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SUMMARY

The studies presented in this thesis relate to the regulation of upper gastrointestinal motor

and sensory function in humans, in both health and disease, with particular emphasis on

the impact of acute changes in the blood glucose concentration. The broad areas addressed

are (i) the effect of physiological changes in the blood glucose concentration in the

regulation of gastroduodenal motor and sensory function, (ii) the effect of acute

hyperglycaemia on gastric motor and sensory function in patients with diabetes mellitus and

the motor response to prokinetic therapy, (iii) the relationships between small intestinal

nutrient exposure, gastrointestinal peptide hormone release, antropyloric motility, and

appetite, and (iv) the effect of aging on the proximal gastric response to distension and food

intake.

Elevation of the blood glucose concentration within the physiological postprandial range (8

- 9 mmol/L) has recently been shown to slow gastric emptying when compared to

euglycaemi a (4 - 5 mmol/L), and to increase the sensitivity of some regions of the gut,

including the oesophagus and duodenum, to distension. Marked hyperglycaemia (blood

glucose -15 mmol/L) increases proximal gastric compliance, and the perception of gastric

distension. To examine whether physiological variations in the blood glucose concentration

affect proximal stomach function, isobaric and isovolumetric gastric distensions were

performed using a barostat in fasting healthy volunteers at blood glucose concentrations of

4 mmol/L and 9 mmol/L. Neither fasting gastric compliance nor the perception of gastric

distension were affected by variation of the blood glucose in the physiological range, in

contrast to the effects of marked hyperglycaemia. These observations suggest that in the

fasting state at least, gut regions differ in their sensitivity to blood glucose fluctuations.
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The impact of elevations in the blood glucose concentration on appetite is conüoversial; in

the absence of nutrients in the small intestine, "physiological" hyperglycaemia does not

appear to affect satiation. The effects of physiological hyperglycaemia (blood glucose -8

mmol/L) on antropyloric motility and perceptions of appetite were examined before and

during intraduodenal lipid infusion in healthy volunteers. There was no difference in

hunger between the two blood glucose concentrations during fasting, however hunger was

less at a blood glucose concentration of 8 mmol/L than 5 mmol/L during intraduodenal lipid

infusion. Physiological hyperglycaemia did not affect the number of antral or phasic pyloric

waves, nor basal pyloric pressure, but the pattern of pyloric pressures over time differed

from euglycaemia. These observations suggest that physiological elevations of blood

glucose act synergistically with nutrients in the small intestine to influence satiation and

pyloric motility.

In view of the apparent synergy between physiological hyperglycaemia and the presence of

nutrients in the small intestine a study was performed to determine whether physiological

elevations of blood glucose modulate the effects of exogenous cholecystokinin on pyloric

motility and appetite in healthy volunteers. The suppression of food intake induced by

intravenous cholecystokinin did not differ between blood glucose concentrations of 4

mmol/L and 8 mmol/L, but the stimulation of basal pyloric pressure by cholecystokinin

was greater at a blood glucose of 8 mmol/L. The study demonstrates a synergistic

relationship between physiological hyperglycaemia and the actions of CCK on pyloric

motility. However, the interaction between small intestinal nutrients and elevated blood

glucose in suppressing hunger is apparently not attributable to an interaction with CCK'

Upper gastrointestinal symptoms occur frequently in patients with diabetes mellitus, but

their aetiology is poorly understood. In patients with severe symptoms, during euglycaemia

gastric compliance and perception of gastric distension are greater than in healthy controls'
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Hyperglycaemia (blood glucose concentration - 15 mmol/L) increases gastric compliance

and the perception of gastric distension in healthy volunteers. To examine proximal

stomach function and the effects of hyperglycaemia in unselected patients with type 1

diabetes mellitus, gastric distensions were performed using a barostat during both

euglycaemia (blood glucose 6 mmol/L) and hyperglycaemia (15 mmol/L). Results were

compared with those obtained in healthy controls studied during euglycaemia. In the

diabetic patients, the perception of gastric distension was greater than in the controls during

euglycaemia. Hyperglycaemia increased gastric compliance in the patients. These

observations indicate that even uncomplicated diabetes is associated with hypersensitivity to

gastric distension, and that changes in proximal stomach motor function may contribute to

the delayed gastric emptying associated with hyperglycaemia in patients with diabetes

mellitus

Measurement of cortical evoked potentials, induced by rapid balloon distension or elecnical

stimulation of a viscus, is an objective method of evaluating visceral sensation. The effects

of hyperglycaemia (blood glucose - 13 mmol/L) on cortical potentials elicited by rapid

balloon distension of the oesophagus were assessed in healthy volunteers. The amplitude

of the cortical response to moderate, but not unpleasant, oesophageal distension was

greater during hyperglycaemia when compared to euglycaemia. These observations are

consistent with the concept of an increased intensity of gut sensation during

hyperglycaemia.

Erythromycin, when given acutely during euglycaemia to patients with diabetic

gastroparesis, is a potent prokinetic agent. Recent studies have demonstated that the

gastrokinetic effects of erythromycin aÍe attenuated by hyperglycaemia' The motor

correlates of this effect are unknown. Antropyloroduodenal pressures were measured in

healthy volunteers before and during intraduodenal lipid infusion, at blood glucose
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concentrations of 5 mmol/L and 15 mmol/L; erythromycin was administered intravenously

after intraduodenal lipid infusion had commenced. Hyperglycaemia attenuated the effects of

erythromycin on antral motility and the organisation of anüal pressure waves, but not on

the pylorus or duodenum.

It is not known whether small intestinal feedback on upper gastrointestinal motility and

sensation is abnormal in patients with diabetes mellitus, nor whether glucose absorption

from the small intestine is increased. Antropyloroduodenal pressures, perceptions of

hunger and fullness, and plasma glucagonJike peptide I (GLP-l) were measured during

and after 30 minutes of intraduodenal nutrient infusion, in patients with type 1 diabetes

(studied during euglycaemia) and healthy controls. An inüaduodenal bolus of 3-O-

methylglucose (3-OMG) was administered after the nutrient infusion, and plasma 3-OMG

concentrations were used as an index of glucose absorption. Antropyloroduodenal motility

was similar in patients and controls during the nutrient infusion, but antral and duodenal

motor activity was greater in the patients following the infusion, with a delayed return of

phase III activity. There \ryere no differences in gut perceptions in response to nutrient, nor

in GLP-I concentrations. 3-OMG absorption did not differ between patients and controls,

but did correlate with both duodenal motor activity during nutrient infusion, and the blood

glucose concentration at the time of 3-OMG administration.

Fructose empties from the stomach more rapidly than glucose, and may suppress food

intake more at a subsequent meal. These differential effects may potentially be attributable

to the magnitude of small intestinal feedback. The effects of fructose, glucose, and saline

given intraduodenally on antropyloric motility and appetite were evaluated in healthy

volunteers. The two monosaccharides did not differ in their effects on antropyloric motility,

but only fructose suppressed food intake when compared with saline. Intraduodenal

glucose increased blood glucose, as well as plasma insulin and gastric inhibitory
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polypeptide (GIP), more than intraduodenal fructose, whereas there was no difference in

the GLP-I response. These observations indicate that intraduodenal fructose and glucose

have comparable effects on antropyloric motility, while only fructose suppresses appetite

compared to saline, despite similar GLP-l and less GIP release than glucose.

Healthy aging is associated with a reduction in food intake that may predispose to

malnutrition. The effects of aging on proximal stomach function have not been studied.

Distensions of the proximal stomach were undertaken in healthy older men and young male

controls using a barostat, and gastric tone was evaluated before and after a meal. In older

subjects the perception of gastric distension was much less, in the absence of any

difference in gastric compliance, and gastric relaxation in response to a meal was delayed.

These observations suggest that diminished sensations arising from the stomach may

predispose to impaired regulation of food intake with aging.
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CHAPTER 1: MOTOR FUNCTION OF THE STOMACH AND

DUODENUM

INTRODUCTION

Gastroduodenal motility, not surprisingly, is complex: the stomach receives the contents of

a meal, mixes the ingesta with secretions, grinds solids into small particles, and delivers its

contents into the duodenum in a controlled manner for further digestion, and subsequent

absorption, by the small intestine. The purpose of this chapter is to review the structure and

function of the stomach and duodenum, provide an overview of the patterns of gastric

emptying of different meal components, and examine the mechanisms by which gastric

emptying is regulated. In relation to the latter, feedback arising from the presence of

nutrients in the small intestine represents a major focus because of its critical importance to

the regulation of gastroduodenal motor activity.

REGIONS OF THE STOMACH AND DUODENUM AND THEIR

FUNCTION

Anatomically, the stomach can be divided into the following regions: (i) the cardia, adjacent

to the gastro-oesophageal junction, (ii) the fundus, superior to the horizontal plane of the

gastro-oesophageal junction, (iii) the corpus, between fundus and incisura angularis, (iv)

the antrum, between incisura angularis and pylorus, and (v) the pylorus, separating antrum

from duodenum (Redel and Zwiener 1998) (Figure 1.1). Functionally, however, the
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stomach may more appropriately be considered as a proximal region (fundus and upper

corpus) and a distal region (lower corpus, antrum, and pylorus) (Kelly 1980). The

duodenum consists of a capacious, thin-walled first part, thicker-walled second and third

parts, and a fourth part terminating at the ligament of Treitz, in continuity with the jejunum.

The stomach and duodenum, like the rest of the gastrointestinal tract, incorporate two

layers of smooth muscle: an outer longitudinal and inner circular layer' In the fundus, an

oblique layer lies between these (Redel and Zwiener 1Ð8). At the pylorus, the longitudinal

layer is continuous with the antrum and duodenum, while the circular layer is separated

from the duodenum by a septum, though the latter is less evident in humans than in other

species (Sanders 1992a). The pylorus incorporates two muscular rings; the distal is most

important for sphincter function (Torgersen 1942)'

Within each layer, smooth muscle cells lie in parallel, closely associated with interstitial

cells, including the interstitial cells of Cajal, which are likely to have a pacemaker function

(Sanders 1996). Gastric smooth muscle cells maintain a negative intracellular resting

potential; elevation of this potential above a threshold is associated with contraction

(Szurszewski 1987). The force and duration of contraction are modulated by

neurotransmitters and hormones (Makhlouf I 995).

Proximal stomach

The intracellular potential of proximal stomach smooth muscle cells is less negative than

thatof thedistal stomach; therefore, invitro, proximal gastric smooth muscle may display

changes in tone, but does not undergo phasic contraction (Szurszewski 1987). In vivo' as

evaluated with a gastric barostat, intermittent phasic activity at about I contraction per

minute is observed in the interdigestive, but not the postprandial state, in both the dog
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(Azpiroz and Malagelada 1985b) and man (Azpiroz and Malagelada 1987a; Zighelboim et

al.1994).

The capacity of the proximal stomach to modify its tone allows it to act as a reservoir for

ingesta, where increases in volume can be sustained with minimal change in innagastic

pressure. Receptive relaxation of the proximal stomach follows ingestion with a latency of

seconds, as originally observed in cats (Cannon and Lieb 1911); it is triggered by

oesophageal stimulation or swallowing, even in the absence of gastic distension

(Abrahamsson and Jansson l969;de Ponti et al. 1989). Accommodative relaxation, on the

other hand, is induced by gastric distension (Jahnberg et al. 1975). Distension of gut

regions other than the proximal stomach can induce fundic relaxation; these include the

antrum (demonstrated in dogs) (Grundy et al. 1989), duodenum (cats and dogs, and also

humans) (Andrews and Lawes 1984; de Ponti et al. 1987; Azpiroz and Malagelada 1990),

and rectum (humans) (Zighelboim et al. 1994). Finally, the presence of nutrients or acid in

the upper small intestine is a potent stimulus for fundic relaxation, and will be discussed

Iater in this chapter. Relaxation of the proximal stomach in response to a meal, accordingly,

reflects a combination of receptive and accommodative phenomena, together with a

decrease in tone resulting from small intestinal stimuli'

Antrum

Smooth muscle cells in the antrum maintain a resting intracellular potential below the

threshold for contraction, althou gh in vivo the antrum does display tone, as evidenced by

antral dilatation following vagotomy (Bone et al. 1977). The elecftical activity of the

smooth muscle in the distal two thirds of the stomach is dominated by the gastric slow

wave, generated from a pacemaker high on the greater curvature (Hinder and Kelly 1977).

The interstitial cells of Cajal may be responsible for pacemaker activity (Sanders 1996),
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even though an anatomical pacemaker has hitherto not been defined. The slow wave,

generated at a frequency of about 3 per minute, spreads aborally within gastric circular

muscle (Sanders lggZb). Depolarisations of the smooth muscle, which may be recorded by

extracellular electrodes, are termed "electrical control activity", while the superimposed

spike associated with contraction is termed "elecfücal response activity" (Sarna 1975).

Hence, the gastric slow wave is not necessarily accompanied by smooth muscle

contraction, but determines the spatial and temporal organisation of contractions.

In the interdigestive state, the distal stomach and small intestine undergo cyclical activity

(Figure 1.2). Phase I of this migrating motor complex (MMC) consists of motor

quiescence, while phase II consists of inegular motor activity. In phase III, regular anfral

contractions occur at¿-,3¡te of about 3 per minute (Kelly 1981); their function may be to

expel indigestible solids from the stomach - absence of antral phase III, as in some patients

with diabetes mellitus, may be associated with the formation of gastric bezoars (Camilleri

and Malagelada 1984). Antral phase III is closely associated with a peak in plasma motilin

levels (Janssens et al. 1983); whether motilin secretion is the cause or consequence of

phase III activity is not certain. In support of the former, exogenous motilin, or motilides

(such as erythromycin), induce a pattern of motor activity similar to phase III (Iack et al.

Iggz).Although the mean duration of the MMC cycle in healthy volunteers is around 100

minutes, there is considerable inter- and intra-individual variability; the duration of the

MMC, and particularly of phase III, is longer if the MMC originates in the antrum (about

half of all MMCs) rather than the duodenum (Luiking et al. 1998b).

In the postprandial state, coordinated contractions of the gastric body, antrum, and pylorus

potentially constitute an active pumping mechanism that empties chyme from the stomach

into the small intestine (Dent et al. 1994). This "peristaltic pump" must be distinguished

from the "pressure pump", where transpyloric flow is the result of a gastroduodenal
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pressure gradient generated by increased tone in any region of the stomach, such as the

fundus (Indireshkumar et al. 2000). The conribution of each is discussed later in this

chapter.

Pylorus

The pylorus is capable of both tonic and phasic contractile activity. In vitro, smooth muscle

strips from the pylorus display both greater tonic contraction and also a greater capacity for

relaxation than antral smooth muscle (Schulze-Delrieu and Shirazi 1983). The frequency of

phasic pyloric contractions is usually the same as that of the gastric slow wave (3 per

minute) (Sanders I992a), though contractions at the duodenal frequency (12 pet minute)

are sometimes observed (Allescher et al. 1988)'

Situated between the antrum and duodenum, the pylorus clearly has potential to regulate

gastric outflow. þloric pressures, and pyloric resistance, are greater posþrandially than

during fasting in both dogs (Malbert and Ruckebusch 1991) and humans (White et al.

1983), and sustained basal pressure above 4 mmHg is suffrcient to maintain the pylorus

almost completely closed and prevent the emptying of gastric contents (Tougas et al.

1992a). When associated with suppression of antral motor activity, the phasic pyloric

response is apparent as "isolated" pyloric pressure waves (IPPWs) (Figure I .3).

Duodenum

Duodenal myoelectric activity occurs at a frequency of about 12 per minute, and this

corresponds to the frequency of duodenal pressure waves observed during phase III of the

migrating motor complex. MMC activity is propagated aborally along the small intestine,

and the velocity of propagation decreases distally; in the duodenum, phase III occurs

almost simultaneously with the antrum.
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Postprandially, irregular duodenal contractions occur until the stomach is almost empty and

the small intestine cleared of chyme. Sequences of these pressure waves are fewer than in

phase II of the MMC, and unlike the fasting state, their frequency varies between duodenal

segments (Andrews et al. 1997). The return of the interdigestive state is marked by phase

III activity.

Motor innervation

The enteric nervous system (ENS) comprises about 100 million neurons, comparable to the

number in the spinal cord. It has the capaclty to function independently of the cental

nervous system, and has accordingly been described as the "little brain of the gut" (Goyal

and Hirano 1996). As well as defining the basic patterns of motor function, the ENS

modulates exocrine and endocrine secretion, microcirculation, and inflammation. The

neurons of the enteric system are grouped in (i) the myenteric plexus, extending along the

length of the gut between the circular and longitudinal muscle layers, and (ii) the

submucous plexus, which is best developed in the small intestine. Enteric neurons can be

classified as intrinsic afferent neurons (see Chapter 3), motor neurons, or interneurons

(interposing afferent and motor neurons). Motor neurons are either excitatory, utilising

acetylcholine or substance P as neurotransmitters, or inhibitory, utilising vasoactive

intestinal peptide (VIP) or nitric oxide (NO) (Schemann and Schaaf 1995; Goyal and

Hirano 1996).

The enteric nervous system has central connections, via the parasympathetic and

sympathetic nervous systems, that enable higher coordination of gut function.

Parasympathetic motor pathways to the upper gut originate in the dorsal motor nucleus of

the vagus, travel in the vagus nerves, and esøblish cholinergic exciøtory contact with the
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enteric nervous system. The dorsal vagal motor nucleus also receives input from higher

centres, including the visceral forebrain, andfrom vagal sensory nuclei, the nucleus fractus

solitarius, and the area postrema (Altschuler et al.1992). The latter, with its deficient blood

brain barrier, is a site where circulating hormones can influence motor function'

Sympathetic motor pathways synapse initially in the coeliac and superior mesenteric

ganglia; the postganglionic fibres entering the gut via the splanchnic nerves are adrenergic

and influence secretomotor neurons containing VIP, presynaptic cholinergic nerve endings,

submucosal blood vessels, and sphincters (Goyal and Hirano 1996).

PATTERNS OF GASTRIC EMPTYING

The overall patterns of gastric emptying differ between non-nutrient and high-nutrient

liquids, solids, and fats (Figure 1.4); these patterns are modified by mixtures of any of

these components. This section deals with emptying in a resolution of minutes, in confrast

to the pulsatile nature of gastric emptying when viewed on a second-by-second basis; the

latter will be discussed later in the chapter.

Non-nutrient liquids

Non-nutrient liquids empty in an overall monoexponential fashion (Moore et al. 1981;

Horowitz and Dent 1991), and the rate of emptying is greater with increasing ingested

volume (Lin et al. 1992a), and is influenced by gravity (for example, more rapid in the

right than left lateral position) (Burn-Murdoch et al. 1980; Anvari et al. 1Ð5). Emptying of

small volumes is also influenced by the phase of the MMC at the time of ingestion, and is

most rapid during phase III and slowest during phase I (Oberle et al. 1990).
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Nutrient liquids

The emptying of high-nutrient liquids is influenced by their volume and nutrient density

(Hunt et al. 1985). The initial phase of emptying may be more rapid, possibly related to

"gastric filling" (Kaplan et al. 1992) or a delay in initiation of small intestinal feedback

mechanisms (Schirra et al. 1996). Thereafter, emptying proceeds at an apProximately linear

rate, delivering about 2kcal per minute to the duodenum (Brener et al. 1983; Carbonnel et

al. 1994), and declining only towards the end of gastric emptying (Schina et al. 1996).

Small intestinal feedback is critical in regulating this process; intraduodenal nutrient

infusion slows the emptying of non-nutrient liquids from the stomach (Brener et al. 1983).

Furthermore, nutrients in the small intestine have a more potent effect in retarding gastric

emptying than non-nutrient solutions matched for osmolality, indicating the involvement of

neural or humoral mechanisms specific for nutrients (Lin et al. 1993). Posture is a less

important determinant of the rate of emptying for nutrient compared with non-nutrient

liquids (Burn-Murdoch et al. 1980).

Solids

Emptying of digestible solids is characterised by a lag phase (the period before any solid

enters the proximal small intestine), which is influenced by the physical properties of the

solid (Malagelada et al. 1979), followed by an emptying phase that approximates a linear

pattern. During the lag phase, solids are redistributed from the proximal to the distal

stomach, and particles are ground to a size of no more than 1 mm (Meyer et al. 1981;

Urbain et al. 1989). Again, a feedback process appears to be active in limiting emptying to

about 2 kcal/minute, although the rate of emptying may be influenced to a degree by

posture and meal volume (Collins et al. 1996; Doran et al. 1998).
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Gastric emptying of liquids (both nuûient or non-nutrient) is slower when solids are

ingested concurrently (Horowitz et al. 1989b; Urbain et al. 1989). Conversely, the lag

phase for solids is prolonged when solids are consumed with liquids, particularly nuhient

liquids (Collins et al. 1991). The latter is associated with more prolonged retention of the

solid component of the meal in the proximal stomach (until about 80 Vo of the liquid has

emptied) (Houghton et al. 1988).

Fats

Fats become liquid when warmed to body temperature, and their behaviour is related to

their association with the solid component of a meal. Extracellular fats empty from the

stomach in a similar manner to solids, considerably later than the aqueous phase (Meyer et

al. 1986). When mixed with aqueous liquids or solids, they are distributed in the least

dependent part of the stomach; their effects on the emptying of other meal components are,

therefore, influenced by posture (Rlelbroek et al. 1992; Horowitz et al. 1993b).

Intracellular fats empty with the solid phase (Meyer et al. 1986). The raæ of emptying of

fats, as for digestible solids and aqueous nutrient liquids, is regulated by feedback from the

small intestine (Meyer etal.1994; Meyer et al. 1996)'

SMALL INTESTINAL FEEDBACK REGULATION OF GASTRIC MOTOR

FUNCTION

Mechanical or chemical stimulation of the small intestine results in an integrated motor

response, involving relaxation of the proximal stomach, suppression of antral and duodenal

motility, and stimulation basal and phasic pressures localised to the pylorus, the effect of
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which is to delay the passage of chyme from the stomach into the small intestine (Heddle et

al. 1993).

It has been established in the dog that the slowing of gastric emptying by small intestinal

nutrients is related to the length of small intestine exposed (Lin et al. 1989; Lin et al.

1990b). There may also be regional differences in the effects of different macronutrient

classes on gastric motor function; infusion of carbohydrate into the canine distal small

intestine slows gastric emptying of solids more than infusion into the proximal small

intestine (Lin et al. I992b), while lipid induces greater proximal gastric relaxation when

infused into the proximal than distal small intestine (Azpiroz and Malagelada 1985a). It is

possible that specific regional effects may differ between humans and animals. Small

intestinal nutrients may affect gastric motility by altering gastric myoelectrical activity; in

humans, the reduction in power of the electrogastrogram induced by intraduodenal glucose

conelates with the suppression of antral motility induced by glucose (Verhagen et al.

19e8).

The release of peptide hormones from the upper small intestine in response to nutrients is

likely to play a major role in the feedback process; in humans, inhibition of peptide

secretion is likely to contribute to the acceleration of gastric emptying by octreotide (van

Berge Henegouwen et al. 1997). Carbohydrates stimulate the release of glucagonJike

peptide-l (GLP-I) and gastric inhibitory polypeptide (GIP) from the gut, both of which

may delay gastric emptying in dogs (thor et al. 1987) and humans (\ù/ettergren et al. 1993;

V/ishart et al. 1998). In animal models, both the release of GLP-I and the slowing of

gastric emptying in response to intestinal infusions of carbohydrate, occur only with

absorbable carbohydrates (Sugiyama et al.1994; Raybould et al. 1995), suggesting that the

two are related. Diets high in glucose decrease the pyloric motor response to small intestinal

glucose (Andrews et al. 1998a) and increase the rate of emptying of carbohydrates
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(Horowitz et al. 1996). Fructose empties from the stomach more rapidly than glucose in

animals (Moran and McHugh 1981) and humans (Elias et al. 1968; Guss et al. 1994;

Horowitz et al. 1996). Although the emptying of both monosaccharides is increased by

prior dietary glucose supplementation (Horowitz et al. 1996), suggesting a common

mechanism of intestino-gastric feedback, the gasnic motor responses to intraduodenal

administration of glucose and fructose have not been compared. The release of insulin is

stimulated by GLP-I and GIP; however, insulin does not appear to have a major role in

slowing gastric emptying (Kong etal. I999a). Elevation of the blood glucose concenÍation

to postprandial levels does, however, slow gastric ernptying when compared with fasting

blood glucose concentrations (SchvaÍcz et al. 1997), as discussed in Chapter 6. There is

evidence that the blood glucose concentration may act synergistically with other nutrient-

dependent factors to slow gastric emptying, since acute hyperglycaemia has a greater effect

on the emptying of nutrients than non-nutrient liquids (MacGregor et al' ln6Ð.

The presence of lipid in the small intestine is a potent stimulus for the slowing of gastric

emprying (Heddle et al. 1989; Heddle et al. 1993); the release of cholecystokinin (CCK)

from intestinal endocrine cells is important in mediating this effect. CCK analogues slow

(Liddle et al. 1986; Kleibeuker et al. 1988), while CCK antagonists accelerate (Fried et al.

1991), gastric emptying in humans. The motor correlates of the slowing of gastric

emptying by exogenous CCK include suppression of antral motility (Fraser et al. 1993c;

Schwizer et al. 1997), stimulation of basal and phasic pyloric pressures (Fraser et al.

1993c), and relaxation of the proximal stomach (Feinle et al. 1996). Lipolysis of fats is

required to stimulate feedback from the small intestine in a canine model (Meyer et al.

Iggg),and both the release of CCK and the delay in gastric emptying induced by intestinal

lipid requires the formation of chylomicrons in rats (Raybould et al. 1998). In humans with

exocrine pancreatic insufflrciency, gastric emptying of fats is faster than normal (Carney et

al. 1995). Both the secretion of CCK, and the suppression of anûal motility in response to
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small intestinal lipid, are dependent on the length of the fatty acid chain; chains of 12 or

more carbon atoms are required to elicit either effect (Mcl-aughlin et al. 1999). Animal

studies indicate that vagal afferent pathways are involved in mediating the effects of CCK

on gastric emptying (Holzer et al. 1994), but also that CCK has an additional, cenfral effect

in modulating gastric motility (Ewart and Wingate 1983; Figlewicz et al. 1989; Talman et

al. 1991). Mediators other than CCK may be involved in the gastric motor response to

intestinal lipid; peptide YY is implicated in the slowing of gastric emptying (the "ileal

brake") in response to ileal perfusion with lipid in dogs (Lin et al. 1996), but not in rats

(Raybould er al. 1999).

INTEGRATION OF PROXIMAL GASTRIC, ANTRAL, PYLORIC, AND

DUODENAL MOTOR FUNCTION DURING GASTRIC EMPTYING

The motorfunctions of the proximal stomach, antrum, pylorus, and duodenum are closely

related and no one region can be considered in isolation when assessing effects on gastric

emptying (Horowitz et al. 1994). As discussed, feedback from the small intestine is pivotal

to the regulation of fundic, antral, and pyloric function, thus determining the rate of gastric

emptying. The integration of function of individual regions is highlighted by the concept of

redundancy; when the activity of one component is impaired, that of the other regions

compensates to minimise overall changes in gastric emptying.

Integration of proximal and distal gastric motor function

Kelly has proposed that the proximal stomach is primarily responsible for generating a

pressure gradient to regulate the emptying of liquids (Kelly 1980). When infragastric

pressure is increased with a hydrostatic barostat, gastric emptying of liquids is accelerated
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in both dogs (Strunz and Grossman 1978) and humans (Paraskevopoulos et al. 1988),

while there is little effect on the emptying of solids (Kelly 1980; Moragas et al. 1993)'

However, the limitation of this model is that the function of the proximal stomach is not

affected in isolation; for example, liquid emptying may be increased due to a greater

proportion of liquid being exposed to the antral pump.

In the intact human stomach, the slowing of gastric emptying induced by the addition of fat

to a meal (Houghton et al. 1990; Edelbroek et al. 1992), by cold stress (Fone et al. 1990a),

or by small intestinal nutrient infusion (Heddle et al. 1989; Fone et al. 1990b), is associated

with redistribution of gastric contents from the distal to the proximal stomach. Thus, the

proximal stomach has a reseryoir function in the regulation of gasnic emptying, retaining

the solid component of a mixed meal, until most of the liquid has emptied from the distal

stomach (Houghton et al. 1988).

Resection of the antrum and pylorus in dogs is associated with an increase in the size of

solid particles emptied from the stomach (Hinder 1983), illushating the role of the distal

stomach in the trituration of solids. In addition, the distal stomach may constitute a

"peristaltic pump", responsible for the pulses of transpyloric flow that are observed on a

second-by-second basis in both animal models (Malbert et al. 1987) and humans (King et

al. 1984; King et al. 1988; Dent et al. 1994; Hausken etal. 1994: Kawagishi et al. 1994)

(Figure 1.5). In dogs, the flow pulse occurs after antral and pyloric Pressure waves and

before duodenal pressures (Malbert and Ruckebusch 1989); the sequencing of antral and

duodenal pressure events is therefore critical: gastric emptying of solids is positively

correlated with the number of duodenal waves temporally associated with antral waves, and

negatively correlated with the number of duodenal waves not associated with antral waves

(Haba and Sarna lg93). Stimulation of antral motility by cisapride in dogs requires
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coordination with pyloric and duodenal activity in order to achieve an acceleration in gastric

emptying (Malbert et al. 1992).

Pyloric function

Situated between the antrum and duodenum, the pylorus would appear to have a critical

role in regulating gastric emptying. The stimulation of both basal and phasic pyloric

pressures is a prominent feature of the slowing of gastric emptying by intraduodenal

nutrients (Heddle et al. 1989). In a porcine model in which intragasûic pressure is held

constant with a barostat, intraduodenal dextrose slows gastric emptying only when the

pylorus remains intact (Treacy et al. 1994). Nevertheless, pyloric stenting does not change

the rate of gastric emptying (Stemper and Cooke 1976) in dogs or cats; this highlights the

integration of gastric motor function, where other mechanisms assume greater importance if

one (such as the pylorus) is impaired. Thus, long-term followup of patients who

underwent pyloromyotomy during infancy for hypertrophic pyloric stenosis demonstrates

that, although pyloric function is modified (fewer phasic pressure waves but greater basal

pressure) when compared with healthy controls, the overall rate of gastric emptying is

unaffected (Sun et al. 2000).

Relative importance of the "pressure pump" and "peristaltic pump"

In principle, the pulsatile emptying of gastric contents may result from a relatively constant

antroduodenal pressure gradient, generated in the "common cavity" of the stomach by

changes in muscle tone anywhere in the gastric wall (including the fundus), together with

intermittent reduction in pyloric resistance; this constitutes the "pressure pump" model of

gastric emptying. Alternatively, transpyloric flow pulses may be driven by phasic increases

in the antroduodenal pressure gradient induced by antral contractions coordinated with

pyloric opening - the "peristaltic pump". The relative contribution of each mechanism is not



3l

well understood in humans (Camilleri et al. 1985; Horowitz et al. 1994). A recent study

has combined MRI and manometry to evaluate the emptying of saline from the stomach

during concurrent intraduodenal nutrient infusion (Indireshkumar et al. 2000). In this

setting, the common cavity "pressure pump" is dominant in generating transpyloric flow,

while antral contractions are coordinated with transient increases (rather than reductions) in

pyloric resistance, the effect of which are to retard flow. However, these techniques need

to be applied to more physiological states of gastric emptying, such as following ingestion

of a mixed meal, as the balance of mechanisms may be substantially different in these

settings.

Duodenal function

The relationship between duodenal motor patterns and flow of contents is not well

understood (Camilleri 1997). Prolonged propagated contractions, which aPpear responsible

for ileocolonic flow, are not usually observed in the upper small intestine (Quigley et al.

l9S4). However, traction forces are associated with duodenal pressure waves recorded

manometically in both fasting and fed states (Ahluwalia et al. 1994). A close temporal

relationship between antral and duodenal contractions appears particularly important in

determining flow (Haba and Sarna 1993); indeed, non-propagated duodenal pressure

events could potentially provide resistance to transpyloric flow (Haba and Sarna 1993).



32

CONCLUSIONS

Proximal and distal stomach regions, together with the pylorus and duodenum, function as

an integrated unit in regulating gastric emptying. No single upper gastrointestinal

component can be considered in isolation from the others. Feedback, initiated by exposure

of the small intestine to nutrients, and mediated by mechanisms including the release of gut

peptides, is critical in regulating gastroduodenal motor function.

Relevant issues addressed in this thesis include:

(i) the role of physiological changes in blood glucose, within the postprandial range, in

regulating proximal and distal gastric motility (chapters 8 and 9)

(ii) whether synergy is apparent between physiological hyperglycaemia and the actions of

CCK on pyloric motility (chapter 10)

(iii) the relationship between duodenal motor patterns and glucose absorption (chapter 14)

(iv) comparison of the effects of intraduodenal glucose and fructose on antropyloric

motility (chapter l5).
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Figure I.l
Schematic representation of the anatomical regions of the stomach, and

the position of the gastric pacemaker.
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Figure L4
Scintigraphic gastric emptying curves for solid (pancake) and nutrient liquid
(107o glucose). Solids empty in linear fashion following a lag phase, while

nutrient liquids empty in a monoexponential manner, with minimal lag'
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Figure 1.5
Recording of transpyloric flow in the pig using an electromagnetic flow meter

implanted in the proximal duodenum (from Professor CH Malbert).
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CHAPTER 2: DISORDERED UPPER GASTROINTESTINAL

MOTOR FUNCTION

INTRODUCTION

The release of nutrients into the small intestine is closely regulated in health, as a result of

the integrated function of the proximal stomach, antrum, pylorus, and duodenum. Gastric

emptying may be disordered in a variety of disease states, including diabetes mellitus,

systemic sclerosis, functional dyspepsia, gastro-oesophageal reflux disease, and following

gastric surgery; in some cases the aetiology is unclear. Potential consequences of

disordered gastric motor function include malnutrition, upper gastrointestinal symptoms,

impaired absorption of orally administered drugs, and, in patients with diabetes mellitus,

impaired glycaemic control.

In this chapter, the abnormalities of gastroduodenal motor function associated with several

disease states will be considered, in order to highlight the range of abnormal motility that

may be observed, and provide a background for the discussion of disordered upper

gastrointestinal motor function in diabetes mellitus which is presented in Chapter 5. In

addition, the changes in upper gastrointestinal function associated with aging will be

discussed. Approaches to therapy for disordered gastric motor function are considered,

with particular emphasis on the effects of prokinetic drugs.
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Table 2.1

Causes of delayed gastric emptying

Acute

. Drugs

. Postoperative ileus

. Viral gastroenteritis

. Metabolic

. Critical illness

Chronic

. Idiopathic / functional dyspepsia

. Post-surgical

. Gastro-oesophageal reflux disease

. Chronic liver disease

. HIV infection

. Endocrine and metabolic

Muscular and connective tissue

Neurological

Opiates, anticholiner gics, L-dopa

Hyp er gly caemia, hypol<nlaemia

Diabetes mellitus

Hypothyroidism

Anorexia nervosa

Myotonic dystrophy

Muscular dystrophy

Dermatomyositis

Systemic sclerosis

Amyloidosis

Tumour associated

Central nervous system disease

Spinal cord injury

Chronic idiopathic inte stinal pseudo -obstruction

Idiopathic autornmic de generation

a
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Table 2.2

Causes of rapid gastric emptying

a

a

Post-surgical

Zollinger-Ellison syndrome

Pancreatic insuffr ciency

? "Early" type2 diabetes mellitus

AETIOLOGY OF MOTOR DYSFUNCTION

Disordered upper gastrointestinal motor function most often results in delayed gastric

emptying, although in some circumstances emptying may be accelerated, particularly that of

liquids. Tables 2.1 and 2.2 swmarise the causes of delayed and rapid gastric emptying.

Sometimes, as in post-surgical patients, the cause of disordered upper gastrointestinal

motor function is apparent, but in many cases the aetiology is unclear. Disordered

autonomic function might be implicated, although there are no "direct" measures of

gastrointestinal autonomic function, and cardiovascular tests are often used as an indirect

index. Nevertheless, across a spectrum of patients with suspected gastrointestinal motility

disorders, the correlation between abnormal motility and indices of cardiac autonomic

function is relatively weak (Bharucha et al. 1993). Abnormalities of the electrogastrogram,

especially an increased prevalence of tachygastria, have been reported in many states of

disordered motility, including functional dyspepsia, pseudo-obstruction, and diabetes

mellitus; however the EGG is often normal in patients with disturbed gastric motility, while

dysrhythmias are not uncommon in healthy volunteers (Verhagen et al. 1999b). This calls

into question the aetiological role of disturbed myoelectrical activity.

a
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REGIONAL MOTOR ABNORMALITIES

In the quest to understand disordered gastric emptying, the function of various components

of the upper gastrointestinal tract has been evaluated in different patient groups. While this

has yielded useful information, the limitations of studying, in isolation, an individual

component of an integrated system must be recognised. For example, impaired

accommodation of the proximal stomach to a meal is well-recognised in functional

dyspepsia (tack et al. 1998b); whether this is primarily a fundic abnormality, or the result

of increased distal stomach resistance, or excessive filling of a hypotonic antrum, is

uncertain (Malagelada 1998). Furthermore, in view of the capacity of the stomach to

compensate for impaired function in any one of its components, as discussed in Chapter I,

it is likely that multiple regions of the stomach and duodenum must be involved in

disorders that affect the rate of gastric emptying. In particular, the integration of function

between gastroduodenal regions is likely to be of critical importance'

Proximal stomach

Post-surgical patients, most having undergone úuncal vagotomy and pyloroplasty for

peptic ulcer disease, were among the first in whom proximal gastric function was

evaluated. In this group, fasting fundic tone is diminished, while fundic relaxation in

response to gastric distension is also impaired (Stadaas 1975; Azpiroz and Malagelada

1987a). When compared with healthy controls, gastric emptying of solids is more

prolonged than that of nutrient liquids in post-surgical patients, though the pattern of

emptying (absence of a lag phase for solids and initial rapid emptying of liquids) is

abnormal for both phases of a mixed meal (Azpiroz and Malagelada I987a); this is

consistent with loss of the reservoir function of the proximal stomach. Proximal vagotomy

alone, as opposed to vagotomy and pyloroplasty, also impairs proximal gastric function,
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but the overall pattern of emptying is less disturbed, as distal stomach function is intact

(Sheiner et al. 1980).

In patients with functional dyspepsia, most studies have reported that proximal gastric

compliance in response to mechanical distension is comparable to that in healthy controls

(Iæmann et al. 1991; Mea¡in et al. lÐl); in patients with "dysmotility-like" symptoms

(predominant nausea, early satiety, and bloating) fasting compliance may be slightly greater

(Salet et al. l99S). However, more consistent impairment of proximal gastric motor

function is observed postprandially; when studied with a gastric barostat, many patients

have impaired proximal gastric relaxation to liquid meals (Iack et al. 1998b; Thumshirn et

al. 1999b) (Figure 2.1). This is associated with more rapid meal redistribution from the

proximal to the distal stomach (Troncon et al. 1994). Despite these abnormalities in

proximal stomach function, the majority of patients with functional dyspepsia (about 7O 7o)

do not have grossly delayed gastric emptying (Stanghellini et al. 1996); this is perhaps an

illustration of the adaptability of other components of an integrated system. Nevertheless,

may patients in this majority have a rate of gastric emptying at the slower end of the normal

range.

In patients with gastro-oesophageal reflux disease, proximal gastric compliance is normal,

but postprandial fundic relaxation is abnormally prolonged (Penagini et al. 1998; Vu et al.

1999) (Figure 2.2); the latter may favour an increase in transient lower oesophageal

sphincter relaxations, and influence gastric emptying, which is delayed in about 4O 7o of

reflux patients (McCallum et al. 1981).
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Antrum

Interdigestive motility is frequently abnormal in patients with idiopathic delayed gastric

emptying, with an absence of phase III activity in the antrum and sometimes duodenum,

possibly related to impaired motilin secretion (Labo et al. 1986).

V/hile vagotomy itself slows the emptying of both solids and liquids from the stomach, the

procedure is usually combined with pyloroplasty or antrectomy, which may accelerate

liquid emptying to a rate greater than normal, depending on posture; glucose solutions

empty more rapidly in patients than controls when erect, but not supine (Gulsrud et al.

1980). Contrary to the assumption that postprandial symptoms are due to "dumping" in

these patients, there is little correlation between symptoms and rapid emptying.

Patients with functional dyspepsia appear to have an abnormal intragastric meal distribution

when compared to healthy subjects, with less retention of the meal in the proximal stomach

and more distributed distally (Troncon et al. 1994). Both stationary and prolonged

ambulatory manometry have demonstrated diminished postprandial antral motility in these

patients (Jebbink et al. 1995).

Antral hypomotility (defined by a low motility index, which is derived from both frequency

and amplitude of pressure waves) in patients with gastroparesis correlates with an increase

in the lag phase for solids, and slowing of liquid and postJag solid emptying (Camilleri et

al. 1986). However, patients with gastroparesis do not necessarily have fewer antral waves

than healthy controls; the organisation of pressure waves may be more important than their

absolute number (Fraser et al. 1993c). In healthy subjects, the number of propagated

pressure wave sequences correlates with the rate of gastric emptying (Houghton et al.

1988). Patients with gastroparesis of a variety of non-surgical causes have fewer sequences

of pressure waves propagated across antrum, pylorus, and dùodenum (Fraser et al.
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1993c). For this reason, the evaluation of propagation events is a major component of the

analysis of antropyloroduodenal motility in the studies reported in this thesis.

Pylorus

Although phasic and tonic pressures localised to the pylorus are strongly associated with

slowing of gastric emptying, neither the frequency of isolated pyloric pressure waves, nor

pyloric tone, are uniformly increased postprandially in patients with gastroparesis (Fraser et

al. 1993c). Although another study reported increased pyloric motility in patients with

diabetes and symptoms of nausea and vomiting (Mearin et al. 1986), the study of Fraser et

al is the only one to employ adequate methodology (a sleeve sensor) to assess pyloric

function; more data are required to assess the role of the pylorus in gastroparesis.

Duodenum

Patients with functional dyspepsia have fewer cycles of the MMC than healthy subjects

when studied for prolonged periods (Jebbink et al. 1995). These patients also have fewer

duodenal pressure waves than healthy controls, in response to exogenous acid in the

duodenum in the fasting state, resulting in impaired acid clearance from this region, and

possibly contributing to symptoms (Samsom et al. 1999b). Duodenal acid clea¡ance does

not differ from healthy subjects postprandially, however, and ambulatory recording has

demonstrated increased, rather than decreased, duodenal motility after a mixed meal in

patients with functional dyspepsia (Jebbink et al. 1995).

In patients with gastroparesis from a varieÇ of causes, small intestinal "dysmotility"

(including bursts of non-propagated waves) decreases the rate of emptying of both solids

and liquids from the stomach (Camilleri et al. 1986), suggesting that aberrant intestinal

motor activity results in resistance to the flow of luminal contents. Fraser et al., also
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studying patients with gastroparesis of various causes, found no difference in postprandial

duodenal wave frequency overall, though in a few patients the number of duodenal waves

was above the range observed in healthy controls (Fraser et al. 1993c).

THERAPY FOR DELAYED GASTRIC EMPTYING

The rationale for treating delayed gastric emptying is usually the presence of symptoms,

such as nausea and vomiting. Reversible causes of delayed gastric emptying should be

addressed in all patients. Dietary modifications may be attempted (for example, low fat,

smaller and more frequent meals), but evidence for their effrrcacy is lacking. Prokinetic

drugs, including metoclopramide, domperidone, cisapride, and erythromycin form the

mainstay of treatment for delayed gastric emptying. Levosulpiride and fedotozine will be

mentioned in Chapter 5 in relation to therapy for diabetes mellitus. Therapies which address

symptoms more specifically will be discussed in Chapter 3.

Pharmacological therapies

Prokinetic drugs stimulate contractions of the distal stomach, and to a variable extent the

proximal stomach, although the induction of propagated sequences of pressure waves may

be their most important action in accelerating gashic emptying. Their effects are most

marked in patients with slow gastric emptying; increases in the rate of emptying are

typically minor in healthy subjects. While their efFrcacy in the acute setting is well-

established, some doubt remains as to whether this is sustained with long-term use.

However, the majority of studies involving chronic therapy concern patients with diabetes,

and this issue will be discussed in Chapter 5. There is little information about the effects of
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combinations of therapeutic agents, though cisapride and erythromycin should not be used

together, due to erythromycin inhibiting the metabolism of cisapride.

Metoclopramide

Metoclopramide acts as a dopamine (D2) antagonist both cenftally (with antiemetic effects)

and peripherally in the gastrointestinal tract, and also as a 5[IT-4 agonist and 5IIT-3

antagonist (Koch 1999); it augments acetyl choline release and sensitises muscarinic

receptors in the gut, and stimulates coordinated antropyloroduodenal pressure wave

sequences (Albibi and McCallum 1983). Given acutely in gastroparesis, metoclopramide

induces phase UIJike antral pressure waves (Malagelada et al. 1980), and may restore

gastric emptying to control values (Snape etal.1982; Schade et al. 1985). The side-effects

of metoclopramide are largely related to antagonism of dopamine receptors, and include

sedation or restlessness (observed in about I0 Vo of patients), extrapyramidal reactions, and

elevation of serum prolactin.

Domperidone

Like metoclopramide, domperidone is a dopamine antagonist. Though unable to cross the

blood brain banier, it may still have central antiemetic effects on the chemoreceptor tigger

zone, where this banier is deficient. Peripherally, it antagonises the inhibitory effects of

dopamine in the myenteric plexus to stimulate gastric smooth muscle contraction

(Takahashi et al. 1991). Domperidone accelerates solid and liquid emptying when given

acutely (Horowitz et al. 1985), even in patients resistant to metoclopramide (rWatts et al.

1985). Extrapyramidal reactions are less frequent than with metoclopramide, due to the

inability of domperidone to cross the blood brain barrier, but serum prolactin may still

become elevated.
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Cisapride

Cisapride, a substituted benzamide, facilitates cholinergic transmission in the myenteric

plexus via 5HT4 receptors (Briejer et al. 1995; Koch 1999). Given acutely, it improves

solid and liquid gastric emptying in gastroparesis associated with a variety of disease states

(Horowitz et al. 1987a; Horowitz et al. 1987b; Stacher et al. 1987a). In healthy volunteers,

cisapride does not increase the rate of solid emptying (Edwards et al. 1987), but does

reverse the delay in gastric emptying induced by a fat preload (Stacher et al. 1990), and

shortens the tag phase of emptying for oil mixed with soup, by decreasing the retention of

oil in the proximal stomach (Jones et al. 1996a).

In healthy subjects, cisapride has dual effects on the postprandial motility of the distal

stomach, with initial suppression of antral waves, associated with transient slowing of

gastric emptying, followed by stimulation of associated antropyloroduodenal pressure

waves and accelerated emptying (Fraser et al. 1993b). These organised sequences of

activity, rather than the total number of antral waves, correlate with more rapid emptying.

Similarly, in patients with delayed gastric emptying which is improved by cisapride, there

is an increase in the length over which antral waves are propagated (Fraser et al. 1994b).

Cisapride overcomes the suppression of antral and duodenal waves and the stimulation of

pyloric motility induced by intraduodenal lipid in a canine model (Edelbroek et al. 1995),

and improves duodenal acid clearance in humans (Verhagen et al. I999a). Propagated

jejunal contractions are stimulated in healthy volunteers (Stacher et al. 1986; Stacher et al.

1987b; Coremans et al. 1988), while disordered patterns of fasting and postprandial small

intestinal motility are normalised in patients with gastroparesis (Camilleri et al. 1989). In

healthy subjects, the relaxation of the proximal stomach in response to a liquid meal is

reported to be augmented by cisapride (Tack et al. 1998a), although this may reflect more

rapid exposure of the small intestine to nutrient. Improvement of gastric emptying by

cisapride in patients with gastroparesis has been associated with normalisation of the gastric
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myoelectrical rhythm, which is frequently abnormal prior to treatnent in this group

(Rothstein et al. 1993); as noted earlier, the significance of this association is unclear.

A major concern with the use of cisapride, particularly in high doses, is the risk of cardiac

ventricular arryhthmias related to prolongation of the QI interval; this is due to a class III

antianhythmic property of cisapride, rather that a 5HT effect (Ionini et al. 1999), and has

led to the recent withdrawal of the drug in a number of markets including the United States.

Of note is that the recommended dosage in the US was higher than in Australia. To

diminish the risk of anhythmia, cisapride should not be combined with medications that

inhibit the cytochrome P450 enzyme responsible for the metabolism of cisapride, such as

erythromycin, or those which themselves prolong the QI interval, such as certain

antihistamines.

Erythromycin and other motilides

Erythromycin, which acts as a motilin agonist (Peeters et al. 1989), accelerates gastric

emptying of both solids and liquids in healthy subjects (Edelbroek et al. 1993; Arienti et al.

1994), with an increase in the size of solid particles emptied in a canine model (Lin et al.

1994). W'hen given acutely, erythromycin is the most potent of the available prokinetic

agents, restoring the emptying of solids and liquids to normal in patients with diabetic

gastroparesis under euglycaemic conditions (Janssens et al. 1990; Urbain et al. 1990b).

In healthy subjects, intravenous erythromycin (3 mg/kg) overcomes the suppression of

antroduodenal motility, and reduces both phasic and basal pyloric pressures induced by

intraduodenal lipid (Fraser et al. 1992b), while a similar dose increases the amplitude of

antral pressure waves and stimulates organised sequences of antroduodenal waves (Annese

et al. 1992); the latter is likely to be most important therapeutically, given that impairmed

organisation of pressure waves is a feature of gastroparesis (Fraser et al. 1993c). Both
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fasting proximal gastric tone, and the duration of postprandial fundic relaxation, are

decreased by intravenous erythromycin in healthy volunteers (Bruley des Varannes et al.

l99s).

Erythromycin potentially acts on both neural and smooth muscle motilin receptors, though

the former may be more important in humans (Peeters 1993). Intravenous motilin itself

stimulates phase III-like pressure waves in the antrum and duodenum in fasting healthy

humans (Boivin etal.1997; Luiking et al. 1998a), and has the capacity to accelerate gastric

emptying in patients with gastroparesis (Schmid et al. 1991; Peeters etal.1992).

Low doses of intravenous erythromycin (^4O mg), when given to healthy subjects in the

interdigestive state, stimulate phase III-like activity in the antrum that propagates to tl¡e

small intestine and is sensitive to atropine and sumatriptan, implying involvement of a

cholinergic pathway (Iack et al. 1992; Coulie et al. 1998). Higher doses (-200 mg)

stimulate prolonged, non-propagated antral waves that are not inhibited by atropine or

sumatriptan; it has been suggested that this is indicative of an action on smooth muscle

receptors (Coulie et al. 1998). However, it is not certain that the neural blockade was

complete in this model, and it is also possible that non-cholinergic enteric nerves are

stimulated by the higher dose of erythromycin, as in dogs (Inatomi et al. 1996). There is

also evidence that the mechanisms of antral and duodenal stimulation differ (cholinergic and

non-cholinergic respectively) (Mathis and Malbert 1995; Boivin et al. 1997). The effects of

erythromycin on gastric motility may relate to an influence on myoelectrical activity; high

doses (6 mg/kg) induce inegularities of the electrogastrogram in human volunteers (Chen et

al.1992).

Adverse reactions to erythromycin include irritation to veins when given by the intravenous

route, which is minimised by slow infusion, interaction with other drugs metabolised by
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cytochrome P450, and prolongation of the QI interval with the potential for cardiac

arryhthmias. Stimulation of gastrointestinal motility may result in cramping and nausea.

The potency of erythromycin in accelerating gastric emptying has led to the development of

other motilin agonists devoid of antibiotic properties, such as ABT-229 (Verhagen et al.

1997), and EM23L (Ishii et al.1997).

Non-pharmacological therapies

In gastroparesis which remains unresponsive to drug therapy, electical pacing of the

stomach via serosal electrodes has been attempted. The proximal stomach may be paced at a

rate at or slightly above that of the gastric slow wave to entrain and coordinate gastric

contractions, which has been successful in canine models (Bellahsene et al. 1992; Qian et

al. 1999); preliminary, uncontrolled data in humans indicate improvement in the rate of

gastric emptying of solids (McCallum et al. 1998). An alternative approach is to deliver

brief depolarisations at four times the rate of the slow wave, which in dogs stimulate

contractions of greater amplitude than does pacing at the physiological rate (Familoni et al.

1997). Again, only uncontrolled data, indicating improvement in liquid but not solid

emptying, is available in humans (GEMS Study Group 199; GEMS Study Group 1999).

A third protocol has utilised successive rings of electrodes in a canine model to stimulate

proximalto distal gastric contractions which do not rely on entraining intrinsic slow wave

activity (Mintchev et al. 2000). Controlled data demonstrating the efflrcacy of these

techniques in humans with gastroparesis are awaited. Improvements in symptoms, such as

nausea and vomiting, appear out of proportion to the modest effects on gastric emptying,

and inhibition of afferent pathways from the upper gut may be an important effect of

electrical pacing (Hasler 2000).
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Surgical approaches to ameliorating disordered gastric motor function have not been

evaluated in a controlled manner; until the aetiology of disordered function is better

understood, the indications for surgical alteration of upper gastrointestinal anatomy are

likely to remain unclear (Horowitz and Dent 1991). Most often, surgery is performed for

disorders of function that are themselves post-surgical. The creation of a jejunostomy may,

however, be required for enteral feeding when gastroparesis results in malnutrition.

CHANGES IN GASTRODUODENAL MOTOR FUNCTION ASSOCIATED

WITH AGING

Alterations in upper gastrointestinal motility associated with aging are of interest

particularly for their potential contribution to the "anorexia of aging", a phenomenon of

deceased food intake out of proportion to diminished energy expenditure that may

contribute to malnutrition and morbidity (Morley and Silver 1988). Anorexia in the elderly

is discussed in Chapter 4. In fact, aspects of gastroduodenal motor function that have been

evaluated in older subjects indicate relatively minor differences from the young.

In the elderly, the migrating motor complex cycle length is unchanged when compared to

young subjects, while postprandially, gastric emptying of both liquids and solids is

reported to be modestly slowed (Moore et al. 1983; Horowitz et al. 1984; Clarkston et al.

1,997). The latter may be related to impaired autonomic innervation of the gut, since a

higher prevalence of abnormalities in cardiac autonomic function has been reported in older

subjects (Clarkston eL al. 1997). The motor function of proximal stomach has, however,

not been studied in relation to aging, and is potentially important given its role in the

accommodation response to a meal and the regulation of solid emptying.
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In the small intestine, the propagation velocity of phase III of the interdigestive MMC may

be slower in older than young subjects. The duration of the postprandial period does not

change with age, though there may be more propagated clustered jejunal tvaves after meals

in older subjects (Husebye and Engedal 1992). However, any differences in small

intestinal motility between healthy older and young subjects are clearly minor, since

orocaecal, small intestinal, and whole gut transit times have consistently been shown not to

differ between the two groups (Kupfer et al. 1985; Wegener et al. 1988; Piccione et al.

1990; Madsen 1992; Clarkston etal.1997).

CONCLUSIONS

Disordered gastric motor function is observed in a variety of disease states; the contribution

of different stomach regions to overall impairment of function is incompletely understood,

but the organisation of pressure events appears to have particular importance. The majority

of studies reported in this thesis examine patterns of abnormal motor function observed in

diabetes mellitus and with hyperglycaemia, including the modification of the motor effects

of erythromycin during marked hyperglycaemia (Chapter 13). Further background to these

areas is presented in Chapters 5 and 6. Changes in motor function of the proximal stomach

associated with aging are addressed in Chapter 16.
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Figure 2.1
Gastric accommodation to a nutrient liquid meal, quantified as the difference

between mean volumes in an intragastric barostat bag, maintained at constant

pressure, during the 30 minútes before and 60 minutes after the meal, in 4O

patients with functional dyspepsia and 35 healthy controls. Data are means t SEM,
*P<0.01, patietns vs controls.

Adapted fromElTack et al, 1998.
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Figure 2.2
Volume change in a proximal gastric bag maintained at constant pressure following
a mixed meal, in patients with gastro-oesophageal reflux disease and normal subjects.

Proximal gastric tone is lower in the patients late after the meal. Data are means t SEM,
*P<0.01, patients vs controls.

FromEPenagini et al, 1998.

I
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CHAPTER 3: SENSORY FUNCTION IN THE UPPER

GASTROINTESTINAL TRACT

INTRODUCTION

The purpose of this chapter is to review the sensory innervation and mediators of sensation

in the upper gastrointestinal tract, the types of stimuli (both mechanical and chemical) that

are perceived in the upper gut, and the evidence for altered visceral sensitivity in conditions

associated with upper gastrointestinal symptoms, of which the most intensely studied has

been functional dyspepsia. In addition, the known effects of aging on gastrointestinal

sensory function will be addressed. This review will provide the background for the

studies reported in this thesis, in which alterations in gut perceptions associated with acute

hyperglycaemia, diabetes mellitus, and healthy aging are evaluated.

STRUCTURE AND FUNCTION OF THE SENSORY INNERVATION IN

THE UPPER GUT

While the majority of the basic information about the sensory neurons which innervate the

gut, their projections and mediators, is derived from studies in animals, particularly the rat

(Altschuler et al. 1992), these observations are likely to apply in humans as well.
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Sensory innervation

The structure of the enteric nervous system has been discussed in Chapter 1. Intinsic

afferent neurons are located in both the myenteric and submucous plexuses, and project to

interneurons which are involved in intrinsic motor and secretomotor reflexes. Primary

afferent neurons, which convey information to the central nervous system, travel in the

vagal and splanchnic nerves; it has been estimated that 80 % of fibres in the vagus nerve ate

afferent (Goyal and Hirano 1996).

Vagal primary afferents have cell bodies in the nodose ganglia. Those originating in smooth

muscle are sensitive to mechanical distension, have a low threshold of response, and carry

information about physiological motor activity, much of which is not consciously

perceived. Those originating in the mucosa respond to chemical (including acid or luminal

nutrients) and mechanical stimuli (Goyal and Hirano 1996). Recent studies suggest that

they also convey nociceptive information, hitherto thought to be the exclusive role of

splanchnic afferents (Bueno et al. 1997). Vagal primary afferents project centrally to vagal

sensory nuclei, the nucleus tractus solitarius, and the area postrema, which are all linked to

the dorsal motor nucleus of the vagus in the medulla, and accordingly have the potential to

influence gastrointestinal motor function (Altschuler et al. 1992). The area postrema has a

deficient blood brain barrier, and is, therefore, also sensitive to circulating hormones and

toxins, which provide another source of feedback from the periphery.

Splanchnic primary afferents have cell bodies in the dorsal root ganglia, and function as

multimodal nociceptors, responding to mechanical, thermal, and chemical stimuli with a

high threshold of response. As well as conveying painful stimuli to the cental nervous

system, these fibres bifurcate and communicate with enteric neurons mediating reflex

responses, including vasodilatation and secretion (Goyal and Hirano 1996). It is now clear

that splanchnic afferents convey non-painful functional stimuli to the central nervous
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system; both splanchnic and vagal afferents can stimulate the nucleus tractus solitarius, as

well as the dorsal motor nucleus of the vagus (Bueno et al. 1997)'

Mediators of sensation

Sensory information relating to both noxious and non-noxious stimuli may be modulated at

both peripheral and spinal levels. In the periphery, inflammatory mediators including

bradykinin and prostaglandins can activate afferent nerve endings directly, and trigger the

release of substances such as histamine, serotonin (stIT), and nerve growth factor from

neurons and other cells. These in turn can sensitise afferent nerves (for example, via 5I{I-3

receptors), increasing their response to painful stimuli (Bueno et al. L997). Substance P,

released from nerve endings, activates adjacent mast cells to release histamine, which in

turn releases more substance P in an amplifying loop. Calcitonin gene-related peptide

(CGRP) also mediates the release of substance P and other tachykinins. Nerve

remodelling, induced by nerve growth factor and other substances, may result in chronic

hypersensitivity, as has been demonstrated in a rat model (Bueno etal.I9n).

At the level of the spinal cord, the dorsal horn may be sensitised by peripheral injury' This

"wind-up" phenomenon may persist long after the initial nociceptive stimulus has passed,

and results in lowering of the threshold and increase in the supra-threshold response to a

stimulus. Evidence for its occurrence in humans includes the observation that sensitisation

to visceral pain following hysterectomy may be prevented by "pre-emptive" analgesia

perioperatively (Andriesse et al. 2000). Neuromediators involved in this sensitisation

include glutamate, nitric oxide, substance P, 5IIT (via 5FIT-3 and 5HT-1A receptors),

CCK, CGRP, and adenosine. Substances which attenuate the process by activating

descending antinociceptive pathways include catecholamines and dynorphin (acting on

kappa-l receptors); hence the potential antinociceptive value of the kappa-l agonist
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fedotozine (Coffin et al. 1996). Somatostatin also has an analgesic effect, probably

influencing sensitivity at a number of sites (Bueno et al. 1997). Descending pathways may

increase, as well as attenuate, sensations arising from gut stimuli. For example, when

sympathetic activity is stimulated by lower body negative pressure, perception of duodenal

distension is increased, without any modification of somatic sensation (Iovino et al. 1995).

CCK acts as a neurotransmitter, both centrally and peripherally, as well as being released

from endocrine cells of the upper small intestine in response to nutrients. In the cenüal

nervous system of the rat, CCK antagonises the analgesic effects of opioids, via CCK-B

receptors (Bueno et 
^1. 

1997). In the periphery, on the other hand, CCK-A receptors

mediate the sensation of "meal-like" fullness in humans, in response to gastric distension

and intraduodenal lipid infusion (Feinle et al. 1996).

CHARACTERISTICS OF GASTROINTESTINAL STIMULI

The upper gut responds to mechanical (distension) and chemical (nutrient, acid, or osmotic)

stimuli; electrical stimulation has also been used to examine gut perception in humans,

although its physiological relevance is open to question. Two or more stimuli may combine

to induce perceptions which differ quantitatively or qualitatively from either delivered

alone.

Gut distension

Mechanoreceptors located in the wall of hollow organs that comprise the gastrointestinal

tract appear not to respond directly to changes in pressure or volume, but rather to the

impact of distension on tension or strain (Gregersen et al. 1999). Tension is a measure of
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the force on the wall in a circumferential direction, and can be calculated using the Law of

Laplace, which for a thin-walled organ may be expressed as:

TaP.r

where T = tension, P = fiansmural pressure, and r = radius (Gregersen et al. 1999). The

radius varies with the volume (V) of the organ; in the proximal stomach, for example,

which approximates a cone, the relationship becomes:

T a P y'V @opkins 1966)

Thus, increasing either pressure or volume would increase tension, produce greater firing

of "in series" mechanoreceptors, and result in increased perception. Pressure and volume

are related by gastric compliance, defined as volume change per unit pressure change. For

example, as gastric compliance increases, then for a distension of given pressure, the

intragastric volume, and therefore wall tension and perception, will be greater. Conversely,

for a distension of given volume, the intragasfüc pressure, and therefore wall tension and

perception, will be less.

Variables other than tension may have a role in the perception of distension. Strain, which

is a measure of deformation of the gastric wall, has been shown to be important in

determining perception in the fundus in the pig (Lepionka and Malbert 1998), though its

measurement in humans is not practical. Furthermore, "in parallel" elongation receptors,

responding to volume, appear to be present in the serosa; these may be important for

conveying nociceptive information. (Distrutti et al. 1999).

Attempts to quantify variables such as tension are at risk of over-simplifying a complex

biological system (Gregersen and Kassab 1996); nevertheless, they have proven useful in

developing models of normal and abnormal sensation in the stomach, as well as the

oesophagus and small intestine. Although most studies have focussed on the proximal
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stomach, recent work indicates that there are regional differences in the perception of

gastric distension; distension of the anfium appears to be associated with greater perception

of nausea, pain, and bloating than fundic distension (I-adabaum et al. 1Ð8).

Chemical and nutrient stimuli

While the oesophagus is sensitive to chemical stimulation of the mucosa (Roscher et al.

1998), and animal studies indicate that chemical stimulation of the gastric antrum can

stimulate reflex alterations in gastric motility (Andrews and Wood 1988; Blackshaw and

Grundy 1989), the major site for chemical and nutrient stimulation of afferent pathways is

the small intestine. The presence of nutrients in the small intestine stimulates perceptions of

fullness, satiety and satiation, and sometimes nausea. The factors that modify the intensity

of these perceptions are similar to those which regulate feedback on the motor system, and

include the chain length of fatty acids (more than 10 carbon atoms required for satiation),

and affinity of carbohydrates for the glucose transporter; these issues are addressed in

Chapter 4.

The release of gut peptides such as CCK, consequent to the interaction of nutrients with the

small intestine, may modulate gut perceptions (Feinle 1998). Effects of small intestinal

nutrients on the gastric myoelectrical rhythm may also have a role; the perception of nausea

during intraduodenal lipid infusion correlates with the induction of tachygasfüa on the

electrogastrogram (Hebbard et al. 1997).

Interaction between concurrent stimuli

The combination of two or more stimuli may be much more potent in inducing perceptions

than either stimulus given alone. Gastric distension induces a sensation of epigastic

pressure, which is modified to "meal-like" fullness by concurrent duodenal nutrient
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infusion (Feinle 1998). Perceptions of nausea during intraduodenal lipid infusion are

increased by concurrent gastric distension, and further augmented when combined with

acute hyperglycaemia, in comparison to euglycaemia (Hebbard et al. 1996a). Many other

examples of "synergy" between gastrointestinal stimuli can be found, such as the induction

of nausea by the combination of intraduodenal fat and vection (Feinle et al. 1995), or of

fullness by the interaction of duodenal distension and modest hyperglycaemia (blood

glucose -10 mmol/L) (Lingenfelser et al. 1999). An understanding of meal-induced

symptoms must, therefore, take into account the interaction of mechanical and chemical

stimuli in the gut, in addition to the neurohumoral milieu.

DISORDERED UPPER GASTROINTESTINAL SENSATION: THE

AETIOLOGY OF SYMPTOMS

Traditionally, symptoms in diseases associated with disordered gastrointestinal motility

have been attributed to disordered transit of luminal contents; this is reflected in therapies

such as antispasmodics, bulk-forming agents, and prokinetic drugs which aim to restore

normal motor patterns. More recently, the concept of visceral hypersensitivity has emerged

as a basis for gastrointestinal symptoms, particularly in functional dyspepsia and initable

bowel syndrome. As well as increasing gut perception directly, visceral hypersensitivity

may potentially trigger reflexes that in turn induce abnormal motor function (Bueno et al.

ßn). Most of the information relating to the aetiology of upper gastrointestinal symptoms

concerns patients with functional dyspepsia; fewer data have been gathered in other

conditions, including diabetes mellitus.
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Patients with functional dyspepsia have a lower pain threshold (Bradette et al. l99l;

Iæmann et al. 1991) and report greater intensity of perception (Mearin et al. 1991) during

proximal gastric distension when compared to healthy volunteers, in the absence of major

differences in gastric compliance (Figure 3.1). Similarly, the pain threshold for duodenal

distension is decreased (Holtmann et al. 1996). Moreover, the perception of stimuli other

than those induced by distension is heightened in functional dyspepsia; the sensations

induced by intraduodenal lipid (Barbera et al. 1995a) and acid (Samsom et al. 1999b) are

both greater than in healthy controls.

In both functional dyspepsia and initable bowel syndrome, hypersensitivity appears to be

specific for visceral sensation; if anything the tolerance for somatic pain is greater than in

healthy controls (Mearin et al. l99l; Accarino et al. 1995). In some cases, visceral

hypersensitivity may be generalised; patients with functional dyspepsia have increased

perception of oesophageal and rectal, as well as gastric, distension (trimble et al. 1995). It

is unclear whether hypersensitivity arises from a peripheral, spinal, or cental abnormality

of the afferent pathways; however, the observation that reflex responses to distension, such

as gastric relaxation in response to duodenal distension, are also disturbed in functional

dyspepsia, suggests a defect at the peripheral level at least (Coffin et al. 1994).

Motor abnormalities, in particular impaired fundic relaxation, have been implicated in the

aetiology of early satiation in functional dyspepsia (Salet et al. 1998; Tack et al. 1998b).

Even amongst healthy volunteers, those with less postprandial proximal gastric relaxation

experience more abdominal discomfort after a soup meal (Undeland et al. 1995). However,

it is unclear whether impaired proximal gastric relaxation is a primary phenomenon in

dyspeptic patients; rather, it could be secondary to afferent dysfunction resulting in an

impaired reflex response (Malagelada 1998). Alternatively, it could result from

displacement of gastric contents to the antrum, which tends to be wider in patients with
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functional dyspepsia than healthy controls (Undeland et al. 1996); as discussed above,

antral distension may be more potent than fundic distension in generating unpleasant

symptoms. Moreover, even in a tertiary referral centre, only about 4O Vo of patients with

functional dyspepsia display impaired accommodation (Iack et al. 1998b). Interpretation of

the significance of impaired postprandial gastric relaxation may await the development of

methods to study the function of various gastric regions in a more integrated manner.

Gastric inflammation induced by Helicobacter pylori may possibly contribute to gastric

hypersensitivity in patients with functional dyspepsia, although this is controversial

(Mearin et al. 1995;Thumshirn et al. I999b); eradication therapy does not appear to result

in symptomatic improvement (Talley et al. 1999).

The importance of combinations of stimuli, as discussed earlier, is highlighted by

observations of the timing of postprandial symptoms in relation to gastric emptying of a

liquid meal in patients with functional dyspepsia (Hausken et al. 1998); gastric distension

may be an important stimulus, but postprandial symptoms only begin once gastric contents

cross the pylorus to stimulate the small intestine.

The role of higher centres in modulating gut perceptions must also be considered.

Treatment with placebo is effective in improving wellbeing in a large proportion of patients

with functional dyspepsia (80 7o of whom had improved global health status at 8 weeks),

despite no change in sensitivity of the stomach to distension (Mearin et al. 1999). In the

literature relating to irritable bowel syndrome, hypersensitivity of patients to rectal

distension, relative to controls, is less marked when distension protocols are designed to

minimise psychological influences, such as by the use of pseudo-random rather than

stepwise distensions (Whitehead and Palsson 1998). Studies relating to gastric

hypersensitivity have generally utilised only ascending stepwise distensions. Furthermore,
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IBS patients perceive even sham rectal distensions as more painful than control subjects,

and the perception of stimulus intensity can be modified by the level of arousal. As in

functional dyspepsia, heightened perception is evident for visceral but not somatic stimuli'

These observations have led to the notion that selective focus of attention on the

gastrointestinal tract, as well as a tendency to interpret gastrointestinal sensations as

symptoms of disease, are cognitive traits that predispose to IBS (Whitehead and Palsson

1998). A similar model could be proposed, albeit with less experimental evidence, in

patients with functional dyspepsia.

Recent neuroimaging studies in patients with IBS indicate differences from healthy controls

in the activation of the anterior cingulate cortex and prefrontal cortex in response to painful

rectal distension (Silverrnan etal. 1997; MerE et al. 2000); these regions are related to the

processing of emotions, and add weight to the concept of a central contribution to visceral

hypersensitivity in IBS (Read 2000). It should be noted, however, that psychological

factors do not appear to play a major role in the aetiology of functional gastrointestinal

symptoms (Talley and Phillips 1988).

EFFECTS OF AGING ON GASTROINTESTINAL SENSATION

Little attention has been paid to the effects of aging on gastroduodenal sensitivity. This is

potentially important, since sensations arising from the upper gut may be important in the

control of appetite, and in the elderly there is a decline in food intake which is out of

proportion to their decreased energy expenditure, the so-called "anorexia of aging" (Morley

and Silver 1988). When studied with balloon distension, sensitivity of the oesophagus

(Lasch et al. 1997), as well as the rectum (Lagier et al. 1999), declines with age; this may
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possibly relate to loss of neurons in the myenteric plexus (Meciano Filho et al. 1995).

Sensitivity of the proximal stomach to distension has not previously been evaluated in the

elderly, and this issue is addressed in the study reported in Chapter 16 of this thesis.

THERAPY FOR SYMPTOMS

While therapy directed at improving delayed gastric emptying was discussed in Chapter 2,

it is usually upper gastrointestinal symptoms that require ûeatnent in disorders associated

with disturbed motility. Amongst these disorders, the most intensively studied is functional

dyspepsia. Treatment aimed at relieving visceral hypersensitivity in this condition is the

focus of the following section, which will serve as a background to the discussion of

symptom management in diabetes mellitus, preseúted in Chapter 5.

Prokinetic drugs

In addition to accelerating gastric emptying, prokinetic drugs may improve symptoms by

altering visceral sensation. Both metoclopramide and domperidone, which are dopamine

antagonists, have a central antiemetic actions (Albibi and McCallum 1983). In addition,

these drugs have the potential to normalise the gastric myoelectrical rhythm in patients with

gastroparesis (Koch et al. 1989).

Cisapride, which is devoid of central effects, can nevertheless improve symptoms and

quality of life over L2 months of therapy in patients with severe dyspepsia (Abell et al.

1993). In healthy volunteers, cisapride increases preprandial hunger and decreases

postprandial fullness (Jones et al. 1996a). Some of the effect of cisapride on symptoms

may, like domperidone, relate to suppression of gastric myoelecnical dysrhythmias
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(Rothstein et al. 1993). Cisapride enhances postprandial fundic relaxation in healthy

volunteers, but increases the perception of gastric distension (Iack et al. 1998a), and may

thus be a double-edged sword in the treatment of symptoms in functional dyspepsia.

Erythromycin could potentially exacerbate upper gut symptoms; when given acutely to

healthy volunteers, it can induce sensations of upper abdominal pain and bloating (Sarna et

al. 1991), and the reduction in meal-induced fundic relaxation associated with its

administration (Bruley des Varannes et al. 1995) could simulate that observed in functional

dyspepsia. Nevertheless, erythromycin can stimulate sensations of hunger in healthy

subjects (Jones etal.I999a), although it does not have an established role in the teatment

of functional dyspepsia.

Specific mediators of viscerosensitivity

As discussed, serotonin (5HT), acting via 5tIT-3 receptors, is an important mediator of

noxious visceral sensation (Bueno et al. 1997). 5HT-3 antagonists, such as ondansetron,

reduce nausea associated with chemotherapy, and in healthy subjects decrease nausea

during intraduodenal lipid infusion with concurrent gastric distension (Feinle and Read

1996). However, alosetron appears not to influence the perception of gastric distension in

the fasting state in healthy subjects (7-erbib et al. 1994), nor does tropisetron in patients

with functional dyspepsia (Klatt et al. 1999). The 5HT-3 antagonist ondansetron has been

reported to improve postprandial epigastric discomfort in IBS patients (Maxton et al.

1996), though efficacy in patients with functional dyspepsia remains to be established; it is

possible that selected subgroups may benefit, in the same way that alosefron is useful in a

subset of patients with IBS (Jones RH et al. 1999; Camilleri et al. 2000).
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Antagonists of CCK-A receptors attenuate the sensation of meal-like fullness induced by

small intestinal lipid infusion during gastric distension (Feinle et al. 1996), but do not

reduce nociception during visceral distension; to date, these compounds remain in the realm

of research. CCK-B receptor antagonists are yet to be evaluated for their effects on the

perception of gastric and duodenal distension.

Opioids have long been known to have antinociceptive actions on visceral as well as

somatic pain, and have a central action on mu receptors, and a peripheral action on kappa

receptors (Bueno et al. 1997). In healthy volunteers, the kappa-agonist fedotozine

decreases the perception of gastric distension without altering fundic compliance (Coffrn et

al. 1996). In patients with functional dyspepsia there is less abdominal pain and bloating

after 6 weeks of oral fedotozine than with placebo (Read et al. 1997). Fedotozine also

decreases the perception of colonic distension in patients with iniable bowel syndrome

(Delvaux et al. 1999). However, the magnitude of the beneficial effect of fedotozine over

placebo has been small in these studies, and its efFrcacy is yet to be shown in large, long-

term trials in patients with functional dyspepsia.

As discussed, somatostatin receptors have a role in modulating afferent signals, and are

found in peripheral, spinal cord (dorsal horn), and supraspinal locations (Bueno et al.

1997). The somatostatin analogue octreotide has peripheral analgesic properties,

diminishing the amplitude of both spinal and cortical evoked potentials elicited by rectal

stimulation in healthy volunteers (Chey et al. 1995a), and the perception of colonic

distension in patients with initable bowel syndrome (Bradette et al. 1994). Ocfreotide

increases the threshold for perception of fullness during gastric distension, but decreases

the volume threshold for pain, probably because it reduces gastric compliance during

phasic distension (Mertz et al. 1995).
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A significant proportion of patients with functional dyspepsia, especially those with early

satiation, can have impaired relaxation of the proximal stomach after a liquid meal; this

response is restored by sumatriptan (Iack et al. 1998b), a 5IIT-1 agonist which acts

through nitrergic pathways (Coulie et al. 1999). Clonidine, an alpha-2 adrenergic agonist,

relaxes the proximal stomach, but also decreases the perception of gastric distension in

healthy volunteers. This effect, potentially useful in the freaünent of meal-induced

symptoms, contrasts with glyceryl ninitrate which induces gastric relaxation without

significant alteration in perception (Thumshirn et al. I999a).

The tachykinins, including substance P, and neurokinins A and B, play a role in mediating

hyperalgesia peripherally via neurokinin (NK) receptors;the effects of CGRP are mediated

in the same way. NK receptor antagonists are yet to be fully evaluated for their ability to

modulate gut symptoms. Bradykinin antagonists may also prove to be useful in managing

visceral pain that involves inflammatory processes (Bueno et al. 1997).

Gastric pacing

Abnormalities of the gastric myoelectical rhythm are often evident in patients with upper

gastrointestinal symptoms. In patients with intractable gastroparesis and symptoms of

nausea and vomiting, electical pacing of the stomach via implanted electrodes at a rate

close to that of the normal slow wave frequency has been successful in decreasing

symptoms over one month of treatment in an uncontrolled trial (McCallum et al. 1998). An

alternative protocol using a stimulus frequency four times that of the normal slow wave has

also relieved nausea and vomiting for up to two years, despite only marginal improvement

in gastric emptying (GEMS Study Group 1997; GEMS Study Group 1999). The effrcacy

of gastric pacing for the treatment of intractable upper gut symptoms, however, has yet to

be proven in controlled trials.
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CONCLUSIONS

In disorders such as functional dyspepsia, upper gastrointestinal symptoms appear to be

related to heightened visceral sensation, rather than being due to disordered modlity per se,

even though the two may co-exist. Increased perception of gastrointestinal stimuli may

have its origin peripherally and/or centrally. Increasing knowledge of pathways and

mediators involved in visceral sensation offers hope for more specific therapies. The

potential importance of visceral hypersensitivity in the aetiology of gastrointestinal

symptoms in diabetes mellitus is addressed in Chapters 5, 11, and 14. Age-related changes

in the perception of gastric distension are evaluated in Chapter 16.
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A. Gastric compliance (pressure-volume relationship) does not differ between patients

with functional dyspepsia and healthy controls.

B. Abdominal discomfort elicited by gastric distension is greater in patients with functional
' dyspepsia than in healthy controls, *P < 0.05.

From Mearin et al. 1991
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CHAPTER 4: GASTROINTESTINAL CONTROL OF APPETITE

INTRODUCTION

The regulation of appetite is complex, but can be considered, at least in the broadest sense,

to involve a central feeding drive which is under the inhibitory influence of peripheral

satiety signals, many of which arise from the gastrointestinal üact (Morley 1980; Morley

1990). This chapter will focus on the mechanisms mediating satiation which result from the

interaction of ingested nutrients with the gastrointestinal tract. The roles of gastric

distension, neurohumoral stimuli arising from the small intestine, and variations in the

blood glucose concentration will be discussed. Finally, changes in food intake associated

with aging will be reviewed, as an introduction to the evaluation of proximal gastric

function in the elderly, which is presented in Chapter 16.

CENTRAL CONTROL OF APPETITE

The central feeding drive is regulated primarily by the hypothalamus, though other

anatomical regions contribute (Ballinger 1994) (Figure 4.1). The arcuate nucleus of the

hypothalamus produces peptides that stimulate food intake, including neuropePtide Y

(NPY) and agouti-related peptide (AGRP), and substances that inhibit food intake,

including pro-opiomelanocortin (POMC) (the precursor for a-melanocyte stimulating

hormone) and cocaine-and-amphetamine-related transcript (CART). The paravenfficular
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nucleus of the hypothalamus produces the stimulatory hormones orexin and melanocyte-

concentrating hormone (MCH), and the inhibitory hormones oxytocin and corticotropin

releasing hormone (CRH). These hormones, together with others from the periphery

(including cholecystokinin), converge on the brainstem to influence behaviour related to

food intake and energy expenditure (Morley 1987; Read et al. 1994; Proietto 1999). The

brainstem is also subject to voluntary control by the cerebral cortex.

In the long-term regulation of food intake, body weight tends to be defended; an important

part of this mechanism is the signalling of peripheral fat stores by the circulating hormone,

leptin, which acts on the hypothalamus to inhibit NPY and AGRP, and stimulate CART

and MSH production (Proietto 1999).

GASTRIC DISTENSION

In animal models, distension of the stomach suppresses food intake, even without

exposure of the small intestine to nutrients; in the pig, distension in increments of pressure

has a much greater effect on food intake than distensions in increments of volume

(Lepionka et al. 1997), which is likely to reflect the capacity of the stomach to

accommodate large volumes, up to a point, with only small increases in pressure (Azpiroz

and Malagelada 1984).

In humans, gastric distension suppresses food intake when the intragastic volume exceeds

about 4OO mL (Geliebter et al. 1988). While the majority of studies addressing the role of

distension in inhibiting hunger have dealt with the proximal stomach, the role of distal

gastric distension is yet to be clarified. Anftal distension using the barostat induces greater
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bloating and pain than fundic distension in the fasted state (I¿dabaum et al. 1998), but has

not been evaluated under postprandial conditions. Anfial area, determined by

ultrasonography, correlates with perceptions of fullness after a meal, though not with

changes in hunger (Hveem et al. 1996; Jones et al. I997a; Santangelo et al. 1998). It is

apparent that fullness is not simply the reciprocal of hunger; for example, distension of the

proximal stomach with a barostat typically induces a much greater increase in fullness than

suppression of hunger (Hebbard et al. 1996b). Only when the small intestine is

concurrently exposed to nutrients is the perception of gasfüc distension converted from a

sensation of epigastric pressure to "mealJike" fullness (Khan and Read 1992; Feinle et al.

1996). lndeed, when the intragastric volume increases in response to an intraduodenal lipid

infusion, there is an associated decrease in hunger only if the lipid consists of long chain,

but not medium chain, triglycerides; only the former induce CCK secretion (Barbera et al.

2000). Clearly, signals resulting from the interaction of nutrients with the small intestine act

in synergy with gastric distension to generate the perception of satiation'

SMALL INTESTINAL FEEDBACK

The interaction of nutrients with the small intestine plays a major role in the regulation of

satiation. Infusion of nutrients, such as glucose or lipid, directly into the small intestine

decreases hunger and subsequent food intake (Welch et al. 1988; Lieverse et al. 1994a;

I-¿vin et al. 1998). For glucose and lipid, this effect is much greater than for the same

glucose load given intravenously (tavin et al. 1996), indicating an interaction between

nutrients and the small intestine. Satiety correlates with the length of intestine exposed to

the nutrient (Meyer et al. 1Ð8a); prolonged small intestinal exposure to nutrients appears to

be more important than gastric distension in the increase in satiety induced by the addition
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of guar gum to meals (French and Read 1994). Nevertheless, nutrient liquid is much more

satiating when delivered into the stomach, than when infused directly into the small

inrestine, indicating that the contribution of gastric distension is significant (Cecil et al.

19e8).

The characteristics of the nutrient are a critical determinant of its effect on appetite. In the

rat, only monomeric carbohydrates with affinity for the glucose transporter (for example

glucose, but not fructose) induce satiety, and glucose polymers have no effect if given with

a glucosidase inhibitor. Similarly, only fatty acids with more than l0 carbon atoms, and

only phenylalanine and L-tryptophan amongst various amino acids, inhibit food intake

(Meyer et al. 1998c). The osmolarity of small intestinal contents also influences satiety;

duodenal infusates suppress food intake in pigs in proportion to their osmolarity, even for

non-nutrient solutions (Houpt et al. 1983). Furthermore, nutrients show regional

specificity in their effects on appetite; maltose and dodecanoate have an additive effect on

satiety in rats when both are administered to either the proximal or distal small intestine, but

this effect is potentiated threefold when maltose is given distally and dodecanoate

proximally (Meyer et al. 1998c). In humans, there is some evidence that fructose, when

given before a meal, may induce greater satiety than glucose (Spiøer and Rodin 1987;

Rodin et al. 1988; Guss et al. 1994), although this is controversial (Kong et al. 1999b).

The satiating effect of fructose has been attributed to more rapid gastric emptying when

compared to glucose (Elias et al. 1968; Sole and Noakes 1989; Guss et al. 1994; Horowitz

et al. 1996);the comparative effect of small intestinal infusion of these monosaccharides on

satiation in humans has not been evaluated. In summary, the satiating effect of nutrients in

the small intestine is dependent on their osmolarity and the length and region of intestine

exposed, as well as the characteristics of the nutrient, with some interspecies differences.

These variables all reflect the ability of the nutrient to initiate feedback by neural or humoral

mechanisms.
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MEDIATORS OF NUTRIENT FEEDBACK FROM THE SMALL

INTESTINE

Neural mediators

Mucosal nerve endings appear to be important in signalling the presence of nutrients in the

small intestine; in animals, topical local anaesthetic attenuates the satiety induced by small

intestinal lipid (Greenberg et al. 1990) and hyperosmolar solutions (Houpt et al. 1983).

Capsaicin abolishes the effects of some nutrients on satiety (maltose, oleic acid, and L

phenylalanine), indicating the role of capsaicin-sensitive visceral afferent nerve fibres (Yox

and Ritter l9S8). Recent evidence in humans confirms that local anaesthetic abolishes the

perception of nausea induced by intraduodenal lipid infusion (Feinle 1998).

Humoral mediators

As with the feedback induced by small intestinal nutrients on gastric motor function, it is

the release of peptide hormones from the gut that plays a major role in the regulation of

appetite by ingested nutrients. When the release of peptides is suppressed by intravenous

octreotide, the satiating effect of small intestinal nutrients is abolished (Lavin et al. 1996;

L¿vin et al. 1998). Key peptides involved in this process include cholecystokinin and

glucagon-like peptide- 1; the role of insulin is less clear.

Cholecystokinin

Cholecystokinin (CCK) is released from endocrine cells in the upper small intestine after

ingestion of fat and protein; carbohydrate is a weak stimulus for its secretion in man

(Hopman et al. 1985). Circulating forms of CCK in humans include peptides of 58, 33,

22, and 8 amino acids; CCK-33 and CCK-8 predominate (Cantor and Rehfeld 1987).

When infused intravenously in humans, exogenous CCK-8 inhibits food intake at a buffet
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meal without inducing side-effects such as nausea (Stacher et al. 1982; Geary et al. 1992:,

Ballinger et al. 1995). The effects of CCK on appetite are potentiated by gastric distension,

and are more evident when a "preload" drink is given prior to the test meal (Muurahainen et

al. l99l; Lieverse et al. 1995a). Perceptions offullness are increased and hunger decreased

when an intragastric balloon is distended during intravenous CCK infusion compared to

saline (Melton et al. 1992), while the CCK-A antagonist loxiglumide attenuates the

sensation of meallike fullness induced by gasúic distension during concurrent

intraduodenal lipid infusion (Feinle et al. 1996). It has not been esøblished whether the

effects of CCK on appetite are modified by concurrent events other than gastric distension;

the potential interaction between CCK and the elevation of blood glucose to postprandial

levels is addressed in Chapter l0 of this thesis.

Although plasma levels of CCK may be supraphysiological in many studies where

exogenous peptide is given (Geary et al. 1992), the physiological role of CCK in appetite

regulation is supported by the observation that the CCK-A antagonist, loxiglumide, largely

reverses the inhibition of food intake resulting from intraduodenal lipid infusion (Lieverse

etal.1994a: Matzinger etal.1999) (Figure 4.2). To date, loxiglumide has not been shown

to increase food intake in the absence of intraduodenal lipid.

Animal studies indicate that both peripheral and central actions of CCK are important in the

regulation of appetite. In the periphery, the interaction of CCK with vagal afferent nerves is

demonstrated by inhibition of the satiating effects of CCK by vagotomy in rodents (Gibbs

and Smith 1936). However, central administration of CCK also has potent effects on food

intake in baboons (Figlewicz et al. 1989) and dogs (Pappas et al. 1985), and CCK binding

in the hypothalamus has been demonstrated in mice (Saito et al. 1981). The sites of action

of CCK in man are less well characterised.
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Glucagon-like peptide - I and gastric inhibitory polypeptide

The plasma insulin response to oral glucose is about 50 Vo greater than when the same load

of glucose is given intravenously; this effect is attributable to the release of peptides from

the small intestine which stimulate insulin secretion (Ihor et al. 1987; I¿vin et al. 1998).

The two known "incretin" peptides are glucagonlike peptide-l (GLP-I) and gastric

inhibitory polypeptide (GIP). When the secretion of these peptides is prevented by infusion

of octreotide, intraduodenal glucose fails to suppress food intake (I-avin et al. 1998).

Intravenous administration of GLP-I results in a dose-dependent reduction in food intake

in healthy human volunteers (Ftint et al. 1998; Gutzwiller et al. 1999), although the doses

of GLP-I that were used may be supraphysiological. Animal studies indicate a cental

action of GLP-I on appetite; intracerebrovenfücular injections inhibit food intake in rats, an

effect that is prevented by concurrent central administration of exendin, a GLP-I antagonist

(Turton et al. 1996). Studies using a specific antagonist are required to establish the role of

GLP-l in the regulation of appetite in humans.

In the rat, the release of GLP-I is dependent on the absorption of carbohydrate from the

intestinal lumen via the sodiumiglucose cotransporter (glucose or galactose) or by sodium-

independent transport (fructose); carbohydrates absorbed by other routes do not stimulate

GLP-I release (Ritzel et al. 1997). However, interspecies differences in the release of the

incretin peptides are apparent (Kong et al. 1999b). In man, orally ingested fructose is a less

potent stimulus for both GLP-I and GIP release than oral glucose (Horowitz et al. 1Ð6;

Kong et al. 1999b); it is unclear how this can be reconciled with the greater appetite

suppression reported by some investigators with fructose.

In humans, plasma GLP-I increases more after oral glucose than when the same glucose

load is infused into the duodenum (Schira et al. 1996). The reason for this is not apparent;
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the possibility ttrat gastric distension might potentiate the release of GLP-I has not been

addressed

Insulin

It is controversial whether postprandial insulin secretion influences satiation (Rodin et al.

1935). The recent observation that hyperinsulinaemia, of a level similar to that following a

meal, does not influence food intake in healthy volunteers when the blood glucose

concentration is maintained in the euglycaemic range, argues against a significant role for

insulin in short-term appetite regulation (Chapman et al. 1998).

EFFECT OF VARIATIONS IN THE BLOOD GLUCOSE

CONCENTRATION ON APPETITE

Variations in the blood glucose concenfration have long been considered a potential factor

in the control of appetite (Mayer 1953). Observations, initially in the rat, indicated that

small, transient declines in the blood glucose concentration precede the initiation of feeding;

feeding is delayed if these declines are prevented by administration of intravenous glucose

(Campfield et al. 1985). [f access to food is denied until after the return of blood glucose to

basetine, the initiation of feeding is prevented (Campfield and Smith 1986), while induction

of a decline in blood glucose with bethanechol stimulates feeding (Smith and Campfreld

1993). These findings appear also to apply in humans (Campfield et al. 1Ð6); however, it

is only the timing of feeding, and not the amount eaten or macronuûient choice, that is

influenced by this mechanism.



80

The liver may be important in signalling variations in blood glucose to the central nervous

system. The discharge of hepatic vagal afferent fibres is increased by insulin, and

decreased by glucagon administration (Niijima 1983), while glucose administered into the

portal circulation inhibits the activity of lateral hypothalamic neurons by an alpha-

noradrenergic pathway (Shimizu et al. 1983). The initiation of feeding in response to

transient declines in blood glucose is impaired following subdiaphragmatic or hepatic

vagotomy (Campfield and Smith 1990). Furthermore, neurons of the hypothalamus are

themselves sensitive to local concentrations of glucose (Oomura 1992).

In humans, elevation of the blood glucose concentration to postprandial levels does not

influence the perception of hunger in the fasted state, or subsequent food intake (I-avin et

al. 1996).It is possible, however, that there is a synergistic relationship between the blood

glucose concentration and the presence of nutrients in the small intestine; pathological blood

glucose concentrations (-15 mmol/L) are associated with an increase in nausea and

abdominal discomfort during intraduodenal lipid infusion when compared to euglycaemia

(Hebbard et al. 1997). Blood glucose levels that are closer to the "physiological"

postprandial range (- l0 mmol/L) increase the perception of duodenal distension when

compared to euglycaemia. The capacity for physiological hyperglycaemia to interact

synergistically with the nutrient stimulation of the small intestine to enhance perceptions of

satiation is therefore plausible, but is yet to be established. This issue is specifically

addressed in the study reported in Chapter 9.
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EFFECT OF AGING ON APPETITE

Malnutrition and weight loss are predictors of morbidity and mortality in the elderly

(Fischer and Johnson 1990; Rolls et al. 1995). Physical illness, the side effects of

medications, dementia and depression, as well as social and economic factors, contibute to

weight loss in older individuals (Fischer and Johnson 1990). Energy requirements decline

with aging, as a result of reductions in both basal metabolic rate and physical activity

(Briefel et al. 1995) (Figure 4.3). However, even the healthy elderly are prone to

reductions in food intake out of proportion to their diminished requirements; this has been

termed the "anorexia of aging" (Morley and Silver 1988). While the process is incompletely

understood, it has been suggested that central factors, such as an impaired opioid feeding

drive, may be important (Morley and Silver 1988).

Healthy older subjects report less hunger before meals than the young (Rolls et al. lÐ5;

Cook et al. 1997); they consume less energy, carbohydrate, and fat, and eat fewer snacks

between meals (Wurtman et al. 1988). A prominent feature of aging is an impaired ability

to adjust food intake appropriately; the capacity of older subjects to alter energy intake to

compensate for the varying energy content of a preload eaten before a meal (Rolls et al.

1995), and to modify food intake to compensate for periods of imposed over- or under-

eating, is impaired when compared to the young (Roberts et al. 1994). This may be

manifest clinically, for example, as a reduction in food intake that persists after the

resolution of a physical illness.

There is little information on how feedback on appetite from the gasüointestinal tract is

affected by aging. The number of neurons in the myenteric plexus of the human

oesophagus declines with aging (Meciano Filho et al. 1995), and the sensitivity to
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distension of the oesophagus (I¿sch et al. 1997), as well as the rectum (Lagier et al. 1999),

also decreases, as discussed in the previous chapter. The perception of gastric distension in

older subjects has not been evaluated, but is potentially an important factor in anorexia of

the aging. It seems unlikely, on the evidence from other regions of the gut, that gastric

sensitivity would be heightened with age. However, diminished gut perception could

contribute to the failure of compensation for over- and under-eating in the elderly.

Furthermore, the accommodation response of the proximal stomach to a meal may play a

role in appetite control by influencing the intagastric distribution of food, but the

characteristics of this response have not been assessed in older, as opposed to young,

subjects. The issue of proximal gastric function in the elderly is addressed in the study

reported in Chapter 16.

There is some evidence that feedback resulting from the presence of nutrients in the small

intestine is modified with age; the suppression of hunger by innaduodenal nutrient

infusions appears to be less in older subjects than the young (Cook et al. 1997), although

this is complicated by lower baseline hunger scores in the older subjects, leaving less

margin for suppression by nutrients. Plasma concentrations of CCK are higher both fasting

and after intraduodenal lipid infusion in the elderly, and this may be a factor in the

suppression of appetite (Cook et al. 1997).
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CONCLUSIONS

The regulation of human appetite is complex and not fully understood. The upper

gastrointestinal tract plays a critical role in providing feedback to the central nervous system

following ingestion of nutrients. Feedback is mediated by both neural and humoral signals;

the latter are particularly important. Small intestinal feedback on appetite, gut sensation, and

gastric motility are closely related. The following issues are addressed in this thesis:

(i) the effects of physiological hyperglycaemia on appetite during innaduodenal lipid

infusion (Chapter 9)

(ii) the potential for the effects of CCK on appetite to be modulated by physiological

changes in the blood glucose concentration (Chapter l0)

(iii) the relative effects of intraduodenal glucose and fructose on appetite and plasma

concentrations of GLP-1, GIP, and insulin (Chapter l5).

(iv) the contribution of altered sensitivity and postprandial accommodation of the proximal

stomach to the "anorexia of aging" (Chapter 16).
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Figure 4.2
Energy intake at a buffet meal following intraduadenal (ID) infusion of either saline or
lipid, together with intravenous (IV) infusion of either saline or the CCK-A antagonist

loxiglumide,in 12 healthy volunteers. Data are means t SEM. Intraduodenal lipid
inhibits food intake compared with intraduodenal saline, an effect that is abolished by

intravenous loxiglumide.
From Matzinger etal. L999
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CHAPTER 5: UPPER GASTROINTESTINAL MOTOR AND

SENSORY FUNCTION IN DIABETES MELLITUS

SUMMARY

The recent application of novel measurement techniques has demonstrated a high

prevalence of disordered motility in all segments of the gastrointestinal tract, including the

upper gut, in patients with diabetes mellitus. Potential consequences of upper gut

dysmotility include gastrointestinal symptoms, malnutrition, poor glycaemic control, and

delayed absorption of oral medications. While symptoms referable to the upper gut occur

frequently in patients with diabetes, their occurrence and severity appear to correlate poorly

with disordered motor function. The aetiology of motor abnormalities and symptoms

involving the upper gastrointestinal tract in diabetes mellitus is not well understood.

Adaptedfrom

Rayner CK, Horowitz M. Effects of diabetes mellitus on gastrointestinal motility. Emirates

MedicalJournal 1998; 16: 8l-87

Horowitz M, Rayner C, Kong M-F, Jones KL, Wishart JM, Sun V/-M, Fraser R.

Gastrointestinal motor function in diabetes mellitus: relationship to blood glucose

concentrations. J Gastroenterol Hepatol 1998; 13 (Suppl.) 5239-5245
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INTRODUCTION

It has now been established that disordered motor function, involving all regions of the

gastrointestinal tract, occurs frequently in patients with both type I and type 2 diabetes

mellitus. Potential consequences include gastrointestinal symptoms, malnutrition, poor

glycaemic control, and delayed absorption of orally administered drugs, including oral

hypoglycaemic agents (Feldman and Schiller 1983; Horowitz and Fraser 1994; Camilleri

1996). There appears to be a high prevalence of symptoms referable to the gastrointestinal

tract in diabetic patients (Feldman and Schiller 1983; Schvarcz et al. 1996; Spangeus et al.

1999; Bytzer et al. 2000a; Ricci et al. 2000). Although both abnormal gut motor function

and gastrointestinal symptoms have been attributed to irreversible autonomic neuropathy, it

is now recognised that acute changes in blood glucose concentration have a major influence

on gastrointestinal motor function, as well as the perception of gastrointestinal sensation in

normal subjects and in patients with diabetes; this subject is addressed in Chapter 6. The

rate of gastric emptying is an important determinant of postprandial blood glucose

concentrations (Horowitzet al. 1993a; Ishii et al. 1994; Schwartz et al. 1995; Jones et al.

1996b; Willms et al. 1996; Lyrenas et al. 1997), and recent studies support the concept that

modulation of gastric emptying will prove therapeutically useful in improving glycaemic

control in patients with diabetes (Nyholm et al. 1999); this latter issue is also discussed in

Chapter 6.

In this chapter, abnormalities of gastrointestinal motor function associated with diabetes

mellitus will be addressed in relation to the oesophagus, stomach, and small intestine.

Upper gastrointestinal symptoms in patients with diabetes will be discussed, followed by

an outline of the management of upper gut disorders in diabetes mellitus.
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MOTOR FUNCTION

Oesophagus

Around 50Vo of patients with longstanding diabetes have prolonged oesophageal hansit

(Steffey et al. 1986; Keshavarzian et al. I987a; Horowitz et al. 1989a; Vannini et al. 1989;

Horowitz et al. 1991). Manomeftic abnormalities include diminished amplitude of primary

peristalsis, an increase in the number of pressure waves with abnormal forms, and a

reduction in lower oesophageal sphincter pressure (Mandelstam and Lieber 1967; Hollis et

al. 1977 Loo et al. 1985; Murray et al. 1987; Horowitz and Smout 1993); peristaltic failure

is the major mechanism of delayed transit (Holloway et al. 1999). Impaired peristaltic

function may predispose to retention of tablets or capsules, resulting in localised

oesophagitis (Horowitz and Smout 1993). The prevalence of gastro-oesophageal reflux

disease appears to be increased in diabetes mellitus (Lluch et al. 1999).

Oesophageal dysmotility in patients with diabetes correlates reasonably well with the

presence of peripheral or autonomic neuropathy (Mandelstam and Lieber 1967; Hollis et al.

1977; Keshavarzian et al. 1987a: Munay et al. 1987; Rathmann et al. 1991). Nevertheless,

dysmotility can occur without clinical evidence of neuropathy (Keshavarzian et al. 1987a),

and acute hyperglycaemia has recently been shown to affect oesophageal motor function in

normal volunteers (De Boer et al. 1992; Boeckxstaens et al. 1997); this is discussed in

detail in Chapter 6. To date, the effect of hyperglycaemia on oesophageal motility in

patients with diabetes has not been evaluated. Prolonged oesophageal transit cannot be

regarded as a marker for delayed gastric emptying in diabetes, as the correlation between

the two is weak (Horowitz et al. 1991).
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Stomach

Delayed gastric emptying has long been recognised as a complication of diabetes mellitus

(Rundles 1945); the term "gastroparesis diabeticorum" was coined by Kassander in 1958

(Kassander 1958). [n fact, 30 - 50 Vo of adults with longstanding type 1 and type 2

diabetes mellitus have delayed gastric emptying for solids, liquids, or both (Horowitz et al.

1986; Keshavarzian et al. 1987b; Horowitz et al. 1989a; 'Wegener et al. 1990; Horowitz et

al.I99l;Ziegler et al. lÐ6; Lyrenas etal. 1997) (Figure 5.11. Although a wide range of

gastric emptying values is observed (Nowak et al. 1995), the magnitude of delay is

relatively modest in many patients (Jones et al. 1995b); moreover the correlation between

solid and liquid emptying is relatively weak (Horowitz et al. 1991). Intragastric meal

distribution is also frequently abnormal, with increased retention of solids in the proximal

stomach (Urbain et al. 1993; Jones et al. 1995b). It has been suggested that delayed gastric

emptying is associated with a very poor prognosis, but followup of a large cohort of

patients with diabetes over several years has indicated that mortality is not increased in

those with delayed emptying (Kong et al. 1999c). In a minority of patients with

longstanding diabetes, gastric emptying is more rapid than normal (Keshavarzian et al.

1987b; Horowitz et al. 1991); it has been suggested that more rapid emptying is

characteristic of "early" type 2 diabetes (Phillips et al. 1992; Frank et al. 1995; Schwartz et

al. 1996), though this observation has not been confirmed subsequently (Jones et al.

1996b).

The motor mechanisms responsible for delayed gastric emptying are complex, and

heterogeneous. The potential for variations in the blood glucose concentration to affect

motor function is a confounding factor that has not been taken into account in most studies.

In the interdigestive state, there may be a reduction in antral phase III activity (Camilleri and

Malagelada l9S4). Postprandial antral motility is diminished (Samsom et al. 1996), and, in

particular, the organisation of antroduodenal motor patterns is abnormal, so that the number
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of antral pressure waves associated with duodenal pressure waves is diminished (Fraser et

al. 1993c). Antral width is increased after a liquid meal in patients with diabetes compared

with healthy controls (Undeland et al. 1996; Undeland et al. 1997), indicative of abnormal

distribution of contents within the stomach. In one study, high pyloric pressures were

reported in patients with symptoms of nausea and vomiting (Mearin et al. 1986), though

the manometric technique in this study, which used multiple sideholes rather than a sleeve,

may have been suboptimal. When studied during euglycaemia with a pyloric sleeve sensor,

patients with diabetic gastroparesis did not show excessive pyloric motility (Fraser et al.

1993c), though more information regarding pyloric function in patients with diabetes is

needed. Fasting proximal gastric tone is decreased, while the accommodation response of

the proximal stomach to a nutrient liquid meal is less than in healthy controls (Undeland et

al. 1997; Samsom et al. 1998a) (Figure 5.2). Although the latter appears to favour

redistribution of liquid meals from the proximal to the distal region of the stomach

(Troncon et al. 1998; Undeland et al. 1998b), solids are retained in the proximal stomach to

a greater degree than in healthy subjects, correlating with delayed emptying of solids from

the stomach overall (Jones et al. 1995b).

Although the relationship between gastric emptying and glucose absorption remains to be

fully defined, it is clear that changes in the rate of gastric emptying have a substantial

influence on the postprandial blood glucose profile (Horowitz et al. 1993a; Schwartz et al.

1994: Corvilain et al. 1995; Jones et al. 1996b; Lyrenas et al. 1997). Interventions to

improve glycaemic control in diabetes mellitus by modulating gastric emptying are

appealing, and are discussed in detail in Chapter 6.

Little attention has been paid to the impact of delayed gastric emptying on the absorption of

orally administered medications. Most drugs are absorbed much more rapidly from the

small intestine than the stomach, because the small intestine has a larger surface area. To
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what extent delayed absorption affects pharmacotherapy in the diabetic population is

uncertain (Hebbard et al. 1995b), but this issue may be particularly important in patients

treated with short-acting insulin secretagogues such as repaglinide.

Small intestine

Abnormalities of small intestinal motility occur frequently in patients with diabetes mellitus

(Camilleri and Malagelada 1984;Dooley et al. 1988;Kim et al. lÐ1; Jebbink et al. 1993).

Again, the blood glucose concentation may influence motility reversibly, as discussed in

Chapter 6, though for the small intestine this has only been addressed in healthy

volunteers. This is an important issue, as the blood glucose concentration has been

maintained in the euglycaemic range in only one study of small intestinal motor function in

patients with diabetes (Jebbink et al. 1993).

In the fasted state, the duration of phases I and III of the migrating motor complex may be

reduced, with an increased velocity of propagation of pressure waves (Dooley et al. 1988),

and an increased frequency of duodenal and jejunal waves during phase II (Jebbink et al.

1993). Postprandially, bursts of non-propagated pressure waves may occur (Camilleri and

Malagelada 1984), along with an early recunence of phase III activity (Samsom et al.

1996). Duodenal transport of chyme, assessed by an impedance method, is frequently

disordered (Nguyen et al. 1997). Altered small intestinal motility may have implications for

intestinal glucose absorption; suppression of duodenal motility by loperamide has recently

been shown to delay glucose absorption in healthy volunteers (Samsom et al. 1999a). The

contribution of small intestinal motor and absorptive function to postprandial blood glucose

concentrations is discussed further in Chapter 6; this relationship has not been addressed to

date in patients with diabetes.
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Small intestinal (or oro-caecal) transit appears to vary widely amongst patiens with

diabetes, and may be slow or rapid, though a majority of patients are within the normal

range (Keshavarzian and Iber 1986; Dooley et al. 1988; Wegener et al. 1990; \Werth et al.

1992). The reasons for such variability are uncertain; neither slow nor rapid transit is

associated with the presence of autonomic neuropathy (Werth et al. 1992), and delayed

small intestinal transit does not correlate with delayed gastric emptying (Rosa-e-Silva et al.

1996). The potential contribution of abnormal small intestinal transit to upper

gastrointestinal symptoms, for example by increasing the exposure of the small intestine to

nutrients when transit is rapid, has not been evaluated. Dianhoea is reported in as many as

2O7o of patients with diabetes (Feldman and Schiller 1983), and while classically nocturnal,

may occur at any time of day, often associated with faecal incontinence. Rapid transit,

particularly through the distal small intestine, may be of aetiological importance (Rosa-e-

Silva et al. 1996), by decreasing the time of exposure of intestinal contents to the

absorptive surface. However, there is also evidence that impaired cr-adrenergic control of

fluid and electrolyte üansport may play a role (Chang et al. 1985). Other causes of chronic

diarrhoea, particularly coeliac disease (the prevalence of which is increased in type 1

diabetes) and pancreatic exocrine insufficiency, must be excluded; the prevalence of small

intestinal bacterial overgrowth may be modestly increased in patients with diabetes

(Spengler et al. 1989), and should be considered in the management of diarrhoea (Virally-

Monod et al. 1998).

UPPER GASTROINTESTINAL SYMPTOMS IN DIABETES MELLITUS

Symptoms referable to upper gut dysfunction, such as anorexia, early satiety, and nausea,

appear to occur with increased frequency in patients with diabetes mellitus when compared
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with non-diabetic controls (Feldman and Schiller 1983; Schvarcz et al. 1996), though this

has been controversial (Janatuinen et al. 1993; Enck et al. 1994). Females (Schvarcz et al.

1996; Spangeus et al. 1999), and patients with anxiety or affective states (Clouse and

Lustman 1989), may have a greater symptom prevalence. The lack of a validated measure

for symptoms in diabetes, and of appropriate control groups for comparisons, are likely to

contribute to these inconsistencies. Only recently has population-based (as opposed to

outpatient-based) data become available (Byøer et al. 2000a; Maleki et al. 2000; Ricci et al.

2000). Recent evidence indicates that the prevalence of such symptoms may be influenced

by glycaemic control, with symptoms being more common in patients with higher glycated

haemoglobin values (Schvarcz et al. 1996;Van der Does et al. I996;Bytzer et al. 2000b).

AETIOLOGY OF MOTOR DYSFUNCTION AND SYMPTOMS IN

DIABETES

The abnormalities of gastrointestinal function described in patients with diabetes have

traditionally been attributed to irreversible autonomic neuropathy (Rundles 1945), and their

prevalence is generally greater in patients with evidence of cardiovascular autonomic

neuropathy (Horowitz et al. 1986; V/egener et al. 1990), which is taken as a marker of

neuropathy affecting the gastrointestinal tract, in the absence of a direct test for the latter.

However, the correlation between disordered motility and abnormal tests of autonomic

function is relatively weak (Channer et al. 1985; Keshavarzian et al. 1987b; Horowitz et al.

1989a; V/egener et al. 1990; Horowitz et al. 1991; rWerth et al. 1992; Jebbink et al. 1993).

Regarding the aetiology of gastrointestinal symptoms, no association has been observed

between symptoms and abnormal tests of autonomic function in a large grouP of patients

with type 1 and type 2 diabetes (Clouse and Lustman 1989). Cortical evoked potentials, as
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used in the study reported in Chapter 12, provide a method of studying afferent autonomic

pathways. The finding, by this technique, of delayed vagal afferent conduction in patients

with diabetic gastroparesis and upper gastrointestinal symptoms, might indicate a role for

autonomic neuropathy in the aetiology of symptoms (Tougas et al. 1992b). However,

when afferent conduction is severely impaired, as manifested by absent cortical evoked

responses to oesophageal stimulation, symptoms may be absent (Rathmann et al. 1991). A

major limitation is the lack of studies evaluating sensory pathways from the stomach or

small intestine, as opposed to the oesophagus.

'While a number of animal models of diabetes have demonstrated marked morphologic

changes in sympathetic and parasympathetic nerves supplying the gut, and in the myenteric

plexus (Monckton and Pehowich 1980; Schmidt et al. 1981; Lincoln et al. 1984; Yagihashi

and Sima 1985;Yagihashi and Sima 1986;Zhanget al. 1990; Ordog et al. 2000), there has

been little evidence of a fixed pathological process in either smooth muscle or neural tissue

in humans (Yoshida et al. 1988); however, a recent report indicates the presence of gastric

smooth muscle degeneration with eosinophilic inclusion bodies in a small number of

patients with intractable gastroparesis (Ejskjaer et al. 1999} At the cellular level, changes in

animal models of diabetes include defective cholinergic transmission (Nowak et al. 1986),

decreased NO synthase expression in the myenteric plexus (Takahashi et al. 1997; \ù/atkins

et al. 2000), impaired NO-mediated relaxation of the duodenal smooth muscle (Martinez-

Cuesta et al. 1995), and decreased release of VIP (Belai et al. 1987).

It has been assumed that "dyspeptic" symptoms, such as nausea or epigasúic discomfort,

arise from flow disturbances resulting from gastroparesis (Feldman and Schiller 1983), but

their occurrence correlates poorly with delayed gastric emptying (Horowitz et al. 1989a;

Iber et al. 1993), and symptoms occur even when fasting. Their aetiology is likely to be

multifactorial (Horowitz and Fraser 1994). Type I diabetic patients with severe upper
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gastrointestinal symptoms have greater perception of proximal gastic distension, when

studied during euglycaemia, than healthy controls (Samsom et al. 1995) (Figure 5.3); the

symptoms of nausea, bloating, and upper abdominal pain induced by distension resemble

their postprandial complaints, suggesting the possibility that increased sensitivity of gastric

mechanoreceptors, or of afferent pathways or cental processing, is contributing to their

aetiology. Whether hypersensitivity to gastric distension is a generalised finding in patients

withdiabeteshasnotbeendetermined;this issue is addressed in Chapter 11. Patients with

functional dyspepsia display an increased sensitivity to both gastric distension (Mearin et

al. 1991) and the presence of nutrients in the duodenum (Barbera et al. 1995a); it is not

known whether symptoms in patients with diabetes may similarly be related to

hypersensitivity to intestinal nutrients; this is addressed in the study reported in Chapter 14.

A further parallel between diabetes mellitus and functional dyspepsia is the common finding

of increased antral width after meals, which may be related to postprandial discomfort

(Undeland et al. 1996) and fullness (Jones et al. 1997a). \Whether the prevalence of

Helicobacter pylori infection is increased in diabetes is conüoversial (Oldenburg et al.

1996; Persico etal.l996;de Luis et al. 1998; Gasbanini et al. 1998), but recent evidence

suggests that this is not the case in patients with type I diabetes (Dore et al. 2000).

Moreover, the rote of Helicobacterin causing symptoms in the absence of peptic ulceration

is uncertain.

The potential for at least some of the disturbances in motor or sensory function to be

reversible, and related to acute changes in the blood glucose concentration, has been

mentioned earlier. This is an important issue as nearly all previous studies of

gastrointestinal function in patients with diabetes have not taken the potential effect of the

blood glucose concentration into account. Most animal models of diabetes have not

attempted to differentiate the effects of hyperglycaemia from those of diabetes per se

(Quigley 1997); however, the defective cholinergic transmission in the myenteric plexus of
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rats with streptozotocin-induced diabetes was improved with administration of insulin

which normalised the blood glucose concentration (Nowak et al. 1986). Similarly,

diminished expression of NO synthase is reversed by insulin treatrnent (V/atkins et al.

2000). The specific effects of hyperglycaemia on the upper gut, and the potential

mechanisms mediating these effects, are considered in the following chapter.

MANAGEMENT OF DISORDERED MOTILITY AND SYMPTOMS IN

DIABETES MELLITUS

Given the impact of hyperglycaemia on gastrointestinal motor and sensory function, which

is discussed in deøil in Chapter 6, the optimisation of glycaemic conûol is likely to be

important in the management of motility disorders and symptoms related to the upper gut in

diabetes mellitus. However, evidence to support this, such as improvements observed in

both delayed gastric emptying and symptoms when normoglycaemia is restored by

pancreatic transplantation, is largely anecdotal (Gaber et al. 1991). Measures specific to

each upper gastrointestinal region are discussed below.

Oesophagus

Management of symptomatic oesophageal dysfunction in patients with diabetes initially

requires endoscopy to exclude mucosal disease (reflux oesophagitis, candidiasis, or

neoplasia) and, if necessary, manometry and pH studies (Parkman and Schwartz 1987).

Patients should be advised to take oral medications with ample fluids. Prokinetic drugs,

such as metoclopramide or cisapride, may be tried, although there is little evidence that they

are beneficial (Maddern et al. 1985; Horowitz et al. 1987b). While fludrocortisone has been

reported to improve delayed oesophageal transit in diabetes (Jorgensen et al. 1991), the
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mechanisms underlying this effect are uncertain, and additional confirmation of its efficacy

is indicated before recommending its use.

Stomach

Investigation of patients with diabetes and upper gastrointestinal symptoms referable to the

stomach requires endoscopy, and possibly barium contrast studies, to exclude mucosal

pathology and obstructive lesions (Horowitz and Smout 1993). Scintigraphy represents the

gold standard for the diagnosis of delayed gastric emptying; ideally, emptying of both

solids and nutrient liquids should be evaluated using a dual isotope technique (Horowitz

and Dent l99l), and the gastric emptying measurement performed during euglycaemia. At

the very least, the blood glucose concentration should be monitored, to determine whether

poor glycaemic control is potentially a reversible factor contributing to delayed emptying.

Radioisotope breath tests are becoming available as a measure of gastric emptying, and

have the potential to be a useful screening test (Ziegler et al. 1996; l.ee et al. 2000b); as yet

they have not been validated in patients with markedly delayed gastric emptying (I-ee et al.

2000a). When gastric emptying tests are not readily available it is reasonable to give a tial

of therapy for perhaps four to six weeks. Gastric emptying should, however, be measured

in all patients who do not improve.

\ù/hen associated with gastrointestinal symptoms, impaired gastric motor function in

diabetes is usually treated with one of the prokinetic agents, which include cisapride,

metoclopramide, domperidone, and erythromycin; they are discussed in detail in Chapter 2.

Erythromycin is the most potent agent, capable of increasing gastric emptying to a rate

greater than normal when given acutely by the intravenous route (Janssens et al. lÐ0;

Urbain et al. 1990b), but cisapride is usually the agent of first choice. It is well-tolerated,

although its potential to induce arryhthmias associated with a long QI interval is a major



99

issue (Tonini et al. 1999), as discussed previously. While the acute effects of the prokinetic

drugs in diabetic gastroparesis are well documented, it is less well established that the

acceleration of gastric emptying is maintained with long-term use. Several studies have

reported that improvements in gastric emptying are maintained over weeks or months with

cisapride (Horowitz et al. 1987b; Abell et al. 1991) and erythromycin (Urbain et al. 1990b;

Richards et al. 1993), while others indicate that the effects of metoclopramide (Schade et al.

1985), domperidone (Horowitzetal. 1985; Koch et al. 1989), and also cisapride (Stacher

et al. 1999) are diminished with chronic use. Recent observations indicate that acute

hyperglycaemia attenuates the prokinetic effect of erythromycin in both healthy volunteers

(Jones et al. 1999a: Jones et al. 1999b) and patients with diabetes (Petrakis et al. 1999), as

discussed in Chapter 6. It is not known whether the actions of other prokinetic drugs are

impaired during hyperglycaemia, but if so, the diminished effect of these drugs with long-

term use may be a result of worsening glycaemic control. The D2 dopamine receptor

antagonist, levosulpiride, has been reported to improve gastric emptying, as well as

glycaemic control and symptoms after six months therapy in diabetic gastroparesis (Melga

et al. 1997), but is not widely available outside Europe. The kappa opioid antagonist,

fedotozine, has been ineffective in improving delayed gastric emptying and symptoms in

patients with diabetes (Jones 2000).

'While, in general, the magnitude of the improvement in gastric emptying with prokinetic

therapy is dose-dependent, this correlates poorly with improvement in symptoms

(Horowitz et al. 1985; Horowitz et al. 1987b; McHugh et al. 1992), highlighting the

complex aetiology of disturbed gastrointestinal sensation. It may prove possible in the

future to modulate sensory feedback from the gut by pharmacological means. It appears

that implantable gastric pacemakers, which restore the normal electrical rhythm to the

stomach, may have a role in the management of intractable nausea and vomiting (McCallum

et al. 1998).
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As discussed, the observation of a wider gastric antrum in patients with diabetes when

compared to healthy controls, has been implicated in the aetiology of postprandial

symptoms (Undeland et al. 1996). Glyceryl trininate induces redistribution of gastric

contents from the distal to the proximal stomach, reducing anfal area in patients with

diabetes (Undeland et al. 1998a). Unfortunately this is not associated with the anticipated

improvement in postprandial symptoms, highlighting the complex relationship between

abnormal motor function and upper gut symptoms.

Surgery may generally best be avoided in diabetic patients with upper gut motor

dysfunction or symptoms, as only a minority may benefit and some may deteriorate

(Horowitz and Dent 1991). However, a recent report indicated a favourable outcome in

three of four patients with intractable vomiting who underwent resection of the majority of

the stomach with a Roux-en-Y jejunal loop (Ejskjaer et al. 1999); such therapy should be

reserved for specialised units after thorough evaluation. In some patients, approaches to

facilitate enteral feeding, such as formation of a jejunostomy, may be required'

Small intestine

The treatrnent of diarrhoea in patients with diabetes is largely empirical, using agents that

slow small and large bowel transit, such as loperamide. The cr-adrenergic agonist clonidine

may also be of benefil (Fedorak et al' 1985). The glucose hydrogen breath test may be used

to diagnose bacterial overgrowth, which usually responds to antibiotic therapy ffirally-

Monod et al. 1998)
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CONCLUSIONS

Abnormalities of motor and sensory function of the gastrointestinal tract are being

increasingly recognised as a major cause of morbidity in patients with diabetes mellitus.

Recent research has increased our understanding of their pathogenesis and clinical

significance, and is providing guidance for an optimal approach to treatment. Further

studies are required to characterise patterns of motor dysfunction, and to assess the

prevalence and aetiology of symptoms.

Relevant issues addressed in this thesis include:

(i) whether proximal gastric compliance and the perception of gastric distension in patients

with type I diabetes, not selected on the basis of gastrointestinal symptoms, differs from

healthy controls, when studied during euglycaemia (Chapter I l).

(ii) whether disordered duodenal motility influences glucose absorption in patients with

type 1 diabetes mellitus (Chapter 14).

(iii) whether the antropyloric motor response to, and the perception of, intraduodenal

nutrients differs between patients with type I diabetes and healthy controls (Chapter 14).



to2

Retention at
100 min (7o)

(min)

Solid

-o
a
a

P<).001

Contml Diabetic

Liquid

P<0.02

100

80

60

40

20

0 a

70

60

50

40

30

20

10

0

a

b
Ð

T50

aa

Control Diabetic

Figure 5.1
Gastric emptying of solid (100 g minced beef) (Vo retention at 100 min) and liquid
(150 mL l}Vo dextrose) (T50) in healthy subjects and patients with type 1 and type 2

diabetes mellitus, measured with a dual isotope radionuclide technique.
(Horizontal lines represent median values.)
From Jones et al. 1995.

¡
aI

¡

a
D
aTt



103

J
E
c)
ct)
tr
G

o
o
E
5
o

0

50

100

150

200

250

300
0 0

tlme (mln)

type I diabetes patients

controls

Figure 5.2
Chãnges in the volume of an intragastric bag maintained at constant presure after ingestion

of a 200 mL nutrient drink, in 10 healthy volunteers and 8 patients with type 1 diabetes and

upper gastrointestinal symptoms. Data are means t SEM. Postprandial gastric relaxation

is impaired in the diabetic patients (area under curve' P < 0'04)'

From Samsom et al. 1998.

)
\ )



104

100

80

60

40

20

0

o
L
oo
3n

E
o
CL

E

lt

0 100 200 300 400

lntragastric volume (mL)

s00 600

+ type 1 diabetes patients

controls

Figure 5.3
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CHAPTER 6: RELATIONSHIPS OF UPPER

GASTROINTESTINAL MOTOR AND SENSORY FUNCTION

\ryITH GLYCAEMIC CONTROL

Disordered gastrointestinal function in diabetes mellitus has previously been attributed to

the presence of irreversible autonomic neuropathy, but as outlined in the previous chapter,

the correlation between the two is relatively weak. Acute changes in the blood glucose

concentration have a major, reversible effect on oesophageal, gastric, intestinal,

gallbladder, and anorectal motility, in both healthy subjects and patients with diabetes

mellitus. For example, gastric emptying is slower during hyperglycaemia than

euglycaemia, and accelerated during hypoglycaemia. Acute hyperglycaemia also affects

perceptions arising from the gastrointestinal tract and may, accordingly, be important in the

aetiology of gastrointestinal symptoms in diabetes. Elevations in blood glucose that a¡e

within the normal postprandial range also affect gastrointestinal motor and sensory

function. Upper gastrointestinal motor function is a critical determinant of postprandial

blood glucose concentrations by influencing the absorption of ingested nutrients.

Interventions that reduce postprandial hyperglycaemia, by modulating the rate of gastric

emptying, have the potential to become mainstream therapies for diabetes mellitus.

Adaptedfrom:

Rayner CK, Samsom M, Jones KL, and Horowitz M. Relationships of upPef

gastrointestinal motor and sensory function with glycemic contol (Review). Diabetes Ca¡e

(in press).
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INTRODUCTION

Recent studies have provided important insights into the complex relationships between

upper gastrointestinal function and glycaemic confiol in diabetes mellitus; it is now

recognised that postprandial blood glucose concentrations are both a determinant of, as well

as determined by, the delivery of nutrients from the stomach into the small intestine.

Furthermore, the prevalence of upper gastrointestinal symptoms, which occur frequently in

patients with diabetes mellitus (Bytzer et al. 2000a; Ricci et al. 2000), is related to

glycaemic control (Schvarcz et al. 1996;Bytzer et al. 2000b).

Disordered gastrointestinal function in diabetes mellitus has been atfübuted to ineversible

autonomic neuropathy (Horowitz and Dent 1991), but it is now clear that acute changes in

the blood glucose concentration have a major, reversible influence on upper gut motor and

sensory function. Marked hyperglycaemia (blood glucose concentration -15 mmol/L)

appears to affect every region of the gastrointestinal tract. Smaller elevations of the blood

glucose that are within the normal postprandial range (8 - l0 mmol/L) also influence gut

function, and may be important in the regulation of gut motility and sensation in healthy

individuals.

It is now accepted that glycaemic control, as assessed by glycated haemoglobin

concentrations, is a major determinant of both the development and progression of diabetic

microvascular complications (DCCT 1993; UKPDS Group 1998). The contribution of

transient postprandial hyperglycaemia has only recently been demonstrated (Ceriello lÐ8);

recognition of its importânce is reflected by the development of short-acting insulins such

as lispro, and insulin secretogogues such as repaglinide. Upper gastrointestinal motor

function, particularly the rate of gastric emptying, is a major determinant of posþrandial
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blood glucose concentrations, and there is increasing support for the concept that the

modulation of gastric emptying could be used to optimise glycaemic control in diabetes

(Kolterman et al. 1995).

The purpose of this chapter is to summarise cunent knowledge relating to the effects of the

blood glucose concentration on gastrointestinal motor and sensory function, and the impact

of upper gastrointestinal function on glycaemic control.

EFFECTS OF THE BLOOD GLUCOSE CONCENTRATION ON UPPER

GASTROINTESTINAL MOTOR AND SENSORY FUNCTION

The majority of studies which have evaluated the effects of acute changes in the blood

glucose concentration on gastrointestinal motor and sensory function have involved healthy

subjects;furthermore, studies in patients with diabetes have usually not taken any account

of the blood glucose concentration. Nevertheless, observations in both patients with

diabetes and animal models have, in general, been consistent with those obtained in healthy

humans. Most studies have focussed on gastric motility and emptying, and there is less

information about small intestinal motility or sensory function of the upper gut. Information

about the impact of chronic, as opposed to acute, glycaemic control on gut function is also

limited, although it appears that acute changes in the blood glucose concentration play the

dominant role.
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Motor function

Oesophagus

As discussed in the previous chapter, delayed oesophageal transit and abnormal

oesophageal motility occur frequently in patients with long-standing diabetes (Holloway et

al. 1999), and the prevalence of gastro-oesophageal reflux disease also appears to be

increased (Lluch et al. 1999). In healthy volunteers, marked hyperglycaemia (blood

glucose -15 mmol/L) decreases lower oesophageal sphincter pressure and the velocity of

oesophageal peristalsis, but increases the duration of peristaltic waves, when compared to

euglycaemia (De Boer et al. 1992). In contrast, "physiological" hyperglycaemia (blood

glucose -8 mmol/L) increases the perisøltic velocity compared to euglycaemia (^4 mmol/L)

(Boeckxstaens et al. 1997).In both healthy subjects and patients with gastro-oesophageal

reflux disease, the majority of reflux episodes are associated with spontaneous relaxation of

the lower oesophageal sphincter (Dodds et al. 1982; Dent et al. 1988); in healthy subjects

the number of transient sphincter relaxations is increased during hyperglycaemia (Zhang et

al. 2000). The effects of acute hyperglycaemia on oesophageal motility have not been

formally evaluated in patients with diabetes mellitus.

Stomach

Initial studies of the effects of acute changes in the blood glucose concentration on gastric

emptying were performed in healthy subjects. Stunkard reported in 1957 that intravenous

glucose abolished gastric "hunger contractions" measured with an infragastric balloon

(Stunkard 1957), while Aylett established in 1962 that there is an inverse relationship

between the rate of gastric emptying of water and the blood glucose concentration, when

the latter was increased with intravenous glucagon, or decreased with insulin (Aylett 1962).

Acute hyperglycaemia, induced by intravenous glucose infusion, was subsequently shown
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to slow the emptying of nutrient-containing liquid and solid meals (MacGregor et al.

1976b; Oster-Jorgensen et al. 1990). Conversely, gastric emptying of both solids and

liquids is accelerated during insulin-induced hypoglycaemia (Schvarcz et al. 1995b).

As early as 1937, Ferroir reported that, in patients with diabetes, stomach contractions

were "slow, lack vigor, and die out quickly", and that üeaûnent with insulin "alleviates

secretory and motor abnormalities even without resulting in hypoglycaemia" (Saløman and

McCallum 1983). In patients with type 1 diabetes mellitus, as in healthy subjects, acute

hyperglycaemia (blood glucose 16 - 20 mmol/L) slows emptying of both solids (Fraser et

al. 1990; Samsom et al. 1997a), and nutrient liquids (Fraser et al. 1990), when compared

to euglycaemia (5 - 8 mmol/L) (Figure 6.l). It is not known whether the response to

hyperglycaemia is dependent on the rate of gastric emptying during euglycaemia or

previous (long-term) glycaemic control, although it is clear that hyperglycaemia slows

gastric emptying even in patients with established autonomic neuropathy (Samsom et al.

1997a). The effect of acute hyperglycaemia on gastric emptying in patients with type 2

diabetes has not been specifically studied, although in a cross-sectional study of type 2

patients, both the emptying of liquids and the duration of the lag phase for solids were

related to the blood glucose concentration (Horowitz et al. 1989a), suggesting that gastric

emptying is also slowed by acute hyperglycaemia in this group. In patients with

uncomplicated type I diabetes, gastric emptying is accelerated markedly during

hypoglycaemia when compared to euglycaemia (Schvarcz et al. 1993), as in healthy

subjects (Schvarcz et al. 1995b); it is not known whether hypoglycaemia has the capacity to

accelerate gastric emptying in patients with autonomic neuropathy and esøblished

gastroparesis; nor have patients with typr' 2 diabetes been studied. Hyperglycaemia has

recently been shown to attenuate the prokinetic effect of intravenous erythromycin on

gastric emptying in both healthy subjects (Jones et al. I999a) and patients with diabetes

(Petrakis et al. 1999); it is not known whether the action of other prokinetic drugs is
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impaired by hyperglycaemia, although this would appear likely. The effects of extreme

hyperglycaemia (blood glucose concentrations > 20 mmol/L) have not been formally

evaluated, although it is well recognised that diabetic ketoacidosis may be associated with

nausea, vomiting, and acute gastric dilatation.

Changes in the blood glucose concentration that are within the normal range also influence

gastric emptying; emptying of solids and liquids is slower at a blood glucose of I mmol/L

than 4 mmol/L, in both healthy subjects and patients with type I diabetes (Schvarcz et al.

1997) (Figure 6.2). The acceleration of gastric emptying by erythromycin is also impaired

by "physiological" hyperglycaemia (Jones et al. 1999b). There is, accordingly, a dose-

dependent relationship between the rate of gastric emptying and the blood glucose

concentration, as reflected in progressively slower absorption of glipizide, as the blood

glucose increases above 7 mmol/L (Groop et al. 1989).

As discussed in Chapter 1, the rate of gastric emptying is determined by the integrated

activity of the proximal stomach, antrum, pylorus, and duodenum (Horowitz and Dent

1991). A number of studies have evaluated the motor mechanisms by which

hyperglycaemia influences gastric emptying, though only one study to date has involved

patients with diabetes mellitus, and this focussed on the distal stomach (Samsom et al.

1997a). A compliant proximal stomach may potentially act as a reservoir for solids in the

slowing of gastric emptying (Heddle et al. 1989); marked hyperglycaemia (-15 mmol/L)

increases the compliance of the proximal stomach in healthy volunteers (Hebbard et al.

1996b) (Figure 6.3), and decreases fundic tone during intraduodenal lipid infusion

(Hebbard et al. 1996a), when compared to euglycaemia. The effects of acute

hyperglycaemia on the proximal stomach have not been studied in patients with diabetes;

nor have the effects of elevation of the blood glucose within the physiological range been

evaluated in healthy subjects; these issues are explored in Chapters 8 to ll.
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Acute hyperglycaemia suppresses the frequency and propagation of anffal pressure waves

under fasting and postprandial conditions (Barnett and Owyang 1988; Bjornsson et al.

1994; Hasler et al. 1995). Although most evident during marked hyperglycaemia (blood

glucose -14 mmol/L), suppression of antr¿l motility is apparent from a threshold blood

glucose concentration as low as 8 mmol/L (Barnett and Owyang 1988; Hasler et al. 1995)

(Figure 6.4); this dose-response relationship is concordant with that observed between the

rate of gastric emptying and the blood glucose concentration. In patients with type I

diabetes, both the antral motility index (derived from frequency and amplitude), and the

number of propagated postprandial antral waves, are less during hyperglycaemia (blood

glucose concenüation 16 - 19 mmol/L) when compared to euglycaemia (5 - 8 mmol/L)

(Samsom et al. 1997a). Marked hyperglycaemia (-15 mmol/L) stimulates phasic pressure

waves localised to the pylorus in healthy subjects during fasting (Fraser et al. 1991b); the

effects of hyperglycaemia on pyloric motility in diabetes have not been evaluated. Acute

hyperglycaemia is associated with an increased prevalence of tachygastria in both healthy

subjects (Hasler et al. 1995) and patients with type I diabetes mellitus (Jebbink et al.

l9g4), suggesting that altered gut motility and perception may be related to abnormalities of

the gastric myoelectrical rhythm.

There is some evidence that "physiological" changes in the blood glucose concenfration act

synergistically with stimuli arising from the small intestine to slow gastric emptying. For

example, at a blood glucose concentration of 10 mmol/L, the phasic and tonic pyloric

responses to duodenal distension are greater than during euglycaemia (Lingenfelser et al.

1999). \ühether a similar synergistic relationship exists between physiological

hyperglycaemia and the presence of nutrients in the small intestine remains to be evaluated,

and this issue is discussed in Chapters 9 and 10.
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The motor correlates of the acceleration in gastric emptying during hypoglycaemia are

poorly defined and no studies have been performed in patients with diabetes. In fasting

healthy subjects, hypoglycaemia does not appear to stimulate antral or duodenal pressures

(Fraser et al. 1991a), but does induce jejunal motor activity. Somewhat counter-intuitively,

stimulation of pyloric pressures has been reported during hypoglycaemia (Phaosawasdi et

al. 1981), but the technique used to monitor the pylorus in this study was suboptimal, and

these observations have not been reproduced (Fraser et al. 1991a). Alterations of

postprandial motility patterns may be more important in explaining the effects of

hypoglycaemia on gastric emptying, but these have not been evaluated.

Small intestine

In healthy volunteers, marked hyperglycaemia (blood glucose 12 - 15 mmol/L) decreases

the motility index and propagation of duodenal and jejunal waves (Bjornsson et al. 1994),

reduces the cycle length of interdigestive motor activity in the fasted state (Oster-Jorgensen

lgg2), and slows small intestinal transit (de Boer et al. 1Ð3b; Russo et al. 1996).

Elevation of the blood glucose to the upper end of the physiological range (10 mmol/L)

decreases duodenal compliance, while increasing the stimulation of duodenal waves by

duodenal balloon distension (Lingenfelser et al. 1999); a less compliant (more "stiff')

duodenum could contribute to the slowing of gastric emptying during hyperglycaemia. The

effects of "physiological" hyperglycaemia on the remainder of the small intestine have not

been evaluated. In patients with type I diabetes mellitus, acute hyperglycaemia is associated

with suppression of proximal duodenal pressure waves (Samsom et al. Lgcna').

Other gut regions

Effects of acute hyperglycaemia on motor function have been observed at every level of the

gastrointestinal tract that has been studied. In healthy subjects, hyperglycaemia inhibits

gallbladder contraction in response to intraduodenal fat or intravenous cholecystokinin (de
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Boer et al. 1993b; de Boer et al. 1994), and as with gastric emptying and antral motility,

the effect is dose-dependent, at least in the range of blood glucose concentrations 4 to 16

mmol/L (de Boer etal.lÐ3a: Gielkens et al. 1998) (Figure 6.5). Both the gastrocolic and

ascending componentof the colonic peristaltic reflex are inhibited at a blood glucose of 15

mmol/L (Sims et al. 1995), although no effects on colonic tone or motor patterns were

evident in another study (Maleki et al. 1997). Rectal compliance has been reported to be

increased (Russo et al. 1997) or unchanged (Avsar et al. 1997) during marked

hyperglycaemia (12-15 mmol/L), while resting and maximal squeeze pressures in the anus

are either decreased (Russo et al. 1997) or unchanged (Chey et al. 1995b; Avsar et al.

1997). Methodological differences, particularly relating to the mode of rectal distension

(slow ramp or rapid phasic), may account for some of the apparent discrepancies between

studies (Chey et al. 1996; Avsar et al. 1997).

In patients with type 1 diabetes, gallbladder contraction stimulated by intravenous

cholecystokinin is also blunted at a blood glucose of 15 mmol/L when compared to

euglycaemia (de Boer et al. 1994). Reductions in rectal compliance and maximum anal

squeeze pressures during hyperglycaemia have recently been confirmed in a group of

patients with type I and type 2 diabetes (Russo et al. 2000). There is no information about

the effects of hyperglycaemia on colonic motility in diabetes; this issue is potentially

important, since constipation occurs frequently in these patients (Feldman and Schiller

r983).

In addition to effects on motor function, it should be recognised that acute hyperglycaemia

also affects upper gastrointestinal exocrine secretory function, with suppression of gastrin,

gastric acid, and pancreatic exocrine secretion in healthy subjects (MacGregor et al. l9l6a;

Lam et al.1993; Lam et al.1997).
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Sensory function

As discussed in Chapter 5, the prevalence of symptoms referable to the upper

gastrointestinal tract, such as early satiation or nausea, is greater in diabetic patients with

poor glycaemic control, as assessed by glycated haemoglobin (Schvarcz et al. 1996) and

self-report (Bytzer et al. 2000b), supporting the concept that the effects of the blood

glucose concentration on the perception of upper gastrointestinal stimuli are clinically

important. To date, most studies addressing this issue have involved healthy subjects, and

relate to the stomach.

In the oesophagus, the threshold for perception of balloon distension is reduced by

elevations of the blood glucose concentration within the physiological range in healthy

subjects (Boeckxstaens et al. 1991). As discussed in Chapter 7, the recording of cortical

evoked potentials, arising in response to rapid oesophageal balloon distension, has

emerged as an objective method of studying sensory pathways; the application of this

method to evaluate changes in oesophageal sensation during hyperglycaemia is reported in

Chapter 12.

During proximal gastric distension in healthy subjects, marked hyperglycaemia (blood

glucose concentration -15 mmol/L) increases perceptions of nausea and desire to belch

during fasting (Hebbard et al. 1996b) (Figure 6.6), and perceptions of nausea and fullness

during intraduodenal lipid infusion (Hebbard et al. 1996a), when compared to

euglycaemia. The effects of hyperglycaemia on fundic sensation have not been examined in

a controlled manner in patients with diabetes mellitus; this issue is addressed in Chapter I 1.

There is, however, evidence that perceptions of fullness, both before and after a meal,

correlate with the blood glucose concentration in type I patients (Jones etal.l997b).
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Neither the perception of gastric distension, nor perceptions arising from intraduodenal

nutrient infusion, have been evaluated during physiological hyperglycaemia (blood glucose

concentration 8 - l0 mmol/L) compared with euglycaemia; it is possible that elevation of the

blood glucose concentration which occurs postprandially in healthy individuals might act

synergistically with gastric distension or small intestinal nuFients to constitute a mechanism

of satiation; this hypothesis is discussed in Chapters 8 to 10.

Marked hyperglycaemia (-15 mmol/L) does not appear to influence the perception of

colonic distension in healthy subjects (Maleki et al. 1997). In both healthy and type I

diabetic subjects, the perception of rectal distension has been reported to be either blunted

(Chey et al. 1995b;Chey et al. 1996; Avsar etal.1997) or enhanced (Russo et al. 1997) by

hyperglycaemia; as with studies of motor function, the method of rectal distension may

well have influenced these observations.

Significance of the effects of the blood glucose concentration on upper gut

motor and sensory function

The observed effects of variations in the blood glucose concentation on uPper

gastrointestinal function have major implications for the management of patiens with

diabetes. Clinical studies of gut function, such as the measurement of gasnic emptying, as

well as trials evaluating prokinetic agents, should take into account the blood glucose

concentration at the time of the study; patients should ideally be studied during

euglycaemia. Furthermore, poor glycaemic control could potentially exacerbate upper

gastrointestinal symptoms, as well as delaying the absorption of oral medications.

Conversely, the acceleration of gastric emptying during hypoglycaemia represents a
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counter-regulatory mechanism promoting more rapid systemic availability of ingested

glucose.

In healthy volunteers, the slowing of gastric emptying associated with elevation of the

blood glucose concentration to postprandial levels is likely to constitute a physiological

mechanism that regulates the release of nutrients into the small intestine. Furthermore, if

synergy were demonstrated between "physiological" hyperglycaemia and the presence of

nutrients in the small intestine, in their effects on appetite-related gut perceptions, such as

hunger and desire to eat , this may potentially constitute a mechanism of satiation. This

issue is addressed in Chapters 9 and 10.

Mechanisms mediating the effects of hyperglycaemia on gastrointestinal

motor and sensory function

While numerous studies have demonstrated that the blood glucose concentration has major

effects on upper gastrointestinal motor and sensory function in humans, much of the data

has been observational, and there is relatively little information relating to potential

mechanisms by which these effects are mediated. Further studies are required to address

this issue. The majority of the available information relates to motor, rather than sensory

function.

In considering the effects of systemic changes in blood glucose concentration, rather than

those directly related to glucose absorption from the gut , animal studies have established

the presence of glucose-responsive neurons in the cenûal nervous system, which may

modify vagal efferent activity (Mizuno and Oomura 1984). Diminished cenûal

responsiveness to opioids may account for the reduced threshold to somatic pain observed
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in healthy humans during hyperglycaemia (Morley et al. 1984); whether a similar process

applies to visceral sensation remains to be established. Elevated blood glucose

concentrations may have other central effects, including enhancement of memory (Gonder-

Fredericketal. 1987; Benton and Owens 1993; Benton etzi\. 1994), reduction in reaction

time (Owens and Benton 1994), and modulation of mood (Van der Does et al. 1996).

In healthy subjects, the secretion of pancreatic polypeptide, which is under vagal

cholinergic control, is diminished during acute hyperglycaemia, suggesting a reversible

impairment of vagal efferent function (Iam et al. 1Ð3); pancreatic polypeptide may not be

suppressed in patients with diabetes, at least during "physiological" hyperglycaemia

(Schvarcz etal.1991) The reduced heart rate response to standing (30:15 ratio) in healthy

volunteers during hyperglycaemia when compared to euglycaemia, is also indicative of

impairment of vagal parasympathetic function (Yeap et al. 1996).

Nitric oxide (NO) is a key neuroffansmitter in the regulation of gastrointestinal motor

function (Coulie et al. 1999; Russo et al. 1999). In rodents with streptozotocin-induced

diabetes, NO synthase expression in gastric myenteric neurons is diminished (fakahashi et

al. 1997; Watkins et al. 2000), and associated with delayed gastric emptying, which is

reversed by insulin treatment or the NO donor sildenafil (Watkins et al. 2000). The effect

of hyperglycaemia per se on NO expression in the enteric nervous system has not been

investigated. Similarly, the effects of hyperglycaemia on mediators of visceral perception,

such as serotonergic pathways (Feinle and Read 1996), remain to be evaluated. Neurons

responsive to glucose have recently been identified in the rat small intestine (Liu et al.

lggg), but their response to systemic rather than luminal glucose is unclear. Insulin,

released in response to glucose in healthy subjects and patients with type2 diabetes, has the

potential to modify upper gut motor and sensory function, but probably does not play a

major role. \While euglycaemic hyperinsulinaemia has been reported to suppress fasting
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antroduodenal motility (Bjornsson et al. 1994), and slow gastric emptying in healthy

volunteers (Eliasson et al. 1995), insulin concentrations of similar magnitude to those

observed during glucose clamping at 13 mmol/L do not suppress postprandial antal

pressure waves during euglycaemia (Hasler et al. 1995); nor does euglycaemic

hyperinsulinaemia affect gastric emptying in patients with type 1 or type 2 diabetes (Kong

et al. 1999a). Moreover, as discussed, hyperglycaemia slows gastric emptying (Fraser et

al. 1990; Samsom et al. 1997a) and suppresses antral motility (Samsom et al. 199a) in

patients with type I diabetes mellitus, who do not have endogenous insulin secretion. In

healthy volunteers, plasma concentrations of motilin are less during hyperglycaemia when

compared to euglycaemia (Barnett and Owyang 1988); however, antral motility is

suppressed even at blood glucose concentrations below the threshold for suppression of

motilin (Barnett and Owyang l9S8). Furthermore, motilin levels are increased in patients

with diabetic gastroparesis (Achem-Karam et al. 1985), and the effect of hyperglycaemia

on plasma motilin has not been documented in patients with diabetes. A direct effect of

hyperglycaemia on gastric smooth muscle appears unlikely given that smooth muscle is

stimulated in some regions (such as the pylorus (Fraser et al. l99lb)) while suppressed in

others (such as the antrum (Barnett and Owyang 1988)).

Prostaglandins are potentially involved in the mediation of abnormal gastric electical

rhythms during hyperglycaemia, as in healthy subjects tachygastria is prevented by prior

administration of indomethacin; however, this mechanism does not extend to the

suppression of antral pressure waves (Hasler et al. 1995).

Much work is required to elucidate the neural, humoral, and cellular mechanisms by which

systemic glucose affects gastrointestinal motility and sensation. It should be recognised that

while animal studies have yielded insights (Benton and Owens 1993; Benton et al. 1994;

Takahashi et al. 1997; Watkins et al. 2000), caution is indicated in extrapolating this
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information to humans, where the effect of mediators such as NO (Konturek et al. 1999)

may differ.

THE CONTRIBUTION OF UPPER GASTROINTESTINAL MOTOR

FUNCTION TO POSTPRANDIAL BLOOD GLUCOSE LEVELS

Potential determinants of postprandial blood glucose concentrations include: (i) the rate of

delivery of nutrients to the small intestine, (ii) absorption of glucose from the small

intestine, and (iii) hepatic glucose metabolism. The relative contribution of each of these

factors is controversial, and varies over time after a meal. Different methods of

measurement may also emphasise particular elements, such as isotope techniques that a¡e

well suited to quantifying hepatic glucose release later in the posþrandial period, but may

be less able to define the origin of systemic glucose immediately after a meal. Nevertheless,

it is clear that interventions directed at modulating upper gastrointestinal motor and

absorptive function have a major effect on the postprandial blood glucose excursion.

Gastric emptying

Since transit of nutrients through the oesophagus is in most cases rapid, gastric emptying is

the major determinant of nutrient delivery to the small intestine. Indeed, variation in the rate

of gastric emptying accounts for about 35 7o of the variance in peak blood glucose

concentrations after oral glucose (75 g) in both healthy volunteers (Horowitz et al. 1993a)

and patients with Wpe 2 diabetes managed by diet (Jones et al. 1996b) (Figure 6.7); as

these are cross-sectional studies, the contribution of gastric emptying is likely, if anything,

to have been underestimated. In type I diabetic patients with gastroparesis, less insulin is

initially required to maintain euglycaemia than in those with normal gastric emptying (Ishii
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et al. 1994), again indicating the importance of gasfric emptying in postprandial glycaemic

control.

It is well recognised that the physical properties of food, such as the various forms of

dietary starch, affect postprandial blood glucose profiles; this is the basis of the "glycaemic

index" (Bjorck et al. 1994). Much of the variation in postprandial glycaemic response, such

as differences in postprandial blood glucose concentrations between rice, bread, and

potato, can be accounted for by different rates of gastric emptying (Mourot et al. 1988;

Macdonald 1996). For some foods, such as white beans, slower small intestinal absorption

of glucose may be the most important determinant of a low glycaemic index (forsdottir et

al. 1984). In patients with type 2 diabetes, a high dietary fibre intake improves glycaemic

control (Chandalia et al. 2000); slowing of gastric emptying is likely to be important in

mediating this effect (Benini et al. 1995). A similar result may be achieved by ingesting

small frequent meals, to spread the nutrient load released to the small intestine ("nibbling

versus gorging") (Jenkins and Jenkins 1995). Conversely, increasing the meal volume,

such as by the addition of water, increases postprandial blood glucose concentrations,

presumably by more rapid gastric emptying (Torsdottir and Andersson 1989). Feedback

from the small intestine can also reduce the postprandial blood glucose peak by slowing

gastric emptying; this is evident when oil is infused into the duodenum or ileum before a

carbohydrate-containing meal (V/elch et al. 1987). Similarly, meals high in fat are followed

by a lower glycaemic response than meals high in carbohydrate (Jones et al. 1984).

Following short-term starvation, the peak plasma glucose concentration after oral glucose is

reduced, consistent with slower emptying of glucose from the stomach (Corvilain et al.

1995). Gastrointestinal hormones, including cholecystokinin, glucagonJike peptide 1, and

gastric inhibitory polypeptide, may be important in mediating small intestinal feedback

(Liddle et al. 1988; Wettergren etal.1993; Wishart et al. 1998).
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Small intestinal glucose absorption

After the entry of nutrients into the small intestine, factors which determine the appearance

of glucose in the portal circulation potentially include the breakdown of complex

carbohydrates to glucose, mucosal absorption of glucose, small intestinal motor patterns,

and splanchnic blood flow. There is relatively little information about the impact of small

intestinal motility and absorptive function on glycaemic control.

Polysaccharides are broken down to oligo- and mono-saccharides by luminal and brush-

border enzymes before abso¡ption. Inhibition of intestinal alpha-glucosidases delays the

digestion of starch and sucrose, and flattens postprandial blood glucose excursions in type

2 diabetes (Bischoff 1994);the alpha-glucosidase inhibitor, acarbose, is used widely in the

management of type 2 patients. An additional action of alpha-glucosidase inhibitors may be

to inhibit the entry of glucose into enterocytes (Hirsh et al. 1997). Hyperglycaemia

increases the activities of intestinal disaccharidases in the rat (Murakami and Ikeda 1998);

this has potential implications for glucose absorption in patients with diabetes.

Glucose absorption across enterocytes takes place predominantly in the proximal small

intestine, via the sodium-glucose cotransporter (SGLT 1) at the luminal membrane, and the

glucose transporter (GLUT 2) at the basolateral membrane (Levin 1994). Upregulation at

the luminal membrane appears to be responsible for enhanced glucose transport in

streptozotocin-induced diabetes, and for changes in glucose uptake in response to dietary

modifications (Philpott et al. 192). In streptozotocin-induced diabetes, a larger proportion

of the intestinal villus takes part in glucose transport (Fedorak et al. 1989). An increase in

the number or activity of carriers at the basolateral membrane appears to be responsible for

the increased glucose uptake observed during hyperglycaemia in the rat (Philpott et al.

1992). Knowledge of glucose absorption in humans with diabetes is limited; glucose

absorption has been reported to be normal in type 1 patients when studied with a jejunal
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perfusion technique (Costrini et al. 1977), while glucose absorption may be slightly

reduced in type 2 diabetes (Gulliford et al. 1989). Marked hyperglycaemia (blood glucose

concentration - 14 mmol/L) did not increase jejunal glucose absorption in either healthy

subjects or patients with insulin-requiring diabetes, in the only study to examine its impact

in humans (Costrini et al. 1977). Small intestinal glucose absorption in diabetes mellitus is

examined further in the study reported in Chapter 14.

The impact of small intestinal motor patterns on glucose absorption is likely to be

important, though little is known about this issue. Changes in duodenal and jejunal

motility, specifically less stationary contractile activity and increased propagated activity,

have been implicated in the blunting of the postprandial glycaemic peak associated with

ingestion of sugar beet and ispaghula fibre (Cherbut et al. 1994). Pharmacologically-

induced inhibition of small intestinal motility slows absorption of glucose from the small

intestinal lumen (Samsom et al. 1999a). Hence, disordered small intestinal motility in

patients with diabetes (Camilleri and Malagelada 1984; Dooley et al. 1988; Jebbink et al.

1993; Abrahamsson 1995) may potentially affect glucose absorption. Absorption of

glucose from the upper small intestine in type I patients, particularly in relation to duodenal

motor patterns, is evaluated in Chapter 14.

The appearance of glucose in the systemic circulation is also likely to be influenced by

superior mesenteric blood flow. The latter, assessed with Doppler ultrasonography, is

influenced by meal composition; for example, a high fat meal produces more sustained

mesenteric hyperaemia than a high-carbohydrate meal (Sidery et al. 1994). The relationship

between superior mesenteric flow and postprandial blood glucose concentrations in patients

with diabetes mellitus has not been assessed.
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Hepatic glucose production

After reaching the liver through the portal circulation, glucose may be taken up and

converted to glycogen, or stored via the glucose-6-phosphate pathway, though the majority

is available to the systemic circulation. Glucose uptake by the liver is dependent on its

concentration gradient between portal venous and hepatic arterial blood (Hsieh et al. 2000);

accordingly, high systemic blood glucose levels may themselves favour an increased

availability of absorbed glucose to the systemic circulation. In a rat model of chronic

diabetes, the neural sensing of the portal venous-hepatic arterial gradient is impaired,

suggesting that diabetic neuropathy involving intrahepatic nerves could contribute to

postprandial hyperglycaemia (Stumpel et al. 1998).

During hepatic glucose uptake, glycogenolysis and gluconeogenesis are concunently

suppressed, limiting the increase in systemic glucose concentrations (Radziuk et al. 1978;

Ferrannini et al. 1985); impairment of this suppression could also potentially contibute to

postprandial hyperglycaemia in patients with both Bpe 1 (Pehling et al. 1984) and type 2

(Frank et al. 1995) diabetes. While studies using radiolabelled glucose isotopes in type 2

diabetes have suggested that excessive hepatic glucose release is the major mechanism in

postprandial hyperglycaemia (Frank et al. 1995), this is difficult to reconcile with the

unequivocal evidence that interventions that slow gastric emptying have such a profound

effect on postprandial glycemia. However, the relative contribution of the upper gut to

postprandial blood glucose concentrations, compared to the liver, is likely to vary over time

after a meal; hepatic glucose metabolism may be the predominant factor after the first hour,

while gastro-duodenal function may be dominant earlier in the posþrandial period.
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Therapeutic modulation of gastric emptying

The potential for modulation of the rate of gastric emptying to be therapeutically useful in

the control of postprandial hyperglycaemia in patients with diabetes mellitus is now being

explored vigorously by the pharmaceutical industry. In type I diabetes, interventions that

improve the coordination between nutrient absorption and the action of exogenous insulin

would be expected to be beneficial; in patients with type 1 diabetes and delayed gastric

emptying, both the rate of emptying and the glycated haemoglobin improved after 6 months

treatment with the prokinetic drug, levosulpiride, a D, dopamine receptor antagonist (Melga

et al. 1997). Conversely, when gastric emptying was accelerated with cisapride,

postprandial blood glucose levels increased (Søcher et al. 1999); glycated haemoglobin

was unchanged after 8 weeks of treatment, possibly because the acceleration of gastric

emptying was modest. In type 2 diabetes, slowing the absorption of nutrients should prove

to be effective, in line with the delayed release of insulin cha¡acteristic of this disorder; for

example, inhibition of trypsin/chymotrypsin by Pot II (Schwartz et al. 1994), an increase in

meal viscosity using guar gum (forsdottir et al. 1989), and parenteral administration of the

human amylin analogue, pramlintide (ACl37) (Ihompson etal.l9lla) reduce postprandial

blood glucose concentrations in type 2 diabetes, predominantly by slowing gastric

emptying. hamlintide has no effect on intestinal transit, and its inhibition of gastric

emptying is likely to be vagally-mediated (Samsom et al. 2000). Pramlintide also

suppresses postprandial glucagon secretion (Scherbaum 1998; Kruger et al. 1999), which

may contribute to a reduction in postprandial blood glucose. In theory, pramlintide may

have particular application to patients with type I diabetes, who are amylin- as well as

insulin-deficient (Kruger et al. 1999), and indeed both fructosamine and 24 hour blood

glucose concentrations are reduced in this group by therapy for 4 weeks (Thompson et al.

I997b).lt should, however, be recognised that unlike some animal models, rapid gastric

emptying occurs only occasionally in type I diabetes. Clarification of the physiological role

of amylin in humans awaits the development of a specific antagonist. Moreover,
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pramlintide appears to have similar benefits in patients with type 2 diabetes (fhompson et

al. 1998) (Figure 6.8). The outcome of long-term studies in both groups are awaited.

Another potential therapeutic strategy for patients with type 2 diabetes is the administration

of the peptide hormone glucagonlike peptide 1 (GLP-I) (Nauck et al. 1997). As an

"incretin" hormone, it augments the postprandial insulin response, as well as suppressing

glucagon secretion, and possibly food intake (Gutzwiller et al. 1999). However, the effect

of GLP-I on postprandial blood glucose concentrations is mediated predominantly by

slowing gastric emptying (Willms etal.1996; Schina etal.1997; Wishart et al. 1998). The

usefulness of GLP-I in clinical practice awaits the development of an analogue of

suffrciently long half-life to be effective by subcutaneous injection, or an alternative route.

A potentially important issue when pharmacological agents are used to slow gastric

emptying is whether they prevent the acceleration of gastric emptying by hypoglycaemia;

animal data indicate that this is not the case for pramlintide (Gedulin and Young 1998).

CONCLUSIONS

Acute changes in the blood glucose concentration have major effects on the motor and

sensory function of the upper gastrointestinal tact; at the same time, the upper gut plays a

major role in regulating postprandial blood glucose concentrations. This complementary

relationship has implications for both physiological regulation of gut function, and the

management of patients with diabetes mellitus. Approaches to lower postprandial blood

glucose concentrations by modulating the absorption of nutrients from the upper gut are

likely soon to enter the mainstream of therapy for diabetes.
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Relevant issues addressed in this thesis include:

(i) whether changes in the blood glucose concenúation within the physiological range affect

gastric compliance or the perception of gasüic distension in healthy humans (Chapter 8)

(ii) whether antropyloric motility and perceptions of small intestinal lipid infusion are

influenced by "physiological" changes in the blood glucose concentration (Chapter 9)

(iii) whether "physiological" hyperglycaemia modulates the actions of cholecystokinin on

antropyloric motility and food intake (Chapter l0)

(iv) the influence of hyperglycaemia on proximal gastric function in patients with type I

diabetes mellitus (Chapter 11)

(v) the effects of hyperglycaemia on the cortical evoked response to oesophageal balloon

distension (Chapter 12)

(vi) the relationship between small intestinal motility and glucose absorption in patients

with type I diabetes (Chapter l4).
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Figure 6.1
Solid and liquid gastric emptying in 10 patients with type I diabetes during euglycaemia

(blood glucose 4-8 mmol/L) and hyperglycaemia (blood glucose 16-20 mmol/L). Mean

values are indicated by the solid bars. The ranges in healthy subjects are shown by the

shaded areas.

From Fraser et al. 1990.

70
tr
c960
o
Ê
.E so
C'¡c.;40
CL
E
b30
s
Ezo
p
+10
=

300
Ê,.E

- 250o
E

s¡ 200
c
ã
ô.150
E
c)

S rooo
ro
!t
ãs0
Ø

0



t28

Healthy subjects

Solid Liquids
.c
E
oo
(ú

C,

.9
¡-o
o
ÍÍ.

1

1 "/

ü

Øø

U'o
=.c
E
otl)

00

20

80

60

40

20

0

U)o
)
.=
E
o
rO
þ

20

80

60

40

20

0

80

60

40

20

0

20

0

ñ
c.E

oo
(ú
g
.o
co
o
E,

4 8 4I
Blood glucose mmol/L

Patients with type 1 diabetes

Solid Liquid

00

4 8 4I
Blood glucose mmol/L

Figure 6.2
Solid and liquid gastric emptying in healthy subjects and patients with
type I diabetes mellitus during euglycaemia (blood glucose 4 mmol/L)

and "physiological" hyperglycaemia (blood glucose 8 mmol/L).
From Schvarcz et al. 1997 .
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Figure 6.3
Pressure-volume relationship of the proximal stomach in healthy volunteers during

euglycaemia (blood glucose 5 mmol/L) and hyperglycaemia (blood glucose 15 mmol/L).
Data are means + SEM. (P < 0.01 overall, *P < 0.05 hyperglycaemia vs. euglycaemia).

From Hebbard et al.1996.
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Figure 6.4
Dose-dependent effect of hyperglycaemia on postprandial antral motility in
healthy subjects. The antral motility index is less than the control value during

hyperglycaemic clamping at both 9.7 mmol/L and 12.8 mmol/L, and at 12.8 mmol/L

is less than during euglycaemic hyperinsulinaemia.
From Hasler et al. 1995.
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Figure 6.5
Dose-dependent effect of hyperglycaemia on postprandial gallbladder motility in
healthy subjects. *P < 0.05 compared with 4 mmol/L; TP < 0.05 compared with

4, 8, and 12 mmol/L.
From Gielkens et al. 1998.
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Figure 6.6
Perception of nausea in healthy volunteers induced by proximal gastric distension

during euglycaemia and hyperglycaemia (blood glucose -15 mmol/L). (*P < 0.05,

hyperglycaemia vs. euglycaemia).
From Hebbard et al. 1996.
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135

CHAPTER 7: TECHNIQUES FOR EVALUATION OF UPPER

GASTROINTESTINAL MOTOR AND SENSORY FUNCTION IN

HUMANS

INTRODUCTION

In this chapter, the methods used to study upper gastrointestinal motor and sensory

function are summarised. The focus is on gastric function, as the majority of studies in this

thesis involve the stomach; particular emphasis is given to water-perfused manomery and

the gastric barostat. Evaluation of oesophageal sensation is reviewed, particularly in

relation to the technique of oesophageal evoked potentials used in Chapter 12.
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METHODS TO STUDY MOTOR FUNCTION

Techniques used to study upper gastrointestinal motor function may broadly be grouped

into those that evaluate flow of luminal contents, those recording wall motion in the gut,

and others measuring underlying electrical phenomena. A number of methods are available

to quantify overall emptying of gastric contents; some also allow assessment of regional

distribution of contents over time, while others may b9 applied to study local events in

detail, for example transpyloric flow. Applications vary in their requirement for temporal

resolution; a resolution of minutes is sufftcient for studies of overall emptying, while

transpyloric flow must be assessed on a second-by-second basis. Aspects of wall motion

that may be evaluated include lumen-occlusive and non-lumen-occlusive contractions, but

also tone and compliance of the gut wall. Some techniques span more than one category;

for example, ultrasound can be applied to the evaluation of both flow and wall motion.

The combination of modalities can yield complementary information. For example, the

functional significance of different pafferns of lumen-occlusive contractions may only be

appreciated by measuring regional flow; conversely, the mechanisms responsible for

disordered gastric emptying require an analysis of wall motion. Combinations such as

manometry and ultrasound, or manometry and scintigraphy, possibly with concurrent

measurement of gastric myoelecnical activity, have been instrumental in understanding

upper gut motor function in health and disease (Heddle et al. 1989; Horowitz and Dent

1994; Chen et al. 1996). Data gathered in this setting must be accurately time-coded, and

combined analysis is frequently demanding given the volume of data to be integrated'

Moreover, the technical demands and invasiveness of the study increase with the number of

modalities applied concurrently.
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Table 7.1

Methods used to study gastric motor function in humans

a

Flow

Wall motion

Gastric electrical activity

Scintigraphy

Breath tests

Absorption of drugs

Aspiration

Radiology

Ultasound

Magrætic resotutnce imaging

Impedaræe

Scintigraphy

Ultasound

Magrctic resorutrlce imaging

Manometry

Barostal

Electrogastrography

Flow

Scintigraphy

Scintigraphy represents the "gold standard" for the measurement of gastric emptying in

humans (Akkermans and van Isselt 1994). Isotopes used to label meal components include

t*Ic, ttrln, and utca; t'Tc is favoured due to its short half life (6 hours), cost, and wide

availability. Scintigraphy is non-invasive, and physiological meals can be studied; dual
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labelling allows evaluation of both solid and liquid emptying, which may be discordant in

disorders such as diabetes mellitus (Horowitz et al. 1991) or following gastric surgery

(Camilleri et al. 1998). Commonly used indices of gastric emptying include retention of

solids at 100 minutes and half-emptying time for liquids (Horowitz et al. 1991), while

initial rapid image acquisition can be used to assess the lag phase for solids, followed by

post-lag emptying (Collins et al. 1983). Inftagasûic meal disnibution can be quantified by

defining proximal and distal regions-of-interest (Collins et al. 1988). Protocols involving

fewer images, such as measuring the intragastric retention of isotope at2 and 4 hours, may

be cost-effective in clinical practice (Camilleri et al. 1998).

Pitfalls of scintigraphy include progressive dilution of the label by gastric secretions,

separation of label from the solid phase (2 - 5 Vo per hour in practice, depending on the

radiopharmaceutical), and a moderate coefficient of variation (L5 Vo) (Camilleri et al. 1998).

In patients with diabetes, hyperglycaemia slows gastric emptying; hence studies are

optimally performed during euglycaemia, or at the very least, the blood glucose

concentration should be monitored during the test (Fraser et al. 1990). While the radiation

exposure associated with a single scintigraphic study is modest, this does impose

limitations on the number of repeated studies, and scintigraphy should be avoided during

pregnancy.

Standard scintigraphy has a temporal resolution of minutes, but the "antral curve"

technique, involving the acquisition of images every I -2 seconds, can be used to detect

antral wall motion, giving information about the frequency, amplitude, and propagation of

gastric contractions (Akkermans et al. 1980; Urbain et al. 1990a; Urbain et al. 1993). This

method detects antral wall motion with greater sensitivity than manometry (Jones et al.

1995a), but at the expense of a radiation burden that is 3 - 5 times greater than routine



t39

scintigraphy. The clinical application of the antal curve technique remains to be

established.

Ultrasonography

The use of ultrasound provides a non-invasive method for studying gastric function in real

time, and in 3 dimensions, with excellent temporal resolution and no radiation exposure. It

requires a skilled operator and, ideally, a lean subject; bowel gas and excessive air in the

antrum may impair imaging, and is best suited to observations with liquid meals. Usually,

the parasagittal antral area is calculated with the aorta and superior mesenteric vein as points

of reference (Bolondi et al. 1985); changes in area after a liquid meal are used as in index of

gastric emptying, and this method has comparable sensitivity to scintigraphy (Holt et al.

1986; Hveem et al. 1996). Skilled operators can also assess the size of the fundus by

ultrasound, enabling the evaluation of intragastric distribution of liquid meals (Undeland et

al. 1998b).

The temporal resolution of ultrasound enables the assessment of both antral contractions,

and, using a Doppler technique, transpyloric flow (King et al. 1984; Hausken et al. 1992).

Timing and direction of flow can be evaluated in relation to contractile events; however, the

method is not able to quantify the volume of flow pulses with accuracy.

Mag net ic r e s o rutnc e imaging

Magnetic resonance imaging (MRI) is a non-invasive, and apparenfly safe technique, which

can assess the emptying of both liquids and solids (although gadolinium enhancement is

only available for liquids), as well as the volume of gastric secretions; MRI measurements

of gastric emptying correlate well with scintigraphy (Schwizer et al. IÐ2; Schwizer et al.

1994). Both proximal and distal stomach regions can be imaged (Schwizer et al. 1996).

Improvements in scanners and computing have increased the temporal resolution so that
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anffal motor function can be assessed on almost a second-by-second basis (Fraser et al.

1994a). The expense and limited availability of MRI remain a major drawback of this

method, and at present its application is primarily to research.

Breath tests

Measurement of stable isotopes of CO, in expired air, following ingestion of the carbon

isotope in a substrate such as octanoic acid, has emerged as a simple, non-invasive method

to measure gastric emptying (Maes et al. 1994b). Dual labelling with t3C and roC allows

simultaneous assessment of solid and liquid gastric emptying that correlates relatively well

with scintigraphy (Maes et al. 1994a). The method assumes that gastric emptying is the

ratelimiting step in the conversion of r3C-octanoate to r3COr; this may not hold true in

pancreatic,liver, or pulmonary disease, or when visceral haemodynamics are altered such

as during exercise or in the critically ill (Camilleri et al. 1993). The analysis of t3CO,

curves requires further refining and validation, and there is some controversy at present

over the most appropriate method (Lee et al. 2000b); most information has been obøined in

healthy subjects, but the test is now being applied to patient groups, including those with

diabetes mellitus (Ziegler et al. 1996; [æe et al. 2000a). However, further validation is

required in patients with gastroparesis.

Absorption of oral drugs

The absorption of many orally administered drugs is related to the rate of gastric emptying

(Nimmo 1976); this has led to the use of plasma concentrations of paracetamol (Holt et al.

1979;Medhus et al. 1999) or ethanol (Holt et al. 1980) being used as an index of gastric

emptying. The absorption kinetics of ethanol, for example, have been shown to correlate

with the emptying of liquids from the stomach (Horowitz et al. 1989b). Limit¿tions of this

method include its semi-quantitative nature, and its ability only to assess emptying of the

liquid phase; however the development of newer algorithms for the analysis of paracetamol
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concentrations, for example, may increase the sensitivity of this technique (Medhus et al.

I999). A theoretical advantage of measures of absorption is that they assess net emptying,

and so are not affected by the occurrence of duodenogastric reflux.

Aspiration methods

Aspiration of residual gastric contents is a longstanding method of measuring gastric

emptying (Aylett 1962), but does not allow simultaneous assessment of different meal

components, or of intragastric distribution. The method is also invasive, and there is

evidence that intubation itself may affect gastric emptying (Fone et al. 1991; Medhus et al.

1999).

Radiological methods

Plain abdominal films are useful to demonstrate dilated gas-filled organs in mechanical

intestinal obstruction (Camilleri et al. 1998). Fluoroscopy has long been used to study

gastrointestinal motor patterns (Cannon 1898), but entails a radiation burden, and the

movement of radiocontrast agents such as barium may not be comparable to that of normal

meals. Radiological measurement of the emptying of radio-opaque solid markers has been

evaluated as a test for delayed gastric emptying (Feldman et al. 1984), but they empty

mainly in phase III of the interdigestive cycle, and their emptying does not correlate well

withthatof digestible solids (Chang et al. 1996). While the method is simple, it generally

does not provide sufficient information in either research or clinical studies.

Electrical impedørrce

Impedance is the resistance to an alternating current, and is dependent on both the

frequency of the current and the ionic composition of the material between the elecfrodes

(Smout et al. 1994). Conventional impedance epigastrography uses anterior and posterior

electrodes; impedance changes as a meal empties from the stomach. Applied potential
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tomography (or epigastric impedance tomography) uses a circular array of electrodes, and

measurements with this method correlate better with scintigraphy (Mangnall et al. 1988;

Mangnall et al. lÐ1). Although impedance methods are non-invasive, they require the use

of large-volume, unphysiological meals that have markedly higher or lower conductivity

than surrounding tissues (Smout et al. 1994). Either solids or liquids may be measured, but

not both (Mangnall et al. 1987). In addition, acid secretion must be suppressed

pharmacologically to obtain useful results (Mangnall et al. 1991). More recently,

impedance has been used to characterise the transport of chyme in the duodenum (Nguyen

et al. 1997). At present, impedance should be considered a research tool, rather than having

application to clinical practice.

Wall motion

Manomefi

Measurement of pressures at discrete points along the gastointestinal tract can be

accomplished with solid state transducers within the lumen, or with catheters incorporating

multiple, water-perfused channels connected to external transducers (Egure 7.-l). The

advantages of the latter are that the manometric assemblies are less expensive, and

sideholes can be spaced more closely than solid state transducers, allowing more precise

evaluation of the organisation of pressure waves (Camilleri et al. 1998). The incorporation

of a sleeve device (Dent 1976) facilitates continuous monitoring of pressures in mobile

sphincters, such as the pylorus. Ambulatory recordings are now possible on an outpatient

basis, and enable recording of motility over prolonged periods (-20 hours) (Samsom et al.

leesb).
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Silicone rubber catheters can be passed transnasally, and modern designs incorporating

tungsten weights in the tip usually pass readily through the pylorus with peristalsis in

healthy volunteers, though fluoroscopy or endoscopy may be required for catheter

placement in patients with gastroparesis. The correct positioning of a catheter spanning the

pylorus may be monitored continuously by measurement of the transmucosal potential

difference (TMPD) in distal antral and proximal duodenal saline-perfused sideholes, with a

subcutaneous saline or cutaneous Ag/AgCl reference electrode. The TMPD is usually about

4O mV in the antrum and 0 mV in the duodenum; measurements of < -20 mV in the antrum

and > -15 mV in the duodenum, with a difference of > 15 mV, are standard criteria for

correct catheter position (Heddle et al. 1988c). The frequency of pressure waves may also

be used to assess catheter position (ie there is a maximum of 3 waves per minute in the

antrum and 12 per minute in the duodenum), but this method is clearly not applicable to

periods of motor quiescence.

While antropyloroduodenal manometry does not measure gastric emptying, the onset of

emptying of solids correlates with an increase in the frequency of antral waves, and the

gastric half-emptying time is inversely related to the frequency of propagated anûal wave

sequences (Houghton et al. 1988), while basal pyloric pressures above 4 mmHg are

associated with pyloric closure and cessation of transpyloric flow (Tougas et al. 1992a).

V/ith closely-spaced sideholes, the spatial and temporal relationship between waves in

different sideholes can be evaluated (Sun et al.1997b).

Limit¿tions of manometry include its invasiveness, and its capacity to detect predominantly

lumen-occlusive contractions; antral contractions that are not lumen-occlusive are not

readily detected manometrically, but are likely to have functional significance (Fone et al.

1990b). Recordings are prone to artefacts from coughing, movement, or straining;

computerised analysis is capable of removing these, though different programs for
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automated analysis may yield varying results for the same manometric recording (Camilleri

et al. 1998).

Catheters used to record antropyloroduodenal manomefy in the studies reported in this

thesis have incorporated between 4 and 6 anûal sideholes, a pyloric sleeve, and between I

and 12 duodenal sideholes. Automated analysis has been used to detect pressure waves

above a threshold of l0 mmHg and record their onset and amplitude, with subsequent

exclusion of artefacts by visual inspection of the recording; software was also used in

Chapter 13 to identify sequences of anhal waves that were temporally related. The higher

frequency of pressure waves in the small intestine demands greater use of automated

analysis, as the number of pressure waves becomes too laborious to count visually. The

study reported in Chapter l4,for example, used previously validated software (Samsom et

al. 1998b) to record the onset and amplitude of duodenal waves, and to count sequences of

waves related to one another in time and space, after automated exclusion of artefacts.

Nevertheless, visual inspection of the manometric trace remains essential to interpreting the

events recorded.

Barostat

The barostat is a device which maintains a constant pressure in a bag within a hollow

viscus, such as the stomach or small intestine. Hydrostatic barostats achieve this by

connection of the bag to a fluid-filled reservoir maintained at a fixed height, and have been

used to study the effects of a constant intragastic pressure during gasric emptying

(Paraskevopoulos et al. 1988). The electonic barostat maintains constant infragastic

pressure by addition or withdrawal of air using a piston or bellows in response to changing

intrabag pressure, ideally measured via a separate lumen (Whitehead and Delvaux 1997).
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Assuming that the proximal stomach approximates a simple geometic shape, such as a

sphere or inverted cone, the Law of laplace (T a P.R) may be applied to relate gastric wall

tension (t) to intragastric pressure (P) and radius (R), as discussed in Chapter 3. When the

pressure is maintained at a constant value using the barostat, fluctuations in intragastric

volume reflect changes in wall tension, ie. volume is related inversely to proximal gastric

tone (Azpiroz and Malagelada 1985b).

Tone can be considered to be a sustained reduction in luminal area as a result of the

activation of smooth muscle cells (Gregersen and Kassab L996). Changes in tone are more

readily assessed than absolute tone using the barostat, because standardisation of pressure

is diffrcult (Azpiroz L997);typically the relaxation of the stomach after ingestion of a meal

is assessed (Figure 7.2). However, failure of the stomach to relax may be due either to a

flaccid stomach without tone, or a confiacted stomach that is unable to relax; the two may

be differentiated by administration of glucagon at the end of the study to abolish gastric

tone (Azpiroz 1997). Furthermore, such "accommodation" tests are best performed with

smatl volume liquid meals, because estimates of tone based on the intrabag volume do not

account for the volume of residual meal and secretions in the stomach. Other limitations of

the barostat are its invasive nature, and the fact that an intragastric bag itself disturbs

physiology; when the stomach relaxes, the intrabag volume increases, so according to

Laplace's law, wall tension must increase to limit a further increase in volume.

Furthermore, gastric emptying of liquids is accelerated by the presence of a barostat bag

(Moragas et al. 1993; Ropert et al. 1993), possibly due to the slight increase in infragasfüc

pressure resulting from the bag, or displacement of gastric contents to the antrum.

Altemative protocols for use of the barostat employ stepwise distensions in increments of

either pressure or volume to generate pressure-volume curves, as an index of gastric

compliance (volume change per unit pressure change) (Whitehead and Delvaux 1997). A

single value for compliance, representing the slope of the pressure-volume relationship, is
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often reported; this can be misleading if the relationship is not linear (Gregersen and

Kassab 1996).

A modification of the barostat is the tensostat, where air is introduced or withdrawn from

the intragastric bag so as to maintain constant tension (rather than pressure), as calculated

on a continuous basis by computer according to the Law of laplace, assuming the bag to

be spherical (Distrutti et al. 1999). This device has particular application to assessment of

the perception of gastric distension, since mechanoreceptors in the gut appear to respond

directly to changes in tension, rather than pressure or volume (Gregersen et al. 1999).

Many of the assumptions regarding the barostat do not withstand stringent biomechanical

analysis. For example, the stomach does not strictly conform to a spherical or conical

shape, and the tension generated by a constant pressure is unlikely to be distributed

uniformly throughout the wall. In addition to tension, stress (force per unit cross sectional

area) and strain (force causing deformation of solids) are important variables, which are not

readily measured in vivo; quantifrcation of stress requires knowledge of wall thickness.

Properties of the gastric wall that complicate its mechanics include hysteresis (a different

stress-strain relationship on unloading when compared to loading) and anisotropy

(mechanical properties are dependent on direction due to the layered structure of the wall)

(Gregersen and Kassab 1996). Furthermore, close attention to technical issues is important

if meaningful results are to be obtained; the intragastric bag must be thin-walled, infinitely

compliant within the volume range likely to be encountered, and oversized so that its

surface remains in close contact with the gastric wall. Volume measurements must be

corrected for air compression, and pressure should be monitored in the bag, not in the line

or pump (Whitehead and Delvaux 1997). Posture must be standardised; for example, a

change in posture from supine to erect has unpredictable effects on pressure and volume
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measurements (Hebbard et al. 1995a). Despite these caveats, the barostat technique has

yielded much useful information about gastric motor function.

Gastric electrical activity

As discussed in Chapter l, the gastric myoelectric rhythm is responsible for the spatial and

temporal organisation of contractions; accordingly, its measurement from cutaneous

electrodes has some appeal in the assessment, albeit indirect, of gasnic motor function.

Raw electrogastrogram (EGG) signals are subjected to running specüal analysis with fast

Fourier transformation, which enables the generation of greyscale or pseudo-3-dimensional

plots indicating the power of different components of the frequency spectum over time

(Verhagen et al. 1999b). EGG abnormalities are either those of rhythm (when the

frequency is either above 4 (tachygastria) or below 2 (bradygastria) cycles per minute), or

of power (when there is no postprandial increase in power, ie postprandial to fasting power

ratio < 1). The EGG is frequently abnormal in conditions such as gastroparesis, non-ulcer

dyspepsia, motion sickness, pregnancy, and eating disorders, and in patients with upper

gastrointestinal symptoms. It has been suggested that an abnormal EGG has a positive

predictive value of 60 - 90 7o for delayed gastric emptying (Chen et al. 1996; Camilleri et

al. 1998). However, abnormal EGGs may be recorded in apparently healthy subjects, and

conversely the EGG may be normal in patients with unequivocally disordered motor

function.

EGGs must be interpreted with caution (Smout et al. 1994; Verhagen et al. 1999b), though

this has often not been the case. Low frequency elecfrode noise and movement artefacts

may be misinterpreted as bradygastria, while harmonics of non-sinusoidal waveforms,

respiration, and movement may be mistaken for tachygastria; it is therefore important that
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the raw signal be inspected, and that dysrhythmias be reported as the percentage of the

recording in which they are present, rather than the percentage of total power in the brady-

and tachy-gastria ranges. At present, the EGG remains a research tool, rather than a routine

clinical investigation (Verhagen et al. 1999b). Its future application may depend on

improvements in analysis, and development of electrical or pharmacological therapies that

correct abnormal rhythms.

METHODS TO STUDY SENSATION

The basis of symptoms arising from the gastrointestinal tact is, in general, not well

understood, but heightened perceptions arising from gut stimuli are now recognised as a

feature of functional dyspepsia, and are likely to be important in other conditions. The

evaluation of gastrointestinal sensation, particularly the objective study of afferent

pathways, is evolving rapidly in the research setting, and may potentially have future

clinical applications.

Table 7.2

Methods used to quantif.v upper gastrointestinal sensory function in humans

Subjective Sensory thresholds

P er c e ption que stionnair e s

a

a Objective C ortic al ev o l<e d p ot e ntial s

Magne t o e nc e p lwl o gr ap hy

P o sitron emi s s ion tomo gr aphy

Functional magnetic re sorurtrce imaging
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Subjective assessment of perception

Various scales have been devised to quantify self-reported perceptions of gastrointestinal

stimuli such as distension. Intensity of perception can be rated independently of

unpleasantness. Ratio scales use numerical points; the subjective increment between

adjacent points should be the same for any part of the scale, even though this is unlikely to

correspond to equal increments in the stimulus intensity. A variant in common use is the

visual analogue scale, where a line without divisions is presented, usually 10 - 15 cm long,

with words such as "none" and "worst" at opposite ends of the line. Such scales have been

validated for the assessment of both pain (Seymour et al. 1985) and appetite (Sepple and

Read 1989), and have been used in many of the studies reported in this thesis (Figure 7.3).

An alternative scale is the ordinal scale, where verbal descriptors are provided; its

sensitivity is less than for the visual analogue scale if less than 5 categories are provided;

between 5 and 7 categories may be optimal (Whitehead and Delvaux 1997)'

A variety of distension protocols have been used to test gastrointestinal perception.

Distensions in pressure increments are more reproducible than those in volume increments

(Whitehead and Delvaux 1997), although ideally both should be performed, as they yield

complementary information (Hebbard et al. 1996b). The rate of inflation is important; rapid

distensions are less physiological than gradual distensions, but may accentuate differences

between groups of subjects. Perceptual sensitivity (the ability to detect a stimulus, or

discriminate between two stimuli) must be distinguished from response bias (reporting

behaviour). Ascending cumulative distensions are practical, and were used in the studies

relating to the barostat that are reported in this thesis. Alternative protocols using a random

or pseudorandom order of phasic distensions, or "tracking" to localise a pain threshold

more precisely, are theoretically less prone to response bias, but more time consuming

(Whitehead and Delvaux 1997).
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Objective assessment of sensation

Electrophysiological and neuroimaging techniques have recently been used to study

gastrointestinal sensation in an effort to understand how the gut-brain axis functions in

health and disease. These methods, requiring skilled investigators and access to specialised

and often expensive equipment, remain in the realm of research and are not yet applicable to

clinical practice. They have been applied predominantly to the oesophagus and rectum,

which are more "accessible" than the stomach and small intestine for the delivery of

repetitive stimuli; this is why the oesophagus was studied in Chapter 12 to evaluate the

effects of hyperglycaemia on visceral evoked potentials.

Cortical evoked potentials (CEPs)

Cortical evoked potentials can be recorded from scalp electrodes during stimulation of

gastrointestinal viscera with either rapid balloon distension (Castell et al. 1990; Smout et al.

1990) or an elecfücal current (Frieling et al. 1989) (Figure 7.4). Multiple stimuli are

delivered and the resulting evoked potentials averaged to differentiate a reproducible signal

from background brain activity. While balloon distension may be more physiological than

electrical stimulation, the timing of the onset of the stimulus is less precise (Aziz and

Thompson 1998). Recently, repeated application of a chemical stimulus to the oesophageal

mucosa has been used to evoke cortical potentials (Roscher et al. 1998). Typically, evoked

potentials consist of a number of positive and negative deflections; the latency of each peak

from the stimulus onset can be determined to a temporal resolution of milliseconds, and

interpeak amplitudes measured.

Evoked potentials have been recorded during electical or balloon stimulation of the

oesophagus by a number of investigators; they can only be recorded for stimuli above the

threshold for perception (Smout et al. 1990). I¿tencies of the prominent peaks are greater
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for distal than proximal oesophageal stimulation (Frieling et al. 1989; Tougas et al. 1993),

while amplitude is related to stimulus intensity (Frieling et al. 1989; Smout et al. 1990;

Tougas et al. 1993) and is greater at stimulus frequencies of 0.1 Hz than 0.5 - 1.0 Hz

(Frieling et al. 1989; Castell et al. 1990; Smout et al. 1990). The amplitude of the evoked

potential decreases with age (Weusten et al. 1994a) and may also be affected by the

attentiveness of the subject (Aziz and Thompson 1998).

The afferent pathways involved in generation of evoked potentials from oesophageal

stimulation were initially thought to be vagal (Tougas et al. 1993); it is likely, however, that

spinal afferents with a wide dynamic range of response are also involved. The relative

contribution of vagal and spinal pathways may depend on the intensity of the stimulus

(Aziz and Thompson 1998).

When evoked potentials are recorded simultaneously by multiple scalp electrodes, mapping

techniques can be used to determine the neural sources of the response (Weusten et al.

1994b). Dipole modelling techniques in healthy subjects have demonstrated that multiple

cortical sites are activated in sequence in response to distal oesophageal stimulation,

beginning with the insular cortex bilaterally, followed by the orbitofrontal and cingulate

cortex (Azizetal.1995; Franssen et al. 1996).

Magnetoenc eplulo graphy ( MEG )

MEG is based on the measurement of minute magnetic fields generated by neuronal activity

in response to stimuli, similar to those used to elicit cortical evoked potentials. There is less

distortion of magnetic fields compared to elecûical fields by intervening tissues;

accordingly, spatial resolution (l - 5 mm) is better than with CEPs, while a temporal

resolution of milliseconds is maintained. The recording device uses superconducting wire

loops coupled to superconducting quantum interference devices (SQUIDs) in an array
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surrounding the subject's head; images are co-registered with MRI for anatomical

localisation (Aziz and Thompson 1998). A major drawback is the expense of the required

equipment. Studies of afferent signals from the oesophagus have demonstrated that

sensation from the proximal oesophagus is localised to either the right or left hemisphere,

while distal oesophageal sensation is conveyed bilaterally. The insular, primary

somatosensory, and cingulate cortices are all involved; it is notable that the primary

somatosensory cortex receives spinal, but not vagal projections (Furlong et al. 1998).

Positron emission tomography eEf)

PET registers either regional blood flow (using labelled water) or glucose metabolism

(using labelled fluorodeoxyglucose). Co-registration of images with MRI allows

localisation of brain regions to a spatial resolution of 2 - 8 mm, but the temporal resolution

is only about 4O seconds (Aziz and Thompson 1998). However, a unique advantage is the

detection of regions of diminished, as well as increased brain activity; for example, using

PET an area ofreduced activity in the right prefrontal cortex is evident during oesophageal

stimulation, which may represent an adaptive response to repetitive visceral stimulation

(Aziz et al. 1997). Again, expense and availability of the required equipment are major

limitations; radiation exposure also limits repeated studies.

Functionnl mngnetic resorutnce imaging WRI)

fT\4RI detects regions of neuronal activation by their increased oxygen content, with a

spatial resolution of 2 mm and a temporal resolution of 4 - 8 seconds (Aziz and Thompson

1993). The technique has been used to show that anatomically and temporally distinct

regions are activated by acid perfusion, compared with balloon distension, of the

oesophagus (Kern et al. 1998). Graded oesophageal balloon distension at lower distending

volumes results in activation of insular and secondary somatosensory cortices, and the
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frontal and parietal operculum, while the anterior cingulate gyrus is also activated at high

distending volumes (Binkofski et al. 1998).

CONCLUSIONS

Numerous techniques have evolved for the study of upper gastrointestinal motor and

sensory function; the use of several techniques, especially when employed simultaneously,

can yield complementary information. Methods used in the studies reported in this thesis

include:

(i) antropyloroduodenal manometry - Chapters 9, 10, 13,14, and 15

(ii) the electronic barostat - Chapters 8, 11, and 16

(iii) cortical evoked potentials - Chapter 12.
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antral pyloric
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duodenal sideholes
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infusion port balloon

Figure 7.1

Design of silicone rubber manometry catheter used in the study reported
in Chapter 14, incorporating antral (A), pyloric (P), and duodenal (D) sideholes.

In addition, there is a pyloric sleeve sensor, a port allowing for intraduodenal
infusion, an inflatable balloon, and tungsten weights to facilitate positioning.
The distal antral and proximal duodenal sideholes are perfused with saline,

rather than water, to enable measurement of transmucosal potential difference
(rMPD).
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Figure 7.2
Schematic representation of the gastric accommodation response to a nutrient liquid meal

measured by the gastric barostat. The electronic barostat maintains constant pressure in the

intragastric bag; the increase in intrabag volume after the meal reflects a decrease in
proximal gastric tone.
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I don't feel tull at all

I don't feel sick at all

I don't feel any abdominal
discomfort

I don't feel any abdominal
bloating

I feel extremely tull

lfeel extremely s¡ck

I feel extremely uncomfortable
¡n the abdomen

I feel extreme abdominal
bloating

I don't feel hungry at all lfeel extremely hungry

I have no desire to eat I want to eat a large amount

10 cm

Figure 7.3
Example of a visual analogue questionnaire, as used in the study reported in
Chapter 8.
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Figure 7.4

{ Application of scalp electrodes at standardised positions for recording cortical
evoked potentials in response to oesophageal stimulation (see Chapter 12).

E Evoked potential recorded from the Cz electrode (average of 50 distensions).
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CHAPTER 14: GASTRODUODENAL RESPONSES TO SMALL

INTESTINAL NUTRIENTS, AND SMALL INTESTINAL

GLUCOSE ABSORPTION, IN TYPE 1 DIABETES MELLITUS

SUMMARY

Disordered upper gastrointestinal motor function and upper gut symptoms are prevalent in

patients with diabetes mellitus; the role of disturbed feedback from nutrients in the small

intestine in their aetiology is unclear. Small intestinal glucose absorption is increased in

animal models of diabetes mellitus, but little data are available in humans. Disordered small

intestinal motility in diabetes could potentially affect glucose absorption. Our aim was to

evaluate the antropyloroduodenal motor response, changes in upper gut sensations, and the

GLP-I response to small intestinal nutrients, as well as small intestinal glucose absorption,

in patients with type I diabetes mellitus and healthy controls. 8 patients with type I diabetes

(2 with evidence of autonomic neuropathy) and t healthy volunteers were studied during

euglycaemia. A manometric catheter with a pyloric sleeve, 4 antral, and 12 duodenal

sideholes was positioned, and a nutrient liquid was infused intaduodenally at 3 kcal per

minute for 30 minutes, followed by a bolus of 3-O-methylglucose (3-OMG). Blood was

sampled every l0 minutes during intraduodenal nutrient infusion, then every 5 minutes for

the first hour after 3-OMG administration. Plasma 3-OMG and GLP-l concentrations were

measured, and upper gut sensations were assessed with visual analogue questionnaires.

Automated manometry analysis was performed. During 30 minutes of innaduodenal

nutrient infusion, neither the number or amplitude of anftal and duodenal waves, nor the

stimulation of phasic pyloric pressures, differed between patients with diabetes and healthy

controls. In the following 30 minutes, the number and amplitude of antral (P<0.05,
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P<0.05) and duodenal (P=0.06, P<0.05) waves were greater in the patients than the

controls, and there were more antegrade propagated duodenal sequences in the patients

with diabetes (P<0.05). Return of interdigestive phase III activity was delayed in this

group. Change in upper gut sensations and plasma GLP-I concentrations during nufient

infusion did not differ significantly between type 1 patients and controls. Neither the peak

plasma concentration of 3-OMG, nor the area under the concentration curve (AUC) over 30

minutes after administration, differed between patients with diabetes and healthy subjects;

however the AUC correlated with the blood glucose concenfiation at the time of 3-OMG

administration (r=0.64, P<0.005), and with the number of duodenal pressure waves

(r=0.52, P<0.05) and antegrade propagated duodenal sequences (r=0,51, P<0.05) in the

30 minutes of intraduodenal nutrient infusion that preceded 3-OMG. We conclude that the

upper gastrointestinal motor, sensory, and GLP-I responses to small intestinal nutrient in

patients with relatively uncomplicated diabetes are comparable to healthy subjects, but

antral and duodenal motor activity are greater in patients than contols following the nuffient

infusion. Small intestinal glucose absorption in controlled type 1 diabetes does not differ

from healthy subjects, but may be influenced by variations in the blood glucose

concentration, and by duodenal motor activity.
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INTRODUCTION

Disordered upper gastrointestinal motor function is common in patients with type I and

type 2 diabetes mellitus, and has potential consequences of poor nutrition, delayed

absorption of oral medications, and impaired glycaemic conftol; it may also contribute to

upper gastrointestinal symptoms (Feldman and Schiller 1983; Horowitz and Fraser 1994;

Camilleri 1996).

In 30 - 50 Vo of outpatients with longstanding type 1 diabetes, gastric emptying of solids,

liquids, or both is delayed (Horowitz et al. 1986); postprandial gasnic motor abnormalities

include diminished antral motility (Samsom et al. 1996) and a reduction in propagated

antroduodenal pressure wave sequences (Fraser et al. 1993c). In some patients with

symptomatic diabetic gastroparesis, localised pyloric motor activity may be increased

(Mearin et al. 1986), while fundic tone and accommodation to a meal are impaired

(Samsom et al. 1995; Samsom et al. 1998a). Orocaecal transit may be slow, normal, or

rapid in type 1 patients (Keshavarzian and Iber 1986; Wegener et al. 1990; \il'erth et al.

1992): distal small intestinal transit may be slow (Rosa-e-Silva et al. 1996), though there is

little data on regional transit through the small bowel. Postprandial small intestinal motor

patterns in patients with diabetes are less well-characterised than those of the stomach;

reported abnormalities include bursts of non-propagated rryaves (Camilleri and Malagelada

1984), and an early return of phase III interdigestive activity (Samsom et al. 1996).

Transport of chyme through the duodenum is frequently disordered (Nguyen etal. 1997).

Patterns of postprandial gastroduodenal motility are regulated in part by feedback resulting

from the interaction of nutrients with the small intestine; in healthy subjects, inffaduodenal

infusion of glucose (Heddle et al. 1988c) or lipid (Heddle et al. 1988a) suppresses antal
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and duodenal pressures, and stimulates phasic and tonic pyloric activity. These responses

are associated with retardation of transpyloric flow. The antropyloroduodenal motor

response to intestinal nutrient exposure has not been specifically evaluated in patients with

diabetes mellitus, but is potentially important, since an increase in small intestinal feedback

may potentially result in slow gastric emptying; this is observed in anorexia nervosa

(Rigaud et al. 1988) or starvation (Corvilain et al. 1995). Peptide hormones such as

glucagon-like peptide I (GLP-I) and cholecystokinin (CCK), released in response to

nutrients in the small intestine, appear to have a role in mediating feedback on motor

activity (Feinle et al. 1996; Schina et al. 2000). A recent report indicates decreased

secretion of GLP-I after a meal in patients with type 1 and Wpe 2 diabetes when compared

to healthy controls (Lugari et al. 2000), though differences in gastric emptying could

potentially be responsible. Infusion of nutrient directly into the small intestine would

control for these differences; however, the release of gut peptides in response to an

intraduodenal nutrient infusion has never been evaluated in patients with diabetes.

Symptoms arising from the upper gastrointestinal tract are prevalent in patients with

diabetes (Feldman and Schiller 1983; Schvarcz et al. 1Ð6; Spangeus et al. 1999; Bytzer et

al. 2000a), but their occurrence and severity correlate poorly with disordered motor

function (Horowitz and Fraser 1994). In patients with type I diabetes and severe upper

gastrointestinal symptoms, studied during euglycaemia, the perception of proximal gastric

distension is increased when compared to healthy subjects (Samsom et al. 1995). In

Chapter 11, it was observed that even in unselected type I patients (who reported mild

gastrointestinal symptoms at most) there was an increased sensitivity to gastric distension,

a phenomenon widely reported in functional dyspepsia (Bradette et al. 1991; Lemann et al.

l99I; Mearin et al. l99l). Intraduodenal glucose or lipid infusions suppress hunger and

increase fullness in healthy subjects (Lavin etal.1996;Andrews et al. 1998a); patients with

functional dyspepsia appear to be more sensitive to infiaduodenal lipid, and may report
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perceptions of nausea or bloating (Barbera et al. 1995a). Similarly, inúaduodenal acid

induces nausea in these patients, in contrast to healthy subjects (Samsom et al. 1999b). No

studies have evaluated whether the perceptions induced by intraduodenal nutrients are

abnormal in patients with diabetes mellitus.

While glycaemic control is now accepted as a major determinant of the development and

progression of diabetic microvascular complications in patients with type 1 diabetes (DCCT

1993), the importance of transient postprandial hyperglycaemia to overall glycaemic control

and diabetic complications has only recently been recognised (Ohkubo et al. 1995; Ceriello

1998). There is little information about the relative contributions of small intestinal motility

and absorptive function to the postprandial increase in blood glucose. However,

pharmacologically-induced inhibition of small intestinal motility decreases the absorption of

the glucose analogue 3-O-methylglucose (3-OMG) in healthy subjects (Samsom et al.

1999a).3-OMG uses the same active transport riechanism in the gut as glucose, but is not

metabolised by the liver and is renally cleared; plasma concentrations of 3-OMG may

therefore be used as an index of glucose absorption (Fordtran et al. 1962). It is not known

whether disordered small intestinal motility has the potential to influence glucose absorption

in patients with diabetes mellitus.

In the rat, streptozotocin-induced diabetes is associated with increased absorption of

glucose across the small intestinal mucosa, which is reversed with insulin treatnent

(Thomson and Wild 1997). Acute hyperglycaemia produces a rapid (Cheeseman and

Maenz 1989), transient increase in intestinal glucose absorption (Csaky and Fischet 1977;

Csaky and Fischer 1981; Fischer and I-auterbach 1984). In contrast, the limited data in

humans with diabetes have not demonstrated increased small intestinal glucose absorption

(Gottesburen etal. 1973;Costrini et al. 1977; Gulliford et al. 1989), although there is one

report of increased absorption at high luminal concentations of glucose (Vinnik et al.
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1967). Marked hyperglycaemia (blood glucose - 14 mmol/L) did not affect jejunal glucose

absorption in either healthy subjects or patients with diabetes in the one human study that

has addressed this issue (Costrini et al.1977).

The aims of this study were to evaluate, in unselected patients with type I diabetes and

healthy controls: (i) the effects of an intraduodenal nutrient infusion on

antropyloroduodenal motility and gut perception, and (ii) the relationships between small

intestinal glucose absorption, duodenal motility, and the blood glucose concentration.

METHODS

Subjects

8 patients with type 1 (insulin dependent) diabetes mellitus (4 female, 4 male; median age

40 years, range 30 - 50; median body mass index 24kglm2, range 22 - 3l) were randomly

selected from outpatients attending the Internal Medicine Outpatient Deparûnent of the

University Medical Centre, Utrecht, The Netherlands. Patients were not selected on the

basis of gastrointestinal symptoms or diabetic complications; only patients taking

medication known to affect gastrointestinal motor function or with a history of significant

systemic disease unrelated to diabetes were excluded. The study was approved by the

Research Ethics Committee of the University Medical Centre, Utrecht. The median duration

of diabetes was 2l years (range I - 34 years) and the median glycated haemoglobin

(HbAr") was 7.9 Vo (range 6.5 - 10.0 Vo). Three patients had background diabetic

retinopathy, and none had clinical evidence of peripheral neuropathy or microalbuminuria.
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The patients with type I diabetes were compared with a group of t healthy volunteers (5

female, 4 male; median age 26, range 22 - 54; median body mass index 22 kglm2, range

L9-27).

Protocol

lFisure 14.l)

Subjects attended the laboratory at 8.30 am after an overnight fast. On arrival, all subjects

completed a questionnaire regarding chronic gastrointestinal symptoms (see below). In

addition, the patients with diabetes were given a morning dose of short-acting

subcutaneous insulin, determined on the basis of an initial blood glucose measurement

using a glucometer (MediSense Companion 2, Waltham, USA), with the aim of achieving

relative euglycaemia (blood glucose concentration 4 - 10 mmol/L) prior to commencing the

study. A manometric sleeve/sidehole assembly was then introduced through an

anaesthetised nostril and the tip allowed to move across the pylorus with the aid of

peristalsis. V/hen the tip had crossed the pylorus, an I mL balloon at the distal end of the

catheter was inflated to assist its passage into the duodenum. The balloon was deflated once

the catheter was in the correct position, with the sleeve spanning the pylorus. If the catheter

tip had not passed the pylorus within one hour of intubation, it was positioned with

fluoroscopic assistance. The position of the catheter was monitored continuously during ttre

study using measurement of the transmucosal potential difference (TMPD) from the most

distal antral and the most proximal duodenal sideholes, according to established criteria

(antral TMPD < -20mV, duodenal TMPD > -15mV, difference > 15mV) (Heddle et al.

1988c).

Once the catheter was positioned correctly, a cannula was inserted into an antecubital vein

for blood sampling. When interdigestive phase II activity was present in the small intestine
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and the blood glucose concentration (measured every l0 minutes using the glucometer) was

in the range 4 - l0 mmol/L (T=0 minutes), a mixed nutrient liquid (Nutridrink; Nutricia,

Bornem, Belgium: protein l3%o; carbohydrate 48Vo;fat39Vo; energy content 1.5 kcal/ml)

was infused intraduodenally for 30 minutes at a rate of 2 mUmin (3 kcal/min), via the

infusion port of the manometric catheter. At the end of this infusion CI=30 minutes), 4.0 g

of 3-O-methylglucose (3-OMG), dissolved in distilled water to a volume of 25 mL, was

infused over 2 minutes via the same infusion port. Blood samples were taken at T= -10, 0,

I0, 20, 30, 40,50, 60, 70, 80, 90, 120, and 150 minutes for measurement of the blood

glucose concentration, and gut hormone concentrations, and also at T=30, 35, 4,45, 50,

55, 60, 65,'70,75, 80, 90, 120, and 150 minutes for measurement of plasma 3-OMG

concentrations.

Subjects completed 100 mm visual analogue questionnaires (Sepple and Read 1989) to

assess sensations of desire to eat, hunger, nausea, fullness, and abdominal discomfort at

T= -10, 0, 10, 20, 30,40, 50, 60, 70, 80, 90, 120, and 150 minutes. The mean of the

scores at T=-10 and T=0 was used as a baseline score; subsequent scores were assessed as

the change from this baseline.

At the end of the study, once the manometric catheter had been removed, autonomic

function was evaluated in the patients with diabetes (see below).

Manometric technique

lFisure 14.2)

Antro-pyloro-duodenal manometric recordings were obtained using a 2l-lumen silicone

rubber assembly (Dentsleeve, Adelaide, Australia) incorporating 4 antral sideholes spaced

at 1 cm intervals (Al - A4), a 4 cm pyloric sleeve with 3 sideholes at 1 cm intervals on the
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side opposite the sleeve (Pl - P3), and 12 duodenal sideholes spaced at 1.5 cm intervals

(Dl - DI2). An additional sidehole for infusion of intraduodenal nutrient was located

between D2 and D3. The assembly also incorporated 3 tungsten weights and a balloon near

the tip, to facilitate passage across the pylorus. All sideholes, except for A4 and Dl, were

perfused with water at a rate of 0.2 mlJmin, using a pneumohydraulic perfusion system

(Dentsleeve, Adelaide, Australia). Sideholes A4 and Dl were perfused with saline to allow

measurement of TMPD; a disposable Ag/AgCl elecfrode applied to the skin of the forearm

was used as the reference. Pressures were recorded from all channels via external

transducers (Abbot, Chicago, USA), and the data stored on a digital datalogger at a

sampling frequency of 8 Hz (MMS, Enschede, The Netherlands). At the end of the study,

data were transferred to a computer hard disk for subsequent analysis.

Assessment of upper gastrointestinal symptoms and autonomic nerve

function

All subjects were asked to complete a standard questionnaire (Horowitz et al. 1986;

Horowitz et al. 1987b; Horowitz et al. 1989a; Horowitz et al. 1991) incorporating six

"gastric" symptoms: anorexia, nausea, early satiety, upper abdominal discomfort or

distension, vomiting, and abdominal pain, which were each scored as 0 (none), I (mild -

symptom could be ignored if patient did not think about it), 2 (moderate - symptom could

not be ignored but did not influence daily activities), or 3 (severe - symptom influenced

daily activities), so that the maximum score was 18.

Autonomic function was assessed in the patients with diabetes by measurement of the heart

rate variation during deep breathing (R-R interval); variation of 10 beats per minute or less

was taken as evidence of cardiac autonomic neuropathy (Ewing and Clarke 1982).
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Manometric analysis

The phases of the interdigestive migrating motor complex were determined visually and

classified as: (i) phase I: motor quiescence (ii) phase II: duodenal pressure waves occurring

at a frequency greater than2 per 10 minutes, but less than l0-12 per minute, and (iii) phase

III: duodenal pressure waves at the maximum frequency (IO-I2 per minute) for at least 2

minutes, propagated over at least 3 sideholes and followed by motor quiescence. The time

between the completion of the intraduodenal nutrient infusion and the onset of duodenal

phase III was considered the postprandial period'

The number and frequency of isolated pyloric pressure waves (IPPWs) was determined;

IPPWs were defined as pressure waves > l0 mmHg in amplitude, recorded in the pyloric

sleeve channel, in the absence of any pressure waves in the adjacent antral or duodenal

channels within a 5 second window before or after the onset of the pyloric wave (Heddle et

al. 1988c).

Manometric data from antral and duodenal channels were analysed in an automated fashion,

using previously described software (Samsom et al. 1998b). After smoothing of raw

signals and elimination of artefacts, the number, frequency, and amplitude of individual

pressure waves > l0 mmHg were calculated. The number of duodenal Pressure wave

sequences propagated between two or more sideholes, in either an antegrade or refrograde

direction, was also calculated, assuming a propagation velocity between 0.9 cm/s and 16

cm/s.
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Plasma 3-OMG and GLP-I measurements

Blood samples for measurement of 3-OMG concentration were taken into EDTA tubes and

placed on ice before centrifugation at 3200 rpm for 15 minutes. The plasma was stored at -

200C until analysis by gasJiquid chromatography (Chrompack, CPSIL 24BC).

Blood samples for measurement of GLP-I were taken into tubes containing EDTA and

0.125 mL aprotinin (Trasylol, Bayer) and handled in the same manner as the 3-OMG

samples. GLP-1 was measured with an established immunoassay (Lavin et al. 1998; Kong

et al. 1999b).

Statistical analysis

Statistical analyses were performed using StatView 5 (SAS Institute Inc, NC, USA).

Antropyloroduodenal manometry data for each subject were analysed to the onset of

duodenal phase III activity. A chi-squared test was used to compare the proportion of

subjects who had a return of phase III activity during the study period in the diabetes and

control groups. Student's unpaired t-test was used to compare the number and amplitude of

pressure waves, the timing and magnitude of the peak 3-OMG concentration as well as the

area under the concentration curve, and baseline visual analogue scores between patients

with diabetes and healthy subjects. Repeated measures ANOVA was used to compare the

site of origin of duodenal waves, the length of propagation of antegrade sequences, blood

glucose and plasma hormone concentrations, and changes from baseline visual analogue

scores. Relationships between area under the plasma 3-OMG curve (AUC) and the number

of both duodenal waves and antegrade propagated sequences, and between the AUC and

the blood glucose concenftation at the time of 3-OMG administration (T=30), were

examined using linear regression, as were the relationships between gut perceptions and the
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blood glucose concentration. A P-value of < 0.05 was accepted as significant in all

analyses.

RESULTS

Upper gastrointestinal symptoms and autonomic nerve function

The patients with type I diabetes had a median score of 0.5 (range 0 - 7) for "gastric"

symptoms, while the healthy subjects had a median score of 0 (range 0 - 2). Two of the

diabetic patients had evidence of cardiac autonomic neuropathy on the basis of the R-R

variation with deep breathing.

Blood glucose concentrations

lFisure 14.3)

Mean blood glucose concentrations throughout the study (T=0-150) were higher in the

patients with diabetes than the healthy controls (P<0.05), including those at the time of 3-

OMG administration (T=30) (P=0.05), although the difference between the groups

decreased over time (P<0.001). The change in blood glucose from baseline values during

the period of nutrient infusion (T=0-30) tended to be greater in healthy subjects than

patients (P=0.07).

Duration of the postprandial period

7 of t healthy subjects had an episode of duodenal phase III during the 150 minute

recording period, with a mean onset at 78 minutes (range 22 - ll7 minutes) after the end of

the intraduodenal nutrient infusion. In contrast, only I of 8 patients with diabetes had an
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episode of duodenal phase III, with onset 79 minutes after the end of the nutrient infusion

(X2 4.86, P<0.05). Since antropyloroduodenal pressures were analysed only until the

occuffence of phase III for each subject, comparisons of motility data between patients and

healthy controls were only made up to 30 minutes from end of the nutrient infusion (T=60);

comparisons for the period T=30-60 minutes excluded the healthy subject who had phase

lll atT=52 minutes.

Antral and pyloric pressure waves

(Figures 14.4 and 14.5)

During intraduodenal nutrient infusion (T=0-30), the total number of anfral waves did not

differ significantly the type I patients and healthy subjects; there was a trend for a greater

mean amplitude of anftal waves in the type 1 patients (P=0.06). In the following 30

minutes (T=30-60), the number of anfial \ryaves tended to increase in the healthy subjects

(P=0.06), and increased markedly in the type I patients (P<0.0005); both the number and

amplitude of antral pressure waves were greater in the patients with type 1 diabetes than the

controls during this period (P<0.05 for each).

There was no difference in the number of IPPWs between patients with diabetes and

healthy subjects during nutrient infusion. The number of IPPWs decreased in both groups

during the following 30 minutes (T=30-60) (P<0.05 for each), again without any

difference between patients and controls.
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Duodenal pressure waves

(Figures 14.6 and 14.7)

During intraduodenal nutrient infusion (T=0-30), neither the total number, nor the mean

amplitude of duodenal waves differed signifrcantly berween patients and healthy subjects.

The number of antegrade propagated duodenal wave sequences was also similar in the two

groups; there were few retrograde propagated sequences in either group (data not shown).

In the following 30 minutes (T=30-60), the number of duodenal waves and antegrade

sequences tended to increase (P=0.08 and P=0.11) in the patients, and the amplitude of

duodenal waves also increased (P<0.05) in this group. Neither the number nor amplitude

of duodenal waves, nor the number of antegrade sequences, increased in the healthy

subjects. Thus, in the period T=30-60, there was a trend for a greater number of duodenal

waves in patients than healthy subjects (P=0.06), and the amplitude of duodenal waves and

number of antegrade propagated sequences were greater in the patients (P<0.05 for each).

There were more antegrade sequences propagated over distances of one, two, and three

sideholes (P<0.05, P=0.05, and P<0.05 respectively), but not over four or more

sideholes, during this period in the patients compared with the healthy subjects. Again,

there were few retrograde sequences in either group (data not shown). The site of origin of

antegrade propagated sequences did not differ between the type 1 patients and the healthy

subjects, either during the nutrient infusion (T=0-30, data not shown) or in the following

30 minutes (T=30-60).

Plasma GLP-I concentrations

(Figure 14.8)

The plasma GLP-I concentration at baseline did not differ significantly between patients

with diabetes (11.98t3.50 pmol/L) and healthy subjects (9.65x,I.92 pmol/L). During the

30 minutes of nutrient infusion (T=0-30), plasma GLP-I increased in healthy subjects
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(P<0.0005) but did not change significantly in patients; however, the area under the curve

for the increment in plasma GLP-I did not differ significantly between patients and healthy

subjects during T=0-30 (P=0.61) or T=0-60 (P=0.12).

Perceptions related to intraduodenal nutrient infusion

(Figures 14.9 and 14.10)

There was a non-significant trend towards scores for desire to eat (24.4¡6.9 mm vs

48.4x,10.2 mm, P=0.08) and hunger (21.1x.7.t mm vs 4.4+9.8 mm, P=0.11) to be less

at baseline in the diabetic patients than the healthy subjects. Fullness at baseline did not

differ between the groups. During the nutrient infusion and the following 30 minutes (T=0-

60), there was no significant change from baseline scores in desire to eat, hunger, or

fullness, in either patients with diabetes or healthy subjects. However, over the whole

duration of the study (T=0-150), hunger (P<0.05) and desire to eat (P=0.09) increased in

the patients, without changing in the healthy subjects. Nausea and abdominal discomfort

scores were low in both patients and controls and did not vary during the study (data not

shown).

Over the duration of the study, there was a negative correlation between hunger and the

blood glucose concentration in the patients with diabetes (r = -0.51, P<0.0001), but not in

healthy subjects. To control for the effects of time in the relationship, multiple linear

regression analysis was performed; both the blood glucose concentration (P<0.0001) and

time (P<o.05) were significant independent variables.
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Plasma 3-OMG concentrations

(Figures 14.1 1 and 14.12)

Neither the magnitude of the peak 3-OMG concentration, the time at which peak

concentration occurred, nor the area under the 3-OMG concentration curye (AUC) in the 30

minutes after administration (I=30-60), differed significantly between diabetic patients and

healthy controls.

When combining the data from patients with diabetes and healthy subjects, the AUC

correlated with both the total number of duodenal waves (r = O.52, P<0.05) and the

number of antegrade propagated duodenal wave sequences (r = 0.51, P<0.05) during the

30 minutes of intraduodenal nutrient infusion (T=0-30), but not during the following 30

minutes (T=30-60). The AUC also conelated with the blood glucose concenüation at the

time of 3-OMG administration (T-30) (r = 0.64, P<0.005). When the number of duodenal

waves and antegrade sequences in each of the 30 minute periods, and the blood glucose

concentration at T=30, were examined using multiple linear regression analysis, only the

blood glucose concentration was significant in predicting the AUC (P<0.05, adjusted R2 =

0.427).

DISCUSSION

This is the first study to evaluate feedback from small intestinal nutrients on upper

gastrointestinal motility, perception, and peptide secretion in type I diabetes mellitus, and

to examine 3-OMG absorption from the small intestine in type 1 patients and healthy

controls. The major observations in patients compared with controls were that (i)

antropyloroduodenal motor activity, gut perception, and GLP-1 secretion during
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intraduodenal nutrient infusion are similar, but immediately after the infusion, antral and

duodenal pressures are greater in the patients, and return of duodenal phase III is delayed;

and (ii) 3-OMG absorption from the small intestine is similar, but is potentially affected by

duodenal motility and the blood glucose concentration at the time of administration. The

diabetic patients were not selected on the basis of gastrointestinal symptoms, and indeed

most reported few "gastric" symptoms when specifically questioned. As a group, they had

relatively good glycaemic control, as assessed by glycated haemoglobin, and few

microvascular complications.

Upper gastrointestinal responses to intraduodenal nutrient

Vy'e observed that, during intraduodenal nufient infusion, antral waves were suppressed

and phasic pyloric pressures stimulated to a similar degree in patients and controls. In the

30 minutes following the nutrient infusion, however, both the number and amplitude of

antral pressure waves were markedly greater than in the healthy controls; the number of

phasic pyloric waves was again not different from the healthy subjects. The number and

amplitude of duodenal pressure waves were also similar in both groups during nutrient

infusion, but greater in the following 30 minutes in the patients with diabetes. In particular,

the number of antegrade propagated sequences was greater than in controls; there were

more sequences propagated over short distances (1.5 to 6.0 cm), but their site of origin

along the duodenum did not differ between diabetic and conüol subjects. The

"postprandial" period was of longer duration in patients with diabetes; only I of 8 patients

had a return of duodenal phase III activity over the duration of the study, compared with 7

of t healthy controls.

While disordered gastric emptying and small intestinal transit are common in diabetes, we

assessed neither in our study, so the functional significance of these observations is
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uncertain. Nevertheless, we have demonstrated that the antropyloric motor response to

small intestinal nutrients is intact, and also that the phasic pyloric response is not excessive

in this group of patients. Moreover, both antral and duodenal motor activity are greater than

normal immediately after the end of a nutient infusion, confirming that abnormal motility

in patients with diabetes is not invariably "paretic" (Camilleri and Malagelada 1984). We

observed that the increase in duodenal motor activity after infraduodenal nutrient is not

necessarily disorganised; the spatial origin of pressure waves does not differ from controls,

and the increased number of waves is characterised by an increase in antegrade propagated

sequences, albeit over shorter rather than longer distances. The underlying disorder may be

one of failure to suppress duodenal motor patterns appropriately, rather than of impaired

stimulation of duodenal motor activity. We did not evaluate pyloric tone, which may have a

greater range ofresponse than phasic pyloric activity (see Chapter 10), and therefore cannot

exclude subtle differences in the pyloric response to intraduodenal nutrient in the diabetic

patients; nor was the proximal gastric motor response assessed.

It should be noted that our observations were made under relatively euglycaemic

conditions; marked hyperglycaemia suppresses duodenal motor activity in healthy subjects

(Russo et al. 1996), though this has never been confirmed in patients with diabetes.

However, the frequency of duodenal waves in response to duodenal balloon distension is

increased during more "physiological" elevations in blood glucose (-10 mmol/L) when

compared to euglycaemia (4 mmol/L) (Lingenfelser et al. 1999). Again, this has only been

demonstrated in healthy subjects, and while it possibly explains the increase in duodenal

waves following nutrient infusion in our patient group, it does not account for the

concurrent increase in antral waves; postprandial anfial motility is suppressed by

physiological hyperglycaemia (Hasler et al. 1995)
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Although there was a fiend for lower baseline scores for desire to eat and hunger in the

patients with diabetes, neither the patients nor the healthy controls experienced a change in

any symptom during intraduodenal nutrient infusion. Patients with type 1 diabetes and

upper gastrointestinal symptoms have increased perception of proximal gastric distension

when compared with healthy controls (Samsom et al. 1995), and in Chapter 11 we

observed that this hypersensitivity is apparent even in unselected diabetic patients. In this

study, we have not demonstrated increased perception of small intestinal nutrients, unlike

patients with functional dyspepsia (Barbera et al, 1995a). The total caloric content of the

infused nutrient was relatively small in our study, and the duration of infusion (30 minutes)

relatively brief. Hunger and fullness scores have been influenced by more prolonged

infusions (90 minutes) of carbohydrate or lipid at a similar caloric rate in previous studies

(Lavin et al. 1996; Andrews et al. 1Ð8a; Maclntosh et al. 1999); however, changes from

baseline scores are often manifest relatively late in the infusion. We cannot exclude the

possibility that differences between patients and controls would have become apparent with

a greater or more prolonged nutrient load. Furthermore, enhanced small intestinal

sensitivity may be more apparent when combined with another stimulus, such as gastric

distension (Barbera et al. 1995b).

It is unclear whether our patients may have experienced symptoms such as nausea if the

nutrient infusion had been administered during marked hyperglycaemia, which has been

shown to increase the perception of nausea during intraduodenal lipid infusion in healthy

volunteers (Hebbard et al. 1997} In patients with type 1 diabetes, fullness has previously

been shown to conelate with the blood glucose concentration, both before and after a meal

(Jones et al. 1997b). Although fullness was not significantly related to the blood glucose

concentration in our study, there was a negative correlation between hunger and blood

glucose in the patients with diabetes, indicating that even within a broad "euglycaemic"

range, variations in the blood glucose concentration influence perceptions related to



291

appetite. The latter observation is consistent with the increased suppression of hunger by

intraduodenal lipid in healthy subjects at a blood glucose concentration of 8 mmol/L when

compared to 5 mmol/L, as reported in Chapter 9. The correlation between hunger and

blood glucose was not observed in the healthy subjects in the current study, but the range

of blood glucose concentrations was very limited for most of the data points in this group.

There is little information regarding endogenous GLP-I secretion in patients with type I

diabetes, but this issue is potentially important as GLP-l analogues might have a role in the

treatment of type l, as well as type 2, diabetes (Nauck 1998). A recent report indicates

normal basal levels, but impaired secretion of GLP-I in response to a mixed meal in type I

patients compared to healthy controls, but possible differences in the rate of gastric

emptying were not taken into account (Lugari et al. 2000). Our model overcomes this

limitation by infusing the nutrient stimulus directly into the duodenum. Although mean

plasma GLP-I concentrations increased over 30 minutes of nutrient infusion in the healtþ

subjects, but not the patients with diabetes, the intersubject variation in both groups was

large, and the difference in area under the incremental GLP-I curve over 60 minutes did not

reach significance. Vy'e cannot exclude a type 2 enor, but a much greater number of

subjects would be required to demonstrate a difference, if one exists. Exogenous GLP-I in

"physiological" doses suppresses anftal and duodenal motility and stimulates phasic and

tonic pyloric pressures, suggesting that the release of this peptide has a role in mediating

the upper gastrointestinal motor response to small intestinal nutrients (Schina et al. 2000).

Our observation that this motor response is intact in patients with relatively uncomplicated

type I diabetes is therefore consistent with the lack of a substantial difference in the GLP-I

response.
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Small intestinal glucose absorption

In our group of patients with type I diabetes, absorption of the glucose analogue, 3-OMG,

from the small intestine was similar to healthy controls. We observed a relationship

between 3-OMG absorption and the blood glucose concenfration at the time of its

administration. In addition, there was a correlation between 3-OMG absorption and

duodenal motility in the period before, but not after, administration of the 3-OMG bolus.

Absorption of glucose across the small intestine is increased in rats with streptozotocin-

induced diabetes; contributing mechanisms include participation of a greater proportion of

the intestinal villus in glucose absorption (Fedorak et al. 1989), hypertrophy of the small

intestinal mucosa (Schedl and \ù/ilson l97l), and up-regulation of glucose transporters

(Ferraris etal.I993;Thomson and Wild 1997); some of these adaptations require days or

weeks (Fenaris et al. 1993). Enhanced glucose absorption in rodent models of diabetes is

reversed by insulin treafrnent (Thomson and Wild 1997). Hyperglycaemia per se also

increases glucose transport in the rat small intestine (Csaky and Fischer 1977; Csaky and

Fischer 1981), and in contrast to experimental diabetes, this change occurs within 30

minutes of elevated blood glucose concenftations (Cheeseman and Maenz 1989). It has

been proposed that the induction of glucose transport during hyperglycaemia corresponds

to a physiological response that maximises glucose absorption early in the postprandial

period (Cheeseman and Maenz 1989; Philpott etal.1992).

The relevance of animal data to small intestinal glucose absorption in man is unclear, as

little human data are available. Jejunal perfusion studies in patients with insulin-requiring

(Gottesburen etal. 1973: Costrini etal. L977) and non-insulin requiring (Gulliford et al.

1939) diabetes mellitus have not demonstrated increased jejunal glucose absorption when

compared with healthy controls; in only one study, utilising a high concenfration of luminal

glucose, was absorption increased in diabetes (Vinnik et al. 1967). Our observations,
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which to our knowledge represent the only study of 3-OMG absorption from the small

intestine in patients with diabetes, are therefore consistent with previous human data. The

failure to demonstrate increased absorption, in contast to rodent models, may well be due

to the fact that all human studies have involved controlled, rather than untreated, diabetes

mellitus.

A novel observation in our subjects was the conelation between 3-OMG absorption and the

blood glucose concenûation at the time of 3-OMG administration. Only one study has

examined the effect of hyperglycaemia on small intestinal glucose absorption in man;

marked hyperglycaemia (blood glucose -14 mmol/L) was shown not to influence glucose

absorption in either patients with diabetes or healthy subjects when compared to

euglycaemia (Costrini et al. 1977). Important differences from our study were the

magnitude and duration (2 hours) of hyperglycaemia, and the method of assessing glucose

absorption (ejunal perfusion). Although we have not proven a causal relationship, our data

are in keeping with the rodent model, and may indicate that variations in the blood glucose

concentration within the physiological range have a role in regulating intestinal glucose

absorption in man.

There was an association between the rate of 3-OMG absorption and both the number of

duodenal waves and antegrade propagated sequences during the 30 minutes of

intraduodenal nutrient infusion that preceded 3-OMG administration. Although we were not

able to assess transit of contents through the duodenum, a possible explanation is that

subjects with more duodenal waves and propagated sequences had greater clea¡ance of

nutrient liquid from the upper small intestine, facilitating subsequent absorption of the 3-

OMG bolus from this region. These data are consistent with a previous demonstration,

using a similar experimental protocol, that pharmacological inhibition of duodenal motility

with loperamide decreases the rate of absorption of 3-OMG (Samsom et al. 1999a). In our
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study, patients with diabetes had increased duodenal motor activity compared with healthy

subjects in the 30 minutes after 3-OMG administation; however there was no conelation

between 3-OMG absorption and duodenal motility during this interval. Absorption of 3-

OMG occurred rapidly after its administration, and was probably largely complete before it

could be influenced by enhanced duodenal motility during this period. Our observations

indicate the potential for variations in small intestinal motility to influence 3-OMG

absorption; whether this occurs in a patient group may be critically dependent on the timing

of 3-OMG administration in relation to the occurrence of abnormal motor patterns.
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Number (sum of 4 channels) and mean amplitude of antral waves during (T=0-30)
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Figure 14.5
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CONCLUSIONS

The studies presented in this thesis have provided new insights into the regulation of upper

gastrointestinal motor and sensory function in health and disease. The importance of both

physiological and pathological elevations in the blood glucose concentration on

gastrointestinal motor and sensory function have been demonstrated, in both healthy

subjects and patients with type I diabetes mellitus. Antropyloroduodenal motility, upper

gut perceptions and appetite, and gasÍointestinal peptide release have been examined in

relation to small intestinal nutrient exposure, in patients with diabetes and healthy

volunteers. Healthy aging has been shown to affect proximal gastric function.

The studies reported in Chapters 8 to 10 have evaluated the influence of variations in blood

glucose within the physiological range on upper gut motility and perceptions, including

those related to appetite, in healthy subjects. ÌVhile the magnitude of hyperglycaemia in

these studies was within the normal postprandial range, the duration over which it was

maintained was prolonged for the purposes of the experimental models. It would be useful

to examine the effects of more brief periods of hyperglycaemia, and to evaluate the

influence of the rate of change in blood glucose, in future studies; the design of such

protocols in humans would be challenging.

In the study reported in Chapter 8, proximal gastric compliance and the perception of

fundic distension were not affected by "physiological" hyperglycaemia in the fasted state,

in contrast to the significant effects of marked hyperglycaemia reported previously. This

suggests that the threshold for effects of hyperglycaemia on motility and sensation may

vary between regions of the gastrointestinal tract, and is consistent with the observations

that motor function of the antrum and gallbladder, but not the anorectum, differ between a
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blood glucose of 8 mmol/L compared to 4 mmol/L. It would be of interest to evaluate the

effects of physiological hyperglycaemia on proximal gastric function under postprandial

conditions (ideally, administering nutrients inftaduodenally during concurrent gastric

distension), since its effects may potentially be evident in the presence of signals arising

from small intestinal nutrient exposure, particularly the release of gastointestinal peptides.

It may also be useful to determine the threshold for the effects of blood glucose on the

proximal stomach.

The importance of the interaction between physiological hyperglycaemia and small

intestinal nutrients was established by the study reported in Chapter 9. In the fasted state,

hunger and desire to eat did not differ between blood glucose concentrations of 5 mmol/L

and 8 mmol/L, although fullness was greater at 8 mmol/L. During intraduodenal lipid

infusion, however, hunger was less during physiological hyperglycaemia than

euglycaemia, suggesting that the postprandial rise in blood glucose may play a role in

satiation; a further study examining food intake in addition to appetite perceptions would be

needed to confirm this. In same way that transient falls in blood glucose have been shown

to trigger food intake, it could be hypothesised that increases in blood glucose (also

possibly transient) contribute to the termination of feeding. It is yet to be determined which

elements of the nutrient / small intestine interaction are important in this synergistic

relationship with the blood glucose concentration; neural and humoral signals, or the

presence of absorbed products of digestion in the portal circulation, are candidates for

further study. Physiological hyperglycaemia suppressed antal motility during both fasting

and intraduodenal lipid infusion, consistent with previous observations, but the influence

on pyloric pressures was complex; enhanced phasic pyloric pressures early in the lipid

infusion at 8 mmol/L compared to 5 mmol/L could contribute to the slowing of gastric

emptying during physiological hyperglycaemia, even though the pyloric response was less

sustained at 8 mmol/L.
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The study reported in Chapter l0 examined whether the effects of physiological

hyperglycaemia on appetite or distal gastric motility could be accounted for by modulation

of the actions of cholecystokinin, which is released from the small intestine after nufient

exposure. Although exogenous CCK-8 was a potent inhibitor of food intake, the

magnitude of this inhibition did not vary between blood glucose concentrations of 4

mmol/L and 8 mmol/L. The stimulation of basal pyloric pressure by CCK, however, was

greater at a blood glucose of 8 mmol/L than 4 mmol/L, and this interaction provides a

mechanism to account for the slowing of gastric emptying during physiological

hyperglycaemia. Further studies are required to evaluate the interaction of other

postprandial neural and humoral signals with physiological hyperglycaemia. In particular,

an effect on nitric oxide mechanisms should be examined.

In Chapters ll to 13, the effects of marked hyperglycaemia (blood glucose 12 - 15

mmol/L), which occurs in patients with diabetes mellitus, were evaluated in relation to

proximal gastric function, gut sensation, and the action of the prokinetic drug

erythromycin.

In Chapter I l, the effects of proximal gastric distension were examined in an unselected

group of outpatients with type 1 diabetes. During euglycaemia, gastric compliance did not

differ from healthy controls, in contrast to a previous report of patients selected on the basis

of gastrointestinal symptoms. However, perceptions of fullness, nausea, and bloating were

substantially greater in the diabetic cohort than in healthy subjects, suggesting that

hypersensitivity to gastric distension is common, even in unselected patients with diabetes.

Further studies to evaluate sensitivity in other regions of the stomach and small intestine

would be of interest; the response to antal distension should be examined, given that

diabetes is associated with increased antral width. Fasting gastric compliance was increased
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during hyperglycaemia when compared with euglycaemia, consistent with observations

made in healthy subjects. A compliant fundus could potentially retain solids and contribute

to delayed gastric emptying, although complementary information from other

methodologies, such as ultrasound, would be required to confirm that this occurs

postprandi ally durin g hyperglycaemia.

Hyperglycaemia was associated with an increase in the amplitude of cortical evoked

potentials elicited by oesophageal balloon distension, when compared to euglycaemia, in

the study reported in Chapter 12. This observation may represent an objective conelate of

the increased perception of oesophageal distension noted previously during hyperglycaemia

in healthy subjects. Oesophageal distension was chosen as the stimulus in this study

because of the relative ease of applying repeated distension in this region. It would be of

interest, though technically more dèmanding, to study sensory pathways from the stomach

and duodenum. Alternative methodologies, such as PET or functional MRI, could yield

complementary information regarding changes in regional brain activation during

hyperglycaemia. Furtherrnore, the effects of a wider range of blood glucose concentrations

should be studied, and the techniques should be applied in patients with diabetes mellitus,

both with and without upper gastrointestinal symptoms. Ultimately, the mechanisms of

visceral hypersensitivity associated with both diabetes and hyperglycaemia need to be

addressed; the role of opioid and serotonergic pathways in particular should be examined.

In Chapter 13, it was observed that acute hyperglycaemia attenuates the stimulation of

antral motility, and propagated antral sequences in particular, by the prokinetic drug

erythromycin. þloric and duodenal motility did not differ between hyperglycaemia and

euglycaemia, suggesting that the mechanisms by which erythromycin affects motility in

these regions differ from the antrum. It will be important to determine whether the actions

of other prokinetic drugs are attenuated during hyperglycaemia, and whether the same
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motor effects apply in patients with diabetes. Furthennore, studies addressing the efFrcacy

of prokinetic drugs in diabetic gastroparesis must take into account the blood glucose

concentration; this applies particularly where diminished effectiveness of prokinetic drugs

is reported with chronic use. It should be noted that there is at present no information about

the effects of longstanding, as opposed to acute, hyperglycaemia on gastrointestinal

function; nor is it clear whether the response to acute fluctuations in blood glucose is

dependent on previous glycaemic control.

The study reported in Chapter 14 indicates that, in patients with relatively uncomplicated

type I diabetes studied during euglycaemia, feedback from small intestinal nutrients on

antropyloroduodenal motility is intact. However, both anffal and duodenal motility are

greater than normal after the infusion, and the return of phase III is delayed. The increased

duodenal activity consists of propagated sequences, the spatial origins of which are similar

to healthy subjects, suggesting that intrinsic patterns of gut motility are preserved, but that

oveniding control mechanisms may be disordered. Upper gastrointestinal perceptions

during intraduodenal nutrient infusion did not differ significantly from healthy controls.

Nevertheless, more intense or prolonged small intestinal nutrient stimulation, possibly in

combination with gastric distension, should be applied to exclude a role for heightened

small intestinal sensitivity in the aetiology of gastrointestinal symptoms in diabetes mellitus.

Moreover, a subgroup of symptomatic patients could be selected for further study. There is

little information about small intestinal glucose absorption in diabetes, but glucose

absorption in the type I patients, whose diabetes was relatively well controlled, did not

differ from controls. A novel observation, when data from patients and controls were

combined, was that glucose absorption correlated with the blood glucose concentration at

the time of intraduodenal administration of the glucose analogue. rWhile this is consistent

with animal data, further studies are indicated, probably utilising a glucose clamp

technique, to evaluate the significance of this phenomenon in poorly controlled diabetes. A
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relationship between duodenal motility and glucose absorption was apparent, but the

differences in duodenal motility between patients and controls were too late to substantially

alter absorption of the 3-OMG bolus. It would be of interest to study glucose absorption in

patients with markedly abnormal small intestinal motor patterns.

The study reported in Chapter 15 compared the effects of isocaloric intraduodenal loads of

glucose and fructose on appetite, antropyloric motility, and the release of insulin, GLP-I,

and GIP. Fructose and glucose had similar effects on the antrum and pylorus, and on GLP-

I release, but subsequent food intake was inhibited after fructose and not glucose, even

though GIP and insulin secretion were less. The appetite and GLP-I effects contrast with

previous studies where slightly greater monosaccharide loads were given orally. The

experimental design was chosen because of the known differing rates of gastric emptying

of these sugars after oral administration. The observations, when considered in context

with those of previous studies, indicate that the load of monosaccharide is critical in

determining both the release of gut peptides, especially GLP-I, and the effects on appetite.

The impact of timing of a meal after a monosaccharide "preload", and the potential

contribution of gastric distension to the stimulation of GLP-I release, require clarification.

The apparently minor incretin effect of GLP-I in this model, relative to that of GIP, or

another (undiscovered) incretin hormone, has implications for the therapy of diabetes

mellitus. Fructose, with its limited effect on the blood glucose concentration after ingestion,

may have a role in the dietary management of diabetes.

In Chapter 16, it was observed that the healthy elderly have diminished perception of

gastric distension, and less inhibition of food intake from nasogastric intubation, than

young subjects. It is possible that loss of pleasurable sensations offullness contributes to

the "anorexia of aging". These observations also potentially reflect a generalised

impairment in the ability to respond to external stimuli; a feature of impaired nutrition in the
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elderly is the inability to compensate for enforced periods of overeating or undereating. The

observed delay in postprandial accommodation could, by prolonging proximal gastric

distension or extending the period of small intestinal nutrient exposure, inhibit food intake

at a subsequent meal, and this could be examined in future experiments by giving an initial

standardised meal. Furthermore, intragastric meal distribution could be further studied

using complementary methodologies such as scintigraphy or ultrasound.
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