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ABSTRACT

ADENYLATE CYCLASE IN THE HUMAN DUODENUM

JULIE A SMITH B.Sc.(Hons)

The studies undertaken in this work take a d va n ta g e  of a source of 
human duodenal tissue, in the form of biopsies, from patients attending 
the endoscopy clinic at the City Hospital, Nottingham, The work utilises 
tw o  d if fe re n t b io p s y  p re p a ra tio n s , a p a r t ic u la te  m e m b ra n e  
preparation and isolated mucosal epithelia l ceils, The regulation of 
ade n y la te  cyc la se  was exam ined with respect to  the e ffec ts  of 
calcium , ca lm odulin  and EGTA in m embrane preparations and the 
regulation of VIP stimulated cAMP synthesis was studied in cells.

The concentration dependent effects of C a2+ on adenyla te  cyclase 
activity in particulate membranes were measured. Adenylate cyclase 
activity was inhibited by Ca2+ concentrations greater than 90nM. There 
was no s tim u la to ry  phase in d ic a tiv e  o f c a lm o d u lin  s tim u la te d  
adenylate cyclase activity. Addition of calm odulin to  EGTA washed 
membranes did not stimulate enzyme activity, Inhibition of adenylate 
cyclase activity by the calmodulin antagonist TFP and IODO 8 did not 
inh ib it enzyme a c tiv ity  a t concen tra tions  sp e c ific  for ca lm odu lin  
antagonism. The Ca2+ chelator EGTA increased the enzyme's sensitivity 
to Ca2+. In the presence of IjxM free Ca2+, EGTA inhibited adenylate 
cyclase activity irrespective of stimulus. In the absence of added Ca2+, 
EGTA inhibited NaF stimulated enzyme activ ity but stim ulated basal, 
forskolin and  GMP-PNP stim u la ted  enzym e a c tiv ity . These d a ta  
suggested EGTA removes m em brane bound C a2+ associated with 
adenylate cyclase activity which was not associated with calmodulin.

Greater than 80% of isolated epithelia l cells were v iab le  based on 
trypan blue exclusion. VIP stim ulated cAMP p roduc tion  in isolated 
epithelial cells ( E C ^ l  .78pmol). Maximum stimulation was elicited by 
lOOnM VIP. VIP stimulated cAMP production was not inhibited by TFP or 
IODO 8 at concentrations as high as IOOjxM.

The results from bo th  app roaches suggest th a t hum an duodena l 
adenylate cyclase is not calmodulin dependent and the physiological 
significance of C a2+ inhibition of adenylate cyclase is unclear in this 
tissue.
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1,1 GENERAL INTRODUCTION

Cyclic adenosine 3' 5' monophosphate (cAMP) is formed from ATP by 

adeny la te  cyclase. A denyla te  cyc lase  is a com plex m em brane 

bound multicomponent enzyme. Its constituent units include receptors, 

guanine nucleotide regulatory proteins and a catalytic unit; each part 

represents many potential sites of regulation.

In the intestine, adenyla te  cyclase is highly responsive to vasoactive 

intestinal peptide (VIP). Stimulation of adenyla te  cyclase by VIP, and 

the subsequent increase In intracellular cAMP in the intestinal epithelial 

cell, results in an increase in fluid and electrolyte secretion into the gut 

lumen. The clinical consequence Is secretory diarrhoea.

VIP regulates ade ny la te  cyclase a c tiv ity  via specific  receptors on 

intestinal epithelial cells. Modulation of adenylate cyclase activity by 

other agents can  o ccu r by d ire c t a c tiv a tio n  (or inh ib ition ) of the 

enzyme. Ca2+ and calmodulin are two such agents shown to regulate 

the enzyme in other tissues. Calmodulin may play a pivotal role in the 

ac tions  of a num ber of C a 2+ and  c y c lic  n u c le o tid e  d e p e n d e n t 

intestinal secretogogues, including VIP.

It Is the invo lvem en t of C a2+ and ca lm o d u lin  in the  regu la tion  of 

adenylate cyclase in the human duodena l mucosa tha t is the main 

topic of this thesis. This work takes advantage of duodenal biopsy as a 

source of human Intestinal material. Two different preparations have 

been deve loped , a pa rticu la te  m em brane  p repara tion  of whole 

biopsies and an isolated epithelial cell preparation. In the membrane 

preparation the direct effects of Ca2+ and calmodulin were measured 

on adenylate cyclase activity. In the isolated epithelial cell preparation 

VIP s tim u la te d  cAM P a c c u m u la t io n  was s tu d ie d . E v ide n ce  is



presented, from both preparations, which support the hypothesis that 

human duodenal mucosal adenylate cyclase activ ity is calm odulin- 

insensitive. The in v o lv e m e n t of C a 2+ in the  d ire c t re g u la tio n  of 

adenylate cyclase activ ity has also been explored together with the 

influences of the divalent cation chelator, EGTA.

By way of introduction the characteristics of the tissue under study and 

the d iffe ren t m echanism  of ade ny la te  cyc lase  re gu la tio n  will be 

reviewed.



1.2 THE STRUCTURAL ORGANIZATION OF THE INTESTINAL MUCOSA

The epithelium of the small intestine is a highly differentiated structure. 

The constituent cells of the epithelium possess complex morphological 

specia lizations th a t fa c ilita te  diverse functions (Nelson 1989). For 

example, not only do the products of digestion gain access to the 

m ucosal b lo o d  and  lym ph vessels by traversing the in testina l 

ep ithe lium  bu t also m any of the secretions d e live red  to  the 

Intestinal lum en are synthesized and assembled w ith in  Intestinal 

epithelial cells.

The luminal surface Is organized to increase the available surface 

area. At the m acrostructura l level there are 1cm high and 5cm 

long folds. These folds are most numerous in the distal duodenum  

and proxim al je junum . The increase in surface a rea  is also 

re fle c te d  In the  m ic ro s tru c tu ra l o rgan iza tion  o f the  in tes tina l 

mucosa. Finger like processes called villi increase the surface area 

of the intestine 7 to  14 fo ld. In the distal duodenum  and proximal 

je junum  the  villi m ay be lea f or finger shaped  and  ra ng e  in 

height from 0.5 to 0.8mm. In the ileum the villi are finger shaped and 

rarely exceed 0.5mm in height. The shape and he ight of villi is 

influenced by d iet, lac ta tion  and several disease states (M adara 

and Trier 1986), (Figure 1).

The epithelial cells line the villi and crypts of the luminal surface and 

sit on a thin basement membrane which separates them from the 

underlying lamina propria. Epithelial cells in the crypts at the base of 

the villi are proliferative and undifferentiated. They migrate the length 

of the villi d iffe ren tia ting  Into the various constituent ep ithe lia l cell 

types. Once at the tip of the villi they are sloughed into the lumen by



a process called desquamation. It takes approximately 4 to 5 days for 

a cell to com plete It's migration from crypt to villus tip (Castro 1981; 

Haffen et al. 1986).

The main cell types of the intestinal epithelium  Include, in the 

c ryp t:-  u n d iffe re n tia te d  cells, m ucus se c re tin g  g o b le t cells, 

endocrine  cells, tu ft and Paneth cells. The villus cells Inc lude:- the 

predominant mature absorptive cell type termed enterocytes, mucus 

secreting goblet cells, a few endocrine cells and tuft and cup cells 

(M adara  and  Trier 1986; Neutra and  Louvard 1989; Dobbins 

1990).

Both endocrine and exocrine functions have been recognized in the 

cells of the in tes tina l ep ithe lium . There is exocrine  secre tion  of 

peptides, mucus, water and electrolytes into the gut lumen and 

e n d o c r in e  s e c re t io n  o f re g u la to ry  p e p tid e s , p ro s ta g la n d in s , 

neurotransmitters, water and electrolytes into the lam ina propria 

(Castro 1981; Sernka and Jacobson 1983; Noren e t al. 1986; Madara 

and Trier 1986).

One of the main characteristics of transporting epithelia Is the high 

degree  of ce llu la r structura l and fu n c tio n a l p o la rity  (C ap lan  and 

Matlin 1989). The plasma m embrane of the a p ica l pole (luminal 

side) of all ep ithe lia l cells is organized into microvilli (brush border) 

which in the intestine has been estim ated to  further increase the 

surface area 25 fold. The lateral surface has several points of cell to 

cell contact, ca lled  tight Junctions (zonula occiudens), tha t maintain 

and  re g u la te  p a ra c e liu la r  p e rm e a b ility  to  nu trien ts , w a te r and 

e lec tro ly tes . Tight Junctions serve to  se p a ra te  th e  brush bo rde r 

membrane from the basolateral membrane (Louvard et al. 1986).



Figure 1 A Duodenal Villus

A photom icrograph of a single villus and several crypts from a 

human duodenal biopsy stained with haematoxylin and eosin. 

Magnification x400,
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The epithelial cell plasma membrane not only has distinct areas of 

structural organization but also areas of very d ifferent b iochem ica l 

composition that reflect specialized functions. For example, N a \K +- 

ATPase and adenyla te  cyclase are localized to the basolaterai 

membrane, emphasizing the importance of this membrane in intestinal 

w ater and  e le c tro ly te  transport. Similarly enzymes and prote ins 

important to nutrient degradation and absorption are localized to the 

brush border m em brane (peptidases, d isaccharidases, a lkaline 

phosphatase and guanylate cyclase (Noren et al. 1986), (Figure 2).

The subce llu lar d istribution of a d e n y la te  cyclase, suggested by 

im m unohlstochem ical localization of cAMP, was predom inantly to 

the basolaterai membrane (Ong 1975). More direct evidence cam e 

from m easurem ent of adeny la te  cyclase ac tiv ity  in preparations 

where en te rocyte  brush border and baso la tera i m em branes had 

been separa ted and the enzyme activ ity  found to be confined to 

the basolaterai membrane fraction (Murer et al. 1976, 1977; Walling 

et al. 1978). Recently, however, Rambotti et al (1987) concluded that 

adenylate cyclase and guanylate cyclase were not confined to the 

d ifferent m em brane domains. This was based on the distribution of 

precipitated im idodiphophate enzymic cleavage products of adenylyl 

and guanylyl imidophosphate.



Figure 2 Enterocyte polarity

A diagram  of a single enterocyte demonstrating structural and 

b io c h e m ic a l po la rity . Ju n c tio n a l c o m p le xe s  (I.e. zonula 

o cc lu d e n s , zonula adherens and  desm osom es) form  and 

m aintain a ttachm ent points between a d ja ce n t cells. Cells are 

also a tta ch ed  to the basal lam ina through specific  receptors 

and junctions. Transporting ep ithe lia  d e ve lo p  and  m ainta in 

concentra tion  gradients of ions and solutes be tw een  the fluid 

co m pa rtm e n ts  they separa te . This requ ires the  po la rized  

distribution of membrane proteins which are synthesized on the 

rough endoplasm ic reticulum and transported through the 

G o lg i a p p a ra tu s  and  then  ta rg e te d  to  th e  a p ic a l or 

baso la te ra i domains of the plasma m em brane. Proteins are 

constrained from between the domains by the tight junction 

(Nelson 1989).

8



LUMEN Brush border 
(alkaline phosphatase, 
disaccharidases, guanylate  
cyclase)

Tight junction (zonula occludens, 
zonula adherans)

Terminal web

Lysosomes (acid phosphatase, 
p glucuronidase)

Desmosomes

Endoplasmic reticulum  
( a  - glucosidase)

Golgi apparatus (thiamine 
pyrophosphatase)

Basal nucleus 
Basolaterai membrane 
(Na+ ,K+ATPase and 
adenylate cyclase)

Mitochondria (succinic 
dehydrogenase)

Basement membrane
LAMINA PROPRIA



1.3 SECOND MESSENGERS IN THE INTESTINAL MUCOSA

The regulation of fluid and electrolyte flux by cAMP is the paradigm of 

second messenger function in the small Intestine, The involvement of 

second messengers in the regulation of nutrient absorption has 

rarely been docum ented. One possible reason for this is tha t the 

c lin ica l ou tco m e  of abnorm a l flu id  and e le c tro ly te  secretion 

(diarrhoea) results in the death of 4 million children under the age of 

5 each year (WHO 1989; O'Loughlln and Gall 1989a). It was not until 

the early 1970's th a t a connection  was m ade be tw een  e leva ted  

cAMP levels and secretory diarrhoea in patients with Asian cholera 

(Field 1974); Kimberg 1974), The activation of adenylate cyclase by 

cholera toxin leads to an increase in the cAMP concentration of the 

intestinal mucosa (Chen et al. 1971; Field 1974).

Another classical pa tho log ica l exam ple of stim ulated adenyla te  

cyclase and elevated cAMP induced diarrhoea is pancreatic cholera. 

So called because the changes in fluid and electrolyte secretion are 

indistinguishable from those produced by the cholera enterotoxin and 

th e y  are usua lly  a s s o c ia te d  w ith  an is le t a d e n o m a  o f th e  

pancreas (Rambaud et al. 1975; Gaglnella et al. 1979; Bloom et al. 

1973). That gang lioneu rob las tom as cou ld  also p ro d u ce  similar 

symptoms was subsequently established (Long et al. 1981; Bloom et 

al. 1988). Hormones and neurotransmitters are released from these 

tumours into the circulation in large amounts (Bloom et al. 1973 and 

1988; Long et al. 1981 and 1982; Fahrenkrug et al. 1986). In contrast to 

cholera enterotoxin, which is thought to Increase adenylate cyclase 

th rough d ire c t G p ro te in  a c tiv a tio n , these peptide 's in fluence  

Intestinal electrolyte transport processes through receptor m ediated
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mechanisms, (see section 1,4.2) (Christophe et al. 1986). Vasoactive 

intestinal pep tide  (VIP) and pep tide  histidine m ethionine (PHM) are 

neurotransmitters, that have been identified as secretogues released 

from  such tum ours  (K ane e t a l. 1983; F ah re n krug  e t a l. 1986; 

M agistretti 1990). Whether these peptides exert their effects d irectly 

through receptors on the intestinal mucosal ceils or via a intramural 

secretory nerve reflex has yet to be established (Laburthe et al. 1979; 

Field et al. 1983; Robichon et ai. 1987; Eklund et ai. 1986; Sjoqvist 1988; 

Smith et ai. 1990).

Cooke (1989) has suggested tha t intestinal secretion induced by 

b a c te ria l toxins or o ther substances m ay p lay an im p o rta n t role in 

flushing the lumen of the invading organisms or noxious substances. 

This has intriguing implications, rather than intestinal secretion being 

an unfortunate pa tho log ica l consequence, it m ay be a de fence  

strategy where the intestinal mucosa has evolved mechanisms which 

utilise the by-products of invading organisms. This is an idea supported 

by evidence suggesting tissue specificity for cholera toxin. In contrast 

to the findings with the jejunum, cholera toxin has no significant e ffect 

on fluid volum e or a deny la te  cyclase ac tiv ity  in co lon ic  segments 

(Simon et al. 1981).

In the  in tes tina l e p ith e lia l ce ll, in tra c e llu la r increase  in cAMP is 

considered a key occurrence in a series of poorly understood events 

which culm inate in elevated secretion of chloride, b icarbonate and 

fluid and in the inhibition of sodium absorption, (Wolosin et al. 1989; 

Farack et al. 1988). The patho log ica l consequence of which is tha t 

the gut (or at least some portion of it) is changed from an organ of net 

absorption to one of net secretion. That this secretion results from an 

increase in the Cl' pe rm eab ility  o f the m ucosal brush border has

10



been demonstrated (Field 1974; Kimberg 1974; llundain and Naftalin 

1979; Binder 1984; S tew ard  and  Case 1989; Th illa inayagam  and 

Farthing 1990).

In the duodenal villus cells there Is a bicarbonate transport mechanism 

in d e p e n d e n t o f lu m in a l C l' th a t is under the  c o n tro l o f cAMP. 

N orepinephrine, VIP and  ch o lin e rg ic  agonists a lte r b ic a rb o n a te  

secretion but it Is unknown whether these effects are m ed ia ted  by 

d irec t action  on the ep ithe lia l cells or on their innervation  (Cooke

1989).

In the normal gut both secretion and absorption occur simultaneously 

with absorption predom inating. These two processes are thought to 

be confined to tw o  d iffe ren t ce ll populations a long the villus, i.e. 

absorption predominates in the mature villus tip cells and secretion in 

the crypt cells (Donowitz 1984a; Krejs 1987; Hubei 1989). Concurrent 

with this is the crypt-villus distribution of adenylate cyclase. The highest 

adenylate cyclase activ ity has been reported in the crypt cells (Long 

et al. 1986). Paradoxica lly the deve lopm en t of VIP receptors, tha t 

stimulate adenylate cyclase activity, has been found to increase as 

the cells develop and m igrate to  the villus tip (Weiser 1973; Laburthe 

e t al. 1987). There is fu rth e r e v id e n c e  to  support th e  id e a  o f VIP 

receptors on m ature villus tip  cells. Only mature cells and not crypt 

cells, where secretion Is believed to occur, respond to VIP stimulation 

with increasing cAMP production  (Krejs 1987). It is possible tha t cells, 

which under normal circumstance are absorptive, becom e secretory 

given the appropriate stimulatory physiological conditions or disease 

states, (Turnberg 1981, 1991).

11



The m odel of fluid and electrolyte regulation, under non-stimulated 

conditions, In the enterocyte Is depicted In Figure 3. How this system is 

modified by diseases which activate adenylate cyclase is com pared in



Figure 3 Fluid and electrolyte regulation

Electrogenic, neutral and coup led  mechanisms are involved in 

the active absorption of Na+ together with the passive uptake 

because of solvent drag (solute m ovem ent secondary to water 

flow).

N a+,K+-ATPase on the ba so la te ra i m em brane  of en te rocytes 

genera tes and m ainta ins an e le c tro ch e m ica l grad ient. The 

intracellular environment Is negative relative to the lumen and 

Na+ moves passively down the electrochemical gradient.

With the neutral mechanism there is no net movement of charge, 

N a + is transported  w ith a ca tio n  or in exchange  for ano ther 

an ion , (e .g. N a+ C l'lin k e d  transport or one for one N a+/H + 

e xchange  or C I*/H C 03* exch a ng e ). It is the neutra l sodium 

chloride linked absorption tha t is inh ib ited by increases in the 

intracellular concentration of cAMP and free calcium.

With the coupled mechanism Na+ is absorbed via carrier proteins 

in the luminal brush border In com bination with the end products 

o f d igestion  (e .g  D - g lucose , D - g a la c to s e , L am ino acids, 

d ip e p t ld e s , tr ip e p t id e s  a n d  n u c le o s id e s ) (B inder 1984; 

Thiliainayagam and Farthing 1990; Alpers et al. 1990).

13
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Figure 4 Mechanism of intestinal secretion

Under normal cond itions Cl* secre tion  is slow because the 

luminal brush border is relatively Impermeable to Cl*. This ensures 

tha t Cl' taken up by the cell a t the luminal brush border, by the 

secondary active processes described In Figure 3 , does not leak 

p ass ive ly  b a ck  in to  th e  lu m e n . Brush b o rd e r m e m b ra n e  

p e rm e a b ility  changes  in d u c e d  by e le v a te d  cAMP or free  

c a lc iu m , a llo w in g  Cl* to  m o ve  o u t o f th e  c e ll d o w n  its 

electrochem ical gradient into the lumen. NaCI is maintained at 

hypertonic concentrations In the lateral Intercellular spaces of 

the intestinal mucosa by the ac tiv ity  of the Na+,K+ ATPase. Cl* 

then leaves the cell down the e lectrochem ica l gradient. Passive 

leakage of NaCI from the la te ra l in terce llu lar spaces into the 

m ucosal ba th ing  solution fo llow s Cl* secretion. The resultant 

osm otic pressure exerted  across the  tig h t junc tion  results in 

paracellu iar fluid m ovem ent in the intestine (Sernka et al. 1983; 

Bakker e t al. 1984; O 'L o u g h lin  a n d  G a ll 1989a,b). The 

perm eability of tight junctions has also has been shown to  be 

influenced by cAMP and free calcium (Madara et al. 1984).
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M echan ism s, d is t in c t fro m  a d e n y la te  c y c la s e  a n d  cAM P 

production, which operate via G proteins have recently been shown 

to influence intestinal transport, e,g cGMP, the inositol phospholipid 

metabolites dlacylglycerol and IP3 and the involvement of C a2+ has 

long been recognised.

Stim ulation of brush b o rd e r g u a n y la te  cyc lase  by h ea t s ta b le  

bacterial enterotoxin increases cGMP concentrations which in turn 

increases fluid and e lectro ly te  secretion via mechanisms similar to 

those of cAMP (de Jonge 1984; O 'loughlin and Gall 1989b).

Elevation of intracellular Ca2+ has two recognised modes of action in 

intestinal epithelia l cells. Firstly ac tiva tion  of protein kinase C by 

Ca2+ released from endoplasmic reticulum leads to protein kinase C 

becoming incorporated into the brush border membrane and a 

reduction in neutral NaCI absorption (Fondacardo et al. 1985; Yeo et 

al. 1989; Rood and Donowitz 1990). Secondly Ca2+has long been 

im plicated in regulation of intestinal secretion via the activa tion  of 

calmodulin. Ca2+-calmodulin is thought to have a direct e ffect upon 

the intestinal cell brush border membrane C l'conductance and 

to inhibit neutral NaCI absorption possibly by direct inhibition of the 

brush border Na+/H + exchanger (llundain and Naftalin 1979; Powell 

1984; Donowitz 1984; G ilm an 1989; Rood and Donowitz 1990). 

Further discussion on Ca2+ and calmodulin is given in section 1.5.

The brush border therefore contains several different types of protein 

kinase (I.e. cAMP, cGMP and C a2+ Calm odulin dependen t protein 

kinases and protein kinase C) whose functions seem to converge onto 

a common regulatory pathway.



There is therefore considerable redundancy in this system because 

increase in e ithe r cAMP, cGMP or free  C a 2+ result in the  sam e 

physiological response (Rasmussen 1982) i.e. an increase in brush 

bo rde r m em b ra ne  p e rm e a b ility  to  Cl* an d  a d e c re a se  in the  

neu trogen ic  absorp tion  of N a+ and Cl*. The a p p a re n t redun da n t 

contro l of second messenger in te ractions makes It very d ifficu lt to  

organize and decipher experiments involving intestinal tissue (llundain 

and Naftalin 1979; M cCabe et al. 1985) because there seems to be a 

common final pathway leading to activation of specific protein kinases 

and the phosphory la tion  of specific  brush border, baso la te ra i 

membrane proteins and cytosolic proteins (Shlatz et al. 1978, 1979; 

Sharp et al. 1984). This in turn induces conformational changes in ion 

channels or carriers or spec ific  regu la to ry  proteins th a t lead to  a 

m odifica tion  of ion transport (de Jonge 1984; O 'Loughlin and Gall 

1989a, b; Petersen and Gallacher 1989; Thillainayagam and Farthing 

1990).

Simultaneous stim ulation of bo th  the cAMP and C a 2+ systems 

however, may result in a potentiation of the cellular response. When 

T^ cells (a cell line derived from a human colonic carcinoma) were 

stimulated with a Ca2+-acting effector (eg ionomycin) together with 

VIP or PGEj the observed rise in short circuit current (lsc) was greater 

than the p re d ic te d  sum of the  tw o  e ffe c to rs  ac tin g  ind iv idua lly  

(McCabe et al. 1989; McRoberts and Barrett 1989). Another example 

of cAMP and C a2+ augm enting  an intestinal cellular response was 

dem onstra ted In ch ie f ce ll pepsinogen p roduction  when the tw o 

systems were simultaneously stimulated with VIP and cholecystokinin-8 

(Ballantyne et ai. 1986).

The ac tions  o f adenos ine  In d ica te  th a t the re  m ay be a fou rth



mechanism controlling Cl* perm eability  In enterocytes, Adenosine 

can  stimulate Cl* secretion  a t concen tra tions  tha t do not cause 

d e te c ta b le  increases In cAMP, cGM P or in tra ce llu la r free  Ca + 

(McRoberts and Barrett 1989).

In other cell types the different second messenger systems interact 

to produce co-ordinated, hierarchical, antagonistic and sequential 

c o n tro l of ce llu la r even ts  (Rasmussen 1982 and 1986). These, 

toge the r with the redu n da n t co n tro l thought to exist in in testinal 

cells, have been summarised and com pared in Figure 5.

O ther gastro in testina l fu nc tio n s  th a t have been re po rted  to  be 

influenced by elevated cAMP are listed in Table 1



Figure 5 Synarchic control of second messengers

A summary of the synarchic control between the C a2+ and cAMP 

signal transduction mechanisms proposed by (Rasmussen 1981).

18



Q. CLQ. CLQ. CLQ.

O

CL Ol -f* 
2 5  N
<  <  t-o o L-

CL Q-
CMCM CM—  x <33o  tro

JQ

CL CM XJ 
DC S

C  CO

O)
J= ’S  
,g> g  
<— CL

X  o

CM

O) -O

■a
CD

CO ■a■o

CL T3
w 2 •«—1
O § 
0 O
CL

•o ■aXJ Ol
Ll a*TJ

O)o> O ) D)O)

i



Table 1 Cyclic AMP functions in the gastrointestinal tract

Physio log ica l
Response

Species and Tissue 
Preparation

Reference

Mucosal blood 
f l o w

Anaesthetized rat W hittle (1972)

Gastric acid 
secre tion

Parietal cells Thompson (1977)

Pepsinogen
secre tion

Chief cells Ballantyne (1986)

Inhibition of 
glucose oxidation

Isolated rat enterocytes Vidal (1988)

Mucus secretion Human cell line 
CL.16E

Laburthe (1989)
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1.4 ADENYLATE CYCLASE

1.4.1 Historical Perspective

Thirty years ago speculation about the structure of the adenylate 

cyclase system consisted of two hypotheses (Perkins 1973). A two 

component model was suggested by (Robison, Butcher and 

Sutherland 1967). The model assumed the existence of only two 

plasma membrane subunits, A receptor on the cell surface was 

proposed to interact directly with a catalytic unit on the inner 

cytoplasmic cell surface when bound by hormone. The second 

model was suggested by Hechter and Halkerston 1964; Hechter 

1965. It differed in that they proposed a three com ponent system 

consisting of intermediate moieties between the hormone receptor 

and the catalytic unit within the plasma membrane. It is this model 

that forms the basis of current dogma. The intermediate moieties have 

subsequently been identified as the guanine nucleotide binding 

proteins (G proteins) considered to be responsible for signal 

transduction across the plasma membrane of a cell (Northup 1980; 

Sternweis 1981). G proteins have been the focus of intense 

research for the past ten years and the adenylate cyclase system 

has been found to be far more com plicated than first imagined. This 

work revealed hormone sensitive adenylate cyclase to consist of five 

components; stimulatory and inhibitory hormone receptors designated 

Rs and R,, stimulatory and inhibitory G proteins designated Gs and G, 

and the catalytic com ponent, C (Levitzki 1990).

The understanding of the proposed mechanism by which 

occupied hormone receptors stimulate cAMP formation requires an



explanation of both the structural and functional properties of the 

adenylate cyclase system. In the following section each of the 

adenylate cyclase components and how they interact, will be 

discussed. Where possible examples will be drawn from what is 

known about the system in the gastrointestinal tract.

Figure 6 summarsies the components of the adenylate cyclase system 

and their proposed interactions.



Figure 6 Schematic diagram of the adenylate cyclase system

Stimulatory agonists Inhibitory agonists
e.g. VIP e.g. Somatostatin

Extracellular
space

Stimulatory
receptor

Inhibitory
receptorPlasma

membrane
Adenylate
cyclase

ca ta ly tic
unit

G protein

2 +

ATP CAMP + PP

Cytoplasm
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1.4.2 Receptors

By necessity this discussion wlii be confined to receptors on 

intestinal epithelial cells for which there is evidence and with 

particular attention to VIP receptors.

Direct evidence of specific intestinal epithelial cell receptors based 

on binding studies exists for very few receptor types (VIP, PHI or PHM 

and PGE2, somatostatin, acetylcholine and noradrenaline) and details 

for human intestinal epithelial cell receptors are even more scarce 

(Cooke 1986; Laburthe 1986 1989; Smith 1987). However, based on 

the influence of neurotransmitters on intestinal secretion and/or the 

secretion of substances from intestinal endocrine cells, receptors 

have been predicted for a variety of peptides, prostanoids and 

steroids (Sjolund 1979; Bryant 1979; Limbird 1988).

The direct and indirect evidence for the different intestinal epithelial 

cell receptors is summarized in Table 2
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1,4,3 VIP and VIP receptors

VIP is a 28 amino acid basic peptide originally isolated from porcine 

small intestine (Said et al.1972), It is a member of a family of peptides 

that include secretin, glucagon, GIP, PHI (and PHM its human 

equivalent) (Said et al, 1972; Larsson 1982). VIP has been found, so 

far, to be the most potent stimulator of adenylate cyclase in the 

intestinal mucosa and the sequential activation of adenylate 

cyclase, protein kinase A and cAMP specific phosphodiesterase has 

been demonstrated (Amiranoff et al. 1978; Marchis-Mouren et al. 

1988).

VIP is released from nerve terminals in close proximity to the enterocyte 

basolaterai membrane. VIP stimulates adenylate cyclase through 

binding to specific cell surface receptors. These receptors have 

been extensively studied in rat and human intestinal epithelium 

using natural and synthetic VIP analogues. Secretin, PHI/PHM and 

GRF but not glucagon nor GIP were able to interact with VIP receptors, 

although with lower affinity than VIP. Significant species differences 

have been observed between rat and human VIP receptors to 

recognize natural VIP related peptides and partial VIP sequences 

(Laburthe et al. 1982, 1986; Robichon et al. 1987). These differences 

have been taken as an indication of the higher degree of specificity 

of the recognition sites to have evolved in man (Laburthe et al. 1986). 

The com plete sequence of VIP (1-28) is necessary for full potency in 

both receptor binding and adenylate cyclase activity (Robichon et al,

1987).

Kinetic experiments have indicated that [125l]-labelled VIP, bound to 

ceil surface receptors, is internalized and degraded within lysosomes. 

The receptor may then be recycled back to the cell surface or



degraded (Nau et al 1987; Rosselin et al, 1988; Marchis-Mouren et al 

1988). Furthermore, the internalized VIP-bound receptor Is no longer 

bound to or capable  of stimulating adenylate cyciase (Rosselin et al.

1988) (Figure 7). The formation of an inactive m etabolite of VIP, [des- 

His^-VIP, by an am inopeptidase on the intestinal epithelial cell outer 

surface membrane is another docum ented mechanism of VIP 

inactivation (Nau at al. 1987).
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Figure 7 VIP receptor internalization

ACTIVATION

Degraded]
VIP cAMP

Recycled
recep to r

Endosome

Receptor may be recycled 
or degraded

A schematic diagram of VIP receptor membrane binding, 

internalization, recycling and degradation. Redrawn from Rosselin et 

al. (1988). Although not shown most endocytotic vesicles fuse with 

primary lysosomes (Albert et al. 1983a). There is evidence to suggest 

that VIP may not be internalized as the intact peptide but as the [des- 

His1] metabolite with greatly reduced biological activity (Nau et al. 

(1987)
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1.4.4 Guanine nucleotide binding proteins (G proteins)

G proteins are a group of ubiquitous regulatory proteins found within 

the plasma membrane of all eukayotes so far studied. The earliest and 

most studied G proteins are those involved in the modulation of 

adenylate cyclase. Rodbell et al. (1971 a,b) were the first to observe 

a requirement for GTP in the glucagon activation of 

adenylate cyclase in membranes from rat liver cells. They also 

demonstrated that GTP enhanced the rate of dissociation of 

radiolabelled glucagon from its receptor binding sites. That GTP was 

involved in the regulation of adipocyte adenylate cyclase was 

reported by Harwood (1973a,b) and again later by Yamamura 

(1977). These basic observations have been found for all cells that 

possess hormonal regulation of adenylate cyclase (Northup 1985).

In the intestine, Calvo et al. (1989) has successfully isolated VIP/VIP- 

receptor/Gs as a 152Kd complex and demonstrated GTP regulation 

of this complex in isolated plasma membranes from rat enterocytes. 

G proteins, therefore, not only bind GTP and regulate the catalytic 

activity of adenylate cyclase but also hydrolyse GTP and regulate 

hormone affinity for receptors.

Some of the G proteins and their proposed functions are summarized in 

Table 3
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G proteins are thought to be heterotrimeric molecules consisting of 

an a  subunit and two smaller subunits B and y that are tightly 

coupled together (By), The a  subunits have a single, high affinity 

binding site for guanine nucleotides, possess GTPase activity and 

contain NAD-dependent ADP-ribosylation sites, There are both 

stimulatory (as) and inhibitory (a,) forms of a  which mediate the 

action of stimulatory and inhibitory receptors (Gilman 1987, 1989; 

Levitzki 1990),

The functionai characteristics of By subunits are less well understood. 

Unlike the separation of a  from By separation of B from y Is only 

possible under denaturing conditions with the result that information 

about the functional role of each oligomer is scant. The presence of 

By is essential for the interactions of G proteins with receptors 

and they are thought to anchor the a  subunits to the membrane 

(Mattera et al. 1987; Gilman 1987, 1989). By may also regulate 

effector enzyme activity, e.g. phospholipase A2 (Bourne 1989; Kaziro

1990) (see below).

Both hormone binding to receptors and GTP binding to G 

proteins are required for the activation (or inactivation) of the 

catalytic unit that produces cAMP (Cerione et al. 1984a, b). 

Hormone-receptor complexes activate G proteins by catalysing 

replacement of bound GDP by GTP. Binding of GTP to the a subunit 

causes the dissociation of By, thereby generating two potentially 

active subunit, a-(GTP) and By (Bourne 1989). The active state is 

reversed as the intrinsic GTPase activity of a hydrolyses GTP to GDP 

and P,. a-(GDP) then reunites with By. The non hydrolysable 

analogues of GTP (Gpp(NH)p and GTPyS) thus persistently activate 

the enzyme.



Current debate centres on whether the components of the 

system dissociate when activated and reassociate when 

deactivated within the membrane. The "collision coupling" model 

proposes that as In the presence of bound hormone receptor, GTP 

and Mg2+ dissociates from the By subunit and associates with the 

catalytic unit thereby activating It to generate cAMP. Evidence for 

this model Is derived from experiments in which the system was 

reconstituted from highly purified detergent disrupted membranes. 

However, detergent isolated a s has little GTPase activity and where 

GTP analogues lead to subunit dissociation and as activation, GTP 

does neither. Restoration of GTPase activity and GTP activation was 

established when the system was reconstituted with hormone- 

receptors (Brandt et al.1983; Cerione et al. 1984a, b). There is no 

evidence that subunit dissociation occurs in native membranes 

(Mattera 1987). Levitzki (1988) favours the idea that as is permanently 

coupled to the catalytic unit in vivo because it co-purifies with as, and 

kinetic analysis indicates the interaction between as and C is not rate 

limiting as might be expected if activation of C depended on collision 

with as (Arad et al. 1984; Levitzki 1990). The "modified dissociation" 

model of G protein activation of adenylate cyclase is summarized in 

Figure 8.

The a  subunits have been divided into four groups based on their 

response to the bacterial enzyme toxins of Vibrio cholera and 

Bordetella pertussis (Neer et al. 1988). The toxins from these bacteria 

alter the G proteins by covalently adding an ADP-ribose group to a 

specific site on the a  subunit from NAD. As a consequence the 

GTPase activity of the G protein Is inhibited causing its persistent 

activation. The G proteins thus act as substrates for these toxins and it



is their characteristics as substrates which have been instrumental in 

Identifying the different a subunits, (Spiegel 1990) (Table 3).

Firstly there are the cholera stimulated a  subunits, which Irreversibly 

stimulate adenylate cyclase in the presence of toxin; these are the 

as subunits discussed above. The as of intestinal epithelial cells is the 

natural target for this toxin and it is this interaction that results in the 

pathogenesis of the disease. However the activation mechanism of 

the toxin was worked out in cell systems more amenable to 

experimental manipulation and analysis than is the intestinal 

epithelium (Field 1980; Binder 1984).



Figure 8 G protein activation cycle
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Gs was established as the stimulating regulatory com ponent of 

adenylate cyclase by the use of a mutant cell line, derived from S49 

murine lymphoma cells called eye, deficient in Gs. These ceils had 

no adenylate cyclase activity even though the cata lytic unit of the 

enzyme was present. Restoration of adenylate cyclase activity was 

achieved by the addition of wild type membranes in which 

adenylate cyclase had been inactivated but as was intact (Ross 1977, 

1978, 1980; Houslay 1983). The intestinal epithelium poses some 

intriguing problems for the proposed mechanisms of adenylate 

cyclase activation by cholera toxin stimulated Gsa. In situ cholera 

toxin binds to the brush border of the mucosal cells but adenylate 

cyclase is localized to the basolateral membrane. There is, therefore, a 

logistic problem of how the cholera toxin accesses the adenylate 

cyclase in these cetls. Dominguez et al. (1987) has demonstrated the 

presence of as subunits in isolated brush border membranes. He 

postulates that:-

"It is conceivable tha t after interaction of cholera toxin with brush 
border membranes the A l promoter (the active subunit of cholera 
toxin) dissociates from the hoiotoxin within the bilayer, therein 
catalyzing the ADP-ribosylation of Gs components. Then the 
dissociated a subunit of the modified Gs com ponent would reach in a 
yet-undefined way the catalytic subunit in the basal lateral 
membrane."

in the mouse intestinal mucosa immunofluorescence microscopy 

showed the binding of cholera toxin predominantly a t the apical 

membrane. Some labelling also appeared in the cytoplasm and in 

the basolateral membrane suggesting internalization and 

translocation of the cholera toxin (Lonnroth 1984). Whether this 

internalized toxin is associated with a G protein is as yet unknown. 

Movement of G proteins, In the plane of the membrane, from the 

brush border to the basolateral membrane is a less likely mechanism



than transcytosis (a process of membrane invagination, cytoplasmic 

transport and membrane fusion) because a prerequisite for the 

maintenance of polarized transporting epitheiia is that protein traffic 

between the two domains of the plasma membrane is restricted 

(Louvard et al. 1986; Caplan and Matlin 1989).

However, this proposal conflicts with Levitzki's (1990) suggestion

based on kinetic evidence, from other cell types, that as is

permanently associated with the cata lytic unit (Arad 1984). The

mechanism of cholera toxin activation of adenylate cyclase in

intestinal epithelial ceils is therefore unclear. It is possible that a 

mechanism worked out for one cell type may not be applicable to all 

cell types (Cantiello 1989). In light of Cooke's (1989) suggestion, that 

intestinal secretion may be a defence mechanism to rid the intestine of 

invading organisms, it may be that intestinal cells have evolved a 

particular mechanism to ensure cholera toxin makes contact with 

their adenylate cyclase.

Secondly there are the pertussis stimulated a  subunits, a,. When a, 

was treated with pertussis toxin (islet activating factor) a rise in 

adenylate cyclase activity was observed or response of adenylate 

cyclase to inhibitory agonists was prevented (Bokoch et al.1983; 

Codina et al.1983; Gill 1984; Mattera et al. 1987). The inhibitory 

regulation of adenylate cyclase was discovered through the effects 

of GTP on the enzyme (Birnbaumer 1973; Harwood et al 1973a,b; 

Yamamura et a l. l977). The same eye* variant used to identify as was 

used to identify a,. To de tect inhibition of adenylate cyclase in eye* 

membranes the residual adenylate cyclase activity was amplified with 

forskoiin, a diterpine which is thought to stimulate the C unit directly



(Seamon and Daly 1981, 1982). Inhibition of forskoiin activated 

adenylate cyclase was demonstrated at low concentrations of GTPyS 

(Hildebrandt 1982, 1983b) and Gpp(NH)p (Seamon et al. 1983; Katada 

et al. 1984c).

Inhibition of adenylate cyclase activity in the presence of GTP by 

somatostatin, a peptide which binds Rj# also indicated the presence 

of an inhibitory G protein in e y e  (Jakobs 1983; Roof et a l. l985). 

Treatment of membranes derived from human platelets with 

pertussis toxin resulted in the abolition of guanine nucleotide and 

receptor m ediated inhibition of adenylate cyclase activity (Katada et 

al. 1984a, b; Jakobs et al. 1984). Adrenaline has a dual effect, 

stimulating adenylate cyclase through activation of as by binding to Rs 

and inhibiting adenylate cyclase activity through activation of a, by 

also binding type receptors. Because the two G proteins have 

different affinities for GTP the net effect of adrenaline on adenylate 

cyclase activity depends on the GTP concentration (Gill 1984; Levitzki

1990).

An intestinal example of dual control of adenylate cyclase may be 

found in histamine stimulated gastric acid production in parietal cells. 

Individually PGE2, somatostatin, secretin and histamine all stimulate 

gastric mucosal adenylate cyclase activity. However, PGE2, 

somatostatin and secretin inhibited histamine stimulated enzyme 

activity (Becker et al 1982). The influence of GTP or its analogues have 

not been studied in this system.

How inhibition of C is mediated by a  is unknown. It has been proposed 

that inhibition results from a, reversing the stimulatory effects of as on 

C by increasing the local concentration of By when, upon

36



activation, a, dissociates from By. When GTPyS was used to 

demonstrate a, activity, the presence of a s was found to be 

essential and most of the inhibition was related to By and not 

a, (Gilman 1987, 1989). By derived from either as, a, or a Q is capable 

of inhibiting as-C indicating a common pool of By (Birnbaumer et al. 

1985; Gilman 1987). However, in the e y e  system, where there is no 

as, addition of By does not inhibit C activity; but inhibition was 

detected with low concentrations of GTPyS implying direct 

involvement of a, in the inhibition of C (Katada et al. 1984a,b,c, 1986). 

These are not mutually exclusive mechanism and both a, and By 

mediated inhibition of adenylate cyclase may operate under 

physiological conditions (Neer et ai. 1988; Gilman 1989)

Thirdly, the tranducins, a category of G proteins that couple light 

activated rhodopsin to cGMP phosphodiesterase in rods and cones, 

are stimulated by both toxins (Kaziro 1990b) and the fourth group of 

G proteins are those not influenced by either toxin (Neer et ai.

1988).

The a, p and y subunits are highly polymorphic. So far nine different 

genes that encode for G proteins have been found but there are 

12 polypeptide products of these genes and specific functions for ail 

of them have not yet been determined (Gilman 1989). Gilman 

(1989) has speculated that a t the end of the day there could be 

several hundred different G protein oligomers.

The membrane arrangement of G proteins is thought to be within the 

inner face of the plasma membrane because no transmembrane 

spanning protein sequences have been identified. Although the 

has a myristic tail which is thought to anchor the subunit to the



membrane, as and By have not (Neer et al. 1988), There is evidence 

to suggest that the By may be Important for the attachm ent of a. For 

example, detergent solublized a  behave as hydrophilic molecules 

whereas By molecules aggregate (Huff et al. 1985; Sternweis 1986; 

Gilman 1987). The significance of these findings is that the site of 

action of a  may not be confined to the plasma membrane (Rodbell

1985). Interestingly, Nagata et al. (1989) has demonstrated the 

presence of G proteins in the cytosol of human platelets and Nakano 

et al. (1989) has discovered a novel G protein in the endoplasmic 

reticulum and Golgi apparatus of Saccharomyces cerevlsiae thought 

to be involved in transcellular protein transport. Both of these findings 

may have particular relevance to the problems discussed above with 

regard to signal transduction in intestinal epithelial cells. Indeed, the 

protein cofactor, arf, required for efficient in vitro ADP-ribosylation of 

as by cholera toxin has turned out to be a small monomeric GTP- 

binding protein important in the regulation of Golgi structure and 

dynamics (Balch 1990).



l .4.5 Adenvlqte_cvclgse cata[ytlc,_uDlt

Much less Is known about the catalytic unit of the adenylate 

cyclase system than about the G proteins although the enzyme 

has recently been sequenced (Krupinski et a l. l989; Mirzoeva 1989; 

Lipkin et al. 1989). One of the main difficulties is that the 

purified enzyme Is unstable. The unstimulated form Is more unstable 

than the stimulated form bound by as. Stability also seems to 

depend on the tissue source of the enzyme, brain material being the 

most stable so far tested (Pfeuffer 1985; Smigel 1986). There are 

multiple forms of adenylate cyclase based on genetic and 

biochemical evidence (Livingstone et al 1984; Pfeuffer et al 1985; 

Smigel 1986; Mollner et al 1988; Minocherhomjee 1987; Mirzoeva

1989). Two forms have been identified which differ in their 

requirements for calmodulin. This is an important characteristic of the 

enzyme exploited for its isolation by utilising forskolin-Sepharose and 

calmodulin-Sepharose affinity columns. The calmodulin-sensitive form 

from bovine brain, sequenced by Krupinski et al. (1989), is thought to 

be a single glycoprotein with a molecular weight of about 150,000 

and 1134 amino acids long (Gilman 1987). There are two alternating 

hydrophobic regions and two hydrophilic regions. Each of the two 

hydrophobic domains contains six transmembrane spans. The two 

hydrophilic domains are thought to be orientated into the cytoplasm 

of the cell and represent nucleotide binding sites. The topographical 

arrangement of the enzyme resembles that of various channel and 

transporting membrane proteins indicating a so far undetermined 

function for adenylate cyclase, e.g. transport of cAMP out of cells 

(Krupinski et a l. l989; Schofield and Abbott 1989; Gilman 1989) (Figure 

9). The calmodulin Insensitive form from bovine brain has only 

partially been sequenced, and appears to be more unstable in the



purified form than the calmodulin sensitive enzyme (Mirzoeva 1989; 

Lipkin et ai. 1989). Both forms of the enzyme appear to be 

gycoproteins, regulated by G proteins and hormone bound receptors. 

The significance of the calmodulin dependent form in the regulation of 

cAMP production Is unclear. Nor is it clear whether the two forms 

represent two different post-transiational modifications of the same 

polypeptide chain or two different, but closely related polypeptide 

chains (Mollner and Pfeuffer 1988).
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1.5 THE RELATIONSHIP BETWEEN CALCIUM, CALMODULIN 

AND ADENYLATE CYCLASE

1.5.1 Introduction

That calcium plays a critical role in the regulation of normal cellular 

functions and tha t ca lm odu lin  is one of the main m ediators of this 

regulation Is well established (Walker et al. 1984; Tomlinson et ai. 1984; 

Dedman 1984; Carafoll 1987).

Calmodulin is a highly conserved ac id ic  calcium binding protein that 

is present in considerab le  am ounts in all eukaryo tic  cells. When 

bound by Ca2+ calmodulin undergoes a conformational change 

and interacts with many cellular enzymes. Calmodulin itself has no 

known enzymatic activity (Cheung and Storm 1982; Dedman 1984; 

Van Eldik e t al. 1985; C a ra fo ll 1987). A t rest in tra c e llu la r  C a 2+ 

concentra tions have been estim ated  to be <10'7M (Petersen and 

G allacher 1989). At this co n ce n tra tio n  of C a2+ ca lm odulin  is in the 

inactive  state. An increase in in tracellu lar C a2+ above resting levels 

(approximately 10’6M) may be derived from intracellular stores such as 

endoplasmic reticulum or influx from outside the cell via Ca2+ channels 

e.g. vo ltage or receptor opera ted channels. Once bound to Ca2+, 

calmodulin forms a more helical structure, becomes active and binds 

reve rs ib ly  to  its ta rg e t a p o e n z y m e , eg . p h o sp h o d ie s te ra se  or 

a d e n y la te  c y c la s e , re su ltin g  in th e  fo rm a tio n  o f an a c t iv e  

holoenzyme (Brostrum and Cheung 1980; Jarrett and M edhavan

1991). C a lm odulin  has 4 C a2+ b in d in g  sites. In some ca lm odu lin - 

sensitive  enzym e systems o c c u p a t io n  o f a ll 4 sites m ay no t be 

necessary for the app rop ria te  con fo rm a tio na l changes to  induce 

enzyme a c tiva tio n  (M ana lan  and  Klee 1984). The sequence of



events dep ic ted  in Figure 10 show that it Is Ca2+ and not calmodulin 

which is the rate-limiting factor.

Therefore intracellular C a2+ fluctuations play a vital role in regulating 

calmodulin sensitive enzyme activities (Cheung and Storm 1982). That 

ca lm odu lin  a c tiva tes  bo th  a deny la te  cyclase, the enzyme tha t 

generates cAMP and phosphodiesterase, the enzyme that degrades 

cAMP seems rather paradoxical. The explanation may be sequential 

activation of adenylate cyclase in the plasma membrane followed by 

phosphodiesterase a c tiv a tio n  in the cy toso l (W alker e t al. 1984). 

Furthermore, the Ca2+ concentration required to activate calmodulin- 

sensitive cAMP phosphod ies te rase  has been  found  to  be in the 

micromoiar range. This concentration is inhibitory to adenylate cyclase 

activity which requires submicromolar concentrations for activation by 

calmodulin (MacNeil et al. 1985) (Figure 11)



Figure 10 S c h e m a tic  re p re s e n ta tio n  of a ca lm o d u lin  

(CaM) activated adenylate cyclase (AC) system.

4 Ca2+ +  (CaM) — — ►  (CaM . 4)
Inactive Active

(AC) +  CaM . Ca2+ 4 — - » » (AC. CaM . Ca2+ 4 ) 
Inactive Active
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Figure 11 Ca2+/Calmodulin-dependent enzymes
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adeny la te  cyclase activ ity  co m pa red  to the C a2+ requirements of 

ca lm odu iin -dependen t phosphodiesterase activ ity. Redrawn from 

MacNeii et al. (1985)



In the intestinal epithelium high concentrations of calm odulin (in 

the mM range) have been reported , particu larly in the brush 

border membrane and the cytosol. In the brush border, calmodulin 

is tightly bound within the microvillus core where it is thought to have 

an im portant role in bu ffe ring  lum inal C a2+ and regu la ting NaCI 

transport via a sp e c ific  p ro te in  kinase II (Thomasset et al. 1981; 

Mooseker et al. 1984; Powell et al. 1984; Glenney and Glenney 1985; 

Rood and Donowitz 1990). In the intestine, calm odulin  can also 

a c t iv a te  myosin lig h t c h a in  kinase, C a 2+-ATPase as w e ll as 

activating various enzymatic activities found in other cells, e.g. cAMP 

phosphodiesterase activity (Glenney and Glenney 1985).

The presence of a calmodulin-sensitive form of adenylate cyclase has 

been reported in rat (Amiranoff et al. 1983), guinea-pig (Pinkus et al. 

1983) and rabbit (Lazo et al. 1984) preparations of intestinal mucosa. 

The calmodulin-sensitive enzymes are summarized in Table 4.



T ab le  4 C a lm o d u l in -S e n s i t iv e  Enzymes

C alm odulin -S ensitive  D is tr ib u tio n
Enzymes

Adenylate cyclase 

Guanylate cyclase

Cyclic nucleotide-phosphodiesterase 

Ca2+-Mg2+ ATPase

Multifunctional protein kinases:- 
myosin light-chain kinase 
phosphorylase b kinase 
glycogen synthase kinase 
synapsin I kinase

kinase II

Ornithine decarboxylase 

Phospholipase A2

Ubiquitous 

Protozoa 

Ubiquitous 

Mammals and plants

Mammals
e.g muscle, intestinal mucosa 
liv e r
mammalian brain

mammalian brain 
intestinal mucosa

Ubiquitous

mammals

Adapted from Walker et al. (1984) and Manalan and Klee (1984)



Regulation of adenylate cyclase by Ca2+ has been demonstrated 

for several tissues and It has been suggested tha t fluctuations in 

intracellular free C a2+ may be a possible mechanism for controlling 

cAMP levels (Bradham and Cheung 1980; MacNeil 1985; Shattuck et al. 

1987; Minocherhomjee et al. 1988). For example, the Ca2+ ionophore 

A23187 caused an Increase In cAMP in rat colon (Donowitz and Walsh 

1987). However, in the upper Intestine there are da ta  to suggest the 

converse relationship i.e. a mechanism for cAMP control of intracellular 

C a2+ concentrations. In isolated ch icken enterocytes Semrad et al. 

(1987) show ed th a t cAM P s tim u la te d  a pe rs is ten t In c rea se  in 

In tra c e llu la r  C a 2+ th a t  was in d e p e n d e n t  of th e  p re s e n c e  o f 

extracellular Ca2+.

The calmodulin-sensitive adenylate cyclase system shows a biphasic 

response to Ca2+. Low concentrations (<l|xM) stimulate the enzyme's 

activ ity whereas high concentrations (>lptM) inhibit it (MacNeil et al. 

1985; Reslnk 1986) (Figure 11). The stim ulatory phase o f ad e n y la te  

cyclase activation has been shown to be dependent on calm odulin 

but the inhibitory phase has been thought to be a d irect e ffe c t of 

Ca2+ on the enzyme (Hanski et al. 1979; Lasker et al. 1982; Dorflinger et 

al. 1986; Oldham et al. 1984, 1986; Resink et al. 1986). Some of the data 

for tissues in which the effects of C a2+ and calmodulin on adenylate 

cyclase activity have been reported are summarized in Table 5.



Table 5 Tissue varia tions for calm odulin  s tim u la ted / Ca2 +
inh ib ited  adenylate cyc lase

Tissue Source/ IC50 for Ca2 + Reference
Preparation jaM

Guinea-pig enterocyte 
membranes

500(A) * Pinkus(1983)

Rat enterocyte membranes 10(F) * t A m ira n o ff(1 983)
Rabbit enterocyte membranes 1(F) * Lazo(1984)

Rat cerebral cortex 300 (A) * Brostrom (1977)
Guinea-pig brain 0.4(F) * P o tte r(1 980)
Moth brain 3.5(F) ★ Bodnaryk(1983)
Rat cerebellar 90(F) * t A h lijan ian (1987)

Rat pancreatic islets 600(A) Valverde(1979)

Guinea-pig sarcolemma 10-20(F) t Tada(1974)
Guinea-pig ventricles 0.4(F) Potter(1 980)
Rabbit heart plasma 
membranes

>1 (F) * Panchenko(1984)

Dog heart sarcolemma 0.01(F) Cros(1 984)

Rat kidney 200-300(A ) * t S u lim o v ic i(1 984)

Dog parathyroid 1.5-8 (F) Dufresne(1972)
Hog parathyroid 1.52 and 313 (F) Oldham(1984)

Crayfish abdominal 
muscle

1000(A) * S ed lm e ie r(1983)

Rat smooth muscle 2.5(F) * P iascik(1983)

Turkey erythrocytes 
partially purified AC

80(F) t Hanski(1977)

Turkey erythrocyte 
membranes

250(F) Lasker(1982)

Human platelets 0 .6-0 .75(F) * Resink(1986)

S49 CYC- cell membranes 360 (F) Lasker(1982)

The table shows the reported concentrations of free (F) or added (A) 
C a2+ necessary to inhibit adenylate cyclase activity by 50%
*, indicates experiments in which Ca2+ stimulation preceded inhibition 
t ,  indicates IC50 values interpreted from author’s Ca2+ concentration 
response curves



1.5.2 Calmodulin regulation of adenylate cvcLase. QCfiyiiy 

The mechanism by which calmodulin activates adenyla te  cyclase is 

still not worked out in de ta il but In the presence of op tim a l C a2+, 

calm odulin Increases the turnover number of the enzyme without 

affecting the Km for ATP (Amiranoff et al. 1983).

There Is evidence to  suggest d irect calm odulin in te raction  with the 

catalytic com ponent of the enzyme (MacNeil et al. 1985). Calmodulin- 

sensitive a d e n y la te  cyc la se  p u rified  from  b ra in  tissue m ay be 

stimulated by calmodulin in the absence of GTP or as. Both basal and 

horm one s tim u la te d  a d e n y la te  cyc lase  m ay be s tim u la te d  by 

ca lm odu lin  bu t this stim ulation is enhanced  by the  a d d itio n  of as 

(Minocherhomjee et ai. 1987, 1988; Harrison et al. 1989). The animal 

intestinal studies have also shown that calmodulin-sensitive adenylate 

cyclase activity was additive to hormonal stimulation (VIP and PGE2) 

and GTP activation (and Gpp[NH]p) indicating a regulatory site for 

ca lm o d u lin  d iffe re n t from  a re ce p to r or G p ro te in  m echan ism  

(Amiranoff et al.1983; Pinkus et al. 1983; Lazo et al. 1984).

These studies involved the d irect in vitro m easurem ent of enzyme 

a c tiv ity  in response to  a d d e d  C a2+ and ca lm odu lin  in m em brane 

p repara tions from intestinal ep ithe lia l cells. The use o f ca lm odu lin  

antagonist such as the neuroleptic compounds, chlorpromazine and 

trifluope raz ine  (TFP) as a n ti-d ia rrh o e a l agents, p rov ides  in d ire c t 

evidence for the presence of calmodulin-sensitive adenyla te  cyclase 

in animal and human studies (llundain and Naftalin 1979; Simon et 

a l . l981; Zavecz e t al.1982; Pinkus et al. 1983; D onow itz e t al. 1984; 

Fedorak et al. 1989).

In the human intestine the work of Simon's group using homogenates



of human colonic biopsies showed that stimulation of enzyme activity 

induced by cholera toxin, VIP or PGE2 could be com plete ly abolished 

by TFP (Simon et al. 1981), Another group of compounds used to assess 

the calmodulln-sensitivity of enzymes Is the naphthalenesulphonamide 

derivatives e.g W7 and W13, The in vitro effects of these compounds, 

on adenyla te  cyclase ac tiv ity  in the basolateral m em branes from 

chicken mucosa, were com pared to the effects of TFP and to the less 

potent dechlorinated analogs, W5 and W12 (Long et al. 1986), The 

results of this work ind ica te d  tha t W5 and W12 did not significantly 

inhibit adenylate cyclase activity but that W7 and W13 (and TFP) did.

The recent work o f Fedorak et al. (1989) using a new  ca lm odu lin  

antagonist, CGS 9343B, in isolated rat intestinal loops in vivo also 

supports the presence of calmodulin-sensitive adenyla te  cyclase in 

the intestine. CGS 9343B, in tro d u ce d  into the lum en co m p le te ly  

inhibited cholera toxin induced secretion and increases in mucosal 

cAMP. They d id  no t how ever investiga te  w hether the re  was an 

interaction between the adenylate cyclase system and calmodulin.

There is convincing evidence for calmodulin regulation of brush border 

Na+ and Cl* p e rm e a b ility  to  be a d ire c t m echanism  on sp ec ific  

calmodulin activa ted  protein kinase 11 (Thillainayagam and Farthing

1990). The more indirect involvement of calmodulin in the regulation of 

brush border ion conductance by activation of basolateral membrane 

a d en y la te  cyc la se  a c t iv ity  is o ften  suggested (Long e t al. 1986; 

Fedorak et al. 1989; Gaginella and Kachur 1989; Thillainayagam and 

Farth ing 1990). There have  been  no previous re p o rts  o f d ire c t 

measurement of calmodulin-sensitive adenylate cyclase in the human 

intestine,



1.5.3 Inhibition of adenylate cyclase activity bv .calcium 

Inhibition of adenylate cyclase activity by Ca2+ has been reported 

for a variety of tissues (Bradham and Cheung 1980; Cheung and 

Storm 1982; M acN e il et al. 1985; Shattuck et al. 1987) (Table 5). 

Evidence from turkey erythrocytes suggests Ca2+ inhibits adenylate 

cyclase activ ity  via specific C a2+ binding sites on the ca ta ly tic  unit. 

K inetic stud ies show ed th a t the  a d e n y la te  cyc la se  in h ib itin g  

properties o f C a2+ rem ain unchanged  In the presence o f varying 

concentrations of free Mg2+ (Hanski et al. 1977). Other evidence from 

S49 e y e  lym p h o m a  ce ll m em branes Im p lied  C a 2+ an d  M g2+ 

com pete for the same regulatory binding sites on the ca ta ly tic  unit 

(Lasker et al. 1982). The inhibition of forskolin a c tiva te d  adenyla te  

cyclase activ ity by Ca2\  in membranes from human colonic crypts, 

was found not to  be  com petitive  with forskolin (Seamon and Daly

1986).

Previously it was thought that the inhibition of adenylate cyclase 

by C a 2+ was in d e p e n d e n t o f ca lm o d u lin  (Shattuck e t al. 1987). 

However, more recent data  suggest otherwise. The involvem ent of 

ca lm odu lin  in the regulation of adeny la te  cyclase inhib ition was 

proposed by Perez-Reyes et al. (1987), and by Ahlijanian et al. (1987). 

Interaction between the af and the C unit in detergent solubilized EGTA 

washed membranes of rat cerebral cortex was demonstrated. In these 

experiments a requirement for free Ca2+ was observed for Gpp(NH)p 

mediated inhibition of adenyiate cyclase activity and the calmodulin 

antagonist, calm idazolium, reversed this inhibition (Perez-Reyes et al.

1987). Regulation of calmodulin-sensitive adenylate cyclase by the By 

subunit of G proteins binding to  ca lm odu lin  and the reby inhibiting 

adenylate cyclase activity has also been reported (Katada et al.1987).



1.6 AIMS

Taking advantage of a regular and fresh supply of human intestinal 

biopsy material the aims of this work were to firstly deve lop suitable 

tissue preparations from biopsies and secondly, to ascertain if a form 

of calmodulin-sensitive adenyla te  cyclase could be dem onstrated in 

these preparations.

From biopsies of the second part of the human duodenum two types 

of tissue preparation were used, washed membranes and isolated 

epithelial cells. Both m ethods represent the novel use of human 

intestinal biopsy specimens for research purposes (Smith et al. 1990; 

Smith et al. 1991).

Washed b iopsy m em branes were used for the d ire c t assay of 

adenylate cyclase activ ity. By m anipulating the washing m edia, 

tightly contro lling free C a 2+ concen tra tions with EGTA buffers and 

stim u la ting  or in h ib itin g  the  enzym e's a c tiv ity  w ith  a p p ro p r ia te  

agonists/antagonists the characteristics of this enzyme prepara tion  

were defined.

In contrast, an isolated epithelia l cell preparation was em ployed to 

stimulate adenylate cyclase via the VIP receptor and measure cAMP 

production . Again agon is t/an tagon is ts  were used to  in d ica te  the 

presence of a calmodulin-sensitive form of adenylate cyclase in the 

human intestine.

This work therefore divides into two main sections each with a brief 

introduction and a methods, results and discussion section, i.e.

CHAPTER 2. Studies on adenyla te  cyclase activ ity in particu la te

53



membranes from hum an duodena l biopsies: the e ffects of C a2+, 

calmodulin and EGTA

CHAPTER 3, S tudies on Iso la ted  e p ith e lia l ce lls  from  hum an 

duodenal biopsies: stimulation by VIP and the e ffects of calm odulin 

antagonists on VIP stimulated cAMP production.

The results from these tw o different approaches are then discussed 

and com pared In CHAPTER 4.



CHAPTER 2

STUDIES ON ADENYLATE CYCLASE ACTIVITY IN PARTICULATE 

MEMBRANES FROM HUMAN DUODENAL BIOPSIES: THE EFFECTS OF CA2+,

CALMODULIN AND EGTA
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2.1 INTRODUCTION 

The p rim a ry  o b je c t iv e  o f these  e xp e rim e n ts  was to  assess th e  

im portance of C a2+ and ca lm odu lin  in the regulation of adenyla te  

cyc la se  In the se co n d  p a rt o f the  hum an duo de nu m . This was 

accomplished by assessing a) the concentration dependent effects of 

free C a2+ on enzyme activ ity , b) the e ffects of add ing  exogenous 

calmodulin to the adenylate cyclase assay system and c) the effects 

on enzyme activ ity of ca lm odulin  antagonists. AH these parameters 

were tested on basal and NaF stimulated adenylate cyclase activity.

During the course of these investigations, observations were m ade 

in d ica tin g  a d ire c t e ffe c t of the  C a 2+ ch e la tin g  agen t, EGTA on 

a d e n y la te  c y c la s e  a c t iv ity  in b io p s y  p a r t ic u la te  m e m b ra n e  

preparations. This e ffec t was explored further by studying adenyla te  

cyclase activity response to increasing concentrations of EGTA, under 

various stim ulating cond itions, in the presence and absence of a 

constant concentration of free Ca2+.

Presented be low  are the ge n e ra l m ethods for experim ents using 

particulate membrane preparations of duodenal biopsies. Variation for 

specific experiments are detailed in the figure legends in section 2.4



2.2 MATERIALS

All chem ica ls  w ere o f th e  h ighest a v a ila b le  q u a lity  from  Sigma 

C hem ica l Co. w ith the e xce p tio n  of [8-3H]adenoslne 3 \5 '-c y c lic  

p h osp h a te  (a m m o n iu m  sa lt, s p e c if ic  a c t iv ity  1.74M B q /m m o l) 

([3H]cAMP) and adenosine 5'-[a-32P]triphosphate (triethyiammmonium 

salt, specific ac tiv ity  1.1 lTBq/m m ol) ([a- 32P] ATP) which were from 

Amersham Int.(UK). The labelled ATP (PB107) was of the kind specially 

treated by Amersham for the use in the assay of adenylate cyclase 

a c t iv ity  to  g ive  lo w  b la n k  va lu e s  ( ty p ic a lly  0.001%). The N-(8- 

aminohexyl)-5-IODO-l-naphthalene-sulphonamide (IODO 8) was kindly 

given by Ian Coutts and Pam O'Donnell of Nottingham Polytechnic, 

Nottingham. All other exceptions are given in parenthesis in the text.

2.3 METHODS

2.3.1 Collection of human duodenal biopsies

Patients presenting at clinic with various gastrointestinal symptoms 

or iron defic iency anaem ia  were biopsied as part of the diagnostic 

investigations to exclude m alabsorption. Patients were fasted from 

midnight and the following morning prepared with lignocaine spray to 

the pharynx and intravenous Diazepam (diazemuls). Biopsies of the 

second part of the duodenum were collected by a physician using an 

Olympus GIF IT endoscope (Keymed, Southend - on - Sea, Essex, UK) 

w ith 3.7mm b iopsy fo rce p s . This size of fo rceps g a ve  p ieces of 

duodena l m ucosa w e igh ing  12,3+1.4mg (Smith e t al. 1989). Two 

biopsies were p laced  in formalin for histological exam ination (by 

the Histopathology departm ent a t the City Hospital) to exclude villous 

abnormalities. Biopsies for adenylate cyclase studies were immediately 

p laced  in prefrozen po lyp ropy lene  tubes and im mersed in liquid
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n itrogen. This took  a p p ro x im a te ly  5 seconds. Only biopsies from 

patients subsequently found to have normal histology, no discernible 

underlying upper gastrointestinal disease and not on any medication 

were used for these studies. Ethical permission for the study was 

ob ta ined  from the Nottingham  City Hospital Ethical Com m ittee and 

patients gave informed written consent.

2.3.2 Preparation of particulate membranes from duodenal biopsies 

The p re se n ce  o f e x tra c e llu la r  a n d  in tra c e llu la r  flu ids  in tissue 

hom ogenates has been shown to interfere with adeny la te  cyclase 

a c tiv ity  (Johnson e t al. 1979; M acNeil et al. 1980; C raw ford  et al. 

1980). Biopsy homogenates were therefore washed with a series of 

homogenization and centrifugation steps.

Four or five biopsies from one patient were homogenized in 2mi ice 

co ld  2mM HEPES buffer, pH7.5, co n ta in ing  5mM M gCI2 and 5mM 

EGTA (MEH) using 10 strokes of a Potter S homogenizer (B. Braun) at 

1200rpm. The hom ogenate was m ade up to 12ml with MEH and was 

c e n tr ifu g e d  a t 2500g fo r 20 m inu te s  a t 4°C. The p e lle t  was 

resuspended in 2ml fresh MEH and the hom ogenization/centrifugation 

procedure repeated tw ice more.

Any large tissue fragments remaining after the second homogenization 

w ere rem oved . M ic ro sco p ic  exa m ina tio n  show ed them  to  be 

underlying muscularis mucosa and not epithelium (Tripp et al. 1978). 

The third pellet was resuspended in 2.4ml MEH and homogenized a 

fourth  tim e using an U ltra-Turrax (Janke 8c Kunkel, IKA-WERK) at 

maximum speed setting for 15 seconds. This final hom ogenate  was 

used for assay. Calmodulin may be rem oved from some m em brane 

preparations by washing them in EGTA buffers (MacNeil et



al, 1985). Therefore, in experiments in which no attem pt was m ade to 

remove endogenous calmodulin, EGTA was om itted from the tissue 

buffer (MH). All buffers were m ade up in double distilled deionised 

water or Hipersolv (HPLC grade water from BDH).

The ce reb ra l co rtex  from 2 m ale  Wistar rats were co m b in e d  and 

tre a te d  as fo r d u o d e n a l b io p s ie s . This w a sh ed  p a r t ic u la te  

preparation was used as a positive contro l to ensure tha t the assay 

conditions used were capab le  of de tecting  calmodulin dependent 

adenylate cyclase activity.



2.3.3 Assay of adenylate cvclase activity

Adenylate cyclase was assayed by the procedure of Salomon et al. 

(1974). The assay can be divided into three stages:- 1) incubation of 

the enzyme with its substrate Mg2+-ATP, 2) purification of the labelled 

product, [32P] cAMP from its labe lled  substrate, [a -32P]ATP and 3) 

measurement of the isolated [32P] cAMP by liquid scintillation counting.

1) incubation of the enzyme with Mg2+-ATP

Reactions were co n d u c te d  in 2ml polypropylene test tubes. In a 

to ta l volume of 100̂ ,1 the standard reaction mixture conta ined:- an 

ATP re g e n e ra tin g  system of 13mM c re a tin e  pho sph a te  and  

0.1 m g/m l creatine  phosphokinase, Im M  ATP labe lled with [a 

-32P]ATP (1.1 lTBq/mmol) to give approxim ate ly 1x106 cpm and A0[i\ 

adenylate cyclase assay buffer which consisted of 125mM Tris-HEPES, 

0.25% BSA, 5mM MgCI2 and 2.5mM of the phosphodiesterase inhibitor 

3- iso b u ty l-l-m e thy lxan th in e  (IBMX), a t pH7.5. For NaF stim ula ted 

activ ity, reactions also con ta ined  lOmM NaF (originally dissolved in 

I mM acetic acid). When calmodulin was added to the assay it was 

d isso lved in the a d e n y la te  c y c la se  assay bu ffe r. C a lm odu lin  

antagonists (TFP and IODO 8) were dissolved in dimethysulphoxide 

(DMSO) be fore  a dd itio n  to  the reac tio n  system. Control reaction  

mixtures contained DMSO only and final DMSO assay concentrations 

did not exceed l% (v/v).

Reactions were initiated by the timed addition of approximately 50jig 

of pa rticu la te  m em brane protein and carried  out for 30 minutes a t 

37°C in a shaking w ater bath. Reactions were term inated at tim ed 

intervals by the add ition  of 100^1 of s topp ing solution conta in ing:- 

lOm M  ATP, 2% SDS (w /v ) , 50mM Tris-HCI and  2 .4nM [3Hj-cAM P 

(1.74MBq/mmol) to estimate [32P] cAMP (25000cpm /100[xl) recovery



from stage 2 at pH7,5. Tubes were p laced in a boiling water bath for 2 

minutes, allowed to coo! and m ade up to 1ml with distilled water.

2) [32P] cAMP purification

[32P]cAMP may be rem oved from the labelled substrate, [a- 32P]ATP, 

and any non-specific 32P labe lled  reaction products by the highly 

sensitive doub le  ch ro m a to g ra p h y  p rocedure  of Salomon et al. 

(1974). Reaction mixtures were sequentially passed over columns 

(BioRad Econo-Colum ns 0.5cm  IDxlOcm ) co n ta in in g  the c a tio n  

exchange resin Dowex Ag50 Wx4 followed by passage over neutral 

alumina. The columns were supported by tw o 8x8 colum n perspex 

stages so that the Dowex columns could be p laced to drain directly 

onto the corresponding a lum ina columns. Dowex columns were 

packed to a height of 10cm and any air blockages were removed. 

The columns were initially activa ted with an alternating wash (7mls) of 

d istilled water, 2N NaOH, d is tilled  water, 2N HCI and  end ing  w ith 

d is tilled  w ater. This p ro c e d u re  was also used to  re g e n e ra te  the  

columns after each experiment.

The a lum ina  co lum ns w ere  p a c k e d  w ith  0.6g o f d ry  n e u tra l 

a lum ina. Before e a ch  experim ent they were a c tiv a te d  with 7m!

0.1 M imidazole-HCI buffer, pH7,4. The columns were washed with 

distilled water after each experiment. Between experiments both 

the Dowex and alumina columns were stored clean and regenerated 

In distilled water.

Each 1ml sample was decan ted  onto a Dowex column and allowed 

to  dra in. The la rgest loss of sam ple  and  th e re fo re  re d u c tio n  in 

recovered p roduct was found to be the residual sample le ft in the 

reaction tubes. The next 2ml of distilled water to be app lied  to the
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Dowex columns was first put Into the tubes to recover this residual 

sam ple. The co lum ns w ere  a llo w e d  to  dra in an d  the  e lu a te  

d iscarded. The Dowex co lum ns w ere then m ounted a b o ve  the 

previously activated alumina columns. The samples were eluted from 

the Dowex colum ns d ire c tly  o n to  the alum ina colum ns w ith 4ml 

distilled water. The Dowex columns were then removed and 5mI of 

CUM Imidazole-HCI buffer, pH7.4. was app lie d  to  the  a lum ina  

columns and the eluate co llected  directly into 20ml polypropylene 

scintillation vials.

For 32P standards, ]0 \i\ of a 1 In 100 dilution of the 32P-ATP substrate 

was counted  and for 3H-cAMP standards lOOjil of the s topp ing  

solution was counted. Imidazole-HCI buffer (5ml) was added to each 

standard to account for quenching in the samples and 5mI of buffer 

only for background counts.

3) Liquid scintillation counting

The scintillation vials conta in ing samples and standards were filled 

with 15ml Optiphase X scintillation cocktail (Pharmacia LKB) and vortex 

mixed well. A minimum of tr ip lic a te  samples and standards were 

dual-label counted in a Packard TRI-CARB 4000 beta counter for 3 

minutes.

Calculation of results

The following ca lcu la tion was app lied  to results to give the specific 

activity of adenylate cyclase:-

1. The averaged background (BKG) counts (cpm) from each channel 

(3H and 32P) were subtracted from the average counts for the

corresponding standards.
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2. The degree of channel overlap was calculated by:-

3fl..stqndard - bkg  

32P standard - BKG.

This value was approximately 0.007.

3. The efficiency of the columns to recover cAMP was calculated for 

each column as the percentage of the total [3H] cAMP applied by:-

a. (32P sample cpm  - 32P BKG cpm) x overlap = Crossover cpm (C)

b. (3H sample - C) - 3H BKG = corrected 3H cpm

c. corrected 3H com x 100 - %  cAMP recovered 

Gross 3H cAMP added

The recovery of cAMP was typically 90%

4. This value was then applied to each 32P sample count to estimate 

the amount of ^P  cAMP in each sample:-

32P sample - BKG x 100 = corrected 32P cpm 

% recovery

5. From this the specific activity was calculated by:-

corrected ^P com x IQQQQ(pmol) 

total 32P cpm/10|Al 30min.mg protein 

= pmol cAMP/min/mg protein
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Assay variation

Intra-assay variation was established using a 1% (w/v) homogenate of 

6 biopsies from different patients assayed with 8 replicates for basal 

and NaF stim ulated activ ity , Five separa te  lots of 6 biopsies were 

assayed. The coeffic ient of variation (m ean %±SEM) for basal activity 

was 10.31 ±2.24, and NaF stimulated activity was 19.00+7,26,

Inter-biopsy variation was measured with 6 separate 1% (w/v) biopsy 

hom ogenates from a single p a tie n t in d u p lica te , The inter-biopsy 

variation from 6 patients were assessed. The coe ffic ien t of variation 

(mean %±SEM) for basal activity was 25,46%+2.29, and NaF stimulated 

activity was 19.53%+2.90.
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2.3,4 Calmodulin assay

The calmodulin content of the particulate preparations was assayed 

according to the phosphodiesterase activation m ethod of Thompson 

et al. (1979). This assay was validated by my colleague Janet Amoah. 

It is principally a two step procedure, i.e

PDE 5'nucleotidase

[8,3H]cAMP > [3H]5'AMP---------------->[3H]adenosine + P,

Samples containing the calmodulin were incubated with calmodulin- 

sensitive phosphodiesterase and then with 5'nucleotidase. The amount 

of labelled adenosine produced was separated from any unreacted 

[3H]cAMP and measured by liquid scintillation counting.

To a previously p repa red  pe lle t of biopsy m em branes was added  

1.2ml of calmodulin homogenization buffer containing 40mM Tris-HCI, 

100|xM CaCI2, 50m g/l phenylm ethylsulfonyl fluoride (in DMSO) and 

50^1/1 pepstatin A. The pellet was resuspended with 30 strokes of a 

hand dounce homogenizer on Ice. This hom ogenate (1 ml) was heat 

treated in a 90°C water bath for 6 minutes, cooled in an ice bath and 

centrifuged for 10 minutes at 2000g a t 4°C. The supernatant was 

passed through a 0.2nm sterile M illlpore filter (W hatm an UK). The 

calmodulin content of the filtrate was assayed. The remaining 200^1 of 

resuspended membranes were set aside for protein determination (see 

section 2.3.6).

In a to ta l reaction  volum e of 400^1, a lOOfxl of filtra te  or ca lm odulin  

standards (1.25ng to 20ng) were incubated with 40mM Tris-HCi (pH7), 

4mM 2 -m ercap toe thano l, 5mM M gCI2, [3H]cAMP (lOOOOOcpm), 

100piM cAMP, 25|iM CaCI2 at 37°C In a shaking water bath  for 15 

minutes. The assay was in itia ted  by the tim ed a d d itio n  of 1 OÔ tl
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(1.5mU) phosphod ieste rase . The re a c tio n  was te rm in a te d  by 

immersing the tubes in a boiling w ater bath for 45 seconds at timed 

intervals. Blank tubes con ta ined  ali the constituents of the reaction 

tubes but the phosphodiesterase had been previously boiled for 3 

minutes and cooled before addition to the reaction mixture. All tubes 

were kept on ice between incubations.

To all tubes lOOjxl of 1 m g/m l 5 'nucleotidase (Crotalus atrox  venom) 

were added  and In cu b a te d  for a further 10 m inutes a t 37°C. This 

reaction was stopped by transferring tubes to an ice bath.

The unreacted  [3H]cAMP was rem oved with the a d d itio n  of 1ml 

Dowex an ion  e x c h a n g e  resin (B ioRad 1x8 200-400m esh) in 

methanol. The resin had previously been washed successively with 

0.5M HCI, distilled water, 0.5M NaOH and distilled water until pH5. The 

resin was finally resuspended and stored in m ethanol. Tubes were 

vortexed and centrifuged a t 2000g for 15 minutes. The supernatant 

was decanted directly into scintillation vials containing 10ml Optiphase 

X scintillation cocktail, vortex mixed and counted in a Packard TRI- 

CARB 4000 be ta  cou n te r for 3 minutes. All treatm ents i.e. samples, 

calmodulin standards (CaM Std), and phosphodiesterase boiled blanks 

(PBB) were in triplicate determinations.

Calculation of results

The PBB cpm were d e d u c ted  from sample cpm and CaM Std cpm 

and the standard curve plotted (Figure 12). The amount of calmodulin 

per sample tube was read from the standard curve and expressed as 

ng/mg protein.



Figure 12 Calmodulin standard curve
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The mean of 4 (+SEM) ca lm odulin  standard curves are shown. PDE 

activity in the absence of calmodulin was 4.01+1.74SEM nmoles cAMP 

hydro lysed/15m in . Several d ilu tions of m em brane  sam ples were 

assayed and the dilution which gave cpm which fell on the straight 

part of the curve were used for calmodulin determinations (inset).
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2.3.5 Disaccharidase assay

This assay was orig inally established as a routine d iagnostic  test for 

hypoiactasia. The m ethod used was tha t of Dahlqvlst et al. (1970). 

D isaccharidases (m altase, sucrase and lactase) are brush border 

enzymes. C onsequen tly  the ir assay can be utilised to  assess the 

distribution of the different membrane domains in biopsy preparation.

The assay is based on the hydrolysis of the substrates m altose, 

sucrose or lactose, by the corresponding disaccharidase, to glucose. 

The glucose generated was then assayed based on the reaction

glucose oxidase 

glucose + 0 2 + H2--------------------------- > gluconic acid + H20 2

peroxidase

H20 2 + o-dianisidine----------------> o-dianisidine + H20

reduced - colourless oxidized - brown

Biopsy membranes were prepared as described in section 2.3.2 In 

addition, a sample of the original homogenate was removed and the 

supernatants poo led, for d isaccharidase assay. Samples, standards 

and blanks were assayed in duplicate.

in a total reaction volume of 200^1, 100^1 of sample (i.e. homogenate, 

su p e rn a ta n t or m em branes) w ere  in c u b a te d  w ith  100^1 of the  

substrates (0.056M) m altose, sucrose or lactose in 0.1 M sodium 

maleate buffer, pH6 for 1 hour at 37°C. The reaction was initiated by 

the timed addition of substrate. The reaction was stopped with 3ml of 

a solution contain ing 0.5M Tris-HCI, pH7, 5iig/m l peroxidase, 100fxg/ml 

o- dianisidine, 0.2% triton X-100 (dissolved in 95% ethanol) and lOU/ml

68



glucose oxidase. This reagent was added to standards containing 5^g 

to lOOfxg g lucose /200^1 tissue buffer and blank tubes of tissue buffer 

only. It also Initiated the colour developing reaction which took a 

further 1 hour Incuba tion  a t 37°C. The o p tica l density was read at 

530nm with a Gilford spectrophotometer 260.

Calculation of results

The s tan d a rd  cu rve  was p lo tte d  (Figure 13) a n d  th e  g lucose  

c o n te n t o f the  sam ples e s tim a ted  from  the  cu rve . Results were 

calculated as U/mg protein from

10 x \io glucose x 1 x 1 x dilution

MW glucose(180) 60min n

where n = number of glucose molecules liberated i.e. maltose n=2, 

sucrose and lactose n = l. 1U is equivalent to l^m o ! d isaccharide 

hydrolysed per minute

Assay variation

Intra-assay variation was established using a 1% (w/v) homogenate of 

6 biopsies from d iffe ren t patients assayed with 12 rep lica tes. Four 

separate lots of 6 biopsies were assayed. The coeffic ien t of variation 

(mean %±SEM) for m altase was 5.92+2.66, sucrase 5.23+0.57 and 

lactase 4.33+1.45.

Inter-blopsy variation was measured with 6 separate 1% (w/v) biopsy 

hom ogenates from a single pa tien t in dup lica te . The inter-biopsy 

variation from 5 patients was assessed. The co e ffic ie n t of varia tion 

(mean %+SEM) for maltase was 17.66+4.52, sucrase 32.45+10.12 and 

lactase 19.45±5.67.
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2.3.6 protein, determinations
The p ro te in  c o n te n t o f th e  tissue p re p a ra tio n s  and  s ta n d a rd s  

(bov ine  serum a lbum in ) were d e te rm in e d  In d u p lic a te  by the 

method of Lowry et al. (1951). Standards were always suspended in 

the appropriate tissue buffer and ranged from 25jxg/ml to 400ng/ml 

(Figure 14).

Standards and samples (200^1) were Incubated at room tem perature 

in 2ml of a solution containing 0.01% (w/v) SDS, 2% (w/v) Na2C 0 3, 0.1N 

NaOH, 0.5% (w/v) CuS04 and 1.0% (w/v) Na-K tartrate. After 10 minutes 

200̂ x1 of IN Folin and Clocalteu's Phenol reagent was added, vortexed 

and Incuba ted  for a further 30 m inutes at room tem pera tu re . The 

optical density was read at 650nm with a Gilford spectrophotometer 

260.

The p ro te in  c o n te n t o f th e  m e m b ra n e  p re p a ra tio n s  was 

approximately l,6m g/m l.

Assay variation

Intra-assay variation was established using a 1% (w/v) homogenate of 

6 biopsies from d iffe re n t pa tie n ts  assayed with 12 rep lica tes. Six 

separate lots of 6 biopsies were assayed. The coefficient of variation 

(mean %+SEM) was 8.21+2.86.

In te r-b iopsy va ria tio n  was m easured  w ith 6 sepa ra te  1% b iopsy 

hom ogenates from a single pa tie n t in dup lica te . The inter-biopsy 

variation from 7 patien ts  were assessed. The coe ffic ien t of 

variation (mean %+SEM) was 17.46+3.54.
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Figure 14 Protein standard curve j

• | 
• j

.1 2 9 5 e -3 x  R *2  «  0 .9 9 80.5

E
o 0.4 
in <0
II

0.3

a)oc(0
n
x -

0.2

o(0n
<

0.1

0.0
0 100 200 400300 500

Protein (jig/ml)

72



2,3.7 Estimation and calculation of free Ca2r  concentrations 

Contam ination of bu ffe red  solutions by C a2+ ( in some cases up to 

20nM) n e ce ss ita te s  th e  use o f the  d iv a le n t c h e la to r  EGTA in 

controlling and estimating free Ca2+ concentration (Dinjus et al 1984; 

Segal 1986).

For e a ch  C a C I2 a d d it io n  the  free  C a 2+ c o n c e n tra t io n  was 

com puted for am bien t pH7 in the presence of Mg2+, EGTA and ATP 

using an u p d a te d  version of the ite ra tive  lig a n d -m e ta l b ind ing  

program  of Feldm an e t al. (1972) and Yaseen et al. (1982), kindly 

provided by Prof. M. Griffin. Table 6 gives the apparent dissociation 

constants used by the program given the assay conditions used.

Measuring free C a2+ in the m icrom olar range and below  m ay be 

possible using the Ca2+ fluorescence indicator Fura-2. Fura-2 exhibits 

a left shift in peak excita tion spectra (nM) to shorter wavelengths in 

th e  p re se n ce  o f fre e  C a 2+ th a t is p ro p o r t io n a l to  th e  C a 2+ 

concentration but independen t of Fura-2 concen tra tion  (Rao et al. 

1985; Grynkiewicz et al. 1985). This characteristic of Fura-2 was utilised in 

pre fe rence  to  the ch anges  in fluo rescence  because a d d itio n  of 

protein to Fura-2 has a quenching effect on the fluorescent signal.

The contam inating level of free C a2+ was therefore estimated in 

MH tissue buffer and  in a bulk volum e of the a d e n y la te  cyclase 

reaction mixture (RM)(see section 2.32). Excitation scans of 2ml of MH 

or RM containing 5piM Fura-2 were perform ed in 1cm light path, 4ml 

fluo rim e tric  c u v e tte s  (Hughes and  Hughes) in a Kontron SFM 25 

spectrofiuorimeter a t 37°C. The emission wavelength was set at 505nm. 

A standard curve of Ca2+ concentration against peak excitation 

wavelength was established using MH tissue buffer containing 0,3mM



EGTA and CaCI2 to give ca lcu la ted free Ca2+ concentrations ranging 

from  0.00788nM to  104.5nM (Figure 15). From the  curve  the C a 2+ 

contamination in the MH buffer was estimated to be 1.4|xM and in the 

RM was 2.5^iM.

Table 6 Apparent dissociation constants used to calculate 

free Ca2+ concentrations (^M) at ambient pH7

________ Ca2+ Ma2+

EGTA 0.207 24702

ATP 173 97

The C a 2+ b ind ing  c a p a c ity  of the biopsy p a rticu la te  m em brane 

preparations was also estimated using this system and com pared 

to that of EGTA. Six m embrane preparations were resuspended in 2ml 

MH co n ta in in g  5|*M Fura-2 and  exc ita tio n  scanned  as described  

above. For comparison 2ml MH and MEH buffers conta in ing 0.3mM, 

Im M  and 2.5mM EGTA were also excitation scanned.

2.3.8 Statistics

The one fa c to r ANOVA-repeated measures test was used to test for 

significance. Probability values 10.05 were taken as significant.



Figure 15 Standard curve of free Ca2+
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The mean±SD of 3 separate preparations of Ca2+ standards are shown 

aga inst the shift in pe a k  e xc ita tio n  w a ve le n g th  (nM ), Free C a 2+ 

concentra tions were c a lc u la te d  using the ligand - m e ta l b ind ing  

program of Feidman et al. (1972). The correlation coefficient for shift in 

peak excitation wavelength and free Ca2+ concentrations was 0,955.
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2.4 RESULTS

2.4.1 C haracteristics of p a rticu la te  m em brane prepara tions from 

human duodenal biopsies

To estab lish  th a t no a d e n y la te  c y c la s e  was b e in g  lost by the 

m e m b ra ne  w ash ing  p ro c e d u re  an d  th a t the re  was no undue 

co n ta m in a tio n  of the  m em brane  p re p a ra tio n  with brush border 

membranes, the distribution of brush border disaccharidase activity 

and basolateral membrane adenylate cyclase activity was assessed in 

the whole homogenate, the supernatant and the membrane pellet.

The relative specific  a c tiv ity  of m altase, sucrase and lactase  was 

com pared with that of adenylate cyclase in pooled supernatants and 

particulate preparations from three independent tissue preparations 

assayed tw ice. D isaccharidase activ ity  was enriched in the pooled 

supernatants. Mean (±SEM) enrichm ent was 7.18±2.31, 6.6±0.87 and 

2.21 ±0.60 times for maltase, sucrase and lactase, respectively (Figure 

16A). Mean (±SEM) basai and NaF stim u la ted ade n y la te  cyclase 

a c tiv ity  was enriched  in the p a rticu la te  frac tion  by 1,69±0.32 and 

2,53±0.09, respective ly  (Figure 16B). There was no en richm en t of 

a d e n y la te  cyc la se  a c t iv ity  in the  su p e rn a ta n t. The fina l p ro te in  

c o n c e n tra t io n  o f th e  p e lle t re p re s e n te d  15% o f th e  o r ig in a l 

homogenate.



Figure 16 Enzyme distributions in particulate membrane

preparations of duodenal biopsies

The d istribution  of m a ltase , sucrase and la c ta se  a c tiv ity  in 3 

membrane preparations assayed twice in duplicate is shown, (A). 

Basal and NaF stim u la ted  aden y la te  cyclase a c tiv ity  (B) was 

measured in the same preparations under the s tandard  assay 

conditions outlined in section 2.3.3.

Relative specific activity =

% enzvme activity relative to homogenate 

% protein relative to homogenate
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2.4.2 Adenvlate cyclase assay conditions

The adenylate cyclase assay was performed under conditions where 

the accumulation of cAMP was found to be linear with incubation time 

(Figure 17) and to the am ount of enzyme used (Figure 18). Other 

parameters such as assay pH (Figure 19), Mg2+ concentra tion  (Figure 

20) and ATP concentration were also measured (Figure 21). The assay 

conditions, detailed In section 2.3.3, were establish for chick duodenal 

adenylate cyclase activity, and were found to be appropria te  for the 

measurement of adenylate cyclase activity In particulate membranes 

from  hum an d u o d e n a l b iops ies , (Dr RG Long  p e rso n a l 

communication).

NaF is a non-specific ac tiva to r of G protein ac tiv ity  and  was used 

throughout the assay of ade ny la te  cyc lase  a c tiv ity  as a positive 

contro l at lOmM. Figure 22 shows the co n ce n tra tio n  response of 

adenylate cyclase activity to NaF. The shape of the curve was like that 

though t to be in d ic a tiv e  of NaF s tim u la ted  ca lm odu lin -se ns itive  

adenylate cyclase activity (Brostrom et al. 1977).
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Figure 17 Adenylate cyclase activity with incubation time
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Basal, NaF and forskolin stim ulated adenyla te  cyclase activ ity  was 

measured under the standard assay conditions given in section 2.3.3. 

100^1 of bulk reaction mixtures were taken at different incubation time 

points and transferred d irec tly  into lOO îl 's topp ing solution'. cAMP 

p roduc tion  was linear up to the m aximum  tim e po in t stud ied  (60 

minutes).



Figure 18 Adenylate cyclase activity with increasing membrane protein
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Basal and NaF stimulated adenylate cyclase activity from 2 different 

membrane preparations were assayed at varying concentrations with 

the standard assay conditions given In section 2,3.3. Membrane protein 

was assayed acco rd ing  to the m ethod described in section 2.3.6. 

Adenylate cyclase activity was proportional to membrane protein. The 

mean (±SEM) protein content of membrane preparations used in the 

a deny la te  cyc lase  studies described  th roughout this section was 

50.98fig/30jil±4.13(n=18)



Figure 19 Adenylate cyclase activity with changing pH
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Basal and NaF stimulated adenylate cyclase activity (pmol cAMP min'1 

mg protein '1) in a single membrane preparation (with four replicates) 

was assayed in the presence of increasing pH. Other assay conditions 

were those g iven in section  2.3.3. Maximum enzyme a c tiv ity  was 

reached between pH7and pH8.



Figure 20 Adenylate cyclase activity with increasing

Mg2+ concentration
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Basal and NaF stimulated adenylate cyclase activity (pmol cAMP min*1 

mg protein-1) in a single m em brane preparation was assayed (with 4 

replicates) in the presence of the concentrations of MgCI2 indicated 

on the abscissa. Other assay conditions were those given in section 

2.3.3. Maximum enzyme activity was reached by approximately lOmM



Figure 21 Adenylate cyclase activity with increasing

ATP concentration

30 □  Basal activity 
■  NaF stimulated activity

25 -

>
*-*O
CO 20 -

0o>
03
O

ico 15 -

0■«-*_co
>1
c
0) 10- 
<

0 1  2 3 4 5 6 7 8 9 1 0 1 1
[ATP] mM

Basal and NaF stimulated adenylate cyclase activity (pmol cAMP min'1 

mg protein'1) was assayed with increasing concentrations of ATP in the 

presence of excess Mg2+ (15mM) under the otherwise standard assay 

conditions given in section 2.3.3. A single membrane preparation was 

assayed w ith four re p lica te s . A p la te a u  of enzym e a c tiv ity  was 

reached at approximately ImM ATP.



Figure 22 Adenylate cyclase response to changing

NaF concentrations
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A deny la te  cyc lase  a c tiv ity  (pm ol cAMP m ln '1 mg p ro te in*1) was 

assayed in the presence of increasing concen tra tions of NaF, The 

mean±SEM enzym e a c tiv ity  is shown for 2 d iffe re n t m e m b ra ne  

preparations. Maximal stimulation of adenyla te  cyclase activ ity was 

given by lOmM NaF under the s tandard assay conditions g iven in 

section 2.3.3,



section 2.3.3.

2.4.3 The effects of Ca2+ on adenvlate cvclase activity 

S tim u la tio n  o f a d e n y la te  c y c la s e  a c t iv ity  a t low  fre e  C a 2+ 

concentrations has been reported to be an indication of the enzyme's 

ca lm o d u lin  d e p e n d e n c e , M acN e il e t al (1985). There fore , the  

co n ce n tra tio n  d e p e n d e n t e ffec ts  of C a 2+ on a d e n y la te  cyclase 

activity in particulate preparations of human duodenal biopsies was 

m easured . Both basa l (IC 50= 193.75nM ± 57.5nM SEM) and  NaF 

stim ulated (IC60=188.0nM ± 44.0nM SEM) adenyla te  cyclase activ ity  

was strongly inhibited by free Ca2+ concentration greater than 90nM 

(Figure 23).  A Free C a 2+ c o n c e n tra t io n  less th a n  90nM n e ith e r 

s tim u la ted  nor in h ib ite d  a d e n y la te  cyc lase  a c tiv ity . These d a ta  

ind ica te  a d ram atic  reduction in adenyla te  cyclase activ ity  over a 

narrow free Ca2+ concentration range but do not show any consistent 

stimulation by Ca2+ at submicromolar concentrations characteristic of 

calmodulin stimulation.

An a lte rn a tiv e  w ay of assessing the  im p o rta n c e  o f C a 2+ was to  

measure the concentration dependent effects of the C a2+ chelating 

agent, EGTA, on adenylate cyclase activity (Figure 24). NaF stimulated 

adenyla te  cyclase activ ity was inhibited by EGTA in a concentration 

dependent manner with 50% inhibition at 2.5mM. Attem pts to restore 

EGTA inhibited adenylate cyclase activity with Ca2+ did not result in a 

re cove ry  o f the  enzym e 's a c tiv ity  in d ic a tin g  d ire c t inh ib itio n  of §j

a d e n y la te  cyclase a c tiv ity  by EGTA (Figure 28). A slight bu t highly 

significant increase in basal adenylate cyclase activ ity was observed 

a t 0.25mM EGTA co m p a re d  to  contro ls; th e re a fte r a p la tea u  was 

reached up to the maximum concentration tested (5mM).

85



Figure 23 Adenylate cyclase response to changing

free Ca2+ concentrations

Basal (A) and NaF stimulated (B) adenylate cyclase activity (pmol 

cAMP min*1 mg protein*1) was assayed in particulate preparations 

of duodena l biopsies from 4 patients acco rd ing  to the method 

described in section 2.3.3, Enzyme activ ity  was measured in the 

presence o f 2.5mM EGTA and CaCI2 a t concen tra tions which 

gave ca lcu la te d  free Ca2+ concentra tions as ind ica ted on the 

abscissa. Each line represents a single pa tien t and each data 

point is the mean of 4 replicates. Controls were in the absence of 

added CaCI2 and in the presence of EGTA.
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Figure 24 Adenylate cyclase response to changing

EGTA concentrations
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Particulate preparations of duodena l biopsies were assayed for NaF 

stimulated (■) and basal flu) adenyla te  cyclase activ ity (pmol cAMP 

m in '1 mg p ro te in '1) in the  a b se n ce  o f a d d e d  C aC I2 and in the 

presence of EGTA at the con ce n tra tio ns  ind ica ted . Data are the 

mean±SEM from  th ree  e xpe rim en ts  (i.e  3 pa tien ts ) each  w ith  4 

replicates.



2.4.4 The effects of exogenous ca lm o du lin  on a d e n y la te  cyclase 

activity

The removal of calmodulin by washing membranes with EGTA buffers 

and the subsequent stimulation of adenylate cyclase activity by adding 

calm odulin back to the assay system has been dem onstrated for a 

number of tissues. No stimulation could be demonstrated in the results 

from similar experiments using human duodena l biopsy particu la te  

preparations. The addition of calmodulin failed to stimulate adenylate 

cyclase activity in the presence of various com binations of free C a2+, 

calm odulin and EGTA, Table 7 . None of the assay conditions shown 

resulted in a significant stimulation of adenyla te  cyclase activity over 

controls in the presence or absence of lOmM NaF. The small increases 

in activity apparent in some of the C a2+/ca lm odu lin  treatments may 

be a ttr ib u te d  to  the C a 2+ bu ffe ring  c a p a c ity  of the ca lm odu lin , 

removing some of the inhibiting C a2+ from the system. This e ffect has 

been interpreted as calmodulin stimulation by other authors eg Pinkus 

et al. (1983) in guinea-pig enterocytes and Panchenko et al. (1984) in 

rabbit heart plasma membranes. At no point did the data indicate any 

significant increase in activity in any of the treatments compared to no 

added Ca2+ or calmodulin.

It was possible that the above assay conditions were missing the critical 

Ca2+ concentration to de tec t stimulation of enzyme activity. Also the 

concen tra tion  of EGTA (2.5mM) used in the assay may have been 

interfering with calmodulin- sensitive adenylate cyclase activity (Figure 

23). Therefore a concentration response to C a2+ in the presence and 

absence of 8.5ng/ml exogenously added calmodulin was conducted 

with an EGTA concentration of 0.3mM (Figure 25).



Again these data  failed to dem onstrate any significant stimulation of 

adenylate cyclase activity by calmodulin,



Ta
bl

e 
7 

Th
e 

ef
fe

ct
 

of 
ex

og
en

ou
sl

y 
ad

de
d 

ca
lm

od
ul

in
 

on
 

ad
en

yl
at

e 
cy

cl
as

e 
ac

ti
vi

ty

V *o-  ©
Z-.E  -g
> B -5

•+ -* O  C  O u t  © Q. ’ 0 )

© 5* UL«  E «  
CO Z— • T“o «
O  |

- 2  a .  
co < 5

> * <
© «
<  °  sEQ-

■o
©•w03
3
O

COo

+CM
co
O
©©

©
OCL

<
h- 2  
O  c LU c

3*a
o
E
©
o .

xj +
2  ^  2  © 
2  o

=L

o
oo00
a>

CO CM CVJ <3 N CO 00 ■'t
o o o o
N  W O Oh*. cm in co
oCM CO o  CVJ

© vf lO N  CVj W O O r -
o  o  o  o  o
C^lO ^CVJ 00 If) if)CO cv] O  O  CO

CO CVJ CVJ CVJ
1̂. CO in LO
N  N CO CD i

in  iq  in  in  iq  
cvi cvi cvi cvi cvi

in « n

o  o  o  o  o

CO CO CO CO

o o  i n  TT- 
CVj -M; in
o d d
00
(J> CO h-* 
t j -  o o  v j-

CO 00 •M- o q o
o  o  o
CvT ^  
^  R  •cd cd ̂

00 oo

CO CO I

in  in  in
cvi cvi cvi

CO
T—

CO o  o

o  o o

o  o
CO 00
d  d  o

CVJ co cvi 
T -  cvj h -

d^d^d^
M* o  co h- o) r>.

d  od

co co m  o q o
o o o
CO 00 ̂  
CO 00 CO
1— T— Cvi

CO CO
cq CO 
CD cd

o  o  o

COr-cd o  o

o  o  

d  d  o

©c
o

© sz
o

© £
—  ©
© © x
CL C . y j  
©  ©
OL JO

« i c
c  E©v-
X*
E
©

c q

cd

©  ©
©  ©  
S O
© crc ^  
O  tJ*

© ™ V_■4—» r *
c  o  ©

C  <35
O  (/) o O'

c
©  o

2  to3 © O ©
"C C © —

TO 
_ ©

*c
•*-> © s  © T3
O
©
©©j©
O>»o

-O
o

JC
©
E
©

■O ©
■O 
c  ©
Q l
© a.3  +  cvi
© qL r>
£ < 3 2
=  © *© © *

11
H = U ~ - t f  W  
_  . ©  ©  
U  T 3e y e ©  
© 2 ©  .2 

< r  g  E c l
S  2  to © 
O  c  £t | |  »A. TX

-  £  © -Q
>> T3©>>

^  <  $  h- 
E o

QJ

P  M— 
. E  o  c
’© <2 cc o 
o  - .e  o ©

o

E s
© © -+-• O) c  o ©
a .  |

O ) ©  
C  CL

X) © © w ©
T 3 ©  

2  © 
2  03 
3 £
E ©•43 © 
© © 
Li- O
« s

T3 c
5 ©© -Q

_  o
© _3 
© T3 ©

CQ o

©if*.M—
3
X)
XLU

c©oc
oo

X  ©
©■f-*© v_©
CL

O ) ©
~ w

■Oc

*Dc©

C W
©  CO sz o
U)c ©■ —• -4—«
©
3

CO 0  
J Z

0

X)
©
©

3
©
©

©
SZ

© ©^  > 
©  ©  
S  CD

3  
O
©<J ©

©



Figure 25 Adenylate cyclase concentration response to Ca2+ in

the presence of exogenously added calmodulin

NaF stimulated and basal adenylate cyclase activity was assayed 

in particulate preparations of duodenal biopsies. Membranes were 

washed 3 times in MEH buffer conta in ing 5mM EGTA and finally 

resuspended in MEH con ta in ing  Im M  EGTA. A ctiv ity  was in the 

presence of 0.3mM EGTA, 8 .5ng/m l ca lm odu lin  and CaCI2 a t 

concentrations which gave ca lcu la ted  free C a2+ concentration 

as indicated on the abscissa. Each line represents the mean+SEM 

of 3 determinations (i.e. 3 patients) in duplicate. Zero Ca2+ levels 

were in the absence of a d d e d  CaCI2 and in the presence of 

EGTA.
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2,4.5 Verification of assay techn iques using particu la te  m em brane 

preparations of rat cerebral cortex

The possibility existed th a t the  assay m ethods were in some w ay 

incapab le  of de tec ting  ca lm odu lin  dependent adenylate cyclase 

activity, Adenylate cyclase activity was therefore measured In a tissue 

w e ll re co g n ize d  to  h a v e  a h ig h ly  a c t iv e  ca lm o d u lin -s e n s itiv e  

c o m p o n e n t i.e . ra t c e re b ra l c o rte x  (S ha ttuck  e t a l, 1987). The 

p repara tion  and cond itions of assay for rat cerebra l cortex were 

co n d u c te d  in exactly  the same way as th a t for human d u o d e n a l 

biopsies. This tissue clearly demonstrated the following characteristics;

a) a biphasic response to C a2+ (activation followed by inhibition) with 

a maximum requirement for free Ca2+ of 1-1 O^M (Figure 26A, B and C);

b) the calmodulin content of the preparation was reduced by 25% by 

the EGTA washing p roce d u re  em ployed  and this was su ffic ien t to  

prevent Ca2+ activa tion  of adeny la te  cyclase (Figure 26D); c) the 

a d d it io n  of lO ^ g /m l c a lm o d u lin  to  EGTA w ashed p a r t ic u la te  

preparations stimulated adeny la te  cyclase activity by 30-60% in the 

presence and absence of 5mM NaF (Figure 26A and B). Ail these 

characteristics are ev ide n t irrespective of the EGTA co ncen tra tion  

used but high EGTA concentra tions (i.e. Im M  and 2.5mM) inhib ited 

stimulated enzyme activ ity. These findings are fully com patib le  with 

w ha t is known for b ra in  ca lm odu lin -sens itive  a d e n y la te  cyc la se  

(Shattuck et al. 1987; Boyajian et al. 1991). Verification of the assay 

methods used was thus established.
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Figure 26 Calmodulin activation of rat cerebral cortex

adenylate cyclase activity

A d e n y la te  c y c la s e  a c t iv i ty  was assayed in a p a r t ic u la te  

p re p a ra tio n  o f 2 ra t c e re b ra l c o rtic e s  u n d e r th e  fo llo w in g  

co n d itio n s :- A. lO ^g /m l c a lm o d u lin  + 5mM NaF, B. 10 fig /m l 

calmodulin, C. 5mM NaF and D. No addition. CaCI2 was added at 

concentrations which gave ca lcu la ted free Ca2+ concentrations 

as indicated on the abscissa. 0.3mM, ImM and 2.5mM EGTA were 

used to control free Ca2+ concentration. Each point represents the 

mean of duplicate determinations.
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2.4.6 The e ffec tiveness o f EGTA to  rem ove  ca lm odu lin  from p a rtic u la te

membrane preparations

The calmodulin content of the EGTA washed particulate preparations 

were com pared  with tha t of preparations washed in the absence of 

EGTA to assess the effectiveness of the EGTA washing p rocedure  at 

rem oving ca lm odu lin . C alm odulin  was assayed a cco rd in g  to  the 

method described in section 2.3.4.

In the brain tissue there was a 25% (7.49 ng/m g protein to 5.61fxg/mg 

protein) reduction in calm odulin after washing with EGTA contain ing 

buffer. The calmodulin content of the biopsy membrane preparations 

was 3 .89+1.50 ^g  c a im o d u lin /m g  p ro te in  fo r EGTA w a sh e d  

membranes com pared with 3.59+1.17 ^g calm odulin/m g protein for 

washed m em branes in which EGTA was om itted  from the buffers. 

Results are the mean±SEM of 3 different membrane preparations. The 

ca lm o du lin  c o n te n t of the p a rticu la te  p repa ra tion  from hum an 

duodenal biopsies was therefore the same irrespective of whether the 

p rep a ra tio n  had been  washed in EGTA co n ta in ing  buffe r or not. 

Furthermore, the calm odulin content was approximately 50% lower in 

the duodenal preparation com pared to that of the brain tissue.

2.4.7 The e ffec ts  of ca lm odu lin  antagonists on adenv la te  cyc lase  

activity

The concentration dependent effects of trifluoperazine (TFP) and IODO 

8 were examined to establish at what concentration these calmodulin 

antagonists exerted an influence on adenyla te  cyclase activ ity  and 

further to com pare  the effects of the relatively nonspecific TFP with 

that of the more specific IODO 8 (MacNeil et al. 1988). By analysis of 

variance TFP (Figure 27A ) and IODO 8 (Figure 27B) did not significantly 

inhibit basal and NaF stim ulated adenyla te  cyclase activ ity  up to a



concentration of 100|xM, The IC ^  for TFP of NaF stimulated adenyiate 

cyclase activity was 225jjiM and for basal activity was 125m-M. However, 

co rre sp o n d in g  1C60 va lues for IODO 8 were 450^M and 175ptM 

ind ica ting  th a t the NaF stim ulated adeny la te  cyclase a c tiv ity  was 

inhibited less potently than basal activity, This also shows that IODO 8 is 

less potent than TFP at directly Inhibiting adenylate cyclase activity.

The inhibition of basal activity as well as stimulated adenylate cyclase 

activity at concentrations of this m agnitude represent the nonspecific 

effects of these calmodulin antagonists (Minocherhomjee et ai. 1988).



Figure 27 Adenylate cyclase response to changing TFP and

IODO 8 concentrations

Biopsy particu late preparations were assayed for NaF stimulated 

a n d  basa l a d e n y la te  c y c la s e  a c t iv ity  in th e  p re s e n c e  of 

background C a2+ and the TFP (A) and IODO 8 (B) concentrations 

in d ic a te d . No a tte m p t was m a de  to  rem ove  e n d o g e n o u s  

ca lm o d u lin  from  these p rep a ra tio n s . TFP a nd  IODO 8 w ere 

dissolved in DMSO and diluted to the appropria te  concentra tion 

with adenylate cyclase assay buffer (see section 2.3.3) Data are 

the mean±SEM for 3 separate patients with 4 replicates for each 

calmodulin antagonist concentration.
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2 .5 P lS £ U S S m

A number of investigators have demonstrated that Ca2+ inhibits the 

activity of adenylate cyclase at concentrations greater than \̂xN\ while 

a t subm icrom olar C a2+ concen tra tions  a c tiva tio n  of the enzyme 

occurs (Brostrom et al. 1977, 1982; Bradham and Cheung 1980; Potter 

e t al. 1980; Cheung and Storm 1982; Laso et al 1984; MacNeil et al, 

1985; Resink et at. 1986; Boyajian et al. 1991). It is thought tha t this 

activation of adenylate cyclase is m ediated by calmodulin but the 

inhibition of the enzyme by C a2+ is ca lm odulin  independen t and 

occurs though specific inhibitory site on the catalytic unit (Hanski et al. 

1977; Lasker et ai. 1982; MacNeil et al. 1985; Oldham et al. 1984, 1986; 

Boyajian et a!. 1991).

The d a ta  presented in section 2.4 suggests tha t human duodena l 

adenyla te  cyciase activ ity  is a ffec ted  by very small changes in free 

Ca2+ concentration but unlike the intestinal adenyiate cyclase from rat 

(Amiranoff et al. 1983) guinea pig (Pinkus et al. 1983) and rabbit (Lazo 

et al. 1984) it was not calmodulin-sensitive. Evidence to support this 

statement comes from a number of the findings.

Firstly, it was not possible to de tect any consistent Ca2+ stimulation of 

adeny la te  cyclase ac tiv ity  of a m agn itude  previously reported  in 

other systems (Bradham and Cheung 1980; Amiranoff et al. 1983; Lazo 

et al. 1984; MacNeil et al. 1985). The detection  of Ca2+ stimulation of 

adenylate cyclase is notoriously difficult because it occurs over a very 

low  an d  narrow  C a 2+ c o n c e n tra t io n  ra ng e . There fore , c a re fu l 

manipulation of free ion concentrations by EGTA buffers is necessary 

(Dinjus et al. 1984; Segal 1986).



The in h ib itio n  o f a d e n y la te  cyc la se  a c t iv ity  by EGTA im p lies  a 

requirement of the enzyme for Ca2+. This effect was only apparent on 

the NaF stimulated adenylate cyclase activity which initially suggests 

th a t C a2+/c a lm o d u lin  m ay be im p o rta n t in the  regu la tion  of the 

s tim u la te d  enzym e. Furtherm ore  flu o rid e  ions, w h ich  s tim u la te  

adenylate cyclase activity by direct activation of G proteins, may also 

help to  distinguish the tw o  forms of a de n y la te  cyc lase . In vitro  the 

calmodulin-sensitive form of the enzyme is more responsive to fiuoride 

stimulation than is the insensitive form (M acDonald 1975; Brostrom et 

ai. 1977). However, the effects of EGTA could not be reversed by Ca2+ 

(see section 2.6.3). This is an ind ica tion  th a t the che la to r m ay have 

been inhibiting the enzyme d irectly  and not in a w ay m ed ia ted  by 

C a 2+ che la tio n  and ca lm odu lin  inac tiva tio n  (Shattuck et al. 1987; 

Minocherhomjee et al. 1988).

Secondly, it was not possible to stimulate adenylate cyclase activity, in 

EGTA washed p a rticu la te  p repara tions, with exogenously a d d e d  

calmodulin. This may be explained by the inadequate removal of the 

endogenous  m em brane  bound  ca lm odu lin  by EGTA co n ta in in g  

buffers. Indeed, the calmodulin content of the particulate preparations 

from duodena l biopsies was not significantly reduced  by the EGTA 

washing procedure. However, the levels of ca lm odu lin  in the assay 

system were co m p a ra b le  to  those of o ther workers using an im al 

intestinal membranes and some have shown calmodulin dependence 

in the presence of endogenous calm odulin a t concentrations similar 

to those in the present assay system (Amiranoff et al. 1983).

The e ffective  removal of calm odulin from different tissues has been 

reported to vary considerably (Shattuck et al. 1987; M inocherhomjee 

et al. 1988; MacNeil et al. 1985). The data suggest there may also be
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species differences between the same tissue, an observation that has 

been noted for other tissues e,g, heart sarcoplasmic reticulum (Cros et 

al. 1984) kidney (Sulimovici et al, 1984) and pancreatic islets (Thams et 

al. 1982).

Alternatively the discrepancy in the data between the animal studies 

and the current results may be because there are differences in the 

calmodulin regulation of adenylate cyclase activity along the length 

of the gut. In the anim al studies cells were Isolated from a length of 

small intestine whereas in this work tissue was co llec ted  from a more 

specific region of the gut (i.e. the duodenum).

Recent ev idence  on the distribution of ca lm odu lin  in en terocytes 

indicated that, in the human duodenum, calmodulin was confined to 

the soluble fractions and to the brush border membrane fractions; no 

calmodulin was de tec ted  in the basolateral membrane fraction (Stoll 

et al. 1987). This provides indirect support for the current findings in that 

the distribution of human duodenal adenylate cyclase (a basolateral 

m em brane  enzym e) is no t c o in c id e n ta l w ith  the  d is tr ib u tio n  of 

m em brane bound hum an duodena l ca lm odulin. Interestingly, the 

d is tribu tion  o f c a lm o d u lin  in the  m em branes of ra t e n te ro cy te s  

appears to be different from that of human enterocytes, Charpin et al. 

(1986) reported tha t in rat duodenal basolateral membrane fractions 

caimoduiin could be detected.

It is conceivable tha t both brush border membranes and basolateral 

m embranes were present in the assay and tha t the tigh tly  bound 

brush border m em brane calmodulin becam e available to influence 

the baso la te ra l m e m b ra ne  a d e n y la te  cyc lase . This is a d is tinc t 

possibility because the microvillus core responds dramatically to Ca2+ -



it self destructs - a process called core solation (Powell and Fan 1984). 

This process happens because of the Ca2+ dependent severing action 

of the core protein viilin on actin filaments within the microvilli of the 

bush border (Mooseker et al. 1984).

However, if this were so, and a fully calmodulin stimulated adenylate 

cyclase system was being measured, it should have been possible to 

b lo c k  the  c a lm o d u lin  e ffe c t w ith  a c a lm o d u lin  a n ta g o n is t, a t 

concentrations specific for calmodulin, and this was not the case. The 

IC50 for TFP and IODO 8 were well in excess of those reported for other 

calm odulin d e p e nden t enzymes (6-50riM and 3-10[aM respectively) 

(MacNeil et al. 1988; Roufogalis 1985; van Os and Ghijsen 1983).

In com bination these d a ta  ind icate that there is not a ca lm odulin- 

sensitive form of adenyiate cyclase in the human duodenal mucosa.

Further discussion on the effects of calm odulin antagonist is given in 

the results of experiments on cells isolated from duodenal biopsies in 

section 3.5.



2.6 RESULTS

2.6.1 The effects of EGTA on the inhibition of adenylate cyclase activity 

bv Co2*

The use of the Ca2+ chela ting agent, EGTA, is an established m ethod 

for the in vitro control of free C a2+ concentrations in enzyme assay 

systems (Cros et al. 1984; Dlnjus et al. 1984; Miller and Smith 1984; Segal 

1986; Harrison et al. 1989). It is also used to dep le te  m em brane 

preparations of Ca2+ a n d /o r calm odulin (LeDonne and Coffee 1980; 

Gienney et al. 1980, 1985; Pinkus et al. 1983; MacNeil et ai. 1985). The 

co n ce n tra tio n  a t w h ich  EGTA Is used varies cons ide rab ly  from  

m icrom olar (Sedlm eier and  D ieberg  1983; A m iranoff e t al. 1983; 

O ldham  et al. 1984, 1986; Sulakhe and Hoehn 1984; Sulakhe 1985) 

through to millimolar concentrations (Resink et al. 1986; Segal 1986; 

Dorflinger et al. 1984; Long et al. 1986; Piascik et al. 1983).

The inhibition of adenylate cyclase activ ity by EGTA, in brain tissue, is 

an indication the enzyme has a calmodulin sensitive com ponent and 

thus a requirement for C a2+. The e ffective  EGTA concentra tion  tha t 

inhibits adenylate cyclase activity is subject to variability depending on 

the source of the tissue under study (MacDonald 1975; Brostrom et al. 

1977; Sedlmeier 1983; Sulimovici et al. 1984; Thamset al. 1984; Oldham 

et al. 1984, 1986; Cros et al. 1984; Segal 1986), The d irect e ffects of 

EGTA have also been described  (M onneron and d 'A la ye r 1980; 

Simonin et ai. 1980; Sulakhe and Hoehn 1984; Sulakhe 1985).

In the course of the Ca2+ studies just described, in section 2.4, it was 

observed that there app e a re d  to  be a shift in the concentra tion  of 

free Ca2+, that inhibited adeny la te  cyclase activity, depend ing  on 

the  co n tro llin g  EGTA c o n c e n tra t io n  used. Furtherm ore, EGTA



inh ib ited NaF s tim u la ted  enzyme a c tiv ity  but s tim u la ted  basai 

activ ity. In the next series of experim ents the e ffec ts  o f EGTA were 

examined more closely.

The C a2+ co n ce n tra tio n  response of adeny la te  cyc lase  a c tiv ity  in 

biopsy particulate membranes was repeated with different controlling 

levels of EGTA. The C a2+ concentration a t which adenyla te  cyclase 

activ ity  was inh ib ited  by 50% (iC 60) was d ed u ce d  from the curves 

obtained (Table 8)

The results show th a t the free C a 2+ co n ce n tra tio n , th a t inh ib ited  

adenylate cyclase activity, decreased as the EGTA concentration was 

increased, i.e. EGTA shifts the a deny la te  cyclase co n ce n tra tio n  

response to free C a2+ to the ieft. This effect was observed in both 

basal and NaF stimulated adenylate cyclase activity. Furthermore this 

shift was not a p p a re n t in membranes prepared from rat cerebral 

cortex ind icating th a t the lowest EGTA concentra tion  (0.3mM) used 

was adequate to buffer Ca2+. It.Is also noteworthy tha t the C a2+ IC ^  

for the brain tissue is a t least an order of m agnitude greater than the 

duodena l tissue, in d u o d e n a l m em branes the sam e p a tte rn  of 

response was seen irrespective of whether they had been previously 

washed in EGTA or not.
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Table 8 The effect of EGTA on the Inhibition of adenylate cyclase

activity by Ca2+

[EGTA] IC50 for 
basal activ ity  

\xM
IC50 for NaF  

stim u la ted  ac tiv ity  
jj.M

mM

0.0
0.3
1.0
2.5

51.32±15.77(n.d) 62.82±3.76 (n.d)
42.19±1 0.59(231) 31.05+0.57(223)

1.50±0.14(237) 2.99±0.70(275)
0.19±0.057(147) 0.19±0.04(257)

n.d = not determined

Basal and NaF stimulated adenylate cyclase activity was assayed in 

p a r t ic u la te  m e m b ra n e s  from  d u o d e n a l b iopsies. Three C a 2+ 

concentration response curves were conducted  at each of the EGTA 

concentrations shown. For each curve the IC ^  was determ ined and 

the mean+SEM IC ^  is shown. For comparison the values in parenthesis 

are  e q u iv a le n t d a ta  from  th e  ra t c e re b ra l c o rte x  p a r t ic u la te  

preparation and were derived from the curves in Figure 26 .



2.6.2 The C a 2+ b in d in g  c a p a c ity  o f the  p a r t ic u la te  m e m b ra ne  

preparation

A possible explanation for the left shift effect, just described, is that the 

m embrane preparation has a high intrinsic Ca2+ binding capac ity ; a 

possibility which m ight be expected  of a tissue tha t has a significant 

physiological role in the uptake of Ca2+ from the gut lumen. However, 

experiments using the fluorescent indicator Fura-2 suggest this was not 

the case, Duodenal biopsy membranes (1,6mg/ml) added to MH tissue 

buffer containing Fura-2, (in which the contaminating Ca2+ concentra­

tion was approx im ate ly  IfiM ) caused a shift in the peak exc ita tion  

spectra to the right (i.e longer wavelength, mean 332.67nm±0.81 SD, 

n=6) e q u iv a le n t to  a fre e  C a 2+ c o n c e n tra t io n  o f 0 ,7 m<M, EGTA 

(0.3m M ,l .OmM or 2.5mM), on the other hand, caused a shift in the 

peak excita tion spectra equ iva len t to a reduction  in the free C a2+ 

concentration to 0.003^iM (excitation peak = 344nm, n=3). Therefore, 

the  C a 2+ b in d in g  c a p a c ity  o f the  m em b ra ne s  was n e g lig ib le  

com pared to that of EGTA.

2.6.3 The effect of EGTA on adenylate cvclase activity in the presence 

and absence of a constant concentration in free Ca2+

To in v e s tig a te  fu r th e r  th e  e f fe c t  o f EGTA, th e  c o n c e n tra t io n  

d ep endence  of adenyla te  cyclase activ ity  to EGTA in the absence 

and presence of a constant amount of free Ca2+ (ljiM ) was measured 

under basal and various stimulating conditions (Figure 28A-C). Forskolin 

(50[xM), NaF (lOmM) and GMP-PNP (ly,M) stimulated enzyme activity 

approximately 7, 8 and 12 fold above basal respectively without EGTA 

and /or Ca2+. Figure 28 shows Ca2+ did not reverse the effects of EGTA 

and therefore the inhibitory e ffects of EGTA were not m ed ia ted  by 

C a2+/ca lm odu lin . Furthermore, in the presence of l^iM free C a2+



adenyla te  cyclase a c tiv ity  was inhibited by EGTA irrespective of 

which com ponent of the adenylate cyclase system was stimulated

i.e. forskolin stim ulated c a ta ly tic  unit or NaF stim uiated G proteins. 

Further the EGTA co n ce n tra tio n  response d a ta  represents a cross 

section through the C a2+ concen tra tion  response at Ca2+ and 

the re fo re  ind ica tes th a t th e  le ft shift was ev iden t irrespective of 

stimulus.

In the  a b se n ce  o f a c o n s ta n t le ve l o f fre e  C a 2+, the  d if fe re n t 

com ponents of the adenyla te  cyclase system no longer, exhibit the 

same pattern of response. Basal adenylate cyclase activity was 

initially stimulated; thereafter, there was no further effect (Figure 28A), 

The concentration response of forskolin stimuiated adenylate cyclase 

a c tiv ity  showed a sim ilar bu t e n h a n ce d  p a tte rn  to th a t of basal 

adenylate cyclase activ ity  (Figure 28B). However, the NaF stimulated 

response showed the same pattern to that of the EGTA concentration 

response with l^M  Ca2+, only less marked (Figure 28C). These data 

may indicate that the effects of Ca2+/EGTA were mediated through 

the ca ta lytic  com ponent but tha t EGTA exerts an effect directly on 

the NaF activated G protein that was independent of Ca2+.

The experiment was repea ted  using GMP-PNP, an alternative to NaF 

for stimulating G protein m edia ted  adenylate cyclase activity. The 

results showed tha t the pattern of response was similar to that of 

basal and forskolin stimulated activity (Figure 29).

This result demonstrates tha t the EGTA stimulation effect observed for 

basal, forskolin and GMP-PNP stimulated adenylate cyclase activity was 

reversed by NaF and tha t the NaF stimulated enzyme's response to 

EGTA m im ics th a t o f th e  EGTA e f fe c t  in th e  p rese nce  o f C a 2+.



Figure 28 Adenylate cyclase response to changing EGTA

concentrations in the presence and absence of lpiM free Ca2+

A deny la te  cyc lase  a c tiv ity  (pm o l cAMP min*1 m g p ro te in *1) 

concentration response to EGTA In the presence of no added 

CaCI2 (p  and ljxM free Ca2+ (H). Basal (A), 50jaM forskolin (B) and 

lOmM NaF (C) s tim u la ted  a c tiv itie s  are shown in p a rticu la te  

m em branes from  hum an d u o d e n a l biopsies. D ata  are the 

mean+SEM of a t least 3 se pa ra te  m em brane prepara tions, 

assayed in triplicate.

* indicates significance at the 95% level compared to no EGTA 

** indicates significance at the 99% level compared to no EGTA 

+ ind ica tes s ign ificance a t the 95% level co m pa re d  to 0,3mM 

EGTA
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Figure 29 GMP-PNP stimulated adenylate cyclase activity

concentration response to EGTA
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GMP-PNP (l{ iM ) stim ulated adenyla te  cyclase activ ity  (pmol cAMP 

min*1 mg protein'1) concentration response to EGTA in the presence of 

no added CaCI2 Q  and I jaM free C a2+ M in particulate membranes 

from hum an d u o d e n a l b iopsies. D ata  are the  m ean + SEM of 3 

separate membrane preparations, assayed in triplicate.

* indicates significance at the 95% level com pared to no EGTA 

+ indicates significance at the 95% level com pared to 0.3mM EGTA



2.7 DISCUSSION

In previous studies on Intestinal membranes, calmodulin sensitivity of 

a d e n y la te  cyc la se  has been  d e m o n s tra ted  in the p resence  of 

micromolar concentrations of EGTA (Amiranoff et al. 1983; Pinkus et al. 

1983; Lazo et al. 1984). Brostrom et al. (1977) found that for particulate 

membrane preparations of rat cerebral cortex the presence of EGTA 

in the assay was essential for the distinction betw een calm odulin- 

sensitive and ca lm odu lin -insens itive  forms of a d e n y la te  cyc lase . 

However, the d ire c t e ffects of EGTA have also been described 

(Monneron and d 'A layer 1980; Simonin et al. 1980; Sulakhe and Hoehn 

1984; Sulakhe 1985).

The sensitivity of ad e n y la te  cyclase a c tiv ity  to inh ib iting free C a 2+ 

co n ce n tra tio n s , in p a rt ic u la te  m em branes of hum an d u o d e n a l 

biopsies, was increased by the presence of EGTA in the assay medium. 

Potter et al.(1980) observed a simiiar effect and recommended the use 

of high con tro lling  EGTA concen tra tions  (2mM) suggesting th a t it 

would elim inate com petition betw een C a2+ and other endogenous 

d iva len t ca tions  (e .g . Mn2+). The le ft shift e ffe c t has also been 

reported for brain, liver and heart membranes (Potter et al. 1980; Cros 

e t a l. 1984; S u lakhe  a n d  H oehn 1984; Su lakhe 1985). O th e r 

investigators propose this reflects the varying ability of d iffe rent 

m embrane preparations to buffer C a2+. In particu lar these da ta  

support the conclusions of Segal (1986) th a t in systems w ith high 

affinity for Ca2+ estimation and preparation of low available free Ca2+ 

concentrations (< l^iM) should accoun t for both the EGTA and the 

m e m b ra n e  c a p a c it ie s  fo r C a 2+, H ow ever, results from  the  

experiments using Fura-2 suggest the biopsy particu la te  m em brane 

preparation can not com pete with EGTA for Ca2\



Other possible explanations include:- a) the Ca2+-EGTA com plex may 

be a more active species than Ca2+ itself; b) other ions present m ight 

a n ta g o n ise  the  C a 2+ e f fe c t  b u t be rem o ve d  by EGTA a n d  c) 

co n ta m in a tin g  m ito cho n d ia  in the  m em brane p rep a ra tio n  m ay 

sequester Ca2+ which may be inhibited by EGTA (Randle et al. 1974).

The left shift e ffe c t is conce ivab ly  a genera l characte ris tic  of using 

ch e la tin g  agen ts  because  there  are exam ples in o ther enzym e 

systems and with other chelating agents, e.g. in the absence of EGTA 

much higher concentrations of Ca2+ are necessary for full activation of 

pig heart pyruvate dehydrogenase phosphate phosphatase (Randle et 

al. 1974) and the e ffect may also be observed using the Al3+ chelator, 

n itrilo triace ta te , to  con tro l A l3+ concentra tions when studying the 

effects of Al3+ on tranducin (Miller et al. 1989; Chabre 1990).

EGTA, in the absence of a controlled amount of free Ca2+, stimulated 

adenylate cyclase activity. This stimulation was consistent under basal, 

forskolin and GMP-PNP enzyme a c tiva tio n . The likely m echanism  

underlying the stimulatory e ffect of EGTA on enzyme activity m ay be 

the che la tion  of co n ta m in a tin g  C a 2+ which was estim ated to  be 

a p p rox im a te ly  1 jaM using Fura-2. If there is only low  m ic rom o la r 

contam inating  levels of free C a2+ in the assay m edium why does it 

take 0.3 to Im M  EGTA to stimulate the enzyme? Low micromolar levels 

of EGTA had no detectable effect on adenylate cyclase activity in this 

system (d a ta  not shown). The work of Simonin et al. (1980) using 

p la sm a cy to m a  cells m ay p ro v id e  a possible e x p la n a tio n . They 

demonstrated tha t increasing concentrations of chelators ( e.g. EDTA 

or EGTA) successively removed C a2+ and Mg2+ linked to the plasma 

m e m b ra ne  le a d in g  to  success ive  a c t iv a t io n  a n d  in h ib it io n  of



adenylate cyclase activity. Therefore, EGTA may have been removing 

membrane bound Ca2+ as well as contam inating free Ca2+ from the 

medium and it was the removal of the m em brane bound Ca2+ that 

was stimulatory to adenylate cyclase activ ity . It Is also possible that 

EGTA may have been chelating another contam inating ion which was 

inhibitory to enzyme activ ity (e.g. Mn2+) (Sulakhe 1985; Perez-Reyes 

and Cooper 1987). The removal of m em brane bound Ca2+ by EGTA 

has b e e n  su g g e s ted  to  in d u c e  s tru c tu ra l ch a n g e s  in p lasm a 

membranes (Wilffert et al 1989).

W hen a c o n s ta n t leve l o f free  C a 2+ is m a in ta in e d  in the EGTA 

concentration response assay, the enzyme was only inhibited by EGTA. 

This supports the idea that EGTA stimulation is because of chelation of 

con tam ina ting  C a2+. Ca2+ does not reverse the inhibitory effects of 

EGTA; this is an in d ica tio n  th a t the  c h e la to r  m ay have been 

inhibiting the enzyme directly and not in a way m ediated by C a2+ 

chelation and calmodulin inactivation (Tomiinson et al. 1984; MacNeil 

et al. 1985).

The Inh ib ition  by EGTA is in d e p e n d e n t of stimulus. Therefore it is 

conceivab le  tha t the mechanism involves interaction between EGTA 

and the c a ta ly t ic  unit of the enzym e. In te ra c tio n  of EGTA w ith a 

hydrophobic region of particulate adenylate cyclase from rat cerebral 

co rtex  has been previously dem onstra ted . However, it is unknown 

whether this hydrophobic region represents m em brane associated 

ca lm odulin  or the ca ta ly tic  unit (Sulakhe and Hoehn 1984; Sulakhe 

1985). The data  presented here suggests this region is on the cata lytic 

unit of the enzyme.

It is im po rtan t to a p p re c ia te  th a t inh ib ition of adeny la te  cyclase



a c t iv ity  by EGTA, th o u g h t to  be  a s s o c ia te d  w ith  c a lm o d u lin  

inactivation, occurs a t low m icrom olar concentra tions of EGTA not 

millimolar levels as in the present study.

A possible e xp la n a tio n  for the lack of stim ulation by EGTA, when 

adenyla te  cyc lase  ac tiv ity  was stim ulated with NaF, com es from a 

recent article by Chabre (1990). The mechanism for NaF activation is 

assumed to be through complexation of F' with contam inating traces 

of Al4+ (A1F4"). This com plex acts as an analogue of phosphate which 

binds to  tigh tly  bound  GDP on the G prote in and thus causes 

activa tion  of a de n y la te  cyclase tha t by structural and functional 

criterion is identical to that obtained by GTP or its analogues. However, 

F“ a t millimolar concentrations may mobilize m embrane Ca2+ pools 

through the form ation of CaFx complexes analogous to aluminium. It 

may be that, in the absence of F\ stimulation by EGTA occurs as the 

membranes are dep le ted  of bound Ca2+ and removed from the 

assay medium. In the presence of F' membranes may be depleted of 

Ca2+ but the formation of CaFx complexes reduces Ca2+ chelation from 

the surrounding medium by EGTA. Alternatively NaF may have been 

stimulating other G proteins linked to Ca2+ channels in the membranes 

so that NaF stimulated-adenylate cyclase response to EGTA mimicked 

that of Ca2+ (Habara et al. 1990; Sjolander et al. 1990).



CHAPTER 3

STUDIES ON ISOLATED EPITHELIAL CELLS FROM HUMAN DUODENAL 

BIOPSIES: STIMULATION BY VASOACTIVE INTESTINAL PEPTIDE (VIP) 

AND THE EFFECTS OF CALMODULIN ANTAGONISTS ON VIP STIMULATED

CYCLIC AMP PRODUCTION



3.1 INTRODUCTION 

In the previous section membranes from duodenal biopsies were used 

to study cAMP production. There are several disadvantages to  using 

such membrane preparations.

Firstly the biopsies con ta in  tissues not con fined  to  the m ucosa and 

include some membranes derived from constituent ceils of the iamina 

propria including those of neurological origin (Figure 1).

Secondly, the structural disorganization of cells and contam ination of 

the membrane preparation by organelles may have been interfering 

with the characteristics of adenylate cyclase activity and the possible 

detection of a calmodulin- sensitive form of the enzyme (Alberts et al. 

1983b).

Thirdly, calmodulin is known to bind VIP at nanomolar concentrations 

(it is unknown if this b ind ing  has any physio log ica l s ign ificance  for 

cellular processes); therefore receptor mediated stimulation of cAMP 

production in a membrane preparation known to contain calmodulin 

is likely to be less sensitive than that possible with intact isolated cells 

(Simon and Kather 1980d; Anderson and Malencik 1986).

Isolated intestinal epithelial cells have been used for many years in the 

study of many different aspects of gastrointestinal physiology (Kimmich 

1970b; lemhoff et al. 1970; Simon and Kather 1980d; Hyun and Kimmich 

1982; llundain et al. 1987; Sepulveda and Smith 1987; Verbost et 

al.1987; Vidal et al. 1988).- Methods of separation of the cells, from the 

tissues underly ing  the m ucosa, have  been d e ve lo p e d  invo lv ing  

m echan ica l dispersion, enzymes and chelating agents (Harrer et al. 

1964; Stern and Reilly 1965; Huang 1965; Stern 1966; Stern and Jensen 

1966; Harrison and Webster 1969; Kimmich 1970a; Weiser 1973; Watford



et al. 1979; Hegazy et al. 1983; Del Castillo 1987; Smith et al. 1990). In 

anim al studies isolated intestinal ep ithe lia l cells have been used to 

study cAMP production with great sensitivity (Laburthe et al. 1979; Lazo 

et al. 1984; Caemena et al. 1987; Vidal et ai. 1988; Smith et al. 1990).

The purpose of this study was to  Isolate ep ithe lia l cells from human 

duodenal biopsies using the chelating agent, ethylenediam inetetra- 

a c e tlc  ac id  (EDTA), to  assess the e ffe c t of VIP in stim ula ting cAMP 

production and to determ ine if ca lm odulin has an influence on this 

re c e p to r m e d ia te d  cAMP fo rm a tio n . In itia l studies in c lu d e d  the 

determ ination of optim al assay concentrations o f IBMX, time course 

studies and VIP concentration response using the methods described 

below. Details of individual experiments are given in the figure legends 

in section 3.4.



3.2 MATERIALS

All chem icals were of the highest ava ilab le  grade from the Sigma 

Chemical Company or BDH unless otherwise specified.

3.3 METHQD-S

Biopsies were co llected from patients attending endoscopy clinic as 

described in section 2.3.

3.3.1 Preparation of isolated epithelial ceils from duodenal biopsies 

A m odification of a cell isolation technique used in animal studies was 

d e v e lo p e d  (Stern 1966; Weiser 1973; Smith et ai. 1990). A lthough  

e n te rocy tes  iso la ted by the basic m e thod  of Weiser (1973) have 

functional VIP receptors and are capab le  of generating cAMP, in the 

absence of an exogenously a d d ed  ATP regenerating system, only 

lim ited success has been ach ieved in demonstrating their viability in 

o th e r  ways. For e x a m p le , it was n e ith e r poss ib le  to  b lo c k  

phosphod iesterase a c tiv ity  e ffe c tive ly  so th a t cAMP p ro d u c tio n  

approached linearity nor was it possible to show a high percentage of 

cells capable of excluding trypan blue.

Therefore, several modifications were m ade in an attem pt to improve 

cell viability based on these criterion. Biopsies were co llec ted  into a 

universal con ta in ing  0.9% saline and transported to the laboratory. 

They were transferred to 10ml citrate buffer (1.5mM KC1, 96mM NaCI, 

27mM Na citrate, 8mM KH2P04, 5.6mM Na2HP04, pH 7.3), prewarmed 

to  37°C and incuba ted  for 10 minutes in a shaking water bath. The 

citrate buffer was removed and the biopsies were resuspended in 10ml 

EDTA buffer (1.5mM EDTA (disodium salt), 0.5mM dithiothreitol, lOmM 

NaH2HP04, 154mM NaCI) a t 37°C for 30 minutes. The biopsies were



gently ag ita ted  at Intervals during this incubation. The ceil suspension 

was separated from the biopsy fragments and centrifuged (5 minutes, 

350g, 4°C). The pellet of cells was washed tw ice in HEPES- bicarbonate 

buffered Hanks balanced salt solution (Northern Media) (HBH) (1.26mM 

CaCI2, 5.36mM KCI, 0.44mM KH2P 04 0.81mM, MgS04, 137mM NaCI, 

4.17mM NaHC03, 0.34mM Na2HP04, lOmM Hepes, 3mM IBMX pH7.4) at 

4°C  a n d  gassed  w ith  5% C 0 2/95%  0 2 (v /v ) .  E n te ro cy te s  in 

bicarbonate buffer, gassed with 5% C 0 2/95% 0 2 (v/v) rather than 100% 

0 2 (v /v ) , h a ve  b e e n  shown to  ha ve  a h ighe r ra te  o f o x id a tiv e  

metabolism com pared with enterocytes in other media (Watford et al. 

1979; Pinkus et al. 1983). All buffers were supplem ented with 5.5mM 

glucose, 2mM glutam ine, 2mg/m l BSA and 1 m g/m l soybean trypsin 

inhibitor (Pinkus et al. 1983). Cells were resuspended in 3ml HBH.

3.3.2 Incubation of isolated epithelial cells with VIP

A IOOjaI of cells (approximately 1.5 x 106/ml) were preincubated in 3mi 

po lyp ropy lene  test tubes for 3 m inutes a t 37°C. The reaction  was 

initiated with the timed addition of 100|x! of synthetic porcine VIP. The 

VIP was dissolved in HBH including lOOjiM am astatin, an inhibitor of 

[des-His] VIP formation (Nau et al. 1987). The cells were incubated with 

VIP for 5 minutes a t 37°C. During the course of the reaction, cells were 

gassed c o n tin u a lly  w ith  5% C 0 2/95% 0 2 (v /v ). R eactions were 

term inated with 60% (25j.il) Ice cold trichloroacetic acid (TCA).

The TCA was rem oved by am ine/Freon extraction (Khym 1975) and 

cAMP was assayed in the extract by the prote in  b ind ing  assay of 

Gilman (1970) described below.

3.3.3 Amine/Freon extraction of cAMP

Acid-soluble nucleotides may be extracted from tissues with TCA, but



because TCA may interfere with the subsequent cAMP assay, it was 

rem oved from samples before analysis (Khym 1975). The procedure  

used in these studies involves neutralizing the acidified samples with a 

water-soluble amine, alamine, contained in a water-insoluble organic 

solvent, Freon. Amine/Freon (200^1), mixed a t a ratio of 1:4 (v/v), was 

added  to the VIP incubated cell suspensions. The tubes were ca pp ed  

and  m ixed gen tly  for 3 m inutes. The phases were se p a ra te d  by 

centrifugation for 5 minutes a t 350g. Three 50^1 samples of the surface 

aqueous phase were transferred to 3ml polypropylene test tubes from 

each sample for cAMP assay. This procedure did not interfere with the 

subsequent assay of cAMP (see section 3.3.4) (Figure 30).



Figure 30 Binding protein titration curve
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The % of bound [H3] cAMP in the presence of TOpmol cAMP/50nl was 

estimated using the cAMP assay system with varying concentrations of 

binding protein (see section 3.3.4). TCA- amine/Freon extracted cAMP 

was c o m p a re d  to  u n tre a te d  c o n tro ls . The a p p a re n t s lig h t 

improvement in protein binding as com pared with untreated controls 

represents the loss of cAMP ow ing  to  the e x tra c tio n  p ro ce d u re . 

Recovery of cAMP after amine/Freon extraction was approximately 70%



3.3.4 Assay of cAMP

The cAMP assay is based on the co m pe titio n  betw een un labe lled  

cAMP and a known, fixed am ount of [3H] cAMP for 3 ',5 '-cyc lic  AMP 

d e p e n de n t prote in kinase (b ind ing  p ro te in ). Measurement o f the 

bound isotope enables the am ount of unlabelied cAMP in the sample 

to be calculated (Gilman 1970).

Standards of cAMP (0-16pmol/tube) were suspended in the HBH cell 

suspension buffer, tre a te d  with TCA and am ine/Freon ex trac ted  in 

e x a c tly  the  sam e w ay  as sam ples. All assay p ro ce d u re s  w e re  

conducted  on ice a t 4°C. Assay buffer (80|il of 50mM Tris-HCl, 4mM 

EDTA a t pH7.5 a t 4°C ) a n d  50^1 o f [8- 3H] cAM P (5^1 o f 0 .74-

1.1 TBq/mmol in 10ml assay buffer gives approxim ate ly 25000 cpm ) 

(Amersham Inc.) was added to 50^1 of amine/Freon extracted samples 

and standards, The incubation was initiated by the addition of 20^1 of 

b ind ing  prote in dissolved in assay bu ffe r and 0.5% (w /v) BSA a t a 

concentration of 0.4-0,5mg/ml. Tubes were mixed well and incubated 

a t 4°C for at least 3 hours but no longer than 18 hours to equilibrate. At 

the end of the incubation a 100^1 of charcoal solution (200mg BSA and 

260mg a c tiva ted  c h a rco a l/ 100ml assay buffer) was add e d  to  the 

tubes, They were then mixed and centrifuged at lOOOg for 5 minutes. 

Care was taken so tha t the tubes were cen trifuged not less than 1 

m inute or more than 6 minutes a fter the add ition of charcoa l to  the 

last tube. The supernatant (200mJ) was removed from each sample and 

standard w ithout disturbing the cha rcoa l sediment and p laced  into 

20ml liqu id  sc in tilla tion  vials c o n ta in in g  10ml O p tiphase  X liq u id  

scintillation cocktail ( Pharmacia LKB).

Non-specific binding (NSB) tubes contained 50^1 [3H] cAMP, 150|xl assay 

buffe r but no b inding prote in. Total cpm  a d d e d  to each tube  was



measured in a 50^1 a liquo t of the [3H] cAMP solution in 150^1 assay 

b u ffe r  (no c h a rc o a l was a d d e d  to  these  tu b e s ). T r ip lic a te  

determinations of ail treatments were vortex mixed and then counted 

for 3 minutes in a Packard TRi-CARB 4000 beta counter.

Calculation of results

NSB cpm  were subtracted from the cpm  of samples and standards 

and the % bound calculated by:-

Sample for standard) com - NSB com xlOO 

total [3H]cAMP cpm 

The % bound was plotted against the concentration of the standards 

and the unknown samples extrapolated from the curve (Figure 31).



Figure 31 cAMP standard curve
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Each point is the m e a n t SEM of 5 consecutive  TCA-am ine/Freon 

extracted standards. The mean+SEM inter-assay coefficient of variation 

for% binding was 13.81%±1.1 for any one batch of protein kinase.



assay

DNA was assayed in the cell preparations by the m ethod of Kissane 

and Robins (1958). A sample of cell suspension (50jil) was evaporated 

to dryness in 2.5ml fla t bo ttom ed glass test tubes In a 60°C oven. A 

DNA standard curve using ca lf thymus DNA between 6.25 - 100|ig/ml 

was tre a te d  in the same way. 3 ' 5' d lam inobenzo lc  ac id  solution 

(DABA) (0.45g/m l distilled water) was decolourised by shaking with 

a c tiva te d  ch a rcoa l (150mg/m l DABA) for 3 hours and then filte red 

through a 0.2^tm Ministart filter (Sartorius). This reagent (0.1ml) was then 

added to each tube and incubated for a further 45 minutes at 60°C to 

hydrolyse the DNA. HCI (1.5ml of 1M) was a d d e d , m ixed well and 

tra n s fe rre d  to  1cm lig h t p a th  4m l f lu o r im e tr ic  c u v e tte s . The 

fluorescence was measured in a Kontron SFM 25 spectrofiuorim eter 

with an excitation wavelength of 401 nm and an emission wavelength 

of 518nm (Figure 32).

Assay variation

Intra-assay variation was established using a 1% (w/v) hom ogenate of 

6 biopsies from different patients assayed with 6 replicates. Six separate 

lots of 6 biopsies were assayed.

The mean coefficient of variation was 6,64%±1.55SEM.

3.3.6 Statistics

Results are expressed as m ean ±SEM, Where a p p ro p ria te ,th e  one 

fa c to r  A N O V A -re p e a te d  m easures tes t was used to te s t fo r 

significance. Probability values < 0.05 were taken as significant.
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Figure 32 DNA standard curve
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Each point is the mean of 6 routine consecutive DNA standards ±  SEM. 

The mean coefficient of variation between assays was 15.97%+! .35.



3.4 RESULTS

3.4.1 Duodenal epithelial cells from biopsies

Epithelial cells are usually harvested with buffers co n ta in e d  within 

intestinal sacs, so tha t the isolating buffer does not com e into con tact 

w ith  tissues no t o f m ucosal orig in . With the  Iso lation of cells from 

intestinal biopsies this is not possible and the cut surface of the biopsy is 

exposed to the isolating medium. Therefore there was the potential for 

contamination of the cell preparation with cells other than those of the 

epithelium. Surprisingly , this was not a problem and the majority of the 

cells were e p ith e lia l in orig in (Smith e t al. 1990). Biopsies have a 

tendency to curl up with the mucosal surface outermost and the cut 

surface inward, p rotected from the buffers. This may explain why cells 

of the lamina propria were not apparent in the cell preparations. Also 

the natural propensity of the epithelial cells to be shed from the villous 

may make these ceils more susceptible to isolation by Ca2+ chelation 

com pared to the cells of the lamina propria. The largest contam inant 

was erythrocytes. These cells are devoid of nuclei and have vestigial 

adenylate cyclase activity, therefore contam ination by these cells did 

not represent a problem for the study of cAMP production. Isolated 

cells are devo id  of neuronal elem ents and are therefore free from 

e n d o g e n o u s  VIP (L a b u rth e  a n d  D u p o n t 1982). A m ean o f 

1.95x106+0.93x106(SD) cells/ml was isolated from 6 duodenal biopsies 

and lx l0 6cells/ml was equivalent to approxim ately 30^g DNA (n=14). 

Greater than 80% of isolated cells excluded trypan blue for at least 2 hours; 

86%± 2.99 SEM immediately after isolation and 84%+4.69SEM 2 hours later 

(n=15). It did not make any difference to trypan blue exclusion if cells



were kept on ice (91.20%+ 4.03SEM) or at 37°C (91.50%+ 3.21 SEM) 

(n=H).

3.4.2 Time course studies

The concen tra tio n  of cAMP in a ce ll is depe n de n t on a t least four 

com ponents:- the rate of synthesis and hydrolysis, the rate of cAMP 

escape from the cell and the proportion of cAMP bound to cellu lar 

constituents (Barber and Butcher 1982). in the experiments described 

below (as with all the experiments in this work) the primary concern is in 

the regulation of cAMP synthesis. All the cAMP produced by a cell 

p repara tion  was assayed, whether intra or extracellu lar, bound or 

unbound, therefore, these two aspects of cAMP metabolism were not 

e x p lo re d . H ow ever, cAM P hydro lys is  by p h o s p h o d ie s te ra s e  

re p re s e n te d  a m a jo r p ro b le m  In th e  m e a su re m e n t o f cAM P 

accumulation.

In prelim inary investigations the tim e course for cAMP p rodu c tio n  

ind ica ted  inadequa te  phosphodiesterase inhibition with Im M  1BMX 

(Figure 33). Therefore, in order to obtain meaningful time course data, 

from cells in cuba ted  with VIP, an IBMX concentra tion  response was 

conducted to find the maximum IBMX concentration tolerable (Figure 

34). The results from this series of experiments ind icated that an IBMX 

c o n c e n tra t io n  as h igh  as 3mM m ay be n ece ssa ry  to  b lo c k  

phosphodiesterase activity.

Time course da ta  of cAMP production in the presence of 3mM IBMX, 

for epithelial cells isolated from duodenal biopsies, is given in Figure 35. 

VIP stimulated cAMP production was proportional to incubation time 

for the first 5 m inutes of incuba tion  and reached a p la teau  by 10 

m inu tes. The loss o f a c c u m u la te d  cAM P a s s o c ia te d  w ith

125



phosphodiesterase activity was no longer evident. A concentration of 

3mM IBMX improved the time course so tha t for the first 15 minutes of 

incuba tion  it a p p ro a ch e d  a pa tte rn  th a t m ight be expected  with 

uniform cAMP synthesis and first order elimination (Barber and Butcher 

1982). Alternatively the cAMP levels Induced by VIP, measured a t the 

p la teau (10-15 minutes), indicate tha t no more cAMP was produced 

and was tha t generated during the stimulatory period (1-10 minutes). 

By 20 m inutes in cu b a tio n  a loss of a c c u m u la te d  cAMP b e ca m e  

apparent.



Figure 33 Time course for cAMP accumulation with Im M  IBMX

in isolated epithelial cells

Unstimulated control

VIP stimulated (2x10A-8M)
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Epithelial cells isolated from duodenal biopsies were incubated for the 

various time points indicated on the abscissa with 2xlO*8M VIP. VIP was 

dissolved in HBH and for unstimulated controls, HBH alone was added 

to  in c u b a tio n s . Cells w e re  su sp e n d e d  a n d  w ash e d  in HBH 

supplemented with ImM IBMX. A time course typical for epithelial cells 

isolated from duodenal biopsies in which phosphodiesterase activity 

was insufficiently inhibited is shown. A loss of the cAMP accum ulated is 

evident after 6 minutes for VIP stimulated treatments.
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Figure 34 cAMP accumulation in isolated epithelial cells

in response to IBMX

Unstimulated control 
VIP stimulated 2x10A-8M
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Epithelial cells isolated from duodenal biopsies were preincubated for 

20 minutes with the concentrations of IBMX indicated on the abscissa and 

then incubated for a further 5 minutes with 2x10'8M VIP. VIP was dissolved 

in HBH and for unstim u la ted  con tro ls  HBH a lone  was a d d e d  to 

incubations. Data are the mean±SEM from 5 individual patients.



Figure 35 Time course of cAM P accum ulation  in iso lated

epithelial ceils with 3mM IBMX

n   Unstimulated control
VIP stimulated 2x10A-8M10 i

T
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Epithelial cells isolated from duodenal biopsies were incubated for the 

various time points indicated on the abscissa with 2xlO'8M VIP. VIP was 

dissolved in HBH and for unstimulated controls HBH alone was added 

to  in c u b a tio n s . Cells w ere  s u s p e n d e d  an d  w ashed  in HBH 

su p p lem e n ted  w ith 3mM IBMX. D a ta  are the mean+SEM from  5 

individual patients.



3.4.3 cAM P p roduc tio n  in response to  increasing co n cen tra tio n s  o f VIP

The response of duodenal epithelial cells to increasing concentrations 

o f VIP is show n in F igu re  36. M ean  b a sa l cAM P leve ls  w ere  

0.67nmo!/5 m in/m g DNA (+0.16SEM). The maximum cAMP level was 

7.26nmol/5 m in/mg DNA (+1.30SEM) which was observed with lOOnM 

VIP. This represented a 10.8 fold increase above the basal level. Half 

m axim al s tim u la tion  was e lic ite d  by l,7 8 p m o l VIP. An in teresting 

feature  of this response was the highly sign ificant 7 fo ld increase in 

cAMP synthesis above basal at a VIP concentration as low as 0.1 pM.

3.4.4 The e ffe c t of ca lm odu lin  an tagon ist on VIP stim ula ted cAMP 

production

VIP stimulated cAMP production was not inhibited by TFP or IODO 8 at 

c o n c e n tra tio n s  as h igh as lOO^iM in ce lls  Iso la te d  from  hum an 

duodena l biopsies ( Table 9). There was a slight reduction  in cAMP 

formation in the TFP treated cells but this was not statistically significant 

or re lated to increasing TFP concentra tion . Duodenal epithelia l cells 

were preincubated with TFP or IODO 8 for 5 minutes before a 5 minutes 

incubation  with VIP. It was possible tha t the pre incubation  time was 

insufficient to allow the antagonist to be effective. Therefore cells were 

preincubated for increasing duration and then incubated for 5 minutes 

with VIP. The results of these experim ents are given in Table 10. The 

levels of cAMP produced are consistant with VIP stim ulated enzyme 

activ ity . Increasing pre incubation  time had no consistent in fluence 

upon the e ffect of antagonists on cAMP synthesis although there does 

appear to be inhibition at 20 min induced by the vehicle (DMSO).



Figure 36 cAMP accumulation in isolated epithelial cells

in response to YIP
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Epithelial ceils isolated from duodena l biopsies were incub a ted  for 

5 minutes with VIP at the concentrations indicated on the abscissa. Cells 

were washed and resuspended in HBH supplemented with 3mM IBMX. 

D a ta  are the  m ean  + SEM from  4 in d iv id u a l p a tie n ts . AM VIP 

concentrations gave cAMP levels above the control (no added VIP) at 

the 99% significance level by one facto r ANOVA-repeated measures 

analysis.



Table 9 The effect of TFP and IODO 8 on cAMP

accumulation in isolated epithelial cells

nmol cAMP 5m in '1mg DNA_1± S E M

S tim u lu s [Antagonist]jj.M TFP IODO 8

0 0 0 .6 6 ± 0 .3 7

2 x 1 0 - 8 m  V IP 0 2 .8 5 ± 0 .9 2

19 1 2 .4 2 ± 1 .17 2 .5 6 1 0 .9 2
ft 5 2 .3 8 ± 1 .05 2 .9 1 1 0 .7 7
99 10 2 .7 1 ± 1 .21 2 .9 9 1 1 .3 2
V V 2 5 1 .9 2 ± 0 .9 5 2 .4 9 1 0 .7 6
9 9 5 0 2 .3 1 + 1 .0 4 2 .7 2 1 0 .8 2
99 1 0 0 2 .2 5 1 1 .0 4 2 .8 0 1 0 .8 1

Epithelial cells isolated from duodenal biopsies were preincubated with 

TFP or IODO 8 for 5 m inutes and  fu rther in c u b a te d  w ith VIP for 5 

minutes, The TFP and IODO 8 were dissolved in DMSO and the final 

assay concentration was less than 1%, Data are the mean±SEM of 4 

se p a ra te  ce ll p rep a ra tio n s . There was no s ig n ifica n t d iffe re n c e  

between the control and any of the antagonist concentrations.



Table 10 The effect of preincubation time with TFP and IODO 8

on cAMP accumulation in isolated epithelial cells

pmol cA M P 5min‘ 150jjJ

QCO+ii

Preincubation Contro l IODO 8 TFP

time (min) (DM SO  only) 50 p M 5 0 j iM

Exp 1
0 7 .1 7 ± 0 .6 3 6 .3 7 ± 1 .50 8 .2 3 + 0 .5 0

5 7 .8 3 ± 1 .04 7 .5 0 ± 0 .4 3 7 .1 6 + 1 .5 0

1 0 5 .7 2 ± 0 .1 0 * 4 .0 7 ± 0 .6 1 * 4 .0 0 + 0 .2 5

2 0 4 .6 8 ± 1 .03 6 .8 0 ± 2 .7 0 2 .9 5 + 0 .2 5

3 0 8 .6 0 ± 1 .50 7 .7 ± 3 .1 6 4 .7 2 + 0 .6 0

Exp 2
0 1 1 .3 3 ± 1 .66 8 .7 5 ± 2 .3 9 8 .4 0 + 1 .4 8

5 8 .2 8 ± 0 .2 0 8 .3 8 ± 1 .50 * 6 .0 8 + 0 .8 0

10 8 .0 5 ± 0 .1 3 # 9 .9 3 + 0 .1 1 8 .8 5 + 1 .3 0

2 0 5 .2 3 + 0 .3 2 5 .7 6 ± 0 .3 2 5 .8 3 + 0 .2 5
3 0 10 .3 5 ± 0 .5 4 1 1 .5 7 + 0 .7 3 9 .5 0 + 1 .1 2

The results from two experiments are shown using cells isolated from 

the biopsies of two patients. After the preincubation times shown, the 

cells were stim ulated with 2xlO '8M VIP and incuba ted  for a further 

5 minutes. Data are the mean±SD of triplicate determinations.

* indicates a statistically significant reduction in cAMP accum ulation 

com pared to controls at the 95% level by ANOVA- repeated measures 

analysis.

# indicates a statistically significant Increase in cAMP accum ulation 

com pared to controls at the 95% level.



3.5 DISCUSSION

Intestinal ep ithe lia l cells m ay be successfully isolated from hum an 

duodena l biopsies by C a2+ che la tion  and used to  study recep to r 

m e d ia te d  cAM P synthesis. W hen s tim u la te d  w ith  VIP, w ith o u t 

adequate IBMX to inhibit phosphodiesterase activity, the cells exhibit a 

time course for cAMP accum ula tion  typ ica l of that found with other 

ce ll types (Barber and  Butcher 1982). Problems of In a d e q u a te  

phosphodiesterase inh ib ition  have been previously repo rted  for 

isolated rat epithelial cells (Laburthe et al. 1979). At 30°C, 0.2mM IBMX 

was inadequa te  to  fully b lock phosphodiesterase activ ity . At 15°C 

cAMP accum ulation reached a p la teau by 15 minutes and this was 

maintained for up to 60 minutes. Therefore, Laburthe et al. (1979), used a 

lower incubation tem perature for VIP incubations. Pinkus et al. 1983) 

using is o la te d  g u in e a -p ig  e n te ro c y te s , fo u n d  th a t h igh IBMX 

concentrations (4mM) were necessary to block phosphodiesterase 

a c t iv ity  by 89% a t 37°C. VIP has also been  shown to  s tim u la te  

phosphodiesterase activity subsequent to adenylate cyclase activity 

and p ro te in  kinase a c tiv a tio n  (M arch is-M ouren et al. 1988). This 

provides further explanation for the poor time course of cAMP synthesis 

without adequate concentrations of IBMX.

Isolated human duodena l ep ithe lia l cells are highly sensitive to VIP 

stimulation. When com pared to similar studies, using animal intestinal 

cells and hum an ce il lines, s tim u la tion  of cAMP synthesis a t VIP 

co n c e n tra tio n s  o f 0.1 pM, is a p p a re n tly  the  low est re p o rte d  VIP 

concentration capab le  of stimulating cAMP production (Smith et al. 

1990). However, the lowest d e te c te d  increase in cAMP synthesis is 

usually the lowest concentration tested, (Table 11).



The presence of high and low affin ity  receptors for VIP on epithelia l 

cells has been previously reported using both receptor binding studies 

and/or stimulating cAMP production (Laburthe 1979 and 1989; Prieto 

1979; Binder et al. 1980; Robichon and Marie 1987; Marchis-Mouren et 

al. 1988). In the human colonic carc inom a cell line, HT29, it has been 

suggested th a t VIP receptors exist in tw o  separa te  states: a small 

population of high affinity binding sites and a larger population of low 

affinity binding sites (Marchis-Mouren 1988; Robichon and Marie 1987). 

The significance of the low affinity sites is unclear. The data presented 

here ind ica tes th a t VIP b ind ing  to  high a ffin ity  sites m ay be more 

physiologically relevant. Picomolar concentrations of VIP have been 

shown to p roduce  small but s ign ificant changes in lsc ind ica tive  of 

increased Cl' secretion and re duced  Na+ absorption in work using 

intestinal mucosa in Ussing cham bers (personal com m unication, Dr 

Alan Young, Research Pharmacologist, Fisons). Therefore, very low VIP 

concentra tions are capa b le  of inducing  a physiological response. 

Receptor binding studies, using this cell preparation, are required to 

clarify the relationship between VIP stimulation of cAMP synthesis at 

very low conce n tra tio ns  and the  sp e c ific ity  of the recep to r th a t 

stimulates adenylate cyclase.
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VIP stimulated cAMP production was not inhibited by TFP or IODO 8 at 

concentrations specific for calmodulin antagonism.

These d a ta  are co n tra ry  to  results from similar experim ents using 

isolated intestinal cells or membranes from other animal species (Table 

12). In agreement with the results from the membrane work discussed 

earlier the lack of significant inhibition by either antagonist supports the 

conclusion tha t ca lm odu lin  does not regu la te  adeny la te  cyclase 

a c tiv ity  in e p ithe lia l cells from the  hum an du odena l m ucosa. It is 

possible tha t C a2+ m obilization, e ither through receptor ope ra ted  

channels or from intracellular stores, may be necessary to de tect any 

calm odulin dependent adenyla te  cyclase activity in cells. However 

intestinal epithelial cells isolated by Ca2+ chelation are renowned for 

be ing leaky to  C a2+ so it is unlikely th a t calm odulin would be in an 

inactivated state (Velasco et al. 1986; Sepulveda and Smith 1987).

TFP and  IODO 8 have  IC60 va lues of a b o u t 6-50nM and 3-lOnM  

respectively for the inhibition of cAMP synthesis in other calm odulin- 

dependent enzyme systems, e.g. phosphodiesterase (Roufogalis 1985; 

M a cN e il et al. 1988; Veilg e t a l. 1989). A ltho ug h  the re  m ay be 

cons ide rab le  va riab ility  in the inh ib itory concentra tions be tw een  

different preparations and putative calmodulin-dependent processes, 

increases in the IC ^ values two orders of magnitude above the Kd ( i.e. 

l-SrxM for TFP) of the a n ta g o n is t/ca lm o d u lin  com plex should be 

considered with caution before concluding calmodulin- dependent 

effects are involved (Roufogalis 1985; Oldham and Lipson 1986; Veigl 

et al. 1989). Corps et al. (1982) has warned of the limitations of using 

phenothazines as ind ica tors of ca lm odu lin  functions in in ta c t cells 

because they found TFP had an effect on cellular ATP metabolism. This 

has significant implications for using TFP to demonstrate calm odulin-



sensitivity of an enzyme system, that uses ATP as a substrate, Differences 

in IC50s m ay also re fle c t va ria tions in expe rim en ta l p ro to co l. For 

instance, m em brane preparations tend to  result in lower IC50s than 

whole cell preparations (Ayton et al. 1988; MacNeil et al. 1988).

TFP and IODO 8 binds to calmodulin in a Ca2+ dependent manner. At 

high antagonist concentra tions (e.g.lOO^M and above), b ind ing is 

independent of Ca2+ (Roufogalis 1985). Therefore variations in the Ca2+ 

concentrations of different preparations may also add to the variability 

of reported iC^s. In the present systems (i.e. cells and membranes), the 

C a 2+ co n ce n tra tio n s  were a d e q u a te  to  a llow  C a 2+ d e p e n d e n t 

antagonist binding to calmodulin. IODO 8 has a higher specificity and 

lower IC50 than TFP (Roufogalis 1985; MacNeil et al. 1988; Veilg et al. 

1989). Therefore one w ou ld  e x p e c t IODO 8 to  inh ib it ca lm o du lin  

dependen t adenyla te  cyclase activ ity at lower concentrations than 

TFP. The da ta  presented here show no d iffe rence be tw een the two 

antagonists with regard to their effects on adenylate cyciase activity. 

Phenothiazines and naph tha lene  suiphonamides are hydrophob ic  

m olecules and it is their h yd ro p ho b ic ity  which con tribu tes to  their 

antagonist characteristics to calm odulin (Mannhold et al. 1987; Weiss 

et al. 1982; Tanaka et al. 1982). Therefore, TFP and IODO 8 are poorly 

soluble in aqueous media and are routinely dissolved in DMSO before 

a d d it io n  to  assay systems, it is possib le th a t by d isso lv ing  these 

com pounds in DMSO ( and the reby m aking them  m ore soluble in 

water) their hydrophobic nature and calmodulin antagonistic qualities 

m ay be lost or reduced. Unfortunately the problems of solubility are 

inherent In any experiments in which calmodulin antagonists are used, 

Other properties such as geom etric structure, molecular charge, side- 

ch a in  le ng th  or pos ition  and  o r ie n ta tio n  are  also im p o rta n t for



antagonist-ca im odulin  interactions (Weiss et al. 1982; MacNeil et al. 

1988). Therefore it seems unlike ly th a t so lub liza tion w ou ld  have a 

significant influence on the results from the experiments discussed here. 

Fo rtuna te ly  ca lm o d u lin  an tagon is ts  w ith im p roved  properties  of 

specificity and solubility are constantly being sort.

There a re  m a n y  e xa m p le s  o f in v ivo  s tud ies using c a lm o d u lin  

an tagonists to  con tro l induced  secretory d ia rrhoea  and it is o ften  

pos tu la ted  one of the m echanism s to be inh ib ition  of ca lm odu lin  

sensitive adenylate cyclase activity (llundain and Naftalin 1979; Zavecz 

et a!.1982; Fedorak et ai. 1989; Shook et ai. 1989; Thillainayagam and 

Farthing 1990). These experim ents were c o n d u c te d  on labo ra to ry  

an im a ls  a n d  su p p o rt th e  in v itro  fin d ing s  for the  p re se n ce  o f a 

calmodulin sensitive adenylate cyclase in these species (Amiranoff et 

al. 1983; Pinkus e t al. 1983; Lazo et al. 1984). However, ca lm odu lin  

antagonist used to treat patients with secretory diarrhoea have been 

less successful because of the high doses necessary to  induce any 

beneficia l effects. The in vitro da ta  presented here m ay provide one 

explanation why calm odulin antagonists, used as therapeutic  agents 

for secretory diarrhoea in humans, have had little success, Donowitz et 

al. 1984a, b).
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Methods of studying the regulation of intestinal transport and 

second messenger function range from in vivo perfusion studies to 

the use of highly purified enterocyte brush border and basolateral 

m em brane vesicles. The use of iso la ted  in testina l segm ents or 

isolated enterocytes fall somewhere between these two extremes. 

Traditionally these methods require large amounts of starting material, 

consequently there have been relatively few studies with human tissue 

(Simon et al. 1978, 1980a,b,c; Becker et al. 1983). One of the main 

problems with obtaining "normal" human intestinal material is that 

it relies on the opportun is tic  ava ilab ility  of surgical resection ing  

procedures or on the less p re d ic ta b le  source of organ d o n a tio n  

(S h ira z i-B e e ch e y  1990). T he re fo re , th e  d e v e lo p m e n t o f 

gastrointestinal endoscopic biopsy, for clinical diagnosis, represents a 

va lu a b le  and  co n tin u o u s  source of hum an b ow e l for resea rch  

purposes (Korn et al. 1974; Perera et al. 1975; Rouff et al. 1981; Aadand 

et al. 1981; Scott et al. 1981; Becker et al. 1982,1983; Rachmilewitz et 

al. 1983; Smith et al. 1990; Smith et al. 1991; Hitchin et al. 1991).

The d a ta  p re se n te d  here support the  hypotheses th a t hum an 

duodenal epithelial ceil adenylate cyclase is calmodulin independent. 

This is evident in the results from experiments using both membranes 

and cells derived from human duodenal endoscopic biopsies.

The regulation of adenylate cyclase activity by Ca2+ or calm odulin is 

o ften  p roposed  as a p o te n tia l m echanism  for the re g u la tio n  of 

intestinal secretion but complex and conflicting evidence means that 

it is rarely adequate ly explored in the literature either theoretically or 

experimentally (llundain and Naftalin 1979; Binder 1984; Boige et al. 

1984; Semrad and Chang 1987; Fedorak et al. 1989; Thlllainayagam 

and Farthing 1990).



The absence of a calmodulin-dependent form of adenylate cyclase in 

the intestine is in accord  with the redundant synarchic control of the 

cAMP and the Ca2+ second messenger systems proposed by Howard 

Rasmussen (1981) (Figure 5). Increases In in trace llu la r C a2+ do  not 

appea r to  result in increased intracellu lar cAMP concentra tions as 

m ight be expected  of a calm odulin regulated system. M em brane 

bound calmodulin, necessary to stimulate adenylate cyclase activity, 

does not seem to be present in basolateral membranes from cells of 

the human duodenal mucosa (Stoll et al. 19). Furthermore, Amiranoff's 

group who had previously demonstrated a Ca2+ stimulatory phase of 

adenylate cyclase activity in membranes from rat enterocytes could 

not d e te c t a similar stimulatory phase in m em branes from hum an 

colonic crypt cells (Boige et al. 1984).

It is very d ifficu lt to speculate about specific mechanisms for C a2+ 

regulation of adenylate cyclase activity in epithelial cells from the 

results of the present membrane work because of the effects of EGTA. 

EGTA increased the sensitivity of adenylate cyclase activity to inhibition 

by Ca2+. Therefore, it is impossible to say which Ca2+ concentration is 

app licab le  in vivo. The C a2+ inhibition of adenyla te  cyclase activ ity  

may be an artefact of using EGTA. Relatively high Ca2+ concentrations 

were necessary (mM) to inhibit adenyla te  cyclase ac tiv ity  in the 

ab se n ce  of the  ch e la to r. EGTA m ay expose high a ffin ity  C a 2+ 

binding sites on the ca ta ly tic  unit of adenylate cyclase. This then 

begs questions about the significance of these sites in the absence 

of EGTA in vivo. It m ay take the m ovem ent of C a2+ th rough the 

plasm a m em brane to access these sites rather than in trace llu la r 

Increases in C a2+. In other cell types, marked C a2+ concen tra tion  

g ra d ie n ts  a n d  o s c ilia t io n s  are  e s ta b lish e d  w hen  in c re a se s  in



Intracellular Ca2+ are provoked (Cheek et al. 1991; Turnberg 1991). 

Therefore the whole range of intracellular Ca2+ concentrations may 

be physiologically re levant to the regulation of adenyla te  cyclase 

activ ity . In m em brane preparations, any com partm enta liza tlon  of 

processes is disrupted and this may be particularly important in a highly 

polarized epithelial cell. The complexity of equilibria established in the 

assay of adenylate cyclase activ ity between membranes, EGTA and 

the ionic constituents m ake explanations for results numerous and 

obscure.

Epithelial cells isolated from duodenal biopsies, on the other hand, 

provide a unique opportunity to study m any different aspects of 

human gut physiology. Firstly, the relationship between Ca2+ and 

cAMP synthesis may be further explored with the cellular architecture 

in tact. Secondly, the study of second messenger responses to a 

variety of different agonists may give further insight to specific human 

epithelial cell receptors. Thirdly, the highly sensitive nature of the cell 

preparations to VIP will make them particularly useful for the study of 

s p e c if ic  hum an  g u t responses to  the  p e p t id e  a n d  fo u rth ly , 

physiological responses such as mucus production, hormone synthesis 

and ion transport may be examined. The epithelial cells isolated from 

in te s tin a l tissue re p re s e n t se ve ra l d if fe re n t typ e s  of c e ll (e g. 

enterocytes, goblet cells, endocrine cells) and further work to separate 

these different cell types may prove fruitful.

Perhaps the last word is best left to the n ineteenth  century Spanish 

histologist Santiago Ramdn y Cajal (1852-1934) who said

"Discoveries are a function of the methods used"
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Calmodulin independence 
adenylate cyclase

■J A  S m ith , M  G r iff in . S E M ireylees, R  G Long

Abstract
The calm oduiin and calcium dependence o f 
human adenylate cyclase from  the second part 
o f the duodenum was assessed in washed 
particulate preparations o f biopsy speci­
mens by investigating (a) the concentration 
dependent effects o f free [Ca2+] on enzyme 
activ ity , (b) the effects o f exogenous calmo­
du lin  on enzyme activ ity in ethylene,glycol bis 
(b-am inoethyl ether)ALY '-te tra -acetic  acid 
(E G T A ) washed particulate preparations, and 
(c) the effects o f calm odulin antagonists on 
enzyme activ ity. Both basal ( IC 50=  193*75 
(57-5) nmol/I (mean (SEM )) and N aF  stim u­
lated ( IC 5o= 188-0 (44-0) nm ol/l) adenylate 
cyclase activ ity was strongly inh ib ited  by free 
[Ca2+] greater than 90 nm ol/l. Free [C a2+] less 
than 90 nmol/I had no effect on adenylate 
cyclase activ ity . N aF stim ulated adenylate 
cyclase activ ity  was inhib ited by 50% at 2*5 
m m ol/I E G T A . T h is  inh ib ition  cou ld  not be 
reversed by free Ca2“ . . The  add ition  o f 
exogenous calm oduiin to E G T A  (5 mmol/1) 
washed particulate preparations fa iled  to 
stimulate adenylate cyclase ac tiv ity . T r if lu o ­
perazine and iY -(8-am inohexyl)-5 -IO D O -l- 
naphthalene-suiphonamide (IO D O  8) did not 
s ignificantly in h ib it basal and N aF  stim ulated 
adenylate cyclase activ ity  when measured at 
concentrations o f up to 100 umol/1. These 
results suggest tha t human duodenal adenylate 
cyclase activ ity  is calm odulin independent but 
is affected by changes in free [Ca2+],

Adenylate cyclase is a basolateral membrane 
enzyme which catalyses the form ation o f 
adenosine 3 '-5 ' monophosphate (cyclic AM P) 
from adenosine triphosphate (A TP ). In the 
intestinal epithelium  adenylate cyclase and cyclic 
AM P are involved in the regulation o f water and 
electrolyte transport, particularly C l“  secretion 
and Na~ absorption. Changes in intracellular 
free calcium have also been shown to be 
im portant in the regulation o f intestinal electro­
lyte transport, 1 Activation o f adenylate cyclase is 
thought to be important in a num ber o f gut 
disorders such as the secretory diarrhoea associ­
ated w ith  cholera and vasoactive intestinal 
peptide secreting tu m o u rs C a lm o d u lin  is an 
ubiquitous intracellular calcium b ind ing protein 
which influences many enzymic processes. The 
possible calmodulin dependence o f intestinal 
adenylate cyclase has potential c lin ica l im plica­
tions as a large number o f drugs which are 
calmodulin antagonists are now well character­
ised and available -  for example, chlorproma- 
zine, trifluoperazine, haioperidoi, a-adrenergic 
antagonists, antimaiarials, anticholinergics, and 
antihistamines.* The use o f calmodulin antagon­

' :: ; jv V* Gut,-1991,32,1308-1313

of human duodenal: .

ists as antidiarrhoeal agents,’ however, has had 
only lim ited success in  humans,:

Ca2 * and calm odulin in some tissues, such as 
brain, are known to influence adenylate cyclase 
activity and therefore cyclic AM P production. 
Several investigators have shown that Ca2* 
inhibits the ac tiv ity  o f adenylate cyclase at con­
centrations greater than 1 umol/1 while at sub­
m icromolar Ca2* concentrations activation o f 
the enzyme occurs, i t  is thought that this activa­
tion o f adenylate cyclase is mediated by calmo­
dulin  but the inh ib ition  o f the enzyme by Ca2^ 
is calmodulin independent/'- There is now 
evidence to suggest that some rat, 3 guinea pig," 
and rabbit"’ intestinal adenylate cyclase activ ity 
is Ca2* and calm odulin dependent.

In  brain tissue both calmoduiin dependent 
and calmodulin independent forms o f adenylate 
cyclase have been identified. The calmodulin 
dependent component can be inhib ited by 
micromolar concentrations o f the calcium chelat­
ing agent ethylene glycol bis (b-aminoethyl 
ether)iV,;Y'-tetra-acetic acid-(EGTA) /  Fu rther­
more, fluoride ions, which stimulate adenylate 
cyclase activity, by d irect activation o f die regu­
latory guanine nucleotide binding.proteins, may 
also help to distinguish the two forms o f adeny­
late cyclase. In ,v itro  the calmodulin dependent 
form  o f the enzyme is more responsive to fluoride 
stimulation than the independent fo rm .”

The objective o f this study was to assess the 
importance o f Ca2* and calmodulin in the 
regulation o f adenylate cyclase in the second part 
o f the human duodenum. This was accom­
plished by assessing (a; the concentration 
dependent effects o f free [Ca- *] on enzyme 
activ ity, (b) the effects o f adding exogenous 
calmodulin to the adenylate cyclase assay 
system, and (c) the effects on enzyme activ ity  o f 
the calmodulin antagonists trifluoperazine and 
N -  (8 -aminohexyl) -5-IOD O -l-naphthalene-sul- 
phonamide ( IO D O  8 ), a new naphthalene sul- 
phonamide calm odulin antagonist o f improved 
potency and specific ity.u A ll these parameters 
wqre tested on basal and N aF stimulated adeny­
late cyclase activ ity . The results cast doubt on 
the role o f calm odulin in  the regulation o f human 
duodenal adenylate cyclase.

M ethods

COLLECTION OF BIOPSY SPECIMENS 
Patients presenting at the c lin ic w ith  diarrhoea or 
iron deficiency anaemia were biopsied as part o f 
diagnostic investigations to exclude malabsorp­
tion. Biopsy specimens o f the second part o f the 
duodenum were collected as previously des­
cribed . 13 Two specimens were placed in  form alin  
for histological examination to exclude villous
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abnormalities. Those for adenylate cyclase 
studies were immediately placed in liqu id  n itro ­
gen. Only specimens from  patients subsequently 
found to have normal histology, who had no 
underlying upper gastrointestinal disease, and 
who were not taking any medication were used 
for these studies. Ethical permission for the 
study was obtained from  the Nottingham C ity 
Hospital Ethical Committee and patients gave 
informed w ritten  consent.

TISSUE PREPARATIONS
The presence o f extracellular and intracellular 
fluids in tissue homogenates has been shown to 
interfere w ith  adenylate cyclase activity. ~"> We 
therefore washed biopsy homogenates w ith  a 
series o f homogenisation and .centrifugation 
steps. Four or five biopsy specimens from one 
patient were homogenised in  2  ml ice cold 
2 mmol/1 HEPES buffer, pH  7-5. containing 
5 mmol/1 AlgCl? and 5 mmol/1 EGTA M E H ) 
using 10 strokes o f a Potter S homogeniser (B 
Braun; at 1200 rpm. The homogenate was made 
up to 12 m l and was centrifuged at .2500 g for 20 
minutes at 4°C. The pellet was resuspended in 
2 m l fresh M E H  and the hbmogenisatioivcentri- 
fugauon procedure repeated twice more.

Any large tissue fragments remaining after the 
second homogenisation were removed. .Micro­
scopic examination showed them.to be underly­
ing muscularis mucosa and not epithelium .1' The 
th ird pellet was resuspended in  2*4 m l M E H  and 
homogenised a fourth  time using an U itra- 
Turrax (Janke &  K unke l, Ika-W erk) at maxi­
mum speed setting fo r 15 seconds. Calmodulin 
may be removed from  membrane preparations 
by washing them in E G TA  buffers . 5 Therefore, 
in experiments in.which no attempt was made to 
remove endogenous calmodulin EGTA was 
omitted from  the tissue buffer. A ll buffers were 
made up in double d is tilled deionised water or 
Hipersolv (high performance liqu id  chromato­
graphy grade water;.

Cerebral cortex from  2 male W istar rats were 
combined and treated as fo r duodenal biopsy 
specimens. Th is washed particulate preparation 
was used as a positive control to ensure that 
the assay conditions used were capable o f detect­
ing calmodulin dependent adenylate cyclase 
activ ity .

ASSAY OF ADENYLATE CYCLASE 
Adenylate cyclase was assayed by the procedure 
o f Salomon et The assay measures the
formation o f [ 32P] cyclic A M P  from [a - '2P]ATP. 
In a total volume o f 100 id the standard reaction 
mixture contained: an A TP  regenerating system 
o f 13: mmol/1 creatine phosphate and 0 -1  mg/m l 
creatine phosphokinase, 1 mmol/1 ATP  labelled 
w ith [a -^ P ] ATP  to give approximately 1x10° 
cpm, and 40 ul adenylate cyclase assay buffer 
which consisted o f 125 mmol/1 tris-HEPES, 
0*25% bovine serum album in, 5 mmol/1 M gC h 
and 2-5 mmol/1 o f the phosphodiesterase 
inh ib ito r 3-isobutyl-1-methyl-xanthine, at pH  
7-5. For N aF stimulated activ ity, reactions also 
contained 10 mmol/1 N aF  (orig inally dissolved in  
1 mmol/1 acetic acid). When calmodulin was

added to the . assay it  was dissolved in the 
adenylate'. cyclase assay buffer. Calmodulin 
antagonists (trifluoperazine,and IO D O  8 ) were 
dissolved in  dim ethyl sulphoxide before addition 
to the reaction system. Control reaction mixtures 
contained dimethyl sulphoxide only and final 
dim ethyl sulphoxide assay concentrations were 
never allowed to exceed 1 % (v/v j.

Reactions were in itia ted by the addition of 
approximately 30 tig o f particulate protein and 
carried out for 30 minutes at 37°C. Adenylate 
cyclase activity was linear up to the maximum 
conditions tested for time (60 minutes; and 
protein concentration s'3*9 mg/ml). Reactions 
were terminated by the addition o f 1 0 0  ul o f 
stopping solution containing: 10. mmol/1 A TP . 
1 nm ol/l [3H]-cyclic A M P  (25 000 cpm/100 ul) 
s to estimate [32P] cyclic AM P recovery which 
was 70-90%), 2% sodium dodecylsUlphate(w/'v), 
and 50 mmol/1 T ris -H C l at pH  7-5. Tubes were 
placed in  a boiling water bath for 2 m inutes, 
allowed to cool, and made up to 1 m i w ith  
distilled water. [32P] cyclic AM P was purified, 
before liqu id  scintillation counting, by the 
double column procedure o f Salomon e ta l. "

CALMODULIN ASSAY
The calmodulin content o f the particulate pre­
parations was assayed according to the phospho­
diesterase activation method o f Thompson

SUCRASE DETERM INATION
The brush border enzyme, sucrase, was assayed
by the method o f D ah lqv is t."

PROTEIN DETERMINATION
The protein content o f the tissue preparation was 
determined by L o w ry ’s method*5 arid was 
normally found to be approximately 1 mg/ml. 
Bovine serum album in was used as standard.

CALCULATION OF FREE Ca2 ** CONCENTRATIONS 
Contamination o f buffered solutions by Ca2 ~ up 
to 2 0  umol/1) necessitates the use o f the divalent 
chelator EGTA in  contro lling arid estimating the 
free [Ca2 For each calcium chloride
addition the free [Ca2 + ] was computed for 
ambient pH 7 in the presence o f M g 2 E G TA , 
and A TP  using an updated version o f the ligand- 
metal binding program o f Feldman et al.'A l:

STATISTICAL .ANALYSIS
Where appropriate the W ilcoxon two sample test 
and the Wilcoxon signed rank tests were used to 
estimate probability values. P robability values o f 
<0*05 were taken as significant.

MATERIALS
A ll chemicals were from  Sigma.Chemical w ith  
the exception o f [3H ]cyclic AM P and [a-*',2P] 
A TP  which were from  Amersham (U K ) and 
Hipersolv from B D H  (Aterstone). The IO D O  8  

was k irid lv  given' bv Ian Coutts and Pam



Sm iih, ■;G riffin , Mireylees, Long

T A B L E  I  Relative specific, activity o f sucrase and adenylate 
cyclase activity in pooled supernatants and paniculate 
preparations o f human 'duodenal biopsy specimens. Results are 
mean (SEM ) from three separate preparations assayed twice

Adenylate cyclase

Fraction Sucrase Basal N aF stimulated

Homogenate 
Pooled supernatant 
Pellet

1 1 V 1
6-60 C0-87'1 0-67-0-25) 0-9510-20) 
0-8310-02) i-69 (0-32) 2-53(0-09)

O’Donnell o f N ottingham  Polytechnic, N o ttin g ­
ham.

Results

CHARACTERISTIC OF PARTICULATE PREPARATIONS 
FROM H U M A N  DUODENAL BIOPSY SPECIMENS 
Table I gives the relative specific activ ity  o f the 
brush border enzyme, sucrase, compared w ith  
the basolaterally located adenylate cyclase in 
pooled supernatants and particulate prepara­
tions from  three independent tissue prepara­
tions. Sucrase activ ity was enriched in the pooled 
supernatants and adenylate cyclase activ ity  was 
enriched in  the particulate fractions.

The calm odulin content o f the E G TA  washed 
particulate preparations was compared w ith  that 
o f preparations washed in the absence o f EG TA  
to assess the effectiveness o f the E G TA  washing 
procedure at removing calmodulin. In  brain 
tissue there was a 25% (7-49 ug/mg prote in to 
5-61 ug/mg protein) reduction , in calm odulin 
after washing w ith  EG TA containing buffer. 
The calmoduiin content of the particulate pre­
paration from  human duodenal biopsy speci­

mens, vhpweVer, was approximately 4 -̂6 pg/mg 
protein irrespective o f whether the preparation 
had been washed in  E G TA  containing buffer or 
not. * -

THE EFFECTS OF Ca2* ,  AND EG TA ON ADENYLATE 
CYCLASE A CTIV ITY
Stimulation o f adenylate cyclase activity at low 
free [Ca2* ]  has been reported to be a good 
indication o f the enzyme’s calmodulin depend­
ence,5-Therefore, the concentration dependent 
effects o f Ca2+ on adenylate cyclase activity in 
particulate preparations o f human duodenal 
biopsv specimens was measured. Both basal 
( IC 50=  193*75 (57<5) nm ol/l (mean (SEM)) and 
NaF stimulated ( IC 50=  188-0 (44-0) nm ol/i) 
adenylate cyclase activities were strongly 
inhib ited by free [Ca2* ]  greater than 90 nmol/l 
(F ig 1). Free [Ca2* ]  less than 90 nmol/l neither 
stimulated nor inh ib ited  adenylate cyclase 
activity. These data indicate a dramatic reduc­
tion in adenylate cyclase activ ity over a narrow 
free [Ca2* ]  range.

An alternative way o f assessing the importance 
o f Ca2*  in  our assay system was to measure the 
concentration dependent effects of the Ca2* 
chelating agent E G TA  on adenylate cyclase 
activity (F ig  2). N aF stimulated adenylate 
cyclase activ ity was inh ib ited  by EGTA in  a 
concentration dependent manner w ith  50% 
inh ib ition  at 2-5 mmol/1. Attempts to restore 
EG TA inh ib ited adenylate cyclase activity w ith  
Ca2*  d id not result in a recovery o f the enzyme’s 
activ ity, indicating d irect inh ib ition  o f adenylate 
cyclase activ ity by E G TA . A  slight but highly 
significant increase in basal adenylate cyclase

©

Figure I t  Adenylate cyclase 
concentration response to free 
G \r .VdF stimulated (A ) 
and basal (B ) adenylate 
cycfase activity Was assayed , 
in particulate preparations o f 
duodenal biopsy specimens 
from four patients. Activity 
was in the presence o f 2-5 
mmol/1 ethylene glycol bis 
/b-aminoethyl ether) N ,N '- 
tetra-acetic acid (EGTA) 
and CaCL ul concentrations 
which gave calculated ■
Ca~ Jfree as indicated on 
he abscissa. Each line 
represents one patient and 
eqch data point is the mean o f 
four replicates. Controls 
were in ihe absence o f added 
CaCL and in the presence o f 
E dT A .
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Figure 1: Adenylate cyclase concentration response to EG TA. Paniculate preparations o f 
’duodenal biopsy specimens were assayed for N aF  stimulated (■ )  and basal ('□) adenylate 
cyclase activity in the absence o f added CaClrand in the presence o f EGTA at the 
concentrations indicated, Data are the means i S E M ) from three experiments -  that is. three 
patients -each ivith four repiicates.

TABLE II Effect o f exogenous calmodulin on adenylate cyclase activity in particulate 
preparation from human duodenal biopsy specimens. Data are the results o f three separate 
experiments each with four replicates

Added
(Ca1 /
• mmol/l)

(calmoduiin/
' -fUmol/h

(EGTA/ 
mmol/It

Calculated 
fret (C ar' /  
IpCai

pmoi c.-l.U P/minimg protein 1 S EM ) 

Basal NaF stimulated

0-16 0* 15 2-5 7*76 3-20 <0-29' 19*88(1*071
<>16 0 2-5 7-62 2-85'0*241 20*77•0*76]
1*16 .013 2*5- 6-52 0*54'0*04> 4*22; 0*32',
1-16 0 2*5 6'52 0*5110*05' 3*50(0*32)
0 0 2*5 - 3*40 <0*171 20*60(0*491
080 3*13 2-5 6*78 3*72'0*031 14*98(0*28)
0-80 0- > 2-5 6-78 3*04 £0*08) 13*33(0*45)
0 0 . 2-3 - 4*23(0*041 14* 74(0*51)

\o*40 3*73 1-0 6-63 1 *36 i 0*061 11*74(0*121

K 40 f) 1-0 6-63 1*88 >'0*031 9*90 (0*26)
0 1-0 - 2*34 (0*031 18*73(0*72:

CABLE II I  Control experiments in which the effect o f exogenous calmodulin on adenylate 
cyclase activity in particulate preparation o f rat cerebral cortex was measured. Data are the 
results o f two separate experiments each with duplicate determinations

Added 
(Ca1' /  
tmn\olH)

(calmodulin/ 
(wnol/l)

(EGTA/ 
■ mmoi/l1

Calculated 
free(Ca: ~ /  
ipCat

pmol cAMP! mini mg protein tS E M ) 

Basal NaF stimulated

2*301 0*61 2*5 5*40 9*93(4*71) 53*37(10*53)
2*30\ 0 2*5 5*40 6*32 (0-23) 33*48(3*25)
0 \ 0 2*5 - 5*93(0*09) 17*32 (0*26)
0*90 \ 0*61 1*0 5*51 18*57(1*32) 51*83(2*61)
0*90 \ 0 1*0 5*51 4*73(1*18) *. 37*35(3*47)
0 1 0 1*0 - 6*72 (0*26) 23*94(0*04) ’

1311"

activity was observed at 0*25 m m ol/i EG TA 
compared w ith controls; thereafter the curve 
piateaued tip to the m axim um  concentration 
tested (5 mmol/l) (Fig, 2);

EFFECTS OF EXOGENOUS C A LM O D U LIN  ON 
ADENYLATE CYCLASE A C TIV ITY  
The removal o f ca lm odulin bv washing mem­
branes w ith  EGTA buffers and the subsequent 
stimulation o f adenylate cyclase acuvity by 
adding calmodulin back to the assay system has 
been shown for several tissues . 5 N o stimulation 
could be shown in our results from  sim ilar 
experiments using human duodenal biopsy 
particulate preparations. The addition o f 
calmodulin failed to stimulate adenylate cyclase 
activ ity in the presence o f various combinations 
o f free calcium, calm odulin , and E G TA (Table 
I I ) .  None o f the assay conditions shown resulted 
in a sumulation o f adenylate cyclase acuvity over 
controls in the presence or absence o f 10  mmol/l 
NaF.

The possibility existed that our assay methods 
were incapable o f detecting calm odulin depen­
dent adenyiate cyclase activ ity . We therefore 
measured adenylate cyclase activ ity  in a tissue 
well recognised to have a h igh ly  acuve calmo­
du lin  dependent component, rat cerebral 
cortex . 3 The preparation and condiuons o f assay 
for rat cerebral cortex were conducted in exactly 
the same way as fo r human duodenal biopsy 
specimens. This tissue clearly showed the fo llow­
ing characterisucs: (a) the calm odulin  content o f 
the preparation was reduced by 25% by the EG T A  
washing procedure used, (b) a biophasic response 
to calcium (activation fo llowed by inh ib ition) 
w ith  a maximum requirem ent fo r free [Ca2+] o f 
1-10 Limol/1, (c) the addition o f 10 ug/ml 

' calmodulin to E G TA  wash particulate prepara­
tions stimulated adenylate cyclase activity by 
30-60% in the presence and absence o f 5 m m ol/l 
NaF (Table I I I ) .  These ..findings are fu lly  com­
patible w ith what is know n fo r bra in calmodulin 
dependent adenylate cyclase. 3 Verification o f the 
assav methods used was thus established.

EFFECTS OF C ALM O DU LIN  ANTAGONISTS ON 
ADENYLATE CYCLASE A C TIV ITY  
The dose dependent effects o f trifluoperazine 
and IO D O  8 were examined to establish at what 
concentration these calm odulin antagonists 
exerted an influence on adenylate cyclase 
activ ity and fu rther to compare the effects o f the 
relatively non-specific trifluoperazine to that of 
the more specific IO D O  8 . 15 By analysis o f 
variance trifluoperazine (F ig  3) and IO D O  8  (F ig  
4) d id not significantly in h ib it basal and NaF 
stimulated adenyiate cyclase activ ity up to a 
concentration o f 100 umpl/1. The IC 50 fo r 
trifluoperazine o f N aF  stimulated adenylate 
cyclase activity was 225 iimol/1 and for basal 
activity 125 itmol/1. Corresponding IC 50 values 
for IO D O  8  were 450 and 175 fxmol/1, however, 
indicating that the N aF  stimulated adenylate 
cyclase activity was in h ib ited  less potently than 
basal activity. Th is also shows that IO D O  8 

is less potent than trifluoperazine at d irectly 
inh ib iting  adenylate cyclase activ ity ; These data

. i i i
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’£ lated adenyiate cyclase activ ity at concentrations
of this magnitude represent the non-specific 
effects o f these calm odulin antagonists.

Discussion
Data presented in this paper suggest that human 
duodenal adenylate cyclase activity was affected 
by small changes in  free [Ca2* ]. U nlike the 
intestinal adenylate cyclase from rat,s guinea 
p ig / and rabb it,,u it  was calmodulin indepen­
dent. Evidence to support this comes from a 
number o f our findings. F irs tly , we were unable 
to detect any consistent Ca2* stimulation o f 
adenylate cyclase activ ity  o f a magnitude pre­
viously reported in other systems.5 * 10 The detec­
tion o f Ca2*  stim ulation o f adenylate cyclase is 
notoriously d ifficu lt because it occurs at very 
low Ca2*  concentrations. Therefore, careful 
manipulation o f free ion concentrations by 
EGTA buffers is necessary.5 4 54 ”

The inh ib ition  o f adenylate cyclase activ ity by 
EGTA implies a requirement o f the enzyme for 
Ca2* . Th is effect is only apparent on the NaF 
stimulated adenylate cyclase activity which 
in itia lly  suggests that Ca2 * /calmodulin may only 
be im portant in  the regulation* o f the stimulated 
enzyme. The effects o f E G T A , however, could 
not be reversed by Ca2* .  This suggests that the 
chelator may have been inhib iting: the enzyme 
directly and not in  a way mediated by Ca2* 
chelation and calm odulin inactivation.54 The 
slight increase in  basal adenylate cyclase activ ity 
at low E G TA  concentrations may be the result o f 
the chelation o f an unknown inhib iting io n .55 
The mechanism for Ca2*  inh ib ition  o f adenylate 
cyclase has not been elucidated. Some evidence 
indicates specific Ca2* inh ib ito ry sites/9 while 
other evidence implies Ca2*  competition for 
M g2*  binding sites.50 There is no evidence that 
the inh ib ition  o f adenylate cyclase bv Ca2* is 
mediated through ca lm odulin .54

Secondly, we were unable to stimulate adeny­
late cyclase activity' in  E G TA  washed particulate 
preparations w ith  exogenous calmodulin. This 
may be explained by the inadequate removal o f 
the endogenous membrane bound calmoduiin by 
buffers containing E G TA . Indeed, the calmo­
du lin  content o f our particulate preparations 
from duodenal biopsy specimens was not signifi­
cantly reduced by the EGTA washing pro­
cedure. The levels o f calmodulin in our assay 
system were comparable to those o f other 
workers using animal intestinal membranes and 
some have shown calm odulin dependence in the 
presence o f endogenous calmoduiin at concen­
trations sim ilar to those in our assay system .'9 
The effective removal o f calmodulin from  
different tissues has been reported to vary' con­
siderably.5' 5 O ur data suggest there may also be 
species differences between the same tissue. This 
observation has been noted for other tissues, 
such as heart sarcoplasmic re ticu lum ,51 k idney,55 
and pancreatic islets.55

Recent evidence on the d istribution o f 
calmodulin in  enterocytes indicated that in  the 
human duodenum calm odulin was confined to 
the soluble fractions and to the brush border 
membrane; none was detected in  the basolateral

Trifluoperazine (umol/l)

Figure 3: Adenylate cyclase concentration response to trifluoperazine. Biopsy particulate 
preparations were assayed for N aF  stimulated (■ )  and basal ("□) adenylate cyclase activity in 
the presence o f background Ca1^ and the trifluoperazine concentrations indicated. No attempt 
was made to remove endogenous calmodulin from these preparations. Data are the means 
t S E M ) fo r three separate patients with four replicates fo r each trifluoperazine concentration.
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\ Figure 4: Adenylate cyclase concentration response to NA8-am inohexylf5-IODO-l- 
\naphthalene-sulphonamide(IODO 8). Biopsy< particulate preparations were assayed fo r N aF  
Stimulated (M) and basal (□ )  adenylate cyclase activity in the presence o f background Ca1+ 
and the IO D O  8 concentrations indicated. No attempt was made to remove endogenous 
calmodulin from these preparations. Data are the means (S E M ) fo r three separate patients with 
four replicates fo r each IO D O  8 concentration. *



membrane.K This provides indirect support for 
our findings in that the d is tribu tion  :of human 
duodenal adenylate cyclase (a basolateral mem­
brane enzyme) is not coincidental w ith  the 
d istribution o f membrane bound human duo­
denal calmodulin. I t  may be that in' our assay 
system, in  which both brush border and baso- 
iateral membranes are present, the tigh tly  bound 
brush border membrane calmodulin becomes 
available to influence the basolateral membrane 
adenylate cyclase. But i f  this were so, and we had 
been measuring a fu lly  calmodulin stimulated 
adenylate cyclase system, we would have 
expected to be able to block the calmodulin effect 
w ith  calmoduiin antagonist (at concentrations 
specific to calmodulin) and this was not the case. 
The IC 50 lo r trifluoperazine and IO D O  8 were 
well in excess o f those reported; for other 
calmodulin dependent enzymes (6-50 and 3-10 
umol/l respectively).!- i5M Interestingly, the dis­
tribu tion  o f calmodulin in  the membranes o f rat 
enterocytes seems to be d ifferent from  that o f 
human enterocytes. Charpin et a l17 reported that 
in. rat duodenal basolateral membranes fractions 
calmodulin could be detected.

Although further investigations are necessary 
to confirm our findings, these pre lim inary data 
indicate that adenylate cyclase in the human 
duodenal mucosa is calmodulin independent. 
This implies that increasing the specificity o f 
calmodulin antagonists fo r use as anudiarrhoeal 
drugs, which operate through the adenylate 
cyclase system, would have l i t t le , pharmaco­
logical benefit. I t  would be interesting to see i f  
human jejunal and ileal tissue adenylate cyclase 
activity behaves in a s im ilar way.
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Effect of vasoactive intestinal peptide on cyclic 
adenosine monophosphate production in enterocytes 
isolated from human duodenal bioosv specimens

J A  Sm ith , M  G r iff in , S E M ireylees, R G Long

Abstract
A m odifica tion o f a cell iso lation technique 
used in animal studies \yas developed to remove 
enterocytes from  duodenal biopsy specimens. 
C itrate-ethylenediam irietetra-acetic acid treat­
ment removed enterocytes from  any under­
ly ing lam ina propria and produced single cells 
and strips o f cells. A  mean (S EM ) o f 4*39 
(2*06) x lO 6 cells was obtained from  nine duo­
denal biopsy specimens. Enterocyte recovery 
was estimated enzymatically using alkaline 
phosphatase activ ity  and was found to be 61%. 
Cytological assessment o f the cells w ith  C A M  
5*2 showed that 98% o f the cells isolated were 
enterocytes w ith  an in tact brush border. The 
cells responded w ell to vasoactive in testinal 
peptide stim ula tion in the absence o f an 
exogenously added adenosine triphosphate 
regenerating system. The addition o f vasoac­
tive in testinal peptide to duodenal enterocytes 
produced a biphasic dose dependent increase 
in cyclic adenosine monophosphate produc­
tion. S tim ulation o f these cells w ith  10"13M  
vasoactive in testinal peptide resulted in  a 50% 
stim ulation over basal value w hile lO ^M  vaso­
active in testinal peptide led to a five fo ld  in ­
crease in cyclic adenosine monophosphate 
production. We conclude that duodenal biopsy 
specimens are a good source o f human intes­
tina l cells fo r the study o f  enterocyte 
physiology. The  cells were viable and highly 
responsive to vasoactive intestinal peptide.

Vasoactive intestinal peptide (V IP ) is a 28 amino 
acid peptide originally,: isolated from porcine 
small intestine by Said and M u tt.1 I t  is believed 
to be a neurotransmitter and is found extensively 
throughout the central nervous system and 
gastrointestinal tract.2 3 I t  is secreted by non-beta 
islet cell pancreatic tumours and ganglioneuro- 
blastomas (VlPomas)2"4 which are clin ically 
characterised by the watery diarrhoea, hypo- 
kalaemia, and achlorhydria (W D H A ) syn­
drome.5 Infusion o f V IP  into the blood o f normal 
man and animals produces the profuse secretory 
diarrhoea associated w ith  these tum ours.6 These 
two pieces o f evidence indicate an endocrine role 
fo r V IP  when high concentrations in  plasma are 
present. N orm al plasma values o f V IP " are 
thought to be the result o f neurone ‘dum ping’ 
and not to have any physiological function.7

The mechanism by which V IP  exerts its 
effects on intestinal secretion is thought to be 
through the stim ulation o f adenylate cyclase and 
therefore cyclic adenosine 3 ', 5 '—monophos­
phate production.4 Raised cyclic adenosine

monophosphate values lead to active C l" secre-^|j 
tion and decreased Na+ absorption, the overall 
effect being net intestinal secretion.8

In itia l in vitro studies w ith  human intestinal , 
homogenates failed to show V IP  induced adeny</ 
late cyclase stimulation910 at concentrations con-.^J 
sistent w ith  those found in  the plasma o f patients W 
w ith  VIPomas (10"ll- i0 " 9 m ol/I).11 The pos^J 
s ib ility  therefore arose that the hypothesis that 
V IP  from  tumours caused direct enterocyte ̂  
cyclic adenosine monophosphate production; 
intestinal secretion, and diarrhoea was flawed. In  ft 
animal studies isolated enterocytes have been'Hr: 
used w ith  greater sensitivity.71}-H The purpose o f^ | 
this study was to isolate enterocytes from  human-I* 
duodenal biopsy specimens using a calcium 
chelation technique15 and to assess the effect of 
V IP  in  stimulating cyclic adenosine m ono-jfj 
phosphate production. vffj

m
Patients and methods
Patients presenting at c lin ic w ith  diarrhoea o r§ | 
iron deficient anaemia underwent biopsy as pa rt||| 
o f diagnostic invesugations to exclude m a lab^fi 
sorption. Duodenal biopsy specimens from  20 o f ; 
these patients were used to validate the cell ft? 
isolation technique. A ll these patients were sub-stf 
sequently found to have normal duodenal h is -ft] 
tology and no underlying upper intestinal f l  
disease.

The six patients used fo r the V IP  studies were 
all women w ith  a mean (SEM ) age o f 40 (7) years.ftftj 
A fte r examination, five o f the patients wereftif 
diagnosed as having the irritab le bowel syn-fff 
drome. A ll had abdominal discomfort or p a in ^ J  
three had m ild diarrhoea, and one had increased ’ 1 
rectus flatus. The final patient had iron defi- f§ 
ciency anaemia for which investigations showed i f  
no cause. A ll these patients had h isto logica lly ||| 
normal duodenal mucosa and normal lactase, 
sucrase, and maltase values.

The patients were fasted from  m idn igh t, ancMI 
the fo llow ing morning they were prepared w ith 
lignocaine spray to the pharynx and intravenous |f 
sedation w ith  diazepam (Diazemuls). A n  OlymftftU 
pus G IF  IT  endoscope (Keymed, Southend-on- j 
Sea, Essex) w ith  3*7 m m  biopsy forceps was J 
used. Tw o biopsy specimens were taken from  ; 
the second part o f the duodenum fo r histological 
assessment. Subsequent biopsy specimens were • jj 
pu t in to  0*9% saline at 4°C. Each specimen 1 
weighed approximately 13 m g.16 The research,.,' 
protocol was approved on ethical grounds by the 
G ity Hospital Ethical •* Committee, N o tting - i 
ham and the patients gave inform ed w ritten 
consent.- - •*; * \  j f jM
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PREPARATION OF ISOLATED ENTEROCYTES 
A modification o f a cell isolation technique used 
in animal studies was developed.!517 The biopsy 
specimens were transferred to 10 m l citrate 
buffer (1-5 m M  K C l,  96 m M  NaCl, 27 m M  Na 
citrate, 8 m M  K H 2P 0 4, 5-6 m M  Na2H P 0 4, pH 
7 3), prewarmed to 37°C, and incubated fo r 10 
minutes in a shaking water bath. The citrate 
buffer was removed and the specimens were 
resuspended in 10 ml ethylenediaminetetra- 
acetic acid (E D T A ) buffer (1-5 m M  E D T A ,
0 5 mM d ith io th re ito l, 10 m M  N aH 2H P 0 4, 
154 m M  NaCl) at 37°C for 30 minutes. The cell 
suspension was separated from the biopsy frag­
ments and centrifuged for five minutes at 350 g. 
The pellet o f cells was washed twice in TR IS  
buffer ( l^ n iM  TR IS , 120 m M  NaCl, 5 m M  K C l, 
1-6 m M  M gS 04, 2 m M  N aH 2P 0 4, 1*2 m M  
CaCl2, 10 m M  glucose pH7-4) at 49C and gassed 
w ith 5% C 0 2/95% 0 2. Cells for the study o f 
cyclic adenosine monophosphate were resus­
pended in the above TR IS  buffer w ith  the 
addition o f 0-1% bovine serum albumin and
1 m M  3-isobutyl- 1-methylxanthine to prevent 
cyclic adenosine monophosphate degradation. 
Enterocyte v iab ility  was assumed because the 
adenylate cyclase responded well to V IP  stimula­
tion in the absence o f an exogenously added 
adenosine triphosphate regenerating system.

Tim e course studies showed that once the cells 
were isolated the rate o f both basal and V IP  
stimulated cyclic adenosine monophosphate pro­
duction was constant fo r the first 10 minutes o f 
incubation. The brush border membrane 
enzyme, alkaline phosphatase, was assayed to 
assess enterocyte recovery from  the biopsy speci­
mens. A lkaline phosphatase activity was assayed 
in the cell suspensions and homogenates o f the 
biopsy specimens from which the cells had been

harvested by the method o f Hausamen.17"  Cyto- 
logical assessment o f the enterocytes was by 
staining w ith  CAM  5-2,”  a monoclonal antibody 
used as a marker for normal human secretory 
epithelia. Deoxyribonucleic acid assay70 showed 
approximately 50 pg deoxyribonucleic acid was 
equivalent to 1 x  10* cells.

INCUBATION OF ISOLATED ENTEROCYTES 
W IT H  VIP
Synthetic porcine V IP  was dissolved in the same 
TRIS  buffer used to suspend the cells w ith the 
addition o f 4 K lU /m l aprotin in. Cells (approxi­
mately 1-5x  lOVml) were preincubated for three 
minutes at 37°C. The incubation was for a 
fu rther seven minutes at 37°C and the reaction 
was initiated w ith the addition o f V IP  at concen­
trations ranging from  10_IJ-1 0 ‘ * M . The reaction 
was terminated w ith sufficient ice cold trich loro­
acetic acid to produce a final concentration o f 
6%. The trichloroacetic acid was removed by 
amine/Freon extraction.71 Cyclic adenosine 
monophosphate was assayed in the extract by a 
protein binding assay.77

MATERIALS
A ll chemicals were o f the highest available grade 
from  the Sigma Chemical Company w ith the 
exception o f (JH ) cyclic adenosine mono­
phosphate which was from  Amersham Inc and 
C A M  5-2 from Becton D ickinson.

STATISTICS
Results are expressed as mean (SEM). The 
W ilcoxon signed rank test was used to test for 
significance.

E
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Figure I :  Duodenal biopsy specimens before(A)andafter (B ) enterocyte isolation. ln (B )th e  
enterocytes have been stripped from the v i l l i  by the calcium chelation method.



Figure 2: Enterocytes isolated from duodenal biopsy specimens. The darker staining end o f  the 
cells is the intact brush border membrane.

Results

ISOLATED ENTEROCYTES
Figure 1 shows rwo duodenal biopsy specimens 
before and after the cell isolation procedure. The 
citra te /ED TA  treatment removed enterocytes 
from the underlying lamina propria and pro­
duced single cells or strips o f small numbers o f 
cells. A mean (SEM ) o f 4-39 (2 -06 )x l0 * cells 
were removed from  nine duodenal biopsy speci­
mens (n=20). A lkaline phosphatase activ ity is 
expressed as nmol p-nitrophenol/m in/mg 
protein (n = 5 ). Mean (SEM) alka line phos­
phatase activ ity was 1458 (534) in the cell 
preparations from  the biopsy specimens and 
1026 (578) in homogenates o f the specimens after 
the cell isolation procedure. This represented 
an enterocyte recovery o f 61%. The monoclonal 
antibody, C A M  5-2, showed that 98% o f the cells 
isolated were enterocytes w ith  an intact brush 
border (F ig  2).

VIP AND H UM AN DUODENAL ENTEROCYTES
The addition o f V IP  to isolated duodenal entero­
cytes seems to produce a biphasic dose depen­
dent increase in  cyclic adenosine monophos­
phate production. Cyclic adenosine monophos­
phate concentrations in response to 10~15 
M -1 0 - " M  V IP  were not dose dependent, but 
they were 50% higher (p<0-05) than basal values 
indicating that even at these very low V IP  con­
centrations there may be an upregulation o f 
adenylate cyclase activity. From  10‘ * M -1 0 '4 M , 
V IP  isolated duodenal enterocytes exhibited a 
linear dose dependent response in cyclic adeno­
sine monophosphate production. A t 10~‘ M  V IP  
there was a fivefold increase in cyclic adenosine 
monophosphate production compared w ith  the 
basal value (F ig  3).

D iscussion
In  this study wc have used a calcium chelation 
technique15 to remove cells from  human duo­
denal biopsy specimens. This technique allows

Smith, Griffin, M  ireylees, Long

the isolation o f cells that are metabolicallv active 
and have intact V IP  receptors, and should be 
applicable to other lines o f physiological and 
pharmacological research. I t  may also be applic­
able to other disease states, such as treated 
coeliac disease, in which enterocytes may be 
recovered from  biopsy specimens and used to 
ascertain prim ary lesions. However, unpub­
lished efforts by us using biopsy specimens from 
patients w ith villous atrophy have not sur­
prisingly failed to produce cells. Other possible 
techniques are like ly to be less successful. 
Mucosal scrapes from operative or necropsy 
specimens taken at the time o f organ donation 
w ill include additional lamina propria cells. 
Enzyme techniques -  for example trypsin, 
collagenase, or hyaluronidase -  produce intact 
viable cells but the enzymes seem to damage 
hormone receptors.”  Cells in sufficient numbers 
may be obtained from biopsy material by cal­
cium  chelation w ithout undue contamination 
from  underlying non-epithelial tissue. The 
isolated cells are devoid o f neuronal elements and 
are therefore free from endogenous V IP .”

Th is study gmvfdes evidence that V IP  stim u­
lates cyclic adenosine monophosphate produc­
tion in isolated human duodenal enterocytes. 
The concentration at which V IP  stimulation of 
cyclic adenosine monophosphate could be 
detected using this cell isolation technique was 
much lower than that previously reported from 
human intestinal homogenates’ 10 and more sen­
sitive than other isolated epithelial cell prepara­
tions.25 The shape o f the dose response curve is 
sim ilar to that shown for guinea pig pancreatic 
acinar cells.24 The stimulation o f cyclic adenosine 
monophosphate production seemed to occur in 
two steps w ith a first plateau o f low amplitude for 
low V IP  concentrations and a second one of 
larger amplitude fo r higher V IP  concentrations. 
The curve differs from that o f pancreatic acinar 
cells, however, in that the effective concentra-

300

log (Vasoactive intestinal peptide] M

Figure 3: The dose dependent effect o f vasoactive intestinal 
peptide on human duodenal enterocyte cyclic adenosine 
monophosphate (A M P ) production. Data are mean (S E M ) oj 
six experiments.
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dons o f V IP  were 100 to 1000 times;lower. This 
seemingly biphasic effect o f VIP.- on . human 
duodenal epithelial cells was different to the 
monophasic responses reported w ith  rat isolated 
jejunoileal epithelial cells12 and isolated.human 
colonic crypt cells.27 The shape o f the dose 
response curve suggests the presence o f high and 
low affinity V IP  receptors on these cells. Stimula­
tion o f low affin ity receptors may be more relevant 
to the neuronal control o f gut function, where 
nerve terminals in close proxim ity to epithelial 
cells could attain high VIP. concentrations,”  
There is, however, some doubt about the physio­
logical relevance o f the low affin ity V IP  
receptors^.79 Stimulation o f the high affin ity 
receptors at very low V IP  concentrations that 
give rise to a small but significant cyclic 
adenosine monophosphate increase fa ll w ith in  
both normal blood values and those capable o f 
eliciung intestinal secredon in padents w ith  the 
VIPoma syndrome.11 This suggests that either 
V IP  may not have a direct influence upon 
enterocyte cyclic adenosine monophosphate 
producuon in  the VIPoma syndrome or that 
cyclic adenosine monophosphate ■ is , not the 
mediator o f intestinal secretion in  this disease, 
and there is some evidence to support both o f 
these ideas.29*5*32 However, the increase in 
plasma V IP  in VIPoma padents w ill be in 
addidon to the localised transient neurological 
V IP  already present at the enterocyte basolateral 
membrane. The increased background values o f 
V IP  in combination w ith  the neuronal values 
may then be sufficient to stimulate the low 
affin ity V IP  receptors and generate the large 
cyclic adenosine monophosphate response and 
resultant diarrhoea seen in VIPoma padents.

V IP  is believed to be cosecreted w ith  at least 
two other peptides -  pepude . histidine 
methionine and pepude hisddine valine.”  34 V IP  
has been shown to induce small intestinal and 
colonic secretion o f water and electrolytes in 
human volunteers at plasma values m im icking 
those seen in padents w ith  the VIPoma syn­
drome.55 A sim ilar peptide to pepude histidine 
methionine and pepude hisddine valine -  pep­
tide histidine isoleucine -  which is found in 
porcine intesune, has also been infused into 
normal volunteers and shown to induce intes­
tinal secredon.54 Recent human infusion experi­
ments o f V IP , peptide hisddine methionine and 
peptide histidine valine to sim ilar concentrations 
to those seen in  the ‘ VIPoma syndrome have 
shown much higher ileal secredon in response to 
V IP  than to the latter peptides.37 This has led to 
the conclusion that V IP  is the major mediator 
and most appropriate marker o f the VIPoma syn­
drome. There is, however, still some doubt 
about the mechanism o f V IP  induced secretory' 
diarrhoea.

We conclude that duodenal biopsy material 
provides a good, readily available source o f 
human enteroctyes for future w ork on gut 
physiology. More w ork is necessary using these 
cell preparations to discover what other cellular 
responses are induced by V IP  and cyclic 
adenosine monophosphate.

We axe very grateful to the Trent Regional Health Authority for , 
financial support and to D r J F Mayberry for performing some of

the biopsies, Miss J A Smith for technical support with isolating 
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preparation and interpretation.
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Abstract

CALMODULIN DEPENDENCE OP HUMAN DUODENAL ADENYLATE CYCLASE 
J A SMITH, M GRIFFIN , R G LONG. CITY HOSPITAL AND TRENT 
POLYTECHNIC, NOTTINGHAM.
The e f fe c ts  o f  the c a lm o d u lin  a n ta g o n is t N -(4-am inohexyl)-5- 
chloronaphthalene-1 -su lphonam ide ' (W7), ethylene g lyco l b is  ( -  
a m in o e th y le th e r) N jN ^ ^ N '- te t r a a c e t ic  ac id  (BGTA) and ca lc ium  
on adenylate cyclase(AC) in  washed membranes o f human duodenal 
b iopsies were analysed. Dose response o f  AC to  BGTA showed th a t 
EGTA concentations g re a te r than ;lmM were necessary to  in h ib i t  
AC a c t iv i t y  by 41$ and th a t  concen tra tions  less than 1mM had no.- 
e f fe c t .  The a d d it io n  o f  2-4uM c a lm o d u lin  f a i le d  to  s t im u la te  
bo th  basa l and f lu o r id e  s t im u la te d  AC in  th e  presence o f  1mM 
BGTA. This ind ica tes a system a lready sa tu ra ted  w ith  ca lm odulin  
d e s p ite  w ash ing  th e  m em branes s e v e ra l tim es w ith  'EGTA 
c o n ta in in g  b u ffe r  p r io r  t o  assay. A d d it io n  o f 80-1 OOuM W7 in  
th e  presence o f  1mM EGTA - f a i l e d  to  i n h i b i t  b a s a l 
(c o n tro l- :2.25+0-58, V/7 :2 .02+0 .55) and f l u o r id e  s t im u la te d  
(c o n tro l:1 2.85+1 *4-2, W7:1 2.84+2.26) AC. R esu lts  are expressed 
in  pMolcAMP/min/mg p ro te in+S E M . A peak o f AC a c t i v i t y  was 
o bse rve d  a t  a f r e e  c a lc iu m  c o n c e n t r a t io n  o f  30nM and 
concentrations g rea te r than 100nM ca lc ium  in h ib ite d  the enzyme. 
T h is  f in d in g  is  c o n s is te n t  w ith  th e  e f fe c ts  o f ca lc iu m  on AC 
reported in  other tis su e .
V/e conclude th a t  a la rg e  p ro p o r t io n  o f  human duodenal AC is  
ca lm o d u lin  independent and th a t  th e  ca lm o d u lin , p resen t i n  
washed membrane p re pa ra tions  th a t may in fluence  AC, is  t ig h t l y  
bound.
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of vasoactive in t e s t i n a l  pept ide.  Eur J C l in  Inves t  1989;19:221.

Abstract

ISO LATIO N  OF HUMAN DUODENAL ENTEROCYTES: EFFECT OF VASOACTIVE IN T E S T IN A L  
P E P T ID E . J A SM ITH, J A S M IT H , R G LONG, C IT Y  H O SPITAL, NOTTINGHAM.
T he  a im  o f  t h i s  s tu d y  w as t o  a s s e s s  th e  p o s s i b i l i t y  o f  i s o l a t i n g  hum an
i n t e s t i n a l  c e l l s  f ro m  d u o d e n a l  b i o p s ie s  b y  c a lc iu m  c h e l a t i o n .  The
n u m b e r and ty p e  o f  c e l l s  i s o l a t e d  w as d e te r m in e d  t o  e s t im a te  c o n ta m in ­
a t i o n  b y  n o n - e p i t h e l i a l  c e l l s .  DNA a n d  p r o t e i n  c o n c e n t r a t io n s  w e re  
c o r r e la t e d  w i t h  c e l l  n u m b e r .  A l k a l i n e  p h o s p h a ta s e ,  a m a rk e r  enzym e f o r  
th e  e n te r o c y te  b ru s h  b o r d e r ,  w as m e a s u re d  t o  e s t im a t e  c e l l  r e c o v e r y .  The 
e f f e c t  o f  v a s o a c t iv e  i n t e s t i n a l  p e p t i d e  ( V I P ) ,  a p o t e n t  s t i m u l a t o r  o f  
a d e n y la t e  c y c la s e  i n  th e  i n t e s t i n e ,  o n  t h e  i s o l a t e d  e n te r o c y te s  a b i l i t y  
t o  p ro d u c e  c y c l i c  AMP w as a s s e s s e d .  . On a v e r a g e  4 .3 9  x  10^ + 2 . 0 6  SEM
c e l l s  w e re  re c o v e r e d  f r o m  n in e  d u o d e n a l
b io p s ie s  98% o f  w h ic h  w e re  e n t e r o c y t e s .
T h is  r e p r e s e n te d  a m ean r e c o v e r y  o f  61% 
as  a s s e s s e d  b y  a l k a l i n e  p h o s p h a ta s e  
a c t i v i t y .  The V IP  do se  re s p o n s e  c u r v e  
sh ow ed  t h a t  th e  c e l l s  r e s p o n d e d  i n  a 
l i n e a r  m anner b e tw e e n  10~9 t o  10“ ^M .
H o w e v e r, c y c l i c  AMP l e v e l s  i n  r e s p o n s e  
t o  10“ 12M V IP  (6 8 .9 5  + 1 6 ,3 6 )  w e re  
s i g n i f i c a n t l y  h ig h e r  ( p < 0 1 )  th a n  b a s a l  
( 4 9 .5 3  + 1 5 . 8 ) .  R e s u lt s  a r e  e x p r e s s e d  
as p M o l c y c l i c  A M P /m in /m g  DNA +SEM. We 
c o n c lu d e  t h a t  d u o d e n a l b i o p s ie s  a r e  a 
g o o d  s o u rc e  o f  human i n t e s t i n a l  c e l l s  
f o r  th e  s tu d y  o f  e n t e r o c y t e  p h y s io lo g y .

StwmUtioe of adenylate cyctase in 
isolated hmmm duodenal cefls by VIP
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S m ith  J A , G r i f f i n  M , M i r y l e e s  S E, L o n g  RG. (1 9 9 0 )  P r e p a r a t i o n  
I s o l a t e d  e n t e r o c y t e s  f r o m  hum an d u o d e n a l  b i o p s ie s  a n d  t h e i r  
v a s o a c t i v e  i n t e s t i n a l  p e p t id e  ( V I P ) .  G u t  3 1 :A 6 1 0

P repara tion  of isolated en terocytes from  
hum an duodenal biopsies and th e ir response 
to vasoactive intestinal pep tide  (V IP )

J A S M IT H . M G R IF F IN *. S E M IREYLEES*, AND 
R G LONG tM cd ica l Research Centre, C ity  Hos­
p ita l,  \  ontngnam N O 5 I P B ;  N o ttingham  Poly­
technicL  .\ oitingham N G l I  8 N S )  A modifica­
tion ot a cel! isolation technique used in animal 
studies was developed to remove enterocytes 
from  human duodenal biopsies. C itra te /E D T A  
treatm ent removed enterocytes from  any 
underly ing  iamtna propria and produced single 
cells and strips o f small num bers o f cells.

A mean o f 4-39X 1 0 '± (2 -0 6 )x  Id S E M  cells 
were obtained from duodenal biopsies from 
each patient %n = 20). D N A  assay showed 
approxim ately 50 ug D N A  was equivalent to 
1 x  10* cells. Enterocyte recovery was estimated 
enzym atically using a lkaline phosphatase 
a c tiv ity  and sound to be 61%. Cytological 
assessment o; the cells w ith  a monoclonal 
an tibody lor normal human secretory epithelia 
(C A M  5-2 showed that 9S% o f the cells 
isolated were enterocytes w ith  an intact brush 
border.

1 he ceils were viable because adenylate 
cyclase activity, the enzyme responsible for 
the production o f cyclic A M P  from  A T P , res­
ponded well to V IP  stim ulation in the absence 
o f -an exogenously added A T P  regenerating 
system. The addition o f V IP  to duodenal 
enterocytes produces a biphasic dose depen­
dent increase in cyclic A M P  p roduction . Cyclic 
A M P  concentrations in response to 10*"M to 
10*“ M  V IP  were 50% higher ( p < 0 -05) than 
basal ieveis. From lODVi to 10 ^M  V IP  duo­
denal enterocytes exhibited a linear dose 
dependent increase in cyclic A M P  production.

W7e conclude that duodenal biopsies are a 
good source o f human intestinal cells fo r the 
s tudy o f enterocyte physiology. T h e  cells are 
viable and highly responsive to V IP .
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VASOACTIVE INTESTINAL PEPTIDE (VIP) STIMULATED 
CYCLIC AMP PRODUCTION IN EPITHELIAL CELLS ISOLATED 
FROM HUMAN DUODENAL BIOPSY SPECIMENS IS NOT 
CALMODULIN DEPENDENT
JA SMITH, M GRIFFIN*, SE MIREYLEES* and RG LONG
Medical Research Centre, City Hospital,' Nottingham 
NG5 1PB and ^Department of Life Sciences, 
Nottingham Polytechnic, Nottingham NG11 8NS

VIP is the most potent stimulant of cyclic AMP 
production in the human intestine so far described. 
This study examines the dependence of VIP 
stimulated cyclic AMP production on the calcium 
binding protein, calmodulin, using the calmodulin 
antagonists trifuoperazine (TFP) and N-(8- 
amino’nexyl) -5-IODO-l-naphthalene-sulphonamide (IODO 
8) in epithelial cells from the human duodenum.

Epithelial cells were isolated from bioosies 
(Smith et al. GUT (1990) 3 1 : 1350-1354) with the
addition of Img/ml soybean trypsin inhibitor, 2mM 
glutamine, 2mg/ml BSA and 3mM 3-isobutyl-1- 
methylxanthine in the buffers. 86%±18.8SD (n=15) of 
isolated cells excluded trypan blue for at least 
2'nrs after isolation.

Results are the meaniSEM of a minimum of 4 
determinations expressed as nM cyclic AMP/5min 
incubation/mg DNA. 2xI0“®M VIP stimulated cyclic 
AMP production was linear 
incubation; thereafter it 
VIP concentrations as low 
which represents a 7 fold 
(0.67+0.16). 10"^M VIP gave
increase above basal. VIP 
cyclic AMP production was not inhibited by either 
calmodulin antagonist at concentrations as high as 
lOOjlM. Reported concentrations of TFP and IODO 8 
necessary to inhibit other calmodulin dependent 
enzyme systems by 50% are 6pM and 3)iM respectively.

The results show that in duodenal epithelial 
cells cyclic AMP production is highly sensitive to 
VIP stimulation and this is not regulated by 
calmodulin.

for the first 5min of 
plateaued (7.15±0.85). 

as 10-^-^M gave 4.78+1.14 
increase above basal 
7.05+1.30 a 10.5 fold 
stimulated (2xlO-8M)
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