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Effects of Tetrodotoxin and lon Replacements on the Short-circuit
Current Induced by Escherichia coli Heat Stable Enterotoxin
across Small Intestine of the Gerbil (Gerbillus cheesmani)

Fawzia Yaqoub Al-Balool
Department of Biological Sciences, Faculty of Science, Kuwait University, PO. Box 5969, Safat, 13060, State of Kuwait

The effects of mucosally added Escherichiacoli heat stable enterotoxin (STa 30 ng mi~1) on the basal short-circuit
current (Iscin pA cni?) across stripped and unstripped sheets of jejuna and ilea taken from fed, starved (4 days,
water ad lib) and undernourished (50% control food intake for 21 days) gerbil (Gerbillus cheesmani) were investi-
gated. The effect of neurotoxin tetrodotoxin (TTX 10 uM) and the effects of replacing chloride by gluconate or the
effects of removing bicarbonate from bathing buffers on the maximum increase in Isc induced by STa were also
investigated. The maximum increase in Isc which resulted from the addition of STa were significantly higher in
jejuna and ilea taken from starved and undernourished gerbils when compared with the fed control both using
stripped and unstripped sheets. In the two regions of the small intestine taken from fed and starved animals TTX
reduced the maximum increase in Isc induced by STa across unstripped sheets only. Moreover in jejuna and ilea
taken from undernourished gerbils TTX reduced significantly the maximum increase in Isc induced by STa across
stripped and unstripped sheets. Replacing chloride by gluconate decreased the maximum increasein Iscinduced by
STa across jejuna and ilea taken from undernourished gerbils only. Removing bicarbonates from bathing buffer
decreased the maximum increase in Isc across the jegjuna and ilea taken from starved and undernourished gerbils.
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Escherichia coli heat stable enterotoxin (STa) in-
duces secretion by rasing the concentration of cyclic GMP
inthe enterocyte (Field et al. 1978) which leadsto electro-
genic chloride secretion and inhibits elecronutral sodium
chloride absorption (Guandolini et al. 1982). It has been
demonstrated that the enteric nervous system is impor-
tant in STa-induced secretion as shown by the inhibitory
effect of neuronal blockade (Field et al. 1978, Scott et al.
1980, Eklund et al. 1986, Rolf & Levin 1994, Nzegwu &
Levin 1996). Rolf and Levin (1999) showed that STaacti-
vates nitric oxide dependent myenteric plexus secretory
reflex mediated by capsaicin sensitive C-fibers. Al-Majali
et al. (2000) suggested that Na*/Cl- coupling may be the
maj or mechanism for the lossof ionsin the STa-induced
secretory diarrhoeal response. Lucas (2001) in hisreview
on the reconsideration of the evidence for E. coli STa
enterotoxin-driven fluid secretion proposed anew model
for the action of STainvolving inhibition of Na"/H* ex-
change which explains the ability of STa to reduce ab-
sorption in vitro but its inability to cause secretion in
Vivo in contrast to its apparent secretory effect in vitro.
The aim of the present study was to investigate whether
in the desert mammals such as gerbilsthereisaregional
differences between jejunum and ileum in their responses
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to STa and if there is a neural involvement in such re-
sponses. The effects of replacing chloride ions by glu-
conate and the effects of removing bicarbonate ionsfrom
buffer mediawere also investigated.

MATERIALSAND METHODS

Animals and diets - Gerbils (Gerbillus cheesmani) of
both sex, body weight 36-40 g, were captured from the
desert inthe State of Kuwait and kept in the animal house
for at least three weeks before use. Three nutritional
groups were used. The fed group had free access to wa-
ter and food (SDS rodent diet, Essex, England) and were
held inroomsmaintained at 27 + 2°C. Thelightswereon
from 5 am until 5 pm and the humidity was 50%. For the
starved groups, water was given ad lib but the food was
removed 4 days before the animalswere used. The chroni-
cally undernourished group was housed in individual
cages and was fed 50% of the control food intake for 21
days. Animalswere housed routinely in plastic cageswith
wired mesh bottoms to reduce coprophagy.

Technique - On the day of use, animals were anaes-
thetised with thiopentone sodium (30 mg/kg body weight,
ip). When surgical anesthesia was achieved, a mid-line
incision was made al ong the abdomen and the entire small
intestine (28-30 cm) was removed and flushed with 0.9%
NaCl. Jgunal sheetsweretakenimmediately distal tothe
ligament of Treitzandileal sheetsfromthe region immedi-
ately proximal to theterminal 1 cm of the small intestine.
The intestine was used either intact (unstripped prepara-
tion) or with the outer smooth musclelayerswasremoved
(stripped preparation). Stripping removes the myenteric
plexus as well as the muscle coat but leaves intact the
submucosal and mucosal plexus (Andreset al. 1985). Each
segment was then cut open and mounted as a flat sheet
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between two plates over an aperture creating an exposed
tissue area of approximately 0.42 cm?. The plates were
clamped between two perspex chambers and the measure-
ments of the short circuit-current (Iscin microamps) across
the tissue was monitored by an automatic voltage clamp
(DVC 200, WPI Inc., Stevenage, UK). Thechambers(7.5
ml) were filled with bicarbonate saline, pH 7.4 (Krebs &
Heinseleit 1932) which contained (mM) 143 Na*, 125.7Cl,
249 HCOy, 5.9K*, 2.5 Ca?*, 1.2H,PO,, 1.2 S0?,", 1.2
Mg?*. The medium was maintained at 38°C and gassed
with humidified 95% O, 5% CO..

The short-circuit current (Isc in pA cm™2) was mea-
sured by a previously published standard technique
(Baldwin & Levin 1985). The mounted tissuewas allowed
to stabilise for 10 min and the Isc was measured (basal
reading). STa (30 ng mi-1) were added to the mucosal so-
Iution and then the maximal increasein the I sc was moni-
tored. In some experiments tetrodotoxin (10 pM) was
added to the serosal solution 10 min before the addition
of the STawith the control sheetsreceiving an equivalent
volume of vehicle.

In experiments investigating the ion replacement, all
the chloride ionsin the bicarbonate saline were replaced
with isoosmolar solutions of sodium, potassium, and cal-
cium gluconate. Inthe bicarbonatesfreeconditions, Krebs
phosphate buffer oxygenated with 100% O, was used on
both sides of the tissue. All gerbilswerekilled by thora-
cotomy at the end of the experiments.

All chemicals were purchased from Sigma Chemical
ColLtd.

Statistical analysis Theresults are shown asthe mean
+ SE. Statistical comparisons were accomplished using
unpaired student’st test with 0.05 asthelevel of signifi-
cance.

RESULTS

Effects of STa on Isc across the jejunum and the ile-
um - The maximum increase in Isc which resulted from
addition of STa (30 ng ml-1) to the mucosal bathing solu-
tion are shown in Table I. In fed jgfunum the maximum
increase in Isc which results from addition of STa were
not significantly different in stripped and unstripped
sheets. Similarly in fed ilea there were not much differ-
encesin the maximum increasein I scinduced by STabe-
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tween stripped and unstripped sheets. Comparing the two
regionsof the small intestine the maximum increasein Isc
induce by STawere not significantly different injejuna
and ilea when using both stripped or unstripped sheets.
Starvation increased significantly the maximum increase
in Isc induced by STa in both stripped and unstripped
sheets of the two regions of the small intestine. Using
unsripped sheets the maximum increases in Isc induced
by STain starved jejunum were doubl e that of the stripped
ones. Reducing the food intake to half for 21 days in-
creased significantly the maximum Isc generated by STa
when compared with the fed control in both jejunum and
ileum using either stripped or unstripped sheets. In both
regions of the small intestine the percent increase in the
maximum increases in Isc generated by STa in the
unstripped sheets were doubl e that in the stripped sheets.

Effects of TTX on the maximum|sc responseshby STa -
Theeffectsof TTX (10 uM) placed in the serosal bathing
solution,10 min before the addition of STa on the maxi-
mum increases in Isc generated by STa are shown in
Tablell. Infed jejunum and ileum TTX reduced signifi-
cantly themaximum increasein I scinduced by STaacross
the unstripped sheets only. Similarly in starved animals
Isc induced by STa were inhibited by TTX in the
unstripped sheet of both jejunum and ileum. However, in
thejgjunaand ileataken from undernourished gerbils TTX
reduced significantly the maximum increasein Isc gener-
ated by STa using both stripped and unstripped sheets.

Effects of replacing chloride ions by gluconate on
the STa responsesin Isc - Replacing chloridein the bath-
ing buffer by gluconate has no significant effects on the
maximum increase in Isc induced by STain jejunum and
ileum taken from fed and starved animals both using
stripped and unstripped sheets. However, in the jejuna
and ileataken from undernourished gerbilsthe maximum
increasesin Iscinduced by STawere significantly inhib-
ited by replacing chloride in the bathing buffer by glu-
conate (Tablelll).

Effects of removing bicarbonate from bathing buffer
on STa responses in Isc - Removing bicarbonate from
bathing buffer has no significant effectson the maximum
increases in Isc induced by STa across stripped and
unstripped sheets taken from fed animals. On the other
hand removing bicarbonate from bathing buffer decreased

LEI

Effects of starvation and undernourishment on the maximum increase in short-circuit current (Isc) induced by heat stable
enterotoxin (STa) (30 ng ml~1) across stripped and unstripped sheets of jejunum and ileum

Maximum increasein Isc (WA cm?)

Jejunum lleum
n Stripped Unstripped Stripped Unstripped
Fed 5 123+ 7 107+ 6 107+ 6 94+ 10
Starved 6 160+ 6P 169+ 6P 138+ 52 131+72
+ 30% + 58% + 29% + 39%
Undernourished 5 166+ 9P 197+ 9P 144+ 82 167+5P
+ 35% + 84% + 44% +78%

All values expressasmean + SEM % changes and statistical significance (unpairedt test) are for starved or undernourished against

the fed group; a: p<0.05; b: p<0.001
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TABLE I
Effect of tetrodotoxin (TTX) on the maximum increase in short-circuit current (Isc) induced by heat stable enterotoxin (STa)

across stripped and unstripped sheets of jejunum and

ileum from fed, starved, and undernourished gerbils

Maximum increasein Isc (WA cm)

Jejunum lleum
n Stripped Unstripped Stripped Unstripped
Fed
Control 6 123+ 7 107+ 6 107+ 6 94+ 10
TTX 5 102+ 6 84+62 97+5 61+52
—-21% —35%
Starved
Control 6 160+ 6 169+ 6 138+ 5 131+ 7
TTX 5 165+ 5 144 + 82 109+ 7 97+72
- 15% —26%
Undernourished
Control 6 166+ 9 197+£9 144+ 8 1675
TTX 5 86+ 7P 117 +9b 67 +3P 91+8¢
—48% —42% —53% —46%

All values express as mean + SEM % changes and statistical signi
a:p<0.05 b:p<0.01; cp<0.001

ficance (unpaired t test) are given for test groups against control;

TABLE Il

Effect of replacing chloride ions by gluconate on the maximum increasein short-circuit current (Isc) induced by heat stable
enterotoxin (STa) across stripped and unstripped sheets of jejunum and ileum from fed, starved and undernourished gerbils

Maximum increasein Isc (LA cm2)

Jejunum Ileum
n Stripped Unstripped Stripped Unstripped
Fed
Chloride present 5 123+ 7 107+ 6 107+ 6 94+ 10
Gluconatereplacement 5 144+ 8 95+5 122+ 4 113+ 8
of chloride
Starved
Chloride present 6 160+ 6 169+ 6 138+ 5 131+ 7
Gluconate replacement 5 146+ 3 152+ 3 119+ 3 117+ 2
of chloride
Undernourished
Chloride present 5 166 £ 9 197+ 9 144+ 8 167+ 5
Gluconate replacement 4 115+62 112+ 122 107+ 32 86+122
of chloride —31% —43% —44% —49%

All values expressas mean + SEM % changes and statistical significance (unpairedt test) are given for test groupsagainst control; a:

p < 0.001

significantly the maximum increases in Isc taken from
starved and undernourished gerbils by the same magni-
tudein both conditions and in thetwo regions (Table I V).

DISCUSSION

The results of the present study showed that E. coli
STa elicits an electrogenic secretion measured as Isc in
jgjuna and ilea taken from fed, starved and undernour-
ished gerbils. It al so showed that the maximum valuesfor
such increases were significantly higher in starved and
undernourished intestine when compared with their fed
control. In fed gerbils there were no significant differ-
ences in the STa responses between the two regions and
there were no significant differences between stripped
and unstripped preparations. Therefore, it can be sug-

gested that in fed gerbils STa has a direct action on
enterocytes. In addition there were no significant differ-
ences between the two regions. This disagrees with the
resultsof Al-Majali et al. (2000) who found that both the
number of receptors and their affinity to STawere higher
on ileal epithelium than other intestinal segments of the
newborn calves. Other studiesin humans, aviansand rats
(Cohen et al. 1986, Nobleset al. 1991, Krauset a. 1994,
1995) suggested that the number of STa receptors de-
creases on intestinal enterocytes prepared from the distal
parts of the small intestine.

Starving gerbilsfor 4 daysor reducing food intake to
half for 21 daysincreased significantly the maximum re-
sponsesin Iscinduced by STain the small intestine. This
isin agreement with other studiesusing different animals
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TABLEIV

Effect of removing bicarbonate from bathing buffer on the maximum increase in short-circuit current (Isc) induced by heat stable
enterotoxin (STa) acrossjejunum and ileum from fed, starved, and undernourished gerbils

Maximum increasein Isc (WA cm2)

Jegjunum Ileum
n Stripped Unstripped Stripped Unstripped
Fed
Bicarbonate present 5 123+ 7 107+ 6 107+ 6 94+ 10
Bicarbonate absent 5 118+ 2 122+1 106+ 5 9% +2
Starved
Bicarbonate present 6 160+ 6 169+ 6 138+ 5 131+ 7
Bicarbonate absent 5 110+ 22 115+52 95+24a 0+42
-31% -32% -31% —31%
Undernourished
Bicarbonate present 5 166 + 9 197 + 13 145+ 8 167+ 5
Bicarbonate absent 5 113+ 22 114+ 122 101+ 22 101+22
—32% —42% —30% —40%

All values expressas mean + SEM % changes and statistical significance (unpaired t test) are given for test groups against control; a:

p < 0.001

(Youngetal.1988, Young & Levin 1990, Chohenetal. 1992,
Carey et al. 1994). The present study showed that starva-
tion increases the Isc generated by STa across the je-
junum both using stripped and unstripped preparations
but the percent increases using the unstripped sheets
were double that of the stripped ones. Similarly the per-
cent increase which results from undernourishment in
the unstripped sheets were al so doubl e that of the stripped
sheets both in the jegunum and ileum. Therefore in the
gerbil likeintherat (Nzegwu & Levin 1994) dietary depri-
vation in the form of starvation and undernourishment
enhanced the maximum elecrogenic secretion dueto STa
presences. The differences between stripped and
unstripped sheets is that in the unstripped sheets both
the submucosal and the myenteric plexus were present
whereas in the stripped only the submucosal plexii was
present. Thusin gerbil, theincreasein the I sc induced by
STawhich resultsfrom starvation and undernourishment,
are more in the unstripped sheets. This is may be due to
the presences of the two type of plexii.

It has been shown that the enteric nervous system is
involved in STa induced secretion as demonstrated by
theinhibitory effect of hexamethonium, lidocaine, tetro-
dotoxin, and capsaicin (Eklund et al. 1985, Rolf et al. 1992,
Rolf & Levin1994). Inapreviousstudy (Al-Balool, manu-
script in preparation) on the effects of TTX on the basal
Isc, it wasfound that infed gerbilsthe neural component
of the basal 1sc was more obviousin thejejunum than in
theileum. It also showed that dietary deprivation canin-
duce or uncover aneural path in the enteric nervous sys-
tem that activates the basal intestinal secretion. In fed
gerbil TTX reduced significantly the maximum increasein
Isc induced by STa across the unstripped sheets only.
Thisisin agreement with the results of Rolf and Levin
(1994) who found that in rat TTX significantly reduced
themaximumincreasein lsc induced by STain unstripped
but not the stripped ilea. Similar to the fed intestine, in

starved jejunum and ileum TTX reduced significantly the
maximum increase in Isc induced by STa only in the
unstripped sheets. However, TTX reduced significantly
the maximum increase in Isc induced by STa using both
stripped and unstripped preparations of jejuna and ilea
taken from undernourished intestine. It can be suggested
that the raisein the maximum increasesin I sc induced by
STa across the unsripped preparation in the fed and
starved gerbils could be derived by TTX-sensitive neural
circuit in the submucosal and inthe myenteric plexii of the
enteric nervous system. However, the elevation in the
maximum increase in Isc induced by STa across the
stripped sheets of jejunum and ileum taken from under-
nourished intestine are driven by submucosal plexii only.
Therefore, in gerbilssmall intestine STaexhibited intesti-
nal secretion by affecting the submucosal plexus (stripped
sheets) and both submucosal and myenteric plexus
(unstripped sheets).

In a previous study (Al-Balool 2004) it was shown
that the basal Isc across the jejuna and ilea taken from
starved and undernourished gerbils were more sensitive
than those taken from fed animals when chloride was re-
placed by gluconate or when bicarbonate were removed
from bathing buffers. Replacing chloride in the buffer
media by gluconate did not change the maximum increase
in Isc induced by STain both regions of the small intes-
tine taken from fed and starved animals. However, it de-
creased significantly the maximum increasein Iscinduced
by STain both regions taken from undernourished ani-
mals using both stripped and unstripped sheets. More-
over, removing bicarbonate from buffer media decreased
significantly the maximum increasein Iscinduced by STa
in both regions of the small intestine taken from starved
and undernourished gerbils only and were without any
effect on those taken from fed animals. Thus it can be
suggested that part of the elevation in the maximum in-
crease in Isc induced by STain starved animals were bi-
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carbonate dependent, while such elevation in the under-
nourished gerbils were chloride and bicarbonate depen-
dent.

Therefore, it can be concluded that in gerbils small
intestine (i) starvation and undernourishment raised the
maximum increasesin Iscinduced by STa; (ii) STahasa
direct effect on enterocytes as well as through neura
mechanism as shown by the inhibitory action of TTX;
(iii) part of the elevationin thelsc produced by STainthe
small intestinetakenfrom starved gerbilswere bicarbon-
ate dependent while in the undernourished animals the
elevation in Isc induced by STa was chloride and bicar-
bonate dependent.
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