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Ladabaum, Uri, Morton B. Brown, Wenqin Pan,
Chung Owyang, and William L. Hasler. Effects of nutri-
ents and serotonin 5-HT, antagonism on symptoms evoked
by distal gastric distension in humans. Am J Physiol Gas-
trointest Liver Physiol 280: G201-G208, 2001.—Distal gas-
tric distension may contribute to meal-related dyspeptic
symptoms. This study’s aims were to determine the effects of
distinct nutrient classes on symptoms induced by distal gas-
tric distension and their dependence on 5-hydroxytrypta-
miney (5-HT,) receptors. Nine healthy subjects rated pain,
nausea, and bloating induced by isobaric distal gastric dis-
tensions (6—24 mmHg) during duodenal lipid, carbohydrate,
protein, or saline perfusion after treatment with placebo or
the 5-HT; receptor antagonist granisetron (10 pgkg iv).
Distensions produced greater pain, nausea, and bloating
with lipid at 1.5 kcal/min compared with saline (P = 0.02),
primarily because of greater distal gastric volumes at each
distending pressure. In contrast, carbohydrate and protein
had no significant effect. At 3 keal/min, lipid increased symp-
toms through a volume-independent as well as a volume-
dependent effect. Granisetron did not affect symptom percep-
tion or gastric pressure-volume relationships. In conclusion,
isobaric distal gastric distension produces more intense
symptoms during duodenal lipid compared with saline per-
fusion. Symptom perception during distal gastric distension
is unaffected by 5-HT, receptor antagonism.

barostat; duodenum; pain; nausea; bloating

DYSPEPSIA, WHICH MAY BE DEFINED as upper abdominal
symptoms often related to feeding (2), is a common
condition with an estimated prevalence of 2.5% to 41%
and yearly incidence of 1% to 11.5% (19). In nonulcer
dyspepsia (NUD), symptoms are not attributable to
structural or metabolic disease (2, 20). Numerous in-
vestigations have demonstrated greater symptomatic
responses to gastric distension in NUD patients com-
pared with control subjects (4, 18, 22), and altered
visceral perception has garnered great attention in
functional bowel disease research.

Dyspeptic symptoms may be exacerbated by meals,
especially fats. In healthy subjects, duodenal lipid per-
fusion has been shown to heighten symptoms during
fundic distension, an effect partially reversed by the

serotonin [5-hydroxytryptamine (5-HT)] 5-HT; recep-
tor antagonist ondansetron (8) and by the cholecysto-
kinin receptor antagonist loxiglumide (6, 24). Thus
5-HT;- and cholecystokinin-dependent pathways ap-
pear to be involved in the sensitization to fundic dis-
tension produced by lipid.

Patients with NUD may exhibit abnormal intragas-
tric meal distribution, with preferential delivery of food
to the distal stomach (9, 21, 33). It has been suggested
that abnormal distal gastric distension may contribute
to symptoms in patients with NUD. In an investigation
of healthy subjects, distal but not proximal gastric
distension induced nausea and distal distension
evoked bloating and pain at lower pressures than prox-
imal distension (17). The effect of duodenal nutrient
perfusion on symptoms induced by distal gastric dis-
tension has not been investigated previously.

We hypothesized that symptoms induced by distal
gastric distension are exacerbated by duodenal nutri-
ent perfusion, with lipid leading to greater sensitiza-
tion than carbohydrate or protein, through 5-HTs-de-
pendent pathways. In the present study, our aims were
to compare the effects of the three major nutrient
classes on symptoms induced by distal gastric disten-
sion in healthy volunteers and to investigate the role of
5-HT,; pathways in the nutrient effect. Our objective
was to improve our understanding of the potential role
of nutrients and distal gastric distension in meal-re-
lated exacerbations of dyspeptic symptoms.

MATERIALS AND METHODS

Study population. Nine healthy volunteers (7 men and 2
women, age 20—55 yr) were recruited. No volunteer had a
history of gastrointestinal or psychiatric illness or diabetes or
was taking medication known to alter gastrointestinal func-
tion or pain perception or used to treat nausea. No volunteer
was pregnant. The University of Michigan Institutional Re-
view Board approved the research protocol, and volunteers
signed informed consent documents before participation.

Experimental preparation and apparatus. Barostat bal-
loons with a capacity of 600 ml were fashioned from nonelas-
tic plastic and affixed to 18-Fr Salem Sump nasogastric tubes
(Sherwood Medical, St. Louis, MO). Isocaloric (0.68 kcal/ml)

Address for reprint requests and other correspondence: U. Lad-
abaum, Division of Gastroenterology, S-357, Box 0538, Univ. of
California, San Francisco, 513 Parnassus Ave., San Francisco, CA
94143-0538 (E-mail: ladabau@itsa.ucsf.edu).

http://www.ajpgi.org

0193-1857/01 $5.00 Copyright © 2001 the American Physiological Society

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

G201

1102 ‘1.2 Jequisydes uo Bio ABojoisAyd iBdle woy papeojumoq




G202

solutions of carbohydrate, protein, and lipid were prepared
from 20% dextrose solution (Abbott Laboratories, Abbott
Park, IL.), ProMod high-protein formulation (Ross Laborato-
ries, Columbus, OH), and Microlipid lipid emulsion (Sher-
wood Medical, St. Louis, MO).

Indistinguishable preparations of the 5-HT; receptor an-
tagonist granisetron (Kytril; SmithKline Beecham Pharma-
ceuticals, Philadelphia, PA) and placebo were provided by the
Investigational Drug Service of the University of Michigan
for each subject. Granisetron was given at a dose of 10 pg/kg
iv, the effective dose for treating chemotherapy-induced nau-
sea (11). This dose has been shown to blunt nausea and
gastric dysrhythmias evoked by supraphysiological nutrient
perfusion (16).

After an overnight fast, subjects were intubated orally
with a single-lumen 8-Fr Dobhoff feeding tube (Corpak Med-
Systems, Wheeling, IL) for delivery of nutrients or normal
saline (Abbott Laboratories). The tip of the tube was posi-
tioned under fluoroscopy in the descending duodenum. The
barostat balloon was then passed orally and was positioned
under fluoroscopic guidance in the distal stomach, with the
tubing along the greater curve of the stomach, the tip in the
prepyloric region, and the balloon primarily in the antrum.
The feeding tube was connected to a calibrated infusion
pump. The barostat balloon tube was connected to a barostat
machine (Isobar-3; G&J Electronics, Willowdale, ON, Can-
ada), which was connected to a chart recorder (Dynograph
Recorder R611; Beckman Instruments, Palo Alto, CA) for
pressure and volume recording and interfaced with a per-
sonal computer (model 4DX2-66V; Gateway 2000, North
Sioux City, ND) via an analog-to-digital converter (model
DAS-16; Metrabyte, Taunton, MA).

Study protocol. Each subject was assigned randomly to a
different sequence of the four duodenal solutions using an
incomplete block design. Subjects underwent testing on 4
separate days over 3—6 wk. Two duodenal solutions were
tested on the first and second days, and the remaining two
solutions were tested on the third and fourth days. Subjects
were blinded regarding the order of duodenal solutions and
nature of the distension protocol. Placebo or granisetron was
given on the first day in a randomized, double-blinded fash-
ion, with crossover from one treatment to the other on the
second day. Placebo and granisetron were again adminis-
tered in a randomized, double-blinded, crossover fashion on
the third and fourth days.

On each study day, subjects underwent placement of the
feeding tube and balloon and then lay supine with the head
elevated 30° in a darkened room, with the study equipment
and solutions out of view. Following a 30-min acclimation
period, a morning testing session began with intravenous
granisetron or placebo given over 5 min (¢_g to t,). Fifteen
minutes after ¢,, perfusion with the first duodenal solution
began at 2.2 ml/min (1.5 keal/min for nutrients). This caloric
perfusion rate is similar to the normal rate of gastric empty-
ing of lipid into the duodenum reported by other investiga-
tors (25). After 20 min of perfusion (35 min after t,), isobaric
balloon distensions were performed in an intermittent step-
wise fashion in 2-mmHg increments from 6 mmHg to 24
mmHg while maintaining the duodenal perfusion rate. Bal-
loon inflations were performed at a rate of 25 ml/s and
sustained for 1 min, followed by 1 min of deflation. During
and between distensions, subjects were asked to rate inde-
pendently the intensity of pain, nausea, and bloating from 0
(absent symptom) to 5 (maximum tolerated symptom), with 1
representing threshold. A visual aid was displayed in front of
the subjects at all times, with the numerical rating system
and a corresponding color intensity representation for symp-
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tom severity. The balloon was deflated if volunteers reported
intolerable symptoms.

The perfusion rate was then increased to 4.4 ml/min (3
kcal/min for nutrients). This caloric perfusion rate is slightly
higher than the previously reported normal rate of gastric
emptying of lipid into the duodenum (25). After 20 min at this
higher perfusion rate, distensions were again performed dur-
ing ongoing duodenal perfusion, and symptoms were re-
corded. On completion, appropriate feeding tube and balloon
positions were confirmed by fluoroscopy.

A 3-h rest period followed the morning session to allow for
complete clearance of any physiological effect of the first
nutrient. An afternoon testing session began with a second
dose of the treatment given in the morning (placebo or gran-
isetron) to prevent loss of pharmacological effect. Perfusion
and testing with a second solution were then performed in
the same fashion.

Rarely, sudden steep increases in balloon volume of ~200-
300 ml were observed during distension, and proximal bal-
loon migration was suspected and demonstrated by fluoros-
copy. The balloon was then repositioned and the distension
cycle was repeated. We have performed distal gastric
barostat balloon inflations under direct fluoroscopic visual-
ization and have confirmed that, barring unexpected volume
changes, the balloon remains in the distal stomach during
inflation and deflation and primarily distends the antrum.

Statistical analysis. Average pain, nausea, and bloating
scores were plotted against distending pressure for each
experimental condition. Mixed-effects models accounting for
repeated measures within subjects were fitted to each symp-
tom using pressure, (pressure)?, and nutrient as the indepen-
dent variables to examine the overall effect of each nutrient
on symptom intensity, adjusted for pressure, throughout the
entire range of distending pressures. If a statistically signif-
icant difference among all nutrients was detected, individual
nutrients were compared. These models test the hypothesis
that the curves of symptom score as a function of pressure
differ among the various duodenal perfusions.

Average volumes during the last 40 s of each inflation were
calculated for each subject after importing volume data into
a spreadsheet (Lotus 1-2-3, release 2; Lotus Development,
Cambridge, MA). Average distal gastric volume for all sub-
Jjects was plotted against distending pressure for each exper-
imental condition. Mixed-effects models analogous to those
for symptoms were fitted to compare distal gastric pressure-
volume relationships during perfusion with the different
duodenal solutions.

Because symptoms as well as distal gastric pressure-vol-
ume relationships varied depending on the nature of the
duodenal solution, mixed models with volume replacing pres-
sure as an independent variable were fitted to each symptom.
These models were used to test the hypothesis that the
effects of nutrient on symptoms could be explained by
changes in the distal gastric pressure-volume relationship
induced by nutrient.

Finally, to test the effects of granisetron, treatment with
granisetron or placebo replaced nutrient as an independent
variable, and a mixed model was fitted separately for each
nutrient. Statistical significance was set at « < 0.05.

Symptom scores increased during the higher (4.4 ml/min)
compared with the lower (2.2 ml/min) rate of perfusion for all
duodenal solutions. The magnitude of this difference in
symptoms between the higher and lower rate was compara-
ble for all solutions. The results for the lower rate of perfu-
sion are presented in detail. For the higher rate of perfusion,
results that differed compared with the lower rate of perfu-
sion are emphasized.
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Fig. 1. Nutrient-specific increases in symptoms induced by distal
gastric distension during duodenal nutrient perfusion at 1.5 kcal/
min. Mean symptom scores are shown as a function of pressure
during duodenal perfusion with lipid, carbohydrate, protein, and
saline (2.2 ml/min). Only lipid led to greater distension-induced
symptom scores than saline for pain (4; P = 0.0034), nausea (B; P =
0.020), and bloating (C; P = 0.018). Standard error bars are shown
for lipid and saline scores. For clarity, standard errors for carbohy-
drate and protein are omitted.

RESULTS

Effects of nutrients on distension-induced symptoms
and pressure-volume relationship. Figure 1 shows the
average symptom scores at each distending pressure
for the four duodenal perfusion solutions at 2.2 ml/min
(1.5 keal/min for nutrients) during intravenous placebo
treatment. The intensity of pain, nausea, and bloating
rose as a function of distending pressure under all
conditions. During nearly all deflations, symptom
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scores returned to baseline (data not shown), suggest-
ing that symptoms were induced primarily by distal
gastric distention and not nutrient perfusion alone.
Rarely, nausea lingered into the deflation period,
whereas pain and bloating tended to abate promptly
with balloon deflation.

As shown in Fig. 1, distension-induced symptom
scores differed among duodenal solutions for all three
symptoms: pain (P = 0.0079), nausea (P = 0.036), and
bloating (P = 0.036). When comparing individual solu-
tions, distensions during duodenal lipid perfusion led
to more intense pain (P = 0.0034), nausea (P = 0.020),
and bleoating (P = 0.018) than during saline perfusion.
In contrast to the effect of lipid, no significant differ-
ences in symptoms induced by distal gastric distension
were found during carbohydrate or protein perfusion
compared with saline perfusion.

As shown by the curves in Fig. 24, distal gastric
pressure-volume relationships during duodenal perfu-
sion differed among perfusing solutions at 2.2 ml/min
(P = 0.0015). Although the volumes achieved by iso-
baric distension were higher during all nutrient perfu-
sions compared with saline perfusion, only lipid dem-
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Fig. 2. Effect of duodenal nutrient perfusion on distal gastric pres-
sure-volume relationship. A: distal gastric volume is shown as a
function of pressure during duodenal perfusion with lipid, carbohy-
drate, and protein at 1.5 kcal/min and saline (2.2 ml/min). Only lipid
increased distension-induced volume compared with saline (P =
0.0001). B: mean pain scores as a function of volume are higher
during lipid perfusion at 1.5 kcal/min compared with saline (2.2
ml/min), but the difference is not statistically significant (P = 0.088).
Standard error bars are shown for lipid and saline scores. For clarity,
standard errors for carbohydrate and protein are omitted.
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onstrated a significant effect (P = 0.0001). Therefore,
symptoms as well as distal gastric volume during iso-
baric distension were increased significantly by duode-
nal lipid perfusion, but not by carbohydrate or protein,
at 1.5 keal/min.

To investigate whether the effect of lipid perfusion at
1.5 kecal/min on symptoms could be explained by lipid’s
effect on the distal gastric pressure-volume relation-
ship, symptoms were assessed as a function of distal
gastric volume rather than distending pressure. With
volume as a predictor, differences in symptom scores
among the perfusing solutions were no longer signifi-
cant for nausea or bloating, and differences in pain
scores approached but did not reach statistical signif-
icance (P = 0.088). This is illustrated in Fig. 2B, which
shows pain scores as a function of distending volume
for lipid and saline. Although pain scores were higher
for lipid, the difference between lipid and saline was
less marked than when symptoms were analyzed as a
function of pressure (Fig. 14) and was not statistically
significant. Therefore, the principal factor accounting
for increases in distension-induced symptoms with
lipid at 1.5 kcal/min is the increased distal gastric
volume achieved at each distending pressure during
lipid compared with saline perfusion.

As with the lower perfusion rate of 2.2 ml/min, dis-
tension-induced symptom scores differed among duo-
denal solutions at the higher rate of 4.4 ml/min (3
kecal/min for nutrients) for all three symptoms when
analyzed as a function of distending pressure (Fig. 3,
A-C): pain (P = 0.020), nausea (P = 0.0073), and
bloating (P = 0.013). When comparing individual solu-
tions, distensions during duodenal lipid perfusion led
to more intense pain (P = 0.0051), nausea (P = 0.0023),
and bloating (P = 0.0030) than during saline perfusion.

As shown by the curves in Fig. 3D, distal gastric
pressure-volume relationships during duodenal perfu-
sion differed among perfusing solutions at 4.4 ml/min
(P = 0.0001). Volumes during saline perfusion were
lower than during lipid (P = 0.0001), carbohydrate
(P = 0.0001), and protein (P = 0.0003) perfusion. In
contrast to the results at the lower perfusion rate,
however, significant differences among solutions at 4.4
ml/min were found when symptoms were modeled as a
function of volume: pain (P = 0.045), nausea (P =
0.0001), and bloating (P = 0.044). These differences
were smaller than with symptoms analyzed as a func-
tion of pressure. With volume as a predictor, symptom
scores during lipid compared with saline perfusion
were higher for pain (P = 0.030) and nausea (P =

Fig. 3. Increases in symptoms and volumes induced by distal gastric
distension during duodenal nutrient perfusion at 3 kcal/min. Mean
symptom scores and distal gastric volumes are shown as a function
of pressure during duodenal perfusion with lipid, carbohydrate,
protein, and saline (4.4 ml/min). Lipid led to greater distension-
induced symptom scores than saline for pain (A; P = 0.0051), nausea
(B; P = 0.0023), and bloating (C; P = 0.0030). Volumes during saline
perfusion were lower than during lipid (P = 0.0001), carbohydrate
(P = 0.0001), and protein (P = 0.0003) perfusion (D). Standard error
bars are shown for lipid and saline scores and volumes. For clarity,
standard errors for carbohydrate and protein are omitted.
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0.0001), but the difference for bloating was not signif-
icant. However, bloating scores for lipid were higher
than those for protein (P = 0.018) and carbohydrate
(P = 0.031). Therefore, at 3 kcal/min following 1.5
kcal/min, lipid has an effect on distal gastric perception
that is independent of its effect on the distal gastric
pressure-volume relationship. This can be appreciated
by noting the very similar effect of all three nutrients
at the higher perfusion rate on the distal gastric pres-
sure-volume relationship (Fig. 3D) and the unique ef-
fect of lipid on symptoms (Fig. 3, A-C).

Effect of granisetron on nutrient-induced sensitiza-
tion and pressure-volume relationship. For all perfus-
ing solutions, symptoms during distal gastric disten-
sion were not blunted by granisetron treatment
compared with placebo. Figure 4 shows the intensity of
symptoms during duodenal lipid or saline perfusion at
2.2 ml/min, each following treatment with either gran-
isetron or placebo. During lipid perfusion, neither pain,
nausea, nor bloating scores differed between granis-
etron and placebo treatments. Similarly, no symptom
was affected by granisetron compared with placebo
during saline perfusion. Thus the increased symptom-
atic response to isobaric distal gastric distension in-
duced by duodenal lipid is not modified by granisetron
treatment, suggesting that the lipid effect is not depen-
dent on 5-HTj receptors. Furthermore, the lack of
effect of granisetron during perfusion with saline as
well as the three nutrients implies that perception of
distal gastric distension does not rely on 5-HTs-depen-
dent pathways.

To determine whether the lack of effect of granis-
etron on symptoms could be due to changes in distal
gastric wall properties (with an analgesic effect coun-
teracted by increased volume at a given pressure),
pressure-volume relationships were compared for each
perfusing solution after granisetron or placebo treat-
ment. As illustrated in Fig. 5, granisetron had no effect
on distal gastric distending volume during lipid or
saline perfusion at 2.2 ml/min. Similarly, granisetron
did not alter distending volume during carbohydrate or
protein perfusion. This lack of effect of granisetron
suggests that its failure to alter perceptual responses is
not due to granisetron-induced changes in distal gas-
tric wall properties.

As with the lower perfusion rate of 2.2 ml/min, gran-
isetron had no effect on distension-induced symptoms
or distal gastric volumes during perfusions at 4.4 ml/
min {(data not shown).

DISCUSSION

We have found that symptoms induced by isobaric
distal gastric distension in healthy humans are inten-
sified by duodenal nutrient perfusion in a nutrient-
specific fashion, with lipid increasing pain, nausea, and
bloating and carbohydrate and protein producing no
significant effect. Lipid-induced distal gastric relax-
ation allows larger volumes to be achieved by disten-
sion at each fixed pressure. The increase in distension-
induced symptoms during lipid perfusion is explained

G205

A .
45 - Lipid/Placebo
‘4 | —oLipid/Granisetron
35 | —a—Saline/Placebo

] —a— Saline/Granisetron

w

Pain Score
Ind
oo
\

-
-
'

9
[= e}
1

6 8 10 12 14 16 18 20 22 24

Pressure (mmHg)

B ;.
45 —m— Lipid/Placebo
.4 | —Llipid/Granisetron

o 35 —&— Saline/Placebo
8 3] —0—Saline/Granisetron
»

©

@

w

=

(]

z

6 8 10 12 14 16 18 20 22 24

Pressure (mmHg)

Cc 5.
45 —a— Lipid/Placebo
'4 | —O—Lipid/Granisefron

@ 35 | —&—Saline/Placebo

g | ——Saline/Granisetron
o

£

©

2

[

0 : v 1 . T T T 1 )
6 8 10 12 14 16 18 20 22 24

Pressure (mmHg)

Fig. 4. Lack of effect of granisetron on symptoms induced by distal
gastric distension and duodenal nutrient perfusion. Mean symptom
scores are shown as a function of distending pressure during duode-
nal lipid perfusion at 1.5 kcal/min and saline perfusion (2.2 ml/min)
after intravenous administration of granisetron at 10 pg/kg or pla-
cebo. Pain scores (A), nausea scores (B), and bloating scores (C) did
not differ with granisetron or placebo during lipid or saline perfu-
sion. For clarity, standard error bars are omitted.

primarily by the effect of lipid on the distal gastric
pressure-volume relationship. However, at the higher
caloric perfusion rate, lipid displays a volume-indepen-
dent as well as a volume-dependent effect. The lack of
effect of granisetron on symptoms and on the distal
gastric pressure-volume relationship during all perfu-
sions suggests that pathways mediating perception of
distal gastric distension, as well as the effects of lipid,
are not dependent on 5-HT, receptors.
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perfusion. For clarity, standard error bars are omitted.

Most studies of gastric perception have concentrated
on the proximal stomach, including investigations re-
porting visceral hypersensitivity in NUD (4, 15, 18, 22,
23, 29, 32). Some meal-related dyspeptic symptoms
may originate in the proximal stomach, such as early
satiety in NUD patients with impaired proximal ac-
commodation to a meal (30). However, patients with
NUD may exhibit abnormal meal distribution to the
distal stomach (9, 21, 33), healthy subjects experience
more intense symptoms during distal compared with
proximal gastric distension (17), and postprandial full-
ness is related to antral distension in normal subjects
(12). Therefore, we sought to investigate the effect of
nutrients on symptoms induced by distal gastric dis-
tension.

The increase in distal gastric volume with isobaric
distension seen during lipid perfusion in our study
reflects a decrease in tone, or relaxation, that can be
explained by enterogastric reflexes that inhibit distal
gastric motor activity (10). Isobaric gastric distension
has been shown to produce greater symptoms, as well
as larger volumes, during glucagon-induced gastric
relaxation compared with saline treatment, pointing to
the importance of gastric tone in determining symptom
intensity during isobaric distension (26). A recent in-
vestigation by Distrutti et al. (5) with a novel tensostat,
which produces isotonic distensions, demonstrated
that gastric wall tension is the primary determinant of
perception of nonnociceptive distension. Although we
did not control tension during distensions, the higher
distending volumes during lipid perfusion would result
in higher wall tension compared with the lower dis-
tending volumes during saline perfusion at the same
distending pressure (T = P-R/2 for a sphere, where T =
wall tension, P = pressure, and R = radius, which is
determined by volume). This higher wall tension could
contribute to the higher symptom scores reported dur-
ing lipid perfusion, including the noxious sensations of
pain and nausea.

By not finding differences among duodenal solutions
at 2.2 ml/min in our analysis of symptoms as a function
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of distending volume, we have failed to show a sensi-
tizing effect of nutrient on the distal stomach that is
independent of the change in the pressure-volume re-
lationship. Feinle et al. (7) have shown that duodenal
perfusion with lipid at 2 kcal/min leads to symptoms at
lower proximal gastric distending pressures without
volume increases compared with saline perfusion,
which can be interpreted as sensitization of the proxi-
mal stomach by lipid. In contrast, lipid at 1 kcal/min
leads to symptoms at lower pressures but also higher
volumes (7), making it difficult to distinguish sensiti-
zation from effects on tone. In our study, the 1.5 kcal/
min perfusion rate falls between the rates used by
Feinle et al. and may not be high enough to demon-
strate sensitization. The higher perfusion rate of 3
kecal/min in our study did demonstrate higher pain and
nausea scores for lipid compared with saline after
accounting for changes in the pressure-volume rela-
tionship. This must be interpreted in light of the fact
that each solution was perfused at 4.4 ml/min following
perfusion at 2.2 ml/min and sensory testing, so that
lipid at 4.4 ml/min (following lipid at 2.2 ml/min) may
not be strictly comparable to saline at 4.4 ml/min
(following saline at 2.2 ml/min). Nonetheless, the dif-
ferences at the higher dose reflect overall differences
among the solutions in the context of escalating perfu-
sion rates. Thus lipid increases symptoms induced by
isobaric distal gastric distension by two mechanisms:
modification of the distal gastric pressure-volume rela-
tionship at the lower and higher perfusion rates and a
nutrient effect independent of this modification at the
higher perfusion rate.

Although a change in the distal gastric pressure-
volume relationship is primarily responsible for the
greater distension-induced symptoms we observed dur-
ing lipid perfusion, the independent nutrient effect
seen at 3 kcal/min suggests possible interactions be-
tween visceral afferent signals from duodenal chemo-
receptors and gastric mechanoreceptors. This type of
interacting input to the central nervous system has
been recognized in animals, for example, in conver-
gence onto brain stem neurons of inputs from gastric
distension and portal vein glucose infusion in rats (1)
and convergent esophageal and gastric mechanorecep-
tor inputs onto vagal motor neurons in ferrets (3). The
precise site of interaction between duodenal and gas-
tric afferents in humans remains to be determined.

We found no effect of granisetron on pressure-vol-
ume relationships or on symptoms induced by distal
gastric distension during duodenal perfusion with nu-
trients or saline. Ondansetron, another 5-HT, receptor
antagonist, has been reported to blunt symptoms in-
duced by duodenal lipid perfusion and proximal gastric
distension (8). The reasons for these different results
may relate to differences between the proximal and
distal stomach and to details of experimental design
but remain to be clarified. We are not aware of studies
exploring differences in 5-HT; receptor distribution
between the proximal and distal human stomach.
Given the well-recognized contrasting physiological
properties of the proximal and distal stomach (13), it is
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conceivable that receptors involved in visceral percep-
tion or nociception, which may include 5-HT receptors,
may be differentially distributed in the two regions or
their afferent pathways. Animal studies of gastric
5-HTj; receptors center on motor phenomena but high-
light differences between the proximal and distal stom-
ach (27, 28, 31). If 5-HT release participates in medi-
ating sensation and nociception during gastric
distension and duodenal nutrient perfusion, region-
specific differences in afferent pathways, analogous to
region-specific differences in motor responses to 5-HT,
may explain the contrasting effects of 5-HT, antago-
nists on symptom perception in the proximal and distal
stomach. Although we cannot rule out an effect of
granisetron at higher doses, dose seems an unlikely
explanation for the lack of pharmacological effect,
given that we administered a dose shown to treat
chemotherapy-induced nausea (11) as well as blunt
nausea and gastric dysrhythmias evoked by supra-
physiological nutrient perfusion (16). Notably, the pre-
vious study with ondansetron also used a standard
clinical dose (8).

An important difference between our study and the
investigation of ondansetron and fundic sensitivity to
distension and lipid concerns the methods used for
gastric distension. In contrast to sustained progressive
distensions at 100 ml/min (8), we performed minute-
long intermittent isobaric distensions at increasing
pressures with an inflation rate of 25 ml/s, separated
by complete deflations. The symptomatic responses to
ramp compared with rapid intermittent distensions
may differ (14), and the apparent differences in the
roles of 5-HTy receptors as mediators of symptoms in
the two studies may relate to stimulation of different
mechanoreceptors or sensory pathways with the two
modes of distension.

In conclusion, among the major nutrient classes,
only lipid increases the pain, nausea, and bloating
induced by distal gastric isobaric distension. At the
lower caloric perfusion rate, this effect is explained by
lipid-induced distal gastric relaxation. At the higher
rate, the effect is explained in part by lipid-induced
relaxation, but an additional volume-independent ef-
fect becomes evident. In addition, perception of distal
gastric distension during duodenal saline or nutrient
perfusion does not rely on 5-HTj3-dependent pathways.
These findings contribute to our understanding of
meal-related functional gastrointestinal symptoms.
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