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Abstract
Fluid transport was gravimetrically measured
in vivo in the duodenum, jejunum, and ileum of
anaesthetised fed, 72 hour starved and 72 hour
starved rats refed for up to five days after
starvation. Basal unstimulated fluid transport
was monitored by instilling 0.9% NaCI into
the lumen and measuring the gain or loss in

weight of the closed intestinal loop. Fluid was
absorbed in all the areas of the intestine in the
fed rats. Increasing basal fluid absorption was
observed in the duodenum over the three days
of starvation but in the jejunum there was no

significant change. In the ileum, the pattern
was very different, on day 1 the fluid was
absorbed but on days 2 and 3 there was an

increasing secretion of fluid. Refeeding the
rats with their normal diet restored the basal
absorption of fluid in the duodenum within 24
hours, had no effect in the jejunum but in the
case of the ileum the hypersecretion of fluid
observed in the day 3 starved rat was main-
tained on day 1 of refeeding, increased further
on day 2, decreased on day 3 but returned to
absorption on day 4. The normal absorption
was restored to the ileum on day 5 of refeeding.
Fluid secretion was induced in all the rat
groups by bethanechol (ip 60 Rgfkg bw) a

stable cholinergic agonist, PGE2 (ip 10 rig/kg
(bw) andE coli STa (luminally insilled, 500 ng/
ml) a secretory enterotoxin. All the secretago-
gues gave enhanced secretion compared with
the fed by day 2 of starvation which increased
considerably on day 3. Refeeding returned
their secretion back to the fed level in the
duodenum within 24 hours, in the jejunum
within 48 hours but in the ileum their induced
secretion on day 2 of refeeding was greater
than that ofthe day 3 starved and took until day
4 to return to the fed levels for behanechol and
PGE2 and until day 5 for E coli STa. This
behaviour of rat small intestine showing even

greater hypersecretion in the refed state than
the starved mimics the human condition
of alimentary induced diarrhoea where
incautious feeding of starved humans induces
severe, often lethal diarrhoea. The refed
starved rat appears to be a possible model for
this condition.
(Gut 1992; 33: 1050-1056)

Diarrhoea is a common occurrence in severely
starved or undernourished man.'2 Incautious
refeeding exacerbates the diarrhoea so that, a few
days after realimentation, death may occur.'1
The most detailed study of this phenomenon was

by Helweg-Larsen et al,' concerning severely
malnourished Danish subjects who had been
incarcerated in a second world war concentration

camp. They described a non-febrile, 'hunger
diarrhoea' that was exacerbated if the victims
were allowed unrestricted access to food:
treatment with opiates appeared to be of little
value. Only a slow, cautious, increase in food
intake helped, but most subjects died from the
realimentation. This type of diarrhoea was
designated as 'alimentary or dietary' diarrhoea.
Descriptive experimental studies by Thaysen
and Thaysen7 using a limited number of young,
starved rats revealed that refeeding their
ordinary diet caused a number to die within a few
days, often showing frank diarrhoea. If, how-
ever, concentrated skimmed milk and glucose
were fed, death was prevented and the rats
regained their normal weight after seven to 10
days. The explanation for the exacerbation of the
diarrhoea by the refeeding was that it was the
result of overloading the putatively reduced
absorptive capacity of the small and large bowel.
More recently, Roediger,' 8 focusing on the
absorptive functions of the intestine, suggested
that the luminal nutrition of the enterocytes and
especially of the colonocytes by fatty acids, is
essential for their normal absorptive function to
be manifest. Lack of such luminal nutrition in
starvation supposedly reduces the absorptive/
digestive capacity of the gut so that when a
sudden nutrient load is presented to the energy
deprived mucosal cells they fail to function
efficiently and the unabsorbed nutrient load, by
its osmotic action, pulls fluid into the gut lumen
(creating an osmotic diarrhoea). Contrary to the
hypothesis, however, nutrient absorption from
the small intestine in the starved rat often has
been reported as being increased rather than
reduced.'

Over the last few years, we have shown that
after 24 hours, progressive starvation of up to
three days duration induces hypersecretion in
the rat small intestine,"'" large intestine,'3 and
also the rectum'4 in response to a variety of
secretagogues and bacterial toxins.'5 The starved
rat thus appears to be a useful model for studying
the hunger or famine diarrhoea observed in
humans.'7 In order to assess the utility of the rat
as a model for 'alimentary diarrhoea' the effects
of refeeding the starved rat were examined using
electrogenic Cl- secretion, measured as the short
circuit current (Isc), across duodenal, jejunal
and ileal sheets of intestine in vitro. 16 All
segments developed increasing hypersecretory
activity to secretagogue stimulation between 24-
72 hours of starvation. After 24-48 hours of
refeeding, however, although the activity of the
duodenum and jejunum returned to the fed
level, that of the ileum remained at the high
starved level for the first 24 hours of refeeding
and was then increased even further after 48
hours of refeeding. It did not return to fed levels
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until 96 hours of refeeding. A similar behaviour
pattern was noted for the starved proximal
colon's electrogenic secretory response to refeed-
ing.'7 While the adult, conscious rat does not
usually show overt diarrhoea this is because of its
huge caecal reserve capacity.'8 The underlying
secretory behaviour of the fed/starved rat -
namely, the 'alimentary induced intestinal
hypersecretion' mimics certain aspects of the
human condition of 'alimentary diarrhoea.' The
model offers a useful preparation to examine the
mechanisms that generate the condition.
The present study characterises, in vivo, the

fluid absorptive and secretory behaviour of the
duodenum, jejunum, and ileum in starved and
refed rats in the basal condition and after
stimulation with either bethanechol (a stable
cholinomimetic), PGE2 (a prostaglandin agonist)
or E coli STa (a bacterial enterotoxin). These
secretagogues were chosen because they utilise,
respectively, the three major intracellular second
messengers that activate secretion in the entero-
cytes - namely, Ca++, cyclic AMP, and cyclic
GMP. In general, apart from a few minor
differences, the fluid movements measured in
vivo match the previously recorded electrogenic
secretory responses obtained in vitro.1"12 16

Methods

ANIMALS AND DIETARY STATUS
Albino male rats of the Sheffield (Wistar) strain
(wt range 230-260 g) were housed in plastic cages
with raised, wire mesh bottoms to minimise
coprophagy. The temperature (200 (1)C),
humidity (78%) and lights (on from 5 30 am to
6 30 pm) were controlled. All animals were
allowed free access to drinking water. Those fed
the control diet were allowed free access to the
pelleted food (Diet CRM, Labsure, Cambridge,
England). Various groups of rats were starved
for 24, 48, and 72 hours with free access to water.
Realimentation of the 72 hour starved rats was
accomplished by allowing the rats free access to
the pelleted food for 24, 48, 72, 96, and 120
hours after the starvation period.

MEASUREMENT OF FLUID SECRETION/ABSORPTION
IN VIVO
On the day of use, the rats were anaesthetised
with ip sodium pentobarbitone (Sagatal, May &
Baker, 60 mg/kg bwt). Fluid transport was
measured in isolated, tied off loops of proximal
duodenum (8 cm), midjejunum (20-30 cm), and
proximal ileum (15-20 cm) as described pre-
viously. "' In brief, after attainment of surgical
anaesthesia, a midline abdominal incision was
made and the appropriate section of intestine
located and cannulated proximally. The segment
was washed with prewarmed 0.9% NaCl to flush
out luminal debris and then gently blown
through to remove excess residual fluid, care
being taken to avoid any distention. The distal
end of the loop was closed with a ligature and
0-3-0-6 ml of prewarmed 0 9% NaCI was
injected into the loop from a preweighed syringe.
The fluid injected was obtained by reweighing
the syringe. The proximal end of the loop was

then closed with a ligature and a secretagogue
was administered intraperitoneally or in the case
ofE coli STa into the lumen. The secretagogues
were bethanechol (60 ,tg/kg bwt), PGE2 (10 [tg/
kg bwt), and E coli STa (500 ng/ml). Control
experiments were undertaken using a similar
volume of 0 9% NaCl instead of the secretagogue
to monitor basal secretion and absorption in the
unstimulated rat. The abdomen was closed with
a clamp and covered with a warm, 0 9% NaCl
soaked swab. The rats were left for periods of up
to 30 minutes on a heated table, their body
temperatures were monitored by rectal thermo-
meters. At the end of the period, the rats were
killed by thoracic incision. The intestinal loops
were cut from the animal close to the ligatures,
dissected free from mesentery and their length
measured. They were quickly blotted free of
blood and weighed. The loop was cut open and
the remaining fluid drained. The cut ends were
blotted to remove adherent fluid and the cut,
empty loops reweighed. The volume gained
(=secretion, designated as positive) or lost
(=absorption, designated as negative) could be
determined from the various weighings of the
fluid and the isolated loop. The results were
expressed on a length basis ([ig fluid/cm
intestine/minute). All drugs and chemicals were
obtained from the Sigma Chemical Company,
England, except for PGE2 which was purchased
from Upjohn Company, Crawley, Surrey,
England. Results are given as the mean (1 SEM)
with the number of rats used in square brackets.

STATISTICAL ANALYSIS
Multiple comparisons of the data were accom-
plished first by the Kruskal-Wallis non-
parametric analysis of variance followed by
Conover's multiple t test to identify specific
significant differences using the computer
program ofTheodorsson-Nordheim. '` Statistical
significance was assumed when p<0-05.

Results

DAILY FOOD INTAKES
The daily food intakes of rats refed after three
days starvation was monitored to ensure that
they consumed a level commensurate with that
of normal fed controls. The results are shown in
Table I. None of the food intakes on the refeed-
ing days were significantly different from those
of the fed controls.

FLUID MOVEMENTS DURING STARVATION AND
REFEEDING

Basalfluid movements
The results for the net fluid transport into
(secretion) and from (absorption) the lumen of
the proximal duodenum, midjejunum and
proximal ileum for the basal, unstimulated con-
dition in fed control, starved and refed starved
rats are shown in Table II. In the case of the
duodenum a significant increase in the net basal
absorption was not seen until day 2 of starvation
(+30%, a v c, p<0-01). There was a small,
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TABLE I Dailyfood intake per rat in gforfee
rats starved for three days and then refedfor 1,
days. Results are shown as mean (SE) with nu,
used in square brackets

Dai,

Fed control 24
Starved and 1 day refed 28
Starved and 2 day refed 26
Starved and 3 day refed 26
Starved and 4 day refed 25
Starved and 5 day refed 25

TABLE II Net basalfluid movement in proxin
jejunum, and ileum offed, day I to day 3 starz
day 5 refed rat. Results are shown as the mean
number ofanimals used in square brackets

tg Fluidlminlcm

Duodenum Jfejunum

Fed -573 (36) [7]a -799 (41) [6]1
Starved day 1 -601 (43) [6]b -836 (36) [6]h
Starved day 2 -747 (31) [7]c -811(31) [7]1
Starved day 3 -804 (43) [6]d -741 (43) [7]'
Day 1 refed -617 (37) [6]e -737 (29) [9]k
Day 2 refed -549 (51) [6]f -803 (43) [6]1'
Day 3 refed - -819 (37) [6]m
Day 4 refed - -
Day 5 refed

Net secretion (fluid movement to lumen) is given
net absorption (fluid loss from lumen) is given as
fluid movements were measured over 20 minute I
calculated per unit time. Statistical comparisons u
Wallis analysis of variance (ANOVA) with specifi
delineated by Conover's multiple t test (see text).

Starved

1 2 3

1 2 3

Refed

F,r1 n
1 2

flri
2 3

H
1 2 3 1 2 3

Days
Figure 1: Bethanechol stimulatedfluid secretion (tgfluidlminlcm) in the duode;
and ileum offed, 72 hour starved and refed 72 hour starved rats. The results are
(SE). The number ofanimals used varied between six and 13. Bethanechol wa
dose of60 pglkg bwt. See textfor details ofstatistical significance ofcompan'so.
multiple t test.

controls and further significant increase in the absorption on
,2,3,4,and5 day 3 of starvation (+7.6%, c v d, p<001).mber ofanimals Allowing access to food for one day (day 1 refed),

after the three day starvation, restored the basal
lyfood intake(g) absorption to the fed control level and a second
2) [7] day of feeding (day 2) had no further effect. The
2) [10] jejunal basal absorption showed no significant
l1) [12]2) [9] change during the three days of starvation or by
1) [8] the refeeding compared with the fed controls.
2)[8] The behaviour of the basal activity of the

proximal ileum to. starvation showed some sur-
nal duodenum, prising differences from either that of the duo-
Ped and day I to denum or jejunum. The first day of starvation(SE) with the (day 1) caused a small but insignificant reduction

of the basal absorption. On the second day (day
2) the net absorptive tone was converted to a net

Ileum secretory one (n v p, p<0001) and this secretory
717 (36)[61 tone was greatly increased by day 3 (+447%,

-693 (31) [6]° p v q, p<O-0O1). One day after refeeding, there
+109(43) [6]P was an insignificant increase in the basal secre-
+639(41) [6]r tion compared with day 3 of starvation (+7%,
+979 (37) [715 q v r, p>0 05), but on the second day of
+373 (47) [6]1 refeeding the basal secretion was enhanced-223 (31) [6]u
-699 (31) [7]' further compared with that on day 3 ofstarvation

.asposiive while (+64%, q v S, p<O-00l). The secretion then fell
negative. The significantly on the third day of refeeding com-
period but pared with previous day (day 2 refeeding) by
ised the Kruskal-
ic differences 61.9% (s v t, p<0001). On the fourth day of

refeeding the net secretory tone was reversed to a
net absorptive tone which was significantly

Duodenum smaller than that on day 5 of refeeding (-68. 1%,
u v v, p<0-001) and the absorptive tone
measured in the fed (-68'9%, n v u, p<0.001) or
day 1 starved animals (-67.8%, o v u, p<0.01).
By the fifth day of refeeding, the absorptive tone
was not significantly different to that ofthe fed or
day 1 starved rats.

Bethanechol stimulated fluid movements
The changes induced in the net fluid secretion

Jejunum evoked by bethanechol are shown in Figure 1.
Compared with the fed, a significant increase in
the duodenal secretion was not observed until
the second day of starvation (day 2, +170%,
p<0-001). This was greatly increased on
the third day of starvation (day 3, + 560%,
p<0-001). Refeeding for one day restored the
secretion to the level of the fed controls and the
second day of refeeding (day 2) had no further
effect.

In the jejunum, a significant increase in the
Ileum bethanechol stimulated secretion was only

observed after two days of starvation (day 2,
+ 126%, p<0-001). This greatly increased on the
next day of starvation (day 3, +241%, p<0.001).
On the first day of refeeding, the evoked
secretion was not significantly different from
that of the previous starved day (day 3 starved).
By the second day of refeeding, however, the
secretion had decreased significantly compared

n il with the first refeeding day (day 2, -58%,
p<001). This fall in the secretion was continued
so that on the third day of refeeding the secretion

4 5 was not significantly different from that in the
fed.

num, jejunum, With the ileum, the secretion evoked by
plotted as mean bethanechol was significantly increased com-
s gbyveConoear's pared with the fed controls on the second day of

starvation (day 2, +42%, p<0 01). A further day
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Starved

1 2 3

1 2 3

Refed

Inr
.

1 2

a Aa.a.a aIi a -

1 2 3

Duodenum refeeding, the fluid secretion returned to the fed
level (+10%, p>005). In the jejunum, PGE2
induced secretion became significantly greater
than the fed controls on day 2 (+14%, p<0001)
andincreasedfurtheronday 3 (+96%, p<0-001).
It remained at this high level on day 1 of
refeeding (+ 109%, p>0.001), decreased slightly
on day 2 but still remained significantly higher
than the fed level (+38%, p<0-01). By day 3,
however, it had returned to the control values
(-3%, p>005). In the ileum, PGE2 induced

Jejunum secretion was enhanced on day 2 of starvation
(+295%, p<0001) and increased further on day
3 (+ 126%, p<0001). On day 1 of refeeding, the
secretion was maintained at the day 3 starved
level (+ 141%, p<0-001) but on day 2 of refeed-
ing it was enhanced more than the starved value
(+222%, p<0001). This fell by day 3 of refeed-
ing (+60%, p<0001) and returned to the fed
level by day 4 of refeeding (+5%, p>005).

PlY Ileum

to E coli STa stimulatedfluid movementsThe results for the E coli STa stimulated fluid
movements are shown in Figure 3. The pattern

M0 , T for the toxin STa mirrors that for bethanechol
and PGE2. In the duodenum, compared with the
fed controls, the STa induced secretion was

significantly increased on day 2 of starvation
(+115%, p<001) and it increased further on

)o - | | l l | | | 1 day 3 (+243%, p<0001). The secretion
returned to the fed level after one day of refeed-

o _ _ _ ing (+ 10%, p>0O05). In the jejunum, the STa
1 2 3 12 3 4 5 induced secretion was enhanced on day 2 of

Days starvation (+64%, p<0.01) and was greatly
:Prostaglandin stimulatedfuid secretion ( gfluidlminlcm) in the duodenum, increased by day 3 (+160%, p<0-01). It
and ileum offed, 72 hour starved and refed 72 hour starved rats. The results are plotted remained at this high level on day 1 of refeeding
(SE). The number ofanimals used varied between six and nine. PGE2 was given ip at (+162%, p<001) but was reduced on day 2 of
fj0 pglkg bwt. See textfor details of statistical significance of companisons by refeeding (+92%, p<0b00) and returned to the's multiple t test.

fed level on day 3 (+9%, p>0Q05). In the ileum,
STa induced secretion also showed an enhanced

of starvation caused a very large increase in the level compared with the fed on day 2 of starva-
evoked secretion (day 3, +227%, p<0-001). The tion (+ 129%, p<0.001) which increased greatly
first day of refeeding did not significantly change on day 3 (+406%, p<0.001). The STa induced
the secretion compared with that on the previous secretion was greater than the previous starved
starved day (day 3) but the second day of maximum on the first day of refeeding (+473%,
refeeding caused a significant increase in the p<0 001) and reached even higher levels on day
secretion whether compared with the first 2 of refeeding (+609%, p<0001). By day 3 of
refeeding day (+28%, p<0.001) or to the final refeeding, the secretion was decreasing (+ 240%,
day of starvation (+37%, p<0-01). The third p<0001) and was further reduced on day 4
day of refeeding caused a dramatic fall in the (+68%, p<0-01) but it was still greater than the
secretion compared with the second refeeding fed level (p<0-01). By day 5 of refeeding, the
day (-50%, p<0-001) and this fall in secretion value had fallen dramatically and the STa
continued on the fourth day of refeeding from induced secretion was not significantly greater
the third day (-54%, p<0-001). The secretion than that of the fed ileum (+ 10%, p>005).
evoked by bethanechol on the fourth and fifth
day of refeeding was restored to the level of the
fed controls (p>005). Discussion

PGE2 stimulated fluid movements
The results for the net fluid secretion in the
duodenum, jejunum and ileum of the fed,
starved and refed rats are shown in Figure 2. In
the duodenum, PGE2 induced net secretion was
not significantly increased above the fed level
until 48 hours of starvation (+42%, p<0001). It
increased still further on day 3 (+99%, p<0001
compared with fed and +40%, p<0O001 com-

pared with day 2 starved). After 24 hours of

BASAL FLUID TRANSPORT
The results clearly show that starvation and
subsequent refeeding have differential actions on
the net basal, unstimulated fluid transport in. the
duodenum, jejunum, and ileum. When com-

pared with the fed animals, starvation for three
days increased duodenal absorption, caused no

change in the jejunum but changed the absorp-
tive tone into a net secretory one in the ileum.
Refeeding restored duodenal absorption to the
fed level within 24 hours but had no influence in
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Figure 3: E coli STa stimulated fluid secretion ([tgfluidlmin/cm) in the duodenum, jejunum,
and ileum offed, 72 hour starved and refed 72 hour starved rats. The results are plotted as mean
(SE). The number ofanimals used varied between six and eight. E coli STa was administered
intraluminally at a dose of500 nglml. See textfor details ofstatistical significance of
comparisons by Conover's t test.

the jejunum. It caused dramatic changes in the
ileum, inducing an enhanced secretory tone that
was actually greater than the maximum observed
during starvation. On continued refeeding this
enhanced secretion subsequently subsided and
then reversed back to an absorptive tone.

SECRETAGOGUE INDUCED SECRETION
Substantially similar changes were observed,
compared with the fed controls in the three
regions, in the net fluid secreted in response to
bethanechol, PGE2, or E coli STa. In the duo-
denum, starvation caused increased fluid secre-
tion but only 24 hours of refeeding were needed
to restore this to the fed level. In the jejunum,
starvation also increased the fluid secretions
induced by the secretagogues but 48 hours of
refeeding were necessary to restore the secretions
to the fed levels. The ileum showed a more

complicated picture. While starvation still
caused increased secretions, refeeding actually
induced further increases in the net fluid
secreted on the second day. The secretion
induced by PGE2 returned to basal levels after 72
hours of refeeding, that induced by E coli STa
and bethanechol took 96 hours to return to
normal.

MECHANISMS FOR THE CHANGES
While the results obtained are clear cut they raise
a number of questions about the mechanisms
that are responsible for the changes observed.

The discussion that follows addresses itself to
three major questions: (i) what causes the differ-
ential behaviour of the unstimulated duodenum
and ileum, but not jejunum during starvation,
(ii) what causes the enhanced secretion during
starvation in response to secretagogue stimula-
tion in all the regions, and (iii) what causes the
differential responses to refeeding in the three
areas?
The balance between an absorptive and secre-

tory tone in the small intestine is brought about
by a complex interaction of neural and paracrine
influences imposed on the basal ion transport
functions of villus and crypt cells.20 '4 The simple
concept that only the crypt enterocytes secrete
while the villus cells absorb25 has to be modified
now as Stewart and Turnberg2' have shown that
in the rat, Cl- dependent depolarisations occur
in the apical membrane potentials of crypt and
villus enterocytes when secretion is activated.
This strongly suggests that villus cells are
involved in secretion as well as absorption. The
current explanation for the secretion of fluid by
the intestine envisions the fluid moving to the
lumen as the osmotic consequence of ion secre-
tion27 which is often, but not always, electro-
genic.28 Many of the secretagogues that elicit
secretion in vivo also inhibit neutral NaCl uptake
and thus fluid absorption, which obviously
appears to amplify the amount of fluid secreted
but it is not known if these two processes are
always activated simultaneously in vivo. The
major ionic component of the basal unstimulated
short circuit current measured in vitro in the rat
duodenum, jejunum, and ileum has been found
to be a lumenally orientated, electrogenic Cl-
secretion with a smaller component of electro-
genic HCO-3 secretion in the duodenum and
ileum.' '2 In vivo, however, fluid movements
linked to the basal electrogenic secretory tone
appear to be modulated by neutral, non-
electrogenic absorptive mechanisms in the case
of the duodenum but apparently not in the
jejunum. Similarly, with the ileum in vivo, the
electrogenic secretory mechanisms observed in
vitro appear, on the first day of starvation, to be
modulated by the neutral absorptive processes.
On progressive starvation, however, the absorp-
tive tone becomes dominated by the secretory
mechanism(s). It is not unusual to find in vivo
and in vitro studies on fluid and ion transfer to be
in disagreement. Cooke and Carey,29 reviewing
the level of enteric tonic neural activity influenc-
ing basal ion transfer in vitro (measured as the
short circuit current) and basal ion and fluid
transfer measured in vivo, reported that the
conflicting results were probably caused by
factors such as luminal contents and stretch
of the gut wall affecting the neural activity at
the time of removal or measurement. Thus,
although we have shown that secretagogue
activated maximum hypersecretory response of
the starved small intestine is independent of any
neural mechanism in vitro' " this does not
exclude that in vivo the extrinsic/intrinsic neural
innervation of the ileum influences the balance
between the basal, net absorptive and secretory
tone or the duration of the response.
One fact is clear from the food intake measure-

ments of the starved then refed rats, the changes

Young, Levin
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in net fluid movements cannot be the result of
differences in food intake as the refed rats intake
was not significantly different from fed controls.
A possible explanation for refeeding inducing a
greater net secretory capacity after one day in the
refed compared with the starved ileum, is a 'one-
off' rapid migration of immature enterocytes
from the base of the villi onto their sides as
suggested by Goodlad et a130 from their own
studies on the effects of refeeding starved rats.
These immature enterocytes would be of the
secretory rather than absorptive type, creating
an imbalance in the villous cell population which
would normalise over the ensuing 24 hours by
their maturation on the villus to the absorptive
type. Such an explanation, however, is not
without its problems. First, why does it only
occur in the ileum and not in the duodenum or
jejunum? Second, the duodenum is clearly
restored to normal secretory function within 24
hours of refeeding yet the ileum takes 72 hours.
This rapid restoration upon refeeding is
unexpected considering that Goodlad et al30
reported that the profoundly depressed crypt cell
production rate of the starved duodenum only
increased gradually upon refeeding, taking two
to three days to return to the fed control level.
This suggests that the rapid duodenal secretory
response is because of direct changes occurring
in the enterocytes actually on the villus rather
than through changes in migration or mitosis
induced by the feeding. Whatever the final
explanation it is clear that the duodenal, jejunal
and ileal enterocyte responses to refeeding are
different suggesting that the various levels of the
small intestine have different operational mecha-
nisms. This conclusion was also offered by Holt,
Wu, and Yeh3' who reported that three day
starvation in their rat experiments induced hypo-
plasia in the duodenum but not in the ileum
while refeeding caused ileal hypoplasia but
restored the duodenum to control levels.
The enhancement of the maximal secretion by

starvation in response to bethanechol and PGE2
in all regions of the intestine in vitro is caused by
a non-nervous, postreceptor mechanism."0' In
the case ofE coli STa, however, while the toxin is
known to directly activate the production of
cyclic GMP in the enterocytes causing both
electrogenic ion and fluid secretion32 other
suggestions are that it can also act, at least in the
jejunum, through the enteric neural plexus33 to
cause fluid secretion or, in a more recent claim,
by the local gut release of 5-hydroxytryptamine
which then activates ion secretion and inhibits
fluid absorption.34 Rolfe, Levin, and Young35
have shown, however, that the rat ileum even
when desensitised to 5-hydroxytryptamine still
produces an electrogenic secretory response to
mucosal STa and serosal cyclic GMP indicating
that at least in vitro, 5-hydroxytryptamine
release is not involved in this response. At
present the balance between the various pro-
posed mechanisms for STa's action in vivo is not
known. Moreover, it may vary in different
nutritional states and in different parts of the
intestine. This is certainly so in the case of STa's
action in the fed rat colon which shows marked
differences in the involvement of the enteric
nervous system in different segments.36

An hypothesis to explain the hypersecretion of
starvation in the enterocyte based on published
studies has been proposed.3738 In brief, starva-
tion induces an increase in the level of enterocyte
cyclic AMP.39 Cyclic AMP is known to be able to
induce a selective decrease in the luminal mem-
brane's permeability to Na+ ions' an action that
will create an increased transluminal (apical)
membrane potential difference in the starved
enterocyte. This increased luminal membrane
pd has been recorded in starved enterocytes.4' It
will enhance the drive on the intracellular Cl-
when the enterocyte is activated to secrete. As
starvation causes a chronic rise in glucagon,42
which is itself known to cause a hyperpolarisa-
tion of the enterocyte's luminal membrane
potential difference,43 it is likely that this chronic
rise in glucagon is a major cause of the changes
induced in the secretory response of the entero-
cytes during starvation, probably by the
increased cyclic AMP level. One additional
possibility has been previously alluded to and
cannot be discounted is that starvation and
subsequent refeeding alters the balance of
enterocytes on the villus because of a slower
turnover of cells (reduced cell loss and slower
mitotic production turnover) which leads to
more of the enterocyte population becoming
secretory biased than absorptive when compared
with population on the fed villus.`5 Previous
studies have suggested, however, that delayed
transit up the villus and longer maturation of the
enterocytes on the villus predispose the entero-
cytes to become more absorptive than secretory
(Smith"). Certainly increase in nutrient absorp-
tion by the starved intestine has been docu-
mented in previous studies9 and more recently
shown at an individual enterocyte level by auto-
radiography.45 The enhanced nutrient absorp-
tion shown by starved enterocytes is compatible
with their enhanced secretion because the
nutrients showing enhanced uptake, like amino
acids and hexoses, are those transferred by the
Na+-cotransporter.9" In the starved enterocyte,
the hyperpolarisation of the luminal membrane
not only enhances the drive on the Cl- ions but
also enhances the translocation of the charged
Na+ nutrient cotransporter. Whether the cyclic
AMP levels of refed enterocytes are transiently
enhanced above those of the starved thus
influencing the secretory functions of the entero-
cytes is a possible factor that needs to be explored
in further studies.

In the context of the food refeeding experi-
ments it is interesting to note that we have
examined fluid and electrolyte secretion in
starved rats allowed to drink isotonic glucose
solution ad lib during the three days of starva-
tion. While the basal net ion transfer (measured
as the short circuit current) was unaltered by the
simple feeding of glucose it was able to prevent
the hypersecretory changes occurring in the
jejunum," partly ameliorated it in the ileum47 but
not in the colon.47 We do not know if this
ameliorating action of glucose is a direct one on
the enterocytes by increasing their energy supply
or indirect by releasing gut hormones or a
mixture of both effects.

Finally, a possible criticism of our descriptive
nomenclature of the experimental condition we
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are studying needs comment. While we are
measuring 'alimentary induced intestinal
fluid hypersecretion' and are equating it with
'alimentary diarrhoea' we have not shown this
latter condition in the intact adult rat, although
Thaysen and Thaysen7 did in young rats. We
have detailed previously, however, why the
intact, conscious adult rat shows little or no
evidence of frank secretory diarrhoea because of
the huge reserve capacity of its caecum'" to store
and reabsorb any excess fluids secreted by the
small and large intestine. As the underlying
mechanism(s) for any frank, secretory diarrhoea
must entail an enhanced secretory component
with an unchanged or even reduced absorptive
component and as we have shown clearly that in
the adult refed starved rat that secretory activity
is greatly enhanced even above that ofthe starved
rat in the ileum, we feel justified in naming the
hypersecretory condition brought about by the
refeeding of the starved rat 'alimentary diar-
rhoea' rather than the more accurate, but longer
and clumsy, 'alimentary induced intestinal
hypersecretion.' The refed starved rat model
offers exciting possibilities for the exploration of
the best nutrients to feed to restore normal
absorption and reduce or inhibit the intestinal
hypersecretion.
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