosphatidylcholine activate different isotypes of PKC. 
Phorbol esters may activate all types of DAG-dependent PKC's. The Ca2+ dependent isotypes 
of PKC are activated by the simultaneous increase of intracellular Ca2+ because of increased 
IP3 and the increase of DAG. Activation of PKC has been reported to inhibit electrolyte 
absorption via an inhibition of the sodium-proton exchanger [51, 52]. 

The role of PKC in the regulation of chloride secretion is 'controversial'. In some 
intestinal preparations phorbol esters do not induce secretion whereas they do in others. In 
HT29cl.l9A cells, activation of PKC resulted in an increase in chloride secretion [53]. Based 
on the work of Bajnath, it has been hypothesized that increased PKC activity may lead to 
fusion of vesicles (which contain CFTR channels) with the apical membrane, thereby 
increasing the chloride conductance of the apical membrane [48]. On the other hand, 
activated PKC can limit secretory processes [49, 54-57]. This is ascribed to inhibition of 
basolateral transport sites including the sodium-potassium-chloride cotransporter NK.CC and 
basolateral potassium channels [53], As yet, it is unknown which isotype of PKC is 
responsible for each activity. However, some evidence from studies with HT29cl.l9A cells 
suggests that PKCa is involved both the activation of CFTR [58], while in T84 cells, PKCe 
has been found to inhibit basolateral K+ conductance [59]. 
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From this brief summary it can be deduced that the secretory action of cAMP-mediated 

extracellular signals may be augmented by simultaneous activation of the PLC/Ca pathway. 

Moreover, it is clear that signals which prolong the activity of intracellular messengers (e.g. 

effect of cGMP on cAMP-PDE) act synergistically with the secretagogues. 

Considering the large number of secretagogues and their synergy it is somewhat 

surprising that only a few anti-secretory extracellular signals like somatostatin and NPY/PYY 

are present. It appears that the enterocytes rely mainly on internal feedback systems to end 

the effect of secretory signals as described above for the formation of 1P4, or the inhibitory 

effect of PKCe [50]. 

5. Water transport; diarrhea and constipation 

It has been postulated that water movement is driven by local osmotic gradients within the 
tissue. The transport of solute across a water-permeable barrier induces water flow in the 
same direction. 

Diamond & Bossert [60] proposed a model for water absorption. Their model is based 
on findings in gall bladder and they propose that transported solutes such as Na+/Cf 
accumulate in the lateral intercellular space as a result of active transport. The resulting 
osmotic gradient causes a net flow of water from the lumen into these spaces. The resulting 
hydrostatic pressure pushes solution into the direction of the blood where water is absorbed 
as a result of the Starling forces - the sum of osmotic and hydrostatic forces between tissue 
water and capillary blood. 

Lundgren et al. presented a model for water absorption, which involves a 
countercurrent multiplier system [61]. They proposed that during the absorption of sodium a 
high osmolality is generated in the interstitial fluid in the tip of the villi and maintained by the 
counter current blood flow in the villus. This osmotic gradient results in water absorption. 

The secretion of water is also thought to occur via a local increase in osmolality. The 
transported solutes to the lumen accumulate in the crypt interstitial space, an unstirred region, 
which is covered by a mucus layer. A local increase in osmolality in the 'unstirred' region 
occurs and this results in the flow of water into the lumen [62]. 

The flow of water can be paracellular through the tight junctions [63] or transcellular. 
The transcellular movement of water is thought to occur via recently discovered water 
channels (aquaporins) in the membrane [64], via solute-coupled transport also called water 
pumps [65, 66]. 

If the transport of water is disturbed, pathophysiological conditions can occur. On the 
one hand, the lumen of the intestine can become too dry if too much water is absorbed or too 
little is secreted. On the other hand, excessive water secretion or defective water absorption 
results in excessive water in the lumen and hence to diarrhea. 
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A. Constipation 

In patients suffering from cystic fibrosis, CF, the chloride channel CFTR is ineffective due to 
a mutation in the CF gene. A subgroup of these patients (appr. 15 %) show intestinal 
obstruction, which appears to result from the inability of secretory mechanisms to maintain 
appropriate viscosity of the lumen. 

Other causes for constipation are often found to be of neuronal origin. Deficient 
neurons of the ENS result in decreased motility, thereby causing obstruction of function and 
lack of intestinal propulsion. As a consequence of the defect in the neuronal system, the 
regulation of the electrolyte secretion may also be affected as Greenwood [67] proposed. 
Decreased innervation, as found in patients with Hirschsprung's disease, is reflected in these 
patients by the unability to relax the contracted intestine. Hardy et al. showed that the 
secretory response to acetylcholine is strongly depressed in rectosigmoid colon in children 
suffering Hirschsprung's disease. This may be due to increased acetylcholinesterase levels, 
thereby decreasing the levels of acetylcholine [68]. These results suggest that a change in 
neurotransmitter ratio due to innervation disorders possibly result in a shifted electrolyte 
transport balance, in the direction of absorption. This results in the lumen of the intestine 
becoming too dry, which leads to constipation. 

B. Diarrhea 

On the contrary, when the balance between absorption and secretion is shifted towards 
secretion, excessive water secretion into the lumen occurs, leading to diarrhea. Several forms 
of diarrhea can be distinguished. 

(i) Osmotic or malabsorption diarrhea 

If the absorptive capacity of the small intestine is reduced, the daily volume presented to the 
colon can exceed its absorptive capacity of about four liters. Alternatively, if the colon is 
deranged so that it cannot absorb the one and a half liters presented to it by the normal small 
intestine, then this also results in diarrhea. The absorptive defect could be caused by a failure 
of absorption of Na+ as the result of Na+/H+-exchanger deficiency. This congenital Na+ 

diarrhea is a very rare disorder [69]. A defect in the sodium-glucose transporter called 
glucose-galactose malabsorption is more common. In these patients the amount of 
monosacharides presented to the colonic bacteria leads to osmotic secretion and diarrhea. 
Patients with a lactase deficiency have a similar problem because the unabsorbable lactose 
cannot be metabolized to absorbable glucose and galactose. The unabsorbed lactose can be 
metabolized by colonic bacteria. This results in an increased solute load, promoting water 
movement to the lumen [70, 71]. 
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(ii) Secretory diarrhea 

Secretory diarrhea is caused by an excessive chloride secretion into the lumen. This occurs 
when patients are infected with toxins or bacteria. Several bacteria express enterotoxins that 
can have a profound effect on chloride secretion. Infection with Vibrio cholerae remains a 
cause of life-threatening diarrhea. A subunit of the enterotoxin cholera toxin is transported 
into the cell and at the basolateral membrane it irreversibly activates the cAMP-signaling 
pathway. This results in a continuous stimulation of the chloride secretion and thus to 
excessive water secretion into the lumen [72]. This capacity to secrete large amounts of water 
is regarded as a defense mechanism designed to flush the lumen free of invading pathogens. 
In the case of cholera, however, the patients may die from excessive dehydration. The 
mechanism of cholera toxin induced diarrhea is not restricted to cAMP generation in the 
enterocytes. Lundgren et al. have shown that the toxin also activates the enteric nervous 
system. The neurotransmitters released induce secretion via their specific receptors on the 
enterocytes [20]. Another example of secretory diarrhea (nervous diarrhea) may be due to 
stress-induced increased motor function of the colon together with increased mucosal 
secretion. 

(iii) Leak-flux induced diarrhea. 

Due to a disturbed epithelial barrier function, back-leak of ions and water into the intestinal 
lumen can occur from the lateral intercellular spaces in the case of increased tight junction 
permeability. The intestinal 'structure' might be affected: a loss of epithelial cells will result 
in a decreased barrier. Moreover, when the tight junctions, responsible for the maintenance of 
the barrier, loose their tightness, the epithelium loses its ability to transport/absorb 
electrolytes and consequently the ability to transport water. An increase in permeability may 
result in an increased entrance of lumenal toxins, bacteria and antigens, which is a trigger to 
increase the secretory response as a defense mechanism. 

6. Inflammation and intestinal dysfunction 

Inflammatory bowel disease (IBD) encompasses a heterogeneous group of diseases including 
Crohn's Disease (CD) and Ulcerative Colitis (UC). These are chronic inflammatory diseases 
of the gastrointestinal tract. In CD, the total gastrointestinal tract may be affected from 
mucosa to serosa, whereas in UC only the mucosa and submucosa of the colon are inflamed. 
The dominant symptom in patients suffering IBD is diarrhea [73]. Although the etiology 
remains unclear, a role for enteric bacteria and their products, which initiate the chronic 
intestinal inflammatory process (in genetically susceptible individuals) resulting in decreased 
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intestinal functioning, has been proposed [74]. The pathophysiological mechanism 
underlying the inflammatory diarrhea has been investigated extensively. 

Decreased colonic absorption has been described in human inflamed colonic tissue 
[75-79]. Also in a rat model, in which colitis was induced by intrarectal administration of 
2,4,6-trinitrobenzenesulfonic acid TNBS [80], distal colon showed decreased absorption of 
water. 

The secretory features of intestinal epithelium had also changed. A few reports 
describe that basal ion secretion is affected in inflamed mucosa tissue. In caecum from a 
mouse model of colitis (C3H/HeJBir substrain), the basal chloride secretion was higher than 
in control caecum [81]. Moreover, Crowe et al. showed that mucosa tissues from IBD 
patients show increased basal Isc, implicating increased basal ion secretion [82]. However, in 
several animal models and human colonic inflamed tissue, secretory responses were reduced 
in inflamed tissue. Especially, the responses to agents like histamine, IBMX, prostaglandin 
El and E2, acetylcholine, bradykinin and electrical field stimulation (EFS), were diminished 
[82-87], 

Additionally, the epithelial barrier appeared to be disturbed in experimental models of 
inflammation, as well as in tissues from UC and CD patients. In the animal model of TNBS-
induced colitis, the permeability was increased [88] as was the case in another animal model 
of colitis, which had been induced by the chemical agent dextrane sulphate sodium (DSS 
model) [89]. Furthermore, in colonic mucosa from IBD patients the barrier proved to be 
disrupted as seen by decreased resistance and increased permeability [78, 90, 91]. A recent 
report states that the disruption of the barrier is due to an altered tight junction structure [90]. 
A disrupted epithelial barrier may affect intestinal function by two mechanisms. Firstly, the 
disruption of the barrier allows antigens and other noxious agents to penetrate the epithelium, 
thereby inducing or augmenting the inflammatory process in IBD. Secondly, it could lead to 
back-flux of electrolytes and non-electrolytes followed by water into the intestinal lumen, 
resulting in leak-flux diarrhea. 

7. Inflammatory mediators 

Under normal conditions, the gut immune response is characterized by a balance between 
pro- and anti-inflammatory factors. It has been hypothesized that chronic inflammation in 
IBD may be due to an imbalance between inflammatory and anti-inflammatory mediator 
production [92]. A large number of inflammatory mediators increase in the mucosa of 
patients with IBD, including eicosanoids, chemokines and cytokines, as reviewed by Ciancio 
and Chang [93]. The role of these immunomodulators in regulating epithelial physiology is 
being investigated extensively to gain more insight in the complex networks in the intestinal 
mucosa and their involvement in inflammatory diseases. Mast cells play an important role in 
the immune-related regulation of ion secretion [94]. They release mast cell mediators, 
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including histamine, serotonin, cytokines including TNFa [19], interleukins, prostaglandins, 
leukotriens and enzymes like mast cell protease II [1]. Firstly, the mediators could promote 
chloride secretion via a direct interaction with the epithelial cells. Secondly, mast cell 
mediators can augment the secondary synthesis or release of chloride secretagogues from 
other mucosal elements. Thirdly, mast cell mediators could alter the sensitivity of the 
epithelium to normal levels of endogenous hormones and neurotransmitters. 

Histamine induces chloride secretion via direct as well as indirect effects on the 
epithelium. Histamine binds directly to HI receptor on enterocytes, stimulating 
phospholipase C, which results in increased intracellular calcium levels [95]. Consequently, 
this leads to increased ion secretion. In addition, histamine and serotonin have been reported 
to indirectly increase chloride secretion in intestinal tissues via increased enteric nerve 
stimulation or prostaglandin release [96-100]. 

Prostaglandins and leukotriens are metabolized from arachidonic acid via two distinct 
mechanisms involving cyclooxygenase and lipoxygenase respectively, and are reported to 
increase chloride secretion in intestinal tissue [101, 102], Prostaglandins are thought to 
stimulate chloride secretion directly via increasing cAMP levels [101, 103] and indirectly via 
stimulation of the enteric neurons to release acetylcholine [104, 105]. 

Mast cell products affect the barrier function of the intestinal epithelium. Mast cell 
protease II has been recognized to act on the epithelia via increasing the permeability in rat 
intestine [106]. 

More direct evidence that specific immune stimulation of mast cells alters ion 
secretion and permeability stems from studies with mutant mice. Intestine from immune-
sensitized mast-cell deficient mice demonstrated small antigen-induced secretory responses, 
compared with responses in intestine from control mice [107]. More recently, Santos et al. 
showed that mast cell deficient rats do not respond to stress with an increase in permeability 
and ion secretion as do the control rats, suggesting an important role for mast cells [108]. 
Mast cell deficient rats, which were sensitized and challenged with the antigen, did not show 
an increased transepithelial flux of the antigen. Neither did they show increased conductance 
nor the presence of a macromolecule in the paracellular space, suggesting an important role 
for mast cells in the regulation of the permeability of the epithelial paracellular pathway [21]. 

8. TNFa - a pleiotropic messenger 

Tumor necrosis factor a TNFa is a 17 kD cytokine, produced mainly by monocytes, 

macrophages and T cells and circulating as a homotrimer. Two specific transmembrane 

receptors have been identified, type I 55 kD and type II 75 kD [109]. These receptors can be 

released as soluble receptors and are thought to compete with the cell surface receptors for 

the binding of TNFa and act as antagonists [110]. TNFa was isolated on the basis of the 

ability to kill tumor cells [111]. It appeared to be identical to the earlier identified cachectin 
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[112]. TNFoc is a powerful pro-inflammatory mediator [113, 114], a mediator of endotoxic 

shock [115] and it is recognized for its role in the induction of apoptosis [116]. TNFoc is 

synthesized by mast cells as mentioned previously [19]. More recently it was found that all 

types of cells, including epithelial cells, can release TNFoc [117]. 

A number of studies have revealed a pivotal role for TNFa in the pathogenesis of 

IBD. Levels of mRNA for TNFa as well as the immunoreactivity for TNFa are increased in 

bowel mucosa of patients with CD [118-120]. Furthermore, TNFa concentrations in stools 

have been shown to parallel disease activity [121]. Recently, it has been reported that 

treatment of CD patients with antibodies against TNFa can be successful against the 

symptoms of diarrhea in these patients [122, 123]. These findings imply an important role of 

TNFa in this disease. However, at what level TNFa is involved in the epithelial 

dysfunctioning remains uncertain. Many investigations focused primarily on the interference 

of TNFa with the innate and adaptive immune response, but the role of TNFa in affecting 

intestinal epithelial is now also being investigated by several groups. Kandil et al. and 

Schmitz et al. [124, 125] first reported that TNFa affects the ion secretion in porcine ileum 

and human distal colon, respectively. They state that TNFa increases ion secretion via 

enhanced release of subepithelial prostaglandins. Co-culture of the epithelial colon cell line 

with monocytes shows increased ion secretion responses. TNFa seems to account for this 

phenomenon by acting as an autocrine mediator on the monocytes [126]. Direct effects of 

TNFa on epithelial barrier function have been studied only in cell lines. In the intestinal 

epithelial cell lines Caco-2 BBE, HT29cl.l9A and HT29/B6, TNFa was shown to decrease 

the transepithelial resistance, concomitant with increased paracellular permeability, except 

for Caco-2 BBE cells [7-9]. This disrupting effect of TNFa on the barrier function was only 

apparent after incubating the cells with high levels of TNFa (100 ng/ml). However, in the 

presence of IFNy, low concentrations of TNFa did also affect the intestinal physiology, 

which is ascribed to an induction of more TNFa receptors by IFNy [127]. 

The outline of the thesis 

Parti 

Information about the involvement of mediators and cytokines in electrolyte transport in IBD 

is based on prolonged inflammatory states of the tissues, or after long treatment with these 

cytokines. It is of interest to study the acute effects of cytokines. As far as we know, there is 

no information about the time course of the effect of TNFa, its effect at lower concentrations 

and the possible underlying mechanisms. It is also not clear whether changes in ion secretion 

or in transpeithelial permeability are related. Because of our knowledge that PKC actvation 
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affects both characteristics, i.e. increase and later inhibition of secretion and an increase in 

paracellular permeability with a rather long lag time [53, 127a], we speculated that this 

cytokines might exert its action via this pathway. Therefor we thought it of interest to study 

what the acute interaction is of the cytokine TNFa with the ion secretion in non-diseased 

material and to discuss what the contribution of the cytokine might be in the pathogenesis of 

the disease. The main goal of this thesis was to investigate the direct effect of a lower 

concentration of the cytokine on the intestinal properties of cell lines and native tissue. 

Moreover, the thesis describes which second messenger systems are involved in the 

regulatory mechanisms. 

In Chapter 2, we present the effect of TNFa on the chloride secretion in HT29cl.l9A 

cells. The electrophysiological measurements suggest that muscarinic receptor activation with 

carbachol involved the PLD pathway and that TNFa potentiated the response via this 

pathway by a protein synthesis-dependent process. In Chapter 3 we provide evidence on the 

basis of pospholipid analyses that muscarinic receptor activation stimulates the PLD 

mediated production of phosphatidic acid, PA. Furthermore, we demonstrate that the well-

known ß-adrenergic recetor antagonist propranolol effectively blocked the conversion of PA 

to DAG. The effect of exposure to TNFa appeared to be an increased turnover of PA to DAG 

by the enzyme phosphatidic acid phosphatase. To study whether the effect of TNFa on 

phospholipid metabolism was not only restricted to the particular cell line HT29cl.l9A cells, 

we used another colonic epithelial cell line, T84 cells (Chapter 4). Besides 

electrophysiological experiments, phospholipid analysis was performed. In this chapter, the 

difference in effects of TNFa on the two cell lines is discussed. It is of great importance to 

determine whether results obtained in cell lines can be extrapolated to native tissue. 

Therefore, we compared the effects of the two cell lines with the effect of TNFa on chloride 

secretion in mouse distal colon. Since measurements in mouse distal colon resembled the 

results obtained in the HT29cl.l9A cell line, we consider this cell line to be a representative 

model for studying chloride secretion and its regulatory mechanisms including the effect of 

TNFa. 

Since we obtained evidence from intracellular electrophysiology that the intracellular 

pathway activated by the muscarinic receptor resembled the pathway activated by the 

histamine 1 receptor, we studied the effect of TNFa on chloride secretion induced by 

histamine in HT29cl.l9A cells and mouse colon employing electrophysiological techniques. 

Moreover, the involvement of phospholipid messengers was studied by phospholipid analysis 

in the cell line. 

Part II 

This part of the thesis focuses on the interaction of secretagogues and antisecretory 
messengers with respect to the ion secretion in HT29cl.l9A cells. As stated above, the 

-31 -



Chapter 1  

neurotransmitter VIP and acetylcholine are known to increase the chloride secretion in 

intestinal epithelium albeit via very different mechanisms. NPY and somatostatin are anti

secretory neuropeptides [128-132]. A well-known effect of both peptides is their inhibitive 

action on cAMP synthesis. The interesting fact however, is that somatostatin could also 

inhibit the secretory response to muscarinic receptor activation [133]. We hypothesized that 

NPY could have a similar inhibitory effect. The aim of the study was to elucidate the 

mechanism whereby NPY could inhibit both secretory pathways. In Chapters 6 and 7, we 

report on the effect of NPY on chloride secretion in HT29cl.l9A cells. All evidence points to 

an additional effect of NPY on potassium channels. Further study of the mechanism of this 

inhibition was, however, no longer possible using this cell line because the cells lost their 

NPY receptor due to a change in serum supply. Attempts to use isolated colon crypts to 

continue this study were unsuccessful because it proved impossible to obtain stable (patch 

clamp) recordings from the human colon crypt cells. 

In Chapter 8, we consider and discuss the conclusions from the preceding chapters with 

regard to their possible implications for pathophysiology. 
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TNFa potentiates carbachol-induced ion secretion HT29ci 19A cells 

Abstract 

Chronic gastrointestinal diseases, such as ulcerative colitis and Crohn's disease are 

characterized by severe diarrhea. Mucosal biopsies of these patients show enhanced levels of 

cytokines, secreted by infiltrated inflammatory cells. In this study we investigated the effect 

of the cytokine tumor necrosis factor a (TNFa) on ion secretion in human intestinal epithelial 

cells. The conventional microelectrode technique in the cell line HT29cl.l9A was used, 

which allows for simultaneous measurements of transepithelial (Vt) and intracellular potential 

differences across the apical membrane (Va). Preincubation (2-78 hours) with 10 ng/ml 

TNFa did not change basal secretory activity. However, the secretory response to the 

muscarinic receptor agonist carbachol was strongly increased after exposure to TNFa. 

Application of the PKC inhibitor GF109203X inhibited the response to carbachol as well as 

the TNFa potentiated response, indicating that PKC mediates the effect of carbachol in this 

cell line. Propranolol, a substance which inhibits the phospholipase D pathway, strongly 

reduced the response to muscarinic stimulation and its potentiation by TNFa. The results 

indicate that activation of PLD is involved in ion secretion induced by muscarinic receptor 

activation and that TNFa can potentiate this pathway. 

Introduction 

Chloride secretion across intestinal epithelium plays a key role in regulating water secretion 

into intestinal lumen. The chloride secretion is under close regulation by hormonal, neural 

and paracrine mediators. An increased chloride secretion can result in severe diarrhea, due to 

excessive water transport from blood to lumen. 

Inflammatory bowel diseases (IBD) like ulcerative colitis and Crohn's disease are 

characterized by diarrhea. The underlying pathophysiological mechanisms for the diarrhea 

remain unknown. IBD-patients show an increase in cytokines in the intestinal wall, which are 

secreted by infiltrated inflammatory cells [1,2]. 

Antibodies against TNFa, one of the elevated cytokines, have been applied in animal 

models of experimental colitis. These studies suggested a role for antibodies against TNFa in 

the treatment of inflammatory bowel disease [3]. In a multicenter, double blind, placebo 

controlled trial, a single infusion of a monoclonal antibody (cA2) against this cytokine 

appeared to be an effective treatment in patients with Crohn's disease [4]. This indicates the 

importance of TNFa in the disease. Several studies have shown that cytokines are able to 

alter ion transport and barrier properties of intestinal epithelium [5, 6], which could 

contribute to the diarrhea. 

TNFa may mediate activation of the ion secretion in intestinal epithelium. But data 

on this matter are quite scarce. In human distal colon TNFa is shown to increase ion 
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secretion via an increased release of prostaglandins by subepithelial cells [7]. In porcine 

ileum a similar study was performed, which also showed an indirect effect of TNFa on the 

ion secretion [8]. 

Several epithelial cells are known to express TNFa receptors and, especially when the 

receptor density is increased by IFNy they respond to TNFa directly by modulating the 

permeability of the tight junctions [9]. However, direct effects of TNFa on ion secretion are 

not widely studied. This study aimed to get more insight in the possible direct effect of TNFa 

on human intestinal epithelium. With intracellular electrophysiological techniques, the effect 

of human recombinant TNFa on the basal as well as the secretagogue-induced ion secretion 

in human colonic epithelial cells HT29cl.l9A was determined. 

The data show that TNFa is able to potentiate the secretion induced by the 

secretagogue carbachol, an activator of the Ca2+/PKC mediated pathway, but not the secretion 

induced by forskolin, an activator of the cAMP pathway. The results indicate that carbachol-

induced secretion involves activation of the phospholipase D (PLD) pathway and that the 

potentiation by TNFa occurred via that pathway. As far as we know this is the first study in 

intestinal epithelial cells, which shows a direct effect of TNFa on carbachol-induced ion 

secretion and of the involvement of PLD in the intestinal secretory response. 

Material and Methods 

Cell culture 

HT29cl.l9A cells were cultured as described previously [10]. Briefly, the human intestinal 
epithelial cell line HT29cl. 19A, passage number 12-28, was grown in Dulbecco's Modified 
Eagle's medium supplemented with 10 % fetal bovine serum, 8 mg/1 ampicillin and 10 mg/1 
streptomycin. Cells were seeded in 25 cm2 flasks at 37 °C in 5 % C02/95 % 02 and passaged 
weekly. For electrophysiological experiments, cells were subcultured on Falcon filters (25 
mm diameter), from which medium was replaced every other day. Confluency was reached 7 
days after seeding, and the cells were used between 13 and 26 days after seeding. TNFa 
incubations were performed in culture media during the indicated time. 

T84 cells were kindly provided by Dr. H.R. de Jonge, Dept. of Biochemistry, 
University of Rotterdam. The cells, passage number 21-29, were grown in Dulbecco's 
Modified Eagle's medium and F12 medium in a mixture of 1:1. The medium was 
supplemented with 10% fetal bovine serum, 8 mg/ml ampicillin and 10 mg/ml streptomycin. 
The cells were subcultured as described above. 
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Electrophysiological experiments 

The filter was cut from the ring, divided into 4 pieces, and rinsed with mannitol-ringer. One 

piece was mounted in a small horizontal Ussing chamber, leaving an oblong area of 0.35 cm . 

The apical and basolateral compartments were continuously perfused with mannitol-Ringer 

buffer at a temperature of 37 °C and gassed with 5 % CO2/95 % O2. The composition of the 

Ringer's solution was (in mM): NaCl 117.5, KCl 5.7, NaHCO;, 25.0, NaH2P04 1.2, CaCl2 

2.5, MgSC>4 1.2, and mannitol 28. In order to increase the driving force for chloride efflux 

we used a low (0.1 mM) chloride solution containing (in mM): NaCl 0.1, Na-gluconate 

117.2, K-gluconate 5.7, CaS04 2.5, MgS04 1.2, NaH2P04 1.2, NaHC03 25 and Mannitol 28. 

This solution was applied to the apical side of the monolayer 15 minutes before addition of 

carbachol. Therefore, the electrophysiological response to carbachol was not affected by 

junction potentials. 

Agar bridges were placed in apical and basolateral compartments and were connected 

to Ag-AgCl electrodes for monitoring the transepithelial potential difference (Vt). An extra 

Ag-AgCl electrode was placed in the apical bath, serving as a common ground. Apical 

membrane potential (Va) was measured by impalement with a glass microelectrode, pulled 

from capillaries (1 mm o.d., Clark Electromedical, Reading, UK) with a Flaming Brown P-87 

micropipette puller. The microelectrode was filled with 0.5 M KCl solution. The tip 

resistance was 100-200 MQ and the tip potential: 2-5 mV. Current electrodes (Ag-AgCl) 

were placed in the walls of both compartments; these were used to apply bipolar current 

pulses from a floating current source of 10 and 50 uA, at 30-s intervals, in order to calculate 

the transepithelial resistance (R() and the fractional resistance [Ra/(Ra+Rt,)]. 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, USA). The potential differences were continuously recorded on a 

multi pen recorder and on a computer using custom-made software. 

The measurements were corrected for the offset of the electrodes and for the resistances of 

the fluid and filter without cells. Values are means ± SE. Statistical significance was 

evaluated using Students t-test. 

Histology 

Filters containing cells were exposed to 10 ng/ml TNFa during 24 hours, after which they 

were cut in small pieces. The filters were fixed in 2.5 % glutaraldehyde in 0.1 M sodium 

cacodylate buffer (pH 7.4) for 2 h at room temperature and rinsed three times for 20 minutes 

each in 0.1 M sodium cacodylate buffer (pH 7.4). The filters were rinsed overnight (4 °C) in 

0.1 M sodium cacodylate buffer (pH 7.4) and then processed for routine electron microscopy. 
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Chemicals 

TNFoc, bisindolylmaleimide I (GF109203X), 4-ß-phorbol-12,13-dibutyrate (PDBu) and 
U73122 and U73143 were obtained from Calbiochem. Cycloheximide, propranolol and 
forskolin were purchased from Sigma, and carbachol is from Brunschwig. TNFa, propranolol 
and carbachol were dissolved in water. Forskolin and cycloheximide were dissolved in 
ethanol (maximal concentration in the Ussing chamber 0.1% (v/v)). PDBu and 
bisindolylmaleimide I were dissolved in DMSO. U73122 and U73143 were dissolved in 
chloroform. The maximal concentration of the latter two solvents was 0.01% (v/v). Maximal 
concentrations of carrier solvents were without electrophysiological effect on the cells. 

Concentration of bisindolylmaleimide I (1 u\M) was chosen because it was without 
effect on PKA mediated response (see Results). PDBu, U73122, U73143 and cycloheximide 
concentrations were taken from literature (references in Results). Propranolol concentrations 
were tested in a range from 100 to 500 u.M. At the concentration used in this study the 
potentiation of the intracellular response to carbachol after exposure to TNFa was fully 
reversed (see Results). 

Results 

TNFa potentiates the carbachol-induced secretion 

The electrophysiological response to muscarinic receptor activation with carbachol and its 
relation to chloride secretion in HT29cl.l9A cells has been previously reported [11]. A 
typical electrical response to 100 uM carbachol is presented in figure 1 by the closed dots. 
The mean values of the electrical parameters and their changes induced by carbachol are 
shown in the upper part of table 1. For the present description, the response was divided into 
two phases, which are marked by the two thin lines in figure 1. The data in table 1 were taken 
at the time points indicated by these lines. The first phase was a fast depolarization of the 
apical membrane potential Va together with an increase in fractional resistance fRa, while the 
transepithelial potential Vt decreased. Because the transepithelial resistance R, was not 
affected, the decrease of V, must be caused by a small but significant decrease of the short 
circuit current Isc. Based on previous experiments [11] this phase is attributed to a sharp 
increase of the intracellular calcium activity, primarily from the IP3 sensitive intracellular 
pool, which activates chloride conductances located in the apical, and more prominently, in 
the basolateral membrane. The second phase was characterized by the repolarization leading 
to a hyperpolarization of the apical membrane, concomitant with an increase in Vt and a 
return of the fRa and R, to control values. The increase of the Isc during the second phase of 
the carbachol response is ascribed to opening of basolateral, Ca2+-sensitive, K+ channels [11], 
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which increase the driving force for CI" efflux through apical CI" channels. Previous work in 

HT29cl.l9A cells suggests that these channels are different than the Ca2+-sensitive CI" 

channels and that PKCoc is involved in their activation [11, 12]. 

Incubation during 48 hours with TNFoc (10 ng/ml bilaterally) significantly increased 

Rt, whereas the other basal electrical parameters were not changed. However, it appeared to 

be much more difficult to obtain stable intracellular recordings. The open dots in figure 1 

show the change in electrophysiological parameters induced by carbachol after 48 hours 

exposure to TNFoc. The mean values of 9 experiments are given in the lower part of table 1. 

Table 1: Effect of 48 hours incubation with 10 ng/ml TNF a on the changes in electrical 

parameters induced by 100 juM carbachol 

V„ mV R„ n.cm- V„ mV fR. Isc, uA.crrr 

Control 

baseline 4.5±0.3 181±11 -53±2 0.67±0.02 25±2 
Carbachol phase 1 3.3±0.3 175±10 -32±3 0.77±0.02 20±2 
Change in phase 1 -1.H0.2 -5±2 21±3 0.10±0.03 -6±1 
Carbachol phase 2 5.5±0.5 171±10 -55±3 0.69±0.02 33±3 
Change in phase 2 2.2±0.3 -4±2 -23±3 -0.08±0.01 14±2 

TNFoc 

baseline 5.0±0.6 213±7# -48±2 0.63±0.01 24±3 
Carbachol phase 1 4.3±0.5 211±7# -31 ±4 0.79±0.01 21±3 
Change in phase 1 -0.7±0.2 -2±1 17±4 0.16±0.02 -3±1# 
Carbachol phase 2 15±0.8* 152±10 -31±2* 0.44±0.05* 106±12* 
Change in phase 2 11±0.5* -59±4* 0.6±2* -0.35±0.06* 85±10* 

Values are means ± SE. Changes in electrophysiological parameters after application of 100 uM carbachol in 
absence or presence of TNFcc. Changes during phase 1 and 2 art measured at time points indicated by 2 thin 
lines in figure 1. For transepithelial measurements, n=9 for the 2 groups. For intracellular measurements [apical 
membrane potential (Va) and fractional apical resistance (fRa)], n=8 for control monolayers, and n=4 for TNF« 
exposed monolayers. V„ transepithelial potential difference; R„ transepithelial resistance; lsc, short circuit 
current. * P<0.05 compared with control carbachol response; # P<0.001 compared with control carbachol 
response. 
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phase 1 
phase 2 carbachol 

TNFa + carbachol 

izjr^~~~~-
0.0 2 5 5 0 7 5 10 0 
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Figure 1. Changes in electrophysiological 
parameters of HT29cl.l9A after addition of 100 
M.M carbachol in absence (close dots) or 
presence (open dots) of 48 h of TNFa (10 
ng/ml). Two tracings (control and TNFa-treated 
group), represent experiments in which 
intracellular recordings could be obtained. Two 
thin lines divide responses into phases I and 2 as 
described in Results. Vt, transepithelial potential; 
Va, intracellular potential; fR.„ fractional apical 
resistance; R„ transepithelial resistance; Isc, short 
circuit current. For statistics see Table 1. 

The sharp depolarization in phase 1 and 

the increase of fRa were not affected by 

the exposure to TNFa, however the first 

extracellular potential change 

(basolateral side negative) and the 

change in Isc were smaller. The second 

phase showed large differences due to 

TNFa exposure; the depolarization of Va 

was prolonged, concurrent with a strong 

decrease in the fRa (0.35 vs. 0.08 in 

control) and Rt (28 % vs. 2 % in 

control). The carbachol-induced increase 

of Isc, with respect to basal values, was 

much larger after treatment with TNFa. 

100 uM carbachol 
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To examine whether the increased current was due to a chloride efflux or a sodium influx, we 

replaced chloride in the apical bath by gluconate, thereby increasing the chloride gradient 

across the apical membrane. Under this condition monolayers exposed to TNFa responded to 

carbachol with larger changes of V( (175 ± 29 %) and Isc (150 ± 19 %) compared to the same 

monolayers exposed to TNFa in normal Ringer (100 %; n=4). This indicates that the 

cytokine potentiated the carbachol-induced CI" efflux across the apical membrane. 

Dose response curve of TNFa 

To define the dose dependence of the action of TNFa filters were incubated during 24 hours 

with different concentrations of TNFa varying between 1 and 100 ng/ml. Figure 2 shows the 

effects of the different concentrations TNFa on the carbachol-induced lsc. The optimal 

potentiation takes place at a concentration of 10 ng/ml TNFa. Therefore in the following 

experiments this concentration was used in the following experiments. 

100-

t 75-

u 

i 50-

25-

IZL 

X X 

Figure 2. Dose-response curve of 
potentiating effect of TNFa on 
carbachol-induced Isc. Monolayers were 
exposed for 24 h to different 
concentrations of TNFa, after which the 
change in Isc after carbachol was 
measured. Maximal potentiation took 
place at a concentration of 10 ng/ml 
TNFa. * P<0.05 compared with control 
carbachol, n=4. 

1 3 10 30 100 

dose TNFa (ng/ml) 

Time dependence of TNF a action 

To define the time dependence of the potentiating effect of TNFa cells were incubated with 

10 ng/ml TNFa during different times, varying between half an hour and 78 hours. Figure 3 

shows the relation between the carbachol-induced Isc and the time of exposure to TNFa. The 

maximal change in Isc is presented as the percentage of the carbachol response of monolayers 

not exposed to TNFa (=100 %). Till 2 hours of incubation TNFa did not show a significant 

potentiation. However, incubation of 2.5 hours with TNFa enhanced the carbachol response 

significantly (206 ± 7 %), and with increasing incubation times, the potentiating effect of 

TNFa on the carbachol response became larger (r=0.70). After 78 hours of incubations the 
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response was increased to over 900 %. We decided to use in some of the experiments a 

shorter exposure time for TNFoc since this permitted more stable intracellular measurements. 

1500-

1000 

500 

r=0.70 
pO.0001 

10 20 30 40 50 60 70 80 

Exposure to TNFa (hours) 

Figure 3. Time dependence of 
potentiating effect of TNFa on 
carbachol response. Monolayers were 
exposed to 10 ng/ml TNFa for between 
0 and 78 h, and maximal change in Isc 

after addition of carbachol was 
measured. Data are expressed as 
percentage change in Isc compared with 
change in Isc after carbachol alone 
(100%). Longer incubation times with 
TNFa resulted in larger changes in Isc 

with a correlation coefficient of r=0.70. 

Histology 

Figure 4a and 4b are typical electron micrographs (3100x) of HT29cl.l9A monolayers with 

(4b) or without (4a) exposure to 10 ng/ml TNFa during 48 hours. No differences are seen as 

compared with time matched control monolayers. A propidium jodide staining combined 

with a Hoechst 33258 was used to check for apoptosis. Even after 48 h exposure to TNFa no 

indication was found for TNFa-induced apoptosis (not shown). 

• .. 

• & -•:• 
• 

F® 

Figure 4. Electronmicrographs of monolayers with or without exposure to TNFa for 48 h. a: representative 
control monolayer, b: representative monolayer exposed to 10 ng/ml TNFa for 48 h. No morphological 
differences arc seen between the monolayers. The photographs are orientated with the filterside down. 
Magnification: X3,100. 
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TNFa action is dependent on protein synthesis 

We examined whether the action of TNFa was dependent on protein synthesis using the 

protein synthesis inhibitor cycloheximide. We incubated the cells (bilatterally) for 1 hour 

prior to TNFa exposure with 10 |ig/ml cycloheximide [13]. The cells were then exposed to 

TNFa in the presence of the inhibitor during 4 hours and the maximal change in Isc induced 

by 100 (J.M carbachol was measured. Figure 5 shows the effects of cycloheximide on the 

carbachol response with or without exposure to TNFa. The increase in Isc induced by 

carbachol in control monolayers was not affected by incubation with cycloheximide 

(7.1 ± 1.2 uA.cm2 cycloheximide vs. 5.8 ± 1.5 |iA.cm~2 control, n=4, p>0.1). However, in the 

presence of cycloheximide the potentiating effect of TNFa was completely abolished 

(31.8 ± 11.2 uA.cm"2 TNFa vs. 6.5 + 1.1 uA.cm"2 cycloheximide + TNFa, n=4, p<0.05). 

This, together with the time lag suggests that TNFa potentiates the carbachol response via a 

mechanism, which requires protein synthesis. 

50 

r 40 
E 

30 

20H 

10 

0 

< 
=1 

carb cyclo 
carb 

TNF cyclo 
carb TNF 

carb 

Figure 5. Effect of cycloheximide on 
maximal change in Isc induced by 
carbachol with or without exposure to 
TNFa. Cells were incubated with 10 
ug/ml cycloheximide bilatterally for 1 
hour before TNFa exposure (4 h). 
Means ± SE from 4 monolayers. * 
P<0.05 compared with carbachol; # 
P<0.05 compared to carbachol + TNFa. 

PKC is involved in the electrical response to carbachol 

We examined the involvement of PKC in the response to carbachol with and without 

exposure to TNFa by using an inhibitor of PKC, bisindolylmaleimide I (GF109203X), which 

is specific for PKC, but, in high concentrations it can also inhibit PKA [14], We tested 

whether GF109203X could inhibit specifically PKC, but not PKA in the HT29cl.l9A cells. 

Figure 6 shows the effects of bilateral application of consecutive 0.1 uM and 1 u.M 

GF109203X on the changes in Va induced by PKA and PKC activation. Forskolin stimulates 

PKA-activated CI" channels, via direct activation of adenylyl cyclase. Application of 1 uM 

PDBu (4-ß-phorbol-12,13-dibutyrate) results in activation of PKC [15]. Addition of forskolin 

or PDBu, although with different time constants, resulted in a depolarization of Va, due to the 

increase in apical chloride conductance [16]. Application of GF109203X did not affect the 
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forskolin-induced depolarization. However, 1 uM GF109203X reduced the depolarization of 

Va induced by PDBu. Since the full effect of GF109203X required about 20 minutes, in the 

following experiments preincubation was performed during 30 minutes. As shown in table 2, 

1 uM GF109203X did not show an effect on the basal electrical parameters. 

Figure 6. Effect of GF109203X 
(bisindolylmaleimide I) on changes in 
Va after addition of forskolin 
(10 uM, basolateral) and PDBu (1 uM, 
apical). GF109203X was added to both 
sides of the cells in concentrations of 
respectively 0.1 uM and 1 u.M. See 
results for effects of preincubation of 
the cells with GF109203X on forskolin-
and PDBu-induced changes in Isc. 

-V. forskolin 

•V, PDBu 
~i 1 r 
10 20 30 

Time (min) 

i 
40 

PDBu/forskolin 

The increase of Isc induced by forskolin was not different with or without 30 minutes of 

preincubation with the inhibitor (43 ± 5 uA.cm"2 and 47 ±11 uA.cm2 respectively, n=9 resp. 

4). However the Isc induced by application of 1 uM PDBu in the presence of the inhibitor was 

significantly reduced by 64 % from 12 ± 2 uA.cm" to 5 ± 1 uA.cm"" n=6, p<0.05). Thus 30 

minutes exposure to 1 uM GF109203X specifically inhibits PKC in the HT29cl.l9A. 

GF109203X was therefore used to test whether PKC was involved in the response to 

carbachol and its potentiation by TNFa. The cells were preincubated for 30 minutes with 1 

uM GF109203X, after which the effect of carbachol and of exposure to TNFa was measured. 

After TNFa exposure, one part of the filter was used to measure the potentiated carbachol 

response. The second part of the filter was preincubated for 30 minutes with 1 uM 

GF109203X, after which the effect of carbachol was measured. 

Table 2. effects of 30 minutes incubation 1 piM GF109203X on basal electrical parameters 

V„ mV Rt, n.cm2 V., mV fR» Isc, uA.cm ~ 

Baseline 

GF109203X 

3.2 ±0.7 

3.5 ±0.7 

215 ± 2 0 

224 ± 28 

-58 ± 2 

-59 ± 2 

0.56 ±0.06 

0.64 ±0.02 

15 ± 3 

17 ± 3 

Values arc means ± SE. 
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Figure 7 shows the relative decrease of the carbachol-induced increase in Isc after 

preincubation with GF109203X with or without exposure to TNFa. In the presence of the 

inhibitor, the maximal change in Isc after carbachol alone was significantly reduced with 

71 ± 14 %. After exposure to TNFa the potentiated carbachol response was inhibited with 

64 ± 6%. We conclude that PKC activation is involved in the normal carbachol-induced 

secretion as well as in the TNFa-potentiated response in this cell line. 
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Figure 7. Effect of 30 min of 
preincubation with 1 uM GF109203X 
(bilateral) on the Isc induced by 
carbachol with or without exposure to 
TNFa. Data are presented as percentage 
changes compared with pairewise 
control experiments without the 
inhibitor. Menas ± SE from 4 or 5 
monolayers. Cells were exposed to 
TNFa between 4 and 48 hours. * 
P<0.05 compared with carbachol; # 
P<0.05 compared with carbachol + 
TNFa. 

TNFa does not affect the PDBu- and the forskolin-inditced secretion 

One mechanism by which TNFa could potentiate the effect of carbachol is a direct 

upregulation of PKC. To investigate this possibility, we preincubated the cells with TNFa 

between 6 and 24 hours, and we measured the Isc induced by the PKC activator PDBu. The 

change in Isc induced by 1 uM PDBu alone was 9.9 ± 1.2 uA.cm"2 and after TNFa 9.3 ± 0.7 

uA.cm" ; n=5, resp. 4). In HT29cl.l9A the secretory response activated by PDBu is mediated 

by the same CI" channels as the PKA activated channels namely the CFTR [17]. To test 

whether TNFa had an effect on the PKA-mediated activation of the apical chloride channels, 

we applied forskolin. The Isc induced by 10 uM forskolin alone was 43 ± 5uA.cm"~ (n=9) 

After exposure to TNFa for 48 hours the Isc induced by forskolin was 51 ± 3uA.cm~ (n=4) 

which is not significantly different. 

Phospholipase D activation is involved in the carbachol-mediated secretory response. 

The foregoing results indicate that the potentiation by TNFa must be sought upstream from 

PKC. One possibility is that the effect is based on a stronger activation of PKC by an 
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increased production of diacylglycerol (DAG). DAG can be produced by several reactions: 

first, the hydrolysis of PIP2 by phosphoinositide phospholipase C (PI-PLC) (this pathway has 

been demonstrated for muscarinic and histaminic receptor activation in intestinal epithelial 

cells) [18]; secondly, hydrolysis of phosphatidyl choline (PC) by PC-PLC or, thirdly, 

hydrolysis of phospholipids to phosphatidic acid (PA) by phospholipase D (PLD) and further 

to DAG by phosphatidate phosphohydrolase (PAP) (reviewed in [19]). However, as far as we 

know, the two last mechanisms are not documented in intestinal epithelial cells. To test the 

possible involvement of the PI-PLC pathway we attempted to block PLC by U73122, a 

putative PLC-PIP2 specific antagonist [20]. However, addition of this compound (10 uM) did 

not show inhibitory effects and the negative control U73343 did show the same quantitative 

effects on Va. Thus this compound could not be used as a tool to investigate the role of PI-

PLC. The formation of DAG by PAP, and therefore the involvement of PLD can be blocked 

by 100 uM propranolol [21]. Using thin layer chromatography of 32PS incubated monolayers, 

it was found that propranolol (100 uM) increased the level of PA, indicating an inhibition of 

the degradation of PA to DAG, (manuscript in preparation). To check whether PLD-

dependent DAG formation and therefore increased PKC activation is involved in the (TNFcc-

potentiated) carbachol response, we examined the effect of propranolol on the carbachol 

response with or without exposure to TNFa Table 3 shows that 10 minutes exposure to 100 

uM propranolol of the apical side of the cells slightly changed the basal electrical parameters. 

A small hyperpolarization occurred together with an increase in fRa, indicating an increase in 

basolateral KT conductance. However, no significant effect was seen on transepithelial 

parameters. (At 500 uM or higher propranolol reduced the transepithelial resistance.) 

Propranolol at 100 uM did not have any effect on forskolin and PDBu-induced secretion 

(results not shown). 

Table 3: effects of 10 minutes incubation with 100 pM propranolol on basal electrical 

parameters 

V„ mV R„Û.cm' Va,mV fRa U uA.cm" 

baseline 4.0 ±0.4 201 ±9 -55 ± 0 0.70 ± 0.00 20 ± 2 
Propranolol 4.8 ± 0.4 234 ± 9* -63 ±2* 0.76 ±0.01* 21 ±2 

Values are means ± SE. * PO.05 compared with baseline. 

Figure 8 shows the effect of propranolol on the change of Va after addition of carbachol in 

TNFa treated cells. The prolonged depolarization induced by carbachol in the presence of 
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TNFa (open dots) was completely abolished after propranolol treatment (closed dots) and is 

similar to registrations of Va after carbachol application without TNFa (see figure 1). 

? 

-̂ >— TNFa + carbachol 

—•— TNFa + propranolol + carbachol 
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10.0 

Figure 8. Example of intracellular 
recording of effect of 10 min of 
preincubation with 100 uM propranolol 
(apical) on changes in Va induced by 
addition of carbachol after exposure to 
TNFa, as compared with tracing 
without propranolol. Decreased 
depolarization and its shorter duration is 
reflected in a decrease of Isc shown in 
figure 9. Cells were exposed to TNFa 
for 4 hours. 

Figure 9 shows the relative change in Isc with respect to the carbachol induced change of Isc 

(100%). After preincubation with propranolol the carbachol-induced increase of Isc was 

reduced (from 14 ± 2.0 to 7.4 ± 1.7 uA.cm2, n=6, p<0.05). Propranolol completely abolished 

the potentiating effect of TNFa on the carbachol response (57 ± 7 uA.cm"2 carbachol after 

TNFa versus 4.2 ± 0.3 uA.cm2 in the presence of propranolol, n=6, pO.001). 
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Figure 9. Effect op propranolol on Isc 

induced by carbachol with or without 
exposure to TNFa. Data are presented 
as percentage compared with the 
carbachol-induced response without 
propranolol (meand ± SE from 6-9 
monolayers). Cells were exposed to 
TNFa between 4 and 48 hours. Means ± 
SE of absolute values of changes are 
given in Results. * P<0.05 compared 
with carbachol; # P<0.001 compared 
with carbachol + TNFa. 

T84 cells 

Exposure of T84 cells to 10 ng/ml TNFa for 24 hours did not change basal secretory activity 

(Isc= 6.82 ± 1.50 uA/cm"2 control vs. 6.30 ± 1.8 uA/cm"2 TNFa exposed monolayers). Also 
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no change in basal R, has been found after exposure to TNFa (588 ± 88 Q.cm2 control vs. 

656 ± 99 Q.cm2 TNFa). Addition of 100 uM carbachol resulted in an increase of Isc of 82 ± 

25% (n=3) as compared with basal values. After 24 hours exposure to TNFa the change in Isc 

was 68 ± 10% (n=3), which is not significantly different than in control monolayers. 

The carbachol induced increase of Isc in these cells appeared not to be affected by the 

PKC inhibitor GF109203X (Isc induced by carbachol in the presence of GF109203X = 121 ± 

17% as compared to control values). The membrane potential Va is in T84 cells -34 ± 0.6 mV 

(n=3), which is lower than in HT29cl.l9A cells, suggesting a higher basal chloride 

conductance. Addition of carbachol resulted in a hyperpolarization of Va with —18 ± 2 mV 

(n=3), which occurred together with the increase in Isc. 

Discussion 

In the present study we showed that exposure to TNFa (10 ng/ml) potentiates the chloride 

secretion induced by muscarinic receptor activation in human intestinal epithelial cells 

HT29cl.l9A. The potentiating effect of TNFa was time dependent; a significant increase of 

the carbachol-induced short circuit current Isc was observed after exposure to TNFa for at 

least 2.5 hours. The rather long lag time and the fact that blocking protein synthesis by 

cycloheximide prevented the potentiating action of TNFa, suggest that de novo synthesis of a 

link or activator in the signaling cascade occurs. 

There are many potential sites where TNFa could have augmented the effect of 

carbachol. 

1) The basal CI" conductance in the apical membrane may be increased, so that the carbachol 

dependent increase of K+ conductance in the basolateral membrane had a larger effect. 

However, the observation that the basal electrophysiological parameters after prolonged 

exposure to TNFa did not show increased secretory activity, argues against this possibility. 

2) TNFa may have increased the number of CI" channels in the apical membrane so that 

activation induced a larger conductance. But activation of the PKA route by forskolin or the 

PKC route by PDBu did not show potentiation by TNFa. Therefore, this possibility is not 

likely to occur. 

3) TNFa may have increased the number of muscarinic receptors. Although we have not 

tested this possibility directly, the observation that activation by histamine after exposure to 

TNFa also showed a potentiated secretory response (unpublished observations) indicates that 

potentiation is in the pathway between receptors and the CI" channel. 

4) Because in HT29cl.l9A cells the carbachol effect is mediated via PKC [11] (and presently 

illustrated by the effect of GF109203X), it may be that TNFa has upregulated PKC so that a 

larger pool of PKC molecules is available. This possibility should be studied directly, 

however, because the effect of PDBu was not different in TNFa exposed cells, this 
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possibility is less likely. Additionally, the observation that GF109203X inhibited the PDBu 

effect and the potentiated carbachol effect with the same percentage suggests that the 

quantitative relation between the blocker and PKC has not been changed by TNFa. Therefore 

we hypothesize that the effect of TNFa is between the receptor and PKC. The absence of an 

effect of exposure to TNFa on the carbachol response in T84 cells may be in line with this 

assumption. In these cells the mechanism leading to increased CI" secretion is different from 

the mechanism in HT29cl.l9A cells. In T84 cells, the carbachol induced increase of the short 

circuit current is primarily due to activation of basolateral K+ channels which lead to an 

increased driving force for CI" efflux through conducting apical Cf channels [22]. This view 

is corroborated by the present intracellular potential measurements. The resting apical 

membrane potential is much lower than in the HT29cl.l9A cells suggesting a much larger CI" 

conductance. The simultaneous hyperpolarization of the apical membrane potential and the 

increase of transepithelial potential and short circuit current upon carbachol addition indicate 

activation of basolateral KT channels as the underlying mechanism for transepithelial current 

in this cell line. The refractoriness of the carbachol response to the PKC inhibitor 

GF109203X confirms the finding that PKC is not involved in the carbachol response in these 

cells [23]. Therefore, the absence of an effect of TNFa on the electrophysiological effect of 

carbachol in these cells is an argument in favor of the hypothesis. 

5) The activation of the muscarinic receptor after exposure to TNFa may lead to increased 

activation of phospholipase C, leading to larger amounts of the intracellular messengers IP3 

and the PKC-activator DAG. This possibility should also be studied directly. However, 

because 1P3 leads to increase of Ca"" and Ca~+ in turn leads to the activation of the first phase 

of the carbachol response [11], which was not different after TNFa exposure, this possibility 

may be less likely. Therefore, another pathway to increase DAG may be involved. The PI-

PLC inhibitor U73122 was without effect on the first phase of the carbachol effect and 

therefore it was not possible to use this inhibitor to show the involvement of other 

phospholipase(s) in the generation of DAG. 

6) Carbachol, after TNFa exposure, may lead to increased production of DAG by activation 

of the PLD pathway. Although, not described for epithelia TNFa can increase the PLD route 

in a number of cells [24, 25]. Direct measurements of DAG levels and the analyses of the 

involvement of the PLD pathway have to be performed. However, in parallel studies it was 

confirmed that in the presence of butanol, carbachol increased the synthesis of phosphatidyl-

butanol, a specific product of phospholipase D activation. This indicates that muscarinic 

receptor activation can increase the PLD activity (manuscript in preparation). Participation 

of the PLD pathway in the carbachol-response was also indicated by the electrophysiological 

effect of propranolol which is considered an inhibitor of conversion of the PLD-product 

phosphatidic acid to DAG by phosphatidic acid phosphatase, PAP [19]. The inhibitive effect 

of propranolol on PAP in these cells was confirmed by the observation that propranolol 

increased the "PA level in J~P; exposed cells, as analyzed with thin layer chromatography 

(manuscript in preparation). Other studies have shown an effect of TNFa on PC-PLC [26, 27, 
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28]. This route forms DAG directly without PA as an intermediate and does not require PAP. 

We can not exclude a role for PC-PLC in the (potentiated) carbachol response. However, the 

large suppression of the carbachol response by propranolol suggests that DAG formation by 

the PLD route plays an important role in the TNFopotentiated carbachol response. 

7) According to work with T84 cells activation of PI-PLC can generate an inhibitory inositol 

derivative, inositol 3,4,5,6-tetrakisphosphate, that may mediate carbachol-induced inhibition 

of CI" secretion [29]. The presence of this mechanism in HT29cl.l9A cells is unknown and 

the possibility that TNFa exposure alleviates a similar inhibition by reducing the synthesis of 

such a compound remains to be studied. However, TNFa was without effect in the T84 cells 

and the inhibitory effect of pre-exposure to carbachol on the histamine response in 

HT29cl.l9A cells was not affected by TNFa (unpublished results). 

8) In human lymphoma cells TNFa appeared to increase Na+ channels [30]. If this was the 

case in HT29cl.l9A cells and the channels were activated by carbachol one would not expect 

to observe an increased response when the driving force for CI" was increased. 

Therefore, the most plausible hypothesis for the effect of TNFa in the potentiation of 

the effect of muscarinic receptor activation in HT29cl.l9A cells is an upregulation of the 

PLD route leading to increased DAG formation and increased PKC dependent CI" 

conductance. 

In another clone of the HT29 cells (HT29/B6) TNFa appeared to have no direct effect 

on the secretory status [7]. However, like in the cl.l9A cells the effect of carbachol was 

potentiated (pers. commun. J.D. Schulzke, F.U. Berlin). 

The effects of TNFa on ion secretion in human or animal intestine have not been 

studied extensively. A difficulty in these studies is that in the presence of so many other cells 

one can not be sure of the target for the applied TNFa. For example, in human distal 

unstripped colon [7] and in porcine ileum [8] TNFa increased the short circuit current. This 

effect could be blocked by indomethacin, indicating the release of prostaglandins. As far as 

we know no experiments have been reported showing more or less acute effects of TNFa on 

responsivity to secretagogues in isolated intestine. Pathophysiology gives no clear evidence 

for effects of TNFa. TNFa is increased in inflammatory intestinal tissue [1,2] and isolated 

but not-affected tissue from inflamed intestine appeared hyporesponsive to secretagogues 

[31]. An explanation for this finding has not been given. It may be that in some studies 

disruption of the tissue or altered morphology plays a role. Alternatively, the 

hyporesponsivity may be related to downregulation of one or more steps in the pathway of 

the secretagogues because the tissue is still in a secretory state or has been in this state for a 

prolonged period. A recent abstract claims that TNFa is not responsible for the secretory 

dysfunction caused by inflammation [32]. 

From cocultures of T84 cells and activated immune cells, there is ample evidence that 

products from immune cells can modify the epithelial response to secretagogues [5, 33, 34]. 

The nature of these products or the mechanism of action is not known. As shown in the 
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present study T84 cells lack the PKC dependent carbachol route and it is feasible that this cell 

line can not show the potentiating effect of TNFa. 

An interesting question therefore is whether in carbachol secretory responses of small 

or large intestinal enterocytes PKC is involved. Data concerning this question are scarce; but 

in rabbit ileum PKC appears to be involved in the response to carbachol [35]. 

Transepithelial permeability appears to be modified by TNFa directly. This effect occurred at 

high concentrations (100 ng/ml) in Caco2 BBE cells [36] and in HT29/B6 cells [37] and at 

lower concentrations (10 ng/ml) in HT29cl.l9A when TNFa exposure was performed in 

combination with IFNy [9]. The cooperative effect of the cytokines may be due to the 

expression of TNFa receptors triggered by IFNy [38]. In our laboratory co-exposure of the 

cells to TNFa and IFNy made it totally impossible to obtain intracellular recordings and also 

high concentrations or longer exposure to TNFa alone decreased the success rate of 

impalements strongly. We have no explanation for this. It appeared not be due to 

morphological changes as electronmicrographs of monolayers exposed to TNFa for even 48 

hours were not different than controls. From the increase of the transepithelial resistance 

induced by exposure to TNFa, we can conclude that there is no increased permeability for 

ions. The large, transient, decrease of Rt during the potentiated carbachol response is 

concomitant with a decrease of fRa and therefore indicates a transcellular change in 

conductances. We propose that carbachol after exposure to TNFa may induce an increased 

activation of PKC and numerous other studies in various cell types have implicated a role for 

DAG stimulated PKC in the effect of TNFa (reviewed in [39]). Massive stimulation of PKC 

by phorbol esters with PDBu caused a slowly increasing paracellular permeability for 

macromolecules in HT29cl.l9A cells [40]. It remains to be studied whether TNFa in 

combination with a secretagogue like carbachol can induce a similar increase of permeability 

and if so, which isotype of PKC could be involved. 

This is the first study, which shows a direct potentiation of receptor-activated ion 

secretion in intestinal epithelial cells by TNFa. It remains to be studied whether the results in 

HT29cl.l9A cells can be translated to the living animal. If so, TNFa could contribute to the 

diarrhea in patients with inflammatory bowel disease, especially when the cells are primed by 

other cytokines like IFNy to express receptors for TNFa. The potentiation of secretion 

induced by muscarinic receptor activation (and histamine Hi receptor activation, unpublished 

observations) suggests that TNFa upregulates a common intermediate in the transduction 

pathway, and underscores its possible role in mast cell responses. It is conceivable that this 

intermediate step is also involved in other PKC-dependent secretory mechanisms like 

induced by for example bacterial toxins [41]. Furthermore our results ask for a place for PLD 

in the secretory mechanism. These aspects deserve further investigations, which are under 

way in our laboratory. 
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The PLD pathway is involved in earbachol-induced CI secretion 

Abstract 

In a previous study it was found that exposure to tumor necrosis factor a (TNFa) potentiated 

the electrophysiological response to carbachol in a time-dependent and cycloheximide-

sensitive manner. It was deduced that the potentiation could be due to protein kinase C (PKC) 

activity because of increased 1,2-diacylglycerol (DAG). It was also observed that propranolol 

could decrease the electrophysiological response to carbachol {Am. J. Physiol. Cell physiol 

2000: 278: C463-C472). The aim of the present study was to investigate whether the 

phospholipase D (PLD) pathway plays a role in the carbachol response and the potentiating 

effect of TNFa. The transphosphatidylation reaction in the presence of the primary alcohol 1-

butanol (leading to stable phosphatidylbutanol (Pbut) formation) was used to measure activity 

of PLD. Also the phosphatide acid (PA) levels were measured. Muscarinic stimulation 

resulted in an increased formation of Pbut and PA. TNFa decreased levels of PA. 

Introduction 

Chloride secretion across intestinal epithelium plays an important role in regulating water 

secretion into intestinal lumen, and is under close regulation of hormonal, neuronal and 

paracrine mediators. A disturbed regulation of CI* secretion can result in a change in the water 

balance, and cause pathophysiological situations like diarrhea, in which excessive water 

secretion occurs. In patients suffering inflammatory bowel diseases (IBD) like Crohn's 

Disease (CD) and Ulcerative Colitis (UC) severe diarrhea occurs. Little is known about the 

pathogenesis of this diarrhea. The role of the cytokine TNFa has drawn increased attention. 

In patients with CD enhanced numbers of TNFa-expressing cells and increased 

concentrations of TNFa have been found [1, 2]. Moreover, therapy using antibodies against 

TNFa reduced the symptoms of the diarrhea, suggesting a crucial role for TNFa in the 

pathogenesis of the diarrhea in IBD [3, 4]. However, the precise mechanism of action of 

TNFa on intestinal epithelium is still unknown. Several studies have shown that cytokines 

are able to alter ion transport and barrier properties of intestinal epithelium, which could 

contribute to the diarrhea [5, 6, 7]. We recently demonstrated that TNFa did not affect the 

basal CI" secretion in the intestinal epithelial cell line HT29cl.l9A. Also, neither the cAMP-

dependent, nor the calcium-dependent nor the PKC-dependent chloride secretion were 

affected by TNFa. However, CI" secretion induced by muscarinic receptor activation by 

carbachol was potentiated after exposure to TNFa [8]. This phenomenon had not been 

previously described and deserves further investigation. This effect occurred only after at 

least 2 hours of incubation with TNFa and was cycloheximide-sensitive. 

It has been widely documented that activating the muscarinic receptor with carbachol 

results in hydrolysis of the membrane phospholipid phosphatidylinositol 4,5-bisphosphate 
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(PIP2) by the phospholipase C pathway (PI-PLC), generating two signaling molecules: 1,2-

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) [9]. IP3 liberates calcium from 

the stores in the endoplasmatic reticulum, thereby increasing the intracellular calcium levels 

[Ca]i. DAG, with or without calcium, can stimulate various members of the PKC family. In 

the human intestinal epithelial cell line HT29cl.l9A, it has been described that carbachol 

activates the CI" secretion in these cells via increases of [Ca]i and DAG, and activation of 

isotype PKCa [10]. We have recently provided additional evidence for the involvement of 

PKC in the carbachol-response in these cells [8]. 

Increases in DAG and therefore subsequent activation of PKC are not solely 

controlled by the PI-PLC pathway. DAG can also be derived from PLC acting on 

phosphatidylcholine (PC) [11]. Additionally DAG can be generated by phospholipase D 

(PLD) which hydrolyzes structural lipids like PC to PA. The latter is subsequently broken 

down by the enzyme PA phosphatase (PAP) to DAG. On the contrary, DAG can be 

phosphorylated by DAG kinase to return PA. A schematic presentation of the cell signaling 

pathways involved in muscarinic receptor activation is shown in figure 1. 

carbachol PIP7 

Ca2+ 

PKC 

Figure 1. Schematic representation of 
signaling mechanism involved in 
muscarinic receptor activation. PC, 
phosphatidyl choline; PIP2, phosphatidyl 
inositol 4,5-bisphosphate; PI-PLC, 
phosphatidyl inositol phospholipase C; 
PLD, phospholipase D; DAG, 1,2-
diacylglycerol; PA, phosphatide acid; 
IP3, inositiol 1,4,5-trisphosphate; DGK, 
DAG kinase; PAP, phosphatidic acid 
phosphatase. 

The involvement of PLD in muscarinic receptor related signaling has been widely 

studied. Muscarinic receptor-stimulated PLD activity is reported in several cell types 

including lacrimal gland acini, neuroblastoma cells and tracheal smooth muscle cells [12, 13, 

14]. Recently we showed that the carbachol-induced CI" secretion in human intestinal 

epithelium is diminished by propranolol, a putative inhibitor of PAP [8]. Hence, these results 

suggest a role for the PLD pathway in the carbachol-induced ion secretion in HT29cl.l9A 

cells. Moreover, the potentiating action of TNFa was completely abolished by propranolol. 

This strongly suggests that TNFa exerts its effect via the PLD pathway so that more DAG is 

generated and more PKC is activated which then generates an increased CI" conductance and 

consequent CI" secretion. 



The PLD pathway is involved in carbachol-induced Cf secretion 

The aim of the present study was to investigate the possible involvement of the PLD 

pathway in the carbachol response in the colonic epithelial cell line HT29cl.l9A and the 

possible upregulation of this pathway by TNFoc. The activity of PLD can be measured by 

using the unique feature of the enzyme to transphosphatidylate its substrate [15]. In the 

presence of a primary alcohol like 1-butanol, PLD is able to form the stable product Pbut in 

addition to its physiological product, PA. The level of Pbut can be used as a relative measure 

for the activity of PLD. 

Here, we show that muscarinic receptor activation in HT29cl.l9A cells results in 

activation of PLD. PLD could also be activated by phorbol ester, which shows that PLD 

activation could be downstream of PLC activation. However, in contrast to the phorbol ester-

induced PLD activation, the muscarinic receptor-activated PLD could not be blocked by the 

PKC inhibitor GF109203X. Furthermore we show that TNFoc affects the PLD pathway by 

decreasing the level of phosphatidic acid. This could result in an increased formation of DAG 

and subsequent PKC activation, which may explain the potentiating effect of TNFoc on the 

secretory response to carbachol in these cells. 

Material and Methods 

Cell culture 

HT29cl.l9A cells were cultured as described previously [16]. Briefly, cells (passages 16 to 

32) were grown in Dulbecco's Modified Eagle's Medium, supplemented with 10% fetal 

bovine serum, 8 mg/1 ampicillin and 10 mg/1 penicillin/streptomycin. They were seeded in 25 

cm2 flasks and passaged every week. For experiments, cells were subcultured on 25mm 0 

Falcon filters for 14 days, and medium was replaced every other day. Labeling of the cells 

with 32P; and TNFoc incubations were performed in culture media in the incubator for the 

indicated time. 

Labeling, stimulation and lipid extraction 

Cells were labeled in culture medium for 24 hours with 1.85 x 106- 3.7 x 106 Bq of carrier-

free 32Pj (Amersham International) added to the mucosal side of the cells. Cells were then 

washed with mannitol Ringer at 37°C to remove the label that was not incorporated. The 

composition of the Ringer was (in mM): 117.5 NaCl, 5.7 KCl, 25.0 NaHC03 , 1.2 NaH2P04 , 

2.5 CaCl2, 1.2 MgS04 , and 28.0 mannitol. Cells were stimulated with carbachol in the 

presence of 0.05 % 1-butanol for 30 minutes with or without pre-exposure to different 

blockers. The stimulation procedure was optimized as described in results section: Time and 

dose response curves of 1-butanol stimulation. 
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The reaction was stopped by adding 0.1 M HCl and lipids were extracted as 

previously described by Munnik et al. [17]. Extracted lipids were separated on heat-activated 

TLC plates (Merck; 20x20x0.1 cm) using a modified ethyl acetate solvent system (ethyl 

acetate/wo-octane/formic acid/water (13:2:3:10, by vol.)) [18]. The levels of j2P-PA and 32P-

Pbut were quantified by phospho-imaging (Storm, Molecular Dynamics). 

Materials 

TNFa, GF109203X (bisindolylmaleimide I), 4-ß-phorbol-12,13-dibutyrate (PDB) and DAG 

kinase inhibitors I and II (R59022 and R59949) were from Calbiochem. Propranolol, 

carbachol and 1-butanol were purchased from Sigma, Brunschwig and Brocades respectively. 

Silica 60 TLC plates and reagents for lipid extraction were from Merck. [ P]Orthophosphate 

(32PJ; carrier-free) was from Amersham International. 

TNFa, propranolol and carbachol were dissolved in water. PDB, GF109203X, 

R59022 and R59949 were dissolved in DMSO and used at a maximal concentration of the 

solvent of 0.01% (vol/vol). Maximal concentrations of solvents were without 

electrophysiological effects on the cells. 

Statistics 

Data are presented as mean ± standard error of the mean. Statististical significance was 

calculated, comparing two groups using a paired Student's t-test as indicated in the figure 

legends. 

Results 

Muscarinic receptor activation with carbachol results in activation of PLD 

To establish whether in intestinal epithelial cells (HT29cl.l9A cells) the PLD activity is 

increased after activating the muscarinic receptor with carbachol, we studied the formation of 

Pbut, which is used as a measure for PLD activity [15]. The level of "P-Pbut was increased 

after incubating the cells with 100 uM carbachol. Figure 2a shows that application of 

carbachol resulted in an increased level of "P-Pbut to 124 + 6 % as compared to controls 

without carbachol (100%) (PO.001; n=21). The level of 32P-PA, is increased to 242 ± 11 % 

as compared to control (PO.001; n=21) (figure 2b). These results illustrate that in 

HT29cl.l9A cells, application of a muscarinic receptor agonist activates PLD. 
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Figure 2. Effect of carbachol on levels of 32P-Pbut (a) and 32P-PA (b) in HT29cl.l9A cells. Cells were 
stimulated during 30 minutes with 100 uM carbachol in the presence of 0.05 % 1-butanol. Data are shown as 
percentage of control monolayers (100%). The basal 32P-PA level is 2.6 ± 0.1 % of total labeled 
phosphospholipids and basal 32P-Pbut level is 0.51 ± 0.03 % of total labeled phospholipids. About 20 % of the 
total label was incorporated into phosphatidylcholine PC. The other labeled phospholipids can not be 
distinguished on this system. Data are represented as means ± SE of 21 experiments. * P<0.001. 

Time and dose response curves of 1-butanol stimulation 

To determine the time dependence of 32P-Pbut formation, cells were incubated with carbachol 
plus 1-butanol (0.05 % vol/vol) for different time intervals. Figure 3 shows that at t=30 
minutes the maximal levels of Pbut and PA are seen. Therefore in all following experiments 
cells were incubated during 30 minutes with 1-butanol. To determine the concentration of 1-
butanol to be used, electrophysiological experiments were performed with concentrations of 
1-butanol varying between 0.05% and 0.5%. We found that 1-butanol concentrations higher 
than 0.05% induced a transient increase in transepithelial potential of 0.6 mV (for 0.15 %) 
and 3 mV (for 0.5 %). At 0.5% 1-butanol the carbachol response was significantly inhibited 
with 37 ± 4 %. The concentration of 0.05 % did not show electrophysiological effects and 
was therefore used in these experiments. 

"P-PA 
, !P-Pbut 

30 60 90 120 150 

incubation time (min) 

Figure 3. Time course of carbachol-
induced formation of 32P-Pbut (open 
dots) and 32P-PA (closed dots). Cells 
were incubated with 100 uM carbachol 
and 0.05 % 1-butanol during time periods 
varying between 10 en 180 minutes. The 
data of 32P-PA and 32P-Pbut induced by 
carbachol are presented as % of (time) 
controls without carbachol. Data are 
represented as means ± SE of 6-8 
experiments. 
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Propranolol increases PA levels 

In electrophysiological experiments we observed that the short circuit current induced by 

carbachol, could be inhibited with 47 % by adding 100 uM propranolol [8]. This inhibitor 

was claimed to block PAP activity [19]. Figure 4a shows that the presence of propranolol 

(100 uM) induced an increase in the basal 32P-PA levels (208 ± 9 %) and in the carbachol-

induced 32P-PA levels (136 ± 12 % compared to carbachol alone) (PO.05; n=5). Neither the 

basal nor the carbachol-induced levels of 32P-Pbut were significantly affected by incubation 

with propranolol (figure 4b). 

These results confirm that exposure to 100 uM propranolol in these cells inhibits PAP 

activity. 
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Figure 4. Effect of propranolol on basal as well as carbachol-induced levels of P-PA (a) and '"P-Pbut (b). 
Cells were incubated with 100 uM propranolol (prop) on the mucosal side 30 minutes prior to carbachol (carb) 
stimulation. Application of carbachol resulted in significantly increased levels of "P-PA and "P-Pbut (244 ± 13 
% and 125 ± 5 %). Data are shown as percentage of control experiments 100 %. Data are represented as means ± 
SE of 5 experiments. * P<0.05 

TNFa affects PA levels 

Since electrophysiological experiments revealed that the potentiation of the carbachol 

response by TNFa could be prevented by propranolol, we proposed that TNFa could exert its 

effect via the PLD pathway in HT29cl.l9A cells [8]. To test this, cells were exposed to 10 

ng/ml TNFa during the 24 hour-labeling period. TNFa did not have an effect on the total 

labeling of the cells (control 5.4 ± 1.4 x 108 AU vs. 4.7 ± 1.2 x 108 AU TNFa; n=42, AU = 

arbitrary units). After exposure to TNFa basal levels of P-PA were decreased to 87 ± 1 % 

(PO.05; n=6) compared to control levels (100%) and the carbachol-stimulated levels were 
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also attenuated to 87 ± 4 % (P<0.05; n=6) as shown in figure 5a. In figure 5b the effect of 

TNFa on the level of 32P-Pbut is shown. The basal levels of 32P-Pbut (100%) were not 

significantly affected after exposure to TNFa (95 ± 5 %; n=6). However, the carbachol-

induced levels were slightly but significantly decreased after exposure to TNFa to 92 ± 3 % 

as compared to control (100%) (P<0.05; n=6). 

Phorbol ester-induced PKC activation increases PLD activation 

PKC is known to upregulate PLD activity in many different tissues and cells [20]. To 

establish whether PKC activated by phorbol esters can activate the PLD pathway in these 

cells as well, we incubated the cells during 30 minutes with 1 uM of the phorbol ester PDB 

[21] and measured the formation of 32P-Pbut. Figure 6a shows that the level of 32P-Pbut was 

increased to 128 ± 6 % (PO.05; n=8), and that the PKC inhibitor GF109203X (1 uM) [22] 

could inhibit this increased 32P-Pbut formation completely. This suggests that also in these 

intestinal epithelial cells stimulating PKC with phorbol ester increases PLD activity. 
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Figure 5. Effect of TNFa on basal and carbachol-induced levels of 32P-PA (a) and 32P-Pbut (b). Cells were 
exposed to 10 ng/ml TNFa during the 24 hours-labeling period. Cells were stimulated with 100 uM carbachol 
(carb). Application of carbachol resulted in significantly increased levels of ,2P-PA and "P-Pbut (226 ± 20 % 
and 119 ± 3 % respectively). Data are shown as percentage changes of control experiments. Data are represented 
as means ± SE of 7 experiments. *P<0.05. 

Inhibition of PKC does not affect carbachol-induced PLD activation 

Next, we asked whether in these cells PKC, which can be activated via carbachol-induced 
stimulation of PI-PLC, was involved in the carbachol-stimulated PLD activity as well. Prior 
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to addition of carbachol, cells were incubated for 30 minutes with 1 uM of the PKC-inhibitor 
GF109203X bilaterally. As shown in figure 6b the PKC inhibitor did not show an effect on 
the basal or on the carbachol-induced levels of 32P-Pbut (n=7). These results imply that in 
HT29.cll9A cells carbachol does not activate PLD downstream of PKC activation. 

The source of PA 

PA can be formed by DAG kinase from DAG generated by PI-PLC and by PC-PLC. To 

investigate whether DAG kinase was involved in PA formation, cells were preincubated with 

10 uM DAG kinase inhibitor I (R59022) or 5 uM DAG kinase inhibitor II (R59949) during 

30 minutes prior to carbachol addition [23, 24], Neither DAG kinase inhibitor I had an effect 

on the carbachol-induced level of 32P-PA (293 ± 6 % carbachol vs. 285 ± 13 % R59022 + 

carbachol n=4) nor did the DAG kinase inhibitor II (244 ± 13 % carbachol vs. 243 ± 8 % 

carbachol + R59949; n=4). 
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Figure 6. Effect of the PKC inhibitor GF109203X (GF) on the levels of 52P-Pbut induced by PDB (a) and 
carbachol (b). Cells were incubated with 1 uM PDB (mucosal) or 100 uM carbachol during 30 minutes with or 
without 30 minutes pre-exposure to GF109203X (1 uM, bilaterally). Data are shown as percentage of control 
monolayers (100%). Data are represented as means ± SE of 5 to 8 experiments. * P<0.05. 

Discussion 

In a previous study we found that exposure to TNFa potentiated the electrophysiological 
response to carbachol in a time-dependent and cycloheximide-sensitive manner. We deduced 
that the potentiation could be due to increased PKC activity because of increased DAG [8]. 
We also observed that propranolol could decrease the electrophysiological response to 
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carbachol. The aim of the present study was to investigate whether the PLD pathway plays a 

role in the carbachol response and the potentiating effect of TNFa. 

Therefore we analyzed the changes in levels of 32P-labeled PA and 32P-labeled Pbut as 

a consequence of exposure to carbachol and/or TNFa. Although the level of PA can be 

increased because of a large number of mechanisms, it is claimed that the 

transphosphatidylation of primary alcohols is a unique feature of PLD [15]. The increase of 

the percentage of 32P-Pbut by carbachol in these cells is therefore evidence that muscarinic 

receptor activation can increase the activity of PLD in these cells. A similar observation has 

been made in transfected HEK 293 cells [25], submandibular acinar cells [26], thyroid cells 

[27] and in a number of non-epithelial cells like tracheal smooth muscle cells, neuroblastoma 

cells and astrocytes [14, 13, 28] respectively. The increase of the PA level may therefore be 

partly the result of the increased formation through PLD. Another pathway for PA formation 

is from DAG via DAG kinase. Experiments using inhibitors of DAG kinase did not show an 

effect on PA levels. This could imply that DAG kinase is not involved in the generation of 

PA. However, we cannot exclude the possibility that the inhibitors used are not effective in 

our cell system. Now, 9 isotypes of DAG kinase are known, and it is unknown which 

isotypes are present in our cells, and whether these are effectively inhibited by the mentioned 

inhibitors [29]. One of the goals of this study was to establish whether propranolol reduced 

the electrophysiological response to carbachol via inhibition of the conversion of PA to DAG. 

In the presence of propranolol, PA levels were further increased, which is consistent with the 

postulated inhibitory role of propranolol on PAP [19]. An important observation is that the 

potentiation of the carbachol-induced secretory response by TNFa is totally prevented by 

propranolol [8]. This indicates that the PLD pathway plays a crucial role in the potentiating 

effect of TNFa. 

We reasoned from electrophysiological experiments that exposure to TNFa could 

augment the response to carbachol by increased formation of DAG. Thus TNFa might have 

increased the activity of PLD, or PAP or decreased the activity of DAG kinase. In the present 

study we observed that TNFa decreased basal and carbachol-induced 32P-PA levels. Because 

Pbut can not be a substrate for PAP, the observed decrease of Pbut after TNFa and carbachol 

exposure requires another explanation. It is known that PLD activity can be enhanced by PA 

and by PIP2, which is formed by the PA-dependent PIP kinase [30, 31]. Therefore, when PA 

level is decreased by exposure to TNFa, PLD may be activated to a lesser extent, which 

results in a decreased level of 32P-Pbut after TNFa plus carbachol exposure. From these 

observations we propose that muscarinic receptor activation and TNFa exposure act 

synergistically in that they increase the activity of PLD and modulate the level of PA in this 

cell line. The decrease in PA level may be due to increased activity of PAP or decreased 

activity of DAG-kinase. In this context it is intriguing that recently the presence of PLD and 

PAP in specific membrane compartments have been described [32]. 
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As reported for many other cell types [20], we demonstrated that also in this cell line 

PLD activity can be increased by PDB-induced PKC activation. However, we revealed that 

carbachol does not activate PLD downstream of PKC activation in HT29cl.l9A cells. It may 

be that this is due to lack of activation of the specific PKC isotype required for PLD 

activation by carbachol. Another possibility is that the activation of PLD by the muscarinic 

receptors occurs via another route. A detailed study of this dual activation of PLD by 

muscarinic receptors and by phorbol-ester activated PKC in human embryonic kidney cells 

(HEK-293) has given insight in this phenomenon [33, 34]. In these cells phorbol ester-

stimulated PLD activity appeared to be dependent on Ral GTPases while muscarinic receptor 

mediated PLD activation is dependent on Rho-kinase activated by Rho protein and PI(4,5)P2. 

Similarly, Mamoon et al. (1999) concluded that the PLD stimulation in tracheal smooth 

muscle by muscarinic receptor activation is not solely due to PKC [14] and this was also 

observed in neuroblastoma cells [13]. Thus, our observation in the intestinal cell line seems to 

fit in a rather general mechanism where activation of the muscarinic receptor leads to 

activation of PLD. This may lead to the slow but prolonged increase of DAG, which was 

described for the first time in astrocytoma cells by Martinson et al. [35]. Surprisingly, as far 

as we know, this pathway has gained no attention in studies of chloride secretion by intestinal 

epithelium so far. 

Recently, in a study of protein transport through the apical membrane using the same 

intestinal cell line as the present study, Auger et al. (1999) concluded that carbachol did not 

activate PLD (and that carbachol-induced increase of PA was solely via the PC-PLC/DAG-

kinase pathway) [36], Some difference between their methods and ours is that they used a 

very high concentration of ethanol (3%) as substrate for the transphosphatidylation instead of 

the 0.05% 1-butanol we used in the present study. Furthermore they labeled lipids with H-

myristic acid, which is a less sensitive method to detect phospholipids than using 32Pj 

labeling, as used in the present study. 

To our knowledge, this is the first study that suggests that TNFoc might affect PAP 

activity. Interestingly it has been shown recently that other cytokines can affect the activity of 

PAP. In rat hepatocytes, Transforming Growth Factor ß (TGFß) increases the activity of 

PAP, probably by increased enzyme synthesis or decreased degradation [37]. In human 

mesangial cells, II— 1 rapidly stimulates PAP activity [38]. However, the mechanism of the 

regulation of PAP remains unclear. 

Regulation of PAP activity/expression can influence the PA levels and consequently 

PA/DAG ratios following PLD activation. Although DAG is known to be an important 

second messenger and lately more attention is paid to the role of PA as a second messenger, 

not much is known about the mechanisms of regulation of PAP yet. Waggoner et al. reviewed 

that PAP has putative regulation sites on the C- and N-termini, but the mechanisms of 

regulation remain poorly understood [39]. 

PLD activity is shown to be present at different sites of the intestinal system. 

Enterocytes express PLD activity in the mitochondria, and its activity is regulated by nitric 
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oxide, polyamines, monoamines, and calcium [40, 41, 42], Furthermore the PLC and PLD 

signaling have been extensively studied in intestinal smooth muscle cells [43]. But as 

mentioned before, not much is known about the role the PLD pathway can play in the CI" 

secretion in intestinal epithelium. To our knowledge, only one study showed that the primary 

product of the PLD pathway, i.e. PA, although exogenously applied, did modulate the Cf 

secretion in another intestinal epithelial cell line T84 [44]. 

A role for TNFoc in PLD signaling has been proposed earlier, but these studies focus 

on TNFoc as a mediator involved in apoptosis [45, 46, 47]. In the HT29cl.l9A cells TNFoc in 

the concentration used (10 ng/ml) does not induce apoptosis [8]. 

In summary, we have shown that PLD activity is present in human intestinal 

epithelial cells and that this PLD activity is increased by muscarinic receptor activation and 

phorbol ester-induced PKC activation leading to augmented PA levels. We propose that the -

de novo enzyme synthesis-dependent potentiation of the electrophysiological response to 

carbachol after TNFoc exposure may be due to enhanced activity of PAP. The increased PAP 

activity, acting on the augmented substrate level may lead to increased DAG-dependent PKC 

activity and consequently to increased CI" conductivity. The testing of this hypothesis 

remains to be done. 
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Abstract 

Comparison of potentiating effect of TNF a in cell lines and mouse distal colon 

In HT29cl. 19A cells it has been described that TNFcc potentiates the ion secretion induced by 

muscarinic receptor activat.on via an upregulation of the PLD pathway. The aim of the 

present study was to investigate whether in another intestinal epithelial cell line and in mouse 

distal colon the same mechanism is occumng. Electrophysiological techniques were used to 

measure ion secretion across T84 cells and mouse distal colon. The transphosphatidylation 

reaction in the presence of 1-butanol (leading to stable phosphatidylbutanol formation) was 

used to measure PLD activity. 32Pi labeling and thin layer chromatography were used to 

measure the relative amounts of phospholipids after activating the muscarinic receptor with 

or without pre-exposure to the cytokine in T84 cells. Exposure to TNFa did not affect the 

basal or the carbachol-induced ion secretion in T84 cells. Inhibiting PKC using GF109203X 

and western blot analysis revealed that activation of PKC is not involved in the secretory 

response to carbachol, presumably, because of a low expression of PKCoc. Muscarinic 

receptor activation resulted in increased PLD activation and exposure to TNFa increased the 

basal as well as the carbachol-induced levels of phosphatidylbutanol. Thus also in T84 cells, 

TNFa exposure results in an upregulation of the PLD pathway, however, no potentiating 

effect on the secretory response was seen, probably due to an insufficient level of PKCa. On 

the contrary, native colonic tissue does resemble the HT29cl.l9A cells in the synergy 

between TNFa and carbachol. 

Introduction 

Recently, we have found that TNFa potentiates the chloride secretion induced by carbachol 

acting via the muscarinic receptor in the colonic epithelial cell line HT29cl.l9A [1]. 
Increased chloride secretion results in severe diarrhea, due to excessive water secretion. Thus, 

TNFa might increase effects of acetylcholine leading to diarrhea in patients with 

inflammatory bowel disease (IBD) where increased levels of TNFa have been found in 

intestinal tissue [2, 3]. The synergy between a cytokine and a neurotransmitter is a rather 

unique finding as it has not been described before for intestinal tissue, and therefore requires 

confirmation from other cell lines and native tissue. 

Controversial effects of cytokines on ion secretion have been described. A few reports 

have shown that cytokines can reduce secretagogue-induced ion secretion in T84 intestinal 

cells. [4, 5, 6, 7]. On the other hand, Schmitz et al [8]) and Kandil et al [9] described that 

TNFa readily increased the basal ion secretion in human distal colon and porcine jejunum 

respectively. Moreover, they showed that the stimulatory effect of TNFa was indirect in that 

the cytokine induced the release of subepithelial prostaglandins which subsequently stimulate 

the process of ion secretion. Most probably, such a TNFa-mduced increase in prostaglandin 
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production does not play a role in the potentiated response to muscarinic receptor stimulation 

we observed in the colonic epithelial cell line HT29cl.l9A, because TNFa did not affect 

basal ion secretion in this cell line [1]. 

The intracellular messenger system activated by the muscarinic receptor is described 

for many cell lines and tissues [10]. The muscarinic M3 receptor activates the enzyme 

phospholipase C, which cleaves phosphatidylinositol-4,5 bisphosphate (PIP2) into inositol-

1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 releases calcium from the 

endoplasmatic reticulum, whereas DAG activates the conventional and novel protein kinase 

C (PKC). Moreover, it has been shown that muscarinic receptor activation may also increase 

phospholipase D (PLD) activity [11]. Phospholipids (mostly phosphatidylcholine, PC) are 

hydrolyzed by PLD to form phosphatidic acid (PA), which is subsequently hydrolyzed to 

DAG by PA phosphatase (PAP). The involvement of this latter pathway in muscarinic 

receptor-mediated secretion in intestinal tissue has been documented recently in HT29cl.l9A 

cells [1, 12]. Importantly, it was postulated that in these cells TNFa exerts its potentiating 

effect on the stimulated chloride secretion induced by carbachol via an upregulation of the 

PLD pathway leading to increased and prolonged DAG formation and consequent PKC-

induced activation of the apical chloride conductance [1]. 

The aim of the present study was to determine whether the potentiating effect of 

TNFa may also occur in other models of intestinal epithelium, and not solely in the 

HT29cl.l9A cell line. We choose T84 cells, because they are frequently used to study 

intestinal secretion. We predicted that TNFa would not increase the carbachol-induced short 

circuit current (Isc) because in this cell line, carbachol increases Isc by activating basolateral 

potassium channels only [13, 14, 15]. It is of great importance to validate the TNFa effect in 

native tissue. Therefore, the responsiveness of murine distal colon to TNFa was tested ex 

vivo. 

Here we show that TNFa did not affect the chloride secretion induced by carbachol in 

T84 cells. We hypothesize that this is due to insufficient PKCa in T84 cells and therefore 

lack of CI" channel activation by PKC. Carbachol did activate the PLD pathway in these cells 

and TNFa upregulated the PLD pathway, like in HT29cl.l9A cells. In distal colon of the 

mouse, TNFa augmented the chloride secretion induced by carbachol. Although the cellular 

mechanism in the mouse colon remains to be studied, the large analogy with responses in 

HT29cl.l9A cells suggests that the effect of TNFa on the PLD pathway is general and not 

restricted to cancer cell lines. 
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Material and Methods 

Cell culture 

T84 cells and HT29cl.l9A cells were cultured as previously described for HT29cl.l9A cells 

[16]. T84 cells were kindly provided by Dr. H.R. de Jonge (Dept. of Biochemistry, University 

of Rotterdam). Briefly, the human intestinal epithelial cell line T84, passages 26-36, was 

grown in DMEM/Nutrient mix-F12 (1:1) medium (G1BCO), supplemented with 10 % (v/v) 

fetal bovine serum, 8 mg/1 ampicillin and 10 mg/1 streptomycin. The HT29cl.l9A cell line 

was grown in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine 

serum, 8 mg/ml ampicillin and 10 mg/1 streptomycin. Cells were seeded in 25 cm2 flasks at 

37 °C in 5 % C02 / 95 % 0 2 and passaged weekly. For experiments, cells were subcultured 

on Falcon filters (25mm 0) for 14 days with medium replacements every other day. 

Confluency was reached 7 days after seeding and the filters with cells were used between 13 

and 19 days post-seeding. Labeling of the cells with 32Pi and TNFa incubations were 

performed in culture media in the incubator. 

Electrophysiological measurements with T84 cells 

Filters were cut from the ring, divided into 4 pieces, and rinsed with Ringer. The composition 

of the Ringer's solution was (in mM): 117.5 NaCl, 5.7 KCl, 25.0 NaHC03, 1.2 NaH2P04, 2.5 

CaCl4, 1.2 MgS04, and 28 mannitol. One piece was mounted in a small horizontal Ussing 

chamber, leaving an oblong area of 0.35 cm2. The apical and basolateral compartments were 

continuously perfused with Ringer buffer at a temperature of 37 °C and gassed with 5% 

C02/95% 02. Agar bridges were placed in apical and basolateral compartments and were 

connected to Ag-AgCl electrodes for monitoring the transepithelial potential difference (V,). 

An extra Ag-AgCl electrode was placed in the apical bath, serving as a common ground. 

Apical membrane potential (Va) was measured by impalement with a glass microelectrode, 

pulled from capillaries (1 mm o.d., Clark Electromedical, Reading, UK) with a Flaming 

Brown P-87 micropipette puller. The microelectrode was filled with 0.5 M KCl solution. The 

tip resistance was 100-200 MQ and the tip potential: 2-5 mV. Current electrodes (Ag-AgCl) 

were placed in the walls of both compartments; these were used to apply bipolar current 

pulses from a floating current source of 10 and 50 uA, at 30-s intervals, in order to calculate 

the transepithelial resistance (R,) and the fractional resistance fRa (Ra/[Ra+Rb])- The 

equivalent short circuit current (Isc) was calculated from Vt and R,. 

The potential differences were measured differentially with M-4A electrometer 

probes (W-P-Instruments, New Haven, USA). The potential differences were continuously 
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recorded on a multi-pen recorder and on a computer using custom-made software. The 

measurements were corrected for the offset of the electrodes and for the resistances of the 

fluid and filter without cells. 

Phospholipase D activity in T84 cells 

Cells were labeled during 24 hours with 1.85 x 106- 3.7 x 106 Bq 32Pj at the mucosal side of 

the cells. Cells were washed with Ringer to remove rests of not incorporated 32Pj. Cells were 

then stimulated in the presence of the primary alcohol 1-butanol (0.05 % (v/v)) during 30 

minutes with 100 |iM carbachol. The concentration of 1-butanol and the time for incubation 

were chosen based on earlier studies [12]. The reaction was stopped with 0.1 N HCl and 

lipids were extracted as described previously [17]. Extracted lipids were separated on heat-

activated TLC plates using an ethyl acetate solvent system (ethyl acetate/iso-octane/formic 

acid/water (13:2:3:10, by vol.))[18]. The TLC plate was exposed to a photographic film 

overnight and levels of 32P-labeled PA and phosphatidylbutanol (Pbut) were quantified by 

phosphoimaging (Storm, Molecular Dynamics). 

Western Blot PKCa 

PKCa isotype measurements were performed as described previously [19]. Briefly, cell 

lysates (10 mg/ml protein) were subjected to SDS-polyacrylamide gel electrophorese. 

Proteins were transferred overnight to polyvinylidine difluoride membranes (Immobilon P, 

Millipore) by Western Blotting. Membranes were blocked with 0.2 % (w/v) I-Block reagent. 

The membranes were incubated overnight with PKCa antibody diluted 1:500 in PBS (pH 

7.4) containing 0.1 % (w/v) I-Block reagent and 0.2 % (v/v) Tween-20. Membranes were 

washed with PBS containing 0.3 % Tween-20 and incubated for 1 h with goat anti-rabbit IgG 

antibody conjugated to alkaline phosphatase, diluted 1:1000 in PBS containing 0.1 % (w/v) I-

Block reagent and 0.2 % (v/v) Tween-20. Membranes were washed and stained with 0.1 M 

diethanolamine, 0.34 mg ml"1 Nitroblue tetrazolium, 0.18 mg/ml 5-bromo-4-chloro-3-

indollphosphate and 1.0 M MgCl2. Membranes were scanned using an Imaging Densitometer 

(Biorad, Munich, Germany). 

Tissue preparation mouse distal colon 

Female Balb/C mice, who had access to water and food ad libitum, were used. The animals 

were killed by cervical dislocation and the intestine was cut between caecum and rectum. The 

colon was rinsed with ringer to remove rests of faeces and placed over a thin plastic tube. The 
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distal colon was taken two centimeters distal from the caecum and cut along the mesenteric 

border across a length of 1 cm. The excised segments were mounted in a sledge (exposed 

area 0.2 cm ) [20] and placed between two small compartments (2 ml) of a modified Ussing 

chamber and kept at a temperature of 37°C. 

The composition of the ringer was (in mM): 117.5 NaCl, 5.7 KCl, 25.0 NaHC03, 1.2 

NaH2P04 2.5, CaCl2, 1.2 MgSC-4, 5 inosine, 0.5 ß-OH-butyrate, 2.5 glutamine plus 50 mg/1 

azlocillin (modified from [21]). Ringer was gassed with 5 % C 0 2 - 95 % 0 2 . The ringer in 

the two compartments was refreshed every 30 minutes to avoid bacterial overgrow. TNFa 50 

ng/ml was applied to the serosal side 3 hours before application of carbachol. 

Electrophysiological measurements in mouse distal colon 

Agar bridges were placed in apical and basolateral compartments and were connected to Ag-

AgCl electrodes for monitoring the transepithelial potential difference (Vf). Platina electrodes 

were placed in serosal and mucosal chambers and current injections of 10 uA were given to 

measure transepithelial resistance (Rt) of the epithelia. From the Vt and R, the short circuit 

current Isc was calculated. 

The potential difference was continuously recorded on a computer using custom-made 

software. The measurements were corrected for the offset of the electrodes and for the 

resistance of the fluid. 

Materials 

TNFa and GF109203X (bisindolylmaleimide I) were from Calbiochem. Propranolol, 

carbachol and 1-butanol were purchased from Sigma, Brunschwig and Brocades respectively. 

Silica 60 TLC (20 x 20 x 0.27 cm) plates and reagents for lipid extraction were from Merck. 

[ "P]Orthophosphate ( P;; carrier-free) was from Amersham International. Antibody against 

PKCa was from Gibco. 

Statistics 

Data are presented as means ± standard error of the mean. Statistical significance was 

evaluated using Student's Mest. P-values and N are given in the corresponding text. 
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Results 

TNFa does not affect carbachol-induced ion secretion in T84 cells 

To investigate the effect of TNFa on the muscarinic receptor-induced ion secretion in T84 

cells, cells were incubated during 24 hours with 10 ng/ml TNFa (bilaterally) after which the 

electrophysiological response to carbachol was measured. Table 1 shows the transepithelial 

electrophysiological parameters in control and TNFa-exposed T84 monolayers. TNFa did 

not affect basal Isc or the stimulatory effect of carbachol thereupon in T84 cells. These results 

indicate that in these cells, TNFa neither affects the basal secretory characteristics or the 

carbachol-induced ion secretion. This contrasts with HT29cl.l9A cells where TNFa 

potentiates the carbachol-induced ion secretion [1]. Like in HT29cl.l9A cells, the response to 

forskolin was not changed by exposure to TNFa (data not shown). To investigate why no 

potentiation of the response to carbachol was observed in T84 cells we first studied the 

electrophysiological response to carbachol in more detail. 

Table 1. Electrophysiological parameters T84 cells 

V^mV R„ ß.cm2 Isc, uA.cnT 

Control 

Baseline 3.5 ±0.8 564 ± 50 6.2 ± 1.3 
carbachol 6.7 ± 1.5 525 ±48 13 ±2.7 
A carbachol 3.2 ±0.8 -39 ±10 6.8 ± 1.6 

TNFa 

Baseline 4.8 ± 1.1 700 ± 90 6.5 ± 1.3 
carbachol 7.2 ± 1.9 660 ± 78 10 ±2.4 

A carbachol 2.4 ± 1.0 -39 ± 10 3.9 ±1.4 

Electrophysiological parameters of T84 cells before and after addition of carbachol, with or without exposure to 
TNFa. N=7 for control T84 monolayers; N=4 for TNFa exposed T84 monolayers. 

Electrophysiological response to carbachol in T84 cells. 

A typical electrophysiological response to carbachol is shown in figure 1. In three out 

of seven experiments stable intracellular potential changes could be recorded. Application of 
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100 |iM carbachol to the serosal side of the 

cells (indicated with the thin line) resulted in a 

hyperpolarization of Va with 18 ± 2 mV 

(n=3). This occurred concomitantly with a 

small increase in fRa (0.05 ± 0.01; n=3). In a 

total of seven experiments Vt increased with 

3.2 ± 0.8 mV and the R, decreased 39 ± 10 

Q.cirf resulting in an increase of the Isc with 

6.8 + 2 uA.cirf". These results confirm that 

after addition of carbachol a potassium 

conductance located in the basolateral 

membrane is activated in T84 cells which 

increases the driving force for chloride exit 

through an apical chloride channel [14, 13]. 

In HT29cl.l9A cells, the chloride channels 

can be activated by PKCoc [22, 23] and 

recently we provided evidence that PKC-

dependent CI" channels are involved in the 

secretory response to muscarinic receptor 

activation [1]. Therefore, we wanted to 

investigate whether in T84 cells PKC is also 

involved in the carbachol-induced increase of 
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Figure 1. Changes in electro-physiological parameters 
in time of T84 cells after addition of 100 uM carbachol 
to the serosal side of the cells. The tracing presented is 
representative for three out of seven experiments in 
which intracellular recordings could be obtained. The 
thin line indicates the time point at which carbachol 
was added. The electrophysiological response is 
described in RESULTS section. V„ transcpithelial 
potential; Va, apical membrane potential; fR;1, fractional 
resistance Ra(Ra+Rb); R„ transepithelial resistance; Iic, 
short-circuit current. 
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PKC is not involved in the Ct secretion induced by carbachol in T84 cells 

Application of the phorbol ester \\xM PDB did not evoke an increase of the Isc (data not 

shown). Furthermore, the carbachol-induced increase in Isc was not affected by 30 minutes 

bilateral preincubation with 1 |iM GF109203X (6.8 ± 1.6 uA.cm"2 carbachol alone vs. 8.7 ± 4 

|lA.cm~2 GF+carbachol; P>0.1; n=3). These results suggest that in T84, in contrast to 

HT29cl.l9A cells, PKC activation is not involved in mechanism of action of carbachol. 

T84 cells express less PKCa than HT29cl.l9A cells 

The foregoing results showed that PKC is not involved in the carbachol-induced ion secretion 

in T84 cells. Previous studies have revealed a role for PKC, more specifically PKCa, in the 

ion secretion induced by carbachol in HT29cl.l9A cells [23]. We examined whether a 

reduction in PKCa expression could be responsible for the absence of a PKC effect inT84 

cells. Fifty (j.g of total cellular protein was size-separated on a Polyacrylamide gel as 

described in materials and methods. PKCa was visualized by immunoblotting using a PKCa 

antibody. Figure 2 shows that the amount of PKCa in T84 cells was much lower compared to 

HT29cl.l9A cells. Apparently, T84 cells express considerably less PKCa than HT29cl.l9A 

cells. 

Figure 2. Western blot of T84 and HT29cl.l9A 
cell lysates (50 ug) incubated with antibody 
against PKCa. Lane 1 shows a cell lysate from 

•*— PKCa HT29cl.l9A cells. Lane 2 shows a T84 cell 
lysate. and lane 3 is a positive control, in which 
partially purified rat brain PKC is blotted with 

HT29cl.l9A T84 rat brain anti-PKCa. 

Muscarinic receptor activation results in PLD activation in T84 cells 

To study whether in T84 cells PLD is activated after muscarinic receptor activation, we 
labeled the cells with 32P; and used the transphosphatidylation method to measure the 
formation of 32P-Pbut and 32P-PA after stimulation with carbachol in the presence of 0.05 % 
(v/v) 1-butanol [24]. Figure 3 shows that the levels of 32P-Pbut and 32P-PA are significantly 
increased after application of carbachol with 20 ± 9 % and 34 + 11 % respectively (PO.05; 
n=6), suggesting that in T84 cells, PLD is activated by the muscarinic receptor agonist 
carbachol. 
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Figure 3. Effect of carbachol on levels of 32P-Pbut (a) and 12P-PA (b) in T84 cells. Cells were stimulated during 
30 minutes with carbachol in the presence of 0.05 % (v/v) 1-butanol. Data are shown as percentage of 
unstimulated control monolayers (100 %). The basal level of ,2P-Pbut is 0.25 ± 0.01 % of total labeled 
phospholipids and the basal 12P-PA level is 2.92 ± 0.36 % of total labeled phoshpholipids. Data are presented as 
means ± SE of 6 experiments. * P<0.05. 

Propranolol increases levels of PA 

In HT29cl.l9A cells, propranolol was shown to increase PA levels, confirming its inhibiting 

effect on the enzyme PAP, which converts PA into DAG (Oprins et al. submitted). To 

investigate whether in T84 cells propranolol also increased PA levels, cells were pre-

incubated with 100 uM propranolol for 10 minutes (mucosal). In figure 4 it is shown that 

application of propranolol results in an increase in PA levels with 24 ± 7 % compared to 

control monolayers (P<0.05;n=6). Also the carbachol-induced increase in PA was increased 

with 38 ± 14 % as compared to monolayers without the inhibitor (PO.05; n=5). 
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Figure 4. Effect of propranolol on the 
basal and carbachol-stimulated levels of 
12P-PA in T84 cells. Cells were 
preincubated with 100 uM propranolol 
(prop) for 30 min prior to carbachol 
(carb) stimulation. Data are shown as 
percentage ,2P-PA of unstimulated 
control monolayers (100%). Data are 
presented as means ± SE for 5 
experiments. * PO.05. 
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TNFa increases basal as well as carbachol-induced Pbut levels in T84 cells 

In the HT29cl.l9A cells as well in the T84 cells, PLD activation is involved in muscarinic 

receptor stimulation. To investigate the effect of TNFa on the PLD pathway in T84 cells, we 

measured the levels of Pbut and PA after exposure to TNFa. Cells were exposed to 10 ng/ml 

TNFa during the labeling period of 24 hours after which the levels of 32P-Pbut and 32P-PA 

were measured with or without carbachol stimulation. Figure 5 shows that after exposure to 

TNFa the basal level of 32P-Pbut was increased with 21 ± 8 % (as compared to control 

monolayers; PO.05; n=6). After exposure to TNFa, the carbachol-induced P-Pbut level 

was also increased with 13 ± 5 % as compared to its control without TNFa exposure (p<0.05; 

n=6). TNFa did not show an effect on the levels of 32P-PA (data not shown). These results 

show that in these cells exposure to TNFa results in an upregulation of the activity of PLD. 
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Figure 5. ffect of TNFa on basal and 
carbachol-stimulatcd levels of " P-Pbut 
in T84 cells. Cells were exposed to 10 
ng/ml TNFa during the 24-hours 
labeling period. Cells were stimulated 
with carbachol in the presence of 0.05 % 
(v/v) 1-butanol. Data arc shown as 
percentage " P-Pbut of unstimulated 
control monolayers (100 %). Data are 
represented as means ± SE for 6 
experiments. * P<0.05. 

TNFa affects carbachol-induced ion secretion in mouse distal colon 

It is of great interest to validate results obtained in cell lines to native tissue. Distal colon of 

the mouse was removed and mounted in an Ussing chamber as described in materials and 

methods. To block spontaneous ion secretion induced by subepithelial and neuronal 

pathways, we used indomethacin (1 uM, serosal) and TTX (0.3 uM, serosal) respectively. To 

exclude the possibility that changes in Isc are caused by apical sodium influx we blocked Na+ 

channels with 100 |iM amiloride in the mucosal bathing solution. Tissues were incubated 

during 3 hours with or without exposure to 50 ng/ml TNFa (bilaterally) after which the Isc 

induced by carbachol was measured. Every 30 minutes the ringer was refreshed to remove 
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potentially accumulated bacteria in the chambers. In the first hour the Isc decreased rapidly, 

after which it stabilized at about 80 uA.cm"2. Exposure to TNFa during 3 hours did not affect 

the basal Isc. In table 2 the electrophysiological parameters before and after application of 

carbachol are shown for control and TNFa exposed tissues. Figure 6 shows that the carbachol 

induced increase in Isc after exposure to TNFa was 2.4 times larger compared to control 

tissue (P<0.05; n=4). 

[PM: to relate this potentiating effect to the phenomenon in HT29cl,19A cells the effects of 

the PKC inhibitor GF109203X and of propranolol are currently under investigation] 

Table 2. Electrophysiological parameters mouse distal colon 

V„ mV R,, £Xcm2 Isc, UA.CITT 

Control 

Baseline 2.5 ± 0.8 31 ± 3 78 ± 25 

Carbachol 4.4 ±1.1 26 ± 3 165 ± 3 8 

A carbachol 2.0 ± 0.7 -5 ± 1 88 ± 26 

TNFa 

Baseline 3.3 ±0.6 39 ±5 86 ± 15 
Carbachol 8.7 ±0.9* 29 ±2 300 ±17* 

A carbachol 5.3 ±0.9* -11 ± 3 214±25* 

Electrophysiological parameters induced by carbachol three hours after mounting mouse distal colon tissues 
with or without TNFa exposure. N=5 for control tissues and N=4 for TNFa exposed tissues. * P<0.05. 
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Figure 6. Effect of TNFa on ion 
secretion nduced by carbachol in mouse 
distal colon. Distal colon of the mouse 
was mounted in an Ussing chamber. 
Tissues were incubated during 3 hours 
with or without 50 ng/ml TNFa in the 
presence of 0.3 uM TTX, 1 U.M 
indomethacin (serosal) and 100 uM 
amiloridc (mucosal). The maximal 
change in Isc after addition of 100 uM 
carbachol was measured. Data are 
presented as means ± SE for 4-5 
experiments. * P < 0.05. 
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Discussion 

We have previously shown that in HT29cl.l9A cells exposure to TNFa markedly potentiates 

the ion secretion induced by muscarinic receptor activation in a time- and protein synthesis-

dependent manner. It appeared that part of the carbachol-induced increase of the Isc was due 

to activation of the PLD pathway via muscarinic receptors [1]. Because propranolol, an 

inhibitor of the enzyme PAP that converts PA into DAG, could completely inhibit the 

potentiating effect of TNFa, we concluded that the potentiation occurred via the PLD 

pathway. The aim of the present study was to investigate whether the effect of TNFa also 

occurred in other models of intestinal epithelium. Therefore we studied the effect of TNFa in 

T84 cells and in native tissue, namely mouse distal colon. We choose mouse colon because 

the cell lines are derived from colon tumors and because a regular supply of mouse TNFa 

was guaranteed. 

TNFa did not affect the carbachol-induced ion secretion in T84 cells. The possible 

explanation that TNFa receptors are not present on the cells can be excluded, since 

biochemical analyses of phospholipids revealed otherwise. In fact our results confirm that in 

T84 cells the secretory response to carbachol is not due to PKC-mediated activation of 

chloride channels in the apical membrane [25]. The increase of the fractional resistance 

concomitant with the hyperpolarization of the cell potential and the increase of Isc indicates 

that carbachol increased the potassium conductance of the basolateral membrane. This 

corroborates earlier findings in which it was postulated that the carbachol-induced increase in 

Isc in T84 cells is primarily due to activation of calcium-dependent basolateral K+ channels 

[15, 14, 13]. This increases the driving force for chloride exit through an apical chloride 

conductance. The present study shows that activation of PKC by PDB did not evoke a 

secretory response in the T84 cells and that the inhibition of PKC by GF109203X did not 

attenuate the carbachol-induced chloride secretion in T84 cells. This corroborates earlier 

findings that exposure to phorbol ester alone did not increase Isc in T84 cells [26] and that 

PKC inhibition by staurosporine did not reduce the carbachol response [25]. This is in 

contrast with previous findings in HT29cl.l9A cells, where it was shown that carbachol not 

only activates the calcium-dependent potassium conductance in the basolateral membrane but 

also, via a PKC dependent pathway, the apical chloride channel CFTR [22, 1]. In this cell line 

PKCa was shown to be activated by carbachol [23]. In the present work we show that in T84 

cells considerably less PKCa is present than in HT29cl.l9A. From these observations, we 

deduce that absence of a carbachol-induced stimulatory signal via PKCa could be the 

explanation for the absence of a potentiating effect of TNFa on the ion secretion in T84 cells. 

A unique feature of PLD is its ability to transphosphatidylate its substrate in the presence of a 

primary alcohol like 1-butanol. The increase in 32P-Pbut after carbachol application is 

therefore evidence for the involvement of PLD activation in muscarinic receptor activation in 
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T84 cells, as has been reported for many cell types, including HT29cl.l9A cells. [27, 28, 29, 

30, 1]. 

Although no effect of TNFoc was detectable in the electrophysiological data, 

phospholipid analyses revealed that TNFoc affects the PLD pathway in T84 cells. This has 

been reported for HT29cl.l9A cells as well [1], [12]. The present data show that in T84 cells 

TNFoc exposure results in an increased formation of basal Pbut levels and that the effects of 

TNFoc and carbachol are additive. As a result, PLD activity will be significantly higher in 

carbachol-stimulated TNFoc-treated cells as compared to carbachol-stimulated untreated cells. 

Most interestingly, in mouse epithelium TNFoc increased the electrophysiological response to 

carbachol 2.5 fold, whereas basal parameters were not affected, similar to measurements in 

HT29cl.l9A cells [1]. This indicates that the results obtained in the cell line HT29cl.l9A can 

be extrapolated to native tissue and that the HT29cll9A cell line is a good model to study ion 

secretion and its regulation by TNFoc. It remains to be studied whether in native tissue TNFoc 

also affects the PLD pathway. [PM: preliminary results show that propranolol is able to 

suppress the Isc induced by carbachol in mouse distal colon. These experiments are under 

investigation at the moment]. 

As far as we know, no earlier reports are available about direct effects of TNFoc on the 

responsitivity to secretagogues in isolated intestine. Schmitz et al. (1996) and Kandil et al. 

(1994) described that TNFoc increased the basal ion secretion in human distal colon and 

porcine jejunum indirectly by increasing the release of subepithelial prostaglandins [8, 9]. In 

our study we excluded prostaglandin synthesis, since we used indomethacin to block 

prostaglandin synthesis throughout the experiments. Moreover, an indirect effect of TNFoc 

via neuronal stimulation is also excluded because TTX was included to block neuronal 

stimulation. 

The implication of these observations is that the increased TNFoc levels in inflamed 
tissue may cause increased susceptibility of the tissue to acetylcholine and other 
secretagogues, which use similar intracellular messenger pathways (e.g. histamine, 
bradykinin). However, there is evidence that secretory responses in human inflamed tissue 
are diminished [31, 32]. In addition, exposure to various cytokines diminishes secretory 
responses in intestinal epithelial cells and suggest a pivotal role for TNFa and IFNy in this 
phenomenon [7, 6, 33]. These observations are made after a prolonged incubation period with 
the cytokines and it may well be that this makes the difference with our present observations. 
Although the potentiation of the muscarinic receptor-dependent secretion may not be 
apparent after prolonged TNFa exposure because of the inhibitory action of prolonged PKC 
activity on e.g. basolateral potassium conductance [34], there may still be a potentiation of 
the PLD pathway which may strongly change the phospholipid composition in the 
membranes. It remains to be studied what effect such a change may have in inflammation. 
Additionally, prolonged PKC activity may also decrease the epithelial barrier function of 
intestinal epithelium [35]. Indeed, such a decrease was observed in intestinal epithelium from 
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patients suffering from IBD [36], Although in the present study no effect on epithelial 

resistance was found, it remains to be studied, whether on the long term this mechanism plays 

a role in the symptoms. 

In summary, we have shown that muscarinic receptor activation increases PLD 

activity in T84 cells. Exposure to TNFa resulted in these cells in an increase in basal PLD 

activity and the effects of carbachol and the cytokine on PLD activity were additive. 

Presumably, because of the dramatically lowered expression of PKCa in these cells 

activation of the PLD pathway does not show up in the secretory response to carbachol. In 

contrast, native colonic tissue does resemble the HT29cl.l9A cells in the synergy between 

TNFa and carbachol. 
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TNFa potentiates ion secretion induced by histamine in HT29cl. 19A cells and in mouse distal colon 

Abstract 

Patients suffering from inflammatory bowel disease show increased levels of the mast cell 

products histamine and tumor necrosis factor a (TNFa). Treating those patients with 

antibodies against TNFa diminished the symptoms of diarrhea. In this study the effect of 

TNFa on the ion secretion induced by mast cell mediator histamine in HT29cl. 19A cells and 

mouse distal colon was investigated and the possibly involved second messengers were 

studied. Electrophysiology of filter grown HT29cl,19A cells and isolated mouse distal colon 

was used to monitor the secretory response to histamine with and without prior exposure to 

TNFa for 3-24 hours. Phospholipase D activity and phosphatidic acid levels were analyzed 

by 3 Pi labeling of HT29cl.l9A cells. In both experimental systems TNFa was found to 

potentiate the ion secretion induced by histamine. Phospholipid analysis of HT29cl.l9A cells 

revealed that histamine activates the PLD pathway. Furthermore, TNFa-pretreated cells were 

found to have decreased phosphatidic acid levels, the intermediate product of the 

phospholipase D pathway, which points in the direction of an upregulation of the enzyme 

phosphatidic acid phosphatase. The mast cell products TNFa and histamine synergistically 

stimulate ion secretion in intestinal epithelium via an upregulation of the PLD pathway. 

Introduction 

Patients suffering inflammatory bowel disease (IBD) like colitis ulcerosa (UC) or Crohn's 

disease (CD) are characterized by severe diarrhea. The underlying mechanism of the diarrhea 

remains uncertain. The patients show increased release of mast cell products like histamine 

and also of TNFa [1, 2, 3]. A number of studies have supported a predominant role for the 

cytokine TNFa in the pathogenesis of IBD. In bowel mucosa of IBD patients, mRNA levels 

of TNFa are increased [4] as well as concentrations of the protein in the blood and stool [5, 

6]. Moreover TNFa secretion from infiltrated inflammatory cells is enhanced in the biopsies 

of these patients [3]. Antibodies against this cytokine appeared to be a successful therapy in 

CD patients resulting in diminished symptoms of the disease [7]. These data implicate that 

TNFa plays an important role in the pathogenesis of the diarrhea in these patients. 

Chloride secretion across the intestinal epithelium plays an important role in the water 

secretion into the lumen of the intestine. Increased chloride secretion can result in severe 

diarrhea, due to excessive water secretion into the lumen. In several models it is shown that 

histamine increased the chloride secretion. Histamine is thought to stimulate ion secretion in 

colonic epithelium via increased prostaglandin release or via augmenting effects of 

endogenously released neurotransmitter [8, 9, 10, 11]. In the intestinal epithelial cell line T84 

cells, histamine increases the chloride secretion via increased intracellular calcium levels, due 

to activation of the phospholipase C pathway by the histamine receptor [12]. This pathway 
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resembles that of muscarinic receptor activation and in HT29cl.l9A cells intracellular 

electrophysiological effects of histamine resemble that of carbachol (this paper). 

Recently, we showed that TNFa potentiated the carbachol-induced chloride secretion 

in HT29cl.l9A cells in a protein synthesis-dependent manner. We deduced that the 

potentiation could be due to increased protein kinase C (PKC) activity, as a consequence of 

increased 1,2-diacylglycerol (DAG) levels, due to upregulation of the phospholipase D (PLD) 

pathway [13]. This proposition was corroborated by analysis of membrane phospholipids 

[14]. To our knowledge, this was the first time a potentiating effect of TNFa on epithelial ion 

secretion has been shown. 

Based on the similarities between activation of muscarinic receptors and histamine 

receptors, we aimed to study whether TNFa could also potentiate the effect of the mast cell 

mediator histamine. Because it is of great importance to validate the results obtained in cell 

lines in native tissue, we also studied the effect of TNFa and histamine on the ion secretion 

in isolated mouse distal colon. 

The present data show that TNFa potentiates the ion secretion induced by histamine 

in HT29cl.l9A cells via de novo protein synthesis and most probably by upregulating the 

PLD pathway, thereby generating enhanced DAG levels and subsequent PKC activation. 

Furthermore we demonstrate that TNFa also augments the secretory response to histamine in 

mouse distal colon indicating the generality of the observed effect in the human cell line. 

The present results suggest a synergy between the mast cell products histamine and TNFa in 

stimulating ion secretion in intestinal epithelium, and this might contribute to the symptoms 

in patients with IBD. 

Material and Methods 

Cell culture 

HT29cl.l9A cells were cultured as described previously [15]. Briefly, the human intestinal 
epithelial cell line HT29cl.l9A, passages 17-29, was grown in Dulbecco's modified Eagle's 
Medium, supplemented with 10 % fetal bovine serum, 8 mg/1 ampicillin and 10 mg/1 
streptomycin. Cells were seeded in 25-cm2 flasks at 37 °C in 5% C02 - 95% 0 2 and passaged 
weekly. For the experiments, cells were subcultured on Falcon filters (25 mm 0), and 
medium was replaced every other day. Confluency was reached 7 days after seeding, and 
filters with cells were used between 13 and 19 days postseeding. TNFa incubations were 
performed in culture media during indicated time. 
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Electrophysiological experiments with HT29cl.l9A cells. 

The filter was cut from the ring, divided into 4 pieces, and rinsed with mannitol-Ringer. One 

piece was mounted in a small horizontal Ussing chamber, leaving an oblong area of 0.35 cm . 

The apical and basolateral compartments were continuously perfused with mannitol-Ringer 

iiiffer at a temperature of 37 °C and gassed with 5% C02/95% O2. The composition of the 

Ringer's solution was (in mM): NaCl 117.5, KCl 5.7, NaHC03 25.0, NaH2P04 1.2, CaCl2 

2.5, MgS04 1.2, and mannitol 28. Agar bridges were placed in apical and basolateral 

compartments and were connected to Ag-AgCl electrodes for monitoring the transepithelial 

potential difference (Vt). An extra Ag-AgCl electrode was placed in the apical bath, serving 

as a common ground. Apical membrane potential (Va) was measured by impalement with a 

glass microelectrode, pulled from capillaries (1 mm o.d., Clark Electromedical, Reading, UK) 

with a Flaming Brown P-87 micropipette puller. The microelectrode was filled with 0.5 M 

KCl solution. The tip resistance was 100-200 MQ and the tip potential: 2-5 mV. Current 

electrodes (Ag-AgCl) were placed in the walls of both compartments; these were used to 

apply bipolar current pulses from a floating current source of 10 and 50 uA, at 30-s intervals, 

in order to calculate the transepithelial resistance (R,) and the fractional resistance fRa [fRa = 

R./(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, USA). The potential differences were continuously recorded on a 

multi pen recorder and on a computer using custom-made software. 

The measurements were corrected for the offset of the electrodes and for the resistances of 

the fluid and filter without cells. 

Phospholipid analysis in HT29cl.l9A cells 

Cells were labeled for 24 hours with 1.85 x 106- 3.7 x 106 Bq 32PS at the mucosal side and 

were washed with Ringer to remove unincorporated 32Pj. Cells were stimulated for 30 

minutes with 100 |iM histamine in the presence of 0.05 % 1-butanol (v/v). The concentration 

of 1-butanol and the time of incubation were chosen based on results described in a previous 

manuscript [14]. Reactions were stopped with 0.1 N HCl. Cells are frozen during 30 minutes 

(-20°C) and scraped off the filters. Lipids were extracted as described previously and lipids 

were extracted as described previously [16]. 

Extracted lipids were separated on heat-activated TLC plates using an ethyl acetate 

solvent system (ethyl acetate/wo-octane/formic acid/water (13:2:3:10, by vol.) [17]. The TLC 

plate was exposed to a photographic film overnight and levels of 32P-labeled phosphatidic 

acid (PA) and phosphatidylbutanol (Pbut) were quantified by phospho-imaging (Storm, 

Molecular Dynamics). 
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Tissue preparation 

Female Balb/C mice were used. They had access to food and water ad libitum. The animals 

were killed by cervical dislocation. The intestine was cut proximal from the caecum and 

proximal from rectum. The colon was rinsed with Inosine-Ringer to remove rest(s) of faeces 

and placed over a thin plastic rod. The distal colon was taken two centimeters distal from the 

caecum and cut along the mesenteric border across a length of one centimeter. The excised 

segments were mounted on a sledge [ 18] and placed in a modified Ussing chamber, kept at a 

temperature of 37°C. The exposed area was 0.2 cm2 and the volume of serosal and mucosal 

bath was 2 ml each. The composition of the Ringer was (in mM): NaCl 117.5, KCl 5.7, 

NaHCOj 25.0, NaH2P04 1.2, CaCl2 2.5, MgS04 1.2, Inosine 5, ß-OH-Butyrate 0.5, 

glutamine 2.5 plus 50 mg/1 azlocillin (modified from Grotjohann et al.[19]). The Ringer in 

the two compartments was refreshed every 30 minutes to avoid bacterial overflow. The 

solution was circulating by a gas lift using 5 % COi/95 % 0 2 . 

Electrophysiological measurements in distal mouse colon 

Agar bridges were placed in apical and basolateral compartments and were connected to Ag-

AgCl electrodes for monitoring the transepithelial potential difference (Vt). Platina electrodes 

were placed in serosal and mucosal chambers and current injections of + and - 10 uA were 

given to measure transepithelial resistance (Rt) of the epithelia. From the V, and Rt the short 

circuit current Isc was calculated. 

The potential difference was continuously recorded on a notebook using custom-made 

software. The measurements were corrected for the offset of the electrodes and for the 

resistance of the fluid. 

Materials 

TNFa and GF109203X (bisindolylmaleimide I) were from Calbiochem. Propranolol, 

histamine, cycloheximide, azlocillin, TTX, ß-OH-Butyrate, indomethacin and amiloride were 

puchased from Sigma, and 1-butanol from Brocades. Silica 60 TLC plates and reagents for 

lipid extraction were from Merck. [32P]Orthophosphate ( "Pi; carrier-free) was from 

Amersham International. All drugs were dissolved in water, except for indomethacin and 

cycloheximide, which were dissolved in ethanol with a maximal concentration of 0.1 % 

ethanol in the Ussing chamber. 
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Statistics 

:3ata are presented as means ± standard error of the mean. Statistical significance was 

evaluated using Students Mest. P-values are given in the corresponding text. 

Results 

Electrophysiology in HT29.cll9A cells 

TNF a potentiates the ion secretion induced by histamine in HT29c!.19A cells 

A typical electrical response to 100 uM histamine in HT29cl.l9A cells is shown in figure 1 

by the lines decorated with closed dots. The response is divided into two phases: the first, 

from the time of histamine application to the first vertical thin line (fig 1); the second, as the 

period thereafter. In the upper part of table 1, the electrophysiological parameters for the 

control responses are summarized. They were taken at the two thin vertical lines as indicated 

in figure 1. Application of 100 (iM histamine to the serosal side of the cells resulted in a fast 

depolarization of the apical membrane potential (Va) together with an increase in fRa during 

phase 1 without a significant change in Isc and Vt. In phase 2 the depolarization of Va is 

followed by a repolarization leading to a hyperpolarization, concomitantly with an increase in 

Vt, a decrease in Rt, and increase in Isc. The fRa returns to basal value. To our knowledge this 

response has not been described earlier in detail. Muscarinic receptor activation by carbachol 

triggers the same intracellular response, (although usually larger) and thus based on earlier 

studies with carbachol [20], we explain the changes in parameters as follows. The first phase 

depolarization without a change in V, is attributed to opening of chloride channels located in 

both membranes of the cells, which are activated by increased intracellular calcium levels, 

primarily from the IP3-sensitive intracellular pool. The following hyperpolarization of Va and 

increase of Vi and Isc is ascribed to an increased calcium-dependent potassium conductance 

located in the basolateral membrane. This increases the driving-force for chloride efflux 

through the apical membrane through chloride channels, which are believed to be activated 

byPKCa[21] . 
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histamine 

control 
TNFa 

1 mV 

10.25 
fR, 

50 Q.cnr 

25 (iA.cm 

1 min 

Figure 1. Changes in elcctro-hysiological 
parameters of HT29cl.l9A cells after addition of 
100 |iM histamine in absence (closed symbols) 
or presence (open symbols) of 10 ng/ml TNFa. 
Two tracings (control and TNFa-treated group) 
represent experiments in which intracellular 
recordings could be obtained. Two thin lines 
divide the response into phases 1 and 2 as 
described in Results. Vt, transepithelial potential; 
Va, intracellular potential; fRa, fractional apical 
resistance (fRa= Ra/[Ra+ Rb]), transepithelial 
resistance; Isc, short circuit current. For statistics 
see table 1. 

Incubation for 24 hours with 10 ng/ml 

TNFa (bilaterally) did not change basal 

electrophysiological parameters. The 

parameters, representing seven 

experiments are presented in the lower 

part of table 1. In figure 1 a typical 

electrophysiological response to 

histamine after exposure to TNFa is 

shown (open dots). After exposure the 

cells to TNFa the first phase 

depolarization was not affected. 

However, instead of a repolarization in 

the second phase, a prolonged 

depolarization of Va occurred in the 

TNFa exposed cells. The decrease in fRa 

was significantly larger. The change in 

Vt was increased and the change in Rt 

was also significantly larger. The 

histamine-induced increase of Isc was 9-

fold larger after exposure to TNFa. The 

effects of exposure to TNFa on the 

response to histamine are similar to its 

potentiating effect on the response to 

carbachol where we argued that this must 

be due to an increased apical chloride 

conductance [13]. 
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Table 1. Effect of incubation with 10 ng/ml TNFa on the changes in electrical parametes 

induced by 100 fiM histamine in HT29.cll9A 

V„ mV R„ fl.crrr V.„ mV fRa Isc,uA.cirf' 

Control 

Baseline 1.7±0.7 195±10 -62±6 0.67±0.02 9.5±5 

histamine phase 1 1.6±0.7 195±10 -58±3 0.73±0.05 8.9±5 

histamine phase 2 2.5±0.8 190±11 -66±7 0.65±0.02 14±6 

A phase 2 0.8±0.1 -5±2 -4±0.4 -0.02±0.01 5±1 

TNFa 

baseline 2.2±0.7 173±12 -57±2 0.70±0.06 13±4 

histamine phase 1 2.1±0.7 173±12 -54±3 0.73±0.05 12±4 

histamine phase 2 8.4±1* 154±11* -38±2* 0.47±0.07* 58±11* 

A phase 2 6.2±0.8* -20±5* 19±3* -0.24±0.05* 45±10* 

Electrophysiological parameters of HT29cl.l9A cells. Effects of addition of 100 pM histamine to the serosal 
side of the cells. A Histamine represents the difference between phase 2 and baseline. N=5 for control 
experiments. N=7 for TNFa exposed monolayers except for Va en fRa: N=5. Mean incubation time TNFa (10 
ng/ml) 6-24 hours incubation. * indicates p<0.01 compared to control histamine. 

Cycloheximide prevents the potentiating effect of TNFa. 

To examine whether the action of TNFa was dependent on protein synthesis, we incubated 

the cells with the protein synthesis inhibitor cycloheximide 1 hour prior to TNFa application 

and measured the Isc induced by histamine. Addition of 10 ug/ml cycloheximide did not 

affect basal parameters (not shown). Figure 2 shows that the Isc induced by histamine was not 

affected after application of cycloheximide (5.0 ± 1 uA.cm"2 control vs. 3.5 ± 0.4 |aA.cm"~ 

cycloheximide; n=3). However, in the presence of cycloheximide the potentiating effect of 

TNFa on the histamine-induced Isc was completely inhibited (45 ± 9.6 |iA.cm" TNFa vs. 3.7 

± 0.7 |jA.cnT2 cycloheximide + TNFa; p<0.001; n=4) as shown in figure 2. These results 

show that the effect of TNFa is dependent on de novo protein synthesis. 

107-



Chapler 5 

ou-

~. 50-

1 

T 
1 

| 40-

3 30-

< 20-

10-
^ 

1 ^ 1 
^ 

hist cyclo 
hist 

TNFa 
hist 

cyclo 
TNFa 

hist 

Figure 2. Effect of cycloheximide on 
maximal change in Isc induced by 
histamine (hist) with or without 
exposure to TNFa. Cells were incubated 
with 10 Ug/ml cycloheximide (cyclo) 
bilaterally for 1 hour before TNFa 
exposure (4-5 hours). Data are presented 
as means ± SE from 3-7 monolayers. * 
P<0.05. 

To investigate the role of PKC in the secretory response to histamine and in the potentiating 

effect of TNFa, the cells were pre-incubated with 1 uM GF109203X on both sides of the 

cells during 30 minutes. We demonstrated previously that at this concentration GF109203X 

can be used as an inhibitor of PKC [13]. In figure 3 it is shown that incubating the cells with 

GF109203X (GF) prior to histamine addition decreased the histamine-induced Isc to 57 + 8 % 

of control histamine responses (p<0.05; n=3), suggesting a role for PKC in histaminic 

receptor activation. Pre-exposure with GF109203X decreased the TNFa-potentiated 

histamine response to 37 ± 6 % of its response without the inhibitor (p<0.05; n=6), however, 

the potentiating effect of TNFa was still present. These results indicate that PKC activation is 

involved in the secretory response to histamine as well as in the TNFa-potentiated response. 
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Figure 3. Effect of GF109203X on the 
maximal change in Isc induced by 
histamine with or without exposure to 
TNFa. Cells were incubated with 1 uM 
GF109203X (GF) 30 minutes prior to 
histamine (hist) addition. Data arc 
presented as means ± SE from 3-6 
monolayers. Cells were exposed to 
TNFa for 5-24 hours. * P <0.05. 
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The involvement ofPLD in the histamine response 

In the previous study [13] we argued that exposure of the cells to TNFa would make them 
more susceptible to PKC activation by the muscarinic receptor related intracellular 
messengers e.g. via increased 1,2-diacylglycerol (DAG) production. DAG can be generated 
via different pathways. The PI-PLC pathway has been identified for histamine receptor 
activation in intestinal epithelial cells and hydrolyzes the membrane lipid 
phosphatidylinositol 4,5-bisphospate (PIP2) into DAG and IP3 [22]. IP., is related to increased 
intracellular calcium, which determines the first phase of the electrophysiological response. 
Because this phase was unchanged we exclude activation of this pathway by TNFa. 
Furthermore, DAG can be generated by hydrolysis of structural phospholipids, such as 
phosphatidylcholine (PC) by phospholipase D (PLD) via the intermediate product 
phosphatidic acid (PA). PA is subsequently hydrolyzed by phosphatide acid phosphatase 
(PAP) to DAG. A schematic presentation of the second messenger pathways involved in 
histaminic receptor activation is presented in figure 4. 

histamine 

Ca2+ 

PKC 

Figure 4. Schematic representation of 

signaling mechanisms involved in 

histaminic receptor activation. PC, 

phosphatidylcholine; PIP2, phosphatidyl 

-inositol 4,5-bisphosphate; PI-PLC, 

phosphatidylinositol phospholipase C; 

PLD, phospholipase D; DAG, 1,2-

diacylglycerol; PA, phosphatidic acid; 

IP,, inositol 1,4,5-trisphosphate; DGK, 

DAG kinase; PAP, phosphatidic acid 

phosphatase. 

To investigate the role of the PLD/PAP-pathway in the histamine response we used 

propranolol to inhibit PAP [23]. In a previous study we have shown that in these cells the 

levels of PA increase 2-fold after treatment with propranolol, which confirms the inhibitory 

action of the substance in these cells [14]. Cells were incubated with 100 uM propranolol on 

the apical side of the cells for 10 minutes prior to histamine application. The change in Isc 

induced by histamine is shown in figure 5. In the presence of propranolol the increase in Isc 

was decreased to 28 ± 3 % of the response to histamine in control cells (p<0.05; n=3). After 

exposure to TNFa the Isc induced by histamine was reduced by propranolol to 9 ± 4 % of the 

potentiated histamine response. Thus the potentiating effect of TNFa was completely 

abolished (p<0.05; n=4). These results suggest that the PAP/PLD pathway is involved in the 

histamine response in these cells and that TNFa possibly exerts its potentiating effect on the 

histamine-induced secretion via an upregulation of the PAP/PLD pathway. 
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Phospholipid analysis 

Pbut and PA formation by histamine 

To foregoing results suggested that the PAP/PLD pathway is involved in histaminic receptor 

activation and that TNFa exerts its potentiating effect via this pathway. To investigate this 

we measured PLD activity. The enzyme phospholipase D has the unique ability to transfer 

the phosphatidyl group of its substrate to a primary alcohol like 1-butanol instead of water, 

forming phosphatidylbutanol (Pbut) [24]. Unlike PA, this is a stable product and therefore the 

relative amount of Pbut formed is a measure for PLD activation. 
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Figure 6. Effect of histamine on levels of , : P-PA (A) and 32P-Pbut (B) in HT29cl. l9A cells. Cells were 
stimulated during 30 minutes with 100 uM histamine (hist) in the presence of 0.05 % 1-butanol. Data are shown 
as percentage of control^ monolayers (100 % ) . The basal , 2P-PA level is 2.32 ± 0.28 % of total labeled 
phospholipids and basal ,2P-Pbut is 0.38 ± 0.06 % of total labeled phospholipids. About 20 % of the total label 
was incorporated into phosphatidylcholine. The other labeled phospholipids can not be distinguished on this 
system. Data are presented as means ± SE for 5 monolayers. * P O . 0 5 . 
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After labeling the cells with 32Pj, cells were stimulated with histamine during 30 minutes in 

the presence of 0.05 % 1-butanol. Incubation time and concentration were chosen based on 

results described in a previous manuscript [14]. Incubation with 100 u\M histamine resulted in 

an increase in PA and Pbut levels to respectively 114 ± 3 % and 111 ± 3 % (p<0.05; n=5) 

compared to cells not exposed to histamine (100%), which is shown in figure 6A and 6B 

respectively. Figure 7A shows that the levels of 32P-PA were decreased after 24 hours 

exposure to 10 ng/ml TNFa to 91 ± 3 % compared to cells without TNFa (100 %; p<0.005; 

n=5). Also, the increase of the 32P-PA level by histamine was decreased to 88 ± 6 % (p<0.01; 

n=5) with respect to histamine alone. Exposure to TNFa did not affect the level of "P-Pbut 

(101 ± 4 % compared to control 100 %; n=5) (figure 7B). However, the presence of TNFa 

significantly decreased 32P-Pbut levels to 81 ± 7 % as compared to cells exposed to histamine 

alone (100 %;p<0.005;n=5). 

These results suggest that histaminic receptor activation results in an activation of the 

PAP/PLD pathway and that TNFa upregulates the expression or activity of PAP, resulting in 

decreased PA levels. The reduction of the stable 32P-Pbut levels seems anomalous. A possible 

explanation will be given in the discussion. 
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Figure 7. Effect of TNFa on basal and histamine-induced levels of 32P-PA (a) and ,2P-Pbut (b). Cells were 
exposed to 10 ng/ml TNFa during the 24 hours labeling period. Cells were stimulated with 100 uM histamine 
(hist). Application of histamine resulted in significantly increased levels of 32P-PA and 12P-Pbut as indicated in 
figure 5. Data are shown as percentage changes of control experiments. Data are presented as means ± SE from 
5 monolayers. * P<0.05. 

Electrophysiology of distal colon of the mouse 

TNFa potentiates the histamine-induced secretory response in mouse distal colon 

It is of great importance to know whether the foregoing results can be extrapolated to native 

tissues. Therefore the effect of TNFa on ion secretion induced by histamine in mouse distal 
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colon was studied. We have chosen for the mouse colon, since the cell line we used 

represents colonic epithelia and because mouse recombinant TNFa was available. 
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Figure 8. Changes in Isc across mouse distal colon during a 3 hours period of measurements for two typical 
experiments of control (A) and TNFa exposed tissues (B). At t=0 tissues were mounted and the V, and R, are 
continuously recorded. Each 30 minutes the Ringer was replaced which shows up as a drop in Isc during the 
recording. Histamine was added at the time point indicated with the arrow. These frames are enlarged in the 
inset. Two typical recordings of Isc from mouse distal colon of control (open dots) and TNFa exposed tissues 
closed dots) are presented in the inset. The change in current with respect to baseline levels is indicated by Alsc. 
The corresponding electrophysiological data are presented in table 2. 

One piece of distal colon was removed from each mouse and mounted in an Ussing chamber 

as described in Materials and Methods section. To diminish the Isc. which might be induced 

by subepithelial and neuronal factors in distal colon, we used the following pharmaca. 

Amiloride (100 uM) was added immediately after mounting to block mucosal Na+ influx. On 

the serosal side TTX (0.3 jiM) was added to block neuronal activity and indomethacin ( 1 

|iM) to block the ion secretion induced by the release of prostaglandins. Figure 8a and b show 

two typical recordings each representing 4 experiments for control and TNFa exposed 

epithelia (50 ng/ml; 3 hours) respectively. Every 30 minutes the Ringer, containing 

antibiotics, was replaced to remove possible accumulated bacteria in the chambers. After 
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changing the Ringer, the Isc recovers which can be seen in figures 8A and 8B. In the first hour 

the Isc decreases rapidly, after which it stays on a steady level. 

Table 2. Effect of TNFa on the changes in electrical parameters induced by 100 jiM 

histamine in mouse distal colon 

V„ mV R„ fi.crrf Is« uA.cm" 

Control 

baseline 

histamine 

A histamine 

2.4 ±0 .6 

2.8 ±0 .7 

0.4 ±0 .1 

35 ± 5 

31 ± 4 

-4± 1 

67 ± 8 

88 ± 13 

21 ± 5 

baseline 

histamine 

A histamine 

TNFa 

3.6 ±0 .6 51 ± 1 1 77 ± 1 2 

4.8 ± 1.0 3 8 ± 7 130 ± 16* 

1.1 ±0 .2* -13 ± 5 * 5 4 ± 7 * 

Electrophysiological parameters of mouse distal colon. Effects of addition of 100 uM histamine to the serosal 
side of the cells with or without exposure to 50 ng/ml TNFa during 3 hours. * indicates p<0.01 compared to 
control histamine. 

No differences in transepithelial potential or resistance are observed between control epithelia 

and epithelia exposed during 3 hours to 50 ng/ml TNFa. In table 2 the changes in 

electrophysiological parameters upon histamine application are presented. In the inset in 

figure 8, enlargements of the frames indicated. Addition of histamine resulted in an increase 

in V,, preceded by a small decrease in V,. The R, slightly decreased after addition of 

histamine (-4 ± 1 Q.cm2) and the Isc increased with 21 ± 5 uA.cm"2 with respect to baseline 

values. After exposure to TNFa the change in V, was increased compared to control epithelia 

(p<0.01; n=4) and the change in Rt was larger than in control experiments (p<0.01; n=4). The 

Isc induced by histamine is 2.6 fold larger than in control epithelia (p<0.01; n=4). These 

results corroborate that TNFa potentiates the histamine-induced ion secretion also in mouse 

native tissue. 
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Discussion 

In the present study we show that exposure to 10 ng/ml TNFa potentiates the ion secretion 

induced by histamine in the colonic epithelial cell line HT29cl.l9A. The effect of 

TNFa could be completely blocked by cycloheximide, which indicates that de novo synthesis 

of a protein is involved in the action of TNFa. TNFa did not affect basal electrophysiological 

parameters. This, together with the previous finding, that TNFa potentiates the ion secretion 

induced by carbachol [ 13] suggests that TNFa exerts its effect downstream of the histamine 

receptor. The intracellular recordings show that after exposure to TNFa the activation of a 

chloride conductance, located in the apical membrane, is enhanced. It is not likely that this 

chloride conductance is activated by increased calcium levels, since the first phase 

depolarization is not affected by TNFa. Moreover, earlier results showed that the response to 

the calcium ionophore ionomycin was not affected by TNFa exposure [13]. The apical 

chloride conductance can also be increased by PKC activation [25]. The present results 

indicate that PKC activation is involved in the histamine response in these cells and in the 

TNFa potentiated ion secretion. Because even in the presence of GF109203X (which only 

partially inhibits PKC [26]) TNFa exerts its potentiating effect and because we found earlier 

that TNFa does not affect PDB-induced ion secretion [13], we hypothesize that 

TNFa stimulates the synthesis of a protein involved in the second messenger pathway 

between histaminic receptor activation and PKC activation. 

The diminished electrophysiological response to histamine after propranolol exposure 

implicates PLD/PAP activation in histaminic receptor activation in these cells. The large 

suppression (over 70 %), suggests that PLD activation plays a major role in the ion secretion 

induced by histamine. Furthermore, blocking PAP with propranolol completely prevented the 

potentiating effect of TNFa, implying that TNFa acts via this pathway. Measurements of the 

levels of PA and the stable PLD product, Pbut, established that application of histamine leads 

to activation of PLD in these cells. The activation of the PAP/PLD pathway by histamine has 

been described earlier. In oligodendroglioma cells and pulmonary endothelium, it is shown 

that histamine application results in PLD activation [27, 28]. Interestingly, the levels of PA 

are decreased in the presence of TNFa. This suggests that TNFa exert its effect on the 

PAP/PLD pathway by an upregulation of the expression or activity of the protein PAP, 

thereby increasing the turnover from PA to DAG. The increased formation of DAG may 

activate PKC. Exposure to TNFa results also in a decreased Pbut level induced by histamine. 

PLD activity can be enhanced by PA [29] and by PIP2, which is formed by the PA-dependent 

PIP kinase [30], Thus, when PA level is decreased due to TNFa-induced PAP activity, 

histamine may stimulate PLD to a lesser extent after TNFa exposure, resulting in less 

elevated Pbut levels. 

Interestingly, in mouse distal colon the histamine response was also potentiated by 

TNFa, which indicates the generality of the observed effect in the cell line. Apparently, also 
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in distal colon TNFa and histamine synergistically stimulate the ion secretion. To our 

knowledge this is the first study in which a direct effect of TNFa on ion transport in intestinal 

tissue is shown. In porcine ileum and human distal colon TNFa was shown to increase basal 

Isc via increased synthesis of subepithelial prostaglandins [31, 32]. We exclude this possibility 

in the present study, since we performed the experiments in the presence of indomethacin, an 

inhibitor of prostaglandin synthesis. 

The effect of histamine on chloride secretion in colon is extensively studied in 

different species. In mouse caecum, rat colon, guinea pig colon, porcine distal colon and 

human colon histamine induces a transient increase in Isc [33, 9, 10, 8, 11]. In guinea pig, 

histamine acts via augmenting effects of endogenously released neurotransmitters [10]. 

Hardcastle et al. (1988) were the first to describe that histamine in rat colon induces chloride 

secretion partly via the release of prostaglandins [9]. Also in mouse caecum histamine is 

causing the majority of its effect through stimulating arachidonic acid metabolism [33]. The 

increase in histamine related Isc in our study, is not due to an indirect neuronal stimulation 

and prostaglandin release, since we measured the histamine response after blocking both 

pathways by respectively TTX and indomethacin. The response of HT29cl.l9A cells and of 

T84 cells [12] shows that the cell lines express histamine receptors and from our intracellular 

observations, we conclude that histamine triggers a similar intracellular messenger system as 

carbachol. It remains to be studied whether histamine-induced ion secretion in mouse distal 

colon is dependent on the same intracellular messengers. We published that TNFa also 

potentiated the ion secretion induced by carbachol in HT29cl.l9A cells. This would imply 

that effects of other mediators, like bradykinin, which uses the same intracellular system, can 

be potentiated by TNFa via the PLD pathway. 

The role of histamine and TNFa in patients suffering IBD has been widely studied, 

but the precise contribution of the inflammatory mediators remains uncertain. Human 

intestinal mast cells are a major source of histamine and of TNFa [34], Biopsies from IBD 

patients show increased levels of histamine and TNFa [1,3]. The present study reveals that 

these inflammatory modulators augment synergistically ion secretion in the studied models, 

however the precise contribution to the pathogenesis of the disease remains unknown. Crowe 

et al. described that in inflamed tissue from IBD patients, the secretory response to mast cell 

activation by anti-IgE is diminished [35]. They postulated that prior activation of mast cell 

with release of histamine may account for the reduced secretory response to anti-IgE 

observed in IBD colonic tissue. Others have also shown hyporesponsiveness to other 

secretagogues in intestine of animal models for IBD [36, 37]. However, no explanation for 

the reduced secretory response has been given. It is possible that hyporesponsiveness is due 

to downregulation of one or more steps in the secretory pathway because of a prolonged 

activity of PKC. This suggests that the synergistic effect of TNFa and histamine on ion 

secretion is more likely involved in an early, initiating phase of the disease than in the 

process at longer term. 
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It has been described previously that TNFa can also act synergistically with another 

immunomodulator interferon y (IFNy) in affecting epithelial physiology in intestinal 

epithelial cells (T84 cells) [38, 39], This is probably attributed to an induction of TNFa 

receptors by IFNy [40]. Thus, it may be that in the presence of both cytokines the effect of 

secretagogues is even more potentiated. Recently, it has been shown that TNFa is a stimulus 

for mast cells to release histamine [41] and because the release process of TNFa is regulated 

differentially from the degranulation [42], it may be that TNFa activates histamine release in 

an autocrine way. 

In summary TNFa potentiates the ion secretion induced by histamine in HT29cl.l9A 

cells via a protein synthesis-dependent mechanism. We hypothesize that TNFa upregulates 

the expression or the activity of PAP, thereby increasing DAG formation and subsequent 

PKC activation. This augments the ion secretion induced by histamine. Interestingly, in 

mouse distal colon, TNFa also potentiates the histamine-induced ion secretion. It remains to 

be studied whether the PKC and PAP/PLD pathway are involved in the secretory response to 

histamine in mouse distal colon and it remains to be studied whether this mechanism is 

involved in the pathogenesis of IBD related phenomena. 

Acknowledgements 

Dr. Teun Munnik is financially supported by the Netherlands Organisation for Scientific 
Research (NWO-PULS 805.48.005) and the Royal Netherlands Academy of Arts and 
Sciences (KNAW). 

References 

1. Rampton DS, Murdoch RD, and Sladen GE. Rectal mucosal histamine release in 
ulcerative colitis. Clin Sei 59: 389-391, 1980. 

2. Knutson L, Ahrenstedt O, Odlind B, and Hallgren R. The jejunal secretion of histamine 
is increased in active Crohn's disease. Gastroenterology 98: 849-854, 1990. 

3. Reinecker HC, Steffen M, Witthoeft T, Pflueger I, Schreiber S, MacDermott RP, and 
Raedler A. Enhanced secretion of tumour necrosis factor-alpha, IL-6, and IL-1 beta by 
isolated lamina propria mononuclear cells from patients with ulcerative colitis and 
Crohn's disease. Clin Exp Immunol 94: 174-181, 1993. 

4. Cappello M, Keshav S, Prince C, Jewell DP, and Gordon S. Detection of mRNAs for 
macrophage products in inflammatory bowel disease by in situ hybridisation. Gut 33: 
1214-1219, 1992. 

5. Murch SH, Braegger CP, Walker-Smith JA, and MacDonald TT. Location of tumour 
necrosis factor alpha by immunohistochemistry in chronic inflammatory bowel disease. 
Gut 34: 1705-1709, 1993. 

6. Braegger CP, Nicholls S, Murch SH, Stephens S, and MacDonald TT. Tumour necrosis 
factor alpha in stool as a marker of intestinal inflammation. Lancet 339: 89-91, 1992. 

116-



TNFa potentiates ion secretion induced by histamine in HT29cl. 19A cells and in mouse distal colon 

7. Targan SR, Hanauer SB, van Deventer SJ, Mayer L, Present DH, Braakman T, 
DeWoody KL, Schaible TF, and Rutgeerts PJ. A short-term study of chimeric 
monoclonal antibody cA2 to tumor necrosis factor alpha for Crohn's disease. New Engl 
JMedlll: 1029-1035, 1997. 

8. Traynor TR, Brown DR, and O'Grady SM. Effects of inflammatory mediators on 
electrolyte transport across the porcine distal colon epithelium. J Pharmacol Exp Ther 
264: 61-66, 1993. 

9. Hardcastle J and Hardcastle PT. Involvement of prostaglandins in histamine-induced 
fluid and electrolyte secretion by rat colon. J Pharm Pharmacol 40: 106-110, 1988. 

10. Wang YZ, Cooke H J, Su HC, and Fertel R. Histamine augments colonic secretion in 
guinea pig distal colon. Am J Physiol 258: G432-G439, 1990. 

11. Keely SJ, Stack WA, O'Donoghue DP, and Baird AW. Regulation of ion transport by 
histamine in human colon. Eur J Pharmacol 279: 203-209, 1995. 

12. Wasserman SI, Barrett KE, Huott PA, Beuerlein G, Kagnoff MF, and Dharmsathaphorn 
K. Immune-related intestinal CI- secretion. I. Effect of histamine on the T84 cell line. 
Am J Physiol 254: C53-C62, 1988. 

13. Oprins JC, Meijer HP, and Groot JA. TNF-alpha potentiates the ion secretion induced 
by muscarinic receptor activation in HT29cl.l9A cells. Am J Physiol Cell Physiol 278: 
C463-C472, 2000. 

14. Oprins JCJ, van der Burg C, Meijer HP, Munnik T, and Groot JA. The PLD pathway is 
involved in carbachol-induced Cf secretion; possible role for TNFa. Am J Physiol Cell 
Physiol in press: 2000. 

15. Bajnath RB, Augeron C, Laboisse CL, Bijman J, De Jonge HR, and Groot JA. 
Electrophysiological studies of forskolin-induced changes in ion transport in the human 
colon carcinoma cell line HT-29 cl.l9A: lack of evidence for a cAMP-activated 
basolateral K+ conductance. J Membr Biol 122: 239-250, 1991. 

16. Munnik T, de Vrije T, Irvine RF, and Musgrave A. Identification of diacylglycerol 
pyrophosphate as a novel metabolic product of phosphatidic acid during G-protein 
activation in plants. J Biol Chem 271: 15708-15715, 1996. 

17. Munnik T, van Himbergen JAJ, ter Riet B, Braun F-J, Irvine RF, van den Ende H, and 
Musgrave A. Detailed analysis of the turnover of polyphosphoinositides and 
phosphatidic acid upon activation of phospholipases C and D in Chlamydomonas cells 
treated with non-permeabilizing concentrations of mastoparan. Planta 207: 133-145, 
1998. 

18. Groot JA, Albus H, and Siegenbeek vH. A mechanistic explanation of the effect of 
potassium on goldfish intestinal transport. Pflugers Arch 379: 1-9, 1979. 

19. Grotjohann I, Schulzke JD, and Fromm M. Electrogenic Na+ transport in rat late distal 
colon by natural and synthetic glucocorticosteroids. Am J Physiol 276: G491-G498, 
1999. 

20. Bajnath RB, Dekker K, Vaandrager AB, De Jonge HR, and Groot JA. Biphasic increase 
of apical Cl- conductance by muscarinic stimulation of HT-29cl.l9A human colon 
carcinoma cell line: evidence for activation of different CI- conductances by carbachol 
and forskolin. J Membr Biol 127: 81-94, 1992. 

21. van den Berghe N, Vaandrager AB, Bot AG, Parker PJ, and De Jonge HR. Dual role for 
protein kinase C alpha as a regulator of ion secretion in the HT29cl.l9A human colonic 
cell line. Biochem J 285: 673-679, 1992. 

22. Kachintorn U, Vajanaphanich M, Barrett KE, and Traynor-Kaplan AE. Elevation of 
inositol tetrakisphosphate parallels inhibition of Ca(2+)- dependent CI- secretion in T84 
cells. Am J Physiol 264: C671-C676, 1993. 

117-



Chapter 5  

23. Thompson NT, Bonser RW, and Garland LG. Receptor-coupled phospholipase D and 
its inhibition. Trends Pharmacol Sei 12: 404-408, 1991. 

24. Yu CH, Liu SY, and Panagia V. The transphosphatidylation activity of phospholipase 
D. Mol Cell Biochem 157: 101-105, 1996. 

25. Bajnath RB, Dekker K, De Jonge HR, and Groot JA. Chloride secretion induced by 
phorbol dibutyrate and forskolin in the human colonic carcinoma cell line HT-29C1.19A 
is regulated by different mechanisms. Pflugers Arch 430: 705-712, 1995. 

26. Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M, Baudet V, 
Boissin P, Boursier E, and Loriolle F. The bisindolylmaleimide GF 109203X is a potent 
and selective inhibitor of protein kinase C. J Biol Chem 266: 15771-15781, 1991. 

27. Dawson G, Dawson SA, and Post GR. Regulation of phospholipase D activity in a 
human oligodendroglioma cell line (HOG). J Neurose i Res 34: 324-330, 1993. 

28. Natarajan V and Garcia JG. Agonist-induced activation of phospholipase D in bovine 
pulmonary artery endothelial cells: regulation by protein kinase C and calcium J Lab 
Clin Med 121:337-347, 1993. 

29. Pertile P, Liscovitch M, Chalifa V, and Cantley LC. Phosphatidylinositol 4,5-
bisphosphate synthesis is required for activation of phospholipase D in U937 cells J 
Biol Chem 270: 5130-5135, 1995. 

30. Geng D, Chura J, and Roberts MF. Activation of phospholipase D by phosphatidic acid. 
Enhanced vesicle binding, phosphatidic acid-Ca2+ interaction, or an allosteric effect? J 
Biol Chem 273: 12195-12202, 1998. 

31. Kandil HM, Berschneider HM, and Argenzio RA. Tumour necrosis factor alpha 
changes porcine intestinal ion transport through a paracrine mechanism involving 
prostaglandins. Gut 35: 934-940, 1994. 

32. Schmitz H, Fromm M, Bode H, Scholz P, Riecken EO, and Schulzke JD. Tumor 
necrosis factor-alpha induces Cl- and K+ secretion in human distal colon driven by 
prostaglandin E2. Am JPhysiol 271: G669-G674, 1996. 

33. Homaidan FR, Tripodi J, Zhao L, and Burakoff R. Regulation of ion transport by 
histamine in mouse cecum. Eur J Pharmacol 331: 199-204, 1997. 

34. Bischoff SC, Lorentz A, Schwengberg S, Weier G, Raab R, and Manns MP. Mast cells 
are an important cellular source of tumour necrosis factor alpha in human intestinal 
tissue. Gut 44: 643-652, 1999. 

35. Crowe SE, Luthra GK, and Perdue MH. Mast cell mediated ion transport in intestine 
from patients with and without inflammatory bowel disease. Gut 41: 785-792, 1997. 

36. Bell CJ, Gall DG, and Wallace JL. Disruption of colonic electrolyte transport in 
experimental colitis. Am J Physiol 268: G622-G630, 1995. 

37. Asfaha S, Bell CJ, Wallace JL, and MacNaughton WK. Prolonged colonic epithelial 
hyporesponsiveness after colitis: role of inducible nitric oxide synthase Am J Physiol 
276: G703-G710, 1999. 

38. Taylor CT, Dzus AL, and Colgan SP. Autocrine regulation of epithelial permeability by 
hypoxia: role for polarized release of tumor necrosis factor alpha. Gastroenterology 
114:657-668,1998. 

39. Fish SM, Proujansky R, and Reenstra WW. Synergistic effects of interferon gamma and 
tumour necrosis factor alpha on T84 cell function. Gut 45: 191-198, 1999. 

40. Rodriguez P, Heyman M, Candalh C, Blaton MA, and Bouchaud C. Tumour necrosis 
factor-alpha induces morphological and functional alterations of intestinal HT29 cl,19A 
cell monolayers. Cytokine. 1: 441-448, 1995. 

41. Brzezinska-Blaszczyk E, Forczmanski M, and Pietrzak A. The action of tumor necrosis 
factor-alpha on rat mast cells. J Interferon Cytokine Res 20: 377-382, 2000. 

118-



TNFa potentiates ion secretion induced by histamine in HT29cl. 19A cells and in mouse distal colon 

42. Hide I, Toriu N, Nuibe T, Inoue A, Hide M, Yamamoto S, and Nakata Y. Suppression 
of TNF-alpha secretion by azelastine in a rat mast (RBL- 2H3) cell line: evidence for 
differential regulation of TNF-alpha release, transcription, and degranulation. J 
Immunol 159: 2932-2940, 1997. 

119-



Chapter 5 

- 120-



Part II 

NPY 





Chapter six 

Neuropeptide Y inhibits ion secretion in intestinal epithelium by 

reducing chloride and potassium conductance 

Hetty Bouritius, Judith C.J. Oprins, René J.M. Bindeis, Anita Hartog, and Jack A. Groot 

Pflugers Arch. - European Journal of Physiology 1998 
435(1): 219-226 





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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[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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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 
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T s control 
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40-
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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). 
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-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. 
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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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Abstract 

Neuropeptide Y (NPY) is known to exert inhibitory effects on ion secretion in the intestine 
by reducing the activity of adenylyl cyclase. In the human intestinal epithelial cell line 
HT29cl.l9A it has been previously shown that NPY inhibits the electrophysiological 
phenomena related to CI" secretion, when induced by elevation of cAMP via forskolin. 
Moreover, the secretion induced via elevation of intracellular calcium levels via muscarinic 
activation can be inhibited by NPY. Part of these inhibitions appeared to be due to lowered 
calcium activity in the epithelial cells, thereby reducing the basolateral K+ conductance. The 
phorbol ester 4-phorbol-12,13-dibutyrate (PDB) can induce secretion in this cell line via 
activation of protein kinase C (PKC) as well, but the effect of NPY on this pathway has not 
yet been studied. In the present experiments it is shown that NPY inhibits the PDB-induced 
secretion at two sides: one located in the apical membrane and another in the basolateral 
membrane. It is shown that the latter effect can, at least partially, be explained via a direct 
effect of NPY on the K+ conductance. This was concluded from the observation that NPY 
could also reduce basolateral K+ conductance when intracellular calcium was dramatically 
increased by ionomycin. The observed inhibitory effects suggest that NPY is a very powerful 
antisecretory peptide in human intestinal epithelial cells. 

Introduction 

Neuropeptide Y (NPY) is a 36-amino-acid peptide and a member of the pancreatic 
polypeptide family [1]. NPY is widely distributed throughout the central and peripheral 
nervous system, and has been reported to be one of the most abundant peptides in the 
mammalian brain [2, 3]. The peptide is involved in many important physiological activities, 
including effects on psychomotoric activity, food intake, modulation of neurotransmitter 
release and vasoconstriction [4, 5, 6, 7, 8]. In the intestine, NPY has been localized in 
subpopulations of myenteric and submucosal enteric neurons, which directly innervate the 
epithelial cells of the intestinal mucosa in different species, including human [9, 10, 11]. NPY 
may play an important role in the regulation of ion transport in intestinal epithelia. In 
different species, including human, it has been shown that NPY is a potent inhibitor of 
intestinal CI" secretion. In vivo and in vitro studies showed that both the stimulated as well as 
the resting CI" secretion is inhibited by NPY [12, 13, 14, 15, 16]. 

NPY receptors have been identified in a wide variety of tissues and can be divided 
into five subtypes (Y,, Y2, Y3, Y4 and Y 5 on the basis of pharmacological criteria [17, 18]. 
These receptor subtypes are members of the G-protein-coupled receptor superfamily; the G 
protein involved may be in the form of Gi or G0 [19, 20]. No fixed coupling between 
receptor type and intracellular messenger system has been described. Second messenger 
coupling of a Y-receptor seems to be cell type specific, depending on the specific repertoire 
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of G proteins and effector systems present in the given cell type [21, 22]. However, NPY 

effects on two second messenger systems have frequently been described; namely inhibition 

of adenylyl cyclase and increase as well as decrease of intracellular calcium levels [23, 24, 

25, 26]. In the butyrate-treated human colonic tumor cell line HT29 a type Y, receptor has 

been recently cloned [27]. In these cells the receptor was negatively coupled to cAMP via 

inhibition of adenylyl cyclase. Clone 19A of the HT-29 cell line represents a valuable model 

to study the electrophysiology of intestinal epithelial secretion [28]. It was found that a 

variety of intracellular pathways can induce CI" secretion in these cells, including cAMP via 

activation of protein kinase A, activation of protein kinase C (PKC) and increased 

intracellular calcium levels. Recently it has been shown that NPY inhibits cAMP and 

calcium-mediated CI" secretion in the HT29cl.l9A cells by lowering the levels of both 

intracellular messengers [29]. The stimulation of CI" secretion by activation of PKC is 

thought to be due to a synergism between PKC and protein kinase A and therefore dependent 

on the prevailing cAMP activity [30, 31]. Thus one would postulate to find a reduced effect 

of the phorbol ester PDB after incubation with NPY. This has been tested in the present 

experiments. From the observed electrophysiological effects we concluded that the PDB-

response was partially reduced because of a reduced K+ conductance in the basolateral 

membrane. To test the possibility that NPY exerts a direct effect on the K+ conductance we 

increased intracellular calcium levels drastically using the calcium ionophore ionomycin to 

overrule effects of NPY on calcium levels. The results from previous studies [29] and the 

present experiments show that NPY affects CI" secretion via at least three mechanisms. 

Materials and Methods 

Cell culture 

HT29cl.l9A cells were grown and subcultured as described [28]. The cells were grown to 

confluence on permeable filters (Falcon, 25 mm diameter). Confluence was reached 7 days 

after seeding. Cells were used between 13 and 26 days after seeding and between passage 12 

and 29. 

Electrophysiological experiments 

Filters, containing confluent monolayers were mounted horizontally in a small Ussing 

chamber, leaving an oblong area of 0.35 cm2. The apical and basolateral compartments were 

continuously perfused with a Ringer's buffer at a temperature of 37 °C and gassed with 5% 

C02/95% O2. The composition of the Ringer's solution was (in mM): NaCl 117.5, KCl 5.7, 
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NaHC03 25.0, NaH2P04 1.2, CaCfc 2.5, MgS0 4 1.2, mannitol 28. The transepithelial 

potential (Vt) was measured with Ringer/agar bridges, which were connected to Ag-AgCl 

electrodes. The intracellular potential (Va) was measured using a glass microelectrode filled 

with 0.5 M KCl and connected to a high-input-impedance amplifier. The impedance of the 

glass microelectrode varied between 100 and 200 Mfi, and the tip potentials between -2 and -

5 mV. All measurements were performed under open circuit conditions and the apical 

solution was used as a reference for Vt and Va measurements. Transepithelial resistance (Ri) 

and the fractional resistance of the apical membrane [fRa=Ra/(Ra+Rb)] were calculated from 

voltage deflections induced by bipolar current pulses of 1 second (10 uA and 50 uA). The 

current electrodes were situated in the walls of the apical and basolateral compartments. The 

équivalent short circuit current (Isc) was calculated from Vt and Rt. The measurements were 

corrected for the potential offset, the solution resistance and the resistance of the filter 

without cells. 

In experiments performed in the presence of NPY the cells were preincubated during 

20 minutes and NPY remained present in the serosal solution during the experiment. 

Materials 

NPY, PDB, ionomycin and adenosine were purchased from Sigma Chemicals, St. Louis. The 

final concentration of the carrier solution DMSO (for PDB and ionomycin) was 0.01 % (v/v). 

This concentration was without electrophysiological effect. Cell culture materials were 

obtained from Gibco. 

Statistics 

All data are presented as means ± standard error. Statistical significance was evaluated using 

the unpaired Student /-test. 

Results 

Effect of NPY on the PDB-induced secretion 

Previous studies have shown that the phorbol ester 4-phorbol 12,13-dibutyrate (PDB) 

activates apical CI" conductance and, with a much slower time course, reduced the basolateral 

K+ conductance via PKC in HT29cl.l9A cells [32]. Figure 1 shows a typical response, 

representing 7 identical experiments consisting of application of 1 uM PDB to the mucosal 
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side of the cells. Initially V, and the Isc increased concomitant with a depolarization of Va and 

a decrease in fRa. This indicates an enhancement of the CI" conductance in the apical 

membrane. After reaching its maximal value (indicated by the thin line a, see figure 1), V, 

and the Isc started to decline slowly, although Va further depolarized, indicating an inhibition 

of basolateral K+ conductance. This reduced the driving force for CI" efflux and therefore 

decreased V, and Isc. These data corroborated earlier observations in these cells [32]. In the 

presence of NPY the PDB-induced increase in Vt and the Isc was reduced significantly, 

however, NPY had no measurable effect on PDB-induced changes in Va and fRa. The effects 

of NPY on PDB-induced electrical parameters are summarized in table 1. 

Table 1. Effect of NPY on the changes in electrical parameters induced by PDB 

V„mV R,, n.cm2 Isc, uA/cm2 Va, mV fRa 

control 

Baseline 4.8±0.5 133±14 39±5 -49±2 0.72±0.02 
PDB (t=a) 7.5±0.7 119±12 66±7 -28±2 0.34±0.02 

A PDB 2.7±0.2 -14±3 27±2 20±2 -0.38±0.04 

NPY 

Baseline 2.0±0.5* 109±11 22±5* -47±3 0.66±0.02 
PDB (t=a) 3.9±0.5* 98±10 40±5* -28±2 0.34±0.03 

A PDB 1.8±0.3* -11±3 19±3* 19±2 -0.3Ü0.02 

Values are means ± SE; n=7 monolayers. The electrical parameters given for t=a are the values at the time the 
V, and the Ist has reached their maximal value after addition of 1 u,M PDB to the mucosal side of the cells (see 
figure 1 ). After this moment V., continued to depolarize see figure 1. * P<0.05 with respect to control values. 

In the discussion we will argue that a decrease of Vt and Isc, without a measurable change in 

Va and fRa requires that PDB-induced changes in both Ea and Eb (the electromotive forces 

across the apical and the basolateral membrane) change in such a way that their difference 

becomes smaller. This requires a reduced depolarization of Ea and a depolarization of Eb. The 

depolarizing effect of NPY on Eb may be due to a decrease of the K+ conductance because of 

a reduction in intracellular calcium levels, however it could also be that NPY had a direct 

effect on the K conductance. This possibility has been tested using ionomycin. 

146-



NPY inhibitsPKC-stimulated Cl secretion in human colonocrtes via multiple sites 

PDB 

fR, 0.25 

R, 

I s c I 25uA.cm 

I 1 
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Figure 1. 
Typical response, representing 8 experiments showing 
the effects of application of 1 |iM PDB to the apical 
side of the cells. Vt: transepithelial potential, Va: 
membrane potential across the apical membrane, R,: 
transepithelial resistance, fRa: fractional resistance of 
the apical membrane, lsc: short circuit current calculated 
from V, and R„ t = a, indicates the time point where the 
V, and Isc had reached their maximum values. In the 
presence of NPY the transients were qualitatively not 
different. For quantitative differences at t = a see table 
1. 

Effect of NPY on the ionomycin response 

To study the possible direct effect of NPY on 

the K+ conductance we increased the 

intracellular calcium concentration drastically 

by adding the calcium ionophore ionomycin 

to the apical side of the cells, to overrule 

effects of NPY on intracellular calcium levels. 

Ionomycin induces a transient depolarisation 

followed by a hyperpolarisation of rather 

variable magnitude [33]. To make the 

hyperpolarisation of the ionomycin response 

less variable we increased the conductance of 

the apical membrane for chloride. This 

increases the driving force for K+ efflux and 

therefore increases the transepithelial potential 

changes and the Isc. We used 0.1 mM 

adenosine at the basolateral side to enhance 

the apical CI" conductance. It has been shown 

previously that its effect was not affected by 

NPY [29]. 
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5.2±0.7 151±19 39±8 -17*2 0.10±0.01 

8.3±1.0 140±18 68±13 -25±3 0.29±0.04 

3.1±0.5 -11±3 29±7 -8±2 0.19±0.03 

8.3±1.0 142±17 64±13 -21±2* 0.18±0.03* 

3.2±0.5 -9±4 26±5 -5±1* 0.08±0.02* 
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Table 2: Effect of NPY on changes in electrical parameters induced by ionomycin. 

V„ mV R„ n.cm 2 Isc, p.A.cm"2 V„ mV fRa 

Control 

before ionomycin (t=0) 6.0±0.7 165±32 50±11 -18±1 0.13±0.02 
after ionomycin (t=a) 8.4±0.7 153±27 69±12 -29±1 0.34±0.01 
A ionomycin 2.4±0.5 -12±7 19±6 -10±1 0.21±0.02 

6 min. after (t=6) 9.1±0.8 155±26 73±14 -28±1 0.30±0.04 
A ionomycin t=6 vs t=0 3.0±0.7 -10±7 23±8 -10±1 0.17±0.02 

NPY 

before ionomycin t=0 

after ionomycin (t=a) 

A ionomycin 

6 min. after (t=6) 

A ionomycin t=6 vs t=0 

Values are means ± SE; n=8 or 9 monolayers. The electrical parameters measured at t=0 are measured at the 
moment just prior to addition of ionomycin (see figure 2). The change in electrophysiological parameters 
induced by ionomycin (A ionomycin) were measured at t=a (see figure 2a and 2b). At t=6 parameters were 
measured and compared to the parameters measured at t=0 to show NPY-dependent changes in Va and fRa. * 
P<0.05 with respect to control values. 

Figure 2a shows a registration of a control experiment, representing 8 experiments. 

Application of 0.1 mM adenosine to the basolateral side of the cells resulted in an increase of 

Vt and the Isc, a depolarization of Va and a decrease of fRa. After adenosine reached its 

maximal effect, 1 uM ionomycin was added to the apical side of the cells (indicated with the 

line t=0). This increased V, and the Isc, concomitant with a sustained repolarization and 

increase in fRa, caused by enhancement of calcium-dependent K" conductance (indicated with 

line t=a). Fig. 2b shows a typical recording of the effect of ionomycin in the presence of NPY 

representing 9 monolayers. Preincubation with 1 uM NPY did not affect the adenosine 

response, as expected, and also did not affect the ionomycin response immediately (at t=a). 

However, the repolarization and increase in fRa were now transient, returning to pre-

ionomycin levels. Table 2 shows a summary of the electrical parameters and the changes 

induced by ionomycin at the time of its maximal effect (t=a) and six minutes after its 

addition. At this time Va and fRa were significantly decreased compared to control values, 

indicating reduction of the basolateral KT conductance. The transepithelial parameters 
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declined as well but with a slower rate and their time course was not followed long enough in 
all experiments. 

ADO 
t = 0 t = a 

ADO l o n o 

t = 0 t = a 

I 1 / 

I 1 
5 min 

SC ^ (jA.cm 

5 min 

Figure 2a. Typical electrophysiological response 
after subsequent addition of adenosine (ADO; 
serosal) and ionomycin (iono; mucosal) to 
HT29cl.l9A cells. For explication of symbols 
see figure 1. 

Figure 2b. Typical electrophysiological response 
of subsequent addition of adenosine (ADO; 
serosal) and ionomycin (iono; mucosal) to 
HT29cl.l9A cells in the presence of NPY (added 
at t = -20). 
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Discussion 

The peptide NPY is known to play an important role in regulating ion secretion in the 

intestine. Ion secretion is activated by different second messenger systems. Increasing cAMP 

levels via activation of adenylyl cyclase and increasing intracellular calcium levels lead to an 

enhancement of the CI" secretion by an increase of the apical Cl'conductance and of the 

basolateral K" conductance respectively. It has already been shown that NPY inhibits the 

cAMP- and calcium-induced CI' secretion in the human intestinal cell line HT29cl.l9A. In 

the present study we investigated the effect of NPY on the PKC-induced secretion in this 

model. The PDB-induced increase in Isc is significantly reduced by NPY. PKC is thought to 

induce the CI" secretion by increasing the incorporation of CI" channels in the apical 

membrane, which then are activated by basal protein kinase A activity [30, 31]. Decreased 

activity of protein kinase A, caused by inhibition of adenylyl cyclase as reported earlier [29], 

could have caused the smaller increase of the apical CI" conductance and thereby a decreased 

ion secretion when PDB was applied after preincubation with NPY. However, if only the 

cAMP-dependent CI" conductance was involved in the inhibitory action of NPY, one would 

expect an effect on the intracellular potential and the fractional resistance, but these 

parameters remained unchanged. 

This unusual observation can be explained by considering the equivalent electrical 

circuit for leaky epithelia [34]. Changes in the transepithelial potential are the consequence of 

changes in transcellular current flowing back through the paracellular resistance. Because in 

leaky epithelia the transepithelial resistance is a good monitor for the paracellular resistance a 

constancy of resistance at a changing transepithelial potential indicate a change in the 

transcellular current. With a small inaccurateness the transcellular current can be calculated 

from the transepithelial potential and resistance by Ohm's law. 

The transepithelial current is the reason that the membrane potential across the apical 

or the basolateral membrane deviates from its electromotive force, emf (determined by the 

Nernstian diffusion potentials for the ions and their relative conductance according to the 

Hodgkin-Horowitz equation) by an amount equal to the product of the membrane resistance 

and the transcellular current. 

However, the difference between the emf of the apical and basolateral membrane is 

the driving force for the transcellular current. Thus, in formula: 

I 
E..-E 

Ra+Rb+R, 

This can be represented in a graph to aid the visual analyses of changes in Va, V, and fRa 

[=Ra/(Ra+Rb)] measured with the extracellular and intracellular electrodes. The slope of the 

line connecting Ea and Eb indicates the strengths of the current. 

In the case of NPY we found that Isc decreased without a change in Va and fRa. This can 

occur by a concomitant decrease in apical CI conductance (leading to an increase 
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(hyperpolarization) of Ea and Ra) and a decrease of the basolateral K+ conductance (leading to 

decrease (depolarization) of Eb and increase of Rb). This is shown in figure 3 with the 

displacement from the control (con) to the NPY situation (dark continuous line to the thin 

continuous line). Under basal conditions (con) the addition of PDB leads to a depolarization 

(decrease) of Va, a decrease of fRa and increase of Isc. This situation is depicted in figure 3 

with the change from the dark continuous line to the dash-dot line. In the presence of NPY, 

the application of PDB leads to a smaller increase of Isc (less steep slope), however with no 

change in Va and fRa. This situation is shown with the thin dash dot line, which indicates that 

the electrophysiological characteristics of both membranes change. 

E - E , 

con PDB PDB 
NPY 

Î Î V 
con 

PDB 

PDB 
NPY 

NPY 

Figure 3. Geometrical presentation of the current flowing through Ra, Rb and R, due to the difference in Ea and 
Eb. The difference of Va and Vb is the transepithelial potential. The slopes of the lines connecting Ea and Eb 

indicate the magnitude of the current. See text for further explanation. Four situations are depicted: 
Control, that is the basal situation without NPY or PDB is indicated by the dark continuous lines. NPY: thin 
continuous lines. PDB: dark lines connected by the dark dashed dot line. PDB in the presence of NPY: thin lines 
connected with the thin dashed dot line. The curved arrow indicates the depolarization of Va. R„ apical 
membrane resistance; Rb, basolateral membrane resistance; R, resistance of the paracellular pathway; Ea and Eb, 
electromotive forces of the apical and basolateral membrane, respectively. Va and Vb, potentials of the apical 
and basolateral membrane potentials. 

In the light of the hypothesis that PKC increases the number of CI" channels in the apical 

membrane which then are activated by the existing activity of PKA [32], the simplest 

explanation for the inhibitory effect of NPY on the PKC- induced change of Ea is via reduced 
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protein kinase A activity because of a lower cAMP concentration. The depolarization of Eb in 
the presence of NPY may be due to an ongoing effect of NPY on the resting YJ conductance, 
as observed in the absence of any secretagogues or to an increased rate of the inactivation of 
the K+ conductance. The decrease in basolateral K7 conductance may be due to a reduction in 
intracellular calcium levels. In previous experiments with the HT29cl.l9A, we showed that 
NPY decreased basal intracellular calcium levels as well as the carbachol-induced increase of 
calcium [29]. It could be that NPY also exerts a direct effect on the YJ conductance. Such an 
effect has been reported by Xiong and Cheung in smooth muscle cells in the rat tail artery 
[35], To answer this question, we added the calcium ionophore ionomycin to the cells, 
thereby increasing the calcium levels drastically to overrule effects of NPY on intracellular 
calcium levels. In the absence of NPY this resulted in a sustained hyperpolarization 
concomitant with an increase in the fRa, indicating an enhancement of the calcium-dependent 
K+ conductance. However, in the presence of NPY these changes in Va and fRa were only 
transient, suggesting a direct inhibition of the calcium-activated K+ conductance by NPY. 

To summarize, we have observed in the HT29cl.l9A cells that NPY inhibits the PKC 

induced CI" secretion by a double inhibitive action namely via the apical CI" conductance and 
the basolateral YJ conductance. The reduction of the K+ conductance in the presence of NPY 
not only occurs because of the decrease in calcium concentration [29] but also via a direct 
effect on the YJ conductance. The K+ conductance consists of a number of K channels, 
which can be discriminated by pharmacological criteria [36, 37]. From the present studies it 
cannot be concluded which channel(s) are susceptible to NPY. To answer this question 
patchclamp or noise analysis experiments need to be performed [38]. Interestingly another 
antisecretory peptide, somatostatin appeared to have similar effects as NPY, inhibiting CI" 
secretion via G-proteins acting on adenylyl cyclase and intracellular calcium [39, 40] as well 
as directly affecting the basolateral K+ conductance [41]. 

Our results support those of earlier studies showing that NPY is a very powerful 
antisecretory neuropeptide because it can reduce secretion via at least three mechanisms: 
reduction of cAMP, decrease of the intracellular calcium activity and an inhibition of the 
basolateral K+conductance directly. A disturbance in the levels of NPY could therefore result 
in a disturbed water balance in the intestine and thus may play a pathophysiological role in 
intestinal disorders e.g. related to aging [42]. 
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Overview 

In Part I we report on our study of the effect of the cytokine tumor necrosis factor a (TNFa) 

on chloride secretion in different models of intestinal epithelium. HT29cl.l9A cells were 

used for intracellular and extracellular electrophysiological measurements of the effects of 

exposure to TNFa and for the effects of subsequent exposure to the secretagogues carbachol 

and histamine. We also studied changes in phospholipid composition induced by TNFa and 

the secretagogues by means of thin layer chromatography. Using the same techniques, we 

investigated whether TNFa affected chloride secretion via a similar mechanism in another 

human intestinal epithelial cell line, T84. To extrapolate the results obtained in the cell lines, 

we studied whether native tissue (mouse distal colon) was responsive to exposure to TNFa. 

Part II deals with the effect of neuropeptide Y (NPY) on the secretion in HT29cl.l9A cells. 

We studied the mechanisms by means of which NPY could inhibit the chloride secretion 

induced by several second messenger systems in this cell line. 

^art I 

Involvement of phospholipase D in chloride secretion 

Regulation of chloride secretion in intestinal epithelium has been extensively studied during 
the last few decades. Detailed knowledge about the second messenger mechanisms and their 
roles in regulating ion channels and transporters, which contribute to chloride secretion, is 
being unraveled [1]. The classic messengers cAMP, calcium and to a lesser extent, protein 
kinase C (PKC), are known potent regulators of chloride secretion. The mechanisms by 
which they activate or inactivate exchangers, transporters and ion channels, which contribute 
to the ion transport mechanisms, have been clarified. In this thesis, we provide new evidence 
of another pathway between receptor and intracellular messengers involved in chloride 
secretion in intestinal epithelium. It consists of phopholipase D (PLD) and phosphatidic acid 
phosphatase (PAP) the activation of which generates diacylglycerol (DAG), which in turn 
can activate protein kinase C (PKC). 

It is a well known fact that the activated muscarinic receptor couples to a Gq protein, 
which can activate PI-PLC [2]. PI-PLC hydrolyzes phosphoinositol 4,5-bisphosphate (PIP2) 
into inositol 1,4,5-trisphosphate (IP3) and DAG. IP3 releases calcium from intracellular 
stores, whereas DAG activates classic and novel PKC isotypes. Exton et al. described for the 
first time that this type of G-protein coupled receptor activates another phospholipase: PLD 
[3]. Activation of PLD results in the formation of phosphatidic acid (PA) and P-choline, 
following hydrolysis of the structural phospholipid phosphatidylcholine (PC). PA is 
converted to DAG by PAP and again DAG can activate several PKC isotypes. In addition, 
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DAG can be formed via activation of PC-PLC, which hydrolyzes PC into DAG and choline 
Figure 1 provides a schematic presentation of the activation of phospholipases aftei 
muscarinic receptor activation. 

PIP, 

Ca2 + 

PKC 

Figure 1. Schematic presentation of the phospholipase pathways involved in muscarinic and histamine receptor 
activation. For abbreviations see text. 

In Chapters 2 and 5 we suggest that chloride secretion induced by muscarinic receptor 
activation and histaminic receptor activation in HT29cl.l9A cells involved activation of PLD. 
We used propranolol to block the conversion of PA to DAG, via inhibition of PAP. In 
Chapter 3 we show that application of propranolol resulted in increased PA levels, 
confirming the inhibitory action of propranolol on PAP in the cell line used. Application of 
propranolol strongly decreased the secretory responses to carbachol and histamine, 
implicating an important role for PAP, and thus the PLD pathway in chloride secretion. 
Given the relative inhibitory effect of propranolol we estimated that the transepithelial 
secretory response in the HT29cl.l9A cells depended on the activation of the PLD pathway 
for more than 50 percent. 

Moreover, in Chapters 3 and 5 we confirm that the activation of the muscarinic and 
histamine receptor respectively, did indeed result in an activation of PLD, as indicated by 
measurements of the stable PLD product phosphatidylbutanol (Pbut). The physiological 
importance of the activation of the PLD pathway in intestinal epithelial cells has not yet been 
extensively studied. The intermediate PA has been described as a messenger molecule itself, 
although we are aware of only one study of PA in intestinal epithelium [4]. The effect of PA 
in the intestinal cell line T84 is a modulation of stimulated chloride secretion. Addition of PA 
results in an augmented carbachol-secretory response, but the secretory response to 
vasoactive intestinal peptide (VIP) is inhibited. The authors proposed that the effect of PA on 
carbachol-induced chloride secretion may be explained by its augmentation of the carbachol-
induced increase in intracellular calcium levels. However, they do not yet offer an 
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explanation for the inhibitory effect. Many functions for PA have been proposed in other 

tissues, including promotion of mitogenesis in fibroblasts, stimulation of respiratory burst in 

neutrophils, activation of specific protein kinases and increases in intracellular calcium (for a 

review see [5]). 

Physiological relevance of PLD activation 

Although activation of PLC and PLD both result in an increased formation of DAG, which is 

the major cellular regulator of most isotypes of PKC (Figure 1), there is a difference in the 

time course for the generation of DAG. Whereas the formation of PA is usually monophasic 

in time, the formation of DAG shows a biphasic curve. It is believed that the two phases of 

the increase in the content of DAG consists of initial formation from PEP2 by PI-PLC, 

followed by a slower, more sustained formation via activation of PLD and PAP [6, 7]. 

Moreover, the magnitude of DAG accumulation exceeds the cell content of PiP2, indicating 

its origin from another source [8]. The biphasic increase of the DAG concentration may have 

effects on the pattern of activation of PKC isotypes, which are activated by DAG. 

Interestingly, Ha and Exton report differential translocation of PKC isozymes in fibroblasts 

[9]. The first DAG peak was shown to involve a translocation of PKCoc, which also required 

calcium whereas the second phase of the increase of DAG was related to increased, calcium 

independent, PKCe translocation in these cells . The prolonged accumulation of DAG causes 

prolonged membrane association of PKCe, but not of PKCa Thus, they postulated that the 

second phase of the DAG accumulation results in an increased and sustained activation of 

PKCe, whereas the first phase of DAG production is responsible for a transient PKCa 

activation. Therefore, the mechanistic relevance of PLD activation might be in the generation 

of a prolonged and sustained activation of a specific isotype of PKC, as opposed to the brief 

activation of other PKC isotypes by the transient increase of calcium and DAG. 

An important issue is to pinpoint the targets for the different isotypes of PKC. This 
knowledge is necessary in order to understand the cellular effects of prolonged versus 
transient increases of DAG. The differential activation of PKC isotypes may explain different 
effects in cell lines and tissues of extracellular activators of PKC. It may be that the 
expression of isotypes of PKC differs in cell lines as we have shown for PKCa. 

In conclusion, our finding that extracellular messengers can activate more than one 
type of phospholipase in intestinal cells may explain the multiple effects often induced by 
these messengers via activation of differing isotypes of PKC. 
We will first discuss the functions of the different PKC isotypes that occur in intestinal tissue. 
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PKC isotypes in intestinal tissue 

PKC comprises a family of protein kinases and was at first sub-divided into three groups 

depending on their requirements for Ca2+ and DAG: the classical, novel and atypical type 

[10]. The classical PKCs (a, ßi, ßn and y) require calcium and DAG for their activation. The 

novel iso-enzymes (5, e, r| and 0) are calcium-independent and require DAG for activation. 

The atypical (Ç and x) isoforms are Ca2+- and DAG-independent. Recently, a new type was 

discovered (u and T) that represents a fourth class, topologically related to the PKC family. 

This class possesses a kinase domain which is related more to calcium/calmodulin-dependent 

kinases. The classical and novel isoenzymes can be activated by phorbol esters. 

The present thesis shows that expression of PKC isotypes in the cell lines HT29cl.l9A 

and T84 cells differed substantially. HT29cl.l9A cells expressed considerably more PKCoc 

than T84 cells did. This may explain the difference in carbachol-induced chloride secretion, 

as will be discussed below. Little is known about the role of different PKC isotypes in the 

regulation of ion secretion. In T84 cells, PKCe is recognized to directly or indirectly interact 

with a basolateral K+ channel and to modulate chloride secretion in T84 cells [11]. In 

HT29cl.l9A cells, PKCoc was found to be involved in the carbachol-induced ion secretion 

[12]. 

Other effects of different PKC isoforms on intestinal epithelial functions, apart from the 

regulation of ion secretion, have been described. In human and rat colonic mucosa members 

from each group have been identified: the classical a and ß, the novel 8, r\ and e, and the 

atypical Ç have been detected at the protein level [13, 14]. Song et al. recognized that PKCe 

regulates basolateral endocytosis in T84 cells [15]. PKCe is also pinpointed as the likely 

mediator of mucin exocytosis in these cells and in HT29/A1 cells [16]. Furthermore, 

overexpression of PKCe was reported oncogenic in a rat colonic epithelial cell line through 

its interaction with the ras signaling pathway [17]. Several studies have revealed decreased 

abundancy of PKCa, ß, 8, e, Ç and/or r\ in colonic tumors [18, 19, 14, 20, 21]. 

Overexpression of PKCß and PKC8 in intestinal epithelium results in growth suppression 

[22, 23], These findings suggest that activation of PKC isoforms in intestinal tissue 

participate in negative growth-regulatory and/or differentiation-related events. 

Synergy between TNFa and secretagogues acetylcholine and histamine 

We demonstrate that TNFoc, by induction of de novo protein synthesis, could augment the 
secretory responses to the acetylcholine agonist carbachol and the mast cell mediator 
histamine in HT29cl.l9A cells. In addition, in native tissue from the mouse (distal colon) a 
similar potentiation of the effect of these secretagogues was demonstrated. From intracellular 
measurements in HT29cl.l9A cells we deduced that the cause of the larger increase of the 
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short circuit current by carbachol after exposure to TNFa was due to an increased apical CI" 

conductance. Earlier results of research with this cell line by Bajnath et al. and Vaandrager et 

al. suggests that carbachol may increase the transepithelial Cl" flux by activation of CI" 

channels in the apical membrane and by activation of K" channels in the basolateral 

membrane [24, 25]. The latter is ascribed to increased activation of Ca2+-regulated K+ 

channels and the former is ascribed to an effect of PKCa. The transient character of the 

response may be due to an inhibitory effect of PKC on the Ca2+-regulated K+ channels or to 

other intracellular inhibitors like inositol 3,4,5,6-tetraphosphate IP4 [26]. On the basis of 

patch clamp analyses Bajnath et al. concluded that the activation CI" channels by PKC could 

be due to increased incorporation of CI" channels which are then activated by the basal 

activity of protein kinase A (PKA) [27]. To elucidate the cause of the increased apical 

conductance in TNFoc-exposed cells by carbachol we followed a procedure of elimination of 

possible causes. 

The basal electrophysiological parameters of the monolayer were not changed by TNFa 

exposure, indicating that TNFa did not affect the targets of the regulatory mechanism for 

secretion. In other words, it was unlikely that the cytokine had increased the number of 

spontaneously active CI" channels or K+ channels or had activated PKA. Also, application of 

forskolin to TNFa exposed cells in order to activate PKA did not have a different effect than 

in cells without prior exposure to TNFa. Activation of secretion by ionomycin, which 

induces activation of basolateral K+ channels and thereby increases the driving force for CI" 

secretion, was not affected by exposure to TNFa. TNFa may have caused an increase in the 

number of CI" channels. Following activation of PKC, these channels could be incorporated 

in the membrane. Alternatively, TNFa may have increased the pool of activable PKC. Both 

possibilities were excluded by studying the effect of the phorbol ester PDB. Exposure to 

TNFa did not affect the normal response to PDB. We then addressed the question whether 

PKC was involved in the activation of the short circuit current by carbachol and by carbachol 

after exposure to TNFa by using the PKC inhibitor bisindolylmaleimide I (GF109203X). 

This showed that, at the concentration used, the response to carbachol could be reduced by 

about 70 per cent. Interestingly, the reduction of the response after exposure to TNFa was 

more or less similar, namely 64 percent. GF109203X is a competitive inhibitor with respect 

to ATP [28]. Assuming that the ATP concentration in the cells had not changed drastically, 

the inhibition by a similar percentage suggests that the turnover of PKC after exposure to 

TNFa may be increased. Because the response to PDB had not changed, we excluded 

upregulation of PKC. Possibly, the turnover of PKC was increased because of an increased 

amount of DAG. These findings led us to postulate that the increased effect of carbachol was 

upstream from PKC, in other words between carbachol and PKC. The possibility that TNFa 

acted by inducing a larger amount of muscarinic receptors was unlikely, since TNFa also 

augmented the response to histamine. Thus, it could be that exposure to TNFa had increased 

the efficiency of activation of one of the phospholipases. We reasoned that because the first 
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phase of the response to carbachol or to histamine (which is dependent on the Ca2+ peak 
induced by IP3 from PI-PLC action) was not affected by TNFa it was less likely that TNFa 
increased the activation of PI-PLC by the extracellular messengers. To confirm this, we 
studied the effect of the putative PI-PLC inhibitor U73122. The compound did not show 
inhibitory effects on the short circuit current induced by carbachol. Moreover, the negative 
control compound U73143 showed an anomalous prolonged depolarization after addition of 
carbachol, which is similar to the effect of U73122. On the basis of these findings we 
concluded that we could not use the compound as a tool to study the role of PI-PLC in these 
cells. 

Given the inhibitory action of propranolol, we deduce that the PLD pathway was part of 

the reaction pathway between the muscarinic receptor and PKC. The finding that propranolol 

and cycloheximide fully suppressed the effect of exposure to TNFa supports the hypothesis 

that the cytokine, by induction of de novo protein synthesis, increased the activity of the PLD 

pathway. To test this we performed phospholipid analysis by thin layer chromatography after 

growing cells in Pj containing medium. In the presence of a primary alcohol, 1-butanol, 

PLD could catalyze the transphosphatidylation to the stable compound phosphatidylbutanol, 

Pbut [29]. The increased level of this lipid after exposure to carbachol or histamine lent 

further evidence to the hypothesis that both secretagogues activated the PLD pathway. 

However, the increase in Pbut was not larger after exposure of the cells to TNFa, whereas the 

level of PA was consistently lower. These findings, together with preliminary observations 

that the level of DAG is 20 percent higher in cells exposed to TNFa and carbachol than in 

cells exposed to carbachol alone, suggest that the primary effect of TNFa was on the 

conversion of PA to DAG by PAP. 

Phosphatidic acid phosphatase and its regulation 

As mentioned above, TNFa is thought to act on the expression of PAP, thereby generating 
increased levels of DAG, causing subsequent PKC activation. A few research groups are 
presently studying the structure and functions of the PAP enzyme. Two classes of PAP 
enzymes can be distinguished. PAP-1 is Mg2+-dependent and sensitive to inhibition by 
sulfhydryl-reagents including N-ethylmaleimide [30, 31]. PAP-1 is found in the cytosol of the 
cells and is able to translocate to the endoplasmatic reticulum or mitochondria. A second and 
distinct PAP was identified in the plasma membranes of rat liver [30]. PAP-2 has attracted 
attention as the enzyme participating in the control of signal transduction mediated by PLD 
[6]. It does not require Mg2+ and is insensitive to inhibition with 7V-ethylmaleimide [32, 33]. 
At least three subtypes from PAP-2 have been identified up to now: PAP-2a, PAP-2b and 
PAP-2c [34]. PAP is identified as an integral plasma membrane glycoprotein proposed to 
contain four intracellular segments, including both N- and C-terminal regions, six 
transmembrane regions, and three extracellular loops [35]. It has a receptor like appearance 
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[36]. This type of PAP can convert extracellular applied PA to intracellular DAG. Relatively 
'ittle information is available concerning PAP regulation. Brindley et al. reviewed that PAP 
activity could be increased or decreased in several cell types, but the mechanisms remain 
uncertain [37]. Jiang and co-workers found evidence for a role for PKC in the regulation of 
PAP. They propose that PKCe may serve to either allosterically modify PAP or to localize 
PAP to appropriate membrane locations where PA substrate is localized [38]. These findings 
indicate that PKC may modulate the activity of PAP, besides affecting PLD activity (see 
oelow). Other reports propose coordination between PLD and PAP. Sciorra et al. showed that 
PLD and PAP are sequentially activated in specific membrane domains [39]. Martin et al. 
recognized a coordinated decrease in activity of PAP and PLD in oncogenically transformed 
fibroblasts as compared to controls [40]. 

Comparison of the HT29cl.l9A and T84 cells 

'n T84 cells, the exposure to TNFcc did not change the basal electrophysiological parameters 

and it did not increase the carbachol induced short circuit current (Chapter 4). This was in 

accordance with the idea that PKC plays no role in CI" secretion in T84 cells. We base this 

conclusion on the following observations: 1) Activation of PKC with the phorbol esters TPA 

[41] and PDB (this thesis and [42]) did not affect basal ion secretion in T84 cells. 2) The 

PKC inhibitor GF109203X had no effect, corroborating observations by Lindeman and Chase 

with another PKC inhibitor [43]. In addition, we confirmed that T84 cells express little 

PKCcc, considerably less than do HT29cl.l9A cells. Others have shown that application of 

carbachol did not result in a translocation of PKCcc [15]. Based on these findings, we 

hypothesize that the lack of the potentiating effect of TNFoc on the carbachol response in T84 

cells was due to an insufficient expression of PKCa in this cell line. Thus, these cells did not 

express the constituents to show the possible effects of exposure to TNFa on the PLD route. 

The T84 cell line is used in a large number of laboratories as the model for colonocytes. 

Because the cells appear to develop less synchronically than the HT29 clone and because it is 

much more difficult to obtain stable microelectrode readings from these cells [44], T84 cells 

have not been extensively used in our laboratory. For a comparison with the HT29 clone we 

had to perform microelectrode analysis of the response to carbachol. An important difference 

between the two cell lines is that in T84 cells the resting membrane potential appeared to be 

depolarized and the effect of carbachol was primarily activation of K+ channels in the 

basolateral membrane. The small increase in short circuit current could therefore be 

interpreted as a consequence of the increased driving force for CI" exit through already open 

CI" channels in the apical membrane. 

By means of thin layer chromatographic analysis of T84 cells we observed that, as was the 
case in HT29cl. 19A cells, the formation of Pbut was increased after stimulating the 
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muscarinic receptor with carbachol. This indicates that in these cells carbachol activated PLD 
as well. Moreover, after exposure to TNFa, a consistently higher level of Pbut was observed. 
Thus, in HT29cl.l9A cells, TNFa exposure seemed to increase the activation of PAP, 
whereas in T84 cells, TNFa seemed to increase PLD activity. It is possible that TNFa 
affected different proteins in the two cell lines. But another explanation for the differences in 
these cell lines may be offered in analogy with the observed difference in PKC expression in 
the cell lines. In Chapter 3 we stated that in HT29cl.l9A cells the carbachol-induced increase 
in Pbut was not diminished by the PKC inhibitor GF109203X. Preliminary results in T84 
cells showed that the increase in Pbut after carbachol was attenuated by the PKC inhibitor. 
This suggests that the regulation of PLD activity by PKC may be different in the two cell 
lines. 

PKC plays a major role in the regulation of PLD as demonstrated by the activation of 
PLD by phorbol esters [45, 46, 47, 48]. Downregulation of classical and novel PKC isotypes 
blocks the ability of many agonist to stimulate PLD [3]. Moreover, alterations of the 
expression of PKC isozymes in cells results in altered PLD activity. Overexpression of PKCa 
and PKCßi show enhanced PLD responses to several agonists [49, 50]. By contrast, depletion 
of PKCa by transfection with antisense cDNA decreases the activation of PLD by agonists in 
MDCK cells [51]. These findings implicate an important role for the classical PKC isoforms 
in regulation of PLD activity. PKC is thought to modulate the PLD activity via two distinct 
mechanisms (reviewed in [45, 46, 47]). The first mechanism is thought to involve 
phosphorylation and to require ATP. Phosphorylation of PLD itself or some associated 
regulatory component has been reported. The second mechanism is phosphorylation-
independent. Certain PKC isoenzymes do not require ATP for their regulation of PLD 
activity. There is no protein phosphorylation and they are thought to occur via protein-protein 
interactions. Additionally, small G-proteins like Arf and Rho are able to activate the activity 
of PLD individually, but also can act synergistically with PKC in activating PLD, however, 
their mechanism of action has not yet been identified [47, 45]. At this moment, the 
mechanisms of PLD activation in intestinal cell lines is not known. 

The levels of phospholipids differed in the two cell lines. In Table 1 the amounts of the 
phospholipids Pbut and PA (as percentage of total labeled phospholipids) are presented for 
the two cell lines in the unstimulated and stimulated condition. The basal level of Pbut in 
HT29cl/19A cells was about 2.4 times larger than in T84 cells (0.55 vs. 0.25). Assuming that 
the relative amount of 3 2P r labeled substrate for PLD was not different, this might indicate 
that in HT29cl.l9A cells the PLD activity was 2.4 times larger. The table also shows that the 
increase in PLD activity by carbachol was about 2.5 times larger in HT29cl.l9A cells than in 
T84 cells (0.10 vs. 0.04). Furthermore, the increases of the PA levels were about twice as 
large in HT29cl.l9A cells than in T84 cells (3.13 vs. 1.87). The difference between the two 
cell lines in Pbut and PA levels were compatible with preliminary Western blots, which 
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showed a larger amount of PLD in HT29cl.l9A cells as compared to T84 cells. Thus, the 
expression and activity of PLD in HT29cl.l9A cells appeared to be larger than in T84 cells. 

Pbut PA 

HT29cl.l9A T84 HT29cl.l9A T84 

control 0.55 0.25 2.51 2.92 

carbachol 0.65 0.29 5.64 3.79 

A carbachol 0.10 0.04 3.13 1.87 

Table 1. Amounts of ,:P-labeled phospholipids (phosphatidylbutanol, Pbut. and phosphatidic acid, PA) as 
percentage of total labeled phospholipids. 

Comparison with intestinal tissue 

It is interesting that the results obtained in the HT29cl.l9A cell line could be extrapolated to 

native tissue. In Chapters 4 and 5 we show that TNFa also potentiated the response to 

carbachol and histamine in mouse distal colon. As this potentiation was observed in the 

presence of indomethacin to prevent prostaglandin synthesis and TTX to prevent neuronal 

activity, we assume that we have demonstrated synergy of TNFa and carbachol and 

histamine at the level of the epithelial cell. Whether TNFa acts via a similar mechanism of 

action still remains to be investigated. Preliminary results pointed out that propranolol was 

able to diminish the carbachol-induced ion secretion as well. It must be noted, however, that 

propranolol has additional effects on native tissue, which preclude a final conclusion at this 

moment. 

Role of TNFa in inflammatory diarrhea 

In contrast to our finding that TNFa increased the secretory responses to acetylcholine and 

histamine, in inflamed tissue from patients suffering inflammatory bowel disease (IBD) it has 

been found that secretory responses are diminished [52, 53, 54, 55, 56, 57]. These 

observations were made in tissue which had been in an inflammatory state for a prolonged 

period. The diminished secretory responses are ascribed to desensitization for these 

secretagogues [55]. 
In models consisting of T84 cells in co-culture with immune-activated peripheral blood 

mononuclear cells (PBM), the secretory responses to carbachol and forskolin are diminished 
and the barrier function is also decreased [58, 59]. This effect is ascribed to joint action of 
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interferon y and TNFa, because antibodies to these cytokines can prevent or strongly reduce 

their disabling effects. The measurements were taken at 24 hours or more after stimulation of 

the PMN with inflammatory agents and no data are presented for earlier secretory activity. 

However, Zareie et al. showed that co-culturing T84 cells with activated monocytes during 

48 hours, results in an increase of basal ion secretion. The secretory response to forskolin is 

also diminished, which may be due to the increase in basal secretory state of the epitheliun 

[60]. They suggest that TNFa autocrinely affects the monocytes, thereby causing the release 

of other monocyte-derived mediators involved in the altered epithelial function. 

In this thesis we report on the more direct action of TNFa on epithelium. Our 

hypothesis is that prolonged exposure to TNFa in intestinal epithelium may result in 

prolonged PKC activation, due to the upregulation of the PLD pathway. This may result in 

downregulation of secretory mechanisms. Prolonged activation of PKC is thought to inhibi 

basolateral K+ conductance [61, 62, 63, 64, 41], which may subsequently result in an inability 

to reveal a secretory response to acetylcholine or histamine. 

We were unable to provide evidence for the effect of TNFa on the barrier function 

TNFa did not induce cell death of the epithelial cells (Chapter 2). This might be due to the 

rather low concentration of the cytokine in our experiments and because of the lack of 

interferon y (IFNy) in our incubation medium.Inflamed tissue from humans and animal 

models are reported to have a decreased barrier function [65, 57, 66, 67, 68, 69]. In epithelial 

cell lines too, TNFa decreases the epithelial resistance and increases the permeability for 

macromolecules [70, 71, 72]. Recently, Mankertz et al. reported that TNFa affects the barrier 

by a downregulation of the expression of the tight junction protein occludin [73]. However, 

these experiments were performed after long exposure to the cytokine and the concentration 

of TNFa was relatively high, or the measurements were performed in the presence of IFNy. 

which is believed to induce TNFa receptors, thereby increasing the susceptibility to the 

cytokine [74]. Possibly, due to the upregulation of the PLD pathway by TNFa, prolonged 

PKC activation results in decreased barrier function, since it has been shown that massive 

stimulation of PKC by phorbol esters causes a decrease in permeability with a slow time 

course [75, 76]. 

Future directions 

The results presented here lead to more questions concerning the effect of TNFa on epithelial 

ion secretion. We would like to know via which receptor TNFa exerts its effect on the 

epithelium and which intracellular pathway couples to this receptor in increasing the 

synthesis of a protein involved in the PLD pathway. We do not know whether TNFa directly 

affects the de novo synthesis of PAP, or whether an intermediate activator is involved. 

Western blot analysis with PAP antibodies could provide us with more direct evidence for the 
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involvement of the expression of PAP. Unfortunately, commerçai antibodies against PAP are 
not available yet. Measurements of PAP activity could also help to disclose more information 

lbout the mechanism involved. Measurements of activity of PAP have been described [77, 
78] However, activity measurements do not tell whether there is more PAP protein or 
whether there is an increased activity of some stimulating prote.n. Therefore, we are planning 
,o combine Western blot analyses with activity measurements for PAP. We will follow a 

similar approach for PLD. 
We hypothesize that the chloride secretion after exposure to TNFa in HT29cl.l9A cells 

is increased via DAG-activated PKCa. This requires further confirmation by direct analyses 

of DAG in the cells. Furthermore, we want to find out whether other DAG-act.vated PKC-

isotypes are also activated. 
PKC translocation assays, together with activity assays, could provide more 

evidence for the involvement of the different isotypes. Inhibition of specific PKC isoforms 

using different combinations of isotype-specific inhibitors [79], antisense oligonucleotides,to 

specific PKC isotypes [80] or modulation of activities of individual isoforms by an inducible 

expression system [81], will yield more information. Furthermore, it is of great importance to 

evaluate the expression and activation of different PKC isotypes in native tissue and to study 

the effect of TNFa. Recently, Chang et al. provided evidence for alterations of PKC isoforms 

in intestinal tissues of inflamed origin compared to control intestinal tissue [82]. This finding 

indicates that a differential express.on exists in inflamed tissue compared to control tissue. 

Possibly TNFa contributes to this differential expression pattern of PKC isotypes. 

To evaluate the mechanism of action of TNFa in mouse distal colon, more 

electrophysiological experiments need to be performed. The role of PKC and PLD activation 

in the carbachol and histamine response in native tissue need to be investigated in more 

detail as well as the phospholipids involved in these responses. Measurements with native 

tissue' are more difficult to interpret since a mixture of cells, including nerve cells, 

immunocytes and fibroblasts are present in the preparation. They may all react to the drugs 

applied by secreting messengers, which activate the epithelial cells. It also appeared to be 

more difficult to keep the intestinal tissue viable during the electrophysiological experiments. 

This may be a crucial factor in the phospholipid labeling studies. 

In order to evaluate the role of the PLD/PKC pathway in inflamed tissue from patients 

suffering IBD analysis of the involvement of the PLD pathway in human biopsies should be 

performed. The activity of the PLD pathway in biopsies from these patients should be 

analyzed, and related to electrophysiological studies. 
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Part II 

Role of NPY as an anti-secretory peptide 

In the second part of this thesis we present results concerning the effects of NPY on ion 
secretion in HT29cl.l9A cells. It has been shown that NPY is a potent inhibitor of intestina! 
chloride secretion in native tissue [83-89]. The mechanisms of the inhibition were not studied 
in detail. We showed that NPY inhibited chloride secretion induced by several secretagogues. 
acting via different second messengers. The secretory response to the cAMP stimulus 
forskolin was inhibited by NPY. The increase in Isc was reduced by over 50 percent and the 
cellular depolarization induced by forskolin returned to basal values after the addition of 
NPY. This phenomenon was not surprising as NPY is known to activate G,-protein and 
thereby reduces the activity of adenylate cyclase. Additionally, we showned that NPY could 
reduce ion secretion induced by carbachol and this effect appeared to be largely due to a 
diminished rise of the intracellular calcium levels (Chapter 6). NPY also reduced the basal Isc 

and the transepithelial resistance. The intracellular Ca2+ level was also decreased by NPY. By 
contrast, the intracellular potential Va and the fractional resistance fRa were not affected. The 
latter intracellular parameters reflected the combined characteristics of the apical and the 
basolateral membranes. Therefore, the observed changes in extracellular parameters required 
that the electromotive force of the apical membrane increased (hyperpolarized) and the 
electromotive force of the basolateral membrane reduced (depolarized). At the apical side this 
could be an effect of reduced cAMP and, therefore, reduced activation of PKA sensitive CI" 
channels in the apical membrane. The decreased intracellular Ca2+ level may have reduced 
the activity of Ca~+-dependent basolateral KT channels, a finding also reported by Xiong and 
Cheung [90]. An alternative explanation could be that by reducing cAMP, NPY decreased 
activity of cAMP-activated KT channels. Such K7 channels have been described by Greger's 
group in rat and rabbit colon cells as very small, highly abundant channels that could only be 
studied by noise analyses [91]. They have a slower activation than the apical CFTR channels 
and, therefore, may show up as a repolarization in the cell potential change induced by 
c AMP. By means of time analyses of changes in fractional resistance induced by the increase 
of cAMP by forskolin, Bajnath et al. concluded that this clone of HT29 cells does not express 
cAMP-activated K+ conductance in the basolateral membrane [92], Furthermore, NPY may 
affect the K' conductance directly, and not via the lowering of the intracellular Ca2+ level. 

The aim of the study presented in Chapter 7 was to test this possibility. We reasoned 
that the occurrence of an effect of NPY on basolateral KT conductance in the presence of 
ionomycin, which increased intracellular Ca2" level drastically, would indicate that NPY 
could have a Ca~" independent effect on the KT conductance. We actually observed this by 
comparing ionomycin induced changes in Va and fRa in the absence and presence of NPY. 
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We therefore concluded that NPY could have an effect on the Ca2+-activated K+ channels that 
2+ 

do not require the lowering of intracellular Ca" . 
We also looked for a possible interaction of NPY with phorbol ester-stimulated CI 

secretion. The response of the monolayer to the phorbol ester PDB in the presence of NPY 
showed that NPY also reduced the secretory response elicited by activation of PKC. This 
may be explained in the context of our view of the action of PKC. Bajnath et al. suggested 
that the activation of CI" channels via PDB-activated PKC occurs via increased incorporation 
of CI" channels in the apical membrane. These channels are then activated by the current PKA 
activity [61]. By reducing cAMP, NPY would reduce PKA activity and, therefore, the effect 
of PKC activation. An intriguing observation was that, although the exposure to NPY 
reduced the extracellular effect of PDB, the intracellular effect (maximal depolarization of V» 
and decrease of fRa) was not affected significantly. We expected to find a reduced 
depolarization and reduced decrease of fRa. Again, an inhibition of transepithelial current 
requires that the difference between Ea and Eb is smaller. A reduced depolarization of Ea and 
a concomitant depolarization of Eb could explain an unchanged value for Va and fRa. The 
smaller depolarization of Ea was predicted. The depolarization of Eb, however, was not 
expected and may be explained by an increased inactivation of the basolateral K+ channels in 
the presence of NPY. 

In summary, we postulated that NPY inhibits the cAMP-induced secretion and the 
carbachol-induced secretion via inhibition of adenylate cyclase and a decrease in intracellular 
calcium levels, which might affect the basolateral K+ conductance. Furthermore, NPY 
inhibits the calcium-dependent basolateral K+ conductance in a calcium-independent way. 
This makes NPY a strong anti-secretory messenger. This is in agreement with evidence from 
the literature. In small and large intestine of several species NPY has been found to decrease 
basal as well as cAMP-mediated ion secretion [83-89]. Cox and Cuthbert also demonstrated a 
decrease in Ca2"-stimulated ion secretion in rat jejunum by NPY via a decrease in 
intracellular Ca2+ levels [83]. To our knowledge no further evidence has been presented for a 
role for NPY on the basolateral potassium conductance in intestinal epithelium. 
Unfortunately, we were unable to study the action of NPY on the basolateral potassium 
conductance further because the cell line lost its responsiveness to NPY. Presumably, due to 
changes in serum conditions, the cells lost the expression of NPY receptors or an intracellular 
target for activated receptors. We were unable to restore the previous conditions of the cell 
line using other sera or earlier passage numbers. 

Another neuropeptide, somatostatin, has also been recognized as a potent anti-secretory 
peptide. It is capable of inhibiting basal, cAMP-induced, and calcium-induced ion secretion 
in intestinal epithelium [93, 94, 95, 96]. The mechanism by which somatostatin inhibits ion 
secretion involves inhibition at multiple G-protein-dependent sites with inhibition of cAMP 
production. In addition, somatostatin has been recognized to inactivate basolateral potassium 
channels [97, 98]. Thus, the mechanism of action of somatostatin seems to resemble that of 
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NPY. These potent anti-secretory peptides are increasingly recognized as therapeutic agents 

in the treatment of secretory d.sorders. For example, Sandostatin, a somatostatin analogue is 

used to cure diarrhea [99, 100]. A better understanding of the signaling processes involved 

may provide a basis for the development of new anti-secretory drugs. 

The neuropeptide NPY is considered a pro-absorptive and anti-secretory peptide [84, 
101, 102]. It is found in high concentrations in the enteric neurons of the myenteric and 
submucosal ganglia. Many of these neurons directly innervate the epithelial cells of the 
intestinal mucosa. NPY colocalizes with another important neurotransmitter vasoactive 
intestinal peptide (VIP) in the mucosa and submucosa [103, 104]. The presence of the 
neuropeptides within intrinsic mucosal nerves suggests a physiological role for these peptides 
in regulating epithelial ion secretion as secretory and anti-secretory messengers. The peptide 
PYY which has a similar action as NPY, is found in endocrine cells in the epithelium. We 
propose that a change in the ratio of NPY(PYY)/VIP might result m a changed 
absorption/secretion balance, thereby changing ion secretion , which in turn may result in 

constipation or diarrhea. 
Several authors have shown decreased levels of VIP in descending and sigmoid colon 

of patients with idiopathic constipation [105, 106, 107]. Not much is known about the levels 

of NPY in colon from patients with idiopathic constipation. In the studies by Koch et al. 

[106] and Milner et al. [105], the ratio between VIP and NPY is slightly decreased in 

constipated patients. Sjolund et al. [108] showed that in the descending colon of constipated 

patients, NPY immunoreactivity is also increased in the myenteric plexus, while the density 

of VIP nerve fibers is reduced in the mucosa/submucosa. The frequency of PYY-containing 

cells in the ascending colon is also significantly increased. 

Constipation often occurs in the elderly but the mechanism underlying this type of 

constipation remains uncertain (idiopathic constipation) [109], It may be related to a change 

in the ratio of the regulating peptides. An age-associated increase in numbers of NPY 

containing enterochromaff.n cells, has been described [110]. Sweet et al. determined the 

number of NPY-contaimng cells in young (2 months) and older (22-30 months) old rats 

[111]. They found that the number of NPY-containing cells is significantly increased in older 

rats. Thus, an increased NPY/VIP ratio may contribute to the constipation observed in the 

elderly. 
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Samenvatting voor iedereen 

In de darm vindt de vertering van voedsel plaats. De verteringsproducten, stoffen uit het 
voedsel die het lichaam nodig heeft, worden in de darm door de slijmvliescellen opgenomen 
in het lichaam en de resten, wordt uiteindelijk als ontlasting uitgescheiden. Voor het proces 
van vertering en transport is water noodzakelijk. Water zorgt ervoor dat voedselpartikels met 
de juiste verteringsenzymen in aanraking kunnen komen. De inhoud van de darm in het 
zogenaamde 'dannlumen' moet een beetje smeuig zijn om de voedselpartikels voort te stuwen 
door de darm. Gedurende 1 dag vloeit er zo'n 9 liter vloeistof door de darm heen. Slechts een 
klein gedeelte van deze 9 liter wordt opgenomen door te drinken en met het vaste voedsel. De 
diverse klieren, die betrokken zijn bij de vertering van het voedsel, secreteren water en 
enzymen in de mond en in maag en in het darmlumen (verteringssappen). Ook het 
darmslijmvlies heeft een aandeel in het water dat dagelijks door de darmen stroomt. Een groot 
deel van dit volume wordt weer opgenomen in het lichaam in de dunne darm (ongeveer 7.5 
liter; samen met de verteringsproducten, zouten en vitamines). De dikke darm neemt onder 
normale omstandigheden nog zo'n 1.5 liter water op. Maar als er meer aanbod uit de dunne 
darm komt kan de dikke darm veel meer water opnemen zodat er toch geen sprake is van 
dunne ontlasting. Er is dus een veiligheid, maar bij een te groot aanbod of een verminderde 
opname capaciteit van de dikke dann wordt de limiet overschreden en spreekt men van 
diarree. Uiteindelijk wordt in de dikke darm de samenstelling en het juiste volume van de 
ontlasting bepaald, waardoor gemiddeld niet meer dan ca. 100 ml water per dag verloren gaat. 
Dus naast de vertering van voedsel, speelt de darm een zeer belangrijke rol in de 
waterhuishouding van het lichaam. Er moet een goede balans tussen absorptie en secretie van 
water bestaan, en deze processen staan continu onder strakke regulatie. 

Er wordt algemeen aangenomen dat watertransport door het darmslijmvlies (en alle 
andere slijmvliezen) het gevolg is van een osmotische waterstroom die de netto beweging van 
zouten volgt. Water zal vloeien in de richting van de hoogste concentratie zouten. Het 
watertransport is dus een passief proces, dat wordt gedreven door lokale verschillen in 
zoutconcentratie. Deze zouten worden via actieve mechanismen van de ene zijde van de cel 
naar de andere zijde van de cel getransporteerd. Dus regulatie van water absorptie en secretie 
vindt plaats via regulatie van actief zout transport. Zout (i.h.a. natrium chloride, NaCl) maar 
ook verteringsproducten zoals glucose en aminozuren worden vooral geabsorbeerd in de 
vingervormige uitsteeksels (villi) van het dunne darm slijmvlies en in de dikke darm wordt 
zout opgenomen door de oppervlakte cellen. Secretie van zout treedt vooral op via de cellen 
die in de dann de bekervormige instulpingen (crypten) vormen. 

De cellen, die verantwoordelijk zijn voor het watertransport hebben een speciale 
structuur om deze zouten actief te kunnen transporteren van de ene zijde naar de andere zijde. 
De slijmvliescellen (ook wel genoemd epitheelcellen) zijn polair: dat wil zeggen dat ze aan de 
ene kant (aan de zijde van het lumen) andere eigenschappen hebben dan aan de andere kant 
(de bloedzijde). Dat komt doordat er in die twee zijden verschillende eiwitten zitten. De cel 
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beschikt over een systeem om de eiwitten zo te sorteren dat ze op de goede plaats terecht 
komen. De epitheelcellen hebben ook een bandvormige eiwit-structuur, die aan de lumenzijde 
rondom de cel loopt en die de twee helften van de celmembraan scheidt. Deze structuur werd 
door microscopisten voor het eerst waargenomen en "tight junctions" genoemd omdat ze 
dachten dat de donkere structuren de cellen aan elkaar verbonden en de inhoud van het lumen 
zouden scheiden van de bloedzijde. In recenter onderzoek is gebleken dat de tight junctions 
uit eiwitten bestaan die vast zitten aan eiwitten die dwars door de cel lopen en het 
zogenaamde celskelet vormen. De tight junctions blijken inderdaad de diffussie van 
moleculen tussen bloed en lumen te verhinderen en zorgen er dus voor dat er een barrière 
bestaat tussen de twee zijden. Zo wordt voorkomen dat stoffen die door de cellen vanuit het 
lumen naar de bloedzijde worden getransporteerd niet onmiddellijk terug diffunderen naar het 
lumen en zo kan er dus ook water vanuit het lumen meegaan naar de bloedzijde zonder terug 
te lekken naar het lumen. Maar onder sommige omstandigheden verliest de "tight junction" 
zijn mogelijkheid om een hechte scheiding teweeg te brengen tussen de twee zijden: de darm 
verliest zijn barrierefunctie. De tight junction gaat als het ware open staan en dan kunnen de 
getransporteerde zout moleculen (en dus ook water) terug diffunderen naar het lumen. Ook 
kunnen dan grote deeltjes die zich in het lumen bevinden en normaliter niet door deze tight 
junction kunnen bewegen, toch in het lichaam terecht komen. Dit kan ernstige gevolgen 
hebben. Zo is het dan mogelijk dat toxische stoffen uit bacteriën die zich in het lumen van de 
dann bevinden of stoffen waar iemand allergisch voor is, zich naar de bloedbaan begeven en 
daar een anafylactisch shock teweeg brengen. Ook deze tight junctions staan onder continue 
regulatie om te voorkomen dat dit soort problemen optreden. 

Zoals al eerder vermeldt, staat de water absorptie en water secretie, of liever gezegd de 
zoutabsorptie en secretie, onder strakke controle. Stoffen die worden vrijgemaakt uit 
zenuwcellen (neurotransmitters), of die zich in de bloedbaan bevinden (hormonen) kunnen 
zich binden aan de epitheelcellen, die verantwoordelijk zijn voor het watertransport. De 
binding van de stof aan een receptor op de epitheelcel is een signaal voor de cel. Dit signaal 
wordt in een soort kettingreactie doorgegeven door bepaalde moleculen die zich in de cel 
bevinden, de intracellulaire boodschapper moleculen. Deze boodschapper moleculen 
activeren op hun beurt eiwitten die betrokken zijn bij de zout transport functies en zo kan het 
watertransport gestimuleerd of geremd worden. Naast hormonen en neurtotransmitters zijn er 
meer type cellen bij de regulatie betrokken: ook cellen die behoren tot het immuunsysteem 
zijn in staat om dit transport te beinvloeden via boodschapper moleculen. 
Wanneer een verstoring optreedt in de absorptie/secretie balans, kan dit resulteren in het 
volgende: Als er teveel water wordt geabsorbeerd, of te weinig water wordt gesecreteerd in 
het lumen, kan het lumen van de darm als het ware uitdrogen door een tekort aan water. Dit 
kan uiteindelijk resulteren in obstipatie met alle vervelende gevolgen daarvan. Aan de andere 
kant kan een toename van de watersecretie of een afname van de waterabsorptie resulteren in 
diarree, doordat in het lumen van de darm te veel water aanwezig is. In ernstige gevallen leidt 

182-



Samenvatting voor iedereen 

dit tot uitdroging van het individu en de dood. Het is dus van groot belang dat de 

watersecretie en absorptie in goede balans worden gehouden om deze situaties te voorkomen. 

Patienten die lijden aan chronische darmontstekingen, zoals de ziekte van Crohn en 

Colitis Ulcerosa, hebben last van chronische diarree. De oorzaak van de diarree is nog niet 

duidelijk: het zou een toename kunnen zijn van de watersecretie, wat dan leidt tot teveel water 

in het darmlumen, maar het is ook mogelijk dat er een verminderde barrière functie van de 

tight junctions een rol speelt waardoor een teruglekken van opgenomen stof optreedt en dus 

de absorptie verminderd is. Men heeft ontdekt dat deze patiënten verhoogde concentraties 

vertonen van een bepaald eiwit, dat vrijkomt bij onstekingsreacties: tumor necrosis factor 

alpha: TNFa. Door dit eiwit te blokkeren met een antilichaam (als het ware weg te vangen, 

zodat het TNFa niet meer werkzaam is), werd de diarree in deze patiënten minder. Dit zou er 

dus op kunnen duiden dat TNFa betrokken is bij het aanzetten van de diarree in deze 

patiënten. Het is echter niet bekend wat voor effect TNFa heeft op de watersecretie in de 

darm. In dit proefschrift hebben we het effect van TNFa bestudeerd op het slijmvlies van de 

dikke darm. 

We hebben voor de beantwoording van deze vraag gebruik gemaakt van gekloneerde 

cellen die afkomstig zijn uit een darm tumor (cellijn genaamd). Deze cellen kunnen een 

aaneengesloten laag vormen die als een epitheel cellaag model kan staan voor natuurlijk 

dannsepitheel. En aangezien watertransport een gevolg is van zouttransport en deze zouten 

(CF en Na+) geladen deeltjes zijn, kunnen we het transport van deze zouten meten met behulp 

van electrofysiologische technieken. We kunnen met een heel klein naaldje in één cel prikken 

en zo registreren wat er in de cel gebeurd. Zo kunnen we onderzoeken welke boodschapper 

moleculen betrokken zijn bij het (indirect gemeten) watertransport. 

De resultaten lieten zien dat TNFa geen effect had op de basale electrofysiologische 

eigenschappen van de cellijn. Maar de stimulatie van zouttransport opgewekt door een 

neurotransmitter (acetylcholine) of een stof vrijgemaakt uit immuuncellen (histamine) was 

veel sterker in de aanwezigheid van TNFa. We hebben in meer detail uitgezocht via welke 

boodschapper molekulen TNFa in staat is om deze water secretie te stimuleren. Uit de 

resultaten is gebleken dat mogelijke langdurige activatie van een bepaald boodschapper 

molecuul plaatsvindt na behandeling met TNFa. Aangezien dit boodschapper molecuul ook 

een effect kan hebben op de barrière functie, kan langdurige activatie hiervan er toe leiden dat 

op langere termijn de barrière functie van het epitheel wordt aangetast. Dit zal in de toekomst 

verder moeten worden onderzocht. Toen we wisten dat er bepaalde signaahnoleculen 

betrokken waren bij het effect van TNFa op de losse cellaag (cellijn), wilden we weten of dit 

ook in echt darmweefsel geldt. We hebben de experimenten herhaald met intacte stukjes 

dikke darm van een muis. Recente experimenten hebben aangetoond dat inderdaad de 

experimenten met de cellijn te reproduceren zijn in echt darmweefsel. De vinding dat de 

gebruikte cellijn een goed model is voor dikke darm van een zoogdier is erg interessant, en 

kan ons misschien meer inzicht geven in de oorzaken van de diarree, waaraan patiënten met 
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chronische darmontstekingen lijden. In de toekomst zullen we dan ook dit onderzoek 
voortzetten. 

Naast dit onderzoek naar stimulatie van watersecretie, hebben we ook een stof 
(Neuropeptide Y, NPY) bestudeerd die de watersecretie juist remt. Remming van de 
watersecretie zou kunnen leiden tot een te droog lumen en dientengevolge obstipatie. We 
hebben ook hier weer bestudeerd welke boodschapper moleculen betrokken zijn bij deze 
remming van de watersecretie mbv bovengenoemde electrofysiologische technieken. Uit dit 
onderzoek is duidelijk geworden dat het NPY een heel sterke onderdrukking van de secretie 
kan veroorzaken, omdat het een heel breed werkgebied heeft. 
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Vrijwel elk proefschrift eindigt met de woorden dat dit proefschrift niet tot stand gekomen 
zou zijn, zonder de hulp van velen. Ook voor mij hebben veel mensen een zeer belangrijke rol 
gespeeld gedurende de afgelopen 4.5 jaar tijdens mijn promotieonderzoek. 
De wil graag beginnen bij mijn co-promoter: Jack Groot. Beste Jack, je bent altijd zeer 
motiverend geweest en stond altijd direct klaar om problemen en vragen op te lossen en te 
beantwoorden. Ik kon altijd bij je binnenlopen en kreeg meteen antwoorden en bijles over de 
fysiologie en ook de stukken die ik bij je inleverde werden bijna meteen nagekeken. Ook toen 
het mis ging met het eerste NPY project en ik bijna wilde stoppen met de wetenschap, heb jij 
me weer enthousiast gemaakt voor het TNFa gebeuren en met succes! Naast de interesse voor 
mijn werk, was je ook altijd zeer geïnteresseerd in de dingen die naast het werk gebeuren wat 

ik zeer waardeer Ik ben ook dan ook erg blij dat ik de komende 3 jaar nog met je mag 

samen werken. 

Mijn promotor Prof. Fernando Lopes da Silva wil ik bedanken voor de interesse en het lezen 

van mijn manuscripten. 

In een adem wil ik hier noemen mijn twee rechterhanden: Helen Meijer en Claudia van der 
Burg. Zonder jullie fantastische inzet, was dit boekje er niet geweest. Beste Helen, ik vind het 
erg fijn dat je mijn paranimf wilt zijn en me nog 1 keer wilt bijstaan tijdens de verdediging 
van dit proefschrift waar jij een heel groot aandeel in hebt gehad. Je kwam in een periode dat 
het eerste project niet wilde lukken. Wat hebben we vaak gezegd: "daar heb je Murphy weer". 
We hebben een lange periode gemeten zonder enig resultaat te behalen, maar toch samen veel 
lol beleefd! Gelukkig ging de start van het tweede project zeer vlot en je hebt daar een enorme 
bijdrage aan geleverd! Helaas stonden andere groepen ook voor je in de rij en dat zegt genoeg 
over je kwaliteiten. Maar nu je weer richting Amsterdam komt, kunnen we je weer wat vaker 
zien. Beste Claudia, je hebt het werk van Helen geweldig overgenomen en bent meteen zeer 
zelfstandig en enthousiast begonnen aan je eerste baan! In de laatste maanden hoorde ik vaak: 
"Jij moet nu echt gaan schrijven, ik maak dit wel af'. En je kreeg vaak te horen: "eigenlijk 
moet dit ene proefje nog gebeuren". Je deed dat steeds maar weer zonder klagen! We kunnen 
nu gelukkig weer gezellig samen proefjes doen! En natuurlijk ook hartelijk dank voor je hulp 
bij het ontwerpen van de kaft samen met Pepijn! Ik vind het erg mooi geworden...Bij deze 
Pepijn: hartelijk dank hiervoor (ondanks dat mijn computer niet meer wilde is het toch 
gelukt!) 
Ik wil de "wandelende lipiden-encyclopedie" Teun Munnik hartelijk danken voor de 
uitgebreide bijdrage aan dit proefschrift. Beste Teun, je hebt ons enorm geholpen met de 
phospholipid bepalingen. Ik heb de laatste twee jaar enorm veel van je geleerd, en ik denk dat 
onze samenwerking wel "vruchtbaar" genoemd mag worden, gezien de drie hoofdstukken in 
dit proefschrift die eruit zijn voortgekomen. Als ik tegen mijn collega's zei: ik loop even bij 
Teun binnen (je deur stond ook altijd open), wisten ze dat het wel even kon duren voordat ik 
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weer terug was, want dan kreeg ik weer uitgebreid bijles in de "lipidologie". Ik hoop dat we in 
de toekomst vaak zullen blijven samenwerken. 

Mijn overige directe collega's en kamergenoten wil ik ook hartelijk danken voor de gezellige 
tijden op het lab en op de kamer. Annette, samen hebben we diverse congressen bezocht wat 
altijd erg gezellig was! Succes jij nu met de laatste loodjes van jouw boekje! Jo, jij bedankt 
voor alle gezellige tijden op het lab en in de kamer: je hebt mij als medisch bioloog, hopelijk 
toch wat kunnen bijbrengen van de "echte" biologie. Ik weet nu echt wel het verschil tussen 
een boterbloem en een paardenbloem...Jürgen, je zorgde altijd weer voor hilariteit: epjes en 
falconbuizen laten ontploffen als er weer droogijs was (waar ik van bleef schrikken...). Je 
computerkennis kwam ook regelmatig van pas: vooral nadat notabene Jack me een virus had 
gestuurd tijdens de laaste dagen van het schrijven van dit boekje ! Allemaal hartelijk dank 
voor het vertrouwen dat jullie altijd in me hadden: de bloemen die ik kreeg tijdens de laatste 
loodjes hebben enorm geholpen! Ik ben blij dat ik ook nog een aantal jaren met jullie de 
kamer en het lab mag delen! 

Ik heb de afgelopen 4 jaar twee studenten begeleid tijdens hun eerste stageperiode. Rachel, 
helaas kwam je op een moment dat het met het NPY project niet zo goed liep, maar toch heb 
je nog leuke resultaten kunnen produceren die helaas niet meer in dit proefschrift zijn 
verwerkt. Rob, de opzet van de DAG assay is uiteindelijk toch gelukt: en daar ga je nu zelf, en 
ook wij mee verder. Nu nog even de resultaten afwachten. 

De overige (ex-)collega's en medewerkers van de Anna's hoeve, die zijn of haar bijdrage 
heeft geleverd aan dit boekje, in wat voor vorm dan ook, wil ik ook graag bedanken, (expliciet 
de koffiehoek derde verdieping: altijd werd er wel een reden verzonnen om weer taart te 
halen...). 

Naast het werk op de Anna's hoeve, zijn er een heleboel andere mensen geweest die een 
belangrijke rol hebben gespeeld tijdens de afgelopen periode van 4.5 jaar. 

Lieve Marion en Arno, altijd waren jullie er: om zowel goede als slechte momenten te delen 
met ons. Jullie hebben zo'n beetje dezelfde gedachten als wij: genieten nu het nog kan. Helaas 
dit jaar niet skieën met jullie, maar ik weet zeker dat dat er nog een keer van komt. Arno, ik 
ben er trots op dat jij straks mijn paranimf wilt zijn. 

Sharon en Marijn, lieve meiden: wat heb ik altijd genoten van de gezellig meidenavondjes in 
Utrecht, Den Bosch of Nijmegen! Laten we dat vooral zo volhouden, ondanks dat we wat ver 
uit elkaar wonen. Bedankt voor alle medeleven tijdens moeilijke momenten! 
Ilse, vooral in de laatste fase heb je me enorm gesteund en opgebeurd: je wist precies hoe ik 
me op bepaalde momenten voelde, omdat je het zelf een jaar eerder had meegemaakt: dat 
heeft enorm veel geholpen, naast natuurlijk gezellige avonden om gewoon rustig bij te praten. 
Ik vond ons weekendje Parijs zeker voor herhaling vatbaar! 
Birgit, nu het weer wat rustiger is geworden zullen we weer meer tijd hebben om samen 
gezellige dingen te gaan doen! Bedankt voor de gezellige avonden na het werk, en natuurlijk 
voor de vele leuke mailtjes, waardoor we toch een beetje op de hoogte bleven van eikaars 
belevenissen. 
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Richard, ook jij bedankt voor de vele gezellige avonden en uitjes: ik wens je heel veel succes 
toe daar aan het andere eind van de wereld! 

Mijn ex-huisgenote Cristina, dear Cristina: four years we have shared the same house: it was 
not always easy to live with two stressing girls in one house, but I have learned a lot from 
you, and enjoyed our time together in the Gansstraat (and also the time Eduardo was living 
with us!). 

Verder overige (hockey) vrienden en vriendinnen, die ik allemaal niet heb genoemd, die de 
laatse jaren voor de nodige afleiding hebben gezorgd. 
Mijn ouders en zus Esther wil ik bedanken voor het feit dat ze me altijd de mogelijkheid 
hebben gegeven dat ik in alle rust zonder zorgen kon studeren en promoveren. 

Last but not least: lieve Rob: ik ben jou nog het meeste dank verschuldigd: je hebt altijd 
vertrouwen in me gehad, ook al was dat soms bij mij ver te zoeken. De laatste jaren zijn niet 
makkelijk geweest en ondanks dat heb je altijd tijd en aandacht voor mijn promotie- (en 
andere) perikelen gehad. Ik vind het ook fantastisch dat we nu iedere dag bij elkaar zijn en 
eindelijk veel meer tijd samen hebben om te genieten van een heleboel leuke dingen... zoals 
jij voor mij schreef in jouw boekje: "like bijou...". 

Liefs, 
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Curriculum Vitae 

Judith Oprins werd geboren op 24 januari 1972 te Gilze-en-Rijen. In juni 1990 behaalde zij 
het gymnasium ß diploma aan het Theresialyceum te Tilburg. In hetzelfde jaar werd 
begonnen met de studie Biologie aan de Universiteit Utrecht. In november 1995 werd het 
doctoraalexamen Biologie behaald. Tijdens haar studie heeft ze diverse stages doorlopen, 
waarvan de eerste werd uitgevoerd aan de vakgroep Vergelijkende Endocrinologie 
(Universiteit Utrecht) onder leiding van Dr. R. Schulz en Prof. H. Goos. De tweede stage 
werd uitgevoerd bij het farmaceutisch bedrijf Organon te Oss, onder begeleiding van dr. E. de 
Rijk. De laatste stage, waar tevens de scriptie werd vervaardigd, vond plaats aan het Instituto 
de Ciências Biomédicas Abel Salazar (ICBAS) aan de Universidade do Porto (Portugal) onder 
begeleiding van Prof. J. Coimbra. 

Vanaf 1 april 1996 tot 1 oktober 2000 werkte ze als provomendus aan het onderzoek waarvan 
de resultaten in dit boekje beschreven zijn. Het onderzoek vond plaats onder leiding van Dr. 
J.A. Groot aan het swammerdam instituut voor levenswetenschappen, faculteit der 
natuurwetenschappen en levenswetenschappen aan de Universiteit van Amsterdam. 
Per 1 oktober 2000 is zij werkzaam als toegevoegd wetenschapper aan bovengenoemde 
vakgroep alwaar ze het onderzoek zal voortzetten en zal starten met het doceren van medisch 
biologen studenten. 
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