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~ CHARACTERIZATION OF THE CANINE GASTRIC EMPTYING CF AND
GASTROINTESTINAL MOTOR RESPONSES TO HYDROPHILIC POLYMERS
James Russell

(Under the supervision of Professor Paul Bass)

b Hydrophilic polymers include bulk laxatives, many of which are
ary fibers. The aims of the present investigations were: 1) to
acterize the canine gastric emptying patterns of, and the antro-
al motor responses to meals of increasing hydrophilic polymer
ontent; 2) to examine whether the gastric emptying of polycarbophil
), an indigestible particulate gel, was dependent on interdigestive
motor activity (phase 3); and 3) to characterize the jejunal motor

r sponses to laxative and non-laxative hydrophilic polymers. Guar,

;Y tin and psyllium meals presented as homogeneous gels while PC meals
‘;ﬁcre particle-1iquid mixtures. Pectin, psyllium and guar exhibited
flzoncentration—dependent increases in viscosity and nonNewtonian flow
j patterns.

Half-emptying times (EB&) of 300 ml test meals were determined in
dogs with duodenal cannulas (psyllium and guar meals) and gastric can-
~ nulas (PC meals). The antroduodenal contractile responses to polymer
test meals were monitored using serosal force transducers. -In addition
to antroduodenal responses, the jejunal motor responses to laxative
(psy1lium, PC) and nonlaxative (pectin) polymers were characterized.

As meal polymer content increased, meal EB& increased. High

polymer content meals of psyllium (3%), guar (1.5%) and PC (90 gm)




xi
:EB& of 40, 34 and 300 min, respectively. None of the test
icited significant antroduodenal motor activity. Importantly,
f the 90 gm PC meal emptied in the absence of phase 3 activity.
axative polymers did not uniformly affect jejunal motility.

the homogeneous gels of psyllium and guar concentration-

tly increased motor activity and delayed phase 3 activity. No
of contractions were seen. In contrast, PC did not increase
activity but converted control-level activity into propagated

of contractions. PC did not delay jejunal phase 3 activity.

We conclude: 1) meal viscosity, but not antroduodenal motility,
influences the gastric emptying of viscous polymer meals. However,
nonNewtonian character of the meals precludes a strict relation
een meal viscosity and motor activity or emptying time; 2) the

ase 3-independent emptying of PC argues against the traditionally
‘}ild requirement of phase 3 activity for the emptying of all indigest-
-f?ble ingesta; and 3) bulk laxative polymers do not uniformly affect ;
- jejunal motility. Instead, the physical form of the meal substance

probably influences the character of the motor response.

1

APPROVED:

Paul Bass, Ph.D.
Professor

DATE:
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~ This thesis is presented in five chapters. An

oductory chapter contains broad reviews of gut
zility and the regulation of gastric emptying. These
7iews provide terminology and background physiology
ch complements the research reports. A discussion
of hydrophilic polymers and their effects on gastric

emptying and gut motor activity follows. Finally,

~ unanswered questions concerning the effects of

"hydrophilic polymers on gut function are ennumerated.

b

- These questions are then addressed in the research

reports.

oduction is followed by four research reports. The




Chapter One

Introduction




STRIC AND INTESTINAL MOTOR ACTIVITY OF THE

ANESTHETIZED DOG

ns of gastric and intestinal motor activity -

c and small intestinal muscle each exhibit
nctive motor patterns in the fasted state.. After
ing, the fasted state patterns are replaced with a
al post prandial pattern of contractions. As the
1 empties from the stomach, the postprandial motor
Ettern begins to wane and the fasted state patterns
sgin to reappear. Dogs and man exhibit qualitatively
similar patterns of gut motor activity. Thus the dcg
‘has been employed for investigations pertinent to how
’Ehe human gut functions.
] Fasted state motor activity has 3 principle
}zfeatures: 1) motor activity presents in a unified
lfﬁattern with the whole pattern repeating, i.e.,
f;exhibiting a periodicity, 2) this motility pattern is
xi comprised of 3 major levels of contractile activity,
Iiand 3) one of the activity levels, presenting as a
~ brief period of maximal amplitude contractions,
u-migrates from the stomach to the ileum at regular
intervals. These 3 main features of canine motility

were established throughout the period 1911-1969.




Fasted state contractile activity is periodic in
ts appearance. ‘As early as 1911, Boldyreff
strated that a brief interval of contractions
peared on the stomach every 75 to 90 minutes (1,
view see 2). Throughout the first part of the
antieth céntury, allusions to this periodic event
peared in the literature (3,4), but its significance
~was not speculated upon. In 1967, Reinke et al. (5)
 confirmed Boldyreff's observations on gastric motor
~ periodicity and showed that small intestinal activity
~ was also periodic. Based on the observation that these
periodic episodes of gastric contractions delivered
gastric secretions to the duodenum, Reinke postulated
that this activity acted to cleanse the stomach and
small intestine of cellular debris, and secretions
(5). Subsequently, the presence of intestinal periodic
activity was confirmed and extended by others (6,7,8).
Periodically recurring contractions are only part
of the overall fasted state motor pattern. This
concept was originally advanced by Boldyreff (L)s
However, he did not characterize the temporal
distribution of conﬁractions of the fasted state. From
1911 until 1967 there appeared numerous reports on the

many varieties of contractions seen in the fasted




, but exactly how such activity fit into a

ent pattern was not detailed (9-11). 1In
trospect, pattern recognition was delayed because
ility studies had traditionally been performed using
sthetized dogs, intraluminal sensors, and by
tudying only brief periods of motility. It was not
til chronically implanted extraluminal contraction
sensing units were coupled with long recording times
that the patterns of interdigestive activity were

- recognized.

In 1963, Jacoby et al. (12), and shortly later
Reinke et al. (5) described 3 major patterns of
contractions - basal, preburst and burst - which
comprised the fasted state contractile pattern. The
basal state lasted about 40 minutes and was associated
with few contractions; the preburst state lasted about
9 minutes and was associated with contractions of
intermediate amplitude and frequency; the burst state
lasted about 10 minutes and was marked by contractions
of both maximal amplitude and frequency. The terms
basal, preburst and burst were descriptive, and their
serial appearance gave order to the analogous type 1,
2, and 3 contractions first described by Carlson in

1913 (13). To date, a variety of workers have




rmed and expanded the description of the phases of
dic interdigestive motor activity (6,7,8,14).
Gastric and small intestinal periodic motor

fity migrates in an aborad direction. This third
major characteristic of fasted state motility, the
;taéing mYoelectric complex, was documented in 1969
Szurszewski (6). Using serosal electrcdes and long
cording sessions he recorded the myoelectric
iﬁazrelate to the basal, preburst, and burst intervals

; described by Reinke et al.(5). However, Szurszewski
:;demonstrated that the burst or "electric complex" first
appeared in the duodenum, and then appeared at caudally
situated recording sites as far as the terminal

ileum. As one complex finished in the ileum, another
appeared in the duodenum. Since this first description
of the migrating myoelectric complex, other workers
have demonstrated that the complex starts in the
esophagus (15), migrates through the stomach (8) and
terminates at the ileocecal junction (16,17).
Functionally, the migrating complex appears to
periodically sweep cellular debris secretions and
indigestible meal residues from the stomach and small
intestine. Such a sweeping action has been documented

cineradiographically (18,19).




ter a meal, fasted state gut motor activity

. The distinctive periodic activity is replaced
h a continuum of contractions of intermediate

itude and frequency. Gastric and duodenal

ractions are coordinated to facilitate gastric
ying. As the meal finishes emptying from the

nach, the fasted state motor patterns are gradually
sestablished. The character of the fed state motor

ttern is described more fully elsewhere (vide infra,

Control of gastrointestinal motor activity - Various

: workers, notably Cannon (9), appreciated that the
stomach and small intestine could contract at different j
rates. Control of the frequencies of gastric and
intestinal contractions is still incompletely
understood. However, observations of gut myoelectric

activity, recorded with extracellular electrodes, have

clarified certain elements of this control (20). Note
that electrodes detect membrane potential changes, not
contractions. However, certain electric events do |
correlate directly with contractions (vide infra).
Gut muscle exhibits omnipresent cell membrane

potential changes first described by Alvarez in 1922 as



currents" (21). This myoelectric event recurs
1 a fixed rhythm, is electric in nature and sets the
rate at which contractions of the circular

,;13 may occur. Therefore this membrane change has

y termed the basic electric rhythm (BER) (22).

ious other descriptive synonyms have also been
smployed (slow waves, pacesetter potentials, electric
trol activity, review see 2).

Until recently, the BER were thought to originate
;in the longitudinal muscle layer and spread
electrotonically to and be amplified by the circular
jnutcle layer. Currently, attention is being focused on
iba requirement for the interstitial cells of Cajal.
These cells are distributed throughout the major
intestinal plexuses (24). Prosser has recently
demonstrated that selective destruction of the cells of
Cajal results in the abolishment of the BER in
longitudinal and circular muscle strips (C.L. Prosser,
personal communication). In addition, Fox et al. (25)
have recently demonstrated that selective damage of the
myenteric plexus ganglia also disrupts the appearance
of the BER in vivo. Whether the cells of Cajal are the
source of the BER awaits characterization of their

electric properties and their relation to surrounding




in the orad gastric corpus (26) and the orad
>denum (27). Whether pacemakers are single or

.ped cells is uncertain. Pacemakers exhibit higher
ites of spdntaneous depolarization than neighboring
Neighboring cells are thus entrained to the
gher frequency (28). A brief but significant amount
time (phase lag) is required for the entrainment of
fftighboring cells. Thus the gastric and duodenal BER
7ippear to be propagated aborally from their respective
pacemakers. Longitudinal muscle is syncitial, and
'propagation of BER is evident from examination of
myoelectric tracings from closely spaced electrodes.
Propagation of the BER may also be demonstrated by
artificially pacing the tissue and monitoring BER
frequency changes at some distance from the site of
stimulus (29).

The gastric BER is paced from the orad corpus at a
rate of about 4.5 cpm and the frequency is constant
throughout the stomach (26). Similarly, the duodenum
is paced from its orad aspect but with a frequency of
about 18 cpm (27). In contrast to the stomach, the

small intestine displays a gradually decreasing BER
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cy as the ileum is approached. Sarna (28) has

76 that this progressive decrease in BER

quency is due\to an electrical uncoupling of

ined cells. Uncoupling may be due to poor
rcellular communications. The result is the
blishment of a new, lower BER frequency which
lects the inherent rate of depolarization for
raudally located bowel segments. Thus the intestinal
frequency presents as a gradient with the duodenum,
;.d-jejunum and the terminal ileum paced at about 18,
HQ&S, and 14 cpm, respectively.

The frequency of contréctions in the stomach and
] small intestine is determined by the BER frequency
(22). Thus the stomach and duodenum exhibit maximal
contractile rates of 4.5 and 18 contractions per
minute; respectively. The spike potential is the
myoelectric correlate of the circular muscle
contraction. Spike potentials are superimposed upon
the BER in a temporally fixed fashion. Spikes appear
just after the potential change that marks the
beginning of the BER cycle (22). The BER configuration
and frequency is essentially unchanged by food.
However, selected drugs such as atropine have been

found to increase gastric BER frequency (30). 1In




i E: 3

t to the BER, the appearance and intensity of
ke potentials may be influenced by food, drugs,

and hormones (31-38).

In contrast to the BER, spike potentials are not
Efgated (20) . However, groups of spike potentials
1 as those of the migrating myoelectric complex can
)pear propagated. The aborad migration of the

ating complex is subject to nervous, and hormonal

trols (32-35, 37, 38, review see 39).

hnique for recording motor activity from the bowel

‘of the unanesthetized dog - The assessment of gut motor

”xesponses has been performed in a variety of ways
5'(historical review see 2). However, experience reveals
that both the presence of measuring devices within the
bowel lumen (e.g., barium, balloons) and anesthetics
(40, 41) can confound the responses of the gut,
especially to food. Thus extraluminal sensors for the
chronic detection of muscle contractions in the
unanesthetized animal were developed.

The strain gage force transducer was introduced
for application to gut motility by Jacoby et al. (12)
in 1963, and was subsequently refined (5). The unit

consists of back-to-back resistor elements combined to
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Js half-Wheatstone bridge. During monitoring, a

| current ;s passed through the implanted gage.
rbation of the resistors by muscle contractions

s the flow of current through the gage, relative

' a reference half-Wheatstone bridge located in the
recorder. Thus the muscle contraction is transuced
into an electrical signal, which then drives a
recording pen.

The methods for the fabrication and implantation
of the recording units have been detailed (5,12). 1In
‘brief, the gages are connected to an electrical
 connector via 22 inch lead wires. At surgery, the
: gages and wires are tunneled subcutaneously from the
suprascapular region to the flank, caudad to the last
rib. The units are passed into the abdominal cavity
via a stab wound. The connector plug is implanted
subcutaneously in the suprascapular region. The units

may be situated in the transverse or longitudinal axis

of the bowel. Full thickness ligatures secure the
units to the serosal side of the bowel. Recording is
performed by connecting the implanted circuit (dog) to

the pen recorder via a matching external plug assembly.

Applicaton to present pharmacological investigations -
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s for investigating drug actions have been
nced by elucidation of fasted state motility
- For example, periods of motor gquiescence
T?l, basal period) are generally used for
ation of the contraction-stimulating properties
gs and meals (5,12). 1In this way, the presence
'faneously occurring contractions (seen with
is 2 and 3) do noﬁ confound the drug-related

ses. Similarly, drugs which inhibit contractions
;;be administered during the period of maximal motor
,Livity, i.e., phase 3.
b Quantitation of contractile responses cbtained
with strain gage force transducers is conveniently made
”?th reference to some maximal intensity contractile
j—m:. Specifically, Code and Schlegel (18,19) have
onstrated radiographically that phase 3 contractions
‘;aﬂpletely occlude the lumen of the antrum and small
‘ihtestine. As previously described, phase 3 is marked
- by 5-10 min of contractions which exhibit both maximal
requency and amplitude. Treatment responses may be

~ expressed as a percent of the maximum activity seen
iiduring phase 3. This method is particularly useful in
cases where the sensitivity of the recording units

decreases with time or periodic calibration of the
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is impractical (5).

2. CONTROL OF GASTRIC EMPTYING

distal stomach and the orad small intestine. These
3 compartments each exhibit characteristic motor
functions. Nerve and hormonal signals which are
‘Eailored to the physical character of the meal
_'ﬂeterpine the magnitude of the postprandial motor
:response of each compartment.

Current knowledge of how the stomach and small

4 intestine control gastric emptying evolved initially
from the surgical treatment of peptic ulcer disease. i
Therapeutic resection of various gastric and intestinal
portions resulted in disturbances of gut motility and

emptying (42-44). Subsequently, Cannon's innovative

use of x-rays to document the movements of ingesta A
within the gastrointestinal tract confirmed a role for |
gastric motility in the preparation of food for gastric

emptying (45). Since Cannon's time, the biology and

function of the gastric body, antrum and small

intestine have been extended. In particular, more
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FIGURE 1.

surgical preparations used to reveal control mechanisms
of gastric emptying. A: normal stomach, f-fundus, b-
gastric body, a- gastric antrum, g- gastroduodenal
junction. B: proximal gastric vagotomy. C: distal gastric
vagotomy. D: fundectomy. E: antrectomy.




FIGURE 1.
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accurate methods -have been developed for the

' measurement of gastric emptying and the motor activity
that influences gastric emptying. The following is a
review of the influences of gastrointestinal motor

>ﬂctivity and meal physical and chemical characteristics

gastric emptying.

gastric body - The orad 2/3 of the stomach referred
here as the gastric body includes the gastric fundus
and the orad corpus (fig. l1-a). The gastric body acts
as a reservoir; it accepts meals of various volumes
’ thout significant increases in intragastric |
pressure. This effect is due to a relaxation of the
tric musculature and may be generally referred to as
mmodation. Functionally, accommodation aids in the
elivery of food to the orad stomach forltrituration
ide infra). Accommodation is also a principle
lator of the gastric emptying of liquids (vide
fra) . Studies performed as early as 1895 showed that
illation of progressively larger volumes of air or
water into the stomach failed, within broad limits, to
,f@vated intragastric pressure (46-48). Gianturco (49)
ocalized accommodation to the orad stomach with

jographic evidence for the postprandial distention
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of all or a portion of the orad stomach reduces the
accommodative capacity (44,49,50, review see 51).

Accommodation is dependent upon an intact vagal
innervation. Truncal or proximal vagotomy (fig. 2b)
results in marked increases in intragastric pressure,
i.e., loss of accommodation, in response to gastric
distention (48, 52). Electric stimulation of the
peripheral vagal remnant reestablishes gastric
relaxation (53). In contrast to vagal stimulation,
stimulation of the sympathetic nerves to the stomach
(splanchnic) has quite minor effects on gastric
relaxation (53).

The postganglionic mechanism of accommodation is
only partially understood. The gastric relaxation
produced by electrical stimulation of the vagus nerves
is substantially inhibited (ca 80%) by hexamethonium
~ but not atropine or adrenergic blockers (53,54) .. There
. is evidence which suggests that a dopaminergic system
-uay be involved. Exogenous dopamine elicits gastric
body relaxation in control and vagotomized patients
(55), and in dogs (54). This effect is unaltered by
pretreatment with propranolol, gquanethidine,
phenoxybenzamine and dopamine-b-hydroxylase inhibitors

(54) . However, dopamine-induced accommodation is
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completely abolished by pretreatment with dopamine
receptor blocking agents such as metoclopramide and
domperidone (54,55). A clearer knowledge of the role
of dopamine in gastric accommodation awaits
characterization of gastric dopaminergic receptors and
neurons.

The gastric body is of chief importance to the
controlled emptying of ligquids. Fundectomy (Fig. 14) ,
resection of the gastric body, and interruption of the
proximal gastric vagus nerves each results in decreased
' accommodation to meal volumes; the emptying of liquids
is hastened (49,50,52,56). In contrast, these

~ procedures do not affect the gastric emptying of

. solids.

 The gastric antrum - The gastric antrum performs an
entirely different function than the gastric body. In

general, the antrum is a mixing, milling organ.

 Ingesta is stored in the orad stomach; small portions
'are pushed into the antrum for milling and fluidization
: in preparation for gastric emptying. In 1911, Cannon

- (45) described the mechanical movements of the antrum

~ which he had observed radiographically. The antrum

f contracts powerfully, and aborally-directed
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contractions push portions of ingesta toward the

gastroduodenal jgnction. Each antral contraction
reatly elevates intraantral pressure. Only a small
lzaction of the fluidized digesta escapes to the
duodenum. Most of the antral bolus is then retropulsed
hgndet pressure into the gastric body to await further

- mixing. With time, all the food stored in the gastric
.'body is advanced to the antrum for mixing and
 subsequent emptying.

The magnitude of antral contractions is ctiticaliy
~ dependent upon intact vagus nerves. Distal gastric
vagotomy (Fig. lc) results in feeble antral
contractions which compromise the particle size-

- reducing power of the antrum (57,58). Under normal
circumstances, most particles are of less than 0.2 mm
diameter when they empty. After vagotomy, larger
particles are allowed to empty (59).

The gastric antrum controls the gastric emptying
of solids principally by acting as a sieve. Meyer (59)
has demonstrated that after a meat meal, about 90% of
all particles emptied to the duodenum are of less than
0.2 mm diameter, and 99% are of less than 2 mm diameter
(59) . After antrectomy (Fig. le), the sieving capacity

of the stomach is significantly reduced but not
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fihe stomach is significantly reduced but not

i;lished. Thus, antral mixing alone does not fully

icount for the particle size reduction. Peptic

igestion and simple dissolution also participate.

Antral sieving is more dramatically, albeit less
siologically, demonstrated by the gastric emptying

£ large (7mm diameter) plastic spheres. The gastric

rum prevents spheres from emptying from the stomach

il after all other ingesta is emptied (60). As

erdigestive patterns are reestablished, spheres are

:;ept from the stomach by phase 3 contractile activity

;37,58). After antrectomy (Fig. le), sieving is lost

é;. the spheres empty prematurely into the duodenum

hed by weak, arrhythmic contractions of the gastric

gcmnant. After antrectomy, the loss of sieving is

‘feflected by the increased particle size of %
;éonventional foods which are allowed to empty (57-59).
i In contrast to the gastric body, the gastric
“antrum plays little part in the emptying of liguids.
k| either distal gastric vagotomy (Fig. 1lc) nor
j;hnt:ectomy (Fig. le) affect the gastric emptying of

- liquid test meals {S,7.58,60) .

E The orad and caudad parts of the stomach cooperate

 to effect gastric emptying. The gastric body and
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of liquids and solids, respectively (51). A general

pattern of gastric emptying exists. Liquids empty more
rapidly than digestible solids, which in turn empty

" more rapidly than indigestible solids. Although the
!glsttic emptying patterns for a variety of liquids and
solids have been reported, the gastric emptying of

~ indigestible solids has not been adequately studied.
>>Indigestible solids refers to meal residues which are

» not degraded by peptic digestion and are generally of
large particle size. These residues include dietary
fibers (vide infra). To date the gastric emptying of
large indigestible spheres has been accepted as a model
for the gastric emptying of indigestible ingesta. New
information concerning the gastric emptying of

indigestible material is presented in Chapter 3 (vide

infra).

The gastroduodenal junction - The gastric antrum is

interfaced with the duodenum. This anatomical region

is called the gastroduodenal junction, pylorus or
pyloric sphincter. The circularly oriented band of
muscle which demarcates this area is a thickened
portion of antral circular muscle (61). Because it

represents a narrowed passage between the stomach and
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'role for the gastroduodenal junction in the control of
 the gastric emptying of liquids or solids.

Enlargement of the gastroduodenal junction does
‘:not alter the emptying rate of liquids. Neither
implantation of a noncompressible tube to prop open the
H'passage nor surgical enlargement of the gastroduodenal
;¢ junction by pyloroplasty alter liquid emptying (62-
66) . Although the gastroduodenal junction does not
appear to influence liquid emptying, it does act to
prevent duodenogastric reflux. Dogs with
circumferential pyloric myomectomy exhibit a i
significant reflux of radiolabeled duodenal perfusate
into the stomach over the course of a test meal (67).

Duoenogastric reflux of bile is a recognized cause of

gastric ulcer.

The gasﬁric emptying of solids is minimally
affected by pyloroplasty (65,59). Pyloroplasty does
slightly impair the milling action of the antral
contractions. After pyloroplasty a slightly greater
percentage of food particles emptied exceeds the usual

0.2 mm diameter limit (59).
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troduodenal pressure gradients and gastric emptying

- The stomach does not exert exclusive control over
_gastric emptying. The stomach is situated in series
‘with the duodenum; the pyloric canal connects the 2
:compartmenés. The ability of antral contractions to
elevate terminal antral intraluminal pressure has been
described. The orad duodenum, or any closed section of
the bowel, may also exhibit intraluminal pressure

- changes. The tendency for gut content to travel from
the stomach to the duodequm is idealized according to

the law of Poiseuille:

o~ B gy

R dt

Where P, and Py represent the intraluminal pressures of

9
the stomach and duodenum, respectively; R is the
resistance to flow caused by the pyloric canal; dv/dt
is the change in gastric volume with time (68).
Naturally, the flow rate will be affected by the nature
of the fluid leaving the stomach. Test meal chemical

(e.g. fatty acid content) characteristics can affect

gastroduodenal motor activity and thus influence

pressure gradients (vide infra). Such changes can be
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hormonally or neurally mediated (vide infra). The
E»-elling of the gastric emptying process is not
considered here. Instead, the effects of test meal

- components on the rate of gastric emptying, and how
fmnch rate changes are effected will be reviewed to
 provide an estimate of how the stomach and small
.lntestine jointly contribute to the control of gastric

. emptying.

Antroduodenal contractile responses to food - Meals

elicit antral and duodenal contractions which, with

gastric body tonal changes, execute gastric emptying.

at about

After a meal, the antrum and dpqéenum contract

§ —

Zidﬁgguﬁq% maximum frequenqy, respectively (69,70).
The duodenal contractions are temporally coordinated
with the antral contractions (69,71,72). Radiographic
correlates of postprandial contractions confirm a role
for coordinated antroduodenal activity in the control
of gastric emptying. Briefly, an antral contraction
pushes a small portion of fluidized ingesta through the
pyloric canal. The terminal portion of the antrum
contracts after which the duodenum contracts once or

twice. Temporally, the pyloric canal was closed before

the antrum completed its contraction. Therefore antral
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intraluminal pressure increased and caused retropulsion

the remaining.fluid back into the gastric body. The

‘fluid aborally, prevented duodenogastric reflux, and
prevented further emptying of the meal. Since gastric
'nﬁt:al BER freguency is about 4.5 cpm, this coordinated
‘antroduodenal sequence also occurs about 4.5 times per

. minute. As the period of postprandial gastric emptying
ends, the fed state pattern wanes and is replaced with
the interdigestive periodic activity.

The coordiqation of postprandial antroduodenal
motér activity is dependent upon an intact enteric
nervous system since gastroduodenal junction
transection and reanastomosis abolishes postprandial
coordination (73). In contrast, extrinsic nerves may
not be required since vagotomy has no disruptive effect
(74) . However, the effects of sympathectomy have not
been studied. While the postprandial pattern is most
evident after meals of solid rather than liquid food,
the physical presence of food is not an absolute
requirement. Diversion of the antrum and orad duodenum
from the digestive path does not prevent the
postprandial appearance of the coordinated pattern

(73) «
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0l of gastric emptying as revealed by liquid test

1s - Liquids empty more rapidly from the stomach
solids, and nearly all digesta presented to the
tine is»%}qu;fig@, Therefore liquid meals have

employed for the study of the controls of gastric

p“tying. Since dietary fats, carbohydrates and
roteins can be solubilized, their respective addition
1; a standard test meal reveals how each meal component
z}y affect gastric emptying. To date, the effects of
;zal volume, osmolarity, pH, fatty acid content and
?ierall caloric density on gastric emptying rate have
each been investigated. Most work has been performed
in humans (review see 99). Results in dogs, where
available, are qualitatively similar and confirm the |

‘utility of the canine model for studies of gastric

~ emptying.

_ﬁ?attern of liquid emptying - The gastric emptying'of
“Aliquids may be quantified by performing serial
collections of gastric effluent from a duodenal
cannula. More commonly, liquid meals are administered

and after variable amounts of time, the meal fraction
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ng in the stomach is determined by aspiration.

erial test meal procedure) . Gastric emptying is

y depicted with a plot of the meal fraction
-§£dv(ot recovered) vs time. The gastric emptying
liquids follows a log-linear pattern reasonably well
0) . However, exponential emptying is most clearly
nt over the mid-portion of a typical cumulative %
gfvered vs. time curve. The initial portion of the
‘fva usually reveals faster or slower emptying with
eals of larger (e.g. 1200 ml) and smaller volumes

'f;g. 200 ml), respectively. Completion of emptying is
Yﬂally protracted, relative to the first 60-80% of the
sal (100,101). The Qeneral exponential appearance of
e mid-portion of the emptying curve persists
%zzespective of meal volumes tested (range: 100-1000
;v).

_ Estimates of gastric emptying rate are, by

. convention, reported as the meal half-life, or more
,;accutately, half-emptying time (E 1/2) (100). However,
i{an E 1/2 does not describe the completeness of emptying
x7or the initial and final patterns of emptying. Thus,
3 untransformed emptying curves and emptying rate
constants (slopes of least squares plots) for each

portion of the curve, are currently being advocated as
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The liquid test meal represents a simplified

ase. Meals are commonly comprised of liquid and

estible solid. The liquid portions empty first.
digestible solids undergo liquification to chyme
prior to emptying. Thus while solid food does empty
ultimately as a liquid, it does so slowly,
demonstrating a pattern akin to a zero—order process
.¥59,102). Evaluation of the slowing effects of
individual meal components on gastric emptying is
‘easiest with otherwise rapidly emptying liquid meals.
As meal volume increases, the E 1/2 increases
(101) . This effect is seen over a wide ¥ange of meal
volumes (25-1250 ml) (100,103). The volume effect seen
after conventional, nutritive liquid meals reflects a
balance between the accommodative powers of the gastric
body, and the interaction of the meal components with
the orad small intestine. Fat, osmolytes, and other
meal substances stimulate intestinal receptors to

reflexly slow the rate of gastric emptying (vide

infra). The intestine accepts only what it can
tolerate.

Gravity principally affects the gastric emptying
of rapidly emptying liquids (100). Elevation of the

trunk (45 degrees) delays the emptying of isotonic,




30

fered liquids but not of hypertonic glucose meals

stimulant vs nonstimulant liquids, vide infra).
sidering the usual postprandial posture and the
mulant nature of most ingesta, gravity probably is

t an important factor in the rate of gastric

tying.

nall intestinal control of gastric emptying - The

small intestine contributes greatly to the control of
gastric emptying. This is clearly seen in dogs having

] orad duodenal fistulas. In such dogs, gastric effluent
4 is immediately diverted from the digestive path before
contacting the duodenum. In this model, gastric
emptying is dramatically hastened. This rapid emptying
may be slowed back to normal by reinjecting the gastric
effluent back into the small intestine (76,77).

Present understanding of how the intestine
influences gastric emptying is derived from testing the
effects of various test meal components on the gastric
emptying rate of liquids. However, exactly how meal
stimulation of the intestine is accomplished and
transduced into motor control is only partly

understood.

Surgical studies reveal that the antrum is not
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'ftical to the controlled emptying of liquids.
lowever, liquids‘normally elicit antral contractions
ch (with gastric body tonal changes) facilitate
tying. Investigations of the role of antroduodenal
motility in the control of emptying focus, in part, on

his antral activity.

_}ntestinal control: the enterogastric reflex -

lIntraduodenal infusions of protein, fat, acid and

] carbohydrate each results in a rapid reduction of
antral contractile activity (78-83, review see 84) .
This effect is termed the entefogastric reflex (EGR).
The reflex is invariably associated with a delayed
gastric emptying. Since the reflex is rapid in onset
(less than a minute), a neural component has been
postulated. However, the ability of test meals to
depress contractions in an autotransplanted gastric
pouch (totally extrinsically dennervated) suggests that
hormones may also participate (85).

Expression of the EGR appears to require an intact
postganglionic sympathetic nerve input to the stomach
and orad small intestine. Shapiro and Woodward (87),
demonstrated that after celiac ganglionectomy, acid no

longer elicited the EGR. In contrast, division of the



32

eganglionic nerves to the celiac plexus (splanchnic

lerves) , vagotomy, paravertebral sympathectomy, or

on the EGR (81-83, 89). 1In supplement to Shapiro and
:xa~-ward's studies with acid (87) others demonstrated
that vagotomy did not alter the ability of
 intraintestinal fat, acid or carbohydrate to delay
Agastric emptying (88). Taken together, it is possible
that the neural control of the EGR resides solely
within nerves which connect the gut with the celiac
plexus.

In addition to nerves, the hormones secretin and
perhaps cholecystokinin (CCK) may participate in the
EGR (review see 90). Secretin and CCK are both
synthesized and secreted from endocrine cells located
in the mucosa of the small intestine (review see 91).
Both hormones are released in response to mucosal
contact with products of meal digestion. Gastric acid
and bile stimulate secretin release; fatty acids, amino
acids and c&lcium salts stimulate CCK release.
Hormonal participation in the EGR is based on motor
effects obtained in response to exogenously
administered hormones.

Secretin delays gastric emptying in humans (92,93)
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:h in dogs (94). This effect is due to a relaxation
f the gastric body musculature (93,95) combined with a
lepression of antral contractile activity (94). The
ffects of CCK on gastric emptying are variable

,97). In dogs, CCK slows gastric emptying probably
relaxing‘the gastric body (93,95). The effects of
on antral contractile activity are not clearly
~defined. In contrast to dogs, human gastric emptying
is not appreciably delayed by CCK (93,98). Other
';hormones such as gastrointestinal inhibitory peptide

. and vasoactive intestinal peptide are released .
postprandially and cause gastric body relaxation

(95). While nerves and hormones have been studied for
their separate effects on gastric emptying, probably

both are involved in the control of gastric emptying.

Intestinal control: receptors - Much evidence exists

to support an intestinal but not a gastric location for
the control of ligquid meal emptying. Meals containing
fat or hyperosmotic (> 285 mOsm/L) concentrations of
solutes normally empty slowly, relative to water.
However, if the gastric effluent is allowed to drain
through an orad duodenal fistula, these meals empty

rapidly (76,84,105,106). Thus the rate of gastric
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ying of liquids is dependent upon meal interaction

with the intestine. The stomach alone does not respond
to variations in meal osmolarity or fat content.
Receptors for osmolytes and fats are located in

the small intestine. The term receptor refers to an,

Diversion of fat from the intestine (via orad duodenal
1 fistula) results in a rapid emptying. Emptying is

1 returned to its usually slow rate by reinjecting fat
into the duodenum directly (80,8l). Experiments with
osmolytes are yet more informative regarding the
location of the intestinal receptor. The controlled
gastric emptying of meals containing disaccharides and
dipeptides depends on their cleavage to osmotically
activity monomers. Equiosmolar solutions of maltose
(dimer) and glucose (monomer) empty at the same rate
(107) ; the same applies for meals of glycine (monomer)
and diglycine (dimer) (108). The cleaving enzymes for
disaccharides and peptides are located in the brush
border and cytosol of the intestinal enterocyte,
respectively. The importance of enterocyte-associated
enzymes to osmoreception is highlighted by Mallinson's

(109) report of uncharacteristically rapid emptying of

——
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fls containing galactose (a dimer) in patients with
actase deficienc;es. Thus intestinal receptors are
ated deep to, or near the absorptive epithelia.

In both man and dogs, only the orad small
intestine responds to meal components (81,87,88,98).
sgional sensitivities to certain meal componentS'have.
been identified. In man, perfusion of the duodenum
with hyperosmotic liquids slows gastric emptying;
 similar perfusions of the jejunum have little effect
(98). In contrast, dogs exhibit sensitivity to
 osmolytes and fats throughout the duodenum and orad
jejunum (87,88). In addition, the orad 5 cm of the
canine duodenum appears uniquely sensitive to acid but
not fat or hyperosmotic solutions (105). Receptor
localization throughout the orad small intestine makes
good sense functionally. The intestine modifies
gastric emptying to regulate the amount of chyme
emptied from the stomach. This presumably maximizes

intestine absorptive efficiency.

Intestinal control: receptor model - Interaction of

meal components with the intestine dictates the rate of
gastric emptying. Specifically, meal fats, proteins

and carbohydrates have been postulated to elicit the
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ic emptying. Specifically, meal fats, proteins
ﬁnarbohydrates have been postulated to elicit the
;by stimulating an intestinal receptor. Of prime
tance are the observations that hyperosmotic
quids empty slowly from the stomach, relative to

and that meal solutes that freely penetrate

id bilayers have relatively little effect on

;ytying rate (110,111). These results suggest that a
electively permeable membrane is involved with
intestinal "reception". The réceptor is currently
;pvisioned as the lateral intercellular space (LIS) of
t e duodenal and jejunal villus epithelium (112).

The LIS of the orad intestinal villus epithelium
5are the spaces that separate the lateral borders of the
epithelial cells. The luminal aspect of the space is
closed by tight junctions; the serosal aspect is
'Tbordered by the basement membrane. In addition to the
ﬂ‘transmembrane route, the LIS provides a route by which
~ water may be both absorbed and secreted. Early
:'{observations by Hunt (110,111) concerned the efféct of
meal osmolarity on the intestinal receptor, which he
v_ modeled as an erythrocyte-like structure. Water meals
emptied rapidly and were taken as the control.

Hyperosmotic meals emptied more slowly than water and

=
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amster jejunal mucosa with iso- and hyperosmotic
utions resulted in the swelling and collapse of the
LIS, respectively. The erythrocyte analogy may have

been correct.

If reductions in the ﬁIS dimensions trigger the
EGR, this stimulus must be transduced to constitute the
? afferent portion of the reflex. Secretin and CCK, and
: postganglionic sympathetic nerves have been cited as
possible participants in the reflex. Since both
hormones and nerves have been identified in the
intestinal mucosa, transductions appear likely. No

direct work has been done to relate changes in LIS

dimension with hormone or neural changes.

Intestinal control: Effects of osmolytes - Using the

semipermeable lipid bilayer as a model, Hunt (110,111)
examined the slowing effect of nonpenetrating, freely
penetrating and slowly penetrating solutes on the
gastric emptying of a water meal. Equiosmolar meals
containing nonpenetrating species such as sulfates,
KCl, and sugars delayed gastric emptying equally (1l4-
116). 1In contrast, the addition of freely penetrating
NH,Cl, had no effect on emptying. Slowly penetrating

solutes such as glycerol and ethanol only modestly
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wed emptying (110,111). The osmoreceptor model is

attractive for its simplicity. That equiosmolar
utions of unrelated, nonpenetrating species
(electrolytes and sugars) are equally effective in
delaying gastric emptying supports a general

osmoreceptor model.

iigggggtinal control: Effects of fatty acids - Dietary
:!ats are hydrolyzed to their constituent fatty acids by
pancreatic lipases. The addition of fatty acids to
water meals slows gastric emptying (117,1{8). Fatty
acids to delay gastric emptying by eliciting the EGR,
i.e., antral motor activity decreases and duodenal
activity increases. The usual motor gradient is
reversed (g8g) .

Hunt has proposed that fatty acids, like
osmotically active particles, initiate the EGR by
shrinking the LIS (112). However, instead of setting
up an osmotic gradient, fatty acids may affect the LIS
by binding calcium. Calcium is critical to the repair
and maintenance of gastric (and presumably intestinal)
epithelial surfaces and tight junctions (119). Removal
of tight junction calcium by fatty acids is postulated

to open the junction and cause water loss from the LIS

|
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(112) . If calcium is the key, calcium binding agents
that are unrelatgd to fatty acids should bind calcium
and slow gastric emptying. As predicted, sodium
5&octylsulfosuccinate (detergent), potassium myrist;te
 (¢-14 fatty acid), and sodium ethylenediamine tetra
acetic acid (calcium complexing agent) each have been
‘_tound to profoundly slow gastric emptying (120,121).
'3Kowever, the effects of calcium-binding agents on the
. LIS dimensions have not been established. Further,
correlation of calcium binding potency with the ability
to delay gastric emptying has not been reported for

most fatty acids.

Intestinal control: effects of tryptophan -

Equiosmolar meals of amino acids (essential and
nonessential) and dipeptides slow gastric emptying
equally (108,115,122). However, at concentrations less
than 100 mM, meal osmolarity is not affected by the
addition of amino acids and gastric emptying is not
slowed by their presence (122). The exception,
tryptophan, retains a potent inhibitory effect on
gastric emptying even at low concentrations. This
inhibition is stereoselective for the L-isomer.

Further, tryptophan's effect depends upon transmembrane
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'_ansport since methionine, which competes with
ryptophan for a transport protein, inhibits the
viowing effect of tryptophan on gastric emptying (122).
The effects of tryptophan on LIS dimensions have
not been studied. However, both tryptophan and fats
are potent stimulators of CCK release, and exogenous
CCK slows gastric emptying (at least in dogs) .

Tryptophan's effect may be independent of the LIS.

Inteséinal control: effects of acid - Exposure of the

duodenum and jejunum to gastric acid or exogenous HC1
elicits the EGR (82,87). Cooke (105,106) demonstrated -
that the gastric emptying of water was markedly delayed
after acidification of the meal, or by concomitant
perfusion of the intestine with acidic solutions. As
the hydrogen ion concentration of the meal increases,
the gastric emptying rate decreases to deliver a
constant, manageable number of mEg of acid to the
duodenum (106,123). The mechanism of acid stimulation
of the duodenum is not clear. Hunt and Knox (124) -
demonstrated that both strong (pk < 2) and weak

(pK > 3) acids slow gastric emptying. The molecular
weight of the weak acids influences their effect; as

the molecular weight increases, the effectiveness in
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slowing gastric emptying (mN basis) decreases (125).

contrast, strong acids are equi-effective
5::espective of their molecular weight (110,123-125).
sther acid interacts with the LIS or another type of
receptor is not known. Osmoreceptors are not involved
 since strong acids cause a'more profound slowing of
 emptying per osmol than osmolytes (110) . Permeation of
..the LIS by acid does not appear to be involved since
lipophilic hexanoic acid is substantially less
effective in slowing emptying than the less lipophilic
acetic acid (125). The possibility that both weak and
‘strong acids react with the chloride of mucosal and
pancreatic origin to yield only HCl at the receptor is

currently under investigation.

Intestinal control: effect of meal caloric density -

The addition of glucose, proteins and fats to meals has

a delaying effect on the iate of gastric emptying.

Each food component is postulated to interact somehow
with a duodenal receptor - the LIS. Despite the
abilities of food components to delay emptying, fats
are more potent (mM basis) than carbohydrates or
proteins (126). Since fats exhibit greater caloric

density (9 KCal/gm) than protein or carbohydrate (4
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“al/gm), it has been suggested that the controls of
stric emptying can be unified and explained on the

basis of test meal caloric density alone (126-128) .

As test meal caloric density increases, the rate
i‘of gastric emptying decreases (126,127). Thus, glucose
solutions ofrincreasing concentration empty at
progressively slower rates on a ml per minute basis
(127) . However, if this emptying is plotted as Kcal
emptied vs time, the emptying curves for different
glucose meals assume identical slopes, i.e., rates of
emptying. A constant delivery of calories to the
duodenum means that larger meals will take longer to
empty completely. This contrasts with the gastric
emptying of noncaloric, isotonic saline which empties
faster (ml/min) as meal volume increases (99) .
Constant caloric delivery probably also occurs with
fats. Although little work has been done, isocaloric
meals containing fat, glucose, and protein have been
shown to empty at identical rates, based on Kcal
emptied per time (127). Despite the attracti?enéss of
a unified mechanism for the control of gastric
emptying, it should be noted that osmoreception may
occur independently of calorie detection. Hyperosmotic

saline and glucose solutions each empty from the

Tt £
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ach more slowly than their respective isosmotic
ounterparts (110,112).
Several themes described so far resurface in the

ompanying research reports.

1) The stomach and small intestine each exhibit
P riodic motor activity in the fasted state. The
:9e:iod of motor quiescence (phase 1) may be employed
for determination of the motor responses to test meals.
2) Gastric emptying is the end result of a

b gastric-to—duodeqal intraluminal pressure éradient.
This gradient is the result of gastric and duodenal
motor activity. Meal components stimulate the
intestine to modify gastroduodenal motor activity, and
gastric emptying.

3) 1In the fasted state, an interval of intense
contractile activity appears first in the stomach and
then migrates to the terminal small intestine. This
activity is presently thought to sweep indigestible

meal residues from the stomach.
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3. HYDROPHILIC POLYMERS

Overview:

Hydrophilic polymers broadly describes a select
‘group of compounds that have traditionally been
_‘classified as bulk-forming laxatives. In particular,
 dietary fibers such as psyllium and the synthetic
polymer polycarbophil belong to this class. Recently,
dietary fiber has received attention as an adjunct in
the dietary management of postprandial glycemia in
diabetics (review see 129). Certain evidence suggests
that dietary fibers may act to attenuate postprandial
glycemia peaks by delaying the gastric emptying of meal

carbohydrate. In addition to psyllium, several

i

nonlaxative fibers such as pectin and guar gum have

also demonstrated this effect. This new therapeutic

s

application of fiber shifts interest from their

laxative properties to their effects on gastric i

ST~

emptying.

Hydrophilic polymers: chemistry - The structural

formulae for psyllium, pectin, guar gum and
polycarbophil are detailed in tables 1 and 2. Complete

chemical definition for plant-derived polymers is
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FIGURE 2.

Idealized rheograms for Newtonian, pseudoplastic, plastic

and dilatant systems.
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lacking. However, for the agents under study, certain
formation is available.

Historically, guar has been described as a gum
; jle psyllium has been described as a mucilage. For

the purposes of this review (and for probably all

purposes, 130) the terms are synonymous and gum will be
used. Gums refer to any of pne variety of water-
ﬁ-iuble, complex polysaccharides which act to prevent
.@hé dessication of plants or their seeds. Water-

~ insoluble exudates (resins), waxes and proteins may
%leo serve in this protective capacity (130).

Psyllium is comprised of the milled husks and
:Vseeds of Plantago ovatus, P. indicum, and P. psyllium
_i(l3i). The gel-forming polysaccharide is composed of a
?flinear backbone of xylose units, with side units of
 arabinose, xylose, glucuronic acid and glucose (table

- 1, review see 132). Patterns of side unit substitution
 are not always apparent. The purified gum is water
jhﬂydration of the polysaccharide yields a gel of
pvgoncentration—dependent viscosity (vide infra, 130).
Ti‘Commercially available psyllium (Metamucil,(R) G. D.
Searle & Co.) contains seed husks and an equal weight
of dextrose as a dispersing agent.

Guar gum is obtained from the endosperm portion of
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~ the seeds of Cyamopsis Tetragonalbus (130) . Guar is
 apparently chemically simpler than psyllium. The guar
i polymer backbone includes a chain of B-(1T4) -linked

; mannonse uhits with a D-galactose substituted at every
 other mannose (130,132, table 1). The polymer strands
.~ tend to have a molecular weight of about 250000. Guar
gum' is water soluble; as the concentration increases
‘tguar yields an opalescent suspension.

: Pectin is a carbohydrate polymer associated mainly
with the intercellular spaces and cell walls of seeds.
Pectin is found in the rinds and pulp of citrus and non
citrus fruits, respectively (132,133). Pectin content
varies widely with its source (apple pulp: 17%; citrus
peel: 33%). In addition, the chemical heterogeneity
of pectin is plant species-dependent. Sunflower pectin
is probably the most homogeneous. It consists of
polymer strands of galacturonic acid (table 1). More

commonly, pectins have 1-2% rhamnose residues

~ incorporated into the galaturonate backbone. Side

- groups are of varying lengths. Arabinose, galactose,
rhamnose and xylose residues are frequently present
(132) . Usually, a percentage of the free carboxyl
groups are methoxylated. Pectin normally presents as a

high (7-14%) or low (£ 7%) methoxy form. High methoxy
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high (7-143%) or low (< 7%) methoxy form. High methoxy
pectin gels when.it is combined with more than an equal
weight of sugar; the pH must be adjusted to about 3 or
4. Low methoxy pectin forms a gel in the absence of
sugar, but its gelling is critically dependent on the
presence of a cation, usually calcium (133). Low
methoxy pectin gels retain viscosity over pH range 2 to
7. Pectin is water soluble.

Polycarbophil is not a dietary fiber. It
represents a class of cross-linked polymeric organic
acids patented for their hydrophilic properties
(134) . Polycarbophil consists of cross~-linked
polyacrylic acid strands (table 2). The pH and ionic
strength of the hydrating medium affect hydration
(135). At constant pH, the progressive addition of
NaCl to the water (up to 0.9%) reduces the maximum
degree of water absorption by a factor of 4. In a
medium of constant ionic strength, polycarbophil will
exhibit a tremendous increase in water absorption when
the pH is raised from 4 to 7. One gram of
polycarbophil will absorb 75 ml of water at pH 4, and
500 ml at pH 7 (AG Robins, personal communication) .
Since gastric and intestinal secretions tend to be

isotonic, regional pH differences in the gut likely
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i@ m the basis for polycarbophil's bulking effect in
small and large intestine (pH ca 5-7), relative to

‘the stomach (pH ca 2).

r';'Tr,‘l.aw behavior of nydrated polymers - Guar, psyllium and
- pectin exhibit varying degrees of water solubility at
low concentrations. Despite solubility differences,
each of these compounds is hydrophilic and absorbs
water. Specifically, each agent incorporates water
into its polymer matrii and holds it to form a gel.
Gels are defined as colloidal dispersions of a solid
phase within a iiquid phase (136, 137). Although
particle size has been suggested as a criterion for
classification as a colloid (1-500 mu), flow properties
may also help identify gels (vide infra). Gels differ
from other colloids in that they can exhibit a
reversible tendency to flow. Upon standing, gels
present as a semi-rigid mass. After agitation they
flow freely. Subsequently, upon standing they revert
to the rigid form. The dispersed solid phase may
exhibit variable solubility in the dispersion medium.
Note that the preparations under investigation
demonstrate gel properties, but are macromolecular or

coarse dispersions. This is a result of the size of

[

|

i
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the polymer molecules involved (molecular weight
monly 250000). Unhydrated plant residues (husks)
also be present as in the case of psyllium.
The gels of psyllium, pectin and guar present as
 semisolids after standing. Upon agitation, each gel
“exhibits less resistance to flow. Once agitation
ceases, the semi-rigid form reappears. This gel-sol-
gel transformation highlights the main rheological
features pertinent to the present investigations,
namely, viscosity and nonNewtonian flow.

Viscosity is an expression of the resistance of a
fluid to flow (136,137). Viscosity is conceptualized

as the ratio:

]
n
Y

owm

R

where F/A is the shear stress or force per unit area
required to initiate flow; k‘is the coefficient of
viscosity; and dv/dr is the shear rate, or velocity
gradient between 2 planes of liquid separated frbm each
other by an infintesimal distance. The equation may be

rearranged as:

(F) (dr) _
(A) (dv) }L



54

‘and since:

F _dynes .3 dv _ cm/sec

’
A cmz dr cm

by substitution into the original equation viscosity

takes the units of

(dynes) (cm)  _ - _dynes

(cmz)(cm/sec) cm2 sec

The unit of viscosity is the poise. By definition, 1
poise is the force required to produce a velocity of 1
cm/sec between 2 parallel planes of fluid, each 1 cm2
in area, and separated by a distance of 1 cm. Most
viscosities are reported as centipocise (cp). For many
purposes, water has a viscosity of 1 cp.

Flow systems are described as Newtonian or

nonNewtonian. Newtonian systems are typified by

water. As the shear stress applied to water increases,

the rate at which it flows increases (fig. 3-a). ‘As M
predicted from the equation, viscosity then is constant
irrespective of the shear stress applied. Newtonian

systems may exhibit any viscosity; the slope, i.e.,

shear stress-to-shear rate ratio can vary. However,
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ads along a straight line. In contrast,

swtonian systems deviate from this simple

ition. The terms pseudoplastic, plastic and

‘tant describe various nonNewtonian relations, and
term refers to a general case where the shear
ess-to-shear rate relation deviates from linearity
g 3). - :

: When studying the effects of shear stress on the
ar rate of a fluid, it is necessary to keep either
stress or rate at a controlled value. Customarily, the

rate of shear is controlled. The fluid to be tested is

iforces caused by a rotating spindle (further
v 1n£ormation, see chapters 2,4). Rotation of the
ispindle forces the fluid to flow at a controlled
;rate. The shear stress which is overcome to produce
: flow is the measured variable. As an aid to
jdentifying the viscosity changes that accompany flow
rate changes as measured in vitro, viscosity is also
~ plotted against shear rate (fig. 3).

Pseudoplastic systems are commonly represented by
colloidal dispersions of soluble and insoluble
polymers. Increases in shear stress produce immediate

increases in shear rate (fig. 3). However, the

I P A T T =
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srease in shear rate is not marked until sufficient
hear stress is achieved. After sufficient stress is
”ﬁlied, pseudoplastic systems exhibit Newtonian-like
avior. The initial resistance to flow is overcome
n at least 3 ways. First, hydrated polymers normally
st in a semispherical arrangement. Upon shear the
rated- polymers are elongated and oriented in the
rection of flow. Second, this reorientation prevents
;wéh interparticle water from being dragged along with
f«e polymers. Finally, the elongated chains further
tend to disentangle under stress.
Plastic flow is indicated when a substantial
 1ncrease in shear stress is required to initiate flow
~ (fig. 3). Dispersions of particles which are
:Lflocculated, j.e., electrically attracted to each
1fother, commonly exhibit plastic flow. The stress
required to initiate flow is termed a yield value.
. This value represents the stress required to break
interparticle electrostatic bonds. Once flow is
achieved, further increases in shear stress result in
{v'increased shear rate; the system becomes Newtonian.
Dilatant flow occurs when gradually increasing
amounts of shear stress cause gradually decreasing

rates of shear (fig. 3). This form of flow can occur
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occulated particles electrically repulse each

; they contrast with the flocculated particles
1ly constituting plastic systems). At low rates
f shear, interparticle water is thought to adequately
each particle; particles then pass each other with
lﬁtive ease. As shear stress increases, the overall
slume of the gel mass increases presumably due to the
f troduction of air into the intermolecular spaces.
Qve water available becomes insufficient to adequately
f‘; the particles. Interparticle friction increases
with increasing shear stress and gel viscosity is seen
fto increase markedly (Fig. 3).

: Application of shear stress to particle
‘jdispersions results in the deformation of the spatial
4 arrangement of the dispersed particles. Brownian
movement tends to return the particles to their pre-
agitation or gel arrangement. This balance is

' constantly acting. The gel structure is either
restored immediately or after a period of time. Time-
“dependent restoration is termed thixotropy (for
comprehensive reviews of rheology see 136, 137).
Certain flow characteristics of gel-forming fibers

such as guar gum, psyllium and pectin have been




58

ch as guar gum, psyllium and pectin have been
eviewed (131). In general, gel viscosity is stable
er a wide range of pH values (psyllium and guar: pH
' 2-10, ref. 130; pectin: pH 2-7, ref. 133). Acid-
’itable viscosity is of importance to the gastric

emptying properties of gels (vide infra, chapter 2).

Polycarbophil is insoluble in water. Like
psyllium, pectin and guar, polycarbophil is
hydrophilic. However, polycarbophil is not a gel in
the same sense that the other agents are. In its
dessicated state, polycarbophil presents as granules
whose size is determined strictly by milling. Upon
hydration, each granule yields a larger, transparent
particle. A meal of polycarbophil particles in water
presents as a collection of these particles plus any
unincorporated water. The gel particles are
discontinuous with respect to each other and do not

display a recognizable flow system. Theoretically,

hydrated particles of small enough dimension might
behave as a dilatant system mainly because the :
particles are easily separated from unassociated water,
and because their discontinuous hydrated form would
favor interparticle friction (Dr. H. S. Chen, personal

communication)* . Despite not exhibiting gel-sol-gel
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nsformations, polycarbophil and other similar

rophilic polymers are commonly referred to as gel-
rming. This is based strictly on the hydrophilia and
jel-like appearance of the polymer after hydration
(139). In the present studies, polycarbophil is
referred to as a discontinuous gel, or as gel

articles. -

Not all dietary fibers are gel-forming. Plant
yfréctions that are devoid of or are low in gum content,
‘ii.g.,vbran are relatively non-hydrophilic (138). Upon
V:mixture with water, bran reﬁains in a separate phase.
{}As such, fibers such as bran and alpha cellulose
v::esemble polycarbophil. Bran, alpha cellulose and
f‘polycarbophil do not exhibit a recognizable flow
system; they behave as solids.

Effects of hydrophilic polymers on gastric emptying

While the effects of fiber on the gastric emptying
. of test meals is of interest, the emptying
characteristics of the fibers themselves are also
important (vide infra, chapters 1 and 3).

Specifically, a knowleage of how homogeneous gels and
particulate solids alone empty would help predict how
they would affect the gastric emptying of conventional

meal solids and liquids. A prerequisite for assessing
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2 gastric emptying of both particulate solids and
geneous gel-forming fibers is a meal-specific

rker. Radioactive markers for bran and alpha

no information is available concerning their
dividual emptying characteristics. Markers for, and
é&éttic emptying of gel-forming fibers and
particulate solids (polycarbophil gel particles) are
fﬂésented in chapters 1 and 2 (vide infra). The
%bllowing 2 subsections concern the limited information
Vivailable on the effects of gel-forming and nongel-
Jforming fibers on the gastric emptying of test meals.

- The addition of the gel-forming dietary £fibers
:.guat gum, pectin and psyllium to carbohydrate-
‘containing meals attenuates postprandial glycemia (140-
~ 151). Such an effect is of considerable usefulness in
-'the dietary management of diabetic patients (review see
4 129) . Because meal carbohydrate must first be

‘1 delivered to the small intestine and then absorbed,

.‘ attention has been focused on the ability of fiber to

b delay both gastric emptying (vide infra), and
intestinal absorption (152-155). Only the effects of
fiber on gastric emptying are discussed here. As

pointed out earlier, the fibers pectin, psyllium and

ulose have only recently been developed (102, 158) ¢ -
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attention has been focused on the ability of fiber to
elay both gastric emptying (vide infra), and
intestinal absorption (152-155). Only the effects of
'Eiber on gastric emptying are discussed here. As
~§ointed out earlier, the fibers pectin, psyllium and
‘guar hydrate to form viscous, homogeneous gels. 1In
contrast, the fibers wheat bran or alpha cellulose do
not form gels; they retain their particulate form in
water. Despite physical differences, particulate
solids and homogeneous gel systehs both reduce
. postprandial glycemia (142, 152, 156) . Both fiber
types may affect the gastric emptying of test meals.
Direct evidence for the ability of fibers to delay
gastric emptying of meal solids and liquids is only
slowly accumulating. The paucity of data extends
mainly from the lack of adequate markers for digestible
meal components. Most work concerning the gastric
emptying of digestible solids has been performed since
Meyer (197) reported the radiolabeling of liver. Since
that time, 1976, markers for starch and o0il phases of
meals have been advanced. However, little information
concerning the effects of fiber on labeled meal
components has been generated (146) .

Indirect and direct evidence for fiber-related delays
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- Gel-forming fiber can delay the
gastric emptying‘of liquid (148-151) and solid (146)
ﬂttst meals. Indirect evidence supports this effect.
Past studies have demonstrated that the addition of

~ guar (140,142,147), pectin (140,143,150), guar plus

~ pectin (148), and psyllium (144) to liquid carbohydrate
meals each was able to reduce postprandial serum
glucose elevations. In some cases this was accompanied
by a partial or complete delay in postprandial glycemia
(140,147,148,150) . In addition, postprandial
elevations of breath hydrogen, taken as an index of
oral-to-cecal transit time were markedly delayed by
pectin (143), psyllium (149), and guar (142). Results
from these studies suggest a delay in the gastric
emptying of meal carbohydrate. However, both blood
glucose and breath hydrogen assays incorporate
confounding variables into the estimate of gastric
emptying. Gels inhibit the intestinal absorption of
glucose (153,154); thus estimates of emptying delay
will be inflated. Oral-cecal transit measures the
arrival time of the head of a carbohydrate meal to the
cecum/colon (159); estimates of gastric emptying again
are inflated due to the sometimes considerable small

intestinal transit time. In addition, no information

o



given concerning the completeness of meal emptying

:1th either assay. Nonetheless, a major change in
'yither parameter is consistent with a delay of gastric
;lnptying.

Direct measurements of the effect of fiber on
gastric emptying have been described in just 5
reports. Pectin and psyllium have each been shown to
delay the gastric emptying of liquid test meals. In
patients with pathologically rapid gastric emptying,
"dumping", the addition of pectin caused a doubling of
the half-emptying time (E 1/2) from 12 to 28 min
(150) . In surgically intact patients, a psyllium meal
emptied more slowly (E 1/2 ca 25 min) than a water
control meal (E 1/2 ca 10 min) (149). The addition of
guar gum to a gruel meal also doubled the meal E 1/2
(147). 1In other studies, combinations of guar plus
bran (146) and guar plus pectin (148) both increased
meal emptying times.

Although the addition of gel-forming fiber to
meals delays emptying, data which help explain how
fiber exerts this effect are lacking. Meal fiber type
and content are both probably important to the
effect. The effects of increasing meal fiber

concentration on gastric emptying (or postprandial
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‘?ycemia) are unknown. Various concentrations of guar
: n delay emptying (147,150,157), and increased meal
viscosity probably is responsible (142). Intuitively,
;an increase in meal gel-forming fiber should yield a
?thicker meal which will empty more slowly. Gel-forming
fibers do exhibit concentration-dependent viscosities
(130) . A viscosity-related delay in the emptying rate
of potato meals has been reported (160). However,
systematic assessment of the effects of increasing
fiber content on the gastric emptying of a standard
meal, e.g., saline or nutritive liquid, have not been
performed.

The ability of
fiber to slow gastric emptying of both liquid and solid
phases will be affected by the phase with which the
fiber was originally mixed (solid, liquid or both).
Liquids empty rapidly and solids are held back until
liquified. Gel-forming fibers may affect this
process. One study to date documents the ability of
guar gum to slow the gastric emptying of both liéuid
and solid phases of a meal (146). However, close
inspection of the data reveals that most of the liquid
continues to empty in the pretreatment manner; only the

solid was slowed importantly. The thoroughness of

e



ixing in the stomach, and the water content of the
peal (affecting gel viscosity) will determine how each
al phase is affected.

Nongel-forming fibers may also affect gastric
iiﬂptying of meal carbohydrate since the addition of
bran to liquid test meals reduces postprandial glycemia
(142) . However, the effects of bran or alpha cellulose
on the gastric emptying of liquids have not been
directly tested. Both bran and alpha cellulose may be
considered to be indigestible solids. Whether small
particles of bran or alpha cellulose empty with or
after meal liquids is unknown. Based on the rapid
gastric emptying of meal liquids, relative to
digestible and indigestible solids (vide supra), bran
and alpha cellulose should empty more slowly than
liquids. As with gel-forming fibers, particulate fiber
type and meal concentration will likely affect changes
in the emptying of meal liquids.

The effect of nongel-forming fibers on the gastric
emptying of meal solids has not been studied. Hdwevet,
the labelling of digestible solids such as liver has
been reported (161). Thus, a tool for measurement of
fiber-related changes in gastric emptying of solids is

available.
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el for indigestible food residues - Conventional

meals contain liquids, digestible solids and
;indigestible solids. These components empty from the
stomach at different rates, and with different patterns
(5ee gastric antrum pp. 22). While the gastric
emptying of liquids and digestible solids has been
extensively studied, the gastric emptying of
indigestible solids has been essentially ignored. This
is probably a reflection of the only recent interest in
the effects of indigestible ingesta, i.e., dietary
fibérs, on uppef gﬁt function;

The gastric emptying of indigestible food
particles is currently modeled using large (7 mm
diameter) spheres (vide supra). Whether spheres are
administered alone or with a meal, they always empty
after the liquid and solid fractions. Emptying is
always pursuant to the reappearance of interdigestive
phase 3 contractile activity (57).

In contrast to spheres, the gastric emptying of
other indigestible materials has not been directly
investigated. Two studies strongly suggest that the
phase 3-dependent gastric emptying of spheres does not

adequately model the gastric emptying of indigestible

=
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" al components such as dietary fibers. The addition

of milligram amounts of alpha cellulose (102) or 50 gm
_Sf labelled bran (158) to digestible solid meals
reveals that the fiber-meal mixture empties steadily
"and slowly from the stomach. There is no evidence that
the fiber is segregated in the stomach for prefétential
emptying after liquids and solids. Further, the
emptying pattern did not suggest a dependence on the
reappearance of interdigestive phase 3 activity for its
exit. These data and those obtained with spheres
suggest that particle size may determine the rate and
pattern of gastric emptying of indigestible ingeséa.
Since the gastric emptying of spheres and fibers is so
different in the cases cited, the adequacy of spheres
as a model for (usually smaller) indigestible particles

is questionable.

Effects of hydrophilic polymers on intestinal motility

- Certain hydrophilic polymers, and in particular

certain dietary fibers, act as bulk-forming
laxatives. Treatment with bulk-forming laxatives is
associated with major changes in colonic motor
patterns. The effects of bulk-forming laxatives on

small intestinal motor activity are not known. The
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ssibility that bulk-formers elicit propulsive small
_ﬂxestinal motor patterns could bear on their laxative
roperties. In éddition, though not considered here,
'ﬁntor changes favoring hastened transit would also
relate to the ability of certain dietary fibers to
limpair intestinal absorption and digestion (review see
RiS5) .

In the following 4 subsections the very limited
current knowledge of how hydrophilic polymers affect
large and small intestinal motility is detailed. An

investigation of the effects of hydrophilic polymers on

jejunal motility is presented in chapter 4.

Relationship of motility to transit: effects of

laxatives - Transit through the gut is profoundly

influenced by contractile activity. For example,
gastric phase 3 contractions control the gastric
emptying of indigestible spheres; and jejunal phase 3
activity pushes a marker aborally while the marker
fails to migrate during the period of motor quiescence
(162) . Drugs help highlight the relation between
motility and transit. Morphine elicits nonpropulsive
contractions of the small intestine in dogs (163). In

rats, morphine depresses all contractile activity
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‘Both nonpropulsive contractions and motor

are accompanied by a slowed transit.
also alter motility-transit relations.
tives are chemically diverse substances used
&b increase stool frequency or alter its texture
{ Laxatives may be broadly classified as*
3fogue, bulk-forming, osmotic or emollient
 Most laxatives are either of the secretogogue or
forming variety.
Until recently, all laxatives were thought to
. their effects in the colon (166). Over the past
7&, the secretogogues were discovered to act in the
1l intestine (review see 167). 1In brief,
{%ogogue laxatives such as castor oil destroy small
stinal absorptive epithelium; secretion outbalances
rption, and small intestinal propulsive motor
-erns appear (167-169). Frequent, watery stools are
ociated with these laxative-induced motor
terns. The ability of the colon to absorb water is
whelmed by the delivery of intestinal secretions,

sulting in laxation.




rophilic polymers as laxatives - All bulk-forming

xatives are hydrophilic polymers, and many

drophilic polymers are dietary fibers. 1In contrast
¥~ secretogogue laxatives, bulk-formers have not been
shown to elicit small intestinal secretion or watery
fgﬂiarrhea. Instead, bulk laxatives increase stool
~volume. This effect has been positively associated
1hoth with‘a reduction of transit time through the gut,
j#nd aborally-propagated colonic motor patterns (vide
infra) .

" Laxation, or increased frequency of stool passage,
is equated with a reduction of transit time through the
gut (usually mouth-to-anus). Total transit time may be
assessed radiographically or by monitoring the recovery
of an unabsorbable marker. in most cases, indigestible
radiopaque pellets are incorporated into meals. fhe
recovefy of pellets from the stools with time reveals'
the speed with which a column of colonic material
passes through the colon (170-172, review see 173) -
Transit time is primarily a colonic event since the
gastric emptying and intestinal transit of a
conventional meal takes 4-6 hours while the typical
recovery time of a marker load averages 1-3 days (174-

176) .
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Bulk-forming laxatives cause increases in stool

jeight and decreases in transit time. The positive
‘association betweén increased rate of transit and
increased stool weight has been most strongly
 9stab1ished for bran (177,178, review see 152). The
 agents presently under study - psyllium, polycarbophil
and guar - have not been extensively investigated.
However, psyllium and polycarbophil each increase stool
weight (175,179) and frequency (179,180,181). 1In
contrast, guar has negligible effects on stool weight

~ and transit time (174). Like guar, pectin neither
increases stool weight appréciably, nor does it reduce
transit time (176,182-185). As such, pectin and guar
have little usefulness as bulk-forming laxatives.
Fiber digestibility probably affects stool
volume. As fiber digestibility increases, stool
volumes seem to decrease. Pectin is totally degraded
by colonic microflora and has no demonstrable effect on
stool size (176,182-185). 1In contrast, bran and alpha
cellulose are less digestible (176,186) and are
associated with greater stool weights (174,175,177,
187). Increases in stool weight are likely the
combined result of an increase in colonic bacterial

mass, residual indigested fiber, and fecal water bound
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‘:to the fiber residues (186).

Bulk-forming laxatives elicit gut motor changes
;;both when given #lone or when mixed with a meal. Only
.~ a few studies have focused on motility effects.
Specifically, one study deals with small intestinal
responses and 5 studies deal with colonic motor
effects. The effects of fiber on colonic motility are
described first, followed by small intestinal

effects. Both groups of results emphasize the
deficiencies present in the current knowledge of the
effects of hydrophilic polymers on small intestinal

motor function.

Effects of hydrophilic polymers on colon motility -

Certain colonic motility patterns are common to man
(188-190) , dogs (191,192) and pigs (193). Two basic-
electric rhythms (BER) have been described (dog: 5 and
11 cpm; man: 3 and 10 cpm). Although spike potentials
are superimposed upon both BER, their appearances are
not rigidly phase-locked. High frequency spike
potentials (short spike bursts, SSB) have no
significant contractile correlate (191). In contrast,
spike potentials associated with the slower BER

frequency herald phasic contractions of variable
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juration (6-25 sec) and amplitude (long spike bursts,

1SB, 188,189). LSBs appear in groups, with one group
lasting from 5—15.min. Groups of LSBs propagate,
usually aborally and are called migrating spike bursts
(MSB) (191). MSB activity predominates during normal
or fiber-enhanced transit while SSB activity
predominates in patients and animals with low fiber
diets or constipation (significantly delayed transit
time) (188,189,192,193).

Bulk laxation affects colonic motility. Burrows
and Merritt (191) demonstrated that progressive
increases in dietary alpha cellulose resulted in
briefer (i.e., reduced from 11 to 8 min duration), but
not more frequent or more rapidly propagated episodes
of MSB activity in dogs. Stool weights increased (4-
fold) and transit times decreased (37 to 29 h) as fiber
intake increased. The shortened MSB intervals at
higher fiber levels may have reflected a more effective
propulsive contractile activity. Since the ability of
the colon circular muscle to develop tension is
enhanced after stretching (equivalent to colon
distention?) an increase of stool volume probably
helped to effect this altered contractile response

(194,195). Whether cellulose-shortened MSB intervals

a5 TAE | i SR N
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epresent more efficient propulsion, as might be
xpected with a hastened transit, has not been
@etermined. ‘

In other studies the effect of fiber on the
preponderance of LSB activity, relative to SSB actiQity
~ was examined; patterns of activity were not
considered. LSB activity (like MSB activity) is
associated with bulk laxation. 1In dogs (192) and pigs
(193), the Absolute number of proximal colonic LSBs is
dramatically increased with increases in fiber

intake. In pigs, maximum fiber levels are accompanied
by reduced transit times and increased stool weights,
relative to fiber-free diets (193). In dogs, maximum
fiber intake is also accompanied by increases in stool
weight and a decrease in intracolonic transit
time (192). In both species, as fiber intake decreases,
transit times increase and SSB activity becomes
predominant. (NB: intracolonic transit is measured
from the orad to mid-descending colon. Normal canine
colon residence time of a marker is probably 20-30h,
187). A pretreatment control value of 5 hours
suggests that the surgical model - dogs with colostomy
- demonstrates marked altered baseline colonic

transit. Even so, the relation between LSB activity,
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transit, and bulk laxation resembles that seen in

intact humans and dogs) .

Despite a pfobable association between LSB
factivity and bulk laxation, much remains unknown. For
‘example in dogs, increased numbers of LSBs after
treatment with bran (192) contrasts with the unaltered
-.numbe: of LSBs after cellulose (191), yet both agents
reduce transit time (175-178, 186, 191, 192). Several
factors will influence investigation of this

relation. First, colon motility patterns have not been
extensively studied. As colonic motility patterns are
more completely characterized, comparative assessment
of fiber-related motor effects reported by
investigators will be easier. Second, differences in
experimental models now make comparisons of results
tenuous (e.g., intracolonic transit vs total transit;
dogs vs. pigs). Third, in most studies of the colon
motor responses to fiber, the effects of fiber type and
dose have not been assessed. Fiber type and the
quantity ingested (the dose-response relation) affect
laxation parameters such as stool weight and transit
time. Further, fiber form, (bran of large and small
particle sizes) is known to affect stool weight

(196,197). Thus fiber type, the quantity ingested, tine
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h\ysical form of the fiber, and the experimental model
will each influence the character and effect that

r has on laxation and colon motility.

cts of hydrophilic polymers on small intestinal

motility - Only one study to date deals specifically
th the effects of hydrophilic polymers on small
‘intestinal motor function. Bueno et al. (198)
”ﬁ~honstrated that incorporation of 30 gm cellulose,
V;ran or guar gum into a canned food meal markedly
jhltered canine postprandial jejunal motor responses.
‘Each agent prolonged the duration of the postprandial
?Wduodenojejunal motor pattern probably because gastric
~ emptying was slowed. Indexed motor responses remained
 modest with respect to the amplitude and frequency of
~ contractions. Of interest were fiber-induced patterns
of motor activity and the possibility that small
intestinal transit might therefore be altered by
fiber. However the effects of fiber dose on small
;"intestinal motility were not investigated.

Small intestinal motor patterns can be fiber-
specific. Bran and cellulose elicit groups of
contractions which migrate aborally (198). In

contrast, guar gum elicits almost continuous, low
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a litude contractions. In each case, the fiber-
associated pattern differs from the usual random
‘distribution of cbntractions seen postprandially.
Bran, cellulose and guar are each equally effective in
v.eliciting motor activity in the absence of the meal.
; The reasons for motor pattern differences are not

. clear. Bueno et al. (198) suggest that the greater
ability of guar to absorb water, relative to bran or
cellulose is consistent with a difference in motor
effects. If so, then pectin and polycarbophil, each
having a greater water absorbing capacity than bran
(135,138), should elicit effects similar to those of
guar. However, polycarbophil elicits a highly
organized motor pattern while pectin elicits a

disorganized pattern (vide infra chapter 2). Further,

the pattern seen with polycarbophil resembles that for
bran and cellulose. - Bran and cellulose are particulate
in appearance, while guar forms a homogeneous gel upon
hydration. This raises the possibility that the
physical form of the fiber, i.e. whether it presents as
particles (bran, cellulose, polycarbophil) or a
homogeneous gel (guar gum, pectin) may determine the
motor response it elicits.

In addition to polymer form, meal viscosity may

[&===
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1fluence small intestinal motor patterns. Fibers such
,ﬁgéyllium and guar form viscous gels upon

J ration. Both gel type and concentration will

uence viscosity. Whether increases in meal
;Fﬁcosity differentially influences small intestinal
ontractile activity or patterns is not known. Colonic

tor responses- to fiber meals are probably not

fluenced by viscosity since gel-forming fibers such

_eolon anaerobes (199,200). Such digestion results in a

STATEMENT OF THE PROBLEM

r Limited evidence shows that hydrophilic polymers
f delay the gastric emptying of liquid and solid test
meal components. Precisely why they alter gastric

. emptying has not been determined. The gastric emptying
characteristics of meals of hydrophilic polymers alone
would give insight into how polymers affect the gastric
emptying of conventional meals. However, measurements
of polymer gastric emptying require that the polymers

under test be adequately labeled. To date, the

labeling of viscous ingesta with markers (e.g.
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Several Factors will likely influence the gastric
‘gmptying of hydrophilic polymers. First, since
antroduodenal moﬁor activity gradients intimately

~ influence gastric emptying, they should be
 characteristically altered by polymer test meals.
Second, just as meal solids are selectively emptied
according to their particle sizes, particulate and
homogeneous gels should empty differently. Finally,
the flow properties of gel-forming polymers should
influence their emptying rate. Precisely how increases
in meal fiber content affect these parameters and
perhaps gastric emptying has not been investigated.

In contrast to homogeneous gels, the concept cf
viscosity is inappropriate for indigestibl% particulate
substances. Particles behave essentially as solids.
Currently the gastric emptying of indigestible
particulate meal components is modeled using 7 mm
diameter spheres. However, indirect evidence suggests
that large spheres may be a poor model for the emptying
of such meal residues. The gastric emptying patterns
of indigestible solids of smaller particle size would
help reveal whether large spheres were an adequate
model for smaller particles.

Gut motility affects intraluminal transit.

e
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Gut motility affects intraluminal transit.

!”tain hydrophilic polymers are bulk-forming laxatives
‘ékh distinct effects on colonic motility and total
gastrointestinal transit time. Hydrophilic polymers
could have significant effects on small intestinal
 £1lity. This possibility has not been examined in
tail. Meal polymer type, content and flow properties

probably will have distinct effects on the intestinal

motor responses to hydrophilic polymers.

3fhe objectives of the following studies were:

i;l) To develop markers for homogeneous and

nonhomogeneous gels of hydrophilic polymers.

x2) To characterize the gastric emptying patterns of
homogeneous and particulate polymer meals in dogs;
also, to assess whether canine postprandial
antroduodenal motility and test meal flow
properties influence the gastric emptying of
polymer meals.

3) To examine the gastric emptying'of gel particles
as a test of the current belief that the gastric
emptying of all indigestible meal residues may be
modeled with one substance.

4) To characterize the small intestinal motor
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nonhomogeneous hydrophilic polymers.
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STRACT

Isotopic markers were developed to allow measurement of the gastric

tying times of homogeneous and nonhomogeneous gel meals. Meals con-
‘taining the dietary fibers psyllium and guar gum presented as homogene-
‘ous, viscous gels while meals containing the synthetic polymer polycar-
bophil presented as discrete gel particle~water mixtures. Fiber meals

- were labeled differently than po]ycarboph%] meals.

Fiber meals were labeled with 51Cr-CM-Sephadex. The marker was in-
~ soluble and was uniformly suspended in meals containing at least 1% guar
~or 2% psyllium. In confrast, the polycarbophil meal was labeled with
water-soluble Na251Cr04. The isotope bound tenaciously and specifically
to the polycarbophil gel particles.

The utility of the markers was demonstrated in dogs fitted with
mid-duodenal cannulas. Labeled test meals of guar, psyllium and poly-
carbophil were each administered orally. Gastric emptying times were
based upon: effluent solids (dry weight) collected and the amount of
jsotope recovered from the duodenal cannula with time. Plots of the
cumulative recovery of the meal, as effluent solids or isotope, vs. timé
showed a gross underestimate of the polycarbophil meal half-emptying
time when based upon effluent solids recovered. Psyl1lium and guar meal
half-emptying times were similarly estimated by the use of the isotope
marker or effluent solids.

We conclude that 51Cr-Sephadex and soluble Cr-51 may be employed
as meal markers for estimation of the gastric emptying times of certain

homogeneous and nonhomogeneous gel-type meals, respectively.
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RODUCTION

The gastric emptying of low viscosity liquids and certain food

solids has been extensively studied in both man and the dog (reviews see
,2). In contrast, the gastric emptying of semisolid meals, such as
gels, has received little attention (3,4). Certain dietary fibers, par-
‘ticularly guar gum and psyllium, are gel forming and are currently being
advocated as adjuncts in the dietary control of diabetes mellitus (5,6).
' Few studies have been performed to establish the effects of dietary
fiber on the gastric emptying of conventional foods. An understanding
of how fiber meals alone empty from the stomach would give insight into
how fibers affect the gastric emptying of liquid and solid meal compo-

’ nents. To monitor the gastric emptying of these gel-forming fibers
would require a suitable fiber meal marker. To date, labels for only
alpha-cellulose (7) and bran (8), two nongel-forming fibers, have been
reported. To our knowledge no marker has been devised for meals
containing psyllium or guar gum.

To be valid, markers for liquid (phenol red, chromium-51) and
digestible solid (technetium-99) meal components must be uniformly dis-
tributed throughout the meal phase of interest (1,9). Alpha-cellulose
is a chemically pure (B-1»4-linked glucose residues) fiber which is uni-
formly and therefore adequately labeled by iodination (7). In contrast,
guar gum and psyllium are each more chemically heterogenous compounds
(10) for which no chemical labeling methods have been reported. How-
ever, psyllium, guar and other fibers are partially water soluble and

can form viscous gels that will suspend solids (11,12). Just as for
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iquid and solid test meals, the labeling of fiber suspensions would

b uire that the marker be uniformly distributed in the suspension irre-
spective of its association with either the soluble or insoluble frac-
tion of the fiber. Further, the marker must remain with the gel and not
be Teached from the gel in vivo.

In contrast to psyllium and guar gum, certain polymer molecules can
hydrate and gel but not be suspended in the hydrating medium. One such
agent, polycarbophil, is a polymer of cross-linked acrylic acids (13).

: The calcium salt of polycarbophil is employed clinically as both an an-
tidiarrheal agent and a laxative (13). Upon hydration of polycarbophil,
a nonhomogeneous system forms where the hydrated gel particles sebarate
from any unassociated water (personal observation). Since liquids empty
from the stomach more rapidly than solids (2), the accurate assessment
of the gastric emptying rate of a polycarbophil test meal would require
a gel particle-specific marker.

In this report we have described a method for the labeling of vis-
cous, homogeneous gel meals containing either guar gum or psyllium. A
different method was devised for the labeling of nonhomogeneous test
meals containing polycarbophil particles. Estimates of the gastric emp-
tying times for both viscous fiber meals and polycarbophil meals were

obtained in dogs.

METHODS
A. Psyllium and Guar Gum

Preparation of the Meal Marker - In preliminary studies, fiber




27
gels were prepared with saline in which scluble 51Cr612 was first dis-

solved. However, up to 10% of the soluble isotope migrated from the gel

to an adjacent saline phase within one hour. To prevent isotope
migration, the soluble label was bound to an insoluble resin.
' Carboxymethylethy1-Sephadex (CM-sephadex, Sigma, St. Louis, MO;

120 u diameter) was prepared by soaking 1 gm of the resin in 50 ml pH 3,
0.9% NaCl (saline) for 48 hours. An aliquot of °CrCl, (about 0.2 uCi)
was then added to the resin-saline mixture and allowed to equilibrate
- for 24 hours. The labeled resin was then repeatedly washed with acidic
saline to demonstrate the stability of the isotope-resin bond in a gas-
tric acid-1ike mileau. Details of the process are as follows: Aliquots
(< 0.5 ml, containing approximately 100 mg resin) of the labeled resin
~ slurry were loaded into 10 ml test tubes. Three ml saline was added and
the mixture was shaken briefly at 1 and 30 min. At 60 min, the saline
wash phase was removed and the resin pellet and the wash were each moni-
tored for gamma radiation (Packard Auto Gamma Spectrometer, Downers
Grove, IL). Three ml saline were then added to the resin aliquot and
the wash procedure was then repeated. Washes and samples were performed
at 60, 120, 180 min and 24 hours. Radioactivity (as counts per minute,
cpm) lost to the wash was expressed as (cpm wash/cpm wash + cpm pellet)
x 100. Measurements were made on each of 2 samples of the labeled
resin. The washing experiment was performed first using pH ; saline and
then with pH 3 saline. The labeled resin was stored at room temperature
as a slurry in pH 3 saline. For test purposes, the slurry was stirred

and aliquots of the slurry were pipetted as needed. Due to the short
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alf-1ife of Cr-51 (28 D), progressively more marker was used per test

ver the course of the isotope decay period.

Labeling of Guar and Psyllium Suspensions - It was necessary to

‘determine the minimum fiber concentration required to suspend the
labeled resin. Suspensions of psyllium (1.0 and 2.0% w/v) (gift from G.
'D. Searle and Co., Skokie, IL) and guar gum (0.5 and 1.0% w/v) (Chemical
Dynamics Corp., South Plainfield, NJ) were each prepared by bfending
(Oster, low speed x 5 sec) the fiber with 300 ml pH 3 saline to which an
aliquot (0.1-0.5 ml) of labeled CM-Sephadex had been added. In general,
- sufficient resin was added to provide 2000-8000 cpm/gm dried effluent.
To simulate the conditions of meal administration in the dog (vide
infra), the suspensions were mixed and drawn into 50 ml syringes; after
60 min, the syringes were emptied into 300 ml beakers. To demonstrate
uniform distribution of the resin in the suspension, 2 ml samples of the
meal were taken at O and 3 hours from the top, middle, and bottom por-
tions of the suspension through polyethylene tubes (i.d.: 4 mm, o.d.:

6 mm) that had previously been secured to the inside of the beaker. At
each level, the radioactivity per sample at 3 hours was expressed as a

percent of the original sample activity. Each fiber concentration was

tested in triplicate. The percentages of activity remaining in each
layer at 3 hours were compared in a two-way analysis of variance (rep-
licates vs. sample location). Since the distribution of the marker

among the layers of each suspension at time O was uniform (t 5%), main-
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tenance of the original sample radioactivity in each meal portion was

taken as a uniform distribution of the resin throughout the entire meal.

Meal Preparation - Meals of 300 ml guar (1.5%) and psyllium (3%)
were prepared using pH 5 saline. An aliquot (< 1 ml) of >lcr-CM-
Sephadex was added to the saline prior to blending. After blending, the
meals were immediately loaded into 50 ml syringes. Syringe loading was
easiest before the fiber gels achieved maximum viscosity (about 5-15
min). An aliquot of the test meal was takem and dried (18 h at 110°C)
for determination of the radioactivity as cpm per gram of test meal.
Since the total solids content of the meal was known (gm fiber plus gm
NaC1), the total activity of the original test meal was calculated as:
(cpm/gm dried aliquot) (gm solids in original meal).

Gastric Emptying of Psyllium and Guar Test Meals - Four dogs of

mixed breed (10-15 kg) were each surgically fitted with a stainless
steel T-shaped cannula which was placed in the duodenum ca 20 cm caudad
to the gastroduodenal junction. Surgery was performed using pentobar-
bital anesthesia 30 mg/kg, iv (Abbott Lab, Chicago, IL) and standard
aseptic technique. The details of cannula construction have been pub-
lished (14). Insertion of a beveled tube into the exteriorized portion
of the T-shaped cannula allowed complete diversion of the test meal from
“the intestinal tract (14). A1l gastric emptying tests were performed
after a two-week surgical recovery period.

The dog was allowed water but no food for 18 hours prior to test-
ing. The meal was administered via an oral-gastric tube. As the meal

emptied from the stomach, it drained continuously from the duodenal can-
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wla into collecting flasks. Effluent was collected at 5, 10, 15, 30,

5, and 60 min intervals after meal administration. Effluent portions

: re each dried at 100°C: for 18 hours and weighed. The total radio-

activity (cpm) recovered was calculated at each collection time. Each

ﬁeal was tested 2 to 3 times per dog, and only one test was performed

per day.

Gastric emptying rates of liquids have been reported as half 1
emptying times, i.e., the time required to empty half of the test meal i
~ from the stomach (1). While this term does not relate the pattern or |
completeness of emptying, it does provide an overall index of the rate

of emptying of the meal. In the present studies, the half-emptying

: times of the meals were derived in two ways. First, the radioactivity

collected per interval was expressed as a percentage of the total ac-

tivity of the meal given. The cumulative percent recovered was plotted

against time. The time to recover half of the radioactivity represented

the half-emptying time of the meal. Second, the gastric emptying of the

meal was based on the cumulative recovery of effluent solids recovered

e st

with time (dry weight basis). Differences in the average E!/, values
when based on effluent solids and effluent radioactivity were assessed
with a t test for paried values. Comparisons were performed for both
psyllium and guar meals.

The addition of water to gels can reduce their viscosity. Reduc-
tions in gel viscosity in vivo due to dilution by gut secretions could
cause a concentration of the resin marker in a particular gel fraction.

A settling of the marker would be reflected by an elevation of the
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‘adioactivity per gram duodenal effluent relative to the original meal

(i.e., a ratio value greater than 1.0). To detect such a concentration
of marker, the mean ratio of cpm/gm effluent-to-cpm/gm brigina] meal was
calculated based on each individual value obtained at each collection

interval for each of the gastric emptying tests performed.

B. Polycarbophil

Labeling of the Polymer - It was observed that unlike psyllium and

- guar gum, meals of polycarbophil quickly separate into 2 phases. The
polymer hydrates to form gel particles which then settle; the unassoci-
ated water may be decanted. Such a gel preparation would not suspend
insoluble materials. Therefore a gel particle-specific marker was
devised. To demonstrate labeling of the hydrated polycarbophil parti-
cle, 20 gm sodium polycarbophil granules (gift from A. H. Robins Co.,
Richmond, VA) were mixed with 500 ml saline in which about 0.1 uCi
Na2510r04 had been dissolved. The radioactive chromate anion (as
Na251Cr04, New England Nuclear, Boston, MA) was chosen as the meal
marker because preliminary studies showed that the cationic form of the
isotope (as 51Cr012) could be washed from the gel particles. The
polycarbophil-saline mixture was stirred for 1 hour. The hydrated
polymer was then separated from unabsorbed saline by filtration through
gauze. The gel was recovered and an aliquot of the gel was taken, dried
and monitored for radioactivity. The balance of the gel was combined
with 300 ml (nonradioactive) saline, and the washing-sampling process

was repeated at 1, 2, 4, 6, 8 and 10 hours after initial hydration. The
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nitial radioactivity per gram of dried polymer was calculated, and the

adioactivity per gm polycarbophil (dry weight) remaining after each

rinse was expressed as a percentage of the activity originally associ-
ated with the polymer. Rinsing experiments were done using pH 2 saline.
These experiments were also done using pH 6 saline. Experiments at each
pH were done in triplicate. The effect of repeated washing of the la-
beled polycarbophil particles at different pHs was assessed using a 3-
level factorial design analysis of variance (pH vs rinses vs replicates;
15).

Meal Preparation - Preliminary studies revealed that 2 one-hour

~ rinses of the labeled polycarbophil gel was not followed by further iso-
tope loss on rinsing. Thus after sufficient rinsing, 7.0 gm polycarbo-
] phil gel was brought to 300 ml with pH 5 saline. The total meal radio-
activity was calculated as: cpm/gm gel sample x gm gel used in meal
(wet weight basis). The 7.0 gm hydrated polycarbophil aliquot yielded
approximately 1.0 gm after drying. Thus, 1.0 gm polycarbophil plus 2.7
gm NaCl (the approximate contribution of 300 ml saline vehicle)
equalling 3.7 gm total solids was used as the total meal solids control.
Gastric Emptying - The meal was administered on 2 occasions, and
the meal half-emptying times were each determined as for the guar gum
and psyllium meals. Because of slow gastric emptying, meal collection

was performed for 90 min.
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ESULTS

A\, Psyllium and Guar

Meal Marker - Chromium-51 (as 51Cr012) remained bound to the CM-
Sephadex resin despite repeated washing at pH 1 and 3. Over the 24 h
test period, the percent radioactivity appearing in each of the washes
never reached 1% of the resin aliquot radioactivity.

Labeling of Psyllium and Guar Suspensions - 51Cr-CM-Sephadex

remained uniformly distributed throughout the 1% guar and 2% psyllium
suspensions, but not the less concentrated ones (0.3% guar, 1% psylli-
um). Initial levels of radioactivity among the top, middle and bottom
sampling sites were similar (t 5%). No settling of the marker occurred
since even after 3 hours, portions taken from each sampling site (top,
middle and bottom) each exhibited full radioactivity, relative to con-
trol (guar: 94 + 4, 94 + 2, and 101 + 6; psyllium: 92 + 14, 127 + 18,
and 120 + 8, % original activity + SEM; top, middle, and bottom levels,
respectively, p > .05). Since the El1/,s of guar (1.5%) and psyllium
(3%) meals did not exceed 1 hour (vide infra), maintenance of a uniform
distribution of marker for 3 hours in vitro indicated that the resin
could remain suspended during the emptying time of the meal.

Gastric Emptying of Psyllium and Guar Meals - The resin-bound

marker did not settle out of the meal suspension in vivo. The ratio of
the radioactivity per gram dried duodenal effluent relative to that of
the original meal averaged less than 1.0 for both psyllium and guar

meals (psyllium: 0.83 + .03, 8 trials in 4 dogs; guar: 0.79 t .04, 9

trials in 4 dogs). Dilution of the guar meal was revealed at 60 min by




134
Table 1
Effect of succesive saline rinses on the
radioactivity per gram polycarbophil gel.
Time of Sample (Hours)?

pH  Replicate oo 1 2 4 6 8 10
2 1 100 91¢ 74 83 76 78 75
Z 100 87 82 69 75 69 i
3 100 83 81 76 70 67 66
X . 100 87 79 76 74 71 73
6 1 100 96 83 86 84 85 83
2 100 96 92 87 86 84 82
3 100 79 83 84 74 63 75
X 100 90 86 86 81 27 80

a) sampling separated by continuous washing with saline
b) control value, represents cpm/gm gel after initial hydration
c) % radioactivity remaining per gram gel, relative to control

Means not underlined by a common line are different (p < .05)
Duncan's multiple range test.




135

FIGURE 1.

Duodenal recovery of psyllium (3%) and guar gum (1.5%)

test meals over the 60 min test time. Abscissa:

collection times; ordinate: cumulative percent meal
recovered. Psyllium is depicted with circles, guar with
triangles. Recovery is based on effluent solids collected
(closed points) and effluent radioactivity recovered

from the duodenal cannula (open points). For guar, meal
half-emptying times (E%) were slightly but significantly
different when based on effluent solids and isotope (30 +
5 vs. 34 + 4 min, p<£ .05, t test for paired values). For
psyllium meals, Es values based on effluent solids and
isotope were not different (38 + 7 vs. 40 + 7 min, p > .05).
Bracket denotes largest SEM for the E% values. Note that
each plotted point represents the mean of observations
from 4 dogs (2-3 obs./dog). The mean E% values so

obtained differed slightly from mean E% values i
(among dogs) which were generated in the statistical -+
analysis (i.e grand mean of individually plotted E% ¥
values) . v
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FIGURE 2.

Duodenal recovery of the polycarbophil test meal over the
90 min test time. Abscissa and ordinates as in figure 1.
Meal half-emptying times are not considered here. At 1.5
hours, meal recovery was estimated at 90 and 8% when

based on effluent solids and isotope recovered from the
duodenal cannula, respectively. Little gel particle
material was collected during the test time. Effluent
solids represents meal saline and probably mucus and cells.

Each point is the mean of 2 trials in one dog.
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the recovery of duodenal effluent equivalent to 90% of the meal solids,

but only 71% of the meal isotope (Fig. 1). This dilution effect was
common and probably represented the gastric emptying of gel portions
plus gastric and duodenal secretions. In addition, when duodenal
effluent was examined for viscosity, the 3% psyllium and 1.5% guar meal

- effluents each exhibited sufficient viscosity to suspend the resin (vide
infra, pp. 248 ).

Despite incorporation of secretions with the duodenal effluent
collected, the meal E!/, values based on 1sotoﬁe did not differ much
from E1/, values based on effluent solids. For guar meals, the mean
El/, based on solids was slightly but significantly shorter than when
based on isotope collected (30 + 5 vs 34 + 4 min, p < 0.5, n = 4 dogs,

1-3 obs/dog). The E1/, values for the psyllium meal were similar when

based on effluent solids and isotope (38 + 7 vs 40 £ 7 min, p > 0.5, n

4 dogs, 1-3 obs/dog) (figure 1).

B. Polycarbophil
Labeling of Polycarbophil Particles - At both pH 2 and 6, the first

2 rinses of polycarbophil significantly reduced the radioactivity per
gram gel. However, subsequent rinses did not further reduce radio-
activity (table 1). Because the labeled gel was thoroughly mixed during
washes, the constancy of radioactivity after the third and subsequent
rinses also revealed a uniform labeling of the gel (table 1).

Gastric Emptying of Polycarbophil - Polycarbophil emptied from the

stomach more slowly than psyllium and guar meals (vide infra). Three

s .
bl iy
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Tlines of evidence indirectly confirm that Cr-51 faithfully represented

the movement of the gel particles. First, the unlabeled water phase of

the polycarbophil meal was observed to separate from the gel phase in
vivo and empty before the gel. This conforms to the usual gastric
emptying pattern in dogs and man in which the 1iquid portion of a mixed
meal empties before the solid portion (2). The chromium label was not

- washed from the gel particles in vivo since no radioactivity was recov-
ered with the liquid phase of the meal which was collected from 0-30 min
(fig. 2). Secondly, polycarbophil particles have a distinctive appear-
~ ance in both the hydrated and dried form. The effluent collected over
the 90 min test period was mainly the meal saline phase; only a small
amount of gel particles (relative to the amount administered) was ob-

served. Finally, in other studies (vide infra pp.227 ) dogs were fed

90 gm labeled polycarbophil and sacrificed 4 hours later. Meal gel was
recovered from the stomach and intestines by scraping the mucosa.
Ninety percent (range 85-97%, n = 4 dogs) of the isotope was recov-
ered. Importantly, isotope was never recovered in the absence of gel
particles. These data help verify that the isotope was a true marker
for the gel.

Polycarbophil emptied quite slowly (E1/, > 1.5 h.) relative to
psyllium or guar. As with the recovery curves for psyllium and guar,
the curve depicting the recovery of labeled polycarbophil was situated
to the right of and below the effluent solids-recovered curve (fig.

2). This suggests a significant contribution of nonmeal solids (cells,

mucus, salt) to the recovered effluent. Specifically, at 90 min, the
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quivalent of 90% of the solids (3.33 gm) was recovered. Based on iso-

tope recovery, only 8% of the polycarbophil was recovered, accounting
for 0.08 gm of the solids at 90 min. NaCl could not have contributed
‘more than the 2.7 gm used in the o;iginal meal. Thus salt (2.7 gm) plus
polycarbophi1 (0.08 gm) combined to account for only 75% (2.78/3.33 gm)
of the solids at 90 min. Cells and mucus likely accounted for the re-
maining 15%. The low total recovery of the gel (8%) over the 90 min
collection period is consistent with other studies that show that

polycarbophil empties slowly from the stomach.

DISCUSSION

51Cr-CM-Sephadex faithfully represented the movement of the guar
and psyllium meals in vivo. In vitro, the isotope was bound to an
insoluble resin and this association was unaffected by washing. This
result suggests that the marker would not diffuse from the gel to gut
secretions in vivo. In addition, the resin-bound isotope was well sus-
pended at the fiber concentrations employed. The gastric mixing asso-

ciated with gastric emptying presumably aided in maintaining the sus-

pension in vivo. That guar (1.5%) and psyllium (3%) test meals remain
sufficiently viscous to suspend the resin even after passage through the
duodenal cannula is documented elsewhere (vide infra, pp.248 ). Natu-
rally, test meals that do not suspend the 51Cr-CM-Sephadex would not be
adequately labeled for the purposes of measuring half-emptying times.
Water-soluble markers such és phenol red, Cr-51 and 14¢_pEG-4000 are

uniformly distributed throughout the water phase of aqueous meals (1).
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Such markers may be useful for studies of the gastric emptying of fiber

meals of low viscosity, although there is no evidence that they will
specifically measure the insoluble fraction of such meals. Despite this
possible shortcoming, effluent solids- and effluent isotope-collected
curves for low viscosity meals of psyllium and guar are essentially
superimposable (not shown). Since the collection times for these meals
are brief (ca 10-15 min, vide infra pp. 159), it is unlikely that secre-
~ tions confound the estimates of their half-emptying times. Thus soluble
markers are probably acceptable tools for the accurate estimate of the
half-emptying time of such meals.

Although 51Cr-CM-Sephadex is an adequate marker for the fiber test
meals, it is probably more accurate for measuring meal El/, than the
total emptying time. Approximately 60-70% of the guar and psyllium
meals emptied during the 60 min test time and most of the balance of the
meal emptied by 2 hours (not shown). Whether the small amount of meal
remaining (20-30%) after 60 min is diluted by secretions or remains
sufficiently viscous to suspend the resin marker is unknown.

The minimal dilution of the fiber meals during their 30-40 min
half-emptying times was highlighted by the similarity of the effluent
solids- and the effluent isotope-recovery curves. As a result, fiber
meal half-emptying times can be adequately estimated when based on
effluent solids alone. In contrast, for the more slowly emptying
polycarbophil particles, the particle-specific label was essential for

estimating E!/,. However, as a result of polycarbophil particle-

e e
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specific labeling, both meal half- and total emptying times may be

‘measured accurately.

Polycarbophil was easily and effectively labeled with Cromium-51.
After initial rinses, the gel-isotope bond was stable in an acid mileau
for at least 8 hours in vitro (about twice the half-emptying time for a

; 90 gm polycarbophil meal, vide infra pp. 194). In vivo, the saline

~ phase of the polycarbophil meal emptied rapidly (within about 10 min)
but was not radioactive; the radioactive gel particles remained in the
stomach for subsequent emptying. Finally, 4 hours after ingestion of
radioactive polycarbophil, essentially all of the radioactivity could be
recovered from the gut but was never recovered in the absence of the
gel. Such observations support the ability of Cr-51 (as the cromate
anion) to remain bound to polycarbophil in vivo and act as a marker for
the gel particles. The labeling of the gel proper is important since a)
meal water emptied rapidly and separately from the gel, and b) a sig-
nificant percentage of nonmeal solids were added to the test meal over
the 1.5-hour collection time. In preliminary studies, the diameter of
cannulas implanted into the duodenum has been shown to greatly influence
the emptying rate and degree of meal dilution. Irrespective of collec-
tion technique, since the gel particle is specifically labeled, the use
of isotope instead of solids to calculate recovery prevents gross under-

estimates of the half-emptying time of the polycarbophil test meals.

i
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CHAPTER 3

Canine Gastric Emptying of Fiber Meals:
Influence of Meal Flow Properties and

Antroduodenal Contractile Activity.
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ABSTRACT

The influences of meal viscosity and antroduodenal contractile

activity on the gastric emptying of fiber meals containing guar gum and
psyllium were investigated. Four dogs were each surgically prepared
‘with strain-gage force transducers on the gastric antrum and orad duo-
denum. In each dog, a T-shaped cannula was implanted into the mid-
" duodenum. After recovery, increasingly viscous fiber meals were admin-
~jstered via an oral-gastric tube. Rate of gastric emptying was based on
~ the recovery of 50% of an isotopic meal marker with time. The antroduo-
denal motor responses to and the half-emptying times (E1/,) of the test
meals were each assessed relative to saline. In addition, meal viscosi-
ties were examined over a wide range of shear rates using a rotational
viscoﬁeter. The patterns of change in the viscosity:shear rate relation
were studied for each meal to reveal the shortcomings of single point
viscosity measurements as predictors of the gastric emptying rates of
different fiber types.

Low viscosity guar and psyllium meals each exhibited half-emptying

times and emptying curves similar to those of saline (E!/, = 10 min).

In contrast, high viscosity guar and psyllium meals emptied more slowly
than low viscosity meals and exhibited nearly the same El/, (ca 40 min).
Viscosity studies showed that psyllium and guar exhibited markedly dif-
ferent viscosity:shear rate relationships. Despite similar El/y's, the
highest concentration of guar was 2-fold more viscous than psyllium at

150 rpm. Antroduodenal contractile responses to the meals were neither

significant nor concentration dependent.
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We conclude: a) antroduodenal motor activity is not a regulator of

the gastric emptying of fiber meals; and b) guar and psyllium meals each

display viscosity-related delays in gastric emptying time, but because
fiber meals can exhibit different viscosity:shear rate relations, single
viscosity values are not necessarily predictive of the gastric emptying

rates of different fiber meal types.

KEY WORDS 1
Key Words: dietary fiber, gastrointestinal motility, gastric !

emptying }
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INTRODUCTION

Dietary fiber has recently received much attention as an adjunct in

the treatment of certain endocrine disorders (15,16,23,25,29,31). Spe-

~cifically, dietary supplementation with fiber sources such as guar gum
(commercial food thickener) and psyllium (bulk forming laxative) has
resulted in significantly improved control of postprandial glycemia in
diabetics (16,23,25,31). This beneficial effect is thought to be de-
rived, in part, from a delayed gastric emptying of meal carbohydrates
(13,16), although this hypothesis has not been extensively or rigorously
tested.

Dietary fibers can exhibit markedly different physical properties
as part of a test meal. For example, alpha cellulose empties from the
stomach as fibrous particles (20). In contrast, aqueous meals contain-
ing guar or psyllium empty as homogeneous gels (26). Differences in the
patterns of gastric emptying of particulate or gel-forming fibers alone
have not been studied. Such information would establish the importance
of physical differences to the gastric emptying of different fibers and
help predict how fibers would influence the emptying of conventional
liquids and solids.

Increases in viscosity have only recently been associated with a
delay in the gastric emptying of test meals (11). Since many fibers can
thicken liquids and since nearly all ingesta empties from the stomach in
a fluidized form, viscosity probably also figures importantly in thé
gastric emptying rate of meals with fiber added. Liquid meal viscosity

may be assessed using a rotational viscometer. The meal sample is

e



\ 150
loaded into a cup and then subjected to the frictional forces of a ro-

tating spindle which produces a controlled rate of flow, or shear. The
viscosity, or tendency of the 1iquid to resist flow, is documented over
P range of shear rates. In general, 2 types of flow will be revealed.
Newtonian f]oﬁ is exhibited by water and is characterized by a shear
rate-independent viscosity value. In contrast, non-Newtonian flow pre-
sents with a shear rate-dependent viscosity pattern. For example, when
meal water is combined with fibers such as guar gum, pectin, and psyl-
1ium, gel-like mixtures form. Flow is initiated upon sufficient shear,
and meal viscosity then increases, decreases or plateaus with further
increases in shear rate (7). For such non-Newtonian mixtures, it fol-
lows that single viscosity values obtained at specified shear rates are
not predictive of overall shear rate:viscosity relations. Thus two test
meals with the same viscosity can exhibit vastly different viscosities
upon shear, i.e., during gastric mixing. Similarly, meals of initially
different viscosities could exhibit similar viscosities upon gastric i
mixing. The viscosity of a gel-forming fiber test meal probably influ- 1
ences its rate of gastric emptying. However, single estimates of vis- 1
cosity may not help predict the gastric emptying rates of meals
characterized by differing viscosity:shear rate patterns.
The orad small intestine plays a significant role in the orderly
emptying of liquids from the stomach (3,10,15,30). In contrast, the
gastric antrum is critical to the particle size reduction of solids, and
general gastric continence (18,21,22). Postprandial motility is marked

by coordinated antral and duodenal contractile activity (). This ac-
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tivity creates an intraluminal pressure gradient which intimately influ-

_ences gastric emptying. Rapidly emptying meals are accompanied by an
antral-to-duodenal gradient. Reversal of this gradient accompanies a
delayed gastric emptying of liquid meals containing fatty acids (30).

As with the addition of fatty acids, increases in meal viscosity are
associated with slowed emptying (11). Whether progressive reversals of
the antroduodenal contractile gradient accompany, and possibly regulate,
the gastric emptying of increasingly viscous meals has not been

~ investigated.

These studies were performed to a) characterize the gastric emp-
tying of increasingly viscous meals containing the dietary fibers guar
gum, and psyllium, b) determine whether antroduodenal contractile gradi-
ent changes accompanied the different rates of emptying of the increas-
ingly viscous fiber meals, and c) relate the importance of meal viscosity:
shear rate relations to the gastric emptying rates of different types of
~non-Newtonian fiber meals. Our results suggest that meal flow proper-
ties, rather than motility, are the major determinants of the gastric

emptying times of viscous fiber test meals.
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MATERIALS AND METHODS

Surgical Model - Four dogs of mixed breed (10-15 Kg) were each
prepared with strain-gage force transducers and mid-duodenal cannulas
using aseptic surgical technique. Dogs were each anesthetized with
pentobarbital 30 mg/kg, i.v. (Abbott Lab, Chicago, IL). At surgery, 4
strain-gage force transducers were implanted in the transverse axis of
the stomach and orad duodenum. The units were situated 6 and 3 cm orad
and 6 and 9 cm caudad to the gastroduodenal junction. These units were
employed for chronic detection of spontaneous and test meal-induced cir-
cular muscle contractions. The fabrication and method of implantation
of these units have been described (2). In addition, a T-shaped stain-
less steel cannula, similar to that described by Komarek (19), was im-
planted into the duodenum approximately 25 cm caudad to the gastroduo-
denal junction. The tubular base of the cannula fitted snugly into the
lumen of the mid-duodenum. The cannula was constructed of stainless
steel tubing (i.d. 1 cm, o0.d. 1.2 cm). The base measured 3.2 cm in
length, and the cannula barrel extended 5 cm from the base. The cannula
barrel was exteriorized through a stab wound made lateral to the mid-
line and below the last rib. During the experiments, a tubular insert
cut to 45° at one end was inserted into the cannula barrel to permit
diversion and subsequent collection of duodenal effluent. A 2-week
recovery period was allowed before testing.

Test Meals - Two types of fiber, milled psyllium seed (G. D. Searle
& Co., Skokie, IL) and guar gum (Chemical Dynamics Corp., South

Plainfield, NJ), were studied. Meals of psyllium (1.0 and 3.0%) and
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guar gum (0.3, 1.0, and 1.5%) were each prepared by blending the dry

fiber with 0.9% NaCl1 (saline). The maximum meal fiber concentrations
Eused were established by the difficulty with which they passed through
an oral-gastric tube. A1l meals measured 300 ml total. A saline meal
served as the control. Low viscosity meals (psyllium 1%, guar 0.3%)
were labeled by dissolving the gamma emitter 51NaZCr04 in the meal
saline prior to blending. The thicker meals (psyllium 3%, guar 1.0 and
1.5%) were each labeled by suspending an insoluble radioactive marker
(510r—carboxymethy1ethy1—Sephadex) in the fiber meal. The rationale and
method for labeling of sufficiently viscous fiber meals with Slgp-
Sephadex for assessment of gastric emptying time has been reported (26).
Each meal presented as a homogeneous gel mixture and demonstrated
concentration-dependent increases in viscosity (vide infra). Meal fiber
concentrations included those used clinically (body weight basis) or
commercially (% w/v).

Markedly hypo- and hyperosmotic liquids empty from the stomach more
slowly than isosmotic 1iquids (15). The effect of fiber on saline ve-
hicle osmolarity was determined by the freezing point depression method
(Precision Instruments, Waltham, MA). The osmolarity of 1% guar and 3%
psyllium gels closely approximated that of the 0.9% saline vehicle (mean
+ SEM: 283 + 3 mOsm/L, range 270-292 mOsm/L, 3 obs/preparation).

Gastric Emptying Studies - The effect of meal fiber concentration

on the rate of test-meal emptying was determined. Dogs had access to
water but not food for 18 hours prior to testing. All meals were ad-

ministered to the dogs via an oral-gastric tube using large volume

r—
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syringes. After meal administration, a beveled cannula barrel insert

was placed and used to divert the duodenal effluent to a collecting
flask. After the administration of guar (0.3%) and saline meals, duo-
denal effluent was collected at 2, 4, 6, 8, 10, 15 and 30 min. After
all other meals, effluent was collected at 5, 10, 15, 30, 45 and 60
min. The effluent portions were dried overnight (110°C x 18 h) and then
monitored for the radioactivity recovered at each collection time
(Packard Auto Gamma Spectrometer, Downers Grove, IL). For each test,
the cumulative percent radioactivity recovered was plotted against
time. The time required to recover half of the meal (El/,, hereafter
referred to as half-emptying time) was read from the graph and used as
an index of the rate of gastric emptying. Each fiber type and concen-
tration was administered to the dogs at random and replicated at least
twice.

Motility Studies - Canine interdigestive motility patterns are well
established (6,8). In the fasted state, 3 major activity phases - 1, 2,
and 3 (also termed the basal, preburst, and burst states,) - occur in
series. The entire series is repeated approximately every 100 min.
Phases 1, 2, and 3 are marked by contractions of Tow, intermediate, and
maximal frequency and amplitude, respectively. Phase 3 is a brief in-
terval (ca 10 min) of maximal amplitude contractions. Antral and duo-
denal contractile responses may be expressed as a percentage of their
respective phase 3 maximums. In the present studies, the test meals

were administered after completion of phase 3, i.e., the start of phase
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1. The use of phase 1 minimized the contribution of spontaneous motor

activity to contractile responses elicited by the test meal.

The antroduodenal contractile activity associated with the El/, of
the test meals was quantified. Contractile responses were expressed as
a percentage of the maximum contractile activity seen during the pre-
treatment phase 3 interval. Antral and duodenal motor responses were
quantified similarly. First, the postprandial motor responses were

indexed. The index was calculated as:

1 (# contractions, 20-49%) + 2 (# contractions, > 50%)

weighted index =
El /omin

where response contractions were scored with one point if they measured

20-49% of the pretreatment phase 3 contractile amplitude and 2 points if

they met or exceeded 50% of the pretreatment phase 3 amplitude. Divid-

ing the numerator by the El/, (min) yielded the per minute indexed

motility value associated with the emptying of the test meal.

In order to compare antral and duodenal contractile responses, the
indexed values were then normalized by expressing them as a percent of
the maximum possible per minute index value which occurs during the pre-
treatment phase 3 interval. Antral and duodenal maximums were calcu-
lated according to the method for the weighted index. Idealized antral
and duodenal maxima were used throughout the analysis. On the average,
antral and duodenal phase 3 contractions occur with a frequency of 4.5
and 18 per min, respectively. Since phase 3 contractions are of maximal

amplitude, each was scored with 2 points. Thus the maximum per minute
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index values for the antrum and duodenum were calculated to be 9 and 36,

respectively. The percent maximum response was used in all analyses and

~was calculated as:

% maximum _ ( weighted index value )100
response maximum index value

Meals replace fasted state motility with a characteristic antro-
duodenal motility pattern and variably delay the reappearance of fasted-
~ state motor patterns (1,6). The ability of fiber test meals to inter-
rupt interdigestive motor patterns was characterized. Specifically,
measurements were made of a) the antroduodenal motor activity recorded
from the time of meal administration until the onset of the post-
treatment phase 3 interval (indicating the return of the fasted state)
and b) the time of reappearance and the duration of the post-treatment
phase 3 interval. In addition, motor activity in response to fiber
meals was indexed and compared both with that seen after saline alone
and with the spontaneous activity normally seen between phase 3
intervals.

Test Meals: In Vitro Flow Properties - The various psyllium and

guar gum test meals exhibited marked differences in viscosity. Viscos-
ity differences could influence meal gastric emptying rates. Therefore,
test meal flow properties were characterized using a rotational viscom-
eter (Rotovisco, RV-12 Haake, Inc., W). Guar gum (0.3, 1.0, and 1.5%)
and psyllium (1.0 and 3%) were each prepared. Because agitation can

alter gel viscosity, in vivo test conditions were simulated by mixing
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'the gel and then loading it into large syringes. After 60 min, 40 ml

“aliquots of the gels were each loaded into bob and cup (MV1K) assemblies
and subjected to continually increasing and then decreasing rates of

~ shear (0»300-0 rpm). The shear stresses recorded in response to in-
creasing rates of shear were automatically plotted (Hewlett Packard x-y
~ recorder [Model 7015B]) and viscosity vs. shear rate diagrams were con-
structed (7,12). The resulting flow patterns were described as pseudo-
plastic or dilatant. Pseudoplastic flow is marked by initially high and
then Tower viscosity in response to increasing rates ofishear (7). Di-
latant flow is marked by increasing viscosity with increasing shear
rates (7). Viscosities for the various concentrations of each fiber
tested were compared at the arbitrarily chosen half-maximal shear rate
(150 rpm). Each fiber concentration was tested in duplicate. In addi-
tion, the viscosity of the saline control meal was measured using an
Ostwald-Cannon-Fenske capillary viscometer. A1l measurements were made
on samples maintained at 37° C.

Data Analysis - Concentration-related delays in the El/, of fiber
meals were detected using a 2-way analysis of variance (ANOVA) (dogs vs.
fiber concentrations). Differences in treatment means were identified
with Duncan's multiple range test (28).

The influences of fiber concentration, individual dogs, and the
recording sites (antrum and duodenum) on the contractile responses to
fiber were assessed in a 3-level factorial design ANOVA (28). Analyses
were performed for guar (3 dogs) and psyllium (4 dogs). This type of

analysis permitted the detection of fiber concentration-related changes




158
in both antral and duodenal contractile responses. Further, differences

ween antral and duodenal responses at each fiber concentration, which
{ nstituted the contractile gradient, were also identified. Fiber-
@nlated changes both in the time of reappearance and in the duration of
the post-treatment duodenal phase 3 intervals were assessed using a

2-way ANOVA (dogs vs. fiber concentrations).
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RESULTS

Gastric Emptying Studies - The test meals emptied either far more

slowly or at the same rate as the saline control. The meals of highest
fiber content (psyllium 3% and guar 1.5%) presented as the most viscous
gels, exhibited similar E1/, values and emptied far more slowly than all
. other test meals (Table 1, Figures 1 and 2). The low fiber content
meals (psyllium 1% and guar 0.3 and 1.0%) each exhibited E!/, values and
emptying patterns that did not differ from those of the saline control
meal (Table 1, Figures 1 and 2).

The gastric emptying of all test meals commenced immediately.

There was no initial lag period, even with meals of highest viscosity
(psy1lium 3%, guar 1.5%) (Fig. 1 and 2). In addition, individual test
collection curves always approximated linearity at least until 50% of
the meals had emptied.

Test-meal emptying was nearly complete during the test time.
Frequently, additional duodenal effluent would be collected during the
post-test period, i.e., from 60 minutes until the end of the post-
treatment phase 3 motor interval. Total meal recovery averaged 85% for
all test meals (range 79-96%).

Motility Studies - The half-emptying times of the fiber meals were
not accompanied by increases in antral or duodenal motor activity, rela-
tive to control. The duodenal contractile responses were negligible (2-
10% of maximum) and not dose related (Figure 3). The antral responses
were more marked (17-31% of maximum) but not dose related (Figure 3).

Despite this low activity profile, antral activity consistently tended
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Table 1. Effect of Meal Fiber Concentration cn Its
Half-emptying Time (min)

'ﬁ. : Psyllium (% w/v) :
’:;:_ e ,,,To,a : . « 5 - 1 e ey : 3 i T i T A P‘bvi-v vt-i Pt
% Dog 3 3 s ; : . - S . e - 5
By 8¢(2)d 8(2) 18(2)
- 2 1121 1(2) = 25(2)
3 11(4) 15(3) 53(3)
4 8(4) 11(2) 33(2)
X + SEM 10+1 13+ 2 40 + 7 < 018
i
|
|
B. Guar Gum (% w/v) |
0 0.3 1.0 1.5
Dog
1 8(2) 11(2) 16(2) 37(2)
2 11(2) 5(1) 741) 43(1)
3 11(4) 20(3) 19(3) 22(3)
4 8(4) 5(2) 8(3) 33(3)
X & SEM 10 +1 10 + 4 13 £ 3 3 +5 < .01

3 saline vehicle control

b 2-way analysis of variance

€ mean

d pumber of trials

€ means not underlined by a common bar are different (p < .01) Duncan's
multiple range test.
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FIGURE 1.

Plot of the cumulative percent psyllium (1 and 3%) recovered from.

“the duodenal cannula over the 60-min test®period. Pointd each rep-

resentﬁthe,mean pehceht meal;cécovered ggum'4 dogs (zééjobs./dog).
Maximum S.E.M. depicted by bar. Saline and psyllium i% emptied in
an exponential pattern while psyllium 3% emptied in a zero-order

pattern.
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FIGURE 2.

Plot of the cumu]ative percent gquar gqum (0.3, 1 0, and 1. 5%) recov-

each represent the mean for 4 ‘dogs (1-4 observations/dog). Maximum
S.E.M. depicted by bar. Meals of saline and guar 0.3 and 1.0% emp-
tied in an exponenfial pattern while guar 1.5% emptied in a zero-

order pattern.
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FIGURE 3.

Antral (closed bar) and duodenal (open bar) indexed
motor activ1ty associated with test meal half—emptylng
tlmes.“Absqlssa: test meal flber.goncentratlogk.ordlnate:
percent maximum motor index. Brackets denote SEM.

There were no differences among antral cr duodenal
responses for both psyllium and guar meals and duodenal
responses were always less marked than the antral
responses. A maximum index value of 31% emphasizes the low
grade of the motor responses relative to the respective
interdigestive phase 3 activity level (100%).
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to exceed that of the duodenum, i.e., an antroduodenal contractile gra-

dient tended to be present after each treatment (Figure 3). In the
cases of psyllium (3%) and guar (0.3%) antral activity was significantly
higher than duodenal activity (p < .05).

The administration of fiber meals did not significantly interrupt
ongoing motility cycles of the interdigestive state. No increases in
motor activity were recorded from the time of meal administration until
the subsequent phase 3 (which included the meal E'/,), relative to
saline and spontaneously occurring activity. Further, the subsequent
phase 3 intervals were neither delayed in onset nor changed in length
(Table 2). Diversion of gastric effluent from the duodenum plus essen-
tially complete gastric emptying of the meal likely accounted for the

undelayed return of the phase 3 interval.

In Vitro Flow Properties‘- Guar and psyllium each exhibited
concentration-dependent increases in meal viscosity but distinctly
different flow patterns (Figures 4 and 5). Guar (1.0) and (1.5%) each
exhibited pseudoplastic flow; steadily increasing shear rate was accom-
panied by a rapid decrease in viscosity, which soon plateaued. This
pattern results from an initial breakdown of intermolecular electro-
static bonds. Further increases in shear rate do not affect viscosity,
j.e., Newtonian-like flow ensues. Subsequent decreases in shear rate
(down curve) did not alter this shear rate:viscosity relation (Figure
4). 1In contrast, guar (0.3%) demonstrated water-like or Newtonian flow;
increases and decreases in shear rate did not appreciably affect meal

viscosity (Figure 4). Psyllium (3%) exhibited dilatant flow. Viscosity

[—
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FIGURE 4.

Effect of steadily incrégsing shear rate on the viscosity
(cp) of guar gum test meals (0.3%: closed triangles; 1:6%
closed c1rcles, X.5%: open c1rc1es). P01nts are each the -
mean of 2 observations. Guar 1 0 and i 5% each exhibit— -l
pseudoplastic flow while guar 0.3%, like saline, exhibits
Newtonian flow. Return curves are superimposable on the up
curves indicating the absence of thixotropy.
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FIGURE 5.

Effect of steadily increasing shear rate on the

1Yi§¢°sityr‘°9la9f psyllium 1.0% (open circles) and,lwi>‘”
3.0% (cldéeaﬁéirclés) test meals. Points are each

the mean of & observatlons. Psyllium 3% exhlblts
dilatant flow. Increases in shear rate (up curve)
result in increased viscosity. As shear rate is
decreased (down curve), viscosity remains high. Such
behavior is termed time-dependent shear thickening
behavior. Psyllium 1.0%, like saline, demonstrates no
change in viscosity as shear rate increases.
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increased with increasing rates of shear (Figure 5). Dilitant flow

results when the water which surrounds the psyllium macromolecule is
forced (by shear) away from the intermolecular spaces. An elongation of
the polymer strand plus an increased intermolecular friction is thought
to account for increased viscosity (7). Subsequent reductions in shear
rate resulted in further increases in viscosity (Figure 5). Fail-
ure of the return curve to coincide with the up curve revealed thixo-
tropy. This phenomenon refers to the time-dependent return of the elon-
gated psyllium molecule to its original shape and intermolecular hydra-
tion state (7). Psyllium (1%), like guar (0.3%), displayed near-
Newtonian flow with a low viscosity, relative to the 3% psyllium meal.

Guar and psyllium meals each exhibited concentration-dependent
increases in viscosity over the range of shear rates tested.. At half-
maximal shear rate (150 rpm), guar 0.3, 1.0 and 1.5% exhibited viscosi-
ties of 13, 193 and 476 cp, respectively (Figure 4). Psyllium 1% and 3%
exhibited viscosities of 12 and 235 cp (as per up curve), respectively
(Figure 5).

Despite a wide range of viscosities, the test meals emptied with
one of two half-emptying times. Over a range of 1-193 cp (@ 150 rpm),
meals of guar (0.3 and 1.0%) and psyllium (1%) emptied at the same rate
as the saline control. Similarly, meals of psyllium (3%) and guar
(1.5%) both exhibited El/, of approximately 40 minutes despite

viscosities of 235 and 476 cp, respectively (@ 150 rpm).
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DISCUSSION

Progressive increases in meal fiber concentration resulted in the
delayed emptying of test meals. Possible mechanisms for this delay of
emptying include a) a recruitment of duodenal control factors by test
meal chemical properties, b) concentration-dependent changes in meal
flow properties, and c) a concentration-dependent reversal of the antro-
duodenal motor gradient. Liquid meal emptying time is predictably de-
layed by the addition of fatty acid (oleate, 14,30) or amino acids (esp
Phe, 10), and by increasing the meal osmolarity (14). This effect is
postulated to be mediated by small intestinal epithelial receptors (14).
In the case of oleate, this stimulation is transduced into a reversal of
the usual antrum-to-duodenum contractile gradient which accompanies a
delayed gastric emptying (30). However, neither guar nor psyllium (nor
any other dietary fiber) is degraded to its constituent sugars in the
stomach or upper small intestine (29), and the addition of these carbo-
hydrate macromolecules to the meal saline does not alter meal osmolar-
jty. Thus fiber-induced stimulation of orad intestinal "receptors" is
an unlikely mechanism for the delay in the gastric emptying of high
concentration fiber test meals.

The gastric emptying of digestible solids is slower than that for
liquids mainly because solids must undergo particle size reduction to
less than ca 2 umvdiameter prior to emptying (21). However, particle
size reduction is not necessary for smooth, homogeneous gels of guar and
psyllium. Nonetheless, the more viscous meals of guar and psyllium emp-

tied slowly. In the absence of intestinal stimulation or the need for
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- particle size reduction, meal flow properties such as viscosity emerge

o as a possible influence on gastric emptying rate.

The present studies, and recent studies of potato meal emptying
(11), document increasingly delayed gastric emptying as test meals
increase in viscosity. The present studies alsc show that meal
viscosity is not necessarily even generally predictive of the gastric
emptying rates of meals of different fiber types. Marked viscosity
differences between psyllium and guar meals were not paralleled by
emptying time differences. This was demonstrated by the similar half-
emptying times (ca 40 min) of meals containing psyllium (3%) and guar
(1.5%) despite a 2-fold difference in their viscosities (psyllium, 235
cp vs. guar, 476 cp, @ 150 rpm). This effect is highlighted by Ehrlein
and Prove's (11) report of a half-emptying time of ca 40 min for potato
meals of 106 cp. The lack of association of meal viscosity with emp-

tying time among fiber types suggests that the overall flow pattern of a

meal is probably more important to its emptying rate than a single
gstimate of viscosity.

Differences in meal flow properties could account for the similar i
El/, for the most viscous psyllium and guar meals. Psyllium exhibited 1
dilatant flow th]e guar exhibited pseudoplastic flow. Although psyl- |
1ium (3%) was half as viscous as guar (1.5%) at 150 rpm, their similar
emptying rates probably reflected the combined effects of psyllium's
tendency to become more viscous and guar's tendency to become less vis-
cous with agitation (shear). The range of psyllium-to-guar viscosity

ratios of 1:4 at 75 rpm, to about 1.4:1 at 300 rpm illustrates this
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effect. Presumably, gastric and duodenal mixing acted to agitate the

meals, although precisely how shear in vitro compares to the shear
caused by even nominal gastric mixing is unknown.

Little is known of the effects of various gel-forming dietary
fibers on the gastric emptying of liquids. Using small amounts of the
fiber pectin to thicken his meals, Hunt (14) dismissed modest increases
in meal viscosity as having an influence on the emptying of liquids.
Subsequently, the addition of fiber (psyllium 3%, guar gum 4%) to
liquid carbohydrate meals was found to delay gastric emptying and cause
attentuations of postprandial serum glucose elevations (13,16,31). Two
major mechanisms account for the effect of fiber on postprandial gly-
cemia. First, certain fiber types impair the intestinal absorption of
glucose (4,17). Secondly, fiber delays liquid emptying (13). The pres-
ent studies establish that fiber-delayed emptying is related to the meal
fiber concentration employed.

Gastroduodenal motor gradients are not regulators of the emptying
time of fiber meals. Neither guar nor psyllium elicited significant
amounts of antral or duodenal contractile activity, relative to saline.
These results conflict with those of the only other published report in
which the relation between gastric motility and the gastric emptying of
viscous meals was examined (24). Prove and Ehrlein (24) examined the
gastric motor responses to increasingly viscous potato meals. Using
induction coils, which measured the extraluminal diameter of the gastric
antrum during contraction, decreasing but almost imperceptible degrees

of antral contraction (indentation at fluoroscopy) were related to the
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gastric emptying of increasingly viscous potato meals. As in the pres-
ent study, there was no relation between meal viscosity and antral con-
- tractile activity when measured by strain-gage force transducers.
" However, serosal gages and coils provide essentially the same infor-
mation. Transducers monitor muscle contraction; coils monitor the
result of’contraction, j.e., organ deformation. Two points seriously
weaken an argument for a relation between the degrée of antral "indenta-
tion" and the gastric emptying of viscous meals. First, antral indenta-
tion was not measured with reference to a contractile event known to
promote gastric emptying. No recording of interdigestive phase 2 or 3
antral indentation or even of postprandial indentation was employed as a
control. Fluoroscopy reveals that phase 3 contractions occlude the an-
tral lumen (9,27). The slight (1.2 mm) difference in maximum antral in-
dentation reported after medium and low viscosity potato meals, while
statistically significant, is likely to be functionally inconsequential.
Secondly, antral contractions (indentations) are probably not requisite
to low viscosity meal emptying since antrectomy is not disruptive to
this process (32) and since antral contractions are often absent in the
presence of liquid emptying. These arguments and the present studies
suggest that the gastric (and gastroduodenal) motor profile does not
influence fiber meal emptying.

As an alternative to a regulatory role for antroduodenal activity,
tonal changes of the gastric body could influence the rate of fiber meal
gastric emptying. Intragastric volume is determined largely by the de-

gree of gastric body distention. The importance of an intact gastric

i i AR eI T AT L
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body for the accommodation to 1iquid volume and the unhurried emptying

- of liquids is well established (18). In the present studies fiber gels
may simply be behaving Tike thick 1liquids whose emptying is governed by
" changes in intragastric pressure. In the absence of a marked antroduo-
denal contractile gradient, meal flow properties and tonal changes of
the gastric body might then be major influences on the evacuation of

these viscous meals from the stomach.
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CHAPTER 4

Canine Gastric Emptying of Polycarbophil:
An Indigestible, Particulate Substance.

i



ABSTRACT 15

The gastric emptying of indigestible meal components is currently

-‘thought to be dependent upon phase 3 motor activity. However, this con-
- cept is based on the gastric emptying behavior of large, noncompressible
spheres which do not resemble food. We tested whether an indigestible
~ substance could empty independently of phase 3 activity. Test meals
consisted of polycarbophil (PC), an indigéstible, particulate substance.
Dogs were fitted with gastric cannulas. Force transducers were im-
planted for chronic detection of antral and orad duodenal circular mus-
cle activity. Meals of 30 and 90 gm radioactively-labeled PC were ad-
ministered by oral-gastric tube. After 4 hours the stomach was drained
and the percent PC that had emptied was calculated. Antroduodenal con-
tractile activity was recorded during the 4 hour test time to deggrmine
if phase 3 activity aided in the emptying process. In addition, the
contractile response to PC was compared with that seen after meals of
canned dog food to assess whether PC represented a food-like stimulus.
TbgﬁggEEfjpigmptying of large PC meals was notrdgpgpdenp on phase 3

contractile activity. Approximately half of the 90 gm meal emptied de-

o

spite the absence of phase 3 throughout the 4 hour test time. The
smaller PC meal (30 gm) delayed but did not prevent the recurrence of
phase 3 activity. However, even after passage of phase 3, not all the

smaller PC meal emptied, i.e., > 13% remained in the stomach.

PC represented a food-like stimulus. PC, like food, delayed phase

3 reappearance and elicited fed state-like patterns of antroduodenal

e e e oy
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contractions. The magnitude of the responses to polycarbophil and food

v&ere each independent of meal size.

We conclude that polycarbophil particles can empty from the stomach
independently of phase 3 motor activity and that polycarbophil and ' )
canned food have similar antroduodenal motor effects. The gastric [
emptying of polycarbophil particles differs significantly from that
reported elsewhere for large, indigestible spheres. The gastric emp-
tying of indigestible meal components is not adequately modeled by a

single test meal type.
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INTRODUCTION

The stomach differentially empties liquids, digestible solids, and
indigestible solids (1).  Liquids empty rapidly, relative to digestible
solids, which in turn empty faster than indigestible solids. After a
mixed meal, the motility which characterizes the fasted state is con-
verted to a typical fed-state pattern of contractions (2). As the meal
empties from the stomach, the fasted-state motor pattern redevelops. In
particular, a recurring episode of maximal contractile activity (phase
3, also called the burst) is reestablished (2,3). After a meal of di-
gestible solids plus 7 mm diameter plastic spheres (representing indi-
gestible solid), the fed-state motor pattern lasts until the digestible
solid empties. The reappearing phase 3 contractile pattern then sweeps
the spheres from the stomach (4). As a result, the gastric emptying of
indigestible spheres has tacitly been looked to as a model for the gas-
tric emptying of indigestible meal solids, especially for particles of
greater than42 mm diameter (1,4 review, see 5). Aside from this model,
no further studies on the gastric emptying of indigestible meal residues

have been performed.

Polycarbophil is a synthetic, hydrophilic, acrylate polymer that is
currently employed as both an antidiarrheal and bulk-forming laxative
(6). Upon hydration, its granules form discrete, insoluble gel parti-
cles of approximately 1-3 mm diameter (6). The gastric emptying of di-
gestible solids, spheres, and probably polycarbophil each depends upon
antroduodenal motor activity. In the case of indigestible spheres, the

postprandial reappearance of antroduodenal phase 3 activity causes gas-
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‘tric emptying (4). Whether the gastric emptying of, and the gastroduo-

~denal motor responses to, spheres adequately represents all indigestible
ingesta, and in particular polycarbophil, has not been investigated.

The present studies were designed to determine whether polycarbo-
phil test meals required phase 3 activity to empty from the stomach. In
~ addition the antroduodenal motor responses to polycarbophil were com-
pared with those in response to canned food. Our results indicate that

polycarbophil is a food-Tike stimulus and is not emptied from the

stomach in the manner reported elsewhere for spheres.

1
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METHODS

'Surgica1 Model - Dogs were surgically prepared with gastric fis-

: tulas and antroduodenal recording units for the measurement of gastric
emptying and attending circular muscle contractile activity, respec-
tively. Three.female dogs of mixed breed (10-15 kg) were each anes-
thetized with pentobarbital, 30 mg/kg, iv (Abbott Lab., Chicago, T
Four strain-gage force transducers were surgically implanted in the
transverse axis of the gastric antrum and duodenum. Units were situated
6 and 4 cm orad and 4 and 6 cm caudad to the gastroduodenal junction.
The methods for gage fabrication and implantation have been published
(7). In addition, a wide-bore cannula was implanted into the anterior
aspect of the most dependent part of the stomach. The cannula was con-
structed of stainless steel tubing (2.0 cm i.d., 2.2 cm o0.d.), had a
barrel length of 5.2 cm, and had a flat, flanged base. The cannula was
exteriorized through a stab wound made lateral to the midline incision
creating a chronic gastric fistula. The dogs were allowed a 2-week
recovery period prior to testing.

Test Meals - Five test meals were studied. The test meals
consisted of polycarbophil, 30 and 90 gm (gift from A.H. Robins Co.,
Richmond, VA); canned dog food, 90 and 250 gm (Vets, Perk Foods Co.,
Inc., Terminal Island, CA); and a saline control. Polycarbophil meals
were prepared by mixing 30 or 90 gm of the prehydrated, radioactively
labeled gel in saline to yield 300 ml1. The meal presented as gel par-
ticles plus free saline. The preparation of radioactively labeled poly-

carbophil gel (labeled with chromium-51, a gamma emmitter) has been re-

R = RV R e
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ported (8). The polycarbophil and saline meals, each measuring 300 ml,

were administered orally using syringes and an oral-gastric tube.
Canned food meals were administered in the usual manner.

Motility Studies - Dogs were fasted for 18 hours after which they
routinely exhibited the typical interdigestive motility pattern (2,30
This pattern presents as a cycle comprised of 3 major phases. Phase 1,
which lasts about 60 min, is the period of motor quiescence; during
phase 2, which lasts about 30 min, contractions are more frequent and of
variable amplitudes; phase 3, lasting 5-15 min, is marked by high ampli-
tude contractions appearing at maximal frequency. These phases are also
described as the basal, preburst and burst intervals, respectively (2).
The complete cycle repeats on the stomach and small intestine approxi-
mately every 100 min. All meals were administered at the beginning of
the phase of motor quiescence (phase 1, basal state).

In the fasted state, the phase 3 interval recurs approximately
every 100 min. In preliminary studies, 90 gm polycarbophil meals de-
layed the reappearance of phase 3 for more than 4 hours. Because our
primary interest was to examine whether the gastric emptying of poly-
carbophil could occur in the absence of phase 3 activity, 240 min,
approximately the duration of 2 complete motility cycles, was chosen as
the test time. This allowed both documentation of the dose-related de-
lays of phase 3 activity and the determinaton of whether gastric empty-
ing of the 90 gm meal could occur in the absence of phase 3 activity.

The antroduodenal contractile responses to meals containing

polycarbophil were compared with those in response to canned dog food
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and saline. Motor activity was assessed frem 30 to 60 min after meal
administration. This time interval was assessed because polycarbophil,
food and saline meals each elicited motor patterns that became stable by
15-30 min after administration. Specifically, this sampling technique

v prevented confounding the responses with either the occasionally high
amplitude contractions seen initially after saline meals or the variable
response onset time after the solid meals. Once established, the con-
tractile patterns appeared monotonous throughout the test time. Con-
tractile responses were expressed as a percentage of the maximum con-
tractile activity_seen during the pretreatment phase 3 interval. Antral
and duodenal motor responses were quantified similarly. First, the
postprandial motor responses were indexed. The index was calculated as:

Reighted index = 1 (# contractions 20-49%%0+m3n(# contractions > 50%)

where response contractions were scored with one point if they measured
20-49% of the pretreatment phase 3 contractile amplitude and 2 points if
they met or exceeded 50% of the pretreatment phase 3 amplitude. Divid-
ing the numerator by the 30 min sample time yielded a per-minute index
value.

In order to compare antral and duodenal contractile responses, the
indexed values were then normalized by expressing them as a percent of
the maximum possible per-minute index value which occurs during the pre-
treatment phase 3 interval. Antral and duodenal maximums were calcu-

lated according to the method for the weighted index. Idealized antral
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and duodenal maxima were used throughout the analysis. On the average,

antral and duodenal phase 3 contractions occur at a frequency of 4.5 and
18 cpm, respectively. Since phase 3 contractions are of maximal ampli-
tude, each was scored with 2 points. Thus the maximum per-minute index
values for the antrum and duodenum were calculated to be 9 and 36, re-
spectively. The percent maximum response was used in all analyses and

was calculated as:

% maximum _ (weighted index va]ue)100
response maximum index value

Whether polycarbophil, like canned food meals, could delay post-
treatment phase 3 activity was assessed. The times of reappearance of
the post-treatment phase 3 intervals were measured after meals of
saline, polycarbophil and canned food.

Gastric Emptying Studies - The gastric emptying of polycarbophil

alone was studied. Meals were administered at the onset of the phase of
antroduodenal motor quiescence (phase 1). Four hours after meal admin-
jstration, the dogs were placed into slings. The gastric cannula was
opened, and the stomach was allowed to drain by gravity. One L tap
water was administered via the oral-gastric tube to rinse out the re-
maining gei. The entire effluent was then strained through gauze and
dried (110°C x 18 h). Dried effluent was monitored for gamma radiation
(Packard Auto Gamma Spectrometer, Downers Grove, IL). The total ac-
tivity of the original test meal was calculated as (cpm/gm sample ali-

quot)(gm gel/meal). The amount of gel recovered from the stomach at 4
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hours was expressed as a percent of the total original meal radioactiv-
.ity and served (by subtraction) as an estimate of the amount of meal
that had emptied. Each meal was tested twice in each dog.

Hydrated polycarbophil particles were observed to tenaciously stick
- to skin surfaces (personal observation). Whether a portion of the test
meal could adhere to the gastric mucosa to confound estimates of gastric
emptying was determined. Each dog was fed a 90 gm polycarbophil test
meal; the gastric cannula remained closed. After 4 hours, gastric emp-
tying was measured. The dogs were then killed with an overdose of pen-
tobarbital, and the whole gut was excised. The stomach was resected and
layed out along the greater curvature. The remaining polycarbophil was
vigorously rinsed off and collected. The percent meal recovered in this
manner was quantified. In addition, qualitative descriptions of the
degree of gel adhesion to the gastric mucosa, the distribution of gel
along the gut, and changes in the physical appearance of the gel
particles were noted.

Data Analysis - The amounts of polycarbophil remaining in the
stomach after meals of 30 and 90 gm were compared using a t test for
paired values. Meal-related delays of the post-treatment phase 3 in-
terval were assessed using Friedman's 2-way analysis of variance (ANOVA)
(treatments vs. dogs) (9). This nonparametric test was used because all
experiments were terminated at 240 min, which artifically fixed response
values for the larger polycarbophil and meat meals. The antroduodenal

motor responses to the various meals were compared using a 3-level fac-
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yrial design ANOVA. Treatments, gage locations, and dogs served as the

ctor levels (10).
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RESULTS

Gastric Emptying - A significant percent of the 90-gram polycar-

bophil meal emptied during the 4 hour test period in the absence of

phase 3 activity (vide infra). At 4 hours, the 30 gm meal had emptied
more completely than the 90 gm meal (30 gm meal: 87 + 7%, 90 gm meal:
73 + 4%, n = 3 dogs, 1-3 obs./dog, p < .05). Similarly,

the gastric emptying of the 90 gm meal, performed just prior to sacri-
ficevmeasuréa 75 + 5% (n= three dogs). However, these
estimates of gastric emptying were probably significant overestimates.
At autopsy, an additional 24 + 7% of the 90 gm meal was recovered from
the stomachs of fhe 3 dogs tested. Thus the percent meal emptied by 4
hours was actually closer to 51% (i.e., 75-24%) than the reported 75%.
Nearly all of the gel particles remaining in the stomach had collected
in the gastric antrum. The gel particles appeared unchanged, and no
aggregates were noted. Further, the gel particles did not appear to be

adhered to the mucosa even after 4 hours in the stomach.

At autopsy, gel was not recovered from the orad small intestine.
However both dogs had accumulated significant amounts of the gel in the

caudad small intestine. In one dog, the gel had migrated into the

colon. In each dog, the gel maintained its original appearance while
still in the stomach. In contrast, gel volumes appeared to increase
appreciably in the small intestine and colon. Polycarbophil exhibits
pH-dependent swelling (11,12). Gel volume changes of 10-fold are common

after increasing the pH from 3 to approximately 7.
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Motility Studies - Polycarbophil was a food-like stimulus. Both

the polycarbophil and canned food meals delayed the reappearance of
phase 3, relative to the saline control (Table 1). The 90 gm polycar-
bophil meal and the 250 gm canned food meal each delayed phase 3 ac-
tivity for the entire 4 hour test period (Table 1). Taken with the
gastric emptying studies, about 50% of the 90 gm polycarbophil meal had
emptied despite the absence of phase 3 activity. The 30 gm polycarbo-
phil meal delayed phase 3 activity less than the 90 gm meal. Although
saline elicited antroduodenal contractions, it didn't delay the cyclic
reappearance of the interdigestive phase 3 interval, relative to cycle
reappearance time in the undisturbed fasted state (Table 1).

Both polycarbophil and canned food meals replaced the interdi-
gest%&e quiescent motor phase with a typical, fed state motor pattern.
Aside from the fed state pattern, polycarbophil did not elicit any dis-
tinctive pattern of gastric or duodenal contractions. Polycarbophil and
canned food meals each elicited antral and duodenal responses which were
consistently less than 20% of the maximum seen during the pretreatment
phase 3 interval (Fig. 1). Tg§t-mea1-induced contractions were mainly
of low or intermediate amplitude and frequency. Factorial analysis re-
Qea1ed that the antral contractile responses alone were not signifi-
cantly increased after the various test meals, relative to saline. Duo-
denal responses also did not differ from control. However, duodenal
contractile activity significantly exceeded antral activity after most

meals (Fig. 1).
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Table 1
Effect of test meals on time of reappearance of
interdigestive phase 3 interval (min).2
Test Meal
Polycarbophil (gm) Food (gm) BP
Dog Fasted Saline 30 90 90 250
A 135¢ 145 177 >240d  >240 240 |
B 117 116 230 >240 >240 >240 i
C 121 135 193 >240 196 >240 j
{
X+SEM 12445 13249 200+16 NA® NA NA <.001

aTes;. meals given at the beginning of phase 1 of the interdigestive
cycle

bEriedman (nonparametric) 2-way analysis of variance
CEach entry is the mean + S.E.M. of 1-3 trials it
d5240 = Test stopped at 240 min

eNot applicable
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FIGURE 1.

Antral (hatched) and duodenal (open) contractile respanses to
test meals containing saline (S);‘Chnﬁéd”f066;"9079ﬁ‘(F296)”aﬁé'5'” =
250 gn (F-250); polycarbophil, 30 gn (P-30) and 90 gu (P-90).
Vertical bars denote S.E.M;'(nr=‘fmddgs, 1-3 observations per
dog). Postprandial duodenal activity exceeded corresponding

antral activities in most cases, p < .05 (*).
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DISCUSSION

The present studies demonstrate that an indigestible meal substance
can empty from the stomach without the aid of phase 3 contractile ac-
tivity. This contrasts with the phase 3-dependent gastric emptying of
large, noncompressible spheres which are thought to model indigestible
meal residues (4). Our results are relevant to how indigestible sub-
stances such as dietary fibers might empty from the stomach. Fiber rep-
resents dietary components of plant origin that are not digested by the
secretions of the gut (13). Upon mixture with water, fiber generally
either forms a homogeneous gel or remains in particulate form. Recent
studies show that homogeneous gel meals of guar gum or psyllium empty
rapidly (El/, ca 10-40 min) and essentially independently of antroduo-
denal contractile activity (14). The gastric emptying of particulate
fibers such as bran and alpha-cellulose alone have not been studied.
However other workers have indirectly suggested that particulate fiber
empties differently than plastic spheres. Mixtures of bran or alpha
cellulose with digestible solids have each been shown to empty from the
stomach slowly but steadily (15,16). The gastric emptying of polycarbo-
phil and the reported emptying of fiber-meal mixtures suggests that the
gastric emptying of all indigestible meal residues cannot be modeled by
spheres.

Polycarbophil meals were incompletely emptied from the stomach at
4 hours. Despite the reappearance of post-treatment phase 3 activity,
part of even the smaller polycarbophil meal remained in the stomach.

Such slow emptying was not explained by adhesion of polycarbophil to the
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gastric mucosa. However, aggregation could account for the slow empty-

ing of these small gel particles. Polycarbophil particles are mechani-
cally compliant. The simple act of squeezing a portion of the gel
causes a partial loss of gel water, leaving a molded bolus (personal
observation). The bolus readily rehydrates and loses its molded shape.
In contrast to saline, polycarbophil does not exhibit any recognizable
flow system. We propose that intragastric polycarbophil initially mixes
like conventional digestible solids. Antral contractions, which force
digesta into the terminal antrum, empty a small fraction of the meal and
squeeze the balance of the polycarbophil, molding a large bolus. Be-
cause polycarbophil does not readily flow, it isn't retropelled effec-
tively into the gastric body. Accumulation of the gel in the antrum was
clear at sacrifice. However, remixture with gastric juice acts to rehy-
drate the bolus, allowing the particles to redisburse. The cycle re-
peats, and a partial emptying of gel particles occurs with every major
antral contraction. Continual mixing and emptying is consistent with
the fed state-like motor pattern induced by polycarbophil. The gastric
emptying of polycarbophil is likely a slow, continuous process, similar
to that of solid food.

The duration of the fed-state motor pattern was influenced by
test meal size. The larger polycarbophil meal delayed phase 3 activity
(which signals the end of the fed state) more than the smaller meal,
presumably as a result of increased gastric distention and a longer gas-
tric emptying time. Previous attempts to relate meal size to postpran-

dial motor pattern duration have been confounded by concomitant in-
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creases in meal caloric content (19,20). Polycarbophil is insoluble and

indigestible and thus not a source of bioavailable calories. Results
with polycarbophil suggest that the duration of the postprandial motor
pattern can be markedly influenced solely by the size of a meal.

Large and small canned food meals elicited similar antroduodenal
contractile responses. The constant duodenal responses of the present
studies are consistent with the characteristically slow gastric emptying |
of digestible solid, where the duodenum is repeatedly presented with
only small portions of chyme (18). Schang et al. (19) have demonstrated |
that even if the duodenum is directly perfused with solutions of in- 1
creasing caloric concentration, the intestinal spike potential response 1
(contractile correlate) is not enhanced. The motor responses to poly- ;
carbophil were also not meal size-dependent. Taken together this sug-
gests that postprandial antroduodenal contractile activity is not a
sensitive litmus of meal size or total caloric load. Thus polycarbophil

represented a food-like stimulus for its effects on antroduodenal mo-

AT

tility and phase 3 activity. In marked contrast to the effects of poly-

carbophil and food are those reported elsewhere for spheres. Spheres

i, ) 2

neither elicit fed state-like motility nor do they delay the

e

reappearance of phase 3 activity (4).

The gastric emptying behavior and motor effects of polycarbophil
clearly are not similar to those reported for spheres (4). Whether
polycarbophil is a model for important indigestible particles such as
dietary fibers is not established here. Indeed, a single modeling sub-

stance may not be adequate. The present studies, and those of others
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(15), strongly suggest that particulate solids are not well represented

by large spheres.
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CHAPTER 5

Effects of Laxative and Nonlaxative Hydrophilic Polymers on

Canine Small Intestinal Motor Activity.




Abstract

A study was made of the effects of the bulk laxatives psyl-
1ium and polycarbophil (PC) and the nonlaxative pectin on canine
jejunal motor activity. Pectin and psyllium meals presented as
gels of concentration-dependent viscosity while PC meals presented
as discrete gel particles. Measurements were made of the jejunal
motility index and the time of reappearance of interdigestive
phase 3 activity after each meal. Pectin and psyllium meals con-
centration-dependently increased jejunal motility and delayed the
reappearance of phase 3 activity. Motor activity presented as
randomly distributed contractions. In contrast, all PC meals
elicited control level activity which presented as propagated
clusters of contractions. Polycarbophil did not delay the reap-
pearance of phase 3 activity. We conclude: a) bulk laxatives do
not uniformly affect jejunal motility, and b) differences in poly-
mer meal-induced motor effects are related to meal viscosities and

probably the physical form of the meal.
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Introduction

Laxatives are a chemically diverse group of compounds em-
ployed to alter stool frequency, volume and texture (1). Most
laxatives are currently regarded as either intestinal secreto-
gogues or bulk-formers. Secretogogues, e.g., castor 0il, produce
watery stools by promoting small intestinal secretion and propul-
sive small intestinal motor patterns (2,3, reviews see 1). Bulk-
forming laxatives are all polymers; some are dietary fibers,
others are synthetic. Bulk-formers such as psyllium (fiber) and
polycarbophil (synthetic) increase stool volume and frequency
(4,5). Bulk laxation is also associated with colonic motility
changes. The addition of fiber laxatives such as bran or alpha
cellulose to meals results in pronounced changes in the frequency
(6) and organization (7) of proximal colonic, propagated spike
potentials.

Most of the total gut transit time of bulk-forming laxatives
is spent in the colon. Since stool formation occurs in the colon,
bulk-laxation has been regarded as a colonic event. However, Tlike
secreﬁogogue-]axation, bulk-laxation may have a small intestinal
motor component. The addition of single doses of alpha cellulose
or bran to meals replaces the typical, jejunal postprandial motor
pattern with one of aborally-directed groups of contractions (8).
If bulk-formers, like secretogogues, uniformly affect small intes-

tinal motility, then psyllium and polycarbophil should also elicit
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organized jejunal contractile activity. However, not all dietary

fibers are laxatives. The fibers pectin and guar gum have no
appreciable effect on stool volume or frequency (9,10). Whether
laxative and nonlaxative fibers differentially and dose-dependently
affect small intestinal motility has not been investigated.

Dietary fibers exhibit varying degrees of hydrophilicity (11)
and fibers such as pectin and psyllium form homogeneous gels upon
hydration. These gels exhibit concentration-dependent changes in
flow properties such as viscosity (12,13). Increases in test meal
viscosity have been associated with slowed rates of gastric emp-
tying (13,14). Meal viscosity may also influence the intestinal
motor response to test meals containing gel-forming fiber.

The present studies were performed to characterize the canine
jejunal contractile responses to test meals containing increasing
amounts of the laxative polymers psyllium and polycarbophil and
the nonlaxative polymer pectin. In addition, the effect of poly-
mer concentration on meal flow properties and the association
between flow properties and intestinal motor activity were each
examined.

METHODS AND MATERIALS

Surgical model - Four female dogs of mixed breed (10-15 kg)
were each anesthetized with pentobarbital, 30 mg/kg, i.v.
(Nembuta1R, Abbott Lab., Chicago, I1). Strain gage force trans-

ducers were surgically implanted into the transverse axis of the




orad jejunum using aseptic technique. The recording units were

located 15, 30, 45, and 60 cm caudad to the Ligament of Treitz.

The methods for gage fabrication and implantation have been re-

ported (15). Dogs were allowed a two week recovery period prior
to testing.

Test meals - Meals containing psyllium and pectin yielded
homogeneous gels. Iﬁ contrast, polycarbophil meals were non-
homogeneous and thus were prepared differently. The fiber meals
contained milled psyllium seed (dextrose-free) or citrus péctin
(gifts from G. D. Searle & Co., Skokie, IL). Meals of 0.3, 1.0
and 3.0% w/v fiber were prepared by blending the fiber with 0.9%
NaCl1 (saline) to reach a volume of 300 ml. A 5 second low speed
pulse of blending (Oster) yielded homogeneous mixtures. This
fiber concentration range bridged the fiber doses used clinically
(on a weight basis) and also yielded meals of increasing viscosity
(vide infra).

Polycarbophil test meals were prepared by stirring sodium
polycarbophil granules (gift from A. G. Robins & Co., Richmond,
VA) in saline to yield meals (0.3, 1.0 and 3.0% w/v) of 300 ml.
Polycarbophil hydrated rapidly (within 1/2 hour) to yield gel.
particles of less than 3 mm diameter. In all cases, meal gel
fractions never exceeded 150 ml.

Psyllium and pectin meals formed viscous suspensions within

minutes after mixing. In contrast, hydrated polycarbophil par-
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ticles rapidly settled in the meal saline; meals had to be stirred

to disperse the gel particles. To facilitate feeding of the psyl-
1ium and pectin meals, they were mixed and immediately drawn into
large bore syringes. Meals were then administered to the dogs via
an oral-gastric tube. Polycarbophil was administered similarly
after its initial hydration period.

Motility studies - Canine interdigestive motility patterns
are well established (15,16). In the fasted state, three major
activity phases - phases 1, 2 and 3 (initially termed the basal,
preburst and burst states) occur in series. The entire series re-
peats approximately every 100 min. Phases 1, 2, and 3 are marked
by contractions of low, intermediate and high frequency and ampli-
tude, respectively. Since phase 3 is a brief interval (ca 10 min)
of maximal amplitude contractions, it is often used to monitor the
duration of the entire motility cycle (i.e., phase 3 to phase 3).
Phase 3 is followed by phase 1. The effects of test meals and
drugs on intestinal motor activity may be investigated during
phase 1, which lasts about 60 min, without the contribution of
spontaneous contractile activity to the muscle responses. In the
present studies, all test meals were administered at the beginning
of phase 1.

The effect of increasing meal polymer content on jejunal
contractile activity was assessed for 30 minutes starting at the

onset of the motor responses (usually immediately after adminis-
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tration). Contractile responses were expressed as a percentage of

the maximum contractile activty seen during the pretreatment phase
2y una ‘

3 interval. Aﬂtfa+—andeuuﬁenaﬂ motor responses were quantified

similarly. First, the postprandial motor responses were indexed.

The index was calculated as:

weighted index =

1 (# contractions 20-49%) + 2 (# contractions > 50%1
0 min

I
|
i
where response contractions were scored with a point if they |
i
measured 20-49% of the pretreatment phase 3 contractile amplitude,
and two points if they met or exceeded 50% of the pretreatment

phase 3 amplitude. Dividing the numerator by the 30-min sample |
Ny
R

time yielded a per-minute index value.

In order to compare antpe¥f$;;:éuodenai contractile re-
sponses, the indexed values were then normalized by expressing
them as a percent of the maximum possible per-minute index value
which occurs during the pretreatment phase 3 interval. Antrat—and

duodena%lﬁaximums were calculated according to the method for the

weighted index. Idealized antral-and—duedenat maxima were used
throughout the analysis. On the average, an%#a%—and—duodenu1‘)t&u\~§
phase 3 contractions occur at a rate of-47§4;;r&ﬁ'cpm, respec-
tively. Since phase 3 contractions are of maximal amplitude, each

was scored with 2 points. Thus the maximum per-minute index value}
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for the aammﬁédvodenm calculated to be 9—and—36, pespee-

tively: The percent maximum response was used in all analyses and

was calculated as:

weighted index value, 100

% maximum response = 2 -
p (max1mum index value ’/

Meals elicit typical fed state motility and delay the reap-
pearance of phase 3 (15). In addition to indexed motor responses,
the ability of polymer meals to delay the reappearance of interdi-
gestive phase 3 activity was measured. Motility cycles were mea-
sured from the end of the pretreatment phase 3 interval to the be-
ginning of the first postprandial phase 3 interval. In addition,
the duration of the phase 3 interval was measured.

Motor responses to psyllium, pectin, and polycarbophil meals
were each examined for differences in the patterns of contractions
that they elicited. It became obvious that even the most viscous
pectin and psyllium meals did not elicit organized motor patterns
while all meals of polycarbophil did. Polycarbophil elicited
jejunal contractions which appeared in discrete, aborally-directed
groups. The ability of secretogogue laxatives to elicit such a
contractile pattern, the "laxative-induced pattern” (LIP), has
been reported (3). In this report, LIP will refer to these ab-
orally directed groups of contractions in general and to one group

of contractions in particular. The motor patterns in response to

2135
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increasing meal polycarbophil content were assessed for a) LIP

frequency, b) the number of contractions per LIP and the amplitude
of these contractions, relative to pretreatment phase 3 amplitude,
and c) the effect of meal polycarbophil content on the aborad
propagation rate of the LIP. LIP activity was assessed for 30 min
after the organized motor pattern developed, which was usually
about 15 min after meal administration.

Regional Distribution of Polycarbophil - After observing the

effect of polycarbophil on jejunal activity, we hypothesized that
polycarbophil elicited the LIP by collecting in the small bowel.
Polycarbophil could represent a slowly progressing mass or series
of intraluminal gel boluses. To test this hypothesis, four dogs
were fasted and administered 90 gm meals of polycarbophil. Poly-
carbophil was radiolabeled with chromium-51, a gamma emitter. The
methods for labeling and quantifying polycarbophil have been
reported (17). After four hours, the dogs were sacrificed with
anesthetic. Four hours was chosen because it represented the
approximate half-empyting time of the meal from the stomach (18).
The gut was then excised. The % test meal recovered from the
stomach, the first and the second halves of the small bowel, and
the colon were each calculated.

Data analysis - The effects of increasing meal polymer
content on jejuﬁal motor activity, motility cycle duration and

post-treatment phase 3 durations were each assessed with a two-way

I~

1

B ——



215
analysis of variance (dogs vs. meal concentration) (19). Poly-

carbophil-associated LIP parameters were assessed similarly.
Differences in treatment means were identified with Duncan's
multiple range test.

Fiber meal flow characteristics - The flow patterns of test

meals containing increasing amounts of pectin and psyllium were
each characterized using a rotational viscometer (Haake Rotovisco-
12, MV1K bob and cup assembly). A1l measurements were made on
samples maintained at 37°C. The viscometer was programmed to sub-
ject 40 ml meal samples to gradually increasing and then decreas-
ing rates of shear (0-300»0 rpm) over an 8 min period. The shear

stresses in response to shear rate were automatically plotted from

|
|
i
|
|
[
{
|
|
|
|
|
{
\
\

which plots of viscosity vs. shear rate were constructed. Such a
plot, the rheogram, relates meal viscosity to the rate of shear.
Because the gels of dietary fibers can exhibit shear rate-
dependent viscosities (13), comparisons of meal viscosities were
made based on values obtained at the arbitrarily specified shear
rate of 64 rpm. In addition, and of equal importance, the pat-

terns of viscosity change with increases in shear rate, i.e., the

flow pattern, were described for both psy1lium and pectin meals.
In contrast to the homogeneous gels of psyllium and pectin,

polycarbophil hydrated and formed gel particles. Polycarbophil

meals behave like solids. Thus, the polycarbophil meal was not

subject to viscosity determinations. The viscosity of the saline
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control was measured using an Ostwald-Cannon-Fenske capillary

viscometer.
RESULTS

ﬂotilitz studies - Meals of pectin and psyllium each elicited
jejunal contractile responses which averaged only 5-25% of the
pretreatment phase 3 maximum response. Only the highest fiber
concentrations tested elicited motor responses that exceeded those
in response to saline (Fig. 1). Neither psyllium nor pectin
elicited discernible patterns of jejunal motor activity at the
concentrations tested (Fig. 2).

The motor responses to polycarbophil did not parallel those
to pectin and psyllium. Polycarbophil did not significantly in-
crease jejunal contractile activity at any dose tested, relative
to saline (Fig. 1). In addition, the contractions seen with poly-
carbophil usually presented as an LIP (Fig 3). The onset time and
frequency of LIPs were not dose-dependent (Table 1). Increases in
meal polycarbophil content caused modest but significant increases
in contraction amplitudes but did not change the number of con-
tractions per LIP. Most LIP appeared to be propagated aborally
over the 30 cm segment examined (Fig. 3). Propagation rate tended
to be faster after smaller doses (Table 1). In many tests, one or
more of the LIP would be absent from either the orad or caudad
mechanogram suggesting local genesis of the contractions without

propagation over the segment monitored.
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FIGURE 1.

Effect of 1ncreas1ng test meal psyllium, pectin, and poT_/car-

maximum. Va]ues represent X + SEM; n = 4 ddgs for psyllium and
polycarbophil meaIs,_ 3 dogs for pectin meals; 1-6 trails/dog. Dif-
ferences among treatment means detected with a2 two-way analysis of

variance (treatment vs dogs). Differences significant at p < .05.
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FIGURE 2.

Effect cf mgh f1ber content test maals on je;una‘l contrac-:i =

ti'le act1v1ty, re]ative —to sa11ne control.wEach mealeas adiminis-
tered after 'lnterdigestwe phase 3 act1v1ty suds1ded i e.A,.hatr:ikxe ol
beginning of phase 1 (hatch mark). High \nscosﬂ:y pectin and psyl-
1lium meals each e'l'i_cited more jejunal contractile activity than
saline; 1ow.er concentration fiber meals did not. Onset of contrac-
tile response to meals varied among dogs but usually commenced

within minutes after meal administration. Neither psyllium nor

pectin elicited groups of aborally-di rected contractions.
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FIGURE 3.

R Je;uaal motnr response to.a polycarboph11 test mea1 Each'

concentcation of po]ycarhophi] e11c1ted a s1m11ar pattern. Clus--
ters of contract1ons appear prgpagated over three equ1d1stant

recording sites totalling 45 cm of mid jejunum. Most clusters

appear at each site but a significant number 2ppeared spontaneously

at caudad sites (i.e., B vs A); others were extinguished before

traveling the 45 cm distance.
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FIGURE 4.

Flow diagrams for psyllium and pectin test meals. Arrows

,.“_1nd1catevshear viscosity relatlon as. shear rate’ s

) 7.1ncreases and then decreaﬁgs Dne pgrcent meals were .
less viscous than the 3% geals_QVer,the;range of shear
rates tested. Psyllium (1%8) and both peetin meals
exhibited pseudoplastic flow where increases in shear :
rate resulted in an initial decrease followed by
relatively minor changes in viscosity. In contrast,
psyllium (3%) exhibited dilatant flow. Both increases
and decreases in shear rate resulted in dramatic
increases in viscosity. The separation of up and down
curves revealed thixotropy. Curves for saline and 0.3%
pectin and psyllium meals were essentially superimposable

on those for the 1% fiber meals.
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Among the three concentrations of psyllium tested, only the

3.0% meal delayed the reappearance of the post-treatment phase 3
interval (Table 2). In two dogs, pectin tended to lengthen the
motility cycle duration. In contrast, even high doses of poly-
carﬁophi] did not significantly delay the reappearance of the
posttreatment phase 3 interval (Table 1). None of the meals
affected the brief duration of phase 3 (Tables 1,2).

The ability of pectin and psyllium meals to delay phase 3
activity probably did not last more than 1-2 cycles. Each dog
exhibited its own characteristic interdigestive motility pattern
periodicity (time from phase 3-to-phase 3) prior to the next day's
test and throughout the 1-2 month test period. Thus, treatments
had no lasting effect on interdigestive motor patterns.

Regional distribution of polycarbophil - In tests followed by

sacrifice at 4 h, 13 + 5% of the 90 gm polycarbophil meal was re-
covered from the caudad half of the small intestine which probably
accounted for the motor patterns seen. Polycarbophil appeared
either as a column or boluses in series along the ileum. Most of
the meal remained in the stomach (53 + 3%) while 16 + 2% had
reached the colon. Essentially none of the meal (3 % 2%) was -
recovered from the duodenum and orad jejunum. The usual recovery
of 90 + 3% (range 85-97%, 5 + 2% spillage) of the meal confirmed
the stability of the gel-isotope bond in vivo. Full recovery of

the label plus the unaltered appearance of the gel in the colon

i T s R S
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suggested that polycarbophil was not degraded in the gut. It was

noted that although the particulate gel appearance was maintained,
the volume of gel recovered from the small bowel and colon greatly
exceeded that volume originally administered. This reflected the
tendency for polycarbophil to swell more in neutral or alkaline
media than in acidic media (20).

Test meal viscosities - Psyllium and pectin test meal vis-

cosities were each concentration-dependent. The 3.0% psyllium and
pectin meals were each more viscous than their corresponding 1.0
and 0.3% meals throughout the range of shear rates tested (Fig.
4). Both 1.0 and 0.3% psyllium and pectin meals were watery and
considered similar in viscosity to the saline control (0.95 cp,
not shown). .

At the highest concentrations tested, 3.0% psyllium and
pectin meals exhibited different flow patterns in response to
increasing shear rate (Fig. 4). Psyllium exhibited dilatant flow,
depicted by a nonlinear increase in viscosity as shear rate in-

creased. As the shear rate decreased (return curve), viscosity

increased. This flow pattern is described as shear-thickening;
after enough time without agitation or shear stress, the psyllium
3.0% gel would return to its original viscosity (343 cp). In con-
trast, pectin exhibited pseudoplastic flow, depicted by a shear
rate-dependent decrease in viscosity followed by a Newtonian-like

stabilization of viscosity (Fig. 4). Thixotropy was not evident.



Despite differences in flow patterns, the 3.0% psyllium meal was
more viscous than the 3.0% pectin meal throughout the range of

shear rates studied. For example, the 3.0% psyllium meal was 2.5-,

2.8-, and 4.6-fold more viscous than the 3.0% pectin meal at shear

rates of 75, 150, and 300 rpm, respectively (Figure 4),
DISCUSSION

As a group, bulk-forming laxatives are not distinguished by
their effects on small intestinal motility. Psyllium elicited
randomly occurring contractions while po]ycarﬁophil elicited a
distinct pattern of contractions. This difference contrasts with
the propagated jejunal contractions which are uniformly produced
by chemically dissimilar secretogogues such as castor oil and mag-
nesium sulfate (1,3). However, bulk laxation is invariably asso-
ciated with increases in stool weight. Since bran, alpha cellu-
lose, psyllium and polycarbophil each increase stool weight, they
may all elicit similar colonic motor effects (1,4-7). Bran and
alpha cellulose modify the appearance of propagated colonic myo-
electric patterns in pigs (6) and dogs (7), respectively. Whether
different bulk laxatives elicit qualitatively similar colonic
motor patterns within a species has not been studied.

The present studies suggest that the physical form of intra-
Juminal content can influence intestinal contractile patterns.
Polycarbophil formed discrete gel particles and elicited aborally-

directed groups of contractions. In contrast, meals of psyllium

229
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and pectin presented as homogeneous gels which elicited randomly

appearing contractions. This same dichotomy has previously been
reported. The fibers bran and alpha cellulose both retain their
particulate appearance after hydration, and both generate
aborally-directed groups of jejunal contractions (8)s In con-
trast, even exceedingly viscous‘meals of guar gum (relative to the
present 3.0% pectin meals) do not elicit organized motor activity
(8). Solid particles probably do not flow in the intestine as
readily as fluids. Polycarbophil accumulated in and distended the
caudad jejunum whiqh may have caused laxative-induced pattern
(LIP). Simple Tuminal distention with water causes an aborally-
directed motility pattern in rabbit ileum (22). However, the LIP
was detected significantly orad (ca 12-24 inches) to the distended .
jejunal region. Thus, the motor pattern was probably initiated
both locally by polycarbophil in transit and reflexly by
distention of the caudad jejunum.

The highest concentration psyllium meal delayed the reappear-
ance of post-treatment phase 3 activity by about one hour, rela-
tive to the interdigestive control. Lower concentration fiber
meals had no delaying effect. This delay probably reflected the
relatively slower gastric emptying of the high concentration fiber
meals. In other studies, 1.0% and 3.0% psyllium meals exhibited

_half-emptying times of 13 and 40 minutes, respectively (13).

ey i Ty
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Pectin-related delays of phase 3 were also probably due to sTow

gastric emptying.

Polycarbophil elicited aborally directed groups of jejunal
contractions (the LIP). In other studies from this laboratory,
polycarbophil did not elicit the LIP on the duodenum (18). This
difference is consistent with the accumulation of polymer in the
caudad but not orad small intestine. The lack of duodenal accumu-
lation was likely the result of small amounts of gel being pro-
pulsed through the orad duodenum, typical of the postprandial
delivery of chyme. The duodenum does not engage in net fluid ab-
sorption, relative to the jejunum and caudad bowel (23). Small
amounts of polycarbophil gel particles may have been delivered to
the jejunum in the duodenal fluid stream. Accumulation of the gel
would then be expected to begin in the caudad jejunum upon absorp-
tion of the accompanying fluid. The differential accumulation of
gel only in the caudad bowel and the absence of any attending
intraluminal water supports this explanation.

Polycarbophil meals selectively interrupt interdigestive
motility cycles at the gastroduodenal but not the jejunal level.
In contrast to the present studies of jejunal motility, identical
polycarbophil meals were reported to delay the post-treatment
}eappearance of gastric and duodenal phase 3 activity (18). Such
selective disruption of the interdigestive cycles at different

levels of the gut has been reported previously. Distention of the
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stomach with a balloon delays gastroduodenal but not mid-to caudad
jejunal phase 3 activity (16). Both balloons and polycarbophil
distend the stomach to simulate a fed state and interrupt the
interdigestive cycle. In the present studies, examination of the
gastrointestinal tract four hours after meal ingestion revealed
that essentially no polycarbophil was found in the duodenum or
orad jejunum. Both the balloon effect and éhe present autopsy
findings suggest that the absence of intraluminal content allowed
the reappearance of phase 3 in the orad jejunum.

The present studies highlight the difficulties associated
with relating fiber gel viscosity to intestinal motor activity.
Both pectin and psyllium meals exhibited concentration-dependent
increases in viscosity over the entire range of shear rates
tested. Thus, for both psyllium and pectin meals, increases in
jejunal motor activity were positively associated with increases
in vi§cosity. However, jejunal motility apparently is not a
sensitive indicator of meal viscosity. A threshold effect may
account for the similar, control-level motor responses to meals of
0.3 and 1.0% fiber. In addition, a lack of sensitivity is demon-
strated by the similar motor responses to 3.0% psy1lium and pectin
meals despite viscosity differences of 2- to 5-fold over the shear
rétes tested. Ideally, a relation between motility and viscosity
would be based on the motor activity associated with a meal of a

particular viscosity value. However, a strict relation cannot be
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derived for fiber gels which exhibit nonNewtonian flow. The shear

forces, i.e., the jejunal contractions, acting to move the gel in
the bowel were continually changing; therefore, the gel viscosity
was changing too. Thus, for nonNewtonian meals, the viscosity:
motor activity relation cannot be known. It follows then that
comparisons of the motility:viscosity relstion between non-
Newtonian meals of different concentrations or which exhibit dif-
ferent flow patterns also cannot be made (e.g. psyllium 3.0% vs
psyllium 1.0%; psyllium 3.0% vs pectin 3.0%). Studies relating
meal viscosity to gut motor function will require Newtonian
liquids. Such substances retain characteristic viscosity

irrespective of the shear forces (contractions) applied.
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SUMMARY OF FINDINGS AND FINAL COMMENTS 237

The present studies were motivated by the recent observation that
hydrophilic polymers ﬁttenuate post-prandial glycemia probably in part
by slowing the gastric emptying of meal carbohydrates. Examination of
post-prandial gastroduodenal motor responses and test meal emptying
patterns represented a unified approach toward the characterization of
polymer meal emptying. In addition, the availability of hydrophilic
polymers that formed homogeneous gels upon hydration (psyllium, pectin
and guar) and a polymer that retained its particulate form after hydra-
tion (polycarbophil) allowed for the examination of the gastric
emptying of and the gut motor responses to distinctly different
physical forms of polymers.

Markers were developed to permit measurement of the gastric
emptying of viscous and particulate meals of hydrophilic polymers.

Insoluble sephadex cation exchange resin was radiolabeled with 5

CrC]2
and suspended in sufficiently viscous meals of guar and psylTium.
Polycarbophil granules were hydrated with saline, in which Na251Cr04
had been dissolved, to yield the radioactive gel particles. Meal half-
emptying times were more conservatively estimated when based on isotope
recovery than when based on solids alone. The utility of the meal
labels was highlighted with the polycarbophil meals which emptied
slowly and were extensively diluted by non-meal solids.

The gastric emptying of psyllium and guar meals was concentration-

dependently slowed. This slowing was directly associated with

increases in meal viscosity; postprandial antroduodenal motility did
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not influence emptying. The present studies focused on how guar and

psyllium affected the gastric emptying of an idealized meal. The
effects of polymers on the gastric emgtying of conventional solid-
liquid meals will be more complex. For example, the addition of guar
gum to a mixed meal does not alter the emptying time of the meal
liquids, but slows the emptying of the meal solids (Chapter 1, ref.
146). This is the direct result of mixing the polymer with the solid
phase of the meal but not the 1iquid phase. Whether a polymer affects
test meal viscosity and emptying will depend on the amount and type of
polymer used, the volume of meal 1iquids, the amount of meal solids,
the meal phase with which the polymer is mixed and the thoroughness of
mixing during meal preparation and in vivo.

Meals of polycarbophil particles elicited fed statelike antro-
duodenal motility. Half of a 90 gm meal emptied from the stomach in
4 hours, independently of phase 3 motor activity. The gastric
emptying of and the motor responses to polycarbophil may model those
for particulate dietary fibers such as bran and vegetable matter.
Further studies will be needed to establish this. However, the
present studies and studies of meat-fiber mixtures both document that
the gastric emptying of small, indigestible particles is not modeled
as was previously thought, i.e., by large spheres. Whether the gas-
tric emptying of indigestible meal residues can or should be modeled
by one substance is uncertain.

The jejunal motor responses to laxative and nonlaxative hydro-
philic polymers seem related to polymer form and not laxative proper-

ties. Homogeneous gels of the laxative psyllium and the nonlaxative
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pectin caused modest, concentration-dependent increases in jejunal

motility. The motor effects were positively associated with increases
in meal viscosity. In contrast, particulate gel meals of polycarbo-
phil did not stimulate jejunal motility but reorganized control-level
activity. Similar results reported elsewhere support the possibi]ify
that solid particles and viscous fluids elicit different intestinal
motor effects. Whether these observations are important to small

intestinal transit and absorption remains to be studied.
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GASTRIC EMPTYING OF HOMOGENEOUS GEL TEST MEALS
IN DOGS WITH GASTRODUODENAL CANNULAS.

Introduction

We wondered whether the orad duodenum regulated the gastric
emptying of viscous test meals. Ccmparison of gastric emptying when
the meal was diverted from the duodenum with that when the meal inter-
acted with the duodenum would provide such information. Duodenal
motility helps to regulate the gastric emptying of other test meals
(e.g., liquids containing fatty acids). In the present case a
requirement for the duodenum might be reflected by a high level duode-
nal contractile response when the meal contacted the duodenum. In the
event that emptying was hastened by meal diversion, a reduction of
attending duodenal contractile activity would suggest a duodenal role
in the control of emptying of viscous ingesta.

This approach was abandoned when it became clear that control
motility patterns were disrupted by the presence of the cannula at the
gastroduodenal junction. Thus motor responses to test meals could not
be evaluated. The gastric emptying results are presented and discussed
with reference to results obtained in dogs having mid-duodenal cannulas

(Chapter 2).

Method
Two dogs were surgically fitted with T shaped cannulas situated

at the gastroduodenal junction. This placement allowed for complete

S, L

T

|
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diversion of the gastric effluent from the duodenum. Strain gage

force transducers were implanted on the terminal antrum and orad duo-
denum. Duodenal units were located 4 to 6 cm caudad to the cannula
base. Details of the eiperimenta] model are given in Chapter 2.
After recovery, the dogs were subjected to tests of gastric emptying.
The gastric emptying of and the antroduodenal motor responses to 3

test meals (saline, psyllium 3% and guar gum 1.5%) were studied.

Results
Control motility - Duodenal interdigestive moti]ity cycles were absent
in nearly all experiments (n = 20). When present, cycles were pro-
longed (140-180 min), relative to historical controls (100 min, see
Chap. 2). Interdigestive duodenal motor patterns were replaced with
groups of maximal amplitude contractions. These groups were propa-
gated aborally and were similar to those jejunal contractions
described in response to meals of polycarbophil (Chapter 4). Antral
interdigestive activity was replaced with continuous contractions of

intermediate or high amplitude.

Gastric emptying - Test meals of saline, guar gum (1.5%) and psyllium
(3%) emptied with half-emptying times of 9, 23, and 21 min, respec-
tively (n = 2 dogs, 2-3 obs./dog). The fiber meals emptied faster
when the gastric effluent was diverted from the duodenum than when it
was collected from the mid-duodenum (compare with guar 1.5%: El/2 =

34 min; psyllium 3%: E‘/2 = 40 min, Chapter 2).
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Motor responses to meals - Fiber meals elicited varying degrees of

duodenal motor activity despite being diverted from the duodenum.
Contractions frequently presented in a phase 3-like pattern, or a fed
state-1ike pattern. Occasionally there would be no noticeable duode-
nal response. Antral activity was fed state-like. Antral contrac-

tions were continuous but of intermediate or maximal amplitude.

Discussion

Interdigestive motor activity - Replacement of interdigestive motility

cycles with aborally-directed groups of contractions suggests that the
duodenum may have been acting to move the cannula from the gastroduo-
denal area. This pattern can occur both orad and caudad to a dis-
tending éiimu]us. The recording units were situated about 5 cm caudad
to the cannula. Thus the aborally-directed contractions were sustained
5 cm caudad to the distending stimulus. In other studies, polycarbo-
phil meals caused distention of the caudad intestine (Chapter 4).
Aborally-directed contractions were detected 50-75 cm orad to the dis-
tending stimulus. The patterns are probably reflex in origin and
protective in nature.

Interdigestive motility cycles were abolished by distention of
the gastroduodenal junction with a cannula. ‘In contrast, in other
studies, placement of a cannula at the mid-duodenum did not disrupt
interdigestive cycles. The reason for the differences of effect is
not clear. Mid-duodenal cannulation required no special surgical
approach; no tension was placed on the bowel. However, placement of

a cannula at the gastroduodenal junction required mobilizing the
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gastroduodenal area by cutting the hepatoduodenai ligament. Once

freed, the bowel segment was attached to the peritoneal wall for can-
nulation. The tension placed on the bowel segment plus division of
any nerves within the ligament probably caused the disruption of

interdigestive motor patterns.

Gastric emptying - High viscosity guar and psyllium test meals emptied
rapidly in dogs with gastroduodenal junction cannulas, re]afive to
dogs with mid-duodenal cannulas (Chapter 2). This hastened emptying
probably reflects the much more vigorous antral response to meals than
was seen in dogs with mid-duodenal cannulas (Chapter 2).

Duodenal contractile responses to fiber meals were highly vari- -
able both within and between dogs. This contrasts with the almost
total lack of duodenal motor activity in response to the same fiber
meals in dogs with mid-duodenal cannulas (Chapter 2). A combination
of the presence of the gastroduodenal cannula plus gastric distention

probably accounts for the unexpected postprandial duodenal activity.
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APPENDIX 8

EFFECTS OF GUAR GUM ON JEJUNAL MOTOR ACTIVITY.

Guar gum is a hydrophilic polymer without appreciable bulk laxa-
tive effects (vide supra, pp.71-72 ). Upon hydration, guar forms a
homogeneous gel. In Chapter 4; the jejunal motor effects of test
meals containing laxative and non-laxative hydronhilic polymers were
reported. The effects of guar were also examined as part of that
study. Results were obtained in one dog.

Guar test meals elicited jejunal motor responses which were
indistinguishable from those in response to pectin and psyllium meals.
The more viscous guar meal (1.5% w/v) appeared to elicit more contrac-
tions per time than the less viscous meals (0.3, 1.0%). Contractions
were of intermediate frequency and amplitude, relative to pretreat-
ment phase 3 activity. No organized patterns of contractions were
evident. Guar, Tike pectin, exhibits pseudoplastic flow (Chapter 2).

The significance of the results with guar is discussed in Chapter 4.
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Examination of the Viscosity of Duodenal Effluent
After Meals of Dietary Fiber.

(Supplement to Chapters 2 and 3.)
INTRODUCTION

The method of labeling viscous fiber suspensions with 5.lC\r'-CM-
Sephadex for the purpose of measuring gastric emptying has been
described (vide supra, Chapter 2). In that report, indirect evidence
was offered to argue that this marker remained adequately suspended in
the meal for the period of 50% of test meal gastric emptying. The
present data are direct evidence that psyllium (3%) and guar (1.5%)

suspensions remain sufficiently viscous in vivo to suspend the

51Cr-CM—Sephadex marker during the period of gastric emptying.
METHOD

The details of the experimental model, the test meals and the
test protocols are given in Chapter 2. Briefly, in 2 dogs of that
study, the viscosity:shear rate relations were examined for samples of
duodenal effluent recovered after meals of guar gum (1.5%) and psy1lium
(3%). Effluent samples were taken from the 15-t0-30 min post-feeding
collection interval. Thus these samples represented effluent emptying
from the duodenum during the completion of the test meal half-emptying

time. Each meal was tested once in each dog. Viscosities were
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assessed according to the methods outlined in Chapter 3 (NB: An SV-1

bob and cup assembly was used for the present observations. This con-
trasts with the MV-1 assembly used in the studies of Chapters 3 and 5.
As a result, the shear rates emp]oyed‘range from 0 + 114 = 0 instead
of 0> 300 > 0 rpm). The viscosities of the duodenal effluents weré
compared to the viscosities of test suspensions known to be at minimum
fiber content for the suspension of the meal marker (i.e., psyllium

2% and guar 1%).
RESULTS

Duodenal effluents collected after meals of psyllium (3%) and
guar (1.5%) exhibited greater viscosities than the control suspensions
(psyl1lium 2% and guar 1%) over the range of shear rates tested (figures
1 and 2). The psyllium flow curves revealed a loss of dilatancy, per-

haps because of the addition of secretions to the suspension in vivo.
DISCUSSION

These data, albeit limited in number, document that the fiber
meals of highest concentration, used in the studies of Chapters 2 and

ST¢r-cm-

3, retain sufficient viscosity to suspend the meal marker
Sephadex over the course of the gastric emptying of at least 50% of

the test meals.
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FIGURE 1.

Shear rate:viscosity relation for duodenal effluent
collected after meals of guar gum 1.5%. Viscosity values
for effluent collected from dog A (open circles) and dog

B (open triangles) are not different from those values for
the control guar 1.5% suspension (closed circles). Note
that the viscosity values for guar 1.0% (closed triangles)
are well below all other values. Since guar 1.0% is the
minimum fiber concentratian for the suspension of the
meal marker (51Cr~CM—Sephadex), this data shows that the
effluent from guar 1.5% meals retains the viscosity
necessary to suspend the meal marker in vivo.
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FIGURE 2.

Shear rate-v1sc051ty relatlon for duodenal effluent
collected after meals -of psylllum 3.0%. Vlsc051ty values 1 f:
_for. effluent collected from dog A (closed circles) and - -
dog B ‘(open circles) are not much different from thése = - -
"values for the control psyllium 3% (open trlangleei»" :
suspension. Note that the values for psyllium 2%
( closed triangles) are well below all other values.
Since psyllium 2% is the minimum psyllium concentration
for suspension of the 51Cr-CM.—Sephadex meal marker,
this data shows that the effluent from psyllium 3% meals
retains the viscosity necessary to suspend the meal
marker in vivo.
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APPENDIX D.

MIGRATION OF SOLUBLE 51Cr FROM
A GEL PHASE TO AN ADJACENT

WATER PHASE

INTRODUCTION

A valid test meal marker must remain with the
meal under all conditions. Homogeneous gel meals of
psyllium and guar were found to be uniformly labeled with
water-soluble 51Crcl2 in vitro. However, gastric emptying
studies showed that gut secretions were incorporated with
the meal during the emptying process. This raised the
possibility that the isotope marker might migrate from the
test meal gel phase to secretions, down a concentration
gradient. Such an effect could cause underestimates of
gastric emptying time, particularly if secretions emptied
before the gel. Thus a test was performed to determine
whether soluble 510rcl2 could migrate from a gel phase
to an adjacent aqueous phase.

METHOD

Meals of psyllium (Go/o) and guar (1.50/0) were
each prepared as described in chapter 2. > CrCl2 was
dissolved in the meal saline prior to mixing. The gel was
placed in a 1L beaker and allowed to set. Once the gel was
firm ca 30 min , 100 ml saline was layered onto the gel
phase. Two ml samples of the saline phase were taken at
0, 15, 30, 45 and 60 min. The percent meal radioactivity
that had migrated into the saline phase was calculated as:
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&cpm/Z ml aliquot x ml saline layer)
(original meal cpm)

This same experiment was performed using the sephadex-
bound Cr-51 to show that immobilizing the isotope prevented

migration.
RESULT

Approximately 5 percent of the psyllium meal and
9 percent of the guar meal isotope migrated to the saline
phase over the 60 min test time. The resin-bound marker
did not migrate (table 1)

. COMMENT

The experimental conditions of this test were
conservative; more of the gel mass would be interfaced
with secretions in vivo and isotope migration could be
enhanced. Since the resin-bound marker did not migrate,
it is the preferred marker for studies of gel meal

gastric emptying.




Table 1.

Soluble Cr-51, but not resin-bound Cr-51, migrates
from a meal gel phase to an adjacent saline phase.

Cumulative percent cpm

Marker form Meal in saline at 60 min.
soluble psyllium 5

guar 9
resin-bound psyllium 0

guar 0
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Evidence That Polycarbophil Can Act As A Physical Support for
Aqueous Solutions for the Purposes of Sustained Release of Drugs.

51

1) Inability of CrCl, to Bind to Polycarbophil.

INTRODUCTION

A water-soluble gamma-emitter was sought as a label for polycarbo-
phil particles. Both 51CrC12 and Na251Cr04 were tested. The results
for chromate are reported in Chapter 2. The results obtained for

51CrC12 are reported here.
METHOD

51Grc12 was dissolved in saline. This solution was used to
hydrate polycarbophil granules (details of procedure see Chapter 2
After hydration, 4 successive rinses of the labeled gel with pH 3
saline were performed. The percent radioactivity per gram gel was

determined after each rinse. Six samples were taken after each rinse.
RESULT AND COMMENT

Radioactivity per gram gel decreased by about 20 percent with
each successive rinse (mean percent remaining after each rinse: 75,
59, 41, 22). In contrast, NaZS]CrO4 was not washed away as rapidly

from the gel under similar experimental conditions (Chapter 2).
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S]Crc12 was judged to be an unsuitable isotopic form of Cr-51 for the

purposes of labeling polycarbophil particles. In a related sense, the
leaching of 51Cr012 suggests that certain drug molecules could behave
similarly. PC could therefore act as a physical support for the

sustained release of drugs.
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II) Hydration of Polycarbophil Granules with Atropine Solution

to Achieve Sustained Mydriasis in the Rat.
INTRODUCTION

The slow Teaching of 51Cr (as 51Crc12) from polycarbophil (PC)
gel particles suggested that a water-soluble drug could also be
released slowly from the gel to provide a sustained biological effect.
The present experiments were done to determine whether hydration of PC
granules with a solution of atropine sulfate could produce a sustained

mydriasis in the rat.
METHODS

Animal model - Male Sprague-Dawley rats (135-150 gm) were housed
individually and deprived of food and water during the experimenf.
Rats were anesthetized with ether and underwent celiotomy. The duode-
num was identified and a 5-7 mm incision was made along the antimesen-
teric border using iris scissors. A #5 gelatin capsule containing the
treatment was inserted into the duodenum and pushed caudad to the
incision site. The incision was then closed with 3-0 silk using a
continuous suture technique. The midline incision was closed

similarly.
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Dosage form - A1l treatment doses were encapsulated (#5, gelatin)

and administered intraduodenally. Intraduodenal administration was
used to favor a more rapid onset of effect, relative to that after
intragastric_administration. Atropine sulfate (Sigma, St. Louis, MO;
5 mg/Kg) was dissolved in 0.9% NaCl (saline) to provide the dose
required in about 0.1 ml. Rats received either atropine alone,
atropine plus 25 mg PC granules (gift from A. G. Robins & Co.,
Richmond, VA), or 25 mg PC granules plus 0.1 ml saline as the control.
For one group of rats, mixture of the encapsulated PC granules with
the 0.1 ml saline or atropine was performed immediately prior to
jmplantation of the capsule. Another group of rats received a PC-
atropine mixture which had previously been mixed and then dried (room

temperature x 24 H) in the capsule.

Test paradigm - Rats received treatments at time-0. Pupil
diameter was estimated at 0.5, 1, 2, 4, 6, 8, 10, 12 and 14 hours
after dosing. Pupil diameters were scored as follows: pinpoint
pupils (i.e., pretreatment controls) = 0 pts.; less than half-maximal
dilitation = 1 pt.; at least half but less than maximal dilitation = 2
pts; and full dilitation = 3 pts. Pupil diameters were visualized
using a penlight. The same person performed all eye examinations.
After 14 hours the rats were allowed access to food and water. At 24
hours a final pupil examination was performed after which the rats
were sacrificed by cervical dislocation. The small intestine was then

examined for the regional distribution of polycarbophil gel.
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The mydriasis scores fgr each treatment group are presented in
table 1. Significant mydriasis was still evident at 12-14 hours in
rats treated with the PC-atropine mixture. The pre-dried PC-atropine
mixture exhibited a slightly (ca. 0.5 H) longer time to full effect
and caused a slightly greater mydriatic effect over the test time,
relative to the extemporaneously mixed PC-atropine treatment (table 1).
In contrast, rats treated with atropine solution alone exhibited
mydriasis for a maximum of 4 hours. No appreciable mydriasis was
evident at 24 hours in any treatment group.

At autopsy, polycarbophil gel was found in the orad duodenum
only. This was accompanied by an obstruction 1éading to profound gas-
tric distention. PC gel was not found caudad to the duodenum.
Atropine presumably impaired small intestinal motility to prevent

aborad transit of the gel.
DISCUSSION

Incorporation of the atropine solution into the polycarbophil
(PC) granules resulted in a profoundly systained mydriasis, relative
to that seen after atropine solution alone. This was 1ikely due to a
continual leaching of the drug from the gel particles by gastric and
duodenal secretions. The slightly greater mydriasis seen over time
with the pre-dried PC-atropine mixture probably reflected a slower

release of the drug than occured with the extemporaneously mixed
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PC-atropine mixture. This would reflect the time needed to hydrate
the pre-dried granules, dissolve the drug and then leach it from the
gel. We conclude that the mydriatic effect of atropine can be sus-
tained by using the atropine solution to hydrate the PC granules.
Presumably this also applies to other water-soluble compounds such as
cimetidine and various prostaglandins. ~In addition, it is possible
that water-insoluble compounds (e.g., antacids) could be combined with
PC to cause a prolongation of effect. In the case where the antacid
Mg(OH)2 is adsorbed to the PC granules, a slow gastric emptying of the
PC granules (vide supra Chapter 4) might result in a prolonged gastric

alkalinizing effect.
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EFFECT OF POLYCARBOPHIL ON DURATION OF
ATROPINE-INDUCED MYDRIASIS IN THE RAT.

MEAN DEGREE OF MYDRIASIS AT SELECTED TIME INTERVALS (H)
TREATMENT 1/2 1 2 4 6 8 10 12 14 24

PC/saline 0 0 540 40 0
Atropine 3 b T [ )
PC/A-wet 2U8 30 S0 TRN0r 2460 SREEL 2. B i85 036
PC/A-dry 1 I SR 3 3 3 2.8 2 027

SCALE: 0: pinpoint

T1: <1/2 max

2: >1/2< max

3: max pupil dilation
n: 6-8 rats per dose

atropine: 5 mg/Kg body weight
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