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SUMMARY

The aim of this work was to characterize changes that
may occur in the size of the small intestine, the transport
and metabolism of monosaccharides, the activity of
disaccharidases in the small intestine and transport of
amino acids, in response to the (ob/ob) syndrome.

The main adaptive response of the small intestine to
the (ob/ob) syndrome was an increase in size due to
proportionate increases in muscle and mucosa. The response
was clearly an effect of hyperphagia, but, unlike other
hyperphagic states, the size of the intestine did not
regress when food consumption returned to normal.

There was little effect of the (ob/ob) syndrome on
the transepithelial transport of glucose or the unidirect-
ional influx of ®-MG across the brush border when the data
were expressed per unit weight of intestine. Similarly,
glucose metabolism (pmol/hr per g dry wt.) by the small
intestine was largely unaffected by genotype, and there
was no general elevation of disaccharidase activities per
mg protein in obese mice compared with lean mice. These
results provide little evidence of an effect of hyper-
insulinaemia or hyperphagia on the activity of these
systems in the (ob/ob) mouse. However, because of mucosal
hyperplasia in the small intestine of (ob/ob) mice, the
total capacity to transport monosaccharides and total
disaccharidase activities were increased.

Despite mucosal hyperplasia in the (ob/ob) mouse, there
was no increase in the total capacity of the small intestine
to transport leucine; indeed, transepithelial transport of
leucine, but not influx across the brush border, was
depressed in 10-week-old (ob/ob) mice when expressed per
unit weight of tissue. The depressed transepithelial
leucine transport may be due to the severe hyperinsulinaemia
seen in 10-week-old (ob/ob) mice, and the effect may
represent an adaptive response at the basolateral membrane.

Key words: diabetes., intestinal adaptation. obesity.

(ob/ob) mouse. small intestine.
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ABBREVIATIONS

The following represents a list of non-standard abbreviations

used throughout this work.

Conc. Concentration

ECF extracellular fluid
Gal galactose

Glu glucose

1+, internal diameter

ol -MG methyl &-D-glucopyranoside
3-0-MG 3-0-methyl-D-glucose
o.d. outside diameter

N not determined

S+E. standard error

SeDs standard deviation
CONVENTIONS

The following convention was used throughout this work.

Where values in the main text are quoted as a + b (c) ,
then this refers to the mean + S.E. of mean, with the

number of animals in parentheses.
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1.1 ANIMAL MODELS OF DIABETES

Diabetes mellitus in man can be defined as a disorder
associated with a degree of hyperglycaemia inappropriate to
the metabolic situation. It is characterized by either
fasting hyperglycaemia or, during an oral glucose tolerance
_test, the presence of concentrations of plasma glucose
above defined limits.

Many animal models of diabetes exist (see reviews by
Bray & York, 1971; Herberg & Coleman, 1977; Herberg, 1979;
and Bray & York, 1979) but the majority of work on the
structure and function of the small intestine in diabetic
animal models has involved only three of these:- the obese
hyperglycaemic (ob/ob) mouse, the diabetes (db/db) mouse
and animals in which diabetes has been induced by admin-

istration of streptozotocin or alloxan.

1.1.1 The obese-hyperglycaemic (ob/ob) mouse.

The obese-hyperglycaemic mouse was first described by
Ingalls, Dickie & Snell (1950). The obesity syndrome was
shown to be caused by a single autosomal recessive gene
(gene symbol ob) positioned on chromosome 6, linkage group
XI. The ob gene was transferred onto the C57BL/6J back-
ground,and has been maintained as inbred stock at the
Jackson Laboratory, Bar Harbor, Maine, USA.

The colony of obese mice at Aston originated from
breeding pairs of C57BL/6J mice obtained in 1966 from the
Institute of Animal Genetics, Edinburgh. The colony at
Edinburgh had originated from the Jackson Laboratory, but
had been outcrossed with two non-inbred local strains: Jl11

for higher litter size and CRL for higher growth rate. The
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colony at Aston has since been maintained as a closed non-
inbred colony.

The development of the obese-hyperglycaemic syndrome
in (ob/ob) mice from the Aston colony has been summarized
in Table 1.1, and is described below.

Hyperinsulinaemia and insulin insensitivity appear
concurrently in 3-week-old weanling mice, although plasma
glucose levels are comparable with lean mice at this age
(Bailey, Flatt & Atkins, 1978; Bailey, Flatt & Atkins, 1982).
Obesity, defined as an increase in the percentage
-contribution of body fat to total body weight, is apparent
in 3-week-old mice, although body weight and food
consumption are not increased (Flatt et al., 1978; Bailey,
Flatt & Atkins, 1982).

At 5 weeks of age there is severe hyperinsulinaemia and
increased insulin insensitivity, but plasma glucose levels
remain normal (Flatt & Bailey, 1981). 5-week-old mice are
hyperphagic and have an increased body weight (Bailey,
Flatt & Atkins, 1982).

In the face of rapidly rising plasma insulin levels and
increasing insulin insensitivity, hyperglycaemia appears at
7-to 8 weeks of age (Flatt & Bailey, 1981). By 10 weeks of
age there is extreme hyperinsulinaemia with insulin
insensitivity and moderate hyperglycaemia. The presence of
excessive insulin secretion, in an attempt to maintain
normal plasma glucose levels, is concomitant with B-cell
hyperplasia and hypertrophy (Bailey et al., 1977). Food
consumption is still elevated, and body weight may be twice
that of lean mice at this age (Flatt & Bailey, 1981;

Bailey, Flatt & Atkins, 1982).
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20-week-o0ld mice remain extremely hyperinsulinaemic, and
insulin insensitivity is further increased (Flatt & Bailey,
1981). Plasma glucose levels remain elevated but show a
decline from 10 weeks of age (Flatt & Bailey, 1981). P-cell
hyperplasia and hypertrophy is paralleled by B—cell
degranulation and vacuolization as the B-cells become
exhausted (Bailey et al., 1977; Flatt & Bailey, 1981). Body
weight is maintained despite a fall in food consumption
(Flatt & Bailey, 1981; Bailey, Flatt & Atkins, 1982).

A reduction in plasma insulin levels and insulin
insensitivity is seen in 40-week-old mice (Flatt & Bailey,
1981), and at this age there is no significant hyper-
glycaemia (Flatt & Bailey, 1981). Severe degranulation and
vacuolization of the B-cells is indicative of p-cell
exhaustion, and explains the fall in plasma insulin levels
(Bailey et al., 1977; Flatt & Bailey, 1981). 40-week-old
mice are no longer hyperphagic, which may explain the
return to normal plasma glucose levels, but body weight is
maintained at a considerably higher value than in lean mice

(Flatt & Bailey, 1981; Bailey, Flatt & Atkins, 1982).

(ob/ob) mice exhibit a multitude of other character-
istic disturbances (see reviews by Herberg & Coleman, 1977
and Bray & York, 1979) which are introduced and discussed
where relevant throughout this work. Similarly, as it is
not the purpose of this thesis to elucidate the site of the

- primary lesion responsible for the obese-hyperglycaemic
syndrome, an extended review of this area is not presented;
merely some brief comments below.

A hypothalamic defect has been proposed as the primary

lesion in (ob/ob) mice, based on the presence of hyperphagia
6



(Bailey, Flatt & Atkins, 1982; Dubuc, 1976a), infertility
(Ingalls, Dickie & Snell, 1950), an inability to maintain
body temperature in response to cold exposure (Trayhurn,
Thurlby & James, 1977) and altered thyroid function (Joosten
& van der Kroon, 1974a), all of these functions being under
hypothalamic control by virtue of hypothalamic regulation
of the release of all adenohypophysial hormones. Secretion
of these hormones is altered in the (ob/ob) mouse (see
Edwardson & Donaldson, 1979), but as the syndrome is
attributed to a single gene defect the altered secretion
must reflect a disturbance at a more fundamental level than
that of hypothalamic regulation. Hypothalamic hormones
which regulate secretion from the adenohypophysis are in
turn controlled by catecholamine neurotransmitters, and a
central impairment of catecholamine neurotransmitter
mechanism has been proposed to explain the defect in
release of adenochypophysial hormones in (ob/ob) mice
(Edwardson & Donaldson, 1979).

The presence of hyperphagia itself early in the
development of the syndrome would lead to obesity and
excessive insulin secretion and hence to further metabolic
disturbances. However, hyperphagia is not the earliest
demonstrable effect of the syndrome (Kaplan & Leveille,
1974; Dubuc, 1976a; Trayhurn, Thurlby & James, 1977), and
restricting the dietary intake of (ob/ob) mice does not
ameliorate all of the symptoms of the obese syndrome
(Chlouverakis, 1970; Dubuc, 1976b), and hence hyperphagia
cannot have a primary role in the development of the
syndrome.

A more recent hypothesis is that the primary genetic



lesion could involve defective regulation of the level of
activity of the cell membrane Na-K-ATPase (Bray & York,
1979). A reduction in the concentration of Na-K-ATPase
enzyme units has been demonstrated in the liver and muscle
of adult (ob/ob) mice (Lin et al., 1978; Lin et al., 1981),
and York, Bray & Yukimura (1978) have shown a reduced
activity of Na-K-ATPase in liver and kidney as well as a
loss of responsiveness of the enzyme to thyroid stimulation
A reduced activity of this widely occurring enzyme,and/or

a defect in its response to thyroid hormones,has been
proposed as the source of many of the metabolic disturb-
ances seen in (ob/ob) mice, including reduced thermogenesis,
hyperphagia and hyperinsulinaemia (Bray & York, 1979).

The reduced thermoregulatory thermogenesis in the
(ob/ob) mouse has been shown to be due primarily to a
reduction in non-shivering thermogenesis (Trayhurn & James,
1978) which is sited primarily in brown adipose tissue
(Foster & Frydman, 1978; Foster & Frydman, 1979). In normal
rats, cold exposure leads to stimulation of the sympathetic
nervous system, liberation of noradrenaline from the nerve
endings and hence to enhanced thermogenesis in brown
adipose tissue (Seydoux et al., 1977; Hogan & Himms-Hagen,
1980) . Much of the thermogenic response of brown adipose
tissue is believed to result from the activation of a
proton conductance pathway across the inner membrane of the
mitochondria which allows the proton gradient to be
dissipated as heat (Nicholls, 1979). It has been suggested
that the ability of the (ob/ob) mouse to 'switch-on' this
mechanism is defective (Hogan & Himms-Hagen, 1980), and

that the defect lies somewhere between the action of
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noradrenaline on the plasma membrane of the brown fat cell
and the change in the mitochondria (Hogan & Himms-Hagen,
1980) . Noradrenaline is known to induce Na-K-ATPase activity
in brown adipose tissue (Horwitz, 1973),and it is possible
that a much reduced activity or defective regulation of
Na-K-ATPase in brown adipose tissue could explain the
impaired thermogenesis of (ob/ob) mice. Whatever the-cause of
the reduction of non-shivering thermogenesis in (ob/ob)
mice, it seems that the lower expenditure of food energy on
thérmoregulatory heat production leads to the markedly
increased metabolic efficiency seen in (ob/ob) mice (Thurlby
& Trayhurn, 1979), which appears to be important in the
development of obesity in young (ob/ob) mice (Thurlby &

Trayhurn, 1979).

1.1.2 The diabetes (db/db) mouse.

The diabetes (db) gene, an autosomal recessive mutation,
first occured in the C57BL/KSJ strain of mice on chromosome
4, linkage group VIII (Hummel, Dickie & Coleman, 1966).

On this genetic background,hyperinsulinaemia has been
reported as early as 10 to 12 days of age (Coleman & Hummel,
1974) ,and a mild hypoglycaemia has been observed at 3 weeks
of age (Chick, Lavine & Like, 1970). Hyperglycaemia is
observed at approximately 5 weeks of age, rising gradually
until 8 to 12 weeks of age (Coleman & Hummel, 1967). There
is P-cell hyperplasia and hypertrophy, and associated
hyperinsulinaemia,in an attempt to control blood glucose
concentration (Coleman & Hummel, 1967). Hyperinsulinaemia
peaks at 8 to 12 weeks of age then there is a very rapid

and abrupt fall in plasma insulin levels concomitant with

9



pancreatic-islet atrophy,and blood glucose concentrations
rise rapidly to very high levels until death ensues at 20
to 30 weeks of age (Coleman & Hummel, 1967).

Placing of the (db/db) mutation onto the C57BL/6J
background produces an identical syndrome to that of the
C57BL/6J (ob/ob) mouse (Hummel,Coleman & Lane, 1972;
Coleman & Hummel, 1973). Similarly, placing the (ob/ob)
mutation onto the C57BL/KSJ background genome produces a
syndrome identical to the C57BL/KSJ (db/db) mouse. This
emphasises that it is the interaction of the mutation with
the background genetic material rather than the mutation
per se that is responsible for the phenotypic expression of
the syndrome.

The C57BL/KSJ (db/db) mouse exhibits many other
metabolic disturbances (for review see Herberg & Coleman,
1977; Bray & York, 1979) many of which, for example hyper-
phagia (Hummel, Dickie & Coleman, 1966) and impaired
thermoregulation (Travhurn, 1979), are also characteristic
of the C57BL/6J (ob/ob) mouse. However, whilst the syndrome
produced in the C57BL/KSJ (db/db) mouse has many
similarities with the C57BL/6J (ok/ob) mouse, there are
some major differences. The (db/db) mouse is more severely
hyperglycaemic, exhibits only transient hyperinsulinaemia,
and there is destruction of pancreatic-islets and a

concomitant decrease in F-cell number (Herberg, 1979).

1.1.3 Alloxan or streptozotocin-induced diabetic animals.

The diabetogenic action of both alloxan and streptozo-
tocin lies in their highly selective cytotoxicity for

p-cells in the pancreas (Dunn et al., 1944; Junod et al.,
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1967). Injection of both alloxan and streptozotocin induces
an initial hyperglycaemia during the first 2hr after
injection, followed by hypoglycaemia caused by the release
of insulin from the B-cells (Jacobs, 1937; Junod et al.,
1967) . As B-cell necrosis ensues, both plasma and pancreatic
insulin levels fall with a resultant permanent hyper-
glycaemia (Jacobs, 1937; Junod et al., 1967). After an
initial hypophagia during the first 2 to 3 days after
induction of diabetes (Dunn et al., 1944; Schedl & Wilson,
1971a; Miller et al., 1977) alloxan and streptozotocin
diabetic animals become hyperphagic (Jervis & Levin, 19663
Schedl & Wilson, 197la), but despite this hyperphagia the
body weight usually remains below that found at the time of
injection (Junod et al., 1967; Schedl & Wilson, 197la;

Miller et al., 1977) as a result of severe glucosuria.

1.1.4 Suitability of diabetic animals as models of diabetes

in humans.

Diabetes mellitus in man is a heterogeneous group of
disorders which may differ in their etiology and patho-
genesis (for review see National Diabetes Data Group, 1979).
Diabetes mellitus can be classified into two distinct types
insulin-dependent and non-insulin-dependent, and into a
third group which includes diabetes associated with certain
conditions,e.g. pancreatic disease, and with a number of
genetic syndromes. This latter group will not be considered
here.,

Insulin-dependent diabetics are associated with hyper-
glycaemia, insulinopaenia, F-cell atrophy and weight loss.

Non-insulin-dependent diabetics can be subdivided into two

11



subclasses depending on whether or not they are obese.
Whilst both subclasses exhibit moderate hyperglycaemia with
p—cell hyperplasia and hypertrophy, non-obese non-insulin-
dependent diabetics may have normal or slightly depressed
insulin levels, whereas obese non-insulin-dependent
diabetics may be mildly hyperinsulinaemic with associated
insulin resistance.

The use of human diabetic subjects as 'experimental
znimals' for research into the pathogenesis of human
diabetes is limited, mainly because of the ethical
necessity to keep human diabetics well controlled, and
because of practical difficulties. For example, invest-
igation of intestinal function in humans is, of necessity,
limited because only intubation techniques or intestinal
biopsies can be used. Whilst animal models of diabetes may
not exactly duplicate every aspect of human diabetes, a
well-defined animal model of diabetes can be used to
determine the effect of individual metabolic disturbances
on specific aspects of diabetes, and many of the practical
difficulties can be alleviated.

The obese-hyperglycaemic (ob/ob) mouse with its
moderate hyperglycaemia, hyperinsulinaemia, F—cell hyper-
plasia and hypertrophy, and obesity, represents a good
animal model for the obese subclass of non-insulin-dependent
diabetes. In contrast to this, the more severe hyper-
glycaemia and the temporarily elevated plasma insulin
levels seen in the (db/db) mouse make this animal a poorer
model for non-insulin-dependent diabetes, and during the
latter stages of the syndrome when plasma insulin levels

fall and hyperglycaemia is much more severe, the (db/db)
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mouse is a more suitable model for insulin-dependent
diabetes. Animals made diabetic by the injection of alloxan
or streptozotocin, with their insulinopaenia, hyperglycaemia
and F~ce11 destruction,can only be considered a reasonable

model for uncontrolled insulin-dependent diabetes.

1.2 DIABETES AND THE SMALL INTESTINE

Research into the effects of diabetes on the small
intestine is of interest for two main reasons. Firstly,
changes observed in the small intestine may affect
development of the diabetes itself. For instance, an
increase in the rate of glucose absorption at an early age
could influence insulin release and hence be involved in
the genesis of hyperinsulinaemia. Secondly, it is important
to discern which, if any, aspects of the diabetic state
lead to changes in small intestinal function, because such
work shauld further understanding of how the small intestine
may be influenced by normal physiological factors.

The following sections present a brief review of the
effects of diabetes on the small intestine in those animal
models of diabetes discussed earlier (see 1.1) and in
human diabetes. The review will be restricted to a
consideration of the effects of diabetes on: the transport
of monosaccharides and amino acids, activities of
disaccharidases, and the size of the small intestine; these
being the areas subjected to experimental investigation in

the (ob/ob) mouse.

1.2.1 The obese-hyperglycaemic (ob/ob) mouse.

Considering that the (ob/ob) mouse is a good model for

13



insulin-independent diabetes in humans there has been a
paucity of research on the small intestine in this animal.
The available data are not comprehensive and in certain
cases the results are somewhat contradictory.

An increase in the wet wt. and length of the small
intestine in 8- to 12-week-o0ld (ob/ob) mice compared with
jean controls has been found (Binder et al., 1966; Bihler &
Freund, 1975).

Estimates of glucose transport by the small intestine
of (ob/ob) mice have been made using a variety of prepar-
ations (see 3.1 for full description). Whilst the rate of
disappearance of glucose administered by stomach tube
(Mayer & Yannoni, 1956) and 3-0-MG uptake by everted rings
of small intestine (Bihler & Freund, 1975) were shown to be
greater in obese mice compared with lean mice, .uptake of
galactose into tissue rings (Grimmel et al., 1970) and
transport of glucose by everted sacs of small intestine
(Binder et al., 1966) were similar in lean and obese mice.

The transport of amino acids by the small intestine of
(ob/ob) mice has received almost no attention, the only
study being that of Binder et al. (1966) who found no
significant ‘difference between lean and obese mice in the
transport of a very low concentration (5uM) of methionine
by everted sacs of small intestine.

20- to 24-week-o0ld (ob/ob) mice have an enhanced
activity of sucrase and maltase expressed per ng DNA in the
small intestine in comparison with lean controls (Grimmel
et al., 197D).

One of the main aims of this work was to present a

comprehensive picture of how the size of the small intestine,

14



transport of monosaccharides and amino acids, and activities
of disaccharidases in the small intestine,may alter with
age, and hence to try to relate any changes that may occur
to changes in the obese-hyperglycaemic syndrome (see

Table 1.1).

1.2.2 The diabetes (db/db) mouse.

The wet weight and length of the small intestine of 8-
to 12-week-o0ld (db/db) mice was increased compared with
lean mice (Ramaswamy et al., 1980). There was no effect of
genotype on the uptake of leucine or glucose into brush
border membrane vesicles (Bennetts & Ramaswamy, 1980) or on
the unidirectional uptake of B-MG or 3-0-MG into everted
segments of small intestine (Ramaswamy et al., 1980). The
activities of sucrase, maltase and trehalase were signif-
icantly elevated in (db/db) mice compared with lean controls
(Ramaswamy & Flint, 1980).

Because of the similarities and differences inherent in
the phenotypic expression of the (ob/ob) and (db/db)
genotype, on the C57BL/6J and C57BL/KSJ backgrounds
respectively, it was hoped that a comparison between the
effects of the two syndromes would give some insight into
how factors such as hyperglycaemia, (severe in (db/db) mice,
moderate in (ob/ob) mice), might influence transport and/or

enzyme activities.

1.2.3 The alloxan or streptozotocin diabetic animal.

In contrast with the paucity of studies involving the
(ob/ob) and (db/db) mice, extensive work on the effects of
alloxan- or streptozotocin-induced diabetes on the small
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intestine has been performed.

5 to 8 days after induction of diabetes in rats there
was no effect of the diabetes on either the wet wt. (Flores
& Schedl, 1968; Yamada et al., 1980) or dry wt. (Schedl &
Wilson 197la,b; Lal & Schedl, 1974) of the small intestine.
However, 8 to 20 days after induction of diabetes the
diabetic rats had a significantly increased wet wt.
(Younoszai & Schedl, 1972; Yamada et al., 1980), dry wt.
(Schedl & Wilson, 197la,b; Lal & Schedl, 1974) and length
(Younoszai & Schedl, 1972) of the small intestine compared
with controls, and this increase in size of the small
intestine was still seen 140 days after induction of
diabetes (Schedl & Wilson, 197l1a,b).

At all times after induction of diabetes in rats there
was an increase in the total capacity of the small intestine
to transport monosaccharides and amino acids (see references
below) . During the first few days after induction of
diabetes this increase in total transport capacity was due
to an increase in uptake per unit weight of tissue (Flores
& Schedl, 1968; Olsen & Rosenberg, 1970; Schedl & Wilsen,
1971a,b; Lal & Schedl, 1974; Csaky & Fischer, 1981). In
contrast to this, in rats from 8 to 140 days after induction
of diabetes the increase in total transport capacity was
mediated primarily by an increase in size of the small
intestine with no significant change in transport per unit
weight of tissue (Schedl & Wilson, 1971a,b; Lal & Schedl,
1974).

The specific activity of disaccharidases was increased in
alloxan or streptozotocin diabetic rats 5 days (Olsen &

Rogers, 1971; Caspary, Rhein & Creutzfeldt, 1972), 15 to 20
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days (Lorenz-Meyer et al., 1977; Nakabou et al., 1980) and
120 days (Mahmood, Pathak & Agarwal, 1978) after the
induction of diabetes.

Again, it was hoped that comparisons between (ob/ob)
mice and alloxan or streptozotocin diabetic rats would
yield information on the importance of specific aspects of
diabetes on intestinal structure and function (e.g. (ob/ob)
mice are hyperinsulinaemic while alloxan or streptozotocin

diabetic rats are hypoinsulinaemic).

1.2.4 Human diabetics.

Very limited data are available on the effects of
diabetes on intestinal absorption in man. Luminal perfusion
of the duodenum in vivo with glucose (278 mmol/1)
demonstrated an enhanced disappearance of glucose in
insulin-dependent diabetics compared with controls (Vinnik,
Kern & Sussman, 1965). However, this experiment used an
excessively high and certainly unphysiological concentration
of glucose, and a large diffusional component may have been
involved. In experiments where much lower concentrations of
monosaccharide were used no effect of insulin-dependent
diabetes was found on glucose disappearance from a segment
of jejunum perfused in vivo (Costrini et al., 1977) or on
&-MG uptake by biopsies of jejunal mucosa (Genel et al.,
1971).

Both insulin-dependent and non-insulin-dependent
diabetics have normal levels of jejunal disaccharidases
provided that they do not also have an insufficiency of
exocrine pancreatic function (Cerda, Preiser & Crane, 1972;

Arvanitakis & Olsen, 1974; Caspary et al., 1975).
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Because the diabetes of humans is usually well-
controlled it is perhaps not surprising that there seems to
be little effect of diabetes on the small intestine.

However, some human diabetics do exhibit a number of
pathophysiological disfunctions of the gastrointestinal
tract, including gastric retention and diabetic diarrhoea,
which are probably associated with severe diabetic neuropathy
(Hodges, Rundles & Hamelin, 1947; Woolen & Meriwether, 1961;
Vinnik, Kern & Struthers, 1962), a condition not seen in

animal models of diabetes.

1.3 ADAPTATION OF THE ABSORPTIVE PROCESS

Intestinal absorption is a sequential multiple-step
process (Parsons, 1975) which in vivo represents the
movement of substances from the lumen of the small intestine
into the blood stream. The techniques now employed to
examine absorption by the small intestine are varied and
involve the use of intact tissue preparations both in wvivo
and in vitro, as well as in vitro preparations of isolated
intestinal epithelial cells and both brush border and
basolateral membrane vesicles. Each experimental technique
has its limitations,and a full understanding of intestinal
absorption in vivo will ultimately be derived from a
combination of different approaches.

A description of the steps involved in intestinal
absorption in vivo, primarily limited to the absorption of
monosaccharides and amino acids, on which this study
concentrates, is presented below. Adaptation of the

absorptive process in obese mice could occur at any of
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these stages, but, of necessity, only some of the stages

have been investigated in this work.

1.3.1 Delivery of the substances to the intestinal

epithelium.

The first steps in the overall absorptive process are
concerned with the delivery of substances to the epithelium,
and involve movement of substances from the stomach into
the small intestine, movement along the length of the
intestine and radial movement of substrate from the bulk
phase in the lumen to the absorbing surface of the brush
border membrane.

In vivo, gastric emptying and transit along the length
of the intestine may play an important role in the
absorptive process (Pierce, Haege & Fenton, 1941; Reynell &
Spray, 1956). No reliable data seem to be available for the
effect of the (ob/ob) genotype on these processes, which
themselves deserve investigation.

Movement of substrate from the bulk phase in the lumen
to the absorbing surface is by diffusion down a concentr-
ation gradient across an unstirred water layer (UWL)
ad jacent to the mucosal surface. A high UWL resistance
could lead to low rates of solute absorption because the
concentration of solute at the mucosal surface would be
reduced. It has been shown both experimentally and
theoretically that the resistance of the UWL leads to
erroneously high Km values (Winne, 1973; Thomson & Dietschy,
1977; Thomson & Dietschy, 1980a; Lherminier & Alvarado,
1981) . The experimentally determined Km is greater then the

true Km according to the equation (Alvarado & Mahmood, 1974):
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m m max
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Where, 'm = experimentally determined Km
= true K
m m
maximal rate of transport

max

= thickness of the unstirred water layer

) e i -
1

= diffusion coefficient of the substrate in
the water of the UWL

It follows from the above equation that as the thickness
of the UWL decreases then K'm will tend to Km. Rapid
shaking of the tissue or stirring of the medium has been
shown to reduce the Km for transport in a variety of tissue
preparations (Dugas, Ramaswamy & Crane, 1975; Lherminier &
Alvarado, 1981), and increasing the flow rate or stirring
of the luminal perfusate increased solute absorption
(Lewis & Fordtran, 1975; Winne, Kopf & Ulmer, 1979). The
resistance of the UWL can be shown not to affect Vmax in
theory (Winne, 1973; Thomson & Dietschy, 1977) or in
practice (Thomson & Dietschy, 1980a; Lherminier & Alvarado,
1981).

The above techniques would serve to minimise the
thickness and influence of the UWL, and such procedures have
been adopted in this work as it is conceivable that the UWL
resistance might differ between the small intestine of lean

and obese mice.

1.3.2 Digestion of dietary carbohydrate and protein.

The breakdown of dietary carbohydrate and protein into
a form which can be absorbed by the small intestine is

itself a sequential multi-step process. Some diyestion
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takes place in the mouth due to the action of salivary
amylase, and further digestion occurs in the stomach. In
the small intestine, pancreatic enzymes split carbohydrates
and proteins into smaller units, and the final stages of
cigestion are carried out by the disaccharidases (Miller &
Crane, 1961; Newey, Sanford & Smyth, 1963) and peptidases
(Peters, 1970; Fujita, Parsons & Wojnarowska, 1972) located
in the brush border membrane.,

A comparison between lean and obese mice of one aspect
of this series of events, namely membrane digestion of

disaccharides, is presented in this work.

1.3.3 Transepithelial transport of monosaccharides and

amino acids.

In vivo, transepithelial transport of solutes involves
the movement across the brush border membrane into the cell,
transcellular transport, exit across the basolateral
membrane and movement through the extracellular space to
the blood vessels. Each of these steps is a possible site
of adaptation of the transport process, and each will be

considered in turn.
1.3.3.1 Movement across the brush border membrane.

As early as 1962 it was proposed that monosaccharide
transport across the brush border membrane was active,
carrier-mediated and sodium-dependent (Crane, 1962). This
idea was later expanded, and it was proposed that the brush
border carrier cotransported Na+ and glucose, the energy
for the active transport of glucose being derived from the

#> 0 :
coupled flux of Na into the cell down a concentration
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gradient (Crane, Forstner & Eicholz, 1965). This hypothesis,
termed the sodium gradient hypothesis, was later extended
to amino acid transport (Curran et al., 1967; Reiser &
Christiansen, 1967).

The coupling of sodium and solute flux was not
unequivocally documented until preparations of isolated
brush border membranes were shown to exhibit co-transport
of sodium and monosaccharide (Hopfer et al., 1973) or amino
acid (Sigrist-Nelson, Murer & Hopfer, 1975). It is now
clear that in addition to the chemical gradient of Na+, the
driving force for the concentrative sugar and amino acid
transport also contains an electrogenic component (Murer &
Hopfer, 1974; Kimmich, Carter-Su & Randles, 1977; Kessler &
Semenza, 1979), and hence the transport of these solutes is
dependent on the potential across the brush border membrane.

As well as the sodium-coupled components of sugar and
amino acid transport, there may also be a sodium-independent
passive entry across the brush border membrane. This may
represent simple diffusion although it has been estimated,
for example, that only 2% of the total unidirectional
influx of sugar into the epithelial cell is via a simple
diffusional route (Kimmich & Randles, 1979), and this
represents diffusion across all membranes of the cell. An
apparently non-saturating component for uptake of neutral
amino acids across the brush border has been described
(Sepulveda & Smith, 1978; Schedl et al., 1979), and it is
most likely that this represents a sodium-independent low-
affinity carrier-mediated transport system (facilitated
diffusion) (Paterson, Sepulveda & Smith, 1980).

Adaptation of the carrier-mediated transport of solute
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across the brush border membrane could involve changes in
the number of the carriers or in the turnover of the
carriers, both of which would be reflected as a change in
Vmax’ or a change in the affinity of the carriers which
would be seen as an alteration in Km. In this work the
unidirectional uptake of ®-MG and leucine across the brush
border membrane, using an intact tissue preparation (see
6.2 & 7.2), was measured so that vmax and Km for these
transport systems could be calculated in both lean and
obese mice, and hence the nature of the adaptation in
(ob/ob) mice, if any, elucidated.

Transfer of hexoses, released by disaccharidases,
across the brush border membrane of the small intestine may
in part involve a system which is sodium-independent and
intimately associated with the disaccharidases themselves
(Ramaswamy et al., 1974). It has been proposed that such
hydrolase-related transport may represent a vectorial
component of the disaccharidases themselves (Ramaswamy et
al., 1974) ,and this is indeed supported by other findings
(Storelli, Vogelli & Semenza, 1972; Hanke & Diedrich, 1974).
However, the importance of such hydrolase-related transport
in vivo is probably of minor physiological significance;
Semenza (1975) estimated that it probably accounts for only
5-10% of the transport of monosaccharides liberated from
disaccharides. No attempt has been made in this work to

measure hydrolase-related transport in lean or obese mice.
1.3.3.2 Transcellular transport and cellular metabolism.

Movement of solutes across the cell itself is a

phenomenon which must necessarily occur but of which very
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little is known. Presumably, the mechanism is one of simple
diffusion although cytoplasmic movements may be involved.

In the cell interior metabolic transformations may
occur, and this must be considered especially when uptake
of solute from the lumen of the small intestine is being
estimated by appearance of that solute on the serosal side
of the intestine or in the vasculature. Glucose is
metabolized by mucosal homogenates of the small intestine
(Srivastava & Hubscher, 1966; Shakespeare et al., 1972) and
during absorption from the lumen when perfused in vitro
(Hanson & Parsons, 1977) and in vivo (Windmueller & Spaeth,
1980). Whilst the majority of amino acids pass through the
intestinal epithelial cell unchanged (Finch & Hird, 1960),
metabolic transformations of arginine, glutamate, aspartate
and glutamine have been shown to occur in a number of
intestinal preparations (e.g. Finch & Hird, 1960; Hanson &
Parsons, 1977; Watford, Lund & Krebs, 1979).

Glucose metabolism by the small intestine represents
another step in the absorptive process where adaptation may
occur. In this study, luminal perfusion of glucose in vitro
has the advantage that, in the steady-state, the difference
between appearance of glucose on the serosal side of the
small intestine and the uptake of glucose from the lumen
gives a measure of glucose metabolism by the intact tissue,
and, therefore, any adaptation in glucose metabolism in the
small intestine of (ob/ob) mice can be determined.

Leucine was chosen as the amino acid to be used in this
study because it has been shown that leucine is not
metabolized by the small intestine of rats (Finch & Hird,

1960) .
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