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ABSTRACT
A sensitive and specific radioimmunoassay (RIA) has been developed for measurement
of plasma concentrations of cholecystokinin (CCK). A previously described CCK
bioassay bas been established and a direct comparison made of plasma CCK
concentrations measured Avitb the bioassay and RIA. These assays have been used to
investigate secretion of CCK and its role in the control of satiety in healthy human
volunteers.

Release of CCK was examined in response to an isocaloric load of fat or glucose
administered orally. Fat, but not glucose, produced a significant increase in plasma
concentrations of CCK compared to fasting values. Similar experiments were
performed with L- and D-pbenylalanine and it was shown that only L-pbenylalanine
(L-Phe) released CCK and produced peak plasma CCK concentrations similar to those
seen after ingestion of a meal of mixed nutrients.

A rapid intravenous infusion of a mixture of L-amino acids increased plasma
concentrations of CCK and in addition, promoted gallbladder contraction. The rate of
amino acid infusion as well as the amount given determined the extent of gallbladder
contraction and release of CCK.

Two approaches have been used to investigate the physiological role of CCK in
control of food intake in humans. As shown in earlier experiments L-Phe, but not DPhe, increases endogenous secretion of CCK from duodenal endocrine cells. An oral
load of L-Phe administered 20 minutes before a test meal significantly increased
plasma CCK concentrations and reduced energy intake during the meal compared to
energy intake after placebo. D-Phe did not release CCK or reduce energy intake
compared to placebo. These results showed that release of endogenous CCK by LPhe was associated with a reduction in food intake and provided indirect evidence
that CCK is an important satiety peptide in humans. In a subsequent study subjects
received an intravenous infusion of saline or synthetic CCK - 8

to reproduce

physiological postprandial plasma concentrations. Twenty five minutes after the start

of the infusion subjects were presented with a test meal. Energy intake was
significantly less during CCK infusion than during saline infusion. Thus these two
series of experiments provide support that CCK is a physiological satiety hormone in
humans.

Finally the effect of activation of serotonergic (5-hydroxytryptamine, 5-HT) nerves
on CCK release was investigated. Oral administration of dexfenfluramine, which
enhances 5-HT release from nerve terminals, did not increase plasma concentrations
of CCK. It seems unlikely therefore that release of peripheral CCK mediates the
reduction in food intake which is induced by dexfenfluramine.
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1. DISTRIBUTION AND RELEASE OF CHOLECYSTOKININ

1.1 Discovery of Cholecystokinin
On January 23rd, 1902, Bayliss and Starling described their discovery to the Royal
Society of a substance in extracts of the upper small intestine, which when administered
intravenously caused the pancreas to secrete. They named this substance ‘secretin’
(Bayliss and Starling, 1902). In 1919 two Brazilian scientists, Braga and Campos,
found that a preparation of secretin caused emptying of the gallbladder on intravenous
administration. Shortly afterwards it was found that ingestion of cream and eggs in cats
also caused the gallbladder to empty (Boyden 1923). In 1928 Ivy and Oldberg repeated
the experiments with intravenous secretin and concluded that postprandial contraction
of the gallbladder was due, at least in part, to a hormone identical to secretin or to a
previously unknown upper intestinal hormone. In subsequent experiments they
demonstrated that it was possible to prepare a pure solution of ‘secretin’ which did not
contract the gallbladder; thus providing support for the existence of another hormone
which had contaminated earlier, less pure, preparations. They proposed the name
‘cholecystokinin’ (that which excites or moves the gallbladder) for the substance in
intestinal extracts which caused the gallbladder to contract (Ivy and Oldberg 1928).

In 1943 Harper and Raper discovered a humoral substance from duodenal mucosa that
released enzymes from the pancreas, which they named pancreozymin (PZ). It was over
20 years later that Jorpes and Mutt (1966), while working primarily on secretin,
identified cholecystokinin and pancreozymin as the same substance. They found that
the methanol-insoluble material left after extracting secretin from the intestinal mucosa
was active both on the gallbladder and on the enzyme secretion of the pancreas. They
concluded that it must contain both cholecystokinin and pancreozymin. By a number of
purification steps secretin was completely removed fi"om the crude extract and the
activities of cholecystokinin and pancreozymin were increased over one-hundred fold.
They found that the proportional rise in cholecystokinin and pancreozymin activities
were identical and postulated that both the activities were exerted by one and the same
substance. Support for this assumption was gained when

it was found that

21

cholecystokinin, which contains methionine, could be oxidised by hydrogen peroxide
(like other methionine containing peptides) with complete loss of biological activity.
The pancreozymin activity simultaneously underwent the same changes. What
originally was reported as two distinct hormones turned out to be a single hormone.
Since the cholecystokinetic activity was discovered first, the name cholecystokinin
(CCK) was used instead of cholecystokinin-pancreozymin.

In subsequent experiments the full amino acid sequence of CCK was demonstrated and
the C-terminal five amino acids shown to be identical with those of gastrin (figure 1).
This explained the similarity in action of these two peptides on gastric and pancreatic
secretions. At the same time the similarity between the C-terminal end of CCK and the
decapeptide caerulein (isolated from the skin of an Australian frog, Hyla caerulea, by
Professor Erspamer and co-workers, Parma, Italy) was shown. The C-terminal
octapeptide of the two compounds is similar except for an exchange of threonine in
caerulein for methionine in CCK. Caerulein was shown by its discoverers to have all
the actions o f both gastrin and CCK and has since been used in many studies to
investigate the physiological actions of CCK.
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Figure 1
The primary structure of porcine CCK-33. The amino acids are numbered starting at
lysine N o.l. The C-terminal pentapeptide amide sequence (29 - 33) which is
homologous with the C-terminus of gastrin, is indicated by the shaded circles.
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1.2 Tissue distribution of CCK
1.2.1 Gut endocrine cells
Initial studies with CCK showed that it was distributed in the upper small intestine.
Precise

localisation

of

CCK

cells

has

been

possible

using

an

indirect

immunofluorescence technique and antibodies raised against CCK (Polak et al, 1975;
Buffa et al, 1976). The distribution of CCK cells was shown to be similar in intestine
obtained from human, pigs and dogs, with numerous cells scattered in the duodenal and
proximal jejunal mucosa. Fewer CCK cells were seen in the distal jejunum and ileum,
and none were detected in the colon or stomach. The CCK cells were predominantly in
the epithelium lining duodenal crypts and some in the transitional region between the
crypts and villi, but were scarce at the top of the villi. Electron microscopy of CCK
cells demonstrated moderately electron dense secretory granules which closely
resembled the I granules of the modified Wiesbaden classification.

1.2.2 CCK neurones in the gut
CCK neurones in the intestine are predominantly confined to the colon, where they
occur in the circular muscle layer, myenteric plexus of Auerbach and the submucous
plexus of Meissner, where they innervate ganglionic cell bodies (Larsson & Rehfeld
1979). Ganglionic cell bodies in the pancreas are also surrounded by CCK nerve
terminals and in some species, such as human and rat, distinct CCK nerve terminals
surround pancreatic islet cells (Rehfeld et al, 1980). The origin of intestinal and
pancreatic CCK nerve fibres has not been precisely determined.

1.2.3 CCK neurones outside the gut
The brain contains the majority of the CCK neurones; there are a few

in the

genitourinary tract and peripheral somatic nerves (Larsson and Rehfeld, 1979).
Radioimmunoassay measurements have shown that CCK is not equally distributed
throughout the brain of rats and humans. The highest concentrations are found in the
cerebral cortex, with lower levels in the hippocampus, olfactory lobes, caudate nucleus
and hypothalamus. Little CCK is present in the brain stem and even less in the
cerebellum (Rehfeld 1978b; Schneider et al, 1979).
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1.3 Molecular heterogeneity of CCK
1.3.1 Introduction
CCK is highly heterogeneous consisting of a large group of peptides. All of these are
fragments of the same translation product (preprocholecystokinin) from a single mRNA
transcribed from the CCK gene located on chromosome 3 (Deschenes et al, 1985). All
CCK peptides are derived from a 58 amino acid fragment of preprocholecystokinin
(figure

2)

and

have

(as

a

minimum)

the

a-amidated

COOH-terminus

-Trp-Met-Asp-Phe-NH2 (CCK-4). Moreover, it is necessary that the peptide contain the
entire tyrosine O-sulphated heptapeptide amide Tyr(S0 4 )-Met-Gly-Trp-Met-Asp-PheNH 2 at the COOH-terminus (figure 1) to ensure full biological activity at physiological
plasma concentrations. Sulphation of the tyrosine residue is less important for most of
the cerebral actions.

CCK-58 is less potent than CCK- 8 and CCK-33 for release of amylase from isolated
pancreatic acini when tested in the CCK bioassay system (chapter 6 ). CCK-33 and
CCK-39 have 40% bioactivity compared to CCK - 8 (Liddle et al, 1985; Schmidt et al,
1994), while CCK-58 has only 12% (Schmidt et al, 1994). Trypsin treatment of CCK58, which removes the amino terminus, increases the bioactivity to that of CCK - 8 and
thus it appears that reduced bioactivity of CCK-58 is due to shielding of the carboxyl
terminus by some region of the amino terminus. This shielding is an indication that
CCK-58, unlike other molecular forms of CCK, has a stable tertiary structure.

The signal and spacer peptides (figure 2) show considerable species variation, however
the sequence of CCK-58 is similar between species, including humans, pigs, rats and
dogs.
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NH.

-COOH

PreproCCK

/
Signal peptide

/
Spacer peptide

t

SOqH

CCK-58

SO,H
CCK-39
SO3 H

I__
CCK-33
SO3 H
I___
CCK-22

SOiH
CCK - 8

Figure 2
Presumed post-translational processing of PreproCCK in intestinal endocrine cells.
Fragments framed in bold lines are biologically active forms containing COOHterminal carboxyamidated tetrapeptide. CCK^ receptors have high affinity only for
CCK forms which have a sulphated tyrosine at position 7 from the COOH terminus.
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1.3.2 CCK forms in the plasma
There is controversy over the predominant molecular forms of CCK in the intestine and
blood of various species. Early studies reported that the smaller CCK peptides were the
predominant forms in venous blood (Calam et al, 1982) and CCK-58 could not be
detected. However CCK-58 is degraded in vitro by plasma enzymes and if this is
prevented (by acidification of plasma) then this form is reported to constitute about
65% of total CCK immunoreactivity in the dog (Eysselein 1987; Sun et al, 1992).
Eysselein and co-workers (1990a) also reported that CCK-39 and CCK-58 were the
major circulating forms in human plasma. In the most recent study, Schmidt et al
(1994) argued that acidification of plasma was unnecessary to prevent degradation of
larger CCK forms. They measured human plasma extracts by a well validated
radioimmunoassay and concluded that postprandial CCK consists of 40% CCK-8 , 35%
33/39 and 25% CCK-58. In the rabbit, CCK-22 and CCK- 8 are reported to be the main
circulating forms (Rehfeld 1994).

1.3.3 CCK forms in the intestine
Eysselein et al have reported that CCK-58 is the major molecular form in human, dog
and rat intestine (Eysselein et al, 1990b). In these studies high-pressure liquid
chromatography separation of the various molecular forms was performed on acid
extracts o f the intestine and this may introduce experimental artefact. Turkelson and
Solomon (1990) have shown that less that 10% of added CCK- 8 is recovered in acid
intestinal extracts compared to 43% of added CCK-33. Subsequent urea extraction
yielded approximately 25% of added CCK-8 . The low extraction of CCK- 8 is thought
to be due to binding of CCK to tissue proteins during acid extraction. In acid/urea
extracts they demonstrated approximately equal amounts of CCK-8 , CCK-33/39 and
CCK-58 but were unable to demonstrate any CCK-22.

1.4 CCK receptor family
The results of numerous pharmacological, physiological and biochemical studies
originally suggested that there were at least four receptor types for CCK/gastrin-related
peptides. These were classified on the basis of their relative affinity for sulphated and
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nonsulphated CCK agonists and selective antagonists. These four receptors were
classified as CCK^R, CCKgR, gastrin receptors and finally, receptors preferring the
COOH-terminal tetrapeptide common to CCK and gastrin, named CG-4 receptors. In
addition, these studies suggested that two different subtypes of CCK^R existed: one in
the pancreas and one in the gallbladder. More recent work, performed by Steven Wank
and co-workers, has clearly demonstrated that in the rat, guinea pig and human, there
are only two members of the CCK receptor family: CCK^R and CCKgR (Wank et al,
1994). The gastrin receptor, found on parietal cells of the gastric mucosa, was shown to
be identical with the CCKgR. Furthermore, this series of experiments indicated that the
CCK^Rs in guinea pig gallbladder and pancreas are identical and not different
subtypes.

The CCK^R has a high affinity only for the CCK peptides that are sulphated in the
seventh position from the COOH-terminus which includes all forms of CCK (CCK-58,
CCK-39, CCK-33 and CCK-8), caerulein, and the invertebrate peptide cionin. In
contrast the CCKgR has high affinity for both CCK peptides and gastrin; sulphation in
either the sixth position (sulphated gastrin-17) or the seventh position from the COOHterminus increases potency less that 10-fold.

It was originally thought that CCK^ receptors were found only in the periphery and
CCKg receptors were confined to the brain. However, further studies showed that
CCKg receptors are found in the periphery as well as being widely distributed in the
CNS (Table 1). CCK^ receptors are found in a limited distribution in the brain
(interpeduncular nucleus, area postrema, nucleus of the solitary tract). There is a broad
correlation between the distribution of CCK and its receptor in the rat brain (Saito et al,
1980).

In some tissues (e.g. guinea pig pancreatic acinar cells, gastrointestinal smooth muscle
from stomach and gallbladder, guinea pig chief cells, somatostatin-releasing cells of the
stomach and in the CNS) both types of CCK receptors exist on the same cells.
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The CCK^R and CCKbR constitute a family of receptors within the guanine
nucleotide-binding regulatory protein-coupled superfamily of receptors. Each receptor
is highly conserved between species.
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Characteristic

CCK^ receptor

C C K g re c e p to r

Structure (human)

428 amino acids

447 amino acids

Natural agonists

CCK-8, cionin, caerulein » > gastrin » CCK-4

CCK-8, gastrin, cionin > CCK-4

Location

CNS (limited), islets (some species), pancreatic

CNS (widespread), GI smooth muscle, gastric

acini, gallbladder, neurones (GI tract), gastric

mucosal (parietal. D-cell, chief) and pancreatic

mucosal cells (D-cells, chief)

acini

*MK-329 (L-364,718, devazepide)

CI-988 (P D -134,308)

Selective antagonists

Loxiglumide (CR 1505)

L-365,260

PD-140548
Lorglumide (CR-1409)
Loxiglum ide and L -364,718 are the only antagonists to have been used in human studies; loxiglum ide is the only antagonist still available for use in humans

Table 1
Characteristics of classes of CCK receptors and antagonists.
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1.5 Release of CCK from intestinal endocrine cells
1.5.1 Introduction
In humans and other species luminal nutrients are potent stimulants of CCK release
from I cells. In the earliest studies performed, pancreatic enzyme secretion and bile salt
output, measured in vivo, were used as a bioassay for measurement of CCK release. In
the rat, intraduodenal administration of protein stimulated pancreatic enzyme secretion,
but hydrolysed protein or amino acids were without effect (Green et al, 1973). In
addition, feeding trypsin inhibitor is a potent stimulus for pancreatic enzyme secretion
in the rat (Green and Lyman, 1972). In contrast, in human subjects, intraduodenal
infusion of amino acids (Ertan et al, 1971) and fatty acids, but not dextrose or saline
(Go et al, 1970) stimulated enzyme secretion and gallbladder contraction. The
magnitude of the response with amino acids was similar to that seen with maximally
tolerated doses of an intravenous CCK infusion (Go et al, 1970).

Subsequently with the development of specific and sensitive assays for measurement of
plasma CCK these experiments have been repeated. It has been confirmed, that in the
rat, intact protein is the most potent stimulus of CCK release; in humans, protein,
amino acids and fatty acids are the most potent stimulants. These studies are discussed
in more detail below. The mechanisms by which food and its different components
induce CCK release are not fully understood and appear to be species specific. Most
work has been done in the rat and I will deal with these studies first.

1.5.2 Release of CCK by luminal nutrients in the rat
Liddle et al (1986) demonstrated that in rats, fed via an orogastric tube, an 18% solution
of the milk protein casein, was a potent stimulus of CCK release. This produced a
prompt and significant elevation in plasma CCK concentrations from basal levels of 0.5
pmol/1 to 7.9 pmol/1 at 5 minutes post meal. Plasma levels gradually fell but remained
significantly elevated above basal levels at 30 minutes post meal. The response to
casein was dose dependant; feeding 9, 13 and 18% solutions caused progressively
higher plasma CCK concentrations. In contrast, an equal weight of bovine serum
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albumin was a much weaker stimulus and a casein hydrolysate did not stimulate CCK
release. Similarly orogastric solutions of amino acids (L-tryptophan and Lphenylalanine), fat (com oil and oleic acid), and carbohydrates (10% glucose and 20%
starch) did not stimulate CCK release. To exclude any confounding effects of gastric
emptying rates of nutrients and CCK release, Lewis and Williams (1990) infused
foodstuffs directly into the duodenum and also found that intact protein, but not casein
hydrolysate, was a potent stimulus of CCK release. Thus, in summary, these studies
indicate that proteins are the major food stimulants of CCK release in the rat.

In contrast to the findings in v/vo, isolated mucosal cells from the rat duodenojejunum
do not secrete CCK in response to protein or protein digests (Sharara et al, 1993). Two
other secretagogues, bombesin and monitor peptide (see below), stimulated CCK
release in a dose-dependant manner thus demonstrating that the cells in this system
were viable and responsive. These results suggest that proteins in the rat stimulate CCK
release via an indirect mechanism and not by direct interaction with I cells.

Several studies in the rat have since shown that fatty acids, but not whole fat, do in fact
stimulate CCK release however the response is less than with protein (Cuber et al,
1990; Lewis & Williams 1990). The mechanism of fat induced CCK release has not
been studied. CCK release by luminal nutrients is not affected by cholinergic or
intramural nerves (Cuber et al, 1990; Lewis & Williams 1990)

1.5.3 The mechanism of CCK release by protein in the rat
An understanding of the mechanism of protein induced CCK release has developed
from work which demonstrated that intraluminal trypsin in the upper small intestine
inhibits pancreatic enzyme secretion (Green and Lyman 1972), i.e. a negative feedback
mechanism. Further work demonstrated that this was probably mediated by inhibition
of CCK release as orogastric administration of trypsin completely inhibited casein
stimulated CCK release (Liddle et al, 1986). Furthermore, administration of trypsin
inhibitors alone resulted in increased plasma concentrations of CCK, which in turn
stimulated pancreatic protein secretion (Liddle et al, 1984). The potency of various
proteins to stimulate release of CCK is directly related to their ability to inhibit trypsin
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in vitro. Liddle et al (1986) studied the ability of various dietary proteins to inhibit
tryptic hydrolysis of a radiolabelled protein. This method detects substrates of trypsin
(e.g. dietary proteins) as well as conventional trypsin inhibitors (e.g. soybean trypsin
inhibitor). In agreement with the studies discussed above, in this system, casein is a
much more potent inhibitor of trypsin than bovine serum albumin or casein hydrolysate
(Liddle et al, 1986).

There is now good evidence that in the rat, CCK release by protein is mediated by at
least one trypsin sensitive CCK-releasing protein. These are discussed in more detail
below.

Pancreatic CCK releasing peptide (monitor peptide)
In 1987 Iwai et al, purified and sequenced a CCK-releasing peptide from rat pancreatic
juice. They demonstrated that the peptide, comprising 61 amino acid residues, was
trypsin sensitive and had a high degree of homology with pancreatic secretory trypsin
inhibitors. Based on this work, they postulated that the peptide acts as a mediator of
pancreatic enzyme secretion in response to dietary protein intake. The peptide was
designated “monitor peptide” and in subsequent studies monitor peptide was shown to
directly stimulate CCK release from isolated intestinal mucosal cells (Shirara et al,
1993; Liddle et al, 1992). Monitor peptide is secreted into the gut lumen from the rat
pancreas via a cholinergically independent mechanism. When trypsin is engaged in the
digestion of dietary proteins, present in the duodenum after a meal, then monitor
peptide is protected from tryptic digestion (figure 3). It is likely that monitor peptide
binds to receptors on the luminal surface of the CCK cell and initiates a series of
intracellular events leading to release of CCK from the basolateral surface.

Intestinal CCK releasing peptide
There is also thought to be a second intestinal CCK-releasing peptide. This peptide has
not been identified but experiments suggest that it is secreted from intestinal cells into
the lumen in response to intraluminal peptone. It is trypsin sensitive and secretion is
inhibited by atropine (Miyasaka et al, 1989; Spannagel et al, 1994). Studies in the
isolated vascularly perfused rat duodenojejunum support the existence of this intestinal
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CCK-releasing peptide (Cuber et al, 1990). In this model, pancreatic secretion and
hence monitor peptide is excluded from the intestinal lumen. A luminal infusion of a
hydrolysate of casein or ovalbumin (predominantly composed of peptone) was the most
potent stimulus of CCK release in contrast to whole protein which was a weak
stimulus. CCK release was inhibited by the addition of trypsin which would
presumably destroy the CCK releasing peptide. However, as discussed previously
(section 1.5.2), in the intact rat protein hydrolysates do not stimulate CCK release and
thus the physiological role of this intestinal CCK-releasing peptide is not clear.

CCK

I
CCK-RP

I-Cell

Trypsin

Monitor peptide

Figure 3
Illustration

of the

regulation

of CCK

release

by

CCK-releasing

peptides

(CCK-RP, (\) ) present in pancreatic juice (monitor peptide) or secreted by the small
intestine into the lumen in the rat. The peptides, acts on intestinal “I” cells to release
CCK. In the presence of trypsin, the releasing peptide is degraded ( j \ i ), preventing
CCK release. In the absence of trypsin activity (e.g. with trypsin inhibitors or when
trypsin is engaged in the digestion of dietary proteins) the peptides survive in the lumen
and act on intestinal “I” cells to release CCK.
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1.5.4 Release of CCK by luminal nutrients in humans and other species
Liddle et ai used the CCK bioassay to measure plasma CCK responses to feeding in
human subjects (Liddle et al, 1985). They found that after feeding a meal of mixed
nutrients, mean plasma CCK concentrations rose from basal values of 1.0 pmol/1 to
peak values of 6.0 pmol/1 within 15 minutes of feeding. CCK concentrations remained
above basal for up to 2 hours after feeding. They also studied CCK release in response
to 100 g of each of the food components administered on separate occasions. Fat (as
com oil) and protein (as casein) were the most potent stimulants of CCK release.
Unlike the rat, a mixture of L-amino acids also stimulated release of CCK and produced
peak plasma concentrations equal to that of fat, but the response was less sustained.
Glucose was a weaker stimulus but still produced a significant increase over basal
levels. This study produced similar results to those of Hopman et al (1985a) who
measured CCK responses with a sensitive and specific radioimmunoassay. A meal of
50 g of Intralipid produced peak plasma concentrations of 4.8 pmol/1 compared to 3.4
pmol/1 after a milk protein meal. In contrast to the findings of Liddle and co-workers,
starch did not stimulate CCK release. Unsaturated fats are more potent stimulants of
CCK release than saturated fats (Beardshall et al, 1989) and long chain fatty acids are
more potent stimulants that medium chain fatty acids (Hopman et al, 1984). Ingestion
or intraduodenal perfusion of water or saline (150 and 330 mmol/1) does not evoke
CCK release (Liddle et al, 1985; Reimers et al, 1988). Age and sex differences in basal
or postprandial CCK concentrations have not been reported.

A CCK-releasing peptide has not been identified in humans or other species, but
administration of trypsin inhibitors with a meal increases CCK release compared to the
meal alone (Calam et al, 1987). This would support the existence of a trypsin sensitive
CCK-releasing peptide (figure 3).

Again in contrast to the rat there is evidence that in some species nutrients may interact
directly with the I cell to stimulate CCK release. In experiments with isolated canine
jejunal cells, L-amino acids, but not D-amino acids, dose dependantly stimulated
release o f CCK from isolated cells (Barber et al, 1986; Koop and Buchan, 1992). This
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preparation is free from the influence of circulating hormones and neural influences and
thus these results suggest that amino acids may stimulate release of CCK by interaction
with receptors on the intestinal cell or by transport into the CCK cell. There have been
no detailed studies with isolated cells to compare the potency of different amino acids
to release CCK. Studies with isolated G cells have shown that the ability of an amino
acid to stimulate gastrin release in vitro is directly correlated with lipid solubility, the
aromatic and long chain aliphatic amino acids being most potent (Lichtenberger et al,
1982). These results would suggest that hormone secretion may depend on the ability of
the amino acid to diffuse from the lumen into the interior of the G cell. The intracellular
mechanism by which amino acid uptake is coupled to gastrin secretion, however, has
yet to be characterised. It would be useful to perform similar experiments with isolated
CCK cells to further investigate the mechanism by which amino acids release CCK.

1.5.5 Other factors which release CCK
Bombesin and its mammalian counterpart, gastrin-releasing peptide, stimulate secretion
of several intestinal hormones including CCK. In the rat, an arterial infusion of
bombesin provoked a biphasic release of CCK consisting of a transient rise followed by
a sustained response. The second phase was inhibited by tetrodotoxin but not by
atropine suggesting that intramural noncholinergic nerves partly mediate the response.
In contrast CCK release by luminal nutrients was not affected by tetrodotoxin (Cuber et
al, 1989). Duodenal infusion of large amounts of hydrochloric acid stimulates release of
CCK in many species including humans (Himenos et al, 1983) but it is doubtful
whether physiological amounts of acid in the duodenum do so.

1.5.6 Summary
Thus to summarise, in the rat, intact protein is the most potent stimulus of CCK release
and this is mediated by at least one trypsin sensitive CCK-releasing peptide. The
peptide(s) is secreted tonically and in response to specific luminal nutrients. One of
these peptides, monitor peptide, has been isolated and sequenced from pancreatic juice.
In humans and other species, fat, protein and amino acids stimulate release of CCK and
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at least for amino acids there is some evidence that this is by direct interaction vdth the
CCK cell. Human studies support the existence of a trypsin sensitive CCK-releasing
peptide but this has not been isolated.

1.6 Inhibition of CCK secretion
1.6.1 Introduction
CCK stimulates gallbladder contraction and pancreatic enzyme secretion and there is
evidence that bile and pancreatic enzymes suppress CCK release so creating a negative
feedback loop. Pancreatic trypsin inhibits CCK release and this mechanism has been
discussed above as it is relevant to release of CCK.

1.6.2 Inhibition of CCK release by bile and bile acids
Malagelada et al (1973) demonstrated that in human subjects intraduodenal infusion of
taurocholate inhibited amino acid induced gallbladder contraction and pancreatic
enzyme secretion. They concluded that this was due to inhibition of CCK release.
Further evidence that bile acids physiologically inhibit CCK release was obtained from
experiments in animals and humans in which diversion of bile or administration of the
bile acid binding resin, cholestyramine, augmented CCK release in response to luminal
nutrients (Gomez et al 1988; Nustede et al 1993). The mechanism by which bile acids
inhibit amino acid stimulated CCK release is not known, but inhibition of fatty acid
stimulated CCK release may have a straightforward explanation. Gallbladder
contraction, as an indicator of CCK release, shows a biphasic response to increasing
luminal bile acid concentrations during intraduodenal infusion of oleic acid.
Contraction is virtually abolished when equimolar amounts of bile acids and fatty acids
are infused which are also the optimal conditions for fatty acid absorption (Malagelada
et al, 1976). These results suggest that a high fatty acid: bile acid ratio hinders fatty acid
absorption and thus produces a high luminal concentration of fatty acid which
stimulates CCK release which in turn contracts the gallbladder. The increased
concentration of bile acids in the duodenum, which results from gallbladder
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contraction, produces a fatty acid:bile acid ratio more favourable for fatty acid
absorption and so the cycle continues.
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2. BIOLOGICAL ACTIONS OF CHOLECYSTOKININ

2.1 Introduction
Measurement of CCK by specific and sensitive assays and the development of potent
and specific CCK antagonists, have been vital tools which have allowed investigators
to study the physiological effects of CCK. O f most relevance to this thesis is the effect,
if any, of endogenous CCK on food intake and satiety in humans. This aspect of
physiology is discussed in detail in chapter 3. In addition, CCK has many other effects
both in the periphery and in the central nervous system. The peripheral effects of CCK
are discussed and in particular its role in gallbladder contraction and possible role in
gallstone formation as a result of impaired gallbladder motility. The central effects of
CCK, other than in relation to satiety, are not discussed.

2.2 The Pancreas
2.2.1 Exocrine secretion
Exocrine pancreatic secretion usually is in an interdigestive or postprandial (digestive)
pattern. The interdigestive period follows the digestive period and begins after the
upper gastrointestinal tract is cleared of food. The interdigestive secretory pattern is
interrupted and converted to the digestive pattern by eating, release of hormones and
neural influences. Hormones such as motilin and pancreatic polypeptide, and the
parasympathetic and sympathetic nervous systems alter interdigestive exocrine
secretion. An infusion of CCK stimulates pancreatic secretion during fasting but CCK
is not thought to play a role in regulating interdigestive secretion because secretion is
not affected by the CCK^ antagonist MK-329 (Cantor et al, 1991). Furthermore, cycles
of CCK secretion do not occur in the interdigestive period which would be expected if
CCK played a prominent role (Dale et al, 1989). Similarly, the cephalic phase of
pancreatic enzyme secretion is vagally mediated and CCK does not play a role. CCK^
receptors and in humans CCKg receptors, are present on the basolateral surface of
pancreatic acinar cells. Cloning o f CCK^ receptors from the gallbladder and pancreas
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indicate that they are identical (Wank et al, 1994) and not different CCK^ receptor
subtypes which has been suggested on the basis of data from pharmacological studies.
In humans, an intravenous infusion of CCK to reproduce postprandial plasma
concentrations stimulates pancreatic exocrine secretion to a similar degree as that seen
postprandially (Beglinger et al, 1985). This would suggest that postprandial elevations
are sufficient to produce the pancreatic enzyme secretion normally occurring after a
meal. However, in human volunteers the CCK^ receptor antagonist, MK-329, only
reduced postprandial pancreatic enzyme secretion by about 15% but inhibited
gallbladder contraction by 77% (Cantor et al, 1992). Similarly 7-day treatment with
another CCK^ antagonist, loxiglumide, did not significantly reduce pancreatic exocrine
secretion (Meyer et al, 1989). These results suggest that CCK is not essential for the
pancreatic enzyme response after a normal meal in healthy subjects.

Pancreatic enzyme secretion in response to CCK infusion is partially blocked by
atropine. Secretion in response to meal ingestion is virtually abolished by atropine
(Adler et al, 1991; Beglinger et al, 1992a). This would suggest that pancreatic exocrine
secretion is predominantly dependent on cholinergic innervation with CCK acting as a
neuromodulator. Li and Owyang (1993) have recently demonstrated that exogenous
administration of CCK, to reproduce physiological postprandial plasma levels, acts via
stimulation of vagal afferent pathways that originate from the gastroduodenal mucosa.
In contrast, doses of CCK-8 that produce supraphysiological plasma CCK levels, act on
intrapancreatic neurones and, to a lesser degree, directly on pancreatic acini. Further
studies by these workers demonstrated that endogenously released CCK also acts via
stimulation of a vagal afferent pathway to evoke pancreatic enzyme secretion. This
action appears to be mediated by CCK-A receptors present on the vagal afferent fibres
(Li and Owyang, 1994).

2.2.2 Endocrine secretion
Insulin secretion is more pronounced after oral adminstration of glucose and amino
acids than after a similar intravenous load (Raptis et al, 1973). This phenomenon has
been attributed to the release from the gastrointestinal tract of insulinotropic hormones,
so-called incretin hormones. In the rat, CCK binds to type A receptors on the islet P-
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cells and acts as one of the physiologically important incretins (Rosetti et al, 1987). In
humans, although there is some data to support CCK as a physiologic incretin, CCK^
receptor antagonists have been shown to have no effect on the postprandial increase in
plasma insulin levels (Liddle et al, 1990) and, in addition, it is not known if CCK
receptors exist on the islet cells.

2.2.3 Pancreatic growth
Exogenous administration of CCK and pancreaticobiliary diversion raise plasma CCK
to supraphysiological concentrations and induce hyperplasia and hypertrophy of the
pancreas, but without effect on the rest of the gastrointestinal tract (Mainz et al, 1973;
Axelson et al, 1990). Seven weeks treatment with the CCK^ receptor antagonist, MK329, reduced the weight of the rat pancreas by 30%, thus demonstrating a role for
endogenous CCK in normal pancreatic growth (Axelson et al, 1990).

2.3 CCK and the regulation of gastrointestinal motility
2.3.1 Introduction
Depending on the region of the gut, the action of CCK on smooth muscle can be direct,
neurally-mediated or both. The direct effect of CCK on smooth muscle cells is
invariably contractile whereas the neurally-mediated effect may be either contractile or
relaxant depending on the nature of the neurotransmitter released by the action of CCK
(table 2). Contractile CCK receptors can be demonstrated on smooth muscle cells
isolated from all regions of the gut and are type A receptors, except in the stomach and
lower oesophageal sphincter where receptors are type B.
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Region of the gut

Neurally-mediated effect

Direct eDect on smooth muscle

Lower oesophageal sphincter

Relaxation^

Contraction

Gastric fundus

Relaxation*

Contraction

Pyloric sphincter

?

Contraction^

Sphincter of Oddi

Relaxation*

Contraction

Gallbladder

Contraction*

Contraction^

Small and large intestine

Contraction

Contraction

Physiological effect
^Possible physiological effect at peak postprandial plasma concentrations of cholecystokinin

Table 2
Effects of cholecystokinin on gastrointestinal smooth muscle

2.3.2 Gallbladder
The major stimulus to gallbladder contraction is ingestion of a fatty meal which results
in a reduction in gallbladder volume by about 80% of basal. Sham feeding causes a
much smaller decrease in gallbladder volume, by about 20% of basal. Vagal cholinergic
and CCK mediated hormonal mechanisms are the most important mediators of
gallbladder emptying under physiological conditions. CCK was shown to be a
hormonal regulator of gallbladder contraction more than 60 years ago but it is only
more recently that physiological plasma concentrations of CCK have been shown to
stimulate gallbladder contraction. In human volunteers, Liddle et al reproduced
postprandial bioactive plasma concentrations of CCK with a CCK-8 infusion and
showed that gallbladder contraction, measured by ultrasound, was similar to that seen
after a fatty meal (Liddle et al, 1985). These findings were similar to those of Hopman
et al, who infused CCK-33 intravenously and demonstrated dose-related increases in
plasma CCK and decreases in gallbladder volume measured by ultrasound (Hopman et
al, 1985b). In further studies the critical role of endogenous CCK in postprandial
gallbladder emptying has been shown. In healthy human volunteers, postprandial
gallbladder contraction is abolished by prior adminstration of specific CCK^ receptor
antagonists, MK-329 or loxiglumide (Corazziari et al, 1990; Liddle et al, 1989; Malesci
et al, 1990; Niederau et al, 1989). These studies demonstrate that CCK is the hormone
mainly responsible for mediation of gallbladder contraction after a meal. In contrast
gallbladder contraction in response to modified sham feeding is not altered by
loxiglumide (Konturek et al, 1989) but is abolished by atropine (Hopman et al, 1987).

With the use of isolated gallbladder muscle strips from rabbits and guinea pigs, several
studies have clearly shown that CCK-induced contractions are unaffected by
anticholinergic drugs, ganglionic blockers, and tetrodotoxin (Amer 1972; Yau et al,
1973). Furthermore, CCK receptors have been identified on isolated gallbladder muscle
membranes (Schrenck et al, 1988). These observations led to the belief that CCK acts
directly on smooth muscle to stimulate gallbladder contraction. On the other hand, in
vivo studies showed that atropine decreased gallbladder emptying in response to a meal
and exogenous administration of CCK (Hopman et al, 1990). Thus the mechanism by
which CCK caused gallbladder contraction was unclear. Takahashi et al (1991) used an

43

in vivo guinea pig model to investigate the relative roles of direct muscle stimulation
and neural activation at physiological and supraphysiological levels of CCK. They
demonstrated that doses of CCK that produce physiological plasma CCK
concentrations, act via stimulation of presynaptic cholinergic neurones in a vagally
mediated pathway; whereas doses of CCK that produce supraphysiological plasma
concentrations act directly on gallbladder smooth muscle.

2.3.2.1 Cholesterol gallstones: gallbladder motility and CCK
Cholesterol gallbladder stones are thought to result from a combination of at least three
factors. These are cholesterol supersaturation of bile, abnormalities of geillbladder
mucus which promote formation of cholesterol crystals and finally, poor gallbladder
motility. Poor gallbladder motility might be expected to predispose to stone formation
thus; firstly, the physicochemical properties of bile may be altered in such a way as to
make the bile more lithogenic, and secondly, bile stasis in a poorly-contracting
gallbladder would allow nucléation, crystal and subsequent stone formation, without
expulsion of the crystals when small. Supersaturated bile alone is not enough to
predispose to gallstone formation; retention of bile in the gallbladder for a sufficient
length of time to allow stone growth must be a prerequisite. Circumstantial evidence
supports the contention that gallbladder stasis is important in stone formation; there is
an increased incidence of stones in conditions associated with poor gallbladder
emptying (pregnancy, diabetes mellitus, rapid weight reduction and long-term
parenteral nutrition) and abnormalities of emptying are frequently found in those with
cholesterol gallstones (Brugge et al, 1986; Spengler et al, 1989).

Endogenous CCK release in response to a meal has been reported to be decreased
(Masclee et al, 1989), or unchanged (Van Erpecum et al, 1990) in patients with
cholesterol gallstones compared to normal controls. However, CCK release is absent or
reduced in patients receiving total parenteral nutrition and in obese patients on very low
calorie diets. Reduced CCK release and impaired gallbladder contraction may account
for the increased incidence of gallstones in these groups of patients.
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2.3.3 Sphincter of Oddi
The sphincter of Oddi, located at the junction of the biliary duct and duodenum,
regulates the flow of bile into the duodenum. In response to a meal, the sphincter
relaxes as the gallbladder contracts, allowing bile to flow into the duodenum. The
sphincter of Oddi relaxes in response to CCK and this is mediated via a neural pathway
that involves activation of relaxant vasoactive intestinal peptide (VIP) neurones (Wiley
et al, 1988).

2.3.4 Lower oesophageal sphincter
An intravenous injection of CCK-8 in healthy human volunteers reduced resting lower
oesophageal sphincter (LOS) pressure in a dose dependent fashion (Resin et al, 1973).
Reliable assays for measurement of CCK were unavailable at the time of this study.
However, from our knowledge of more recent work it is likely that even the lowest
dose administered (2.5 ng kg'^) produced supraphysiological plasma concentrations.
More recent studies have investigated the effects of CCK infusions that produce
physiological postprandial concentrations. Infusion of CCK-33 to healthy human
volunteers at a rate of 1.0 IDU.kg'\h'^ resulted in steady state plasma CCK
concentrations of 9.3 pmol/1 (which are comparable to those observed after ingestion of
a high fat meal) and significantly reduced LOS pressure from a mean of 18 mm Hg to a
minimum of 12 mm Hg (Ledeboer et al, 1995). It is unlikely that this fall alone is
sufficient to cause reflux. Furthermore, CCK either alone or in combination with gastric
distension, had no effect on the number of reflux episodes or transient LOS relaxations,
which are thought to be the predominant mechanism of gastro-oesophageal reflux (Dent
et al, 1980). The role of CCK in patients with reflux oesophagitis has not been directly
investigated.

2.3.5 Gastric Emptying
Pyloric pressure increases and gastric emptying is delayed in response to intraduodenal
instillation of various substances such as 0.1 mole/1 hydrochloric acid, com oil and
hypertonic amino acids. It has been suggested that CCK may be involved in the
regulation of gastric emptying since these substances are also those that are most potent
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in stimulating CCK release in humans (section 1.5.4), Exogenous administration of
CCK slows gastric emptying in a variety of species (Chey et al, 1970; Conover et al,
1988; Moran and McHugh, 1982). In rats and monkeys, administration of a specific
CCK a receptor antagonist has been shown to accelerate gastric emptying of a liquid
meal demonstrating that endogenously released CCK inhibits gastric emptying
(Decktor et al, 1988; Moran et al, 1993a). In humans, a delay in gastric emptying of
water has been demonstrated with an intravenous infusion of CCK-8 at doses which
produced postprandial plasma concentrations (Liddle et al, 1985). These results suggest
that in humans CCK also plays a physiological role in the control of gastric emptying.
However, also in humans, the specific CCK^ receptor antagonist, MK-329, had no
effect on gastric emptying of the liquid or solid component of a test meal of mixed
nutrients (Liddle et al, 1989). In view of the previous results with a CCK infusion this
finding cannot be interpreted to mean that CCK has no physiological effect on gastric
emptying. Other factors may have compensated for the effects of CCK or alteration of
gastric emptying may only be seen with certain nutrients.

Studies in rats have also demonstrated that destruction of primary afferent vagal fibres
vdth capsaicin reverses the inhibitory effects of peptone on gastric emptying. These
studies

suggest that

CCK may

act

on

primary

afferent

fibers,

probably

mechanoreceptors, in the wall of the gut. These fibres are part of an inhibitory vagovagal reflex that ultimately activates relaxant VIP neurones in the body of the stomach
since the inhibition of gastric emptying is reversed by VIP antiserum.
2.3.6 Large Intestine
Colonic motor activity is known to increase in association with feeding (Hertz and
Newton, 1913). CCK is released from the intestine in response to feeding and thus it is
reasonable to hypothesise that CCK may play a role in the colonic response to a meal.
An intravenous infusion of CCK increases motor activity of the distal colon in fasted
normal subjects (Dinoso et al, 1973) and patients with irritable bowel syndrome
(Harvey and Read, 1973). In both of these studies pressure changes within the sigmoid
colon and rectum were monitored by balloons placed in the sigmoid colon via a
sigmoidoscope. An intravenous infusion of CCK increased basal motor activity in the
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sigmoid colon but not in the rectum in normal subjects. In patients with irritable bowel
syndrome motor activity was only increased in those whose abdominal pain was
precipitated by eating. Interestingly in half the subjects the foods that precipitated their
pain, mainly fried foods, are those that are most potent in stimulating release of
endogenous CCK.

In vitro work also suggests that CCK may alter colonic motor function. Merlo and
Cohen (1988) recorded tension in isolated strips of circular and longitudinal smooth
muscle from proximal and distal regions of the feline colon. CCK-8 increased the
muscle tension in strips from the proximal colon in a dose dependant manner with a
detectable response at a concentration of lO‘^mole/1. The response was greatest in the
longitudinal muscle. Neither circular nor longitudinal muscle from the distal colon
responded to CCK but did respond to acetylcholine stimulation. The response of
proximal colonic muscle to CCK was not influenced by tetrodotoxin suggesting that the
action of CCK may be mediated by binding to receptors on the muscle.

In all of the studies discussed above it is possible that the dose of CCK administered is
producing supraphysiological concentrations. Like much of the CCK work further
investigations of colonic motility were facilitated by the development of specific CCK
antagonists and reliable assays to measure plasma concentrations of CCK. In healthy
human subjects Meyer et al (1989) assessed colonic transit time, by means of
radiopaque markers, before and after 7 days treatment with oral loxiglumide (a CCK^
antagonist). Mean colonic transit time was much shorter after loxiglumide than after
placebo (15.0 vs 29.4 hours) suggesting that CCK is involved in the physiological
regulation of colonic motility in man. However in later studies an intravenous infusion
of the CCK analogue, cerulein, stimulated distal colonic motor activity only at
pharmacological doses (Niederau et al, 1992). In addition the same authors showed that
infusion of the CCK^ receptor antagonist, loxiglumide, did not inhibit the distal colonic
response to a mixed liquid/solid meal.

Therefore in summary, both in vitro and in vivo work shows that CCK at physiological
plasma concentrations, has no effect on distal colonic motility. CCK increases muscle
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tension in isolated muscle strips from the proximal colon. These observations would fit
Avith the demonstration that in humans a CCK antagonist decreases transit time
presumably through blocking the action of CCK in the proximal colon.

2.4 Gastric acid secretion
CCK is an important regulator of gastric acid secretion. CCK stimulates release of acid
from isolated canine parietal cells with the same potency and efficacy as gastrin (Soil et
al, 1984). Experiments with the isolated vascularly perfused rat stomach have shown
that both hormones stimulate acid secretion by interaction with CCKg receptors
(Sandvik and Waldum, 1991). In vivo however, CCK inhibits stimulated acid secretion
(Corazziari et al, 1979; Mayer et al, 1982). In humans administration of the CCK^
antagonist, loxiglumide, significantly increased postprandial gastric acid output and
serum gastrin concentrations. A similar effect was shown for sham feeding and GRPinduced gastrin release (Beglinger et al, 1992b). These observations would suggest that
CCK is involved in a negative feedback pathway which regulates gastrin secretion.
Animal studies have shown that gastrin secretion is under somatostatin control
(Schubert et al, 1982). Furthermore, CCK potently stimulates somatostatin release from
isolated fundic mucosal cells (Soil et al, 1985) probably through interaction vrith CCK^
receptors (Kent Lloyd et al, 1992). Thus it is hypothesised that loxiglumide blocks
CCK-stimulated somatostatin release from gastric D cells, thus breaking off an
inhibitory effect of somatostatin on gastrin secretion, which in turn results in
hypergastrinaemia. Data from a study in dogs supports this hypothesis (Fung et al,
1994)

2.5 Summary
In summary, CCK co-ordinates gastrointestinal function to ensure optimal conditions
for digestion and absorption of nutrients by the intestine. After a meal is ingested,
nutrients reach the proximal intestine and stimulate release of CCK. This stimulates
gallbladder contraction and relaxation of the sphincter of Oddi allowing bile to flow
into the duodenum. There is secretion of pancreatic enzymes and possibly potentiation
of insulin secretion. Inhibition of gastric emptying regulates the flow of chyme into the
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duodenum, thus co-ordinating enzyme and substrate availability and rate of nutrient
absorption. These actions all result in delivery to the duodenum of the ingredients to
ensure adequate digestion of the meal: émulsification, digestive enzymes and the
appropriate pH.
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3. CHOLECYSTOKININ AND THE CONTROL OF FOOD INTAKE

3.1 Introduction
The relationship between food ingestion and release of CCK from intestinal endocrine
cells has been discussed in section 1.5. In view of this temporal relationship it has been
suggested that CCK may be one of the mechanisms that terminate a meal and elicit
postprandial satiety, thus creating a negative feedback loop. Despite numerous animal
studies there continues to be much debate as to the exact physiological role of CCK in
control of satiety in both animals and humans.

3.2 Studies with exogenous administration of CCK
3.2.1 Early experiments
Gibbs and Smith were the first workers to hypothesise that CCK, released from the
small intestine by food ingestion, may be one of the mechanisms that terminated the
meal and elicited postprandial satiety. Subsequent experiments provided support for
this hypothesis when it was demonstrated that an intraperitoneal injection of partially
purified CCK decreased food intake in fasted rats compared to placebo treated animals
(Gibbs et al, 1973a). The decrease was dose-related: 50% decrease at 30 minutes after
40 Ivy Dog Units/kg, 32% after 10 units/kg and 6% after 2.5 units/kg (not significant).
Identical results were obtained when later the same doses of synthetic, pure CCK-8
were administered. Also in these studies, it was shown that administration of secretin
did not influence food intake thus demonstrating that the effect of CCK was not a non
specific response to gut peptides. The observed satiety effect of CCK was considered to
be mediated by a specific hormone-receptor interaction because desulphated CCK-8
(which is about 1000 times less potent that sulphated CCK for binding to CCK^
receptors) did not affect food intake, at the same dose that sulphated CCK inhibited
food intake by 80% (Gibbs et al, 1973b; Lorenz et al, 1979).
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3.2.2 Behavioural response to CCK-induced satiety
Administration of CCK did not decrease water intake in water-deprived rats (Gibbs et
al, 1973a), demonstrating that CCK reduced food intake in a behaviourally specific
manner. Further studies confirmed the behavioural specificity of CCK on inhibition of
feeding, by showing that peripheral injection of CCK elicited the sequence of
behaviours normally observed after meal ingestion, i.e. activity

grooming -> resting

(Antin et al, 1975; Dourish 1992). Comparison of behaviour after CCK, to behaviour
after food ingestion or administration of toxic doses of lithium, has revealed
behavioural similarities between CCK and food ingestion but not between CCK and
lithium (Crawley 1983; West et al, 1987). Taken together, these data suggest that the
effects of CCK are behaviourally specific and that CCK ftmctions as a nonaversive
signal similar to that of a recently ingested meal.

It has been argued that food reductions induced by exogenous CCK are the result of
mild nausea or malaise that could affect food intake but have no other effect on
behaviour (Deutsch and Hardy, 1977; Swerdlow et al, 1983). Moore and Deutsch
(1985) demonstrated that the antiemetic, trimethobenzamide, attenuated the food intake
reduction caused by exogenously administered CCK but did not increase consumption
in saline treated animals. However, other workers were unable to demonstrate this
effect (Smith and Gibbs 1992). Furthermore, in experiments with human subjects an
intravenous infusion of CCK has been shown to reduce food intake, with no aversive
side-effects reported by the subjects (Kissileff et al, 1981; Muurahainen et al, 1991;
Geary et al, 1992). Thus, both animal and human experiments indicate that peripheral
administration of CCK inhibits food consumption without inducing aversive internal
stimuli.

3.2.3 Satiety effects of CCK in different species
The satiety effects of peripheral administration of CCK have been shown in numerous
species including rabbits (Houpt et al, 1978), monkeys (Gibbs et al, 1976), humans
(Kissileff et al 1981; Stacher et al, 1982; Muurahainen et al, 1991), pigs (Houpt 1983)
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and dogs (Reidelberger et al, 1989). However, over a wide dose range, CCK has been
shown to have no effect on food intake in the Chinese hamster (Billington et al 1984)

3.2.4 Sites of action for the satiety effects of peripherally administered CCK
Blood-borne CCK probably does not cross the blood-brain barrier to act directly on
CNS sites (Banks and Kastin, 1987). The exact site of action is unknown but an intact
vagus nerve is necessary for exogenously administered CCK to reduce food intake
(Smith et al, 1981a; Morley et al, 1982; Lorenz and Golman, 1982). Furthermore,
CCK-induced satiety is abolished by severing the gastric, but not celiac or hepatic
branches of the vagus (Smith et al, 1981a). The effect is specific for CCK because
similar vagotomy did not block the satiety elicited by bombesin (Smith et al, 1981b).
These results suggest that the stomach (innervated by the vagus) or, the vagus nerve
itself, is the site of action of peripherally administered CCK. However, the gastric vagal
branches also innervate the first part of the duodenum, the liver and the head of the
pancreas and these sites may also be involved. In subsequent experiments. Smith and
co-workers demonstrated that administration of atropine (which produces cholinergic
blockade of efferent fibres) to rats with an intact vagus nerve did not alter the satiety
effect of CCK-8 (Smith et al, 1981a). The lack of effect of atropine suggests that vagal
afferents, not efferents, are required for the satiety action of CCK. In addition, selective
lesioning of afferent or efferent vagal rootlets at the surface of the medulla
demonstrated that the critical lesion required only the vagal afferent fibres (Smith et al,
1983). There have been no studies of food intake with CCK infusion in vagotomized
human subjects; however the gastric drainage procedure which is also performed in
these patients would complicate the interpretation of the results.

In summary, this series of experiments would support the hypothesis that peripherally
administered CCK produces satiety by activating vagal afferent nerves through an
effect on gastric smooth muscle that in turn stimulates gastric vagal afferent receptors,
or through a direct effect on vagal afferent receptors for CCK. These possibilities are
discussed, but recent evidence favours the latter (Schwartz et al, 1994).
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3.2.4.1 Gastric loads potentiate inhibition of food intake bv exogenous administration
of CCK
Moran and McHugh (1982) showed that an intravenous infusion of CCK-8 to rhesus
monkeys produced a dose dependent inhibition of gastric emptying. In control
experiments approximately 100 mis of the original 150-ml saline test meal passed
through the pylorus in the first 10 minute period studied. Gastric emptying was
inhibited by CCK with only 6 mis emptying in the first ten minutes with the maximum
dose of 3.0 pmol kg’^ m in '\ In subsequent feeding experiments it was shown that
intragastric administration of the saline load or intravenous infusion of CCK-8 (3.0
pmol.kg \min'^) did not inhibit food intake compared to placebo controls. However, the
saline load in combination with the CCK infusion significantly reduced food intake
compared to controls. Therefore in fasted monkeys, the satiety effect of CCK depends
upon a significant load in the stomach lumen which is retained by the action of the
hormone. Similarly, experiments in rats (Schwartz et al, 1991) and humans
(Muurahainen et al, 1991) found that the presence of gastric loads both potentiated and
magnified the inhibition of food intake produced by intraperitoneal injection of a CCK
analogue U-67827E (Schwartz et al, 1991) or intravenous CCK (Muurahainen et al,
1991). This data suggests that the satiety effect of CCK may be due, at least in part, to
its inhibition of gastric emptying and consequent promotion of gastric distension as
consumed food accumulates in the stomach.

A number of investigators have identified CCK receptors in the circular muscle of the
pyloric sphincter through which this action of CCK could be mediated (Smith et al,
1984; Murphy et al, 1987). Furthermore, surgical removal of the pyloric sphincter
(pylorectomy) in rats produced a significant attenuation of CCK induced satiety, when
compared to the results obtained preoperatively (Moran et al, 1988). The effect of CCK
was not completely reversed in operated animals suggesting another component to
CCK induced satiety. A partial effect was not due to an inadequate operation as
complete pylorectomy was demonstrated by in vitro CCK receptor autoradiography and
absent contractile response to administration of CCK. Support for an additional
mechanism for CCK induced satiety comes from experiments in which CCK infusion
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inhibits food intake in sham feeding animals i.e. in the absence of gastric distension
(Gibbs et al, 1973b; Falasaco et al, 1979).
3.2.4.2 Integration of vagal afferent responses to gastric loads and cholecvstokinin
As discussed above the satiety action of CCK is thought to involve both gastric and
nongastric mechanisms. The inhibition of food intake produced by exogenously
administered CCK is reversed by vagotomy in sham feeding animals (Le Sauter et al,
1988). Therefore non-gastric mechanisms, as well as gastric mechanisms, depend on
the activity of the vagus nerve. Gastric distension increases the neural discharge rate of
gastric vagal afferent fibres (Paintal 1953; Andrews et al, 1980; Cottrell and Iggo,
1984). Intravenous CCK also increases the discharge rates of vagal afferents (Niijima
1983), and such increases occur in the same fibres sensitive to gastric loads (Davison
and Clarke, 1988; Raybould and Davison, 1989). These data demonstrate that CCK can
influence the neural pathway responsible for the transmission of discharges elicited by
gastric loads and can thus provide comparable signals influencing food intake.
Schwartz and co-workers subsequently demonstrated in rats that a combined gastric
load and exogenous CCK synergistically augmented gastric vagal afferent activity
(Schwartz et al, 1993). The threshold for the production of a gastric vagal afferent
response was a load volume of 2 ml of saline or a 100 pmol/1 bolus of CCK-8 into the
celiac artery. Subthreshold gastric load volumes and subthreshold CCK doses were
ineffective when given alone, but significantly increased gastric vagal afferent
discharge rates when given in combination. In addition, a combination of 2 ml gastric
load volume and a simultaneous bolus dose of 100 pmol/1 CCK resulted in significantly
greater gastric vagal afferent discharge rates than those elicited by either the gastric
load or the CCK dose when given alone.

3.2.5 Summary
In summary, exogenous administration of CCK has been shown to reduce food intake
in a variety o f species. The dose and purity of the CCK has varied and CCK has been
administered by a variety of routes, thus comparison between the studies is difficult. At
the time that many of these experiments were performed there were no reliable assays
to measure plasma concentrations of CCK and therefore it was not known if the doses
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administered produced physiological plasma concentrations or if the satiety effects of
CCK were pharmacological (i.e. effects only occurring at concentrations higher than
those normally present). Gastric vagal afferents are required for the satiety effect of
peripherally administered CCK but the exact site of action is not known.

3.3 Evidence for a Physiological Role of CCK in Control of Satiety
Three approaches have been used to determine if CCK has a physiological role in the
control of satiety:
• Manipulation of endogenous release of intestinal CCK.
• Administration of specific CCK receptor antagonists and antibodies.
• Exogenous administration of CCK in doses which reproduce physiological plasma
concentrations.

3.3.1 Manipulation of endogenous release of CCK
Further support for CCK as a satiety peptide was obtained by measuring food intake in
response to treatments thought to affect secretion of endogenous CCK. Gibbs and co
workers (1976) infused phenylalanine (either the L- or D-isomer) or saline
intragastrically for 15 minutes to rhesus monkeys and at the end of the infusion period
presented the animals with measured amounts of standard primate chow. They
demonstrated that L-phenylalanine produced a dose related suppression of feeding
compared to saline infusion, however this effect was not seen with D-phenylalanine.
They concluded that the effects of L-phenylalanine on feeding were due to release of
CCK from the intestine. D-phenylalanine was thought to be a weak releaser of CCK
and therefore did not suppress food intake. These assumptions regarding release of
CCK by phenylalanine were based on experiments by Meyer and Grossman (1972)
who showed that intestinal perfusion of L-phenylalanine in dogs produced marked
pancreatic protein secretion; D-phenylalanine produced very little protein secretion.

McLaughlin et al (1983) performed similar experiments in rats and manipulated
endogenous secretion of CCK by L-phenylalanine, trypsin and trypsin inhibitors.
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Administration of L-phenylalanine at a dose of 0.15 g/kg decreased food intake but as
with the experiments in monkeys, plasma concentrations of CCK were not measured.
Administration of trypsin, proported to decrease secretion of CCK (section 1.5.3),
increased food intake and conversely, trypsin inhibitor decreased food intake. The
reduction in food intake by administration of trypsin inhibitors is reversed by prior
treatment with a specific CCK antagonist (Weller et al, 1990). Thus the effect does not
seem to be due to alteration of factors other than CCK. The reduction in food intake by
trypsin inhibitor is reversed by vagotomy (Garlicki et al, 1990) suggesting that the
vagus nerve mediates the satiety effects of endogenous CCK similar to that of
exogenous CCK,

In humans, oral administration of trypsin inhibitors before a meal reduces subsequent
food intake (Hill et al, 1990). However, L-phenylalanine a potent releaser of CCK is
reported as having no effect on subsequent food intake when administered in doses of
up to lOg (Andersen and Leiter, 1988; Silverstone and Goodall, 1984). However in all
these experiments plasma concentrations of CCK were not measured and therefore it is
not known whether CCK concentrations were actually altered and if so, what the levels
were at the time of the test meal.

In summary, manipulation of endogenous release of CCK by several methods has
affected food intake of animals in a manner consistent with the hypothesis that
endogenously released CCK is a satiety peptide. In humans the results are conflicting.

3.3.2 Studies with CCK receptor antagonists
The availability of potent and specific CCK antagonists has now made possible a more
direct investigation of the role of endogenous CCK in the regulation of feeding.
Experiments with the CCK^ antagonist, MK-329 (devazepide), have provided strong
evidence that endogenous CCK functions as a satiety peptide. In mice, rats and pigs,
systemic administration of MK-329 consistently increased food intake in a subsequent
test meal (Corwin et al, 1991; Ebenezer et al, 1990; Miesner et al, 1992; Moran et al,
1993b; Silver et al, 1989) and are consistent with a satiety action of endogenously
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released CCK. In humans, MK-329 significantly increased hunger ratings (Wolkowitz
et al, 1990) but loxiglumide, another CCK^ receptor antagonist, had no effect on
hunger ratings or food intake (Drewe et al, 1992).

Another

method

used

to

block

the

effects

of

circulating

CCK

is

by

immunoneutralization with specific CCK antibodies. Intraperitoneal injection of serum
with antibodies to CCK increased the size of the subsequent meal by 50% in 2-h fasted
rats (McLaughlin et al, 1985a). In contrast, intravenous administration of monoclonal
antibodies completely blocked pancreatic secretion in response to CCK administration
but had no effect on food intake in free feeding rats (Reidelberger at al, 1991). One
possible way of interpreting these two sets of results is that CCK produces satiety by a
paracrine mechanism and intravenous administration of antibodies did not completely
neutralize CCK at its site of action.

3.3.3 Exogenous administration of CCK to reproduce physiological plasma
concentrations
Linden and co-workers (1989) were amongst the first group of investigators to study
the satiety effect of CCK at physiological concentrations. In fasted male rats
intraperitoneal injection of 5 |ag o f CCK-8 produced plasma concentrations of
approximately 25 pmol/1 10 minutes after injection and levels fell to basal by 15
minutes. After feeding, peak plasma concentrations of about 22 pmol/1 were obtained.
In subsequent experiments it was shown that intraperitoneal injection of CCK-8 ten
minutes before food presentation produced a dose dependent decrease in food intake; a
significant effect was seen with 0.5 pg, and 5 pg reduced food intake by about 50%
compared to controls.

The satiety effects of very low doses of CCK were confirmed by Canova and Geary
(1991) who showed a dose related inhibition of food intake after intraperitoneal
injection of CCK in fasted rats; the threshold dose was 40 ng/kg CCK-8, which
inhibited feeding by 21%. In these studies they also demonstrated that intraperitoneal
CCK-8 reduced food intake in ad libitum fed animals and in addition there were no sex
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differences in response to exogenous CCK. Some caution must be applied when
interpreting these studies. Intraperitoneal or intra-arterial CCK may act locally by a
paracrine mechanism to inhibit feeding before being absorbed into the circulation. We
do not know from these studies if the concentrations produced by local injection mimic
those seen after a meal. If circulating CCK elicits satiety by a hormonal action, then
these experiments (where physiological postprandial concentrations were produced)
provide support that CCK is a satiety hormone.

Finally in fasted rats, intra-arterial infusion of 30 pmol of CCK-8, near to the celiac
artery-aortic juncture, was shown to produce systemic venous concentrations similar to
those obtained postprandially (Calingasan et al, 1992). This dose of CCK inhibited food
intake when infused by the intra-arterial route but was ineffective when infused via the
jugular vein. All of these results provide some support for CCK as a physiological
satiety peptide.

3.4 The central nervous system and satiety effects of CCK
3.4.1 Introduction
As discussed in sections 1.2.1 and 1.2.3, CCK is distributed both in the periphery and
in the central nervous system. In addition CCK receptors have been localised to the
brain, including the paraventricular nucleus (PVN), ventromedial hypothalamus (VMH)
and lateral nucleus tractus solitarius (NTS). It was originally thought that CCK^
receptors were confined to the periphery and CCKg receptors were confined to the
central nervous system. However, type A receptors are distributed throughout the
hypothalamus and in the NTS (Moran et al, 1986; Hill et al, 1987); both regions are
implicated in the control of feeding behaviour. Type B/gastrin receptors have been
identified throughout the brain and in the stomach. The existence of CCK in the brain
has prompted investigators to question the role of central CCK in control of eating.
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3.4.2 Injection of CCK into the brain
Injection o f CCK directly into the cerebral ventricles reduces food intake in a variety of
species (Della Fera et al, 1990; Figlewicz et al, 1989; Parrott and Baldwin, 1981). In the
rat, the lateral and ventromedial hypothalamus, NTS and area postrema have been
identified as specific sites sensitive to the inhibitory effects of local administration of
CCK on food intake (Schick et al, 1990; Stem et al, 1976; Willis et al, 1986). In
contrast, other workers have found no effects of CCK injection into the lateral
hypothalamus and NTS (Crawley 1985; Stem et al, 1976). The results may differ
because of varying doses of CCK administered, time of injection in relation to normal
feeding times and injection into only one of two hypothalamic nuclei. CCK injected
into the brain appears to act at type A receptors; lateral ventricular administration of the
selective type A receptor agonist A71623 but not selective type B receptor agonists
(nonsulphated CCK-8, gastrin, CCK-4, A63387) suppress food intake in a variety of
species (Baile et al, 1986; Figlewicz et al, 1992; Schick et al, 1986).

In summary, central injection of CCK acts at type A receptors to reduce food intake. It
is not clear whether the effects are physiological or pharmacological. In addition, the
high doses used in the intraventricular studies may gain access to the plasma (Passaro et
al, 1982), possibly in sufficient concentrations to reduce food intake at peripheral sites.

3.4.3 Evidence for a physiological role of brain CCK in control of satiety
As brain CCK is inferred to decrease feeding, it would be anticipated that CCK
synthesis and release would increase with feeding. CCK levels in the brain and CSF are
reported to vary in the fed and fasted state of the rat. With fasting there is reduced CCK
concentrations in the hypothalamus and CSF (Shulkes et al, 1983; McLaughlin et al,
1985b). and the levels rise with feeding (McLaughlin et al, 1985b, Schick et al, 1987).
In addition CCK concentrations increase in the lateral hypothalamus after peripheral
administration of CCK (McLaughlin et al, 1986).

Support for endogenous brain CCK in control of feeding has been obtained from
studies utilising injection of specific CCK antiserum or antagonists. Injection of
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antisera into the lateral ventricles of sheep increased food intake (Della-Fera et al,
1981) and administration of a CCK^ antagonist increased food intake in rats, pigs and
sheep (Baile et al, 1989; Linden 1989).

3.4.4 Interaction between peripheral and brain CCK in control of satiety
As discussed in section 3.2.4 the satiety effect of peripherally administered CCK is
blocked by abdominal vagotomy. Gastric fibres of the vagus terminate in the NTS,
lesions of which abolish the satiety action of exogenous peripheral CCK (Crawley and
Schwaber, 1984). Ascending fibres, (as opposed to descending fibres projecting to the
dorsal motor vagal nucleus and nucleus ambiguous) which project from the NTS to the
hypothalamus, amygdala, preoptic area and olfactory bulbs, were identified as the
essential projection relaying the CCK signal (Crawley et al, 1984). In addition, lesions
of the DMN and PVN of the hypothalamus abolish the inhibition of feeding induced by
peripheral administration of caerulein (Stem et al, 1976) or CCK (Bellinger and
Bemardis, 1982; Crawley and Kiss, 1985). Therefore, at least for exogenously
administered peripheral CCK, the effects are mediated by both peripheral and central
CCK pathways.

3.4.5 Summary
In summary, it is likely that CCK initiates its action in the periphery and subsequently
information is relayed to the CNS centres by a combination of CCK- and non-CCKcontaining pathways including the vagus nerve, nucleus tractus solitarius, area
postrema and paraventricular nucleus of the hypothalamus (figure 4)

3.5 Interaction of CCK with Other Feeding Systems
Many other peptides and neurotransmitters have been shown to alter food intake after
exogenous administration (table 3) although a physiological role for some of these is
still not proven. The possible interaction between CCK and these other feeding systems
are discussed.
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Food

Figure 4
Possible mechanism of action of CCK in the suppression of food intake
CCK is released from intestinal endocrine cells by food in the gut lumen. CCK
increases the firing rate in afferent vagal pathways either by binding to the vagus
directly or by causing gastric distension. Ascending vagal fibres project to the nucleus
tractus solitarius (NTS) and the signal is then transmitted to the hypothalamus (hypo), a
key feeding centre.
It is important to note that the experiments which have examined the mechanism of
CCK induced satiety have all been conducted in animals after exogenous administration
of CCK. These experiments have not focused on the mechanism of satiety induced by
endogenously released CCK.
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Peptide

Action

Predominant site of action

Neuropeptide Y

Potent appetite stimulant, role in long

Several hypothalamic nuclei - PVN most sensitive

term energy balance
Galanin

Potent appetite stimulant

VMH and lateral hypothalamus

Dopamine

Inhibits feeding

Several hypothalamic sites

Opioid peptides

Stimulates feeding

Many CNS sites - potent effects in the PVN

Insulin

Inhibits feeding. Probable role in long

Modulation of glucosensitive neurones in VMH

term energy balance

TRH, thyrotrophin releasing hormone; CGRP, calcitonin gene-related peptide; GRP, gastrin-releasing peptide. PVN, paraventricular nucleus;
VMH, ventromedial hypothalamus.

Table 3
Peptides and neurotransmitters which have been shown to alter food intake. Their effect on eating and the possible site of action is
indicated (continued over page).
G\
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Peptide

Action

Predominant site of action

Noradrenaline

a 2 -noradrenergic receptors stimulate feeding

PVN of hypothalamus,

P-adrenergic inhibit feeding

Perifornical hypothalamus

Serotonin

Inhibits feeding

PVN of hypothalamus

Neurotensin

Inhibits feeding

VMH and PVN of hypothalamus

Bombesin and related peptide GRP

Inhibits feeding

??

Calcitonin and CGRP

Inhibits feeding

PVN of hypothalamus

Corticotrophin releasing factor

Inhibits feeding

PVN

TRH & breakdown product cHis-Pro

Inhibits feeding

VMH and lateral hypothalamus

Glucagon

Inhibits feeding

Glucoreceptive cells in the liver

Table 3 (continued). Peptides and neurotransmitters which have been shown to alter food intake.
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3.5.1 CCK and Dopaminergic Controls of Feeding
Dopamine concentrations decrease in fasted rats and are restored with feeding (Linden
1989). In addition there is an increase in dopamine release in the nucleus accumbens
when food-deprived animals have the opportunity to eat (Radhakishun et al, 1988).
These observations suggest that dopamine release is associated with feeding and may
contribute to meal induced satiety. In support of this, administration of the dopamine
agonist apomorphine, has been shown to reduce food intake (Barzaghi et al, 1973).

CCK coexists with dopamine in midbrain neurones, including ventral tegmental
neurones projecting to the medial posterior nucleus accumbens (Hokfelt et al, 1980).
There is some evidence that CCK may contribute to the behavioural effects, including
feeding, of dopamine. Linden demonstrated that intraperitoneal administration of CCK8 restored dopamine levels in the CSF and the dopamine antagonist, cis-flupentixol,
blocked the anorectic effect of CCK-8 (Linden 1989).

3.5.2 CCK and Serotonergic (5-HT) Controls of Feeding
Drugs that act as agonists at 5-HT receptors, release 5-HT, or block 5-HT uptake reduce
food intake in a variety of species including humans (Blundell 1984). In addition 5-HT
receptor antagonists increase food intake in satiated animals (Dourish et al, 1989).
There is increasing evidence indicating CCK-serotonin interactions as a mechanism
mediating CCK-induced satiety. In fasted rats pre-treatment with the 5-HT antagonist,
metergoline, attenuated the reduction in food intake produced by intraperitoneal
injection of CCK-8 (Stallone et al, 1989). The reversal of CCK-8 induced anorexia may
have been due to a summation of the orexigenic and anorexigenic effects of
metergoline and CCK respectively. However this seems unlikely as the lowest effective
dose of metergoline did not have any effect on food intake when administered alone.
Metergoline crosses the blood brain barrier and acts at both peripheral and central 5-HT
receptors. To further investigate the site of interaction between CCK and 5-HT the
authors then examined the effect of xylamidine tosylate, a 5-HT antagonist that does
not cross the blood brain barrier, on CCK-8 induced anorexia. This drug, had no effect
on food intake either when given alone or in combination with CCK-8. These results
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suggest that the full anorectic effect of peripherally administered CCK depends on an
intact central serotonergic system. As discussed in section 3.2.4 the satiety action of
exogenous CCK is blocked by vagotomy and CCK may exert its satiety effect, at least
in part, through vagally influenced alterations of 5-HT activity in the brain.

Conversely, endogenous CCK may be involved in the mediation of 5-HT induced
satiety. MK-329, a CCK^ receptor antagonist, blocks the anorectic effect of dfenfluramine, an anorectic drug that inhibits the reuptake and enhances the release of 5HT (Cooper et al, 1990). The anorectic effect of (/-fenfluramine was not blocked by the
CCKg receptor antagonist, L-365,260. Thus the anorectic effect of (/-fenfluramine
depends, at least in part, on endogenous CCK activity at CCK^ type receptors.

3.5.3 CCK and bombesin
The tetradecapeptide bombesin, originally isolated from the skin of the European
amphibian Bombina bombina, and its mammalian counterpart gastrin releasing peptide,
are neurotransmitters influencing several gastrointestinal functions. Infusion of these
polypeptides has been demonstrated to stimulate gastric and pancreatic secretion, to
influence intestinal motility and to increase the release of several gastrointestinal
hormones including gastrin and cholecystokinin. In addition bombesin inhibits food
intake when infused into animals and humans (Bado et al, 1989; Gibbs et al, 1979;
Muurahainen et al, 1993). Lieverse and co-workers hypothesised that the action of
bombesin on food intake might be mediated by CCK release. However administration
of the CCKa receptor antagonist, loxiglumide, did not prevent the satiety effect of a
bombesin infusion in human volunteers (Lieverse et al, 1993b; Lieverse et al, 1993c).
These results indicate that CCK does not mediate the satiety effect of exogenous
bombesin. It remains to be seen whether endogenous bombesin is a satiety peptide and
if so the part played by CCK.

3.5.4 CCK and glucagon
Glucagon, found in endocrine cells in the pancreas, stomach and intestine, is released
into the circulation in response to meals. Intravenous and intraperitoneal administration
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of large doses of glucagon reduce food intake in a number of species (Geary et al 1992;
Kalogeris et al, 1991). In the rat, immunoneutralization of endogenous glucagon
stimulates food intake, thus supporting a physiological role for glucagon in control of
food intake (Langhans et al, 1982). The inhibition of food intake in response to
administration of large doses of peripheral CCK is reduced by glucagon (Geary et al,
1992) but the site, and mechanism of action is not known.

3.6 Relevance To Human Disease
3.6.1 Introduction
Based on the evidence that CCK may play a role as a satiety peptide, investigations into
possible abnormalities in CCK function in eating disorders have been undertaken.

3.6.2 Obesity
The fatty Zucker rat becomes obese partly because of hyperphagia which may result
from impaired satiety signals. Postprandial plasma concentrations of CCK are similar in
lean and obese Zucker rats (Baile et al, 1986) but the suppression of food intake in
response to low doses of exogenous CCK is reduced in the obese rats (McLaughlin and
Baile, 1980a; McLaughlin et al, 1983). Decreased sensitivity to CCK may be a cause or
a consequence of obesity and/or increased meal size. Weanling obese rats 4 -5 weeks
old did not respond to a dose of CCK-8 that decreased food intake by 30% in lean
littermates (McLaughlin and Baile, 1980b). This demonstration of decreased sensitivity
to CCK before large differences in food intake or body weight have developed suggests
a causal rather than consequential effect of obesity and increased food intake. In
subsequent experiments the same authors compared the feeding responses of obese and
lean rats to treatments thought to increase endogenous release of CCK (McLaughlin et
al, 1983). Intragastric administration of phenylalanine or trypsin inhibitor suppressed
food intake to the same extent in both obese and lean rats. Thus the results of these
experiments are in contrast to those obtained with exogenous administration of CCK-8.
However plasma concentrations of CCK were not measured and so it is not known if
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CCK release was the same in both sets of animals. This obviously is important when
interpreting the results of the experiments.
In obese men an intravenous infusion of CCK-8 (4 ng kg'* min'*) decreased intake of a
liquefied test lunch by 10% (Pi-Sunyer et al, 1982). The same authors reported a
reduction of food intake by 19% in normal weight subjects with the same dose of CCK,
suggesting a possible decrease in sensitivity of obese men compared with normal
weight men (Kissileff et al, 1981). Again plasma concentrations of CCK were not
measured and it is likely that the large dose administered produced supraphysiological
concentrations. It is not known if the food intake of obese and normal weight subjects
differ in response to manipulation of endogenous release of CCK.

3.6.3 Bulimia
In bulimic patients, impaired meal-related CCK secretion (Geracioti and Liddle 1988)
and decreased cerebrospinal fluid concentrations of CCK have been reported (Lydiard
et al, 1993). However it is unclear whether such a defect is intrinsic to bulimia nervosa,
possibly conferring a predisposition to the disorder, or a consequence of repetitive
binge eating. Even if impaired CCK secretion is a secondary, bulimia-induced defect, it
may reinforce or perpetuate the disorder. Geriacioti and Liddle repeated the
measurements of plasma CCK in five patients after an eight week treatment period with
tricyclic antidepressants. Interestingly CCK response to a meal was restored to normal
and this was associated with improved postprandial satiety as assessed by 100 mm
visual analogue scales. The mechanism whereby tricyclic antidepressants may augment
CCK secretion is unknown but the authors hypothesise that they may increase the
sensitivity o f the CCK cell to ingested nutrients.

3.6.3 Anorexia nervosa
Significantly elevated plasma CCK levels have been reported in studies of patients with
anorexia nervosa (Harty et al, 1991; Philipp et al, 1991; Tamai et al, 1993). High
postprandial concentrations of CCK may contribute to delays in gastric emptying and to
strong sensations of fullness and satiety which are often felt by anorexics.
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4. AIMS OF THIS PROJECT
Studies of the physiological effects of peripheral CCK in humans have been
hampered, until recently, by the lack of sensitive and specific assays for measurement
of circulating concentrations. In addition, there have been only a limited supply of
specific CCK antagonists for human use. In humans, ingestion of fat, protein, amino
acids and possibly carbohydrate, releases CCK from intestinal endocrine cells but the
mechanism of release has not been explored further. There is an enormous amount of
data from animal studies that suggests that CCK released during a meal acts to inhibit
further food intake. It is not completely clear how CCK acts as a satiety agent and in
particular the contribution of brain CCK. In addition it is not known if CCK is a
physiological satiety peptide in humans.

The purpose of this work was:

To develop a sensitive and specific CCK RIA and to establish the bioassay and to
compare plasma concentrations measured with these two assays.

To use these assays to measure plasma concentrations of CCK and investigate the
release of CCK in response to administration of intestinal luminal and
intravenous nutrients. Furthermore, to determine if rapid intravenous infusion of
amino acids causes gallbladder contraction and thus may be a useful therapy in
fasting patients on long term intravenous nutrition, who may otherwise develop
gallbladder stasis and stones.

To investigate the physiological role of CCK in control of satiety in humans by
manipulation of endogenous CCK release and, intravenous infusion of CCK at
physiological concentrations. Finally, to study a possible interaction between
peripheral CCK and the serotonergic system in control of satiety in humans.
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5. MEASUREMENT OF CHOLECYSTOKININ IN PLASMA
Two main methods have been used in an attempt to specifically and precisely
measure plasma concentrations of CCK: a radioimmunoassay (RIA) and a bioassay.

5.1 Radioimmunoassay of CCK in plasma
The development of specific and sensitive RIAs for measurement of plasma
concentrations of CCK has proved difficult in many respects. Before discussing these
specific problems in detail I have listed the requirements for a suitable CCK RIA:
• Sufficient amounts of pure antigen should be available for preparation of tracer
and standards.
• The antibodies should be of high titre and specific for CCK.
• For a heterogeneous peptide like CCK, the antiserum should bind all the various
biologically active forms.
• The isotope labelling technique should not reduce the binding to specific
antibodies.

The problems encountered with development of a CCK RIA are discussed under the
headings of antiserum and tracer.

5.1.1 Antiserum
The C-terminus of CCK is identical to that of gastrin (figure 5) and by far the most
antigenic sequence of these peptides. Therefore most antisera raised against CCK will
also bind gastrin. Gastrin circulates in higher concentrations in the plasma than CCK
and therefore a small degree of cross-reactivity may still alter the measured
concentration of CCK in plasma. The problem of cross-reactivity cannot be overcome
by simply raising antisera against the N-terminus of CCK-33 because an N-terminal
specific antiserum does not bind smaller bioactive forms and in addition, CCKcomponents devoid of a bioactive C-terminus have been found in the serum of many
species.
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Subtraction assays, based on the subtraction of the concentrations measured with a
gastrin-specific antiserum from those measured with an antiserum that recognises
both gastrin and CCK equally are, in theory a simple solution to the problem of
gastrin cross-reactivity but, in practice have many disadvantages. Although
subtraction assays have been developed, these are now no longer used.

The first radioimmunoassays for CCK were developed with only small amounts of
antigen available, because synthesis of pure peptide was not possible (Harvey et al,
1973; Schlegel et al, 1977). Therefore, only a small number of animals could be
injected with antigen and so reducing the likelihood of obtaining specific antiserum.
A few laboratories have succeeded in producing antiserum specific for CCK, and not
cross-reacting with gastrin. These assays are summarised in table 4 and the extent to
which they have been validated is shown.

5.1.2 Tracer
CCK-33 contains three methionine residues, two of which are located in the Cterminus (figure 5). These are easily oxidised by conventional tyrosine iodination
techniques, e.g. chloramine-T or lactoperoxidase, and thus destruction of the
immunoreactivity of the critical amino acid sequence. In addition it is difficult for the
single 0-sulphated tyrosine residue in CCK-33 and CCK-8 to take up iodide. These
problems have contributed to the difficulties in developing sensitive and specific CCK
radioimmunoassays. It is therefore necessary to use a nonoxidative labelling
technique and this has been achieved by labelling CCK-8 and CCK-33 with the
Bolton-Hunter reagent, ^^^I-hydroxyphenyl propionic acid succinimide ester (Rehfeld
1978a)
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Figure 5
The primary structure of porcine CCK-33. The amino acids are numbered starting at
lysine N o .l. The C-terminal pentapeptide amide sequences (29 - 33) which is
homologous with the C-terminus of gastrin, is indicated by the shaded circles. The
encircled NH 2 groups of lysine N o.l and No. 11 are the coupling sites for the BoltonHunter reagent by the nonoxidative ^^^I-labelling of CCK-33. The methionine
residues (in bold) are where the oxidation damage occurs by conventional *^^Ilabelling using chloramine-T or lactoperoxidase.
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Name of antibody

1703

T204

0160

Reference

Jansen and Lamers, 1983

Jansen and Lamers, 1983

Cantor, 1986

Immunogen

CCK-33

albumin-coupled CCK-33

albumin-coupled CCK-33

Detection limit

0.5 pmol/1

not stated

0.3 pmol/1

Plasma CCK

Fasting (pmol/1)

0.9 ± 0 . 1

2.9 ± 0 . 6

2.0 ± 0 . 2

concentrations

Fed (pmol/1)

8.2 ± 1.3

9.25 ± 1.6

7.4 ± 0 . 7

Relative potencies of

CCK-58

not tested

not tested

not tested

CCK-peptides and

CCK-39

91

109

40

gastrin to antibodies

CCK-33

100

100

40

(%)

CCK-Ss

< 1

65

100

CCK-8ns

< 1

< 1

0

CCK-4

< 1

< 1

0

G-17S

< 1

2

1.5

G-17ns

< 1

< 1

0

G-34s

< 1

2

* 2% to natural gastrin-34

034ns

< 1

< 1

* Natural gastrin-17 and G-34 obtained by gel filtration of gastric antral extract

Table 4. Radioimmunoassays for CCK in current use and their validation. All of these use an initial step to extract CCK from plasma prior to
RIA. Table continued on next page
'- J

K)

Name of antibody

A2

R016

OAL 656

Reference

Beardshall 1992

Reidelberger & Rosenquist, 1991

Kanayama et al, 1987

Immunogen

CCK-33

CCK-10

CCK-8

Detection limit

0.2 pmol/1

0.5 pmol/1

0.4 fmol/tube

Plasma CCK

Fasting (pmol/1)

2.7 ± 0 . 5

2 -3

1.0

concentrations

Fed (pmol/1)

6.1 ± 0 . 5

8 - 9 .5

6.8

Relative potencies of

CCK-58

100

30

not stated

CCK-peptides and

CCK-39

not stated

106

59

gastrin to antibodies

CCK-33

100

139

68

(%)

CCK-Ss

100

100

100

CCK-8ns

2

121

0

CCK-4

not stated

< 1

0

G-I7s

1.6% to natural gastrin ^

not stated

0.18

G-17ns

< 1

2

0

G-34S

not stated

not stated

G-34ns

not stated

not stated

Table 4. Radioimmunoassays for CCK and their validation (continued)

5.2 CCK Bioassays
The first CCK bioassay used isolated strips of rabbit gallbladder and measured
muscle contraction in response to the addition of CCK standards or test serum to the
incubation buffer (Berry and Flower, 1971; Johnson and McDermott, 1973). The
system lacks the required sensitivity however, with a lower limit of detection of 40
pg/ml of CCK-8 (about 35 pmol/1). The measured plasma concentrations of CCK
were very high with fasting concentrations of 2100 - 6100 pg/ml of CCK-8
equivalents (1800 - 5220 pmol/1) and mean postprandial plasma concentrations of
7866 pg/ml (6876 pmol/1). The assay was not considered to be sensitive or specific
for measurement of plasma concentrations of CCK and has not been widely used.

In 1984, Liddle and co-workers described a sensitive and specific bioassay which is
based on the ability of CCK in plasma extracts to stimulate amylase release from
isolated rat pancreatic acini (figure 6). This assay is specific for CCK and does not
measure gastrin because the CCK receptor on pancreatic acini binds CCK with a far
higher affinity than gastrin. Secondly, other potential secretagogues circulate in
plasma at very low levels or are not extracted at high enough concentrations to
interfere with the assay. The assay is extremely sensitive (figure 6) because binding
of only a small amount of CCK to its receptor on the acinar cell stimulates release of
a measurable amount of amylase. The disadvantage of the assay is that isolation of
functioning acini can be difficult and the assay is extremely time consuming
compared to a RIA.
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Figure 6
Diagrammatic representation of the CCK bioassay and a typical dose-response curve
obtained. Pancreatic acini isolated by collagenase digestion of whole rat pancreas are
incubated with CCK standards or plasma extracts and amylase release into the
incubation medium is measured.
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6. THE CHOLECYSTOKININ BIOASSAY

6.1 Introduction
The CCK bioassay was developed by Liddle and co-workers as described in chapter 5.
The methods described here are identical to those used by Liddle.

6.2 Materials
6.2.1 Chemicals and Solutions
Type 1-S soybean trypsin inhibitor

Sigma Chemical Company

Com starch

Dorset, UK

Reactive yellow 86
a-amylase, type 1VA
Sulphated cholecystokinin-8 (CCK-8s)
Bovine serum albumin, fraction V (BSA)

All other chemicals were AnalaR grade and purchased from Sigma.

Chromatographically purified

Worthington Biochemicals

collagenase, activity 1,355 units/mg

New Jersey, USA

Sulphated gastrin-17

Bachem Ltd, Essex, UK

50 X Essential amino acids without L-glutamine

ICN Biomedicals Ltd,
Oxfordshire, UK

L-glutamine
Hydrochloric acid
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6.2.2 Animals
Male Wistar rats weighing 200 - 250 g and kept in the animal house at The Medical
College of St Bartholomew’s Hospital were fed on “RMl (E) diet, (Special Diet
Services Ltd, Essex, UK). Maintenance of animals was carried out in accordance to the
guidelines of The Institute of Animal Technology and the Home Office.

6.3 Methods
6.3.1 Preparation of CCK-8 standards
The standards were made with sulphated CCK-8 (CCK-8s) or sulphated gastrin-17
(G-17s) at a concentration of 10'^ mol/1 and 10"^ mol/1 respectively. They were stored at
-70V in 0.15 mol/1 sodium chloride containing 152 x 10'^ mol/1 BSA.
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6.3.2 Preparation of buffers
6.3.2.1 Stock solutions
Glutamine was prepared as a 100 ml stock solution and stored at -20^C. All other stock
solutions were prepared as 500 ml batches and autoclaved before storage at room
temperature.

g/500 ml

mol/1

Sodium chloride

69

2.38

Sodium chloride

4.5

0.15

Sodium carbonate

26.5

0.5

Sodium hydrogen carbonate

21

0.5

Magnesium chloride (MgCl2.6H20)

23.4

0.23

Potassium chloride

35

0.94

Calcium chloride (CaCl2.2H20)

37.6

0.51

Sodium phosphate dibasic

14.2

0.2

13.8

0.2

TRIS base

60.55

1.0

Sodium hydroxide

20

1.0

Glutamine

1.46(100 ml)

0.1

Sodium phosphate monobasic (NaH2? 0 4 .H2 0 )
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632 2 Preparation of Krebs Henseleit Bicarbonate buffer
The following were mixed together in the order and proportions shown. Calcium
chloride was added while gassing the buffer with 95% 0 ^5 % CO 2.

Stock solution

Volume (ml)

Distilled water

815

Sodium hydrogen carbonate

6.5

Sodium chloride (2.38 mol/1)

4.65

Potassium chloride

0.5

Sodium phosphate dibasic

0.5

Magnesium chloride

0.5

Calcium chloride

0.1

For use in the assay, 200 mg of D-glucose, 2 ml of Essential amino acids and 2 ml of
stock glutamine solution were added and the pH adjusted to pH 7.4 with sodium
hydroxide although this was rarely necessary. Finally 10 mg o f soy-bean trypsin
inhibitor (5 x 10'^ mol/1) was added and the solution divided into three parts:
1)

10 ml enzyme solution to which 20 mg BSA (30 x 10'^ mol/1) and 1 mg
collagenase was added.

2)

10 ml for rinse solution to which 100 mg BSA (150 x 10'^ mol/1) was added.

3)

50 ml for centrifuge solution to which 2 g of BSA (606 x 10’^ mol/1) was
added.
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6.3.2.3 Preparation of TRIS buffer
The following were mixed together in the order and proportions shown. Calcium
chloride was added while gassing the buffer with 100% O2 .

Stock solution

Volume (ml)

Distilled water

172.5

Sodium chloride (2.38 mol/1)

8

Potassium chloride

1

Sodium phosphate dibasic

1

Magnesium chloride

0.5

Sodium hydroxide

0.5

TRIS

8

Calcium chloride

0.5

For use in the assay 400 mg of D-glucose, 4 ml of Essential amino acids, 4 ml of stock
glutamine solution, 20 mg soy-bean trypsin inhibitor (5 x 10'^ mol/1) and 1 g BSA (76 x
10’^ mol/1) were added. The solution was gassed with 100% O2 and divided into two
parts:
1)

125 ml for incubation buffer which was adjusted to a pH of 7.58.

2)

75 ml adjusted to a pH of 7.4 by addition of 1 mol/1 HCl. This was used to make
up the CCK standards for use in the assay.
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6.3.3 Preparation of isolated pancreatic acini
Isolated pancreatic acini were prepared by a combination of enzymatic and mechanical
digestion. One rat, fasted overnight, was killed by cervical dislocation. The pancreas
was removed immediately and placed in a petri dish of 0.15 mol/1 NaCl. Fat and lymph
nodes were removed, the NaCl discarded and 5 ml of enzyme solution was then
injected into the pancreas using a 27 gauge needle. The pancreas was injected about
five times to distend the interstitium and allow digestion of the tissue by collagenase.
The tissue and fluid was transferred to a 25 ml Nalgene polycarbonate flask and gassed
with 95%

0 2

/ 5 % CO2 for about 10- 15 seconds. The flask was sealed and placed in the

shaking water bath (120 cycles/min, 37^C) for 10 min. After this period, the liquid was
removed and replaced with the last 5 ml of enzyme solution before gassing and
incubating for a further 30 min as above.

At the end of this period the flask was removed from the water bath and 5 mg of soy
bean trypsin inhibitor added to the medium, so as to completely inhibit any trypsin
released from the isolated acini. The acini were then dispersed mechanically by
repeatedly passing through pipette tips of decreasing internal diameter; initially 2.4
mm, then 1.3 mm and finally 0.9 mm.

The acini were separated from cellular debris and islet cells by passing through a 150
pm nytex mesh (Lockertex, Wire Weavers, UK) and then centrifugation (Beckman
model TJ-6, Beckman Industrials, Ireland) at 50 g for 5 min at 25°C through centrifuge
buffer. This was repeated twice more on the pellet obtained. The supernatant was
discarded and the pellet containing isolated acini was divided and dispersed in 3 x 25
ml polycarbonate Erlenmeyer flasks (Nalgene, BDH, UK) containing 7.5 ml of TRIS
incubation buffer. The flasks were gassed with 100% O2 for approximately 15 seconds
and then sealed and preincubated for 30 min in the water bath (60 cycles/min, 37^C) to
allow recovery of the acini. After preincubation the medium containing the acini was
pooled in one tube and the acinar pellet obtained by centrifugation at 50 g for 5 min.
The pellet was then dispersed in 50 ml of incubation buffer and gassed with 100% O2 .
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6.3.4 Release of amylase from acini in response to CCK stimulation
The acinar suspension was gently shaken throughout the experiment to maintain a
homogenous mixture and thus each 1 ml of buffer which was removed for incubation
with CCK contained approximately the same number of cells. The flasks used for
incubation of acini with CCK standards or plasma extracts (see below) were 30 ml
Nalgene polycarbonate flat bottomed flasks.

The protocol was as follows:
•

1 ml of acinar suspension was removed, placed in a 1.5 ml Eppendorf tube and
centrifuged in the microcentrifuge (Camlab Ltd, UK) at 12,000 rpm. for 15 seconds.
The supernatant was removed, without disturbing the small acinar pellet, and
transferred to a 10 ml plastic tube labelled To^ and kept on ice. The pellet was
washed with 1 ml of iced cold saline (0.15 mol/1) and after centrifugation and
removal of the supernatant 1 ml of iced cold distilled water was added to the pellet
remaining. This Eppendorf tube, labelled Po^, was kept on ice with To^. See below
for an explanation of To and Po.

•

Over the next 10 min (i.e. time 0 - time 10 min) 1 ml of acinar suspension was
removed at 40 second intervals and added to Nalgene flasks containing the plasma
extract or CCK-8 standard. The flask was placed in the shaking water bath (37^C,
60 cycles/min) after gassing with 100% O2 for approximately 10 seconds. The exact
time that each flask was placed in the water bath was noted.

•

At the end of this 10 minute period, Tog and Pog were processed exactly as
described above for To^ and Po*.

•

Over the next 10 minute period (i.e. 1 0 - 2 0 min) 15 further flasks containing
secretagogues were processed as described above.

•

Toc and Po^ were prepared at time 20 min.

•

15 further flasks containing secretagogues were processed at time 20 - 30 min
before preparation of Tog and P oq at 30 min.

•

Each flask was allowed to incubate for exactly 30 min before removing and
transferring 0.7 ml of the incubation medium to a 1.5 ml Eppendorf tube and
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centrifugation for 15 seconds at 12,000 rpm. The supernatant was removed and
transferred to a labelled Eppendorf tube and kept on ice until assayed for amylase
activity. The pellet was discarded.
•

The cellular pellets (Po* - P oq) in water were sonicated (Microson ultrasonic cell
disruptor, Heat Systems-Ultrasonics Inc, USA) for 15 seconds at half maximum
power to lyse the cells and release all the cellular amylase.

To A represented the percentage of the total pellet amylase which was released into the
incubation medium at time 0, i.e. basal release. Similarly To^ represented the amylase
released into the medium after 30 min without secretagogue stimulation. Po^
represented the total amylase in 1 ml of acinar suspension. The mean of Po^, Pog, Po^,
P od was calculated and used, together with the Tq values, in the calculation of amylase
release by secretagogues (see below).
Using the methods described above it was possible to process eight CCK-8 standards in
duplicate and 29 samples in one assay. An incubation time of longer than 30 min would
have allowed more samples to be processed, however any significant time led to an
increase in the intra-assay variation.

6.3.4 Measurement of amylase in the supernatant and cellular pellets
Amylase content of the supernatants and pellets (after diluting the sonicated pellets by
10 with distilled water) was assayed using procion yellow starch as substrate (Jung,
1980).
6.3.4.1 Procedure for making procion yellow starch
100 g of com starch was suspended in 900 ml of distilled water and the mixture heated
gradually to 50 - 55^C while constantly stirring. Procion yellow dye (2 g) in 50 ml of
water was heated to 50 - 55^C and mixed in with the starch suspension. The
temperature was maintained at 50 - 55^C for 45 min and then raised rapidly to 65^C and
maintained for 15 min. 20 ml of stock sodium carbonate was added slowly and the
temperature maintained at 65^C for 30 min. The mixture was allowed to stand
overnight at 4^C, the supernatant then discarded and the starch resuspended in about
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1500 ml of distilled water. After centriftigation (50 g, 10 min) the supernatant was
poured off and the washing process repeatedly performed until the supernatants were
clear and colourless, usually about six washes. The starch was resuspended in
methanol, centrifuged and methanol added to the starch pellet. The mixture was
siphoned through a Buchner funnel containing size 2 filter paper (Whatman
International Ltd, UK), and the powder obtained left to dry overnight. The procion
yellow starch was stored in a dessicator at room temperature.

6.S.4.2 Preparation of phosphate buffer for amylase assay
The following stock solutions were mixed together in the order and proportions shown
and the pH adjusted to 6.9 if necessary.

Stock solution

Volume (ml)

Distilled water

723.8

Sodium phosphate monobasic

97.5

Sodium phosphate dibasic

157.5

Sodium chloride (2.38 mol/1)

21.2

6.3.4.3 Amylase assay
10 pi of amylase sample was added to 0.8 ml of procion yellow starch in phosphate
buffer (0.3g/10 ml) and incubated in the shaking water bath for 20 min (90 cycles/min,
37^C). The reaction was stopped by adding 1.6 ml of 0.1 mol/1 hydrochloric acid. After
centrifugation (500 g for 10 min) the absorbance of the supernatant was measured in the
spectrophotometer (model 4050, LKB Biochrom, UK) at 420 nm
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63 A A Calculation
Amylase release from acinar cells is calculated directly from the absorbance values at
420 nm. Results are expressed as a percentage of the total amylase contained in the
pellet.

T h e p e r c e n t a g e of t h e t o t a l pellet a m y l a s e r e l e a se d b y th e s e c r e t a g o g u e s

IS EQUAL TO

A b s o r b a n c e m in u s T o ( f o r t h a t t im e p e r io d ^

x

100%

M e a n of th e P o v a l u e s
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Figure 7 shows a typical standard curve obtained with the CCK bioassay.
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Figure 7
Effects of sulphated cholecystokinin-8 (CCK-8s) and sulphated gastrin-17 (Gastrin17s) on amylase release from isolated rat pancreatic acini. Pancreatic acini were
incubated with CCK-8s or gastrin-17s. The amylase released into the media was
measured. Each value is the mean of triplicate experiments.
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6.4 Specificity and sensitivity of the acinar cell bioassay system
In this preparation of isolated pancreatic acini the most potent stimulus for amylase
release was CCK-8s which was over a 1000 times more potent than sulphated gastrin17. In addition the bioactivity of CCK-4 (graph not shown) was more than 10,000 times
less than that of CCK-8s. In this system I have not studied the larger forms of CCK,
however, other workers have reported that CCK-8 is threefold more potent that CCK33 (Liddle et al, 1984) and over sixfold more potent than CCK-58 (Schmidt et al,
1994). Amylase release by incubation with plasma extracts was completely suppressed
by the addition of dibutyryl cGMP, a knovm competitive antagonist of CCK.
The detection limit of the assay is 1 pmol/1 and defined as the amount of CCK-8 that
produced a statistically different response in amylase release (a response that differed
by two standard deviations from that observed with no hormone). The maximal effect
of CCK was seen at 100 - 300 pmol/1.
These experiments demonstrate that the assay is specific for CCK with virtually
negligible cross-reactivity with gastrin. All the various biologically active forms of
CCK are measured but in this system CCK-8 is the most potent. The detection limit of
the assay is 1 pmol/1 and thus by extracting peptides from plasma with Sep-pak
cartridges (see below) the detection limit is as low as 0.2 pmol/1 of plasma (when 5 ml
of plasma is extracted and the extract subsequently incubated with the acini).
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6.5 Validation of the CCK bioassay
The dose-response curve of hormone free plasma spiked with known amounts of CCK8s paralleled that obtained with pure CCK-8 standards and therefore demonstrating that
plasma did not interfere with the assay in any way (Figure 8).
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Figure 8
Bioactivity of CCK standards and serial dilutions of hormone-free plasma spiked with
known amounts of CCK-8. Values are the means of duplicate experiments.

88

Trifluoroacetic acid and ethanol used in eluting Sep-pak cartridges did not interfere
with the bioassay. There was no difference in amylase release between flasks to which
1 ml of ethanol/trifluoroacetic acid was added and dried under nitrogen, and controls
with or without CCK.

6.5 Collection of sam ples and extraction of CCK from plasma
6.5.1 Materials
Octadecylsilylsilica cartridges

Millipore, Hertfordshire, UK

(C-18 Sep-pak)
Ethanol, AnalaR grade

BDH, Leicester, UK

Methanol, HiPerSolv grade

BDH, Leicester, UK

Triflouroacetic acid (TEA)

Sigma Chemical Company

Aprotinin (Trasylol)

Bayer, UK

6.5.2 Methods
Collection of plasma samples
Blood was collected in iced heparinized tubes containing 2,000 KIU/10 ml blood of
aprotinin and immediately centrifuged at 2,000 g for 10 min. The plasma obtained was
stored at -70^C until assayed for CCK using the bioassay.

Extraction of plasma samples
Each Sep-pak cartridge was pre-washed with 5 ml methanol and then 20 ml distilled
water. The plasma sample (used immediately after defrosting) was then run over the
Sep-pak at a rate of about 1 ml/10 s and the cartridge washed with 20 ml of distilled
water. The peptides were eluted into a 30 ml flat bottomed Nalgene flask with a
solution of 80% ethanol/0.2% TEA. About 50 ml of air was pushed through the Seppak to completely empty all the ethanol/TEA. The flasks were placed in a sand bath at
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50 - 55^C and dried under a nitrogen steam (approximately 30 - 40 min) when the
extracts were ready for use in the assay.

Recovery o f CCK standards was measured by adding known amounts of CCK-8 to
hormone free plasma (obtained by repeated passage of plasma through Sep-pak
cartridges). These ‘spiked’ plasma samples were then processed through Sep-pak
cartridges as described above and assayed for CCK bioactivity by comparing the
bioactivity of plasma samples with those of standard curves of CCK-8. Recovery of
CCK-8 (figure 8) was 86 ± 8% (mean ± SD). Recovery of the larger forms of CCK was
not determined, however the methods are identical to those described by Liddle et al
(1985) who reported recoveries of 85 ± 10% for CCK-33.

6.5.3 Assay reproducibility
In order to characterise the reproducibility of this bioassay in my hands I carried out
two forms of comparability study:
•

Within-assay (intra-assay) variation:- Plasma standards were prepared by addition
of CCK-8s to hormone free plasma to obtain a final concentration of 10 pmol/1. 3
ml aliquots of spiked plasma were stored at -70^C. 12, 3 ml aliquots were measured
in the same assay and the coefficient of variation (c.v.) was 9.4%.

•

Between-assay (inter-assay) variation:- Aliquots of spiked plasma samples were
included in 10 consecutive assays over 4 weeks and the c.v. calculated as 13.4%.

These figures compare favourably with those reported by other workers using the same
CCK bioassay. Liddle and co-workers (1985) reported intra- and inter-assay c.v. of 7.4
and 10.6% respectively. Calam at al (1987) reported intra- and inter-assay c.v. of 11%
and 21%, while Miyasaka et al (1991) gave only the inter-assay c.v. at 23.7%.
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7. DEVELOPMENT OF A RADIOIMMUNOASSAY FOR
CHOLECYSTOKININ

A radioimmimoassay (RIA) for CCK has been developed for measurement of plasma
concentrations of CCK and chromatographic characterisation of CCK forms in plasma.
Synthetic sulphated CCK-8 obtained from Sigma was used for the preparation of
immunogen (for antiserum production) and standards.

7.1 Materials
7.1.1 Chemicals
Hydrochloric acid

Merck Ltd (BDH), Leicester, UK

Disodium hydrogen phosphate
Sodium dihydrogen phosphate
Sodium hydrogen carbonate
Sodium azide
Sodium chloride
2-mercaptoethanol
Phenol red
Polyethylene glycol
Norit GSX charcoal

Human serum albumin
Donkey anti-rabbit serum

IDS, Tyne and Wear, UK

7.1.2 Peptides
Sulphated CCK-8
Unsulphated CCK-8
[^^^I]-Bolton Hunter labelled CCK-8s

Sigma Chemical Co. Dorset, UK
ft

NEN Research Products, Du Pont Co.
USA
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CCK, fragment 30 - 33 (CCK-4)

ICN Biomedicals Ltd,Oxfordshire,UK

CCK, fragment 26 - 29, sulphated
CCK, fragment 26 - 29, unsulphated
CCK, fragment 29 -33
Gastrin-17 sulphated

Bachem Ltd, Essex, UK

Gastrin-34 unsulphated

7.2 Preparation of buffers
Stock sodium phosphate buffer (0.5 mol/B

7 1 .6 g N a 2 H P 0 4 . 2 H 2O

made up to IL with

i5 .3 g N a H 2 P O 4 .2 H 2 O

distilled water.

Adjusted to pH 7.4

Phosphate working buffer f0.05 mol/1) CCK radioimmunoassay

10 ml stock phosphate buffer
2.5 ml human serum albumin (HSA)

made up to 100 ml

200 mg sodium azide

with distilled water
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7.3 CCK antisera
7.3.1 CCK-8 immunogen preparation
Antisera for CCK were produced by immunising rabbits with CCK-8 conjugated to
thyroglobulin using the carbodiimide condensation reaction where the reactants
thyroglobuiin, CCK-8 and carbodiimide were used in molar ratios of 1:100: 200
(Skowsky and Fisher, 1972).

CCK-8 (1.143 mg) was dissolved in 200 pi of water and added to 6 mg of bovine
thyroglobulin dissolved in 200 pi of water and the solution adjusted to pH 8 using 0.01
mole/l NaOH. To this solution was added 50 pg of 1,3, diethylcarbodiimide in 200 pi
of water and after gentle mixing a further 50 pg of carbodiimide was added and the
solution left overnight at 4^C. The solution was then dialysed against water for 36 h and
then aliquoted into 0.2 ml amounts and stored at -70^C. This conjugate was then used
for immunisation.

7.3.2 Immunisation of rabbits
Four New Zealand white rabbits were immunised by multiple subcutaneous injections
with the lyophilised conjugate dissolved in 0.9% sterile saline injection emulsified with
2.5

volumes of Freund’s complete adjuvant for the first injection and Freund’s

incomplete adjuvant for the subsequent ones injected at monthly intervals. Each rabbit
received approximately 25 pg CCK-8s per injection. Blood was withdrawn from an ear
vein 2 weeks after each booster injection, the serum separated by centrifugation and
used for assessment of antibody titre. After three booster injections all four rabbits
produced significant titres of antibodies to CCK-8s. One of them, rabbit 2, had the
highest titre and was used in all subsequent studies.

7.3.3 Storage of antiserum CE2-4
The antiserum CE2-4 was lyophilised
in 1000 pi aliquots and stored at -20^C. Stock
lyophili:
working solutions were prepared by dissolving 1000 pi lyophilised antiserum in 1 ml
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0.9% sterile saline. An aliquot of 100 |o,l was made up to 10 ml by addition of 0.9%
sterile saline, containing 0.2% sodium azide to give a final dilution of 1:100 and stored

at 4 “c.

7.3.4 Evaluation of antibody titres
Antibody dilution curves were constructed for each bleed as follows:

In triplicate tubes, 50 pi of antiserum in doubling dilutions (dilution range 1:1200 to
1:76,800) were added to 200 pi assay buffer followed by 50 pi of tracer (diluted in
assay buffer to give 10,000 counts in 100 sec) and incubated for 24 h at 4®C. Separation
of bound and free ^^^I-CCK-8 was effected by adding 200 pi dextran-coated charcoal
suspension and centrifugation at 4^C for 15 min. The supernatant was aspirated and
discarded and the precipitate counted in the gamma counter. An antibody dilution curve
constructed with antiserum obtained from rabbit 2 (fourth bleed) is shown in figure 9.
This antiserum binds 50% of ^^^I-CCK-8 at a final dilution of 1:10,000 and was used in
all subsequent assays.
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Figure 9
Antiserum dilution curve for CCK-8 antiserum CE2-4. A final dilution of 10,000 gives
50% binding of ‘^^I-CCK-8
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7.3.5 Specificity studies for antiserum CË2-4
7.3.5.1 Cross-reactivity with gastrin
Standard curves were constructed with pure gastrin-17s (G-17) and gastrin-34 (G-34)
without prior extraction of peptides. G-17 and G-34 showed 11% and 14% cross
reactivity compared to CCK-8s with antiserum CE2-4 (figure 10).
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Figure 10
Cross-reaction of antiserum CE2-4 with CCK-8s, gastrin-17s and gastrin-34.
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This degree of cross-reactivity with gastrin made the assay unsuitable in its present
form for measurement of plasma concentrations of CCK. I therefore sought to
determine a method which was efficient at extracting CCK from plasma but was
inefficient at extraction of gastrin. Figure 11 shows the standard curves obtained after
extraction of plasma spiked with gastrin-17 and gastrin-34. The extraction method
utilises Sep-pak cartridges as described in section 7.5. The recovery of CCK was 76.7 ±
1.5%. In contrast, the recovery of gastrin was virtually negligible, therefore making the
assay useful for measurement of plasma samples by introducing this extraction step.
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Figure 11
Cross-reaction of antiserum CE2-4 with CCK-8s, gastrin-17 and gastrin-34. The
recovery of CCK-8s is approximately 77%. In contrast there is negligible recovery of
gastrin-17s and gastrin-34.
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7.3.5.2 Cross-reactivity with other CCK forms
Table 5 summarises the cross-reactivity of various CCK forms and fragments as
compared with CCK-8s. CCK fragment (26 - 29) sulphated or unsulphated and CCK
fragment (30 - 33) did not cross-react with antiserum CE2-4 even when present in 1000
fold molar excess over CCK-8s. Unsulphated CCK-8 showed approximately 11%
cross-reactivity with antiserum CE2-4. CCK fragment (29 - 33) showed 3% cross
reactivity with antiserum CE2-4.

In summary, antiserum CE2-4 binds to all the biologically active CCK forms but shows
no, or little, binding to the smaller non-biologically active forms. In addition, there is
no binding to CCK fragments which may arise during breakdown of larger CCK forms.
Binding of antiserum to CCK-58 has not been specifically tested as both the natural and
synthetic peptide are not freely available. However in other studies when testing has
been possible CCK-58 has been found to be far less immunoreactive (Hocker et al,
1990; Turkelson et al, 1990) and bioactive than CCK-58 (Hocker et al, 1990, Schmidt
et al, 1994). This is thought to be because CCK-58 adopts a stable tertiary structure
which interferes with both antibody and receptor binding.
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P e p t id e

% P o t e n c y r e l a t iv e t o s u l p h a t e d

*CCK-8 (CCK 26 - 33) sulphated

100%

CCK-8 (CCK 26 - 33) unsulph ated

11%

*CCK-33

41%

*CCK-39

34%

CCK fragm en t 29 - 33

3%

CCK fragm ent 30 - 33

<0.1%

CCK fragm en t 26 - 29 unsulphated

<0.1%

CCK fragm ent 26 - 29 sulphated

<0.1%

CCK fragm ent 1-21

<0.1%

CCK-8

*indicates those forms which are biologically most active

Table 5
Cross-reactivity with antiserum CE2-4 of CCK peptides and CCK fragments

7.3.5.3 Cross reactivity with other peptides
In order to test the specificity of anti serum CE2-4, several standard curves were set up
with the following peptides: vasoactive intestinal polypeptide, glucagon, somatostatin
and insulin. There was no cross-reactivity at concentrations as high as 10'^ moles/1.
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7.4 Tracer
[^^^I]-Bolton Hunter labelled CCK-8s was used as tracer. The initial specific activity of
[^^^I]-CCK-8 is 81 Tbq/mmol and the concentration 3270 kBq/ml. Aliquots were
prepared by pipetting 10 pi of the stock solution into iodination vials and storing at 20^C until use. For use in the assay, tracer was added to phosphate working buffer to
give approximately 1000 counts per 10 seconds. The tracer was stable for 4 weeks as
assessed by non-specific binding, antibody binding and the slope of the standard curve
in the RIA.

7.5 Optimisation of assay conditions
Various incubation conditions were optimised in order to obtain maximum sensitivity
of the RIA.

7.5.1 Assay buffer
7.5.1.1 Effect of pH
Standard curves were set up in 0.05 mole/1 phosphate buffer pH 7.4, 6.0 and 8.0. All
buffers contained 0.25% HSA and 0.2% sodium azide. As shown in figure 12. the
standard curve was most sensitive when set up in phosphate buffer pH 7.4. Thus all
subsequent assays were carried out at pH 7.4.

7.5.1.2 Effect of 2-mercaptoethanol
CCK-8 has two methionine residues which are liable to oxidation during the assay and
this may alter antibody binding. Standard curves were therefore constructed using
phosphate buffer pH 7.4 containing 0.25% HSA, 0.2% sodium azide and varying
concentrations of the anti-oxidant, 2-mercaptoethanol. Figure 13 shows that the
addition of mercaptoethanol did not increase the binding and sensitivity of the standard
curve and therefore mercaptoethanol was not used in the assay

100

% 125I-CCK-8s bound
50

40

30

20
-ÊrpH 7.4
-v-pH 6.0

10

-"-pH 8.6

0
0.1

1

10

100

1000

CCK-8s (fmol/tube)

Figure 12
The effect of buffer pH on the CCK-8s standard curve
Phosphate buffer pH 7.4 gave the most sensitive curve and was used in all future
assays.
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Figure 13
The effect of 2-mercaptoethanol (2-ME) on the CCK-8s standard curve
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7.5.1.3 Effect of albumin concentration
Standard curves were constructed using phosphate buffer pH 7.4 containing 0.2%
sodium azide and varying concentrations of human serum albumin (HSA). Figure 14
shows that the standard curve was most sensitive at a concentration of 2.5% HSA and
this was used in all future assays.

7.5.1.4 Effect of molarity
Standard curves were constructed using buffer containing 0.2% sodium azide, 2.5%
HSA and varying concentrations of phosphate buffer but maintaining the pH at 7.4. A
concentration of 0.05 moles/1 provided the most sensitive curve (figure 15) and was
thus used in all future assays.
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Figure 14
The effect of albumin (HSA) concentration on the CCK-8s standard curve
A concentration of 2.5% gave the most sensitive curve and was used subsequently.

104

60

% 125I-CCK-8S bound

50
40
30
-X-0.025 moles/1

20

0.05 moles/1
-0 - 0 . 1 moles/1

10

-"-0.2 moles/1

0

0.1

1

10

100

1000

.

CCK-8s (fmol/tube)

Figure 15
The effect o f molarity o f the phosphate buffer on the CCK-8s standard curve.
A concentration of 0.05 mol/1 phosphate buffer was used subsequently.
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7.5.2 Separation of antibody bound and free CCK-8s
To obtain the most sensitive standard curve for CCK, four techniques for the separation
of free and bound fractions were optimised and compared.

7.5.2.1 Charcoal separation
A charcoal suspension was prepared by dissolving 0.75 g dextran in 30 ml distilled
water and adding 10 ml 0.5 mol/1 stock phosphate buffer and 60 ml horse serum.
Activated charcoal (3.0 g) was then suspended in this solution. Duplicate non-specific
binding (NSB) tubes containing 250 pi assay buffer and 50 pi tracer and, zero standard
tubes containing 200 pi assay buffer, 50 pi tracer and 50 pi antiserum were set up and
incubated for 24 hours at 4®C. Varying volumes of charcoal suspension (50 pi - 500 pi)
were added, the tubes mixed and centrifuged at 4°C for 15 min. The supernatant was
discarded and the charcoal precipitate containing the absorbed free tracer was counted
(figure 16). Changing the volumes of charcoal suspension added had no effect on the
efficiency of separation and 200 pi was chosen arbitrarily for use in subsequent assays.

1 .5 2 2 Double antibody technique
To determine the optimum concentration of donkey anti-rabbit antiserum (DAR) and
normal rabbit serum (NRS), a ‘checkerboard’ study was performed. Duplicate tubes for
non-specific binding and zero standard were set up as described in section 7.5.2.1. After
incubation for 24 hours at 4®C, various dilutions of NRS and DAR were added and
incubated overnight at 4°C. The tubes were then centrifuged for 60 min at 4^C, the
supernatant aspirated and discarded and the precipitate containing the bound fraction
counted (figure 17). NSBs were less than 3% and were omitted. As shown in figure 17
a wide range of working values was obtained. The results were unsatisfactory with 1:20
and 1:30 DAR in combination with NRS in a dilution of 1:120. DAR in a dilution of
1:12 and NRS in a dilution of 1:200 was chosen and used in subsequent studies as these
concentrations gave easily visible and compact precipitates.
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7.S.2.3 Polyethylene glycol (PEG) separation
A range of solutions of PEG in 0.05 mole/1 sodium phosphate buffer pH 7.4 to give
final concentrations in the assay tubes of 10 - 40% were prepared. A series of pairs of
non-specific binding and zero standard tubes were prepared and incubated for 24 hours
at 4^C. Horse serum (50 pi) and 1 ml of the appropriate PEG solution were added, the
tubes mixed and centrifuged at room temperature for 15 min. The supernatant was
aspirated and the precipitate counted. Figure 18 shows the result of this experiment
which demonstrated that at a final PEG concentration of 35% the maximum difference
between antibody binding and non-specific binding was obtained and this concentration
was used in subsequent experiments.

7.5.2.4 PEG assisted second antibody
PEG assisted second antibody uses a combination of PEG and second antibody in the
optimum concentrations determined above. NRS and DAR were added to the assay
tubes and the tubes incubated for 2 hours before addition of 100 pi horse serum and 700
pi of 35% PEG. After a further incubation period of 15 minutes the tubes were spun at
2000 g for 30 minutes, the supernatant aspirated and the precipitate counted.
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Figure 16
Optimisation of charcoal separation method.
The effect of varying the volume of charcoal added to separate antiserum bound and
free CCK-8 in non-specific binding and zero standards. The amount of charcoal added
was not critical.
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Figure 17
The effect of different combinations of concentrations of donkey anti-rabbit serum
(DAR) and normal rabbit serum (NRS) on precipitation of antibody bound ^^^I-CCK8s.

A combination of 1:12 DAR and 1:200 NRS was subsequently used.
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Figure 18
Optimisation of polyethylene glycol (PEG) separation method
The effect of different PEG concentrations on the separation of antiserum bound and
free CCK-8s in non-specific binding and zero standards. At a final PEG concentration
of 35% there was maximal difference between non-specific binding and zero standard.
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7.5.2.5 Comparison of the four separation methods
Four standard curves were set up in triplicate and separation of the bound and free
fractions were performed by the four different methods of double antibody, charcoal,
PEG and PEG assisted second antibody (figure 19). The most sensitive and precise
standard curve was obtained using the double antibody separation technique and this
method was used for all subsequent assays.
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Figure 19
Comparison of CCK-8s standard curves separated by different methods
Double antibody separation method gave the most sensitive standard curve.

Ill

7.5.3 Incubation times
The effects o f varying the incubation times on assay sensitivity were investigated.
Standard curves were constructed under the following conditions:

a) Simultaneous addition of antibody and tracer to standards with a total incubation
time of 24 or 48 hours before the addition of second antibody.

b) Preincubation of antiserum with standard for 24 hours followed by the addition of
tracer with a total incubation time of 48 or 72 hours before the addition of second
antibody.

The results shown in figure 20 indicate that the sensitivity of the standard curve was
increased with preincubation of the antiserum and standard before the tracer is added.
Incubation for a total of 48 or 72 h before the addition of second antibody gave the
most sensitive curve and this was used in all future assays.
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Figure 20
The effect of incubation times on CCK-8 standard curve.
■ Simultaneous addition of tracer and antiserum, incubation for 24 h before addition
of second antibody.
A Simultaneous addition of tracer and antiserum, incubation for 48 h before addition
of second antibody.
X 24 h delayed addition of tracer, total incubation for 48 h before addition of second
antibody.
O 24 h delayed addition of tracer, total incubation time for 72 h before addition of
second antibody.
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7.5.4 Effect of antibody dilution
Standard curves were set up using different dilutions of antiserum. A final antiserum
dilution of 1:24,000 gave approximately 50% binding of the zero standard and the
sensitivity of the standard curve was not increased with higher dilutions where
precision may be impaired (figure 21). Thus a final dilution of 1:24,000 of antiserum
CE2-4 was used routinely in all subsequent assays.
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Figure 21
The effect of antiserum CE2-4 dilution on the CCK-8s standard curve.

A final dilution of 1:24,000 was used in all subsequent experiments.
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7.6 Construction of standard curve for CCK-8
From the results of the previous experiments, the following protocol was adopted:

Standard curve (in duplicate in plastic tubes, all reagents diluted in assay buffer)

200 pi assay buffer containing CCK-8s standard (0.25 - 1000 fmol/assay tube,
prepared by double dilution)
50 pi antiserum CE2-4 at a dilution of 1:4000 (i.e. final dilution 1:24,000)
Vortex, incubate at 4^C for 24 hours
50 pi ^^^I-CCK-8 (approximately 10,000 counts in 100 seconds)
Vortex, incubate at 4^C for 24 hours
50 pi NRS

1: 200 dilution

50 pi DAR

1:12 dilution

Vortex, incubate for 24 hours at 4^C
Centrifuge for 60 min at 4^C, 2000 r.p.m.
Aspirate supernatant and count precipitate

In addition total count tubes containing tracer alone, non-specific binding and antibody
binding tubes with standard replaced by buffer were set up in duplicate for each assay.
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7.7 Collection and preparation of blood samples for use in the RIA

7.7.1 Materials
Glycine

Merck Ltd (BDH), Leicester, UK

Formic acid
Polypeptide
Methanol (HPLC grade)
Octadecylsilysilica cartridges

Millipore, Hertfordshire, UK

C-18 Sep-pak

7.7.2

Methods

7.7.2.1 Preparation of stock solutions
The following stock solutions were prepared

per 500 ml w ater

Concentration of stock

Sodium chloride

4.5 g

0.15 moles/1

Glycine hydrochloride

8 g in 1 mole/1 HCl

213 mmole/1 glycine

Formic acid

5 ml

1%
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1 .1 2 2 Preparation of elution buffers
The following elution buffers were prepared

•

Glycine HCl saline formic solution (saline-formic)
10 ml neat formic acid
15 ml glycine-HCl
975 ml stock sodium chloride

•

80% methanol/formic acid (methanol-formic)
10 ml neat formic acid
190 ml distilled water
800 ml methanol

Venous blood samples were collected into cold lithium heparin tubes and centrifuged at
2,000 g at 4^C for 10 minutes. The plasma obtained was transferred into plastic tubes
containing 150 pi glycine-HCl/ml of plasma. Samples were flash frozen by placing into
liquid nitrogen and subsequently stored at -70^0. Before extraction, samples were
allowed to thaw after the addition of 10 pi neat formic acid/ml of plasma. Samples were
centrifuged at 2,000 g for 10 minutes and the clear plasma removed and transferred to a
separate tube. Plasma was then extracted and concentrated by adsorption onto Sep-pak
cartridges. Samples were loaded in 5 ml volumes, washed with 5 ml saline-formic
solution, followed by 10 ml 1% formic acid. CCK was then eluted with 2 ml methanolformic into round bottomed tubes. The column was washed with a further 10 ml
methanol-formic and before re-equilibration with 1% formic acid to prevent
contamination of the next sample. When all samples had been prepared the eluates were
placed in a sandbath at 50 - 55°C and evaporated to dryness under nitrogen. The dried
samples were reconstituted in 500 pi assay buffer containing phenol red as a pH
indicator. The pH was adjusted to 7.4 using Na2HP0 4 and then samples assayed.
Extracted standards in triplicate were processed in the same manner where 500 finol
CCK-8s was added to CCK-ffee plasma (obtained by passing through a Sep-pak
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cartridge). The recovery of CCK from plasma was calculated for each assay by the
inclusion of duplicate unextracted standard curves.

7.8 Validation of the methods
7.8.1 Recovery of CCK
Recovery of CCK-8 added to hormone free plasma prior to extraction was 76.7 ± 1.5%.
Recovery of CCK-33 and CCK-39 was 78 and 71% respectively.

7.8.2 Intra- and inter-assay coefficients of variation
Intra- and inter-assay coefficients of variation (c.v.) were determined by 13 fold
measurements o f extracted hormone free plasma spiked with 3 pmol/1 or 30 pmol/1 of
CCK. Intra-assay c.v. was 15% and 10% for samples containing 3 pmol/1 and 30 pmol/1
respectively. The inter-assay of samples containing 30 pmol/1 was 13%. All the samples
from one experiment were assayed in one run. Fifteen plasma samples were extracted
with each Sep-pak cartridge. Repeated use of one cartridge did not result in any carry
over or loss of activity.

7.8.3 Separation of the forms of CCK by high-pressure liquid chromatography
Separation of plasma forms of CCK by high-pressure liquid chromatography (HPLC)
was performed according to the methods described by Beardshall et al (1992). A
Dynamax C l8 reverse phase HPLC column (4.6 mm x 25 cm, 5pM Microsorb Particle
size) was equilibrated with ‘buffer A’ containing 0.1% aqueous trifluoroacetic acid
(TFA) and 0.01% 1,4-diamino butane (DAB). The CCK forms were eluted by
increasing concentrations of ‘buffer B’ containing 75% acetonitrile in 0.1% TFA and
0.01% DAB. The following gradient was used: 0 - 5 min 100% buffer A, 5 - 10 min
27% buffer B, 1 0 -8 0 min 50% buffer B, 80-110 min 80% buffer B and 110 - 120 min
100% buffer B. The elution rate was Iml/min and 1 ml fractions were collected into
tubes and dried under nitrogen at 50^C before reconstituting with assay buffer for
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immediate use in the assay. HPLC columns were calibrated with sulphated CCK-8,
CCK-33 and CCK-39.

Figure 22 shows the HPLC profiles of CCK-like immunoreactivity in postprandial
plasma. Antiserum CE2-4 measures four CCK forms, CCK-33 was the major form
found in human plasma. The peak eluting after CCK-39 was thought to be CCK-58
because of its similar position when compared with the elution profile in a previous
study (Beardshall et al, 1992)
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Figure 22
Elution profiles from analytical reverse phase HPLC of CCK-like immunoreactivity
(CCK-LI) concentrated from plasma by Sep-pak C-18 cartridges after stimulation by a
fatty meal. The HPLC column was eluted by a gradient of 0.1% trifluoroacetic
acid/acetonitrile (............ ). Fractions of 1 ml were collected and CCK-LI was measured
with antiserum CE2-4.
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8. A COMPARISON OF THE CCK BIOASSAY AND
RADIOIMMUNOASSAY

The CCK bioassay described in chapters 5 and 6 detects bioactive molecular forms of
CCK and plasma concentrations measured with this assay reflect the sum of all
bioactive forms. The CCK radioimmunoassay that has been developed uses antiserum
CE2-4 that binds specifically around the O-sulpbated tyrosine residue in the CCK
molecule which is required for CCK-like biological activity. The aim of this study was
to provide a direct comparison of plasma CCK concentrations measured with the
bioassay and RIA.

8.1 Methods
Six healthy volunteers (2 women), mean age 28 years (range 25 - 35 ), were studied
after an overnight fast. Blood samples were taken at intervals via a 21-gauge butterfly
cannula in the antecubital fossa during the 90 minute course of the study which
consisted of eating a standardised meal. Blood was collected into iced beparinized tubes
containing 2,000 KIU/10 ml blood of the proteinase inhibitor, aprotinin and
immediately centrifuged at 2,000 g for 10 minutes. Half of the plasma obtained was
prepared for CCK radioimmunoassay as described in chapter 7. The rest of the plasma
was stored at -70°C until assayed for CCK using the bioassay. Each sample was
assayed in duplicate in the RIA and bioassay.

The test meal was administered at time zero and consisted of 200 ml whole milk (408
kJ) and 250 ml Ensure Plus (Abbott Laboratories Ltd, UK) containing 12.5 g protein,
10.0 g fat and 40.0 g carbohydrate (1260 kJ). The meal was consumed within 15
minutes.
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8.1.1 Statistical analysis
Results are expressed as the mean ± SEM, unless otherwise stated. Direct comparison
of RIA and bioassay was performed using linear regression analysis and the method for
assessing agreement between two methods by Bland and Altman (1986).

8.2 Results and Discussion
8.2.1 Plasma concentrations of CCK
Figure 23 shows the plasma concentrations of CCK measured with the bioassay and
RIA. In response to ingestion of a meal CCK-like bioactivity increased from 0.98 ±
0.12 pmol/1 to peak plasma concentrations at 30 minutes of 6.84 ± 1.17 pmol/1.
Identical aliquots of plasma measured with the RIA gave similar results although
fasting plasma concentrations were consistently lower than those measured with the
bioassay. Fasting plasma concentrations were 0.46 ± 0.1 and increased to 7.84 ± 1.24
pmol/1 postprandially. These results are similar to those obtained by other workers as
discussed in section 1.5.4. Liddle and co-workers measured plasma concentrations of
CCK using the bioassay in healthy human volunteers and found fasting concentrations
of 1.0 ± 0.2 pmol/1 which increased to a mean of 6.0 ± 1 .6 pmol/1 approximately 15
minutes after ingestion of a meal of mixed nutrients (Liddle et al, 1985). Similar results
were obtained by Hocker et al (1992). Fasting concentrations measured by
well-validated RIAs have varied from a mean of 0.9 - 2.9 pmol/1 and mean peak
postprandial concentrations of between 6.1 - 9.25 have been reported (Jansen and
Lamers, 1983; Cantor, 1986; Beardshall et al, 1992).
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Figure 23
Plasma CCK concentrations measured with the bioassay and radioimmunoassay after
ingestion of a fatty meal.
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8.2.2. Correlation between the bioassay and radioimmunoassay
Figure 24 summarises the results of all individual plasma samples that underwent
simultaneous determination of CCK-like bioactivity and CCK-like immunoreactivity in
identical aliquots. Linear regression analysis of this plot revealed a correlation
coefficient of 0.93 and slope of 1.17.
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Figure 24
Plasma CCK concentrations measured with the bioassay or radioimmunoassay in
aliquots of identical samples. The regression analysis gives a correlation coefficient of
0.93 and a slope of 1.17 (P < 0.001). If there was perfect agreement between the two
methods the points would all lie along the line of equality ( ----------- ).
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8.2.3 Level of agreement between the bioassay and radioimmunoassay
Bland and Altman (1986) however, argue that a high correlation does not necessarily
mean that the two methods agree. We will have perfect agreement from the two
methods only if all the points in figure 24 lie along the line of equality, but we can have
perfect correlation if the points lie along any straight line. Therefore a high correlation
coefficient for the data can in fact conceal considerable lack of agreement between the
two methods.

The data has therefore been analysed according to the methods described by Bland and
Altman. Figure 25 shows a plot of the difference between the methods against their
mean of the two measurements. It is possible to summarise any lack of agreement by
calculating the bias, estimated by the mean difference (d) and the standard deviation of
the differences (sd). The mean difference is -0.23 pmol/1 and sd is 1.17 pmol/1. Most of
the differences lie within the limits of d ± 2sd (the limits of agreement) which
demonstrates that there is an acceptable level of agreement of identical samples
measured by the RIA and bioassay.
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Figure 25
Data plotted according to the method of Bland and Altman (1986). The difference in
measurements (y-axis) made by the bioassay (BA) and radioimmunoassay (RIA)
plotted as the function of the mean of the two measurements (x-axis).
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9. RELEASE OF INTESTINAL CCK BY LUMINAL NUTRIENTS
9.1 Release of CCK by carbohydrate
Ingestion o f a meal of mixed nutrients induces significant increases in plasma CCK. In
humans, fat and protein are the most potent pure nutrients to stimulate CCK secretion
(section 1.5.4). On the basis of pancreatic enzyme secretion, carbohydrate appears to be
ineffective in stimulating the release of CCK (Go et al, 1970). However, direct
measurement of plasma CCK in response to carbohydrate ingestion has provided
conflicting results. Liddle et al (1985) found that 100 g of D-glucose (in 400 ml of
water, 1.4 mol/1) administered orally, stimulated CCK release producing peak plasma
concentrations of 4 pmol/1 compared to 6.2 pmol/1 after ingestion of 100 g of com oil.
In contrast, other investigators have found that ingestion of 50 g of starch (Hopman et
al, 1985a) or intraduodenal infusion of 20 g of glucose over 1 h (Reimers et al, 1988)
did not increase plasma concentrations of CCK above fasting levels.

The aim of this study was to measure plasma concentrations of CCK in response to an
equicaloric oral load of D-glucose or fat and thus to further clarify the ability of
carbohydrate to release CCK.

9.1.1 Methods
Five healthy volunteers (3 women), mean age 29 years (range 26 - 35) were studied.
Subjects underwent an overnight fast (12 - 16 hours) prior to each study being
performed in random order. Blood samples were taken at intervals via a 21-gauge
butterfly cannula in the antecubital fossa during the 2 h course of the study. Blood was
collected and stored as described in section 6.5.2.1 and plasma CCK measured using
the bioassay. On two separate occasions, at time zero, each subject was fed (orally)
either 35 g of fat (com oil, 1341 kJ) or 77 g of D-glucose in 200 ml of water (2.1 mol/1).
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Statistical analysis
Plasma concentrations of CCK are expressed as the mean ± SEM. Plasma
concentrations of CCK after administration of fat or glucose were compared to fasting
levels using a paired t-test.

9.1.2 Results
The result at time zero is the mean of samples taken 10 min before and immediately
before administration of fat or glucose. Ingestion of fat induced a significant (P < 0.02)
increase in plasma CCK concentrations whereas glucose did not significantly influence
CCK levels (figure 26). A prompt rise in plasma CCK was seen within 10 min of fat
ingestion; peak plasma CCK concentrations of 5.2 ± 1.0 pmol/1 were obtained 20 min
after fat ingestion. Ninety min after the fat meal (at the end of the study), plasma CCK
concentrations were still significantly elevated above basal. In contrast, ingestion of
glucose produced a transient, but not significant, rise in plasma CCK concentrations.
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Figure 26
The effect of 35 g fat or 77 g D-glucose, administered orally at time zero, on plasma
cholecystokinin concentrations in five healthy subjects. Values are the mean ± SEM.

9.1.3 Discussion
In this study it has been shown that fat is a potent stimulus of CCK release and these
findings agree with those of other workers (section 1.5.4). Liddle and co-workers
(1986) found that after an oral load of 100 g of fat, plasma CCK concentrations
increased from fasting levels of 1.0 ± 0.2 pmol/1 to peak concentrations of 6.0 ± 1.6
pmol/1 10 minutes post meal. Plasma concentrations fell by 30 minutes but remained
significantly elevated above basal until 2 h post meal, when the experiment was
completed. Similar results were obtained by Hopman et al (1985), who showed that
peak plasma CCK concentrations were obtained 20 minutes after ingestion of 50 g of
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fat. Thus, the results from our study are in agreement with those of other workers. After
an oral load of 35 g of fat, peak plasma CCK concentrations of 5.2 ± 1.0 pmol/1 were
obtained. Plasma concentrations gradually fell but remained elevated 90 minutes post
meal.

In contrast, ingestion of an equicaloric amount of D-glucose failed to significantly
increase plasma concentrations of CCK above fasting levels. Previous studies have
provided conflicting results regarding the ability of carbohydrate to release CCK
(section 1.5.4). After an oral load of 100 g of glucose, Liddle et al demonstrated a
significant rise in plasma CCK to 4.0 + 1 .6 pmol/1 (Liddle et al, 1985). Concentrations
remained significantly elevated until 30 minutes post meal. However, Hopman et al
(1985) did not detect a rise in plasma CCK after 50 g of starch. Although in the present
study a slightly smaller amount of glucose was administered compared with that in the
study by Liddle and co-workers, the solution was more concentrated than in their study.
The results presented in this thesis would not suggest that carbohydrate is a stimulus to
CCK secretion in man.

9.2 Release of CCK by L- and D-phenylalanine
In humans, oral administration of a mixture of amino acids stimulates release of CCK,
although the response is less sustained than with an equal weight of protein or fat
(Liddle et al, 1985). Only a mixture of L-amino acids, and not D-amino acids,
stimulates pancreatic enzyme secretion; of these phenylalanine, methionine and valine
are the most effective stimulants (Go et al, 1970). These results provide indirect
evidence that only L-amino acids stimulate release of CCK. More recent studies have
directly measured plasma CCK concentrations and confirmed that L-phenylalanine
stimulates release of CCK; as little as 2.5 g (15 mmol) infused over Ih produced peak
plasma concentrations of 7 pmol/1 compared to basal levels of 2.5 pmol/1 (Beardshall et
al, 1992).

The aim of this study was to provide a direct comparison of the ability of L- and Dphenylalanine to stimulate release of CCK.
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9.2.1 Methods
The methods and statistical analysis are identical to those described in the section
above. On two separate occasions, at time zero, each subject was fed (orally) either 10 g
of L-phenylalanine or D-phenylalanine (ICN Biomedicals Ltd, Oxfordshire, UK) in 200
mis of water (303 mmol/1).

9.2.2 Results
Following ingestion of L-phenylalanine plasma CCK concentrations rose from fasting
levels of 1.16 ± 0.35 pmol/1 to a peak of 5.01 ± 1.52 pmol/1 (P < 0.02, Figure 27).
Levels remained significantly raised at 40 min after ingestion of L-phenylalanine. In
contrast D-phenylalanine did not significantly increase plasma concentrations of CCK
above fasting levels.
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Figure 27
The effect of 10 g L-phenylalanine or D-phenylalanine, administered orally at time
zero, on plasma cholecystokinin concentrations in five healthy subjects. Values are the
mean + SEM.
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9.2.3 Discussion
In this study direct measurement of plasma CCK concentrations has shown that Lphenylalanine, but not D-phenylalanine, stimulates release of CCK. This data is
therefore in agreement with previous work which has used pancreatic enzyme secretion
as an indirect measure of CCK release.

The purpose of this study was to determine peak plasma concentrations of CCK after
amino acid administration. Based on our knowledge of CCK release after a meal we
expected peak plasma concentrations to be reached within 2 0 - 30 min after amino acid
ingestion. Therefore blood samples were only taken for 40 min after amino acid
administration. It is highly unlikely that plasma levels would have increased after 40
min and thus a rise not have been detected in the D-phenylalanine experiment.
Although this study was not a direct comparison with fat induced CCK release, the
peak CCK concentrations obtained after L-phenylalanine were similar to those obtained
after 35 g of fat. However because of the limited time for which blood samples were
taken in the phenylalanine experiment, the integrated plasma CCK secretion cannot be
compared with that after fat ingestion.

As I have discussed in section 1.5.4, the mechanism by which amino acids release CCK
in humans is not known. However, experiments with isolated canine jejunal cells
suggest that amino acids may stimulate release of CCK by a direct interaction with
receptors on the surface of the CCK cell (and release of second messengers) or, as may
be the case for gastrin release, after transport of amino acids into the cell. It has been
suggested that antral gastrin-containing G cells, which are members of the amine
precursor uptake and decarboxylation system of endocrine cells, respond to stimulation
by certain amino acids only after an intracellular decarboxylation of the amino acid.
The amine metabolite formed may then directly stimulate the gastrin granule to release
its contents through a step that involves neutralisation of the normally acidic granule
contents (Dial et al, 1991).
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Release of CCK by L- but not D-amino acids suggests that binding to a specific cell
surface receptor/transporter may be necessary for CCK release. Subsequent intracellular
events leading to release of CCK from secretory granules are not known and similar
experiments to those described for gastrin have not been undertaken.
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10. CCK RELEASE BY INTRAVENOUS AMINO ACIDS
As discussed in section 2.3.2, impaired gallbladder motor function is likely to play an
important role in the formation of cholesterol gallstones. Improving gallbladder
emptying has been shown to prevent gallstone formation in animals. Gallbladder
“sludge” is a term coined for the echogenic layer sometimes found in the gallbladder at
ultrasonography (Conrad et al, 1979). It is composed of cholesterol crystals and
bilirubin granules embedded in a matrix of mucus gel. Gallbladder sludge is a precursor
of gallstones in some patients and, like gallstones, can be prevented by improving
gallbladder emptying (Sitzmann et al, 1990). In patients receiving continuous or
intermittent total intravenous nutrition (IVN), meal-induced stimulation of gallbladder
emptying is absent (Cano et al, 1986) with the consequence that sludge and gallstones
form in up to 60% and 25% of patients respectively (Messing et al, 1984).

The rate of delivery of nutrients during IVN is relatively slow and the aim of this study
was to determine if a rapid intravenous infusion of amino acids stimulates release of
CCK and gallbladder contraction.

10.1 Subjects
A randomised double-blind study was performed in eight healthy volunteers, aged 24 36 years (four men). All were non-smokers and within the normal weight range. None
were taking any medication at the time of the study.

10.2 Methods
Subjects received 250 ml sodium chloride (300 mmol/1) over 10 or 30 min, or one of
four different amino acid regimens administered intravenously after an overnight fast of
at least 10 hours. The amino acid infusion used was Synthamin 14 without electrolytes
(Baxter Healthcare, Norfolk, UK) (table 6). The four regimens of amino acids used are
listed in table 7.
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Essential amino acids

Non-essential amino acids

L-Leucine

6.20

L-Alanine

17.60

L-Isoleucine

5.10

L-Arginine

9.78

L-Lysine

4.93

L-Proline

5.78

L-Valine

4.93

L-Serine

4.25

L-Phenylalanine

4.76

L-Tyrosine

0.34

L-Histidine

4.08

Aminoacetic acid

&76

L-Threonine

3.57

L-Methionine

3.40

L-Tryptophan

1.53

Table 6
Aminoacid content of Synthamin 14. Values are in g/l

Infusion

Total dose of amino acids (g)

Rate (g/min)

1

250 ml over 30 min

2L2

0.7

2

250 ml over 10 min

2T2

2.1

3

125 ml over 5 min

10.6

2.1

4

50 ml over 5 min

4.2

0.8

Table 7
The four regimens of intravenous amino acids
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Gallbladder ultrasound scans were performed by Dr J Healey (Senior Registrar in the
Department of Radiology, St Bartholomew’s Hospital). Gallbladder volumes were
determined using the ellipsoid method in which the volume of the gallbladder is
approximated to that of an ellipsoid by the formula tt/ 6

x

length x width x height. This

method has previously been shown to be a valid and accurate method of determining
gallbladder volume by ultrasound (Dodds et al, 1985). Measurements of gallbladder
length, width and height were made before the amino acid/saline infusion, and at 5
minute intervals for Ih.

Blood samples were taken via a 21-gauge butterfly cannula placed in a forearm vein at
the beginning of each experiment. Samples were taken before the infusion and after 10,
20, 30, 45, and 60 min. Blood was collected as described in section 6.5.2.1 and plasma
stored at -70^C until assayed for CCK using the bioassay.

10.2.1 Statistical analysis
The data is expressed as means ± SEM. Comparisons between groups were made with
the Friedman test; Wilcoxon’s signed rank test with Bonferroni correction was used for
multiple comparisons. Absolute gallbladder volumes, rather than percentage changes,
were used for comparisons.

10.3 Results
The maximal percentage gallbladder emptying during each of the infusions was
determined using the formula:

(1-RV/FV)

X

100, where RV = residual volume and FV = fasting volume

In control experiments it was shown that 250 ml of 300 mmol/1 sodium chloride
administered intravenously over 10 or 30 min had no effect on gallbladder volume or
plasma CCK concentrations.
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All intravenous amino acid regimens produced significant gallbladder emptying except
50 ml over 5 min. The maximal percentage gallbladder emptying with 50 ml in 5 min
was significantly less (p < 0.01) than the other three regimens (figure 28). 125 ml in 5
min was the lowest amino acid load which induced a significant emptying of the
gallbladder. With this dose, the mean gallbladder emptying was greater than 60% in 6
of the 8 subjects.
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Maximal gallbladder emptying with the four regimens of intravenous amino acids.
Regimen 4 (50 ml in 5 min) was significantly less effective (p < 0.01) that the other
three regimens.
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Figure 29 shows the time course of gallbladder emptying with each of the amino acid
regimens. With infusion of 125 ml in 5 min the gallbladder reached its minimal volume
at 30 min and gradually started to refill by 40 min. This is similar to the pattern seen
after oral administration of a liquid fatty meal. In contrast, the higher doses of amino
acids produced prolonged contraction of the gallbladder; minimal gallbladder volume
was reached at 35 and 45 min with infusion of 250 ml over 10 min and 250 ml over 30
min respectively and the volume had not increased by 60 min with either infusion.
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Figure 29
Gallbladder-volumes in response to amino acid infusion. Values are the mean ± SEM

138

Peak plasma CCK concentrations were significantly {P <0.01) higher than basal values
in all four amino acid regimens. Peak CCK did not differ significantly during the three
longer infusions, but was significantly {P <0.02) lower during the infusion of 50 ml in
5 min (figure 30). Integrated CCK concentration, expressed as area under the curve
(pmol/1/60 min), was significantly lower {P < 0.02) with the regimen of 50 ml over 5
min (82.4 ± 6.3) than with 125 ml over 5 min (192.9 ± 20.6), 250 ml over 30 min
(211.3 ± 32.3) or 250 ml over 10 min (235.6 ± 16.3).
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Figure 30
Plasma cholecystokinin concentrations in response to intravenous amino acid infusion
in 8 healthy subjects. Values are the mean ± SEM
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10.4 Discussion
The standard rate for infusion of IVN is 2,500 ml over 24 hours delivering
approximately 106 g of amino acids at an infusion rate of 73.6 mg per minute. In this
study, 125 ml (10.6 g) of amino acids infused over 5 min (2.1 g/min, regimen 3) was
the smallest dose to produce significant gallbladder emptying. It was found that the rate
of amino acid infusion as well as the amount given determine the extent of gallbladder
contraction. At an infusion rate of 0.7 - 0.8 g/min there was contraction with 21.2 g
(regimen 1) but no contraction with 4.2 g (regimen 4). A higher infusion rate of 2.1
g/min, however, produced contraction with a load of only 10.6 g (regimen 3); this
infusion rate is almost 30 times that obtained during standard IVN. Although in this
study gallbladder contraction was not measured during standard IVN infusion rate,
other investigators have shown no change in gallbladder volume (Nealon et al, 1990).
In the same study Nealon and co-workers measured venous plasma concentrations of
amino acids during intravenous infusion of amino acids and after ingestion of a mixed
meal containing 25 g of protein. The amino acid composition of the meal was not
known and so cannot be directly compared with the intravenous amino acids. However,
peak plasma concentrations of L-tryptophan, L-phenylalanine and L-leucine were
comparable after meal ingestion and after infusion of 0.3 g/min amino acids for 60 min
(total dose 18 g). This infusion rate is lower than for any of the four regimens used in
our study. Therefore it is likely in the present study that plasma amino acid
concentrations were well above those seen after ingestion of a mixed meal.

In this study four subjects experienced mild side effects during infusion of 250 ml over
10 min but not with lower infusion rates. The side effects were of transient flushing in
two subjects and “light headedness”, without a change of pulse or blood pressure, in a
further two subjects. Thus, rapid infusion of amino acids appears to be a safe and
effective method of causing gallbladder contraction in patients undergoing IVN who
are at risk of sludge and gallstone formation.

Release of CCK by intravenous amino acids would suggest that CCK is the main
mechanism involved in amino acid-induced gallbladder contraction. Substance P,
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motilin, gastrin releasing peptide and prostaglandins have all been shown to cause
gallbladder contraction however the physiological role of these substances has not yet
been determined. Of these, only release of motilin, is altered by administration of
intravenous nutrients. Furthermore, it is intravenous fat and not amino acids which
stimulates release of motilin (Christofides et al, 1979). Thus it would seem unlikely that
a hormone, other than CCK, is responsible for gallbladder contraction during amino
acid infusion.

Two other studies have examined the effect of intravenous amino acids on CCK
release. Nealon and co-workers (1990) showed that an intravenous infusion of an amino
acid mixture increased plasma CCK concentrations and caused gallbladder contraction.
Infusion of 240 mg/kg/h (0.28 g/min for a 70 kg person) for 1 h induced significant
gallbladder contraction to about 70% of fasting volumes and significantly increased
plasma CCK concentrations. However, both fasting and stimulated plasma CCK
concentrations were much higher than are usually reported and it is not clear from the
methodology as to the extent of validation of the radioimmunoassay which was used.

In a later study performed at the same time as our study. De Boer and co-workers found
that an intravenous infusion of an amino acid mixture at a rate of 250 mg/kg/h (i.e. for a
70 kg person, 17.5 g/h [0.29 g/min]) for 2 hours (total dose 35 g for a 70 kg person) did
not increase plasma CCK concentrations but induced significant gallbladder contraction
to 45% of the fasting volume (de Boer et al, 1993). In contrast, we did not find that a
higher rate of infusion of 0.8 g/min produced gallbladder contraction, however the total
dose administered was only 4.2 g compared with approximately 35 g in the study
discussed above. Interestingly in the study by de Boer et al, gallbladder contraction in
response to amino acid administration was completely blocked by the CCK^^ receptor
antagonist, loxiglumide. This would suggest that CCK was responsible for gallbladder
contraction although increased plasma concentrations could not be detected. It is
possible that CCK mediated gallbladder contraction in this situation is a local effect;
that is CCK is released fi*om gut endocrine cells or enteric nerves by circulating amino
acids and is transmitted by neural pathways to the gallbladder. A higher infusion rate of
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amino acids, as in our study, may stimulate increased release of CCK which can then be
detected in the peripheral blood.

Ingestion of amino acids in human subjects causes release of CCK into the portal blood
stream. It is not clear how luminal amino acids cause release of CCK but as discussed
in section 1.5.4, experiments with isolated canine jejunal cells suggest a direct
interaction with the CCK cell (Barber et al, 1986; Koop and Buchan, 1992). Release of
CCK by intravenous amino acids suggests that they may interact with the basolateral
side of the endocrine cell as well as the luminal side to cause release. Certainly it has
been shown that there is transport of some amino acids, including phenylalanine, across
the basolateral membrane into the enterocytes (Ghishan et al, 1989).
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11. CCK RELEASE BY PHENYLALANINE AND ITS EFFECT ON
FOOD INTAKE

As I have discussed in section 3.2, an intravenous infusion of CCK to human subjects
has been shown to reduce subsequent food intake during a test meal (Kissileff et al,
1981; Stacher et al, 1982; Muurahainen et al, 1991). However, in these experiments
plasma concentrations of CCK were not measured and the effects of CCK on food
intake may have been pharmacological and not physiological. In an attempt to gain
support for CCK as a satiety peptide in humans, investigators have measured food
intake in response to L-phenylalanine (L-Phe) which releases CCK from intestinal
endocrine cells (Andersen and Leiter, 1988; Silverstone and Goodall, 1984). In these
studies no effect on subsequent food intake was seen when L-Phe was administered
orally in doses of up to 10 g. However, in all of these experiments plasma
concentrations of CCK were not measured, and therefore it is not known whether
plasma CCK concentrations were actually altered, and if so, what the levels were at the
time of the test meal.

The aim of this study was to manipulate endogenous release of CCK using L-Phe and
to administer a test meal to coincide with the peak plasma concentrations of CCK
produced by L-Phe. The results are compared with those obtained for placebo and for
D-Phe, which we have shown to be a much weaker stimulus of CCK release (chapter
8).

11.1 Subjects
A randomised single-blind study was performed in six volunteers, mean age 30 years
and 3 months. All subjects (four men, two women) were within the normal weight
range (mean body mass index 22.2 kg.m'^ range 20.6 - 24.4) for their age, sex and
height.
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11.2 Methods
The methods are represented diagrammatically in figure 31. Three treatments, separated
by at least 7 days, were performed in each subject in random order. All the experiments
were performed at 8.00 pm after an 8-hour fast from midday, at which time subjects
had eaten a sandwich (2 slices of bread plus filling). In a previous study (section 9.2) it
was demonstrated that peak plasma concentrations of CCK were obtained 20 minutes
after administration of 10 g L-Phe. Based on these results, subjects were given a test
meal 20 minutes after receiving a premeal of 10 g L-Phe, D-Phe (both in 200 ml water)
or placebo (200 ml water only). The test meal was therefore given to coincide with the
peak plasma concentrations of CCK produced by L-Phe. The premeal of L-Phe or water
was administered as a bolus via a nasogastric tube, which was then removed
immediately. Phenylalanine has a distinctive taste, and by using this method subjects
were blinded as to the treatment they were receiving.

11.2.1 The test meal
The test meal (table 8) was designed to include foods enjoyed by all the volunteers and
was presented on a buffet tray so that subjects were free to eat and drink as much as
they liked. The components of the test meal were individually weighed before and after
the meal, and therefore the amount (g) consumed could be calculated. Individual items
in the meal were all bought as easily prepared convenience foods in which the kilojoule
content per 100 g was clearly stated on the packaging. Therefore, from the weight of
food eaten, the number of kilojoules (kJ) consumed could be calculated. The food was
covered during the experiment to minimise evaporative weight loss from hot food.
Subjects were given 200 mis of water to drink with the meal.
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Component food

Energy value per lOOg (kJ)

1,135 g savoury mince

378

400 g rice

525

3 slices cake

718/slice

10 savoury biscuits

15/biscuit

60 g cheese

1470

Table 8
Components of the test meal and the energy content

11.2.2 Completion of visual analogue scales
One hundred-millimetre visual analogue scales (VAS) were completed before the
premeal, immediately before and after the test meal, and at 30-minute intervals
thereafter for 90 minutes. VAS were completed in the placebo and L-Phe but not in the
D-Phe experiment. In addition subjects were asked to note if they had nausea or any
other side effects during the study.

11.2.3 Collection of blood samples
Blood samples were taken from a 21-gauge butterfly cannula placed in a forearm vein
at the beginning of each experiment. Blood samples were taken before administration
ofPhe or placebo and then at 10 and 20 minutes after. Blood was collected as described
in section 6.5.2.1 and plasma stored at -70^C until assayed for CCK using the bioassay.
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11.2.4 Statistical analysis
The results are expressed as the mean ± SEM. The energy intake was compared
between placebo and Phe by a paired t-test. The scores for hunger, fullness and desire
to eat were also compared at the different time points between treatments by a paired ttest. P value of less than 0.05 was taken as significant.

146

Î

L-Phe or
D-Phe or
Placebo

indicates the times VAS were completed

20

-20

Î Î
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Figure 31
Phenylalanine and energy intake in a test meal: diagrammatic representation of the methods
For simplicity the first post meal visual analogue scale (VAS) is indicated on this diagram at time 20 mins; in each case this varied as there was
no restriction on the time that subjects were allowed to eat the test meal. VAS were completed for 90 min after completion of the meal.

Minutes postmeal
-20 minutes

Premeal

Postmeal

30

60

90

D esire to eat

Placebo
L-Phe

81.3 ± 3 .9

60.3 ± 6.3

9.5 ±2.9

10.7 ±4.3

19.2 ± 6.2

19.4 ± 6 .0

86.0 ± 3.6

66.0 ±6.1

9.7 ± 3.0

14.8 ± 4.7

18.2 ± 5.7

22.2 ± 5.8

71.2 ±3.5

51.5 ±8.7

9.3 ±2.1

15.7 ± 4.9

17.5 ± 5.2

20.2 ± 6.4

81.5 ±2.3*

61.2 ±7.5*

15.2±4.1

19.5 ± 5 .9

16.0 ± 3 .7

23.3 ± 6 .4

15.2±3.1

34.0 ± 6 .7

82.7 ±4.8

79.2 ± 4.6

73.3 ±5.1

70.2 ± 5 .0

17.7 ± 6.2

38.3 ±6.3

89.8 ±3.1

85.7 ±3.9*

82.3 ± 5.2*

79.1 ±4.5*

Hunger

Placebo
L-Phe
Fullness

Placebo
L-Phe

Table 9
Subjective sensations of hunger, desire to eat, and fullness, assessed by visual analogue scales, in healthy volunteers before and after the test meal
with either placebo or L-Phe as a premeal. * indicates significantly {P = 0.03) different from placebo.
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11.4 Discussion
This study demonstrates that L-Phe releases CCK and the plasma concentrations are
comparable to those that we, and others, have obtained after a standard meal. The
increase in plasma concentrations of CCK is associated with a significant reduction in
subsequent energy intake compared with placebo and D-Phe treatment, which did not
increase plasma concentrations of CCK. The reduction in energy intake after L-Phe was
not to compensate for energy provided by this treatment, as 10 g Phe contains only
176.4 kJ

Previous studies have provided conflicting results regarding food intake after
manipulation of endogenous release of CCK. As discussed in section 1.5.3, studies in
the rat have shown that pancreatic trypsin exerts a negative feedback on CCK release
and this is mediated by at least one trypsin sensitive CCK-releasing peptide (secreted
from the pancreas and small intestine). In humans, luminal administration of trypsin
inhibitors increase CCK release (Calam et al, 1987) and this is presumably by blocking
trypsin degradation of a CCK releasing peptide. In humans, oral administration of
trypsin inhibitors before a meal reduces subsequent food intake (Hill et al, 1990) and
this effect has been attributed to increased release of CCK.

In contrast, previous studies have failed to show a reduction in energy intake after
administration of L-Phe (Andersen and Leiter, 1988; Silverstone and Goodall, 1984)
which, like trypsin inhibitors, increases plasma CCK concentrations. The negative
results may relate to the timing of the test meal after administration of L-Phe. In our
study, the meal was given to coincide with peak plasma CCK concentrations produced
by L-Phe. Also, in our study, L-Phe was administered with a volume load of 200 ml of
water, and previous studies have suggested that gastric stimulation interacts vnth CCK
to reduce food intake (section 3.2.4). Experiments in both animals and humans have
shown that gastric loads potentiate and magnify the inhibition of food intake produced
by CCK infusions. A dose of CCK that failed to inhibit food intake when given alone
would suppress food intake when given in combination with an intragastric volume
load. In rats, both intragastric saline loads and celiac artery infusions of CCK-8 increase
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the firing rate of afferent vagal fibres. In addition, CCK pre-treatment significantly
enhances the response of these fibres to subsequent gastric loads. Thus, the results from
these studies suggest that CCK inhibits food intake, at least in part, by its ability to
mimic and amplify vagal afferent responses to gastric distension. In our study the
reduction in food intake after L-Phe was associated with a greater sensation of fullness
compared with placebo, and this finding is in keeping with the proposed action of CCK
in reducing food intake.

The results are supportive of CCK as an important factor in the control of eating;
however, we cannot rule out other effects of L-Phe independent of CCK release. To
show that the satiety effect of L-Phe was due to endogenous release of CCK, the
experiment would need to be repeated with the addition of a specific and potent CCK
antagonist available for human use.
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12. INTRAVENOUS INFUSION OF CCK AND ENERGY INTAKE
In the previous section it was shown that manipulation of endogenous release of CCK
using an oral load of L-phenylalanine was associated with a significant reduction in
energy intake compared to placebo and D-phenylalanine, a weak releaser of CCK.
These experiments are thus indirect evidence that endogenous CCK is a satiety peptide.
In the present study we have extended these findings and studied the effect of
exogenous CCK on energy intake. Previous human studies have shown a reduction in
food intake with exogenous CCK, however it is unclear if the effects of CCK were
pharmacological rather than physiological since CCK was administered in varying
amounts and by different routes (Kissileff et al 1981; Stacher et al, 1982; Muurahainen
et al, 1991). Thus, in this study the dose of CCK has been carefully adjusted to provide
physiological postprandial concentrations.

12.1 Subjects
A randomized study was performed in six volunteers, mean age 31 years and 4 months.
All subjects (four men, two women) were within the normal weight range (mean body
mass index 23.2 kg.m'^ range 21.1- 24.7) for their age, sex and height.

12.2 Methods
The methods are represented diagrammatically in figure 33. Two infusions separated by
at least 7 days were performed in each subject in random order. All the experiments
were performed at 8.00pm after an 8-h fast from midday, at which time subjects had
eaten lunch of their choice and this was the same on each infusion day. In all
experiments two intravenous catheters were placed, one into each forearm. One catheter
was used to take blood samples at 10 minute intervals for subsequent measurement of
CCK. Through the other catheter saline or synthetic CCK-8 (Sincalide, Squibb
Diagnostics, UK) was infused in random order. The infusion was continued until the
subjects stopped eating.
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12.2.1 CCK/saline infusion
Five micrograms of CCK was diluted in 100 ml of normal saline and the infusion rate
calculated to provide 40ng kg’^ h'^ of CCK-8. Preliminary experiments in 4 healthy
volunteers had demonstrated that this infusion rate resulted in peak plasma CCK
concentrations similar to those seen after a fatty meal (section 8.2). In the placebo
experiments the infiision rate was identical but using saline. CCK dissolved in saline
appears as a clear colourless solution which cannot be distinguished from saline, thus
subjects were unable to tell which infusion they were receiving. Subjects were asked to
report nausea or any other adverse effects which they experienced during the infusions.

12.2.2 The test meal
Twenty min after the start of the infusion subjects were given 200 ml of water to drink
and five min later subjects were presented with a standard test meal of known energy
content, far in excess of the amount that they were likely to eat. A further 200 ml of
water was given to be drunk with the meal. Fluid intake was strictly controlled as
previous work (section 3.2.4) has shown that gastric volume loads potentiate and
magnify the inhibition of food intake produced by CCK infusions.

The test meal (table 10) was designed to include foods enjoyed by all the volunteers
and was presented on a buffet tray so that subjects were free to eat as much as hey
liked. The components of the meal were individually weighed before and after the meal
and therefore the amount (grams) could be calculated. Individual items in the meal were
all bought as easily prepared convenience foods in which the energy content per 100 g
was clearly stated on the packaging. Therefore, from the weight of food eaten, the
number of kilojoules consumed could be calculated.
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Component food

Energy value (kJ)

350g savoury meat

1536/lOOg

500g rice

527/1 OOg

2 slices of bread

314/slice

5 slices of cake

565/slice

6 squares o f chocolate

184/square

1 packet of crisps (28g)

531/packet

Table 10
Components of the test meal and the energy value.

12.2.3 Collection of blood samples
Blood samples were taken from a 21-gauge butterfly cannula placed in a forearm vein
at the beginning of each experiment. Two blood samples were taken at ten minute
intervals before the infusion and then at 10 and 20 min after the start of the infusion.
Blood was collected and the plasma prepared as described in section 7.7. Plasma was
stored at -70^C until assayed for CCK by RIA.

12.2.4 Statistical analysis
The results are expressed as the mean ± SEM. The energy intake was compared
between placebo and CCK infusion by a paired t-test. P less than 0.05 was taken as
significant.
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Figure 33
CCK infusion and energy intake in humans: diagrammatic representation of the methods.
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12.3 Results
Figure 34 shows the energy intake with saline or CCK-8 infusion. Energy intake was
significantly less (/*=0.03) during CCK (5092 ± 665 kJ) than during saline (6418 ± 723
kJ) infusion. Infusion of CCK did not specifically reduce intake of one type of food
component.
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c
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2000

Placebo

CCK-8

Figure 34
Energy intake (kJ) during a test meal in 6 subjects during saline or CCK-8 infusion.
The infusion was begun 25 min before the start of the test meal and continued
throughout the meal.
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Basal plasma CCK concentrations were similar before CCK and saline infusion. During
saline infusion, plasma CCK concentrations did not rise until 10 min after beginning
the meal. During CCK infusion, plasma concentrations increased from 0.45 ± 0.06
pmol/1 baseline to 7.28 ± 2.43 pmol/1 at 20 min i.e. immediately premeal (Figure 35).
No subject experienced nausea or other adverse effects during the CCK infusion.

The mean time for food consumption during CCK infusion was 18 min (individual
times: 15, 16.5, 17.5, 19, 20, 21). The last blood sample was taken 15 min after
beginning the meal and therefore plasma concentrations of CCK at the end of the meal
were not measured. However, as determined from the individual meal times, the last
blood sample was taken within six min of meal termination in all subjects. It is unlikely
that plasma concentrations of CCK would have risen much above the physiological
postprandial range during this last period.

158

pmol/1
10

8

^ C C K -8
■“ Saline

6
4

2
0
-10

0

10
tim e (mins)

20

30

40

Mea

Figure 35
Plasma CCK concentrations during saline or CCK-8 infusion in 6 healthy volunteers.
The arrows indicate the times that the infusion and then the test meal were started. At
20 min subjects drank 200 ml of water (not shown).

12.4 Discussion
This study has shown that an intravenous infusion of CCK-8, which reproduces
postprandial plasma concentrations, significantly decreases food intake in a test meal
consisting of mixed food types. At the same time as this study was performed two
papers were published in which the authors had given an intravenous infusion of CCK33 to reproduce postprandial concentrations (Lieverse et al, 1993; Lieverse et al, 1994).
These studies had provided conflicting results regarding the satiety effects of CCK in
human subjects. In the first study a test meal was given to healthy volunteers and there
was no reduction in food intake during CCK infusion compared to placebo (Lieverse et
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al, 1993). However, banana slices were used as the sole component of the test meal and
this may not represent a physiological situation. Previous studies have shown that
subjects will only eat a certain amount of one food type e.g. protein, but will eat another
food e.g. carbohydrate, if offered (Rolls et al, 1981); this is referred to as sensory
specific satiety. The energy intake in this previous study was only about half of what is
usually seen when a test meal of mixed nutrients is given (our own studies; Silverstone
and Goodall 1984; Hill et al, 1990) and this observation would also suggest that
sensory specific satiety was a complicating factor. In the second study the same group
of workers administered an identical dose of CCK-33 and using visual analogue scales
measured the effects of CCK on feelings of hunger, desire to eat, fullness and
prospective feeding intentions (Lieverse et al, 1994). A test meal was not given but they
found that CCK infusion induced significant decreases in hunger feelings, desire to eat
and feeding intentions where fullness tended to be increased. The conclusions from this
study were thus in contrast to their original study and the reasons are not clear.

In our study, intravenous CCK was given with an oral volume load of 200 mis of water.
As I have discussed in section 3.2.4 and in the previous chapter, gastric stimulation
interacts with CCK to reduce food intake. In the studies by Lieverse and co-workers
discussed above, a volume load was not administered and this may also explain why
the results differ from those in our experiment. Furthermore, they gave an infusion of
CCK-33 and we administered CCK-8. As discussed in section 1.3.1, based on amylase
release from pancreatic acinar cells, CCK-33 has only 40% bioactivity compared to
CCK-8 and this may also explain why they have not consistently shown a satiety
response to CCK infusion.

The presence of CCK-containing neurones and CCK receptors in the central nervous
system (CNS) has prompted investigators to question the role of central CCK in the
control of eating. Experiments in animals suggest that peripherally injected CCK, as in
the present study, does not cross the blood-brain-barrier and does not exert a direct
action in the CNS. However it seems likely, at least in animals, that there is a functional
link between peripherally and centrally-activated neuronal circuits in the control of
satiety (figure 4). In the rat, the satiety effect of peripherally administered CCK is
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blocked by severing the gastric branches of the vagus nerve (Smith et al, 1981a).
Afferent fibres of the vagus terminate in the nucleus tractus solitarius (NTS), lesions of
which abolish the satiety action of peripherally administered CCK (Crawley and
Schwaber, 1984). Ascending fibres which project from the NTS to the hypothalamus,
amygdala, preoptic area and olfactory bulbs, have been identified as the essential
projection relaying the CCK signal. Finally, lesions of the paraventricular nucleus of
the hypothalamus, a key area in the control of food intake and energy balance, abolish
the inhibition of feeding induced by peripheral administration of CCK (Crawley and
Kiss, 1985). Therefore, at least for exogenously administered peripheral CCK, animal
work suggests that the effects are mediated by both peripheral and central CCK
pathways. These studies have not been repeated after manipulation of endogenous
release of CCK and therefore it is not clear how they relate to normal physiology.

In the present study CCK was measured for 15 min postprandially and the peak plasma
concentration of CCK may well have occurred after this time. The CCK infusion
together with endogenous CCK may have produced venous plasma values slightly
above the normal physiological postprandial range. However, all subjects finished
eating within 21 min and thus during this time CCK concentrations were likely to have
been near to the normal physiological range. Therefore the results of this experiment in
which CCK has been administered to reproduce physiological concentrations support
the results of the previous work where release of endogenous CCK has been
manipulated. This study provides supportive evidence that CCK is important in control
of satiety in humans.
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13. DEXFENFLURAMINE ADMINISTRATION AND CCK
RELEASE
Serotonergic nerves are widely distributed within the central nervous system and
enteric nervous system. Systemic .injection of serotonin (5-hydroxytryptamine, 5-HT)
produces a dose-dependent decrease in food intake in several animal models (Pollock
and Rowland, 1981; Fletcher and Burton, 1984). This effect is believed to be mediated
largely via peripheral serotonergic receptors, since peripherally administered 5-HT does
not cross the blood-brain barrier and, in addition the suppression of feeding is
antagonised by peripherally acting 5-HT antagonists (Fletcher and Burton, 1984).
Peripherally administered 5-HT delays gastric emptying and this may contribute to the
suppression of feeding behaviour (Fletcher and Burton, 1985). Additional evidence
provides strong support for a role of brain 5-HT in feeding regulatory processes
(Leibowitz et al, 1988).

The drug, fenfluramine reduces food intake in animals and humans by inducing release
of 5-HT from nerve terminals and inhibiting its re-uptake and therefore enhancing 5-HT
availability (Garattini et al, 1975). The dextro-isomer of fenfluramine, dexfenfluramine,
has even more potent and specific effects. As discussed in section 3.5.2, endogenous
CCK may be involved in the mediation of 5-HT induced satiety. The CCK^R
antagonist, devazepide, but not the CCKgR antagonist, L-365,260, is able to partially
block the anorectic effect of dexfenfluramine in the rat (Cooper et al, 1990). In vitro, 5HT acts as a potent releaser of CCK from cerebral tissue (Paudice and Raiteri, 1991).
The antagonism of dexfenfluramine induced anorexia by devazepide suggests an
interaction with endogenous CCK acting through CCK^ receptors which are
predominantly distributed in the periphery.

The aim of this study was to determine if peripheral CCK, like central CCK, is released
in response to administration of dexfenfluramine.
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13.1 Subjects
Six healthy adults (3 female, mean age 26 years, range 1 9 -5 0 years) were studied on
two occasions in a randomised double-blind crossover design.

13.2 Methods
After an overnight fast, an intravenous cannula was sited in a forearm vein at 08.00 h.
One hour later, 30 mg oral dexfenfluramine (Servier, Servier Laboratories Ltd, Slough,
UK) or matching placebo tablet was administered in random order at time zero.
Baseline blood samples were drawn for plasma prolactin and CCK assay 15 minutes
prior to, and immediately prior to administration of dexfenfluramine or placebo.
Thereafter, further blood samples were taken hourly for 5 h. For the duration of the test
subjects rested and remained fasted except for water. Blood samples were separated by
centriftigation at 4^C and the plasma for CCK radioimmunoassay prepared as described
in section 7.7. Plasma for CCK and prolactin was subsequently stored at -70°C until
assayed. Plasma prolactin was measured by immunoradiometric assay utilising reagents
from North East Thames Regional Immunoassay Unit (NETRIA, Bartholomew Close,
London). The lowest detection limit of the assay was 40 mU/1, and the intra- and inter
assay coefficients of variation across the working range of the assay (40 - 4000 mU/1)
were less than 5%.

For each challenge, the baseline hormone level is the mean of the -15 minute and time
zero values. Absolute increase in hormone level and area under the response curve were
used as measures of hormonal response. For each challenge, the maximal increase in
hormone level (A) was calculated as baseline hormonal level subtracted from the
maximum level obtained during the subsequent 5 h. Area under the response curve
(AUC) after subtraction of the baseline level was calculated by the trapezoid method.
Negative values for AUC occurred if hormone levels decreased below the baseline
values.
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Statistical analysis
The results are expressed as the mean ± SEM. Paired t-tests were used to compare the
responses to placebo and active drug.

13.3 Results
13.3.1 Prolactin response
Acute administration of dexfenfluramine increases plasma prolactin concentrations and
thus demonstration of a rise in plasma prolactin provides a positive control for
dexfenfluramine administration. Administration of dexfenfluramine led to a significant
rise in plasma prolactin (table 11) with the maximal response occurring at 4 h. Placebo
had no effect on prolactin concentrations.

13.3.2 CCK response
There was a slight increase in plasma concentrations of CCK after dexfenfluramine
administration compared to placebo, however this did not reach statistical significance
and is highly unlikely to be of clinical relevance.
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Prolactin (mU/1)
placebo
Baseline

dexfenfluramine

CCK (pmol/1)
placebo

dexfenfluramine

197 ± 2 9

208 + 36

0.94 ±0.24

0.82 ±0.18

A

41 ± 3 2

189 + 50

0.34 ±0.25

1.19 + 0.71

AUC

-72 + 88

242+ 121

0.24 + 0.90

1.63 + 1.17

placebo V5 dexfenfluramine, P < 0.05.

Table 11
Plasma prolactin and CCK concentrations after oral administration of 30 mg
dexfenfluramine or placebo. The area under the curve (AUC) and peak prolactin
concentrations above baseline (A) were significantly increased after dexfenfluramine
administration. There was no significant difference in CCK concentrations in the
placebo and drug treated groups.

13.4 Discussion
In this study, plasma CCK concentrations were slightly higher after dexfenfluramine
administration than those after placebo. However, this small difference did not reach
statistical significance and quantitatively is of little biological importance. Thus, these
results do not suggest that activation of serotonergic nerves causes release of peripheral
CCK. It is unlikely that the negative results are due to an inadequate dose of
dexfenfluramine as a smaller dose has previously been shown to release 5-HT and
reduce food intake in healthy volunteers and obese subjects. The dose of
dexfenfluramine which produces suppression of appetite and weight loss is 15 mg twice
daily. In this study 30 mg was given and stimulation of 5-HT pathways was
demonstrated by a rise in plasma concentrations of prolactin.
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Both dexfenfluramine and CCK delay gastric emptying. It has been suggested that the
antagonism of dexfenfluramine induced anorexia by devazepide may be due to
blockade of CCK^ receptors on gastric smooth muscle. However CCK^ receptors are
also found at central sites and devazepide readily passes through the blood-brain barrier
(Pullen and Hodgson, 1987). Therefore the antagonism of dexfenfluramine induced
anorexia by devazepide may be entirely centrally mediated and not due to an alteration
in gastric emptying.

This study has only looked at a direct effect of 5-HT on release of peripheral CCK. We
have not addressed the possibility that activation of serotonergic nerves may enhance
CCK release in response to food ingestion. In addition the studies reporting an
interaction between 5-HT and CCK in control of eating have all been conducted in
animals and our study in humans may reflect species variability with no interaction
between CCK and 5-HT in control of satiety in humans.
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14. GENERAL DISCUSSION
This thesis describes the development of a sensitive and specific RIA for measurement
of plasma CCK in order to study release of CCK and its role in the control of satiety in
humans. Postprandial plasma concentrations measured with the RIA and bioassay have
been compared and shown to be similar and this would suggest that biologically active
forms of CCK are measured with the RIA. Using both of these assays, release of CCK
was measured in response to ingestion of fat, glucose and amino acids, and in response
to administration of intravenous amino acids in healthy human subjects. As part of
these studies it was shown that an oral load of L-Phe released CCK with peak plasma
concentrations obtained about 20 minutes after ingestion. In subsequent studies looking
at the physiological role of CCK and satiety, an oral load of L-Phe was used to
manipulate endogenous release of CCK. Ten grammes of L-Phe administered 20
minutes before a test meal increased plasma concentrations of CCK as expected. Thus
at the time subjects began to eat the test meal, plasma CCK concentrations were already
approaching postprandial concentrations. The increase in plasma CCK after L-Phe was
associated with a reduction in energy intake in the test meal compared to the energy
intake after placebo. These results therefore suggested that CCK is an important satiety
hormone. In order to explore this further, energy intake was measured during an
intravenous infusion of synthetic CCK and the results compared to energy intake during
placebo infusion. The results showed that during CCK infusion energy intake during
the test meal was significantly reduced compared to energy intake during placebo
infusion. These studies are discussed in more detail in the following pages.

14.1 Measurement of plasma CCK
In chapter 5 I have discussed the problems which have arisen in trying to develop a
sensitive and specific assay for measurement of plasma concentrations of CCK. RIAs
have been hampered by cross-reactivity with gastrin; in addition CCK exists in multiple
molecular forms, and antibodies directed against one portion of one molecular form
may not recognise another molecular form. These factors may account for the wide
variation in plasma CCK concentrations that were reported in the many different
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studies using first generation CCK RIAs. More recently, as summarised in table 5.1, a
number of sensitive and specific CCK RIAs have been developed, although as shown in
the table the extent to which they have been fully validated varies.

In this thesis I have described the development and validation of a CCK-8 RIA. CCK is
a small peptide and it is unlikely that injection of pure CCK-8 into rabbits would be
sufficiently immunogenic to produce antibodies in high titre. Therefore CCK-8 has
been conjugated to the much larger molecule, thyroglobulin, in order to increase
immunogenicity. As shown in figure 1, the C-terminal five amino acids of CCK are
identical to those of gastrin. Therefore for an antiserum to bind with optimal specificity
for CCK, the binding site needs to reside at the opposite end of the CCK-8 molecule i.e.
encompassing the N-terminal amino acids. We have conjugated CCK-8 to
thyroglobulin using the carbodiimide condensation reaction in which thyroglobulin
binds to the C-terminal end of CCK-8 and thus effectively blocks this site. We have
chosen this method in order to produce specific CCK-8 antisera which bind to the Nterminal amino acids. As I have discussed in section 7.3.5, antiserum CE2-4 is
relatively specific for CCK, but shows 11% cross-reactivity with sulphated gastrin-17
compared to sulphated CCK-8. This degree of cross-reactivity with gastrin made the
assay unsuitable in its present form for measurement of plasma concentrations of CCK.
However, after octadecylsilylsilica extraction of CCK from plasma under acid
conditions antiserum CE2-4 showed virtually no cross reaction with gastrin and thus
demonstrating that gastrin is poorly extracted from plasma using this method. A
specific assay was therefore developed to measure plasma CCK concentrations.

Antiserum CE2-4 binds to all the biologically active forms of CCK but shows no
binding to the smaller non-biologically active forms. In addition there is no binding to
CCK fragments which may arise during breakdown of larger CCK forms. Postprandial
plasma levels obtained using this assay were similar to those measured using the
bioassay. This is supportive evidence that only the biologically active forms of CCK
are measured with this RIA.
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In subsequent experiments I have used both the bioassay and the RIA to study release
of CCK in response to oral ingestion and intravenous infusion of nutrients. In the
second part o f this thesis I have investigated the role of CCK in control of satiety in
humans.

14.2 Release of CCK
14.2.1 Oral administration of amino acids and glucose
CCK is released in response to ingestion of a mixed meal; fat and protein have been
identified as the most potent stimulants of CCK release in human subjects. Amino acids
are weaker stimulants and there is conflicting evidence as to the ability of carbohydrate
to release CCK (Liddle et al, 1985; Hopman et al, 1985; Reimers et al, 1988). A
mixture of L-amino acids, and not D-amino acids, stimulates pancreatic enzyme
secretion and this is thus indirect evidence that only L-amino acids stimulate release of
CCK (Go et al, 1970). This thesis describes CCK release in response to ingestion of 10
g of L-Phe or D-Phe in human subjects. Following ingestion of L-Phe plasma CCK
concentrations increased from a mean fasting level of 1.16 pmol/1 to a peak of 5.01
pmol/1 at 20 minutes after amino acid ingestion. In contrast, there was no rise in plasma
CCK concentration after ingestion of D-Phe. Although in this thesis only one amino
acid was studied the results support the indirect evidence that only L-amino acids
stimulate CCK release. Experiments with isolated canine jejunal cells have shown that
L-Phe may act directly on CCK cells to release CCK (Barber et al, 1986; Koop and
Buchan, 1992). It is likely that most plasma CCK is derived from these endocrine cells
although it is not known to what extent overflow of neuronal CCK contributes to the
level of CCK in the plasma. By analogy with vasoactive intestinal polypeptide which
originates exclusively from nerves, neuronal CCK might constitute a small part of CCK
concentrations in the blood.

One study, in which CCK was measured using the bioassay, has shown a modest but
significant increase in plasma CCK concentrations after ingestion of glucose (Liddle
et al, 1985). In contrast two other studies were unable to demonstrate a rise in plasma
CCK immunoreactivity after ingestion of starch or glucose (Hopman et al, 1985;
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Reimers et al, 1988). In this thesis, plasma CCK concentrations were measured with the
bioassay after ingestion of 77 g of D-glucose in 200 ml of water (2.1 mol/1). Glucose
did not significantly increase CCK concentrations above fasting levels.

14.2.2 Intravenous administration of amino acids
Long-term parenteral nutrition is associated with an increased incidence of gallstone
formation (Roslyn et al, 1983). Reduced stimulation of CCK release (due to lack of
oral nutrients) and concomitant gallbladder stasis is the proposed mechanism for the
rapid formation of gallstones in these patients. The standard rate for infusion of
parenteral nutrition delivers approximately 17 g of nitrogen which is equal to 106 g
of protein equivalent over 24 hours. Thus the inftision rate of amino acids is 4.42 g/h
(0.074 g/min). With standard parenteral nutrition the basolateral surface of the
intestinal CCK cell is therefore exposed to a very low concentration of amino acids.
This differs from the situation after ingestion of amino acids (as discussed above)
when the luminal surface of the CCK cell, and possibly the basolateral surface, is
exposed to high concentrations of amino acids and CCK is released from these
endocrine cells into the portal blood stream.

In this thesis it was shown for the first time in healthy human subjects that bolus
administration of intravenous amino acids stimulates release of CCK. 10.6 g of amino
acids infused over 5 minutes (2.1 g/min) was the smallest dose to significantly
increase plasma CCK concentrations and promote gallbladder contraction. A higher
total dose of 21.2 g was necessary to increase plasma CCK concentrations when the
infusion rate was slower (0.7 g/min). Thus rapid infusion of amino acids at rates 10 30 times that achieved with standard parenteral nutrition, stimulated release of CCK.
This experiment did not directly compare CCK concentrations after intravenous
amino acids with those obtained after oral administration of amino acids. However
peak plasma CCK concentrations obtained with the highest dose of intravenous amino
acids were if anything higher than those normally obtained after an oral load. CCK
concentrations then fell rapidly towards basal levels with the short infusion times.
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The results presented here suggest that intravenous administration of amino acids as a
rapid bolus, rather than a slow infusion, may be a useful therapeutic measure to
promote gallbladder contraction in patients requiring parenteral nutrition. Previous
work has shown that intravenous administration of CCK to these patients promotes
gallbladder contraction and prevents the formation of gallbladder stones (Sitzmann et
al, 1990). Thus given an appropriate stimulus, the gallbladder contracts normally in
this group of patients.

14.3 CCK and satiety
Two approaches have been used in this thesis to investigate the physiological role of
CCK in control of food intake in humans. As I have summarised in the previous
section, L-Phe, unlike D-Phe, increases endogenous secretion of CCK from duodenal
endocrine cells. Peak plasma concentrations were obtained approximately 20 minutes
after an oral load of L-Phe. On the basis of these results I then went on to study the
effect on energy intake of L-Phe administered 20 minutes before a test meal. Thus
when subjects began to eat the test meal plasma concentrations of CCK were already
approaching those seen postprandially. These studies demonstrated a significant
reduction in energy intake after L-Phe compared to energy intake after D-Phe or
placebo.

In previous studies, which have attempted to examine the role of endogenous CCK in
control of satiety, food intake has been measured after oral administration of L-Phe
or trypsin inhibitors (Silverstone and Goodall, 1984; Andersen and Leiter, 1988; Hill
et al, 1990). Trypsin inhibitors reduced energy intake in the test meal but L-Phe had
no effect. However, in all of these experiments plasma concentrations of CCK were
not measured and therefore it is not known if CCK levels were actually altered by the
treatments and furthermore what the levels were at the time of the test meal. In the
experiment described in this thesis the test meal was given to coincide with peak
plasma concentrations of CCK produced by administration of L-Phe. The results
show a reduction in energy intake in the test meal and support a role for endogenous
CCK in control of eating.
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In subsequent experiments, an intravenous infusion of synthetic CCK-8 was given to
fasting subjects to reproduce physiological postprandial plasma concentrations.
Twenty five minutes after starting the infusion, and when plasma levels were similar
to those obtained postprandially, subjects were presented with a test meal. The results
showed a clear reduction in energy intake during CCK infusion compared to energy
intake during placebo infusion. Previous studies have shown a reduction in food
intake with exogenous CCK, but is unclear if the effects of CCK were
pharmacological rather than physiological since CCK was administered in varying
amounts and by different routes (Kissileff et al, 1981; Stacher et al, 1982;
Muurahainen et al, 1991). Thus in summary, these two sets of experiments showed
that energy intake is reduced both by manipulation of endogenous release of CCK
and infusion of CCK to reproduce physiological concentrations. The results suggest
that CCK is important in control of satiety in humans.

14.3.1 Therapeutic implications
The experiments described in this thesis and the majority of published papers have
measured food intake in a single test meal during CCK administration or after
manipulation of endogenous release of CCK. Because CCK has been shown to be
effective in decreasing food-intake in single dose experiments it has been considered
as a possible drug for the treatment of obesity. There are three problems with this
approach. Firstly, CCK is a peptide and therefore would be broken down in the gut
after oral administration. The need for parenteral administration may make the
treatment less acceptable and there is as yet no data regarding nasal administration
(like vasopressin). Secondly, as discussed in section 2.2.3, chronic injection of CCK
into rats causes pancreatic hypertrophy and hyperplasia and may be co-carcinogenic
(Axelson et al, 1990; Mainz et al, 1973). Finally, continuous infusion of CCK-8 (1.0
pg/kg for 12 days) failed to cause a decrease in food intake or body weight loss,
possibly because of receptor down-regulation and tachyphylaxis to the therapeutic
response

(Crawley

and

Beinfeld,

1983).

In

addition

other

peptides

and
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neurotransmitters, e.g. neuropeptide Y and corticotrophin-releasing factor, which
control long-term energy balance presumably compensate to maintain the status quo.
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