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Effect of vasoactive intestinal peptide on cyclic
adenosine monophosphate production in enterocytes
isolated from human duodenal biopsy specimens

J A Smith, M Griffin, S E Mireylees, R G Long

Abstract
A modification of a cell isolation technique
used in animal studies was developed to remove
enterocytes from duodenal biopsy specimens.
Citrate-ethylenediaminetetra-acetic acid treat-
ment removed enterocytes from any under-
lying lamina propria and produced single cells
and strips of cells. A mean (SEM) of 4-39
(2.06) x 106 cells was obtained from nine duo-
denal biopsy specimens. Enterocyte recovery
was estimated enzymatically using alkaline
phosphatase activity and was found to be 61%.
Cytological assessment of the cells with CAM
5*2 showed that 98% of the cells isolated were
enterocytes with an intact brush border. The
cells responded well to vasoactive intestinal
peptide stimulation in the absence of an
exogenously added adenosine triphosphate
regenerating system. The addition of vasoac-
tive intestinal peptide to duodenal enterocytes
produced a biphasic dose dependent increase
in cyclic adenosine monophosphate produc-
tion. Stimulation of these cells with 10-13M
vasoactive intestinal peptide resulted in a 50%
stimulation over basal value while 10-6M vaso-
active intestinal peptide led to a fivefold in-
crease in cyclic adenosine monophosphate
production. We conclude that duodenal biopsy
specimens are a good source of human intes-
tinal cells for the study of enterocyte
physiology. The cells were viable and highly
responsive to vasoactive intestinal peptide.
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Vasoactive intestinal peptide (VIP) is a 28 amino
acid peptide originally isolated from porcine
small intestine by Said and Mutt.' It is believed
to be a neurotransmitter and is found extensively
throughout the central nervous system and
gastrointestinal tract.2 3 It is secreted by non-beta
islet cell pancreatic tumours and ganglioneuro-
blastomas (VIPomas)2A which are clinically
characterised by the watery diarrhoea, hypo-
kalaemia, and achlorhydria (WDHA) syn-
drome.5 Infusion ofVIP into the blood ofnormal
man and animals produces the profuse secretory
diarrhoea associated with these tumours.6 These
two pieces of evidence indicate an endocrine role
for VIP when high concentrations in plasma are

present. Normal plasma values of VIP are

thought to be the result of neurone 'dumping'
and not to have any physiological function.7
The mechanism by which VIP exerts its

effects on intestinal secretion is thought to be
through the stimulation of adenylate cyclase and
therefore cyclic adenosine 3', 5'-monophos-
phate production.4 Raised cyclic adenosine

monophosphate values lead to active Cl- secre-
tion and decreased Na+ absorption, the overall
effect being net intestinal secretion.8

Initial in vitro studies with human intestinal
homogenates failed to show VIP induced adeny-
late cyclase stimulation9 10 at concentrations con-
sistent with those found in the plasma of patients
with VIPomas (10-"-10-9 mol/l)." The pos-
sibility therefore arose that the hypothesis that
VIP from tumours caused direct enterocyte
cyclic adenosine monophosphate production,
intestinal secretion, and diarrhoea was flawed. In
animal studies isolated enterocytes have been
used with greater sensitivity.7 12-14 The purpose of
this study was to isolate enterocytes from human
duodenal biopsy specimens using a calcium
chelation technique'5 and to assess the effect of
VIP in stimulating cyclic adenosine mono-
phosphate production.

Patients and methods
Patients presenting at clinic with diarrhoea or
iron deficient anaemia underwent biopsy as part
of diagnostic investigations to exclude malab-
sorption. Duodenal biopsy specimens from 20 of
these patients were used to validate the cell
isolation technique. All these patients were sub-
sequently found to have normal duodenal his-
tology and no underlying upper intestinal
disease.
The six patients used for the VIP studies were

all women with a mean (SEM) age of40 (7) years.
After examination, five of the patients were
diagnosed as having the irritable bowel syn-
drome. All had abdominal discomfort or pain,
three had mild diarrhoea, and one had increased
rectus flatus. The final patient had iron defi-
ciency anaemia for which investigations showed
no cause. All these patients had histologically
normal duodenal mucosa and normal lactase,
sucrase, and maltase values.
The patients were fasted from midnight, and

the following morning they were prepared with
lignocaine spray to the pharynx and intravenous
sedation with diazepam (Diazemuls). An Olym-
pus GIF IT endoscope (Keymed, Southend-on-
Sea, Essex) with 3-7 mm biopsy forceps was
used. Two biopsy specimens were taken from
the second part of the du6denum for histological
assessment. Subsequent biopsy specimens were
put into 0-9% saline at 4°C. Each specimen
weighed approximately 13 mg.'6 The research
protocol was approved on ethical grounds by the
City Hospital Ethical Committee, Notting-
ham and the patients gave informed written
consent.
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PREPARATION OF ISOLATED ENTEROCYTES
A modification of a cell isolation technique used
in animal studies was developed.'5 '7 The biopsy
specimens were transferred to 10 ml citrate
buffer (1-5 mM KC1, 96 mM NaCl, 27 mM Na
citrate, 8 mM KH2PO4, 5 6 mM Na2HPO4, pH
7 3), prewarmed to 37°C, and incubated for 10
minutes in a shaking water bath. The citrate
buffer was removed and the specimens were
resuspended in 10 ml ethylenediaminetetra-
acetic acid (EDTA) buffer (1-5 mM EDTA,
0 5 mM dithiothreitol, 10 mM NaH2HPO4,
154 mM 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 of cells was washed twice in TRIS
buffer (15 mM TRIS, 120mM NaCl, 5 mM KCI,
1-6 mM MgSO4, 2 mM NaH2PO4, 1-2 mM
CaCl2, 10 mM glucose pH7-4) at 4°C and gassed
with 5% C02/95% 02. Cells for the study of
cyclic adeno~ine monophosphate were resus-
pended in the above TRIS buffer with the
addition of 0-1% bovine serum albumin and
1 mM 3-isobutyl-1-methylxanthine to prevent
cyclic adenosine monophosphate degradation.
Enterocyte viability was assumed because the
adenylate cyclase responded well to VIP stimula-
tion in the absence of an exogenously added
adenosine triphosphate regenerating system.
Time course studies showed that once the cells

were isolated the rate of both basal and VIP
stimulated cyclic adenosine monophosphate pro-
duction was constant for the first 10 minutes of
incubation. The brush border membrane
enzyme, alkaline phosphatase, was assayed to
assess enterocyte recovery from the biopsy speci-
mens. Alkaline phosphatase activity was assayed
in the cell suspensions and homogenates of the
biopsy specimens from which the cells had been

harvested by the method of Hausamen.'7 1& Cyto-
logical assessment of the enterocytes was by
staining with CAM 5 2,19 a monoclonal antibody
used as a marker for normal human secretory
epithelia. Deoxyribonucleic acid assay20 showed
approximately 50 [tg deoxyribonucleic acid was
equivalent to 1 x 106 cells.

INCUBATION OF ISOLATED ENTEROCYTES
WITH VIP
Synthetic porcine VIP was dissolved in the same
TRIS buffer used to suspend the cells with the
addition of 4 KIU/ml aprotinin. Cells (approxi-
mately 1 5 x 106/ml) were preincubated for three
minutes at 37°C. The incubation was for a
further seven minutes at 37°C and the reaction
was initiated with the addition ofVIP at concen-
trations ranging from 10- 3-10-6 M. The reaction
was terminated with sufficient ice cold trichloro-
acetic acid to produce a final concentration of
6%. The trichloroacetic acid was removed by
amine/Freon extraction."2 Cyclic adenosine
monop osphate was assayed in the extract by a
protein binding assay.22

MATERIALS
All chemicals were of the highest available grade
from the Sigma Chemical Company with the
exception of (3H) cyclic adenosine mono-
phosphate which was from Amersham Inc and
CAM 5 2 from Becton Dickinson.

STATISTICS
Results are expressed as mean (SEM). The
Wilcoxon signed rank test was used to test for
significance.B
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Figure 1: Duodenal biopsy specimens before (A) and after (B) enterocvte isolation. In (B) the
enterocvtes have been strippedfrom the villi by the calcium chelation method.
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Figure 2: Enterocytes isolatedfrom duodenal biopsy specimens. The darker staining end ofthe
cells is the intact brush border membrane.

Results

ISOLATED ENTEROCYTES
Figure 1 shows two duodenal biopsy specimens
before and after the cell isolation procedure. The
citrate/EDTA treatment removed enterocytes
from the underlying lamina propria and pro-
duced single cells or strips of small numbers of
cells. A mean (SEM) of 4-39 (2 06)x 106 cells
were removed from nine duodenal biopsy speci-
mens (n=20). Alkaline phosphatase activity is
expressed as nmol p-nitrophenol/min/mg
protein (n=5). Mean (SEM) alkaline phos-
phatase activity was 1458 (534) in the cell
preparations from the biopsy specimens and
1026 (578) in homogenates ofthe specimens after
the cell isolation procedure. This represented
an enterocyte recovery of 61%. The monoclonal
antibody, CAM 5-2, showed that 98% ofthe cells
isolated were enterocytes with an intact brush
border (Fig 2).

VIP AND HUMAN DUODENAL ENTEROCYTES
The addition ofVIP 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-X3
M-10`" M VIP were not dose dependent, but
they were 50% higher (p<005) than basal values
indicating that even at these very low VIP con-

centrations there may be an upregulation of
adenylate cyclase activity. From 10-9 M-10-6 M,
VIP isolated duodenal enterocytes exhibited a
linear dose dependent response in cyclic adeno-
sine monophosphate production. At 10-6M VIP
there was a fivefold increase in cyclic adenosine
monophosphate production compared with the
basal value (Fig 3).

Discussion
In this study we have used a calcium chelation
technique'5 to remove cells from human duo-
denal biopsy specimens. This technique allows
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Figure 3: The dose dependent effect ofvasoactive intestinal
peptide on human duodenal enterocyte cyclic adenosine
monophosphate (AMP) production. Data are mean (SEM) of
six experiments.

the isolation of cells that are metabolically active
and have intact VIP receptors, and should be
applicable to other lines of physiological and
pharmacological research. It 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 primary lesions. However, unpub-
lished efforts by us using biopsy specimens from
patients with villous atrophy have not sur-
prisingly failed to produce cells. Other possible
techniques are likely to be less successful.
Mucosal scrapes from operative or necropsy
specimens taken at the time of organ donation
will 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.23 Cells in sufficient numbers
may be obtained from biopsy material by cal-
cium chelation without undue contamination
from underlying non-epithelial tissue. The
isolated cells are devoid ofneuronal elements and
are therefore free from endogenous VIP.24

This study provides evidence that VIP stimu-
lates cyclic adenosine monophosphate produc-
tion in isolated human duodenal enterocytes.
The concentration at which VIP stimulation of
cyclic adenosine monophosphate could be
detected using this cell isolation technique was
much lower than that previously reported from
human intestinal homogenates90' and more sen-
sitive than other isolated epithelial cell prepara-
tions.25 The shape of the dose response curve is
similar to that shown for guinea pig pancreatic
acinar cells.26 The stimulation of cyclic adenosine
monophosphate production seemed to occur in
two steps with a first plateau oflow amplitude for
low VIP concentrations and a second one of
larger amplitude for higher VIP concentrations.
The curve differs from that of pancreatic acinar
cells, however, in that the effective concentra-
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tions of VIP were 100 to 1000 times lower. This
seemingly biphasic effect of VIP on human
duodenal epithelial cells was different to the
monophasic responses reported with rat isolated
jejunoileal epithelial cells'2 and isolated human
colonic crypt cells.27 The shape of the dose
response curve suggests the presence of high and
low affinity VIP receptors on these cells. Stimula-
tion oflow affinity receptors may be more relevant
to the neuronal control of gut function, where
nerve terminals in close proximity to epithelial
cells could attain high VIP concentrations.28
There is, however, some doubt about the physio-
logical relevance of the low affinity VIP
receptors.29 Stimulation of the high affinity
receptors at very low VIP concentrations that
give rise to a small but significant cyclic
adenosine monophosphate increase fall within
both normal blood values and those capable of
eliciting intestinal secretion in patients with the
VIPoma syndrome." This suggests that either
VIP may not have a direct influence upon
enterocyte cyclic adenosine monophosphate
production in the VIPoma syndrome or that
cyclic adenosine monophosphate is not the
mediator of intestinal secretion in this disease,
and there is some evidence to support both of
these ideas.29 3"32 However, the increase in
plasma VIP in VIPoma patients will be in
addition to the localised transient neurological
VIP already present at the enterocyte basolateral
membrane. The increased background values of
VIP in combination with the neuronal values
may then be sufficient to stimulate the low
affinity VIP receptors and generate the large
cyclic adenosine monophosphate response and
resultant diarrhoea seen in VIPoma patients.
VIP is believed to be cosecreted with at least

two other peptides - peptide histidine
methionine and peptide histidine valine.33 34 VIP
has been shown to induce small intestinal and
colonic secretion of water and electrolytes in
human volunteers at plasma values mimicking
those seen in patients with the VIPoma syn-
drome.35 A similar peptide to peptide histidine
methionine and peptide histidine valine - pep-
tide histidine isoleucine - which is found in
porcine intestine, has also been infused into
normal volunteers and shown to induce intes-
tinal secretion.36 Recent human infusion experi-
ments of VIP, peptide histidine methionine and
peptide histidine valine to similar concentrations
to those seen in the VIPoma syndrome have
shown much higher ileal secretion in response to
VIP than to the latter peptides.37 This has led to
the conclusion that VIP is the major mediator
and most appropriate marker of the VIPoma syn-
drome. There is, however, still some doubt
about the mechanism of VIP induced secretory
diarrhoea.
We conclude that duodenal biopsy material

provides a good, readily available source of
human enteroctyes for future work on gut
physiology. More work is necessary using these
cell preparations to discover what other cellular
responses are induced by VIP and cyclic
adenosine monophosphate.
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