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Diarrhoea of famine and malnutrition: investigations
using a rat model. 1 Jejunal hypersecretion induced

by starvation
A Young, R J Levin

Abstract

The effects of progressive starvation for up to
three days on the secretory functions of the
intestine were investigated using in vitro and in
vivo preparations of rat jejunum and secreta-
gogues whose action was either through cyclic
AMP or Ca**. Initial starvation for 24 h (day 1)
did not significantly alter the basal net electro-
genic ion secretion measured in vitro as the
short circuit current (Isc, pamps/cm?®) or the
change in electrogenic ion secretion (A Isc)
induced by the secretagogues. By day 2 of
starvation, however, the maximum A Isc tran-
sient induced by the cholinergic and other
secretagogues (A Isc=Isc max—basal Isc) was
greatly increased (up to a maximum of 117%)
compared with the fed controls on an area
basis. The A Isc were even greater on day 3 of
starvation. If a tissue weight basis was used to
normalise the data the increase became even
more marked. The enhancement in secretion
was not caused by a decrease in absorptive
capacity as glucose, added mucosally, gave
larger increases in absorptive currents in the
starved than in the fed jejuna. Bethanecol
dose-A Isc response curves in fed and starved
jejuna showed an increase in the maximum
electrogenic secretion in the starved but
no apparent change in the affinity of their
cholinergic receptors mediating the enhanced
secretion. The starvation-induced increase in
secretion elicited by bethanecol was blocked
by atropine, indicating that the receptors were
muscarinic, but was unaffected by tetrodo-
toxin indicating that the enteric neural innerva-
tion was not essential for its expression.
Noradrenaline released by tyramine was
greater in the starved than the fed jejunum,
suggesting that a decreased sympathetic tone
was unlikely to be the major cause of the
starvation induced secretory enhancement.
Measurement of jejunal fluid movements in
vivo showed that in fed controls and through-
out the three days of starvation there was an
unchanged net fluid absorption in the basal,
unstimulated state. By day 2 and day 3 of
starvation, however, bethanecol stimulated
fluid secretion was very much greater than that
of the fed controls. This increase in fluid
secretion was concomitant with significant
increases in the concentration of chloride in
the lumenal fluid. Starvation thus appears
to make the rat jejunum hypersensitive to
cholinergic and other secretagogues, increas-
ing the electrogenic secretion of chloride in
vitro and that of chloride and fluid in vivo.
These results obtained with the rat model give
a new insight into possible mechanisms by

which the diarrhoea of human famine and
malnutrition may be expressed.

Recurrent images of famine and malnutrition
victims have become all too familiar but it is less
well known that in adults and children intract-
able diarrhoea is usually the terminal condition.
Although there have been many studies on the
effects of starvation and undernutrition on the
absorptive functions of the small intestine in
animals'?® and a few in man,™® no satisfactory
explanation has been offered for this terminal
diarrhoea seen in humans forced into starva-
tion or severe undernutrition for extended
periods.*"* Moreover, even if the malnourished
victims are refed orally, the diarrhoea can often
become exacerbated after a few days remission
and threaten life."" While this diarrhoea of
starvation and malnutrition has been known for
millenia,>" few scientific investigations have
been undertaken to characterise its cause. The
diarrhoea is often attributed to bacterial
infection but without adequate substantiation.
Extensive bacteriological studies over the years,
however, have indicated that only a relatively
small percentage of the diarrhoea (about 15%) is
caused by bacteria."" Helweg-Larsen et al"
described three types of diarrhoea associated
with human starvation and severe malnutrition
observed in concentration camps, namely a
progressive, afebrile ‘hunger diarrhoea’, an
‘infectious diarrhoea’ and an ‘alimentary
diarrhoea’ caused by sudden realimentation.
The hunger diarrhoea was by far the most
prevalent. Roediger' suggested that the terminal
diarrhoea of kwashiorkor and marasmus (corres-
ponding to hunger diarrhoea) was the result of
malnutrition of the enterocytes and colonocytes
reducing their absorptive potential and capacity.
Obvious ethical problems involved in controlled
experiments with starving human victims has
resulted in the intestine’s secretory condition
being practically ignored experimentally despite
significant advances in our knowledge of the
enterocyte’s cellular mechanisms initially stimu-
lated by work on cholera.'"” Because of the lack
of studies focused on the mechanism for the
diarrhoea of starvation and malnutrition we have
investigated the use of the rat as an experimental
model. In this study, we have starved rats for up
to three days and examined the effects on the
secretory activity of the jejunum both in vitro and
in vivo. Between 24 and 48 hours of starvation,
the rat jejunum becomes hyper-reactive to a
variety of stimuli that elicit intestinal secretion
despite the decreasing cell population of crypts
and villi. Most of the hypersensitivity appears to



reside in the jejunal enterocyte at a postreceptor
site or sites. Various aspects of the work have
been communicated to the Physiological
Society'** and the Nutrition Society.”

Methods

ANIMALS AND DIET

Male albino rats, weight 220-250 g, of the
Sheffield strain were allowed ad lib water and
food (Diet CRM, Labsure, London). In the
experimental groups water was given ad lib but
the diet was removed for periods of 24, 48, or 72
hours before the animals were used. The animals
were housed routinely in plastic cages with raised
wire mesh bottoms to reduce coprophagy. The
lights were on from 5 30 am until 6 30 pm and the
humidity (72%) and temperature (20 (1)°C) were
controlled.

IN VITRO PREPARATIONS

On the day of use the rats were anaesthetised
with ip pentobarbitone sodium (Sagatal, May &
Baker; 60 mg/kg body weight). On achieving
surgical anaesthesia, a midline incision was made
and the midjejunum of the small intestine, some
30 cm from the ligament of Treitz, identified. A
5 cm length of this area was removed, cut open
along its mesenteric border and mounted on pins
as a flat sheet over an aperture (drilled in a plastic
plate) of approximately 2 cm?. A second perfor-
ated plate was placed over this and the intestinal
sheet clamped between two identical chambers
(volume 10 ml) machined from perspex. The
whole was immersed in a constant temperature
water bath set at 38°C. Each chamber was filled
with 7 ml bicarbonate saline buffer gassed with
humidified 95% O,, 5% CO, at 38°C. The tissue
potential difference (pd in mV), short circuit
current (Isc in microamps) and resistance (R in
ohms) were obtained by a previously published
standard technique.? The serosal fluid contained
initially 10 mM glucose and the mucosal 10 mM
mannitol (to maintain osmotic balance across the
tissue). The mounted tissue was allowed to
stabilise for 10 minutes before experiments were
conducted. In a number of experiments the
external smooth muscle of the intestine was
removed. This was accomplished by placing the
excised intact intestinal segment onto a glass rod
and carefully cutting along the mesenteric
border with a blunted scalpel blade. The smooth
muscle layers could then be peeled away to leave
a stripped segment. After use the tissue was
removed and wet and dry weights measured.

In many of the early experiments the viability
of the clamped tissue sheet was confirmed
initially by adding 28 mM glucose to the mucosal
fluid. When the glucose transfer pd and Isc
had reached its maximum maintained value
(approximately five minutes after addition) the
mucosal and serosal solutions were replaced with
fresh buffer and the pd and Isc monitored until it
restabilised. Electrogenic secretory activity was
induced across the intestinal sheet by addition to
the serosal solution of a variety of secretagogues.
Three cholinergic secretagogues were used: (i)
acetylcholine chloride; (ii) carbachol (carbamyl
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choline chloride) a more stable cholinergic
agonist with both muscarinic and nicotinic
actions; and (iii) bethanecol (carbamyl-f3 methyl
choline chloride) a stable, specific muscarinic
agonist. In those experiments where theophyl-
line was added to induce secretion the methyl-
xanthine (10 mM) was dissolved in a separate,
warmed and gassed bicarbonate buffer solution
which then replaced the normal mucosal and
serosal buffers incubating the sheet (mucosal
fluid=10 mM theophylline+10 mM mannitol,
serosal fluid=10 mM theophylline+10 mM
glucose). Other secretagogues used in the strip-
ped preparation included prostaglandin E; (2-8
uM), 5 hydroxy-tryptamine (50 uM), A23187
(5 uM), forskolin (10 uM), and dibutyryl cyclic
AMP (1 mM). In some experiments either
tetrodotoxin (10 uM), atropine (100 pM), or
furosemide (1 mM) were added to the serosal
solution with the agonist acetylcholine (1 mM).

The index of electrogenic secretory activity
used was the maximum change in the Isc induced
by the secretagogue (A Isc). This was obtained
by monitoring the Isc every 30 secs throughout
the action of the secretagogue and then subtract-
ing the basal Isc (usually that immediately before
the addition of the agent) from the calculated in-
duced peak of the current — namely, A Isc=max
Isc—basal Isc. This Isc was then recalculated per
cm?’ serosal area of exposed tissue. In some cases
the Isc was also calculated per 100 mg per
exposed tissue dry weight. Intestinal dry weights
were obtained by cutting the chamber-exposed
area of the mounted segrment away from the rest
of the tissue and drying overnight at 100°C.

In experiments investigating the ion respons-
ible for the secretory currents induced by
secretagogue stimulation, the chloride ions in
the bicarbonate saline” were replaced with
isoosmolar solutions of sodium, potassium, and
calcium gluconate.

IN VITRO EXPERIMENTS INVOLVING
TYRAMINE RELEASE OF ENDOGENOUS
TISSUE NORADRENALINE

Tyramine releases noradrenaline  from
adrenergic nerves of the sub-mucosal plexus?”
of isolated sheets of small intestine.” In a series
of experiments tryamine (100 pM) was added
to the solutions bathing sheets of jejuna from
fed and three day starved rats in the presence of
the monoamine oxidase inhibitor pargyline
(100 uM). The action of the locally released,
endogenous noradrenaline was monitored by its
depression on either the basal Isc or on the
theophylline (10 mM) stimulated Isc. Confirma-
tion that tyramine was releasing noradrenaline
was obtained by using the a,, blockers yohimbine
(10 uM) or idazoxan (10 uM) to inhibit the
action of the tyramine released active agent on
the Isc.

IN VIVO MEASUREMENTS OF FLUID

Fluid movements were measured in vivo by
using a modification of a techniqiie published by
Strombeck.” The fed or starved rats were
anaesthetised with ip pentobarbitone as des-
cribed previously. When surgical anaesthesia
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was attained a midline incision was made and a
20 cm length of midjejunum cannulated using
two glass cannulae. Debris in the lumen was
washed out with warmed 0-9% NaCl. The saline
was removed from the loop by blowing through
the proximal cannula. The distal cannula was
then removed and the incision tied off. Approxi-
mately 0-25-0-5 ml of 0-9% NaCl was instilled
into the loop via the proximal cannula from a
weighed, fluid filled syringe (A gm). The syringe
was then reweighed (B gm) and the weight of
fluid instilled, sufficient to just distend the loop,
was calculated by difference (A—B gm). The
animal was injected with ip bethanecol or
carbachol (55 or 60 ug/kg body weight in 0-1 ml
0-9% NaCl respectively). The abdominal
incision was closed with clamps, covered with
0-9% NaCl moistened tissue and the animal
placed on its side on a heated table for 20
minutes. At the end of the period the rat was
killed by an incision into the thorax. The loop
was excised, blotted free of excess fluid and
weighed (C gm). It was then cut open, drained,
blotted and reweighed (D gm). The amount of
fluid recovered was obtained by subtraction
(C—D gm). The net movement of fluid into or
from the loop was calculated as [(C—D)—
(A—B)] gm. If absorption took place there was a
net loss of fluid from the loop, (A—B)>(C—-D),
and the sign of fluid movement is given as
negative but if secretion occurred there was a net
gain of fluid into the loop, (C—D)>(A—-B), and
the sign of the fluid movement is given as
positive. Control experiments were undertaken
using an identical technique with similar
volumes instilled into the 20 cm loops but instead
of the ip injection of cholinergic secretagogue an
equal volume of 0-9% NaCl was used. The fluid
movements in or out of the loop were calculated
as pg/cm jejunal length/min. As the specific
density of the solutions weighed are all approxi-
mately equal to that of water, the error involved
in regarding the weights of the fluid measured as
being equal to the volumes secreted or absorbed
are far less than other errors of the gravimetric
technique. Thus the fluid weights can be
assumed to be identical with fluid volumes.

In the initial study of fluid movements in
2iv0,” 5 cm loops of jejunum were used. Their
small size increased the handling, however, and
the distension of the fluid-filled loop, both
factors causing a basal secretory ‘tone’ in the
loops instead of a normal absorptive ‘tone’.
Because of this effect the larger, 20 cm loops
became the size of choice.

Measurements of chloride in the lumenal
fluids were accomplished using a Buchler digital
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chloridometer (G D Searle & Co, New Jersey,
USA).

MATERIALS

All the chemicals were purchased from Sigma
Chemical Company Ltd, Poole, England apart
from the prostaglandin E, supplied by Upjohn
Ltd, Crawley, England and the idazoxan
(Rx781094A) which was a gift from Reckitt and
Colman, Hull, England.

STATISTICAL ANALYSIS

All results are shown as the mean (SE). Statistical
comparisons were accomplished using Student’s
unpaired ¢ test with 0-05 as the level of signific-
ance. When multiple comparisons were needed
the Kruskal-Wallis analysis of variance was
used followed by Conover’s multiple t-test to
delineate specific differences.*

Results

EFFECTS OF STARVATION ON BODY WEIGHT
AND VARIOUS JEJUNAL BIOELECTRIC
PARAMETERS

The various changes that take place in the
jejunum over the three day fast are shown in
Table I. It is clear that for the first 24 hours (day
1) there are no significant changes apart from
the small but significant (p<<0-05) 8% decrease
in body weight. After 48 hours (day 2) there
are significant decreases in the body weight
(—12-5%), in the wet and dry weight of jejunal
tissue per cm? (—11-7% and — 13% respectively).
While the basal Isc per unit area does not change,
when placed per 100 mg dry weight the basal Isc
is very highly significantly greater than the fed
control value (+27%, p<0-001). After 72 hours
of starvation (day 3) there is a very highly
significant decrease in body weight (—17%,
p<0-001), in intestinal wet and dry weight per
cm’ serosal area (both —30%, p<0-001) and a
small but significant decrease in intestinal resist-
ance per cm? (—11%, p<<0-01). As before, the
basal Isc on a unit area basis in the 72 h starved
rat is not significantly changed compared with
the fed value but when calculated on a dry weight
basis there is a highly significant 68% increase
(p<0-01).

ELECTROGENIC SECRETORY RESPONSES
TO SECRETAGOGUES DURING
PROGRESSIVE STARVATION FOR 72 HOURS
The electrogenic secretory responses of unstrip-

TABLE1 Various structural and bioelectric parameters of the jejunum in fed controls and during three days of progressive

starvation. Results are given as the mean (1 SE ), n is the number of animals used. The levels of the significance of the percentage
changes from the fed control group are shown as the superscripts: a where p<<0-0S, b where p<0-01, and ¢ where p<0-001

Fed controls ~ Starvedday | % change  Starvedday2 % change  Starvedday3 % change

n 30 18 18 28

Body wt (g) 240 (5) 221(6) -8 210(5) —12-5¢ 199 (5) -17¢
Jejunal wet wt (mg/cm?®) 103 (3) 100 (2) -29 91 (4) -11-7? 72(3) -30¢
Jejunal dry wt (mg/cm’) 25(0°7) 24(0-7) —4 20(0-9) —13¢ 16 (0-6) —30;
Resistance (ochm/cm ?) 72(2) 71(2) -1 66 (2) -8 64 (2) -11
Basal pd (mv) 66 (0-2) 6:9(0-2) +4'5 5:9(0-3) -11 6:4(0-2) -3
Basal Isc (nA/cm’) 92 (3) 98 (6) +6 96 (3) +4 101 (4) +10
Basal Isc (1A/100 mg) dry wt 377 (14) 408 (21) +8 480 (13) +27¢ 632 (14) +68¢
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TABLE I1  Electrogenic secretion (A Isc) of unstripped jejuna
removed from fed controls and rats starved for 24 h (day 1), 48
h(day 2), and 72 h (day 3). Responses were elicited by
addition of carbachol (1 mM ), bethanecol (1 mM ), and
theophylline (10 mM ) to the in vitro preparation. Results are
shown as the mean (SE ). The number in square brackets
represents the number of rats used. The levels of significance
from the fed controls are shown as superscripts

A Isc (nampsicm®)

Carbachol Bethanecol Theophylline
Fed controls 52(9) (8] 59(6)[12] 61 (6)[10]
Day 1 60 (6) 8] 5S(7)[15] 66 (4) [9]
Day 2 85(9) [8]* 83(7)[12]* 97 (4) [9]t
Day 3 125 (15) [8]t 103 (6) [15]F 129 (4) 8]t

*p<0-01; +p<0-001.
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Figure 1: Increase in Isc (A Isc) induced across jejuna from
fed, 24 h fasted (day 1), 48 h fasted (day 2), and 72 h
fasted rats by addition of 1 mM carbachol to serosal solution.
The A Isc is calculated on a unit serosal area basis (upper
graph) and a 100 mg dry weight basis (lower graph). Results
are shown as mean (1 SE ) with the number of animals in

brackets.
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Figure 2: Time course of response of Isc to serosal addition of carbachol (1 mM) to jejuna from
fed controls and 72 h starved rats. Results are plotted as mean (SE ) with the number of rats in
brackets.
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ped jejuna calculated on a unit serosal area basis
from fed rats and rats starved for 24, 48, and 72
hours using the secretagogues carbachol,
bethanecol, and theophylline are shown in Table
I1. After 24 hours of food deprivation (day 1) the
electrogenic secretory responses to the three
secretagogues were not significantly different
from those induced in the fed controls. After 48
hours of starvation (day 2), however, all the
responses were significantly increased, for
carbachol by 63-5% (p<0-01), for bethanecol
by 40-7% (p<<0-01) and for theophylline by 59%
(p<0-001). Continuing the starvation period
for 72 hours (day 3) increased further the amount
of electrogenic secretion induced whether
compared with the 48 hour starved values
(carbachol +42%, p<0-05; bethanecol +51%,
p<0-01; theophylline +47%, p<0-001) or to
the fed controls (carbachol +140%, p<0-001;
bethanecol +75%, p<0-001; theophylline
+115-5%, p<0-001). The basal Isc values of the
jejunal segments from fed, day 1, day 2, and day
3 starved rats were not significantly different on
the unit serosal area basis (Table I) but on a 100
mg dry weight basis those for days 2 and 3
become significantly increased from the fed
controls. The data for the secretory responses
induced by the secretagogues in Table II have
not been listed on a 100 mg dry weight but it is
obvious that because of the decreases in jejunal
dry weight (Table I), placing the electrogenic
secretory responses to the secretagogues on
this basis will exaggerate further the increases
observed on a unit area basis for day 2 and 3. This
effect is shown clearly in Figure 1 using data for
carbachol stimulated jejuna.

TIME COURSES OF CHANGES IN ISC
INDUCED BY SECRETAGOGUES

The time courses of the changes in the Isc in fed
and 72 h starved jejuna (unstripped) are shown in
Figures 2 and 3 for the serosal addition of 1 mM
carbachol (Fig 2) and 1 mM bethanecol (Fig 3).
The additions of 10 mM theophylline to both
mucosal and serosal solutions are shown in
Figure 4. It is quite obvious from the time
courses that all the secretagogues used induce a
much greater secretory response, Isc, in the
starved compared with the fed jejuna (see also
Table II) but they also induce an increase in the
total area under the time course graphs. This
implies that not only is the maximum rate of
secretion increased by starvation but so is the
total amount of charge (ions) secreted.

In Figure 5 the responses of fed and starved
jejuna to the addition of 28 mM glucose to the
mucosal bathing solution are shown. The 3 day
starved jejuna responds with an 86% greater
maximal increase (Isc fed=35 (5) pamps/cm’,
Isc starved=65 (7) pamps/cm’, p<<0-01)) and
larger area (approximately +78%) under the
time course curve indicating a greater hexose
linked electrogenic absorption of ions by the
starved compared to the fed jejuna.

DOSE RESPONSE CURVE TO BETHANECOL
In Figure 6 the Isc dose response to various doses
of serosal bethanecol (from 1 pM to 20 mM) are



Diarrhoea of famine and malnutrition
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Figure 3: Time course of response of Isc to serosal addition of bethanecol (1 mM ) to jejuna from
fed controls and 72 h starved rats. Results are plotted as mean (SE ) with the number of rats in
brackets.
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Figure 4: Time course of response of Isc 1o the mucosal and serosal addition of theophylline (10
mM) to jejuna from fed controls and 72 h starved rats. Results are plotted as mean (SE ) with the
number of rats in brackets.

Glucose
1501 (28 mM)
1254 72h Starved (13)
«
5 Fed (12)
5 1004
2
754
504 - v r v . v .
-2 -1 0 1 2 3 a 5

Time (min)
Figure 5: Time course of response of Isc to the mucosal addition of glucose (28 mM) to jejuna
from fed controls and 72 h starved rats. Results are plotted as mean (SE ) with the number of rats
in brackets.
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Figure 6: Response curves of jejunal A Isc against different
doses of serosal bethanecol in fed controls and 72 h starved rats.
Results are plotted as mean (SE ) with the number of rats in
brackets.

shown for the fed and 72 h starved unstripped
jejuna. It is clear that the increase in electrogenic
secretion in the 72 h starved jejunum is signific-
antly greater over the fed for the whole range of
bethanecol doses used. The data suggest an
increase in the maximum secretory capacity of
the starved gut rather than any significant change
in the affinity that gives the EDsy dose (fed
jejuna=92 pmol, 72 h starved jejuna=64
umol).

As bethanecol is known to be selective for
muscarinic cholinergic receptor sites, the secre-
tion induced by this agonist appears to be
mediated via muscarinic rather than nicotinic
receptors. The former are on enterocytes while
the latter are in the enteric nervous network.'"

ACTION OF VARIOUS SECRETAGOGUES ON
STRIPPED JEJUNA FROM FED AND 3 DAY
STARVED RATS

Calcium mobilising secretagogues

The stripped jejunal preparation facilitates the
access of secretagogue to the basal membranes of
the enterocytes and increases the concentration
of the secretagogue in the biophase beneath the
enterocytes. The preparation was used to
examine the actions of a variety of secretagogues
and secretory antagonists. Some secretagogues
elicit secretion by mobilising and/or increasing
the intracellular level of calcium. Included in this
group are acetylcholine, the calcium ionophore
A23187, and 5-hydroxytryptamine. The electro-
genic secretion elicited by these agents are
shown in Table III in jejuna from fed and 3 day
starved rats. Acetylcholine induced an increased
electrogenic response in starved jejuna of 115%
(p<0-001) compared with the fed controls, while
A23187 induced an increase of 90% (p<0-01)
and 5-hydroxytryptamine an increase of 84%
(p<<0-001). :
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TABLE 111 _ Actions of secretagogues that elicit electrogenic secretion (measured as A Isc/cm’)
through raised cytosolic calcium in stripped jejuna from fed control and three day starved rats.
Results are shown as the mean (SE ) with the number of rats used in square brackets

A Isc (pnamps/cm?)

Fed 3 Day starved % change P
Acetylcholine (1 mM) 142 (5)[15] 305 (15) [14] +115 <0-001
A23187 (5 uM) 42(2)[8] 80(3)[8] +90 <0-01
5-Hydroxytryptamine (50 uM) 19 (1) [15]) 35(2)[15]) +84 <0-001

TABLE IV Actions of secretagogues that elicit electrogenic secretion (measured as A Isc) through
cyclic AMP in stripped jejuna from fed control and three day starved rats. Results are shown as
the mean (SE ) with the number of rats used in square brackets

A Isc (wamps/cm’)

Fed 3 Day starved Y% change P
PGE, (2-8 uM) 43(5)([7] 76 (5)[16] +77 <0-01
Forskolin (10 uM) 78(2)(8] 122 (7)[8] +56 <0-01
Theophylline (10 mM) 96 (4) [8] 208 (3) (8] +117 <0-001
Dibutyryl cyclic AMP (1 mM) 72(5)[19] 116 (5)[14] +61 <0-001

TABLEV  Effects of replacing chloride ions by gluconate on
the basal Isc in jejuna (unstripped) from fed controls and three
day starved rats. Results are shown as the mean (SE).
Number in square brackets represents the number of animals

Basal Isc (namps/cm®)
Fed 3 Day starved
Chloride present 89(3)[10] 93 (3)[11]

Gluconate replacement of chloride 24 (4) [16] 36(3)[19]

Cyclic AMP stimulating secretagogues

Another class of secretagogues elicits secretion
by stimulating the production of cyclic AMP in
the enterocyte. The effects of these agents on the
electrogenic secretory responses in jejuna from
fed and three day starved rats are shown in Table
IV. Prostaglandin E, increased the electrogenic
secretory response in the 3 day starved jejuna by
77% (p<0-01). Forskolin enhances the produc-
tion of cyclic AMP by stimulating adenylate
cyclase, it increased the electrogenic secretory
response in the starved jejuna by 56% (p<<0-01).
Theophylline increases the level of cyclic
AMP in cells by inhibiting its breakdown by

Figure 7: Response of A Isc 140+ Chloride repl in rat jej
at different doses of serosal
bethanecol in jejuna from fed
control and 72 h fasted rats 4 72h Starved (9)
in the presence (solid line) 120 ® Fed(9)
and absence (dotted line) of ——— Cl present
chloride ions using gluconate ———=Clfree
as the replacement solute.
Results are plotted as the 100+
mean (SE ) with number of
rats in brackets.
-
E 80
b
< 604
40-
20-
---F"77 -
R L R
:___:—__'_-___’____,_l.— u
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Dose bethanecol (molar)
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phosphodiesterase, it increased the electrogenic
secretory response of the starved jejuna by 117%
(p<0-01). The direct addition of dibutyryl
cyclic AMP to the starved jejuna induced a 61%
increase in the secretory response (p<<0-001)
compared to the fed jejuna.

EFFECTS OF TOTAL REPLACEMENT OF
CHLORIDE IONS ON BASAL AND
SECRETAGOGUE INDUCED CURRENTS

The effects of replacing all the chloride in the
bathing buffers by gluconate on the basal Isc in
the fed and starved jejuna (unstripped) are
shown in Table V and on the secretory Isc
induced by the serosal addition of bethanecol
over the dose range 10~ to 10-* M in Figure 7.
The basal Isc fell by 73% in the fed jejunum and
by 61-3% in the starved jejunum (Table V). The
basal Isc in the presence of chloride was not
significantly different between the fed and
starved segments (p>0-05) but in the absence of
chloride, the starved intestine had a significantly
greater Isc (+50%, p<<0-05) then the fed.

In the absence of chloride, the muscarinic
agonist bethanecol caused only very small
increases in the electrogenic secretion in the fed
jejuna, the reductions in the secretory Isc’s over
the dose range used being in the range of 80 to
88%. In the starved gut, the secretory Isc’s were
still extremely small, the decreases being in the
range 85 to 86% compared with those in the
presence of chloride, but they were significantly
greater than those in the fed at each dose of
bethanecol used (p<<0-01). That the reductions
in basal Isc (Table V) and Isc (Fig 7) in fed and
starved jejunum were the result of chloride lack
per se and not to non-specific secondary effects of
the ion’s absence was shown by the maintenance
of normal Isc changes on the addition of mucosal
glucose (28 mM). In the fed jejunum, glucose
when added to the mucosal fluid, caused an
increase in the Isc of 39 (4) pamps/cm’ (n=10)
in the presence and 33 (3) pamps/cm’ (n=9) in
the absence of chloride. The values for the
starved jejunum were 77 (3) pamps/cm’
(n=11) in the presence and 69 (6) pamps/cm’
(n=9) in the absence of chloride. In both
preparations the difference in current between
the presence and absence of chloride ions was not
statistically significant.

The results show that in both fed and starved
intestine the basal current and the secretory
currents induced by the cholinergic agonist are
carried mainly by chloride ions to the mucosal
fluid - that is, chloride secretion. Moreover, the
increased secretory current of the starved
intestine induced by the secretagogue is clearly
carried mainly by the chloride ion. Further
support for this conclusion is given in the next
section with the use of furosemide, and inhibitor
of chloride transport.

ACTIONS OF VARIOUS ANTAGONISTS IN
STRIPPED JEJUNA

A number of antagonists were used to explore the
characteristics of the electrogenic secretory
currents induced by serosal acetylcholine in the
stripped preparation (Table VI). Acetylcholine
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TABLE VI

Actions of tetrodotoxin, furosemide, and of atropine on the electrogenic secretion

induced by 1 mM acetylcholine in stripped jejuna from fed control and three day starved rats.
Results are shown as the mean (SE ) with the number of rats used in square brackets

A Isc (pnamps/cm’)

Fed 3 Day starved % change  p
Acetylcholine 142 (5) [15] 305 (15) [14] +115 <0-001
Acetylcholine+tetrodotoxin (10 pM) 151 (12) [5] 293 (15) [6] +94 <0-001
Acetylcholine+furosemide (1 mM) 24 (2)[9] 30(3)[10] +25 NS
Acetylcholine+atropine (100 uM) 40(3)[8] 50 (4) [8] +25 NS

by itself induced a 115% increase in the Isc in the
starved compared with the fed gut. Addition of
10 uM tetrodotoxin had no significant effects on
the secretory currents induced either in the fed
or the starved segments (Table VI) showing that
the acetylcholine is acting directly on the
enterocytes rather than through the enteric nerve
plexuses left in the stripped preparation.
Evidence that the acetylcholine is acting on
muscarinic rather than nicotinic sites is shown by
the fact that 100 pM atropine reduced the
induced secretory currents in both fed (—72%)
and starved preparations (—84%) to the same
level.

Confirmation that chloride ion is involved in
the secretory currents (see previous section on

Jejuna
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150 o Fed pargyline/tyramine (n=10) Bethanecol
1mM

1254 Saline Saline

100+

Pargyline

50- 125 M t
Tyramine
100 um Bethanecol
254 imM
o a S A e L
@ Time (min)
i Jejuna
225 ® 72h Starved controls (n=24)
© 72h Starved pargyline/tyramine 9 (n=12)
2004
1754
Bethanecol
1504 (1mM) 1
o~
£ 125- Saline Saline
3 { |
2 100-IIIIIrILIIrrIrrrrxx
75+
t t
50+ Pargyline  Tyramine
125uM  100uM
254 Bethanecol
(1mMm)
0~ ———r—r—T1— —r———rTT T T —r— v
-4 V] 5 10 15 20 25
Time (min)

Figure 8a and b: Time course of responses of basal Isc in fed jejuna (upper graph 8a) and 72 h

starved jejuna (lower graph 8b). The solid circles show the

changes occurring with the additions

of saline controls followed by the addition of serosal bethanecol (1 mM ) while the open circles
show the changes occurring with the addition of pargyline (125 uM) followed by tyramine (100
M) and then serosal bethanecol. Results are plotted as mean (SE ) with the number of rats in

brackets.
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chloride replacement experiments) induced by
cholinergic stimulation is shown by serosal
furosemide (1 mM) reducing such currents in
both fed and starved intestine to the same level,
representing some 10 to 15% of the normal Isc
(Table VI).

TYRAMINE RELEASE OF ENDOGENOUS
NORADRENALINE

One possible factor involved in the hypersecre-
tion exhibited by the jejuna from the 2 and 3 day
starved rats could be changes in the level of the
adrenergic sympathetic tone. As noradrenaline is
known to inhibit intestinal secretory activity,
decreases in its concentration in fasting intestine
could allow a hypersecretory state. In order to
assess the endogenous levels of noradrenaline,
unstripped intestinal sheets from fed controls
and the 3 day starved rats were treated with
tyramine in the presence of the monoamine
oxidase inhibitor pargyline using the procedure
described by Tapper et al.”* The tyramine
releases noradrenaline from adrenergic nerve
endings in the sheet which then inhibits any
electrogenic secretory activity in both the basal
and the stimulated state. Typical experiments
are shown in Figures 8 and 9. A summary of the
effects of the addition of pargyline and tyramine
on the basal Isc of fed and 3 day starved jejuna
are shown in Table VII. Both pargyline and
tyramine caused decreases in the basal Isc which
were always significantly greater in the starved
tissue (Fig 8a, b) indicating that there was a
greater amount of noradrenaline in the starved
intestine. Bethanecol was added at the end of
these experiments to confirm the viability of the
preparations by the large increase in Isc due
to the secretagogue’s action on electrogenic
secretion. Similar results were observed when
pargyline and tyramine were added to fed and
3 day starved jejuna after stimulation with
theophylline (Table VIII). The pargyline
decrease, although greater in the starved than
the fed, was not however significant but the
tyramine effect was very much greater than that
observed in the fed sheets (Fig 9a, b). The
addition of serosal noradrenaline had a great
inhibitory effect on the secretory Isc induced by
theophylline in the fed and starved sheets which
was reversed by yohimbine. Glucose (10 mM)
was added at the end of these experiments to
confirm the viability of the preparations by the
large increase in Isc due to the enhanced Na-
absorption linked to the hexose’s transfer.

The conclusion from both sets of experiments
was that there was very little ‘tyramine releas-
able’ endogenous noradrenaline in the intestine
of fed rats but there was significant amounts in
those from three day starved animals. If this
increased noradrenaline in the starved intestine
was reflected in an increased release then the
intestine from these animals should actually
display a reduced secretory activity rather than
an enhanced one.

FLUID AND CHLORIDE MOVEMENT
MEASURED IN VIVO
In order to confirm that the increase in electro-
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TABLE VII  Basal Isc and changes in basal Isc (A Isc) induced by addition of pargyline (125
uwM) and tyramine (100 uM) to jejuna from fed controls and three day starved rats. Bethanecol
(I mM ) was added finally to confirm the viability of the preparation. Results are shown as mean
(SE). The negative values of the Isc indicate decreases in the basal Isc by the various agents
while positive values indicate increases. The % change column is a comparison of the changes
induced in the starved animals with those of the fed. Number in square brackets represents
number of animals used. See Figure 8 for time course protocol
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TABLE VIII  Effect of addition of pargyline (125 uM),
tyramine (100 WM ) and adrenaline (100 WM ) on the A Isc
induced by theophylline (10 mM ) in jejuna from fed controls
and three day starved rats. Glucose (28 mM ) was added finally
to confirm the viability of the preparation. The negative values
of the Isc indicate decreases by the various agents while
positive values indicate increases. The % change column is a

comparison of the changes induced in the starved animals with

Isc (namps/cm®)

those of the fed. Results are given as the mean (SE ). Number
in square brackets represents the number of animals used. See

Fed[9] 3 Day starved[11] % change p Figure 9 for time course protocol
Basal 89 (6) 88 (8) -1 NS A Isc (nampsicnr’)
A Isc(nampsiem) Fed(8] 3 Daystarved[11] "o change p
Pargyline —-10(2) —-16(2) +60 <0-01
Tyramine ) =7(1) -14(2) +100 <0-001  Theophylline 49(7) 110(3) +124 <0-001
Total (pargyline + tyramine) -17(2) -30(2) +76°5 <0-001  Pargyline -11(3) -16(3) +455 NS
Bethanecol +50(3) +96 (10) +92% <0-001  Tyramine -5(2) -16(3) +220 <0-01
Adrenaline —-38(7) -77(10) +103 <0-01
Glucose +39(3) +77(6) +97-4  <0-001
n®
.1 Fed jejunal segment 919986
PAR (S) TYR (S) n-ADR (S)
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TABLE IX  Basal and bethanecol induced fluid movement in jejuna from fed and day I to day 3
starved anaesthetised rats. Results are shown as the mean (1 SE ) with the number of animals
used in square brackets. Net secretion (fluid movement to lumen) is given as positive while net
absorption (fluid loss from lumen) is shown as negative. Bethanecol was given ip at a dose of 60
ugrkg body wt and the fluid movements were measured over a 20 min period, but calculated for
unit time. Statistical comparisons indicated by the superscripts use the Kruskal-Wallis ANOVA
with specific differences delineated by Conover’s t test

ug fluid/min/cm

% change for bethanecol

Basal Bethanecol stimulated stimulation
Fed —907 (41)[10] +873 (31) [8)° -
Day 1 —1031(30)[10] +949 (39) [8] +87(avb,NS)
Day2 —87121)[11] +1976 (27) [9¢ +126 (av ¢, p<0-01)
Day 3 -911(29)[13] +2979 (27) [10]¢ +141 (avd, p<0-001)

genic secretory activity in the starved jejuna was
a valid index of fluid secretion by the jejuna,
a series of experiments were undertaken to
measure fluid movement to and from jejunal
loops in anaesthetised fed controls and the
progressively starved rats. The results are shown
in Table IX. In the absence of any secretory
stimulant the jejuna from both the fed controls
and the starved rats displayed an absorptive tone
which was not significantly different. Inducing
secretion by ip bethanecol caused significantly
greater amounts of fluid to be secreted into the
lumen of the loops of the starved jejuna, on day
2 (+126%, p<0-001) and day 3 (+241%,
p<0-001). When carbachol (ip, 55 pg/kg body
wt) was used to induce secretion in vivo on day 3
of starvation, fluid secretion was significantly
increased by 144% (fed controls 450 (50) ug/
min/cm; 3 day starved 1100 (110) pg/cm/min,
p<<0-001).

The changes in the chloride concentration of
the lumenal-instilled fluid in the basal and in
the secretagogue stimulated state of the above
experiments are shown in Table X. In the basal
condition, both the fed and starved jejuna
decreased the Cl concentration of the lumenal
fluid below that of the initial fluid, but the
comparative changes between the jejuna were
not significant. In the stimulated state, both
cholinergic secretagogues caused a significant
increase in the Cl° concentration of the lumenal
fluid but those in the starved jejuna were signific-
antly greater than those in the fed intestine
(carbachol +11-8%, p<0-001, bethanecol
+8-5%, p<0-01). The increased movement of
fluid and of chloride into the lumen of the starved
rat induced by secretagogues in vivo confirms
that their action to increase the jejunal electro-
genic secretion (A Isc) monitored in vitro is a
valid index of fluid secretion.

Discussion
The results show clearly that between 2448
hours of starvation the jejunum of the rat

TABLEX Changes in the chloride concentration (in mM ) of 0-9% NaCl instilled into the lumen
of control fed and three day starved rats in vivo in the basal state and after stimulation for 20 min
with 1p carbachol (55 pglkg body wt) or ip bethanecol (60 uglkg body wt). Results are shown
as mean (SE ) with the number of animals used in square brackets

Fed 3 Day starved % change P
Initial luminal fluid [9] 151 (4) 151 (4) - -
Basal [9] 141 (4) 144 (4) +2 NS
Carbachol [9] 161 (3) 180 (5) +11-8 <0-001
Bethanecol [9) 164 (4) 178 (3) +8-5 <0-01

51

exhibits a hypersensitivity to a variety of
secretagogues that elicit electrogenic secretion in
vitro. Increasing the duration of the starvation up
to 72 hours increases the amount of secretagogue
elicited electrogenic secretion. The increase is
present even on a unit serosal area basis despite a
decreasing population of enterocytes in the
crypts and villi.””* Clearly, the increased
secretion cannot be ascribed to a starvation
induced reduction in the number of enterocytes.
Indeed, if the secretagogue stimulated electro-
genic secretion is calculated on a basis of 100 mg
jejunal dry weight, the increase in secretion in
the starved jejunum compared with the fed
controls becomes even greater. Furthermore, on
a dry weight basis, even the basal Isc (electro-
genic ion movement) across the jejuna (which is
mainly electrogenic chloride secretion) is greater
than in that of the fed on day 2 and 3 of
starvation. This is not seen if the basal Isc is
placed on a unit serosal area basis. Our data thus
indicate that either the individual enterocytes of
the starved jejuna on day 2 and 3 are more
effective in secreting ions than individual fed
enterocytes and/or a greater number of the
enterocytes present are capable of secreting
compared with those in the fed state. Starvation
is known to reduce the mitosis in the crypts and
to slow down the replenishment of enterocytes
onto the villi, disturbing the normal balance of
enterocytes on the villus.”” * Thus in the starved
state, the cells on the villus will tend to be more
mature than in the fed. In general, ageing of the
enterocyte on the villus appears to be linked with
the maturation of its absorptive or transfer
capacity rather than its secretive one.” More-
over, starvation for 72 hours in rats has been
shown to induce an increased zone of valine
absorption as measured from the villous tip. In
fed rats, valine absorption is detected at 160
microns while in the starved, it is seen at 200
microns.* This greater absorptive capacity of the
starved intestine is also reflected in our results
with glucose. The addition of glucose causes a
much greater increase in the absorptive Isc in the
starved jejunum than in the fed confirming
results obtained many years ago.’ Our results,
together with those of Thompson and Debnam,*
suggest that starvation induces in enterocytes
both a greater absorptive and secretive function
compared to the fed state. At present we cannot
state definitively whether this action of starva-
tion in slowing cell replenishment and increasing
the age of the resident enterocytes is a direct
cause of our hypersecretory sensitivity, but it
certainly has to be taken into account in any final
analysis of mechanisms to explain the hyper-
secretion of progressive starvation.

The hypersecretory behaviour of the starved
jejunum is elicited by the two major groups of
secretagogues: those that reputedly act by
raising the level of intracellular calcium in the
enterocyte (this group includes acetylcholine,
the stable cholinergic agonists carbachol and
bethanecol, 5-hydroxytryptamine and the
calcium ionophore A23187)"'"** and those
that act by increasing its intracellular concentra-
tion of cyclic AMP (this group includes prosta-
glandin E2, forskolin and theophylline, agents
that activate and inhibit respectively the enzymes
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that are involved in the formation (adenyl
cyclase) and the breakdown (phosphodiesterase)
of the cellular cyclic AMP, and dibutyryl cyclic
AMP itself).”'** Do these findings tell us any-
thing about the locus of the hypersecretory
phenomenon? The cholinergic secretagogues
presumably activate the hypersecretion through
their binding to the muscarinic receptor on the
serosal membrane of the enterocytes® as the
experiments with tetrodotoxin (a toxin that
blocks neural transmission) and with atropine (a
specific blocker of the muscarinic receptor sites)
clearly showed that exogenous acetylcholine
stimulated electrogenic secretion in the isolated
jejuna by a direct action on the enterocyte and
not through the enteric plexus in the wall of the
preparation. As the calcium ionophore A23187
also elicits the hypersecretion in starved jejuna,
however, this suggests that the response does not
reside directly in the activation of the muscarinic
receptor site but in processes that occur after
namely, whatever intracellular mechanism(s) the
rise in the enterocyte’s intracellular Ca**
activates. Two studies published in abstract
form have suggested that in rabbit ilea A23187
may cause prostaglandin release,* ¥ but this has
not yet been investigated in rat intestine. It is
thus possible that the A23187 induced secretion
may be activated by a direct action of the
ionophore on the enterocyte and an indirect one
through prostaglandin stimulation. The results
obtained with the second group of secretory
stimulants, those whose action are mediated
through cyclic AMP, indicate that the hyper-
secretory phenomenon of the starved jejuna can
also be elicited by raising the cyclic AMP concen-
trations of the starved enterocyte. As this can be
accomplished by the direct application of
dibutyryl cyclic AMP, the increased cellular
production of cyclic AMP is not the essential
requirement for the secretory enhancement to be
manifest. One locus for the hypersecretion thus
appears to be after the cellular production of
cyclic AMP and after the release of the intra-
cellular calcium. At present, our experiments do
not allow us to define the position of this locus in
the enterocyte with any finer focus. We hope to
undertake further experiments to delineate, with
greater precision, the cellular mechanism(s) by
which the electrogenic secretion is so dramatic-
ally enhanced by food withdrawal.

The results obtained with the ion replacement
experiments and with furosemide reveal that the
increase in secretagogue stimulated Isc observed
in the starved jejunum is practically all carried by
the chloride ion, indicating that it is mainly
chloride secretion. Interestingly, when the basal
Isc of the starved jejunum was compared with
the fed in the absence of chloride ions, that of the
starved was significantly greater, suggesting that
in the basal state ions other than chloride could
become involved in the excess secretion.

The correspondence between the develop-
ment of the increased electrogenic secretion in
vitro and the increase in fluid secretion in vivo
over the starvation period suggest strongly that
the two measures are characterising the same
phenomenon of the hypersecretion. The increase
in fluid in v1vo was not caused by any decrease in
the absorption tone of the jejunum because in the
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absence of any injected secretagogue the absorp-
tion of fluid from both fed and starved jejuna
were not significantly different. Thus in the rat
jejunum, measures of the changes in Isc induced
by a variety of secretagogues appear to be a
valid index of fluid and chloride secretion in
V100.

Starvation decreases the turnover of nor-
adrenaline in rats.* As noradrenaline is known to
reduce intestinal secretory activity”*+ it was
possible that the hypersecretory response of the
starved jejunum could have been partly a
product of a reduction in the normal, basal
sympathetic ‘tone’ of the enteric innervation.
The experiments to ascertain whether the hyper-
secretory responses of the starved jejuna could be
ascribed to such a decreased sympathetic tone
showed that the amount of ‘tyramine-releasable’
adrenergic transmitter was obviously greater in
the preparations of starved jejuna than in those
from the fed controls suggesting an increased
sympathetic tone. In this sense, it is clear that the
hypersecretion could not be a direct result of the
decrease in adrenergic stores in the nerve
terminals of the starved gut. It must be admitted,
however, that it could be argued that the greater
amount of noradrenergic transmitter found in
the wall of the starved jejuna was present perhaps
because it is not as easily released from its nerve
terminals. More experiments are needed to
better resolve the phenomenon.

An obvious question arises from our choice of
the rat as a model for studying the diarrhoea of
famine and malnutrition — namely, does the
intact, conscious rat actually suffer from this
type of diarrhoea? Apart from the very real
difficulty of actually defining what is meant by
diarrhoea in an experimental animal, it is gener-
ally acknowledged by experimentalists that it is
difficult to induce secretory diarrhoea in con-
scious intact rats. Yet all who have worked with
rat colonies know that individual rats can show
brown, fluid like staining of the fur around the
anus which is attributed to very fluid faeces
(diarrhoea ?). In the Sheffield colony, we found
an incidence of this staining in the fed rats of
approximately 7% (30/426) while the incidence
was more than doubled in the 3 day starved
animals (88/519=17%), but obviously we have
no proof that such staining directly equates with
an increased incidence of diarrhoea. A recent
study, published at present only in abstract form
by Fondacaro and his coworkers," offers an
explanation as to why the intact, conscious rat is
so resistant to the induction of secretory diarr-
hoea. They report that after dosing rats with oral
cholera toxin, the excess fluid secreted by the
small bowel was retained in the caecum which
only allowed fluid to enter the colon at a rate that
did not exceed its absorptive capacity. If the rats
were caecectomised and then dosed with the
cholera toxin, secretory diarrhoea could be
induced with consistent results. The caecum of
rats is known to be able to hold large amounts of
fluid,” indeed one basic characteristic of the
germ free or pseudogerm free rat is its greatly
enlarged, fluid filled caecum*”® but there is
relatively mild or little diarrhoea. We hope to
undertake experiments with caecectomised rats
to see whether starvation induces a greater
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incidence of a ‘diarrhoeal’ state than in the
caecectomised fed controls.

In the introduction to this study we mentioned
that the diarrhoea of famine and malnutrition is
often ascribed to infectious agents despite
numerous studies reporting little or no obvious
bacterial pathogens." Even if bacterial toxins
are a factor in the diarrhoeal equation, however,
our recent findings that the jejunum and ileum of
starved and malnourished rats hypersecrete in
response to challenge by Escherichia coli STa
toxin* and Staphylococcus aureus enterotoxin B*
indicate that starvation and malnourishment
create intestinal secretory hypersensitivity, not
only to secretagogues but also to bacterial
enterotoxins.

We conclude that progressive starvation
(after 24 hours) in the rat induces a secretory
hypersensitivity of the jejunum to a variety of
secretagogues (including bacterial toxins) that
can be observed in vivo as increased fluid and
chloride movement into the lumen and iz vitro as
increased electrogenic chloride secretion. These
observations suggest possible mechanisms that
may be operating in human small intestine in
relation to the diarrhoea of starvation and
malnutrition.

A further paper* describing the effects of
progressive starvation on the secretory activity of
the rat ileum when measured in vivo and in vitro
will be published in a future issue.
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