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Role of ay-adrenoceptors in the regulation of intestinal water

transport
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1 The influence of the sympathetic nervous system on intestinal fluid transport by the jejunum and
ileum of the anaesthetized rat was investigated under basal conditions and during active secretion
induced by intra-arterial infusion of vasoactive intestinal peptide (VIP).

2 Intra-arterial infusion of noradrenaline (3, 10, 30 nmol min~', i.a.) and i.v. injection of the selective
a»-adrenoceptor agonist UK 14,304 (1 pumol kg~!, i.v.) increased the rate of basal fluid absorption. The
effect of UK 14,304 was blocked by yohimbine (10 umol kg=', i.v). However, the selective o;-
adrenoceptor agonist phenylephrine (5 umol kg~', i.v.) did not alter either the jejunal or ileal absorption
rate.

3 The a,-adrenoceptor antagonists yohimbine (0.3, 1.0, 3 and 10 umol kg™', i.v.) and rauwolscine
(10 umol kg™, i.v.) decreased the basal absorption rate, while the o;-adrenoceptor antagonist prazosin
(3 umol kg=', i.v.) was without effect. Intracerebroventricular injection of yohimbine (3 umol kg=')
caused a significant antiabsorptive effect in the jejunum but not ileum.

1

4 Peripheral chemical sympathectomy induced by pretreating animals with 6-hydroxydopamine
(150 mg kg~ ", i.p., total dose) induced a trend towards impaired absorption in the jejunum and ileum.
5 The findings provide evidence that the sympathetic nervous system exerts tonic control on intestinal
fluid transport and that the effect is mainly through peripheral o,-adrenoceptors.

6 The subtype determination of ay-adrenoceptors in modulating intestinal fluid transport was assessed
by determining the effects of a,-adrenoceptor agents on intestinal fluid secretion induced by i.a. infusion
of VIP (0.8 ug min™").

7 Intravenous administration of UK 14,304 caused a dose-dependent reversal of the secretory phase of
the VIP-induced response, but failed to restore fluid transport to the control level of net absorption.
ECs, values were 0.17 umol kg™' in the jejunum and 0.22 umol kg™' in the ileum.

8 The effect of UK 14,304 was blocked by the selective aap antagonist BRL 44408 and the non-
selective o, antagonist yohimbine (each 10 umol kg™'). The selective aypc antagonist ARC 239
(10 umol kg=") did not affect the antisecretory action of UK 14,304. It is suggested that the as-

adrenoceptors in the rat intestinal epithelium are the o,p or asa-like subtype.

Keywords: Rat jejunum and ileum; absorption; secretion; fluid transport; o,-adrenoceptors; o,-adrenoceptor subtype;
sympathetic nervous system
Introduction

Studies in experimental animals and normal volunteers have
shown that a,-adrenoceptor agonists inhibit intestinal motility
and promote the absorption of fluid from the lumen of the
intestine (Chang et al., 1982; Schiller et al., 1985; Fondacaro et
al., 1988; Hildebrand & Brown, 1992). It has also been shown
that a,-adrenoceptor agonists inhibit intestinal fluid secretion
induced by prostaglandin E,, (PGE,), vasoactive intestinal
peptide (VIP), dibutyryl adenosine 3":5'-cyclic monophosphate
(cyclic AMP) and cholera toxin in rat jejunum (Nakaki et al.,
1982). The enterocytes of the small intestinal epithelium are
innervated by adrenergic neurones (Furness & Costa, 1980;
Thomas & Templeton, 1982) and radioligand binding studies
have identified o,-adrenoceptors on their membranes (Chang
et al., 1983; Nakaki et al., 1983).

It is generally accepted that stimulation of the sympathetic
nervous system leads to inhibition of gastrointestinal motility
and promotion of intestinal water and electrolyte absorption.
However, the question concerning the existence of a tonic
sympathetic control on gut motility and fluid transport under
basal conditions is still unresolved. Therefore, the present in-
vestigations were carried out to assess whether the sympathetic
nervous system has a role in controlling the net amount of fluid
absorbed by the intestine. For this purpose, experiments were
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designed to evaluate whether oy-adrenoceptor agonist and
antagonists have the ability to alter basal water absorption in
the rat intestine in vivo.

It has become apparent that o,-adrenoceptors represent a
heterogeneous population. Four distinct subtypes have been
identified based on functional, radioligand binding and mole-
cular biology studies and termed osa, g, %c and ap-adre-
noceptors. The rat and mouse o,p-adrenoceptor appears to be
a species homologue of the human a,, subtype (Ruffolo et al.,
1993; Bylund et al., 1995).

Identification of receptor subtypes provides an opportunity
to develop therapeutic drugs with selective action. However,
no functional study has been made so far to characterize the
as-adrenoceptor subtype involved in the regulation of fluid and
electrolyte transport in the small intestine. In the present study,
the a,-adrenoceptor agonist UK 14,304 and several antago-
nists were used in an attempt to characterize functionally the
as,-adrenoceptors involved in attenuating VIP-induced fluid
secretion from the rat jejunum and ileum.

Methods

The method of measuring fluid transport by the rat jejunum
and ileum follows that described in detail by Coupar (1985). A
brief outline is given below.



L. Liu & .M. Coupar

uo2-Adrenoceptors and intestinal fluid transport 893

Surgical and analytical procedures

Hooded Wistar rats of either sex (220—300 g weight) were
deprived of food over night but had free access to water. Rats
were anaesthetized with pentobarbitone sodium (60 mg kg™,
s.c., supplemented when necessary) and placed on an elec-
trically heated pad at approximately 35°C. The trachea was
cannulated and a second cannula was introduced into the left
jugular vein for administration of the adrenoceptor agonist
and/or antagonist, or in the case of controls, saline or vehicle
at volumes of 0.1 ml 100 g~'. Another cannula was introduced
into the left common carotid artery for constant infusions of
saline as control, noradrenaline or VIP (0.8 ug min~") in saline
into the aortic arch at a rate of 40 ul min~' by means of a
microinjection pump (CMA /microdialysis, Stockholm). Mean
systemic blood pressure (MAP) was recorded to monitor the
condition of the animals from a side-arm off the carotid can-
nula by means of a Gould pressure transducer (Statham,
U.S.A.) connected to a Neotrace (Neomedix Systems, Sydney)
recorder.

A recirculation technique was used to measure the net fluid
transport rates of the jejunum and ileum. Twenty to 30 cm
lengths of the proximal jejunum (beginning distal from the
ligament of Trietz) and distal ileum (ending 2 cm from the
ileocecal junction) were isolated, cannulated at each end and
rinsed free of luminal debris. Each loop was continuously
perfused with 8 ml of an isosmotic solution containing (mMm):
NaCl 148, KCl 5, glucose, 5.5 and phenol red 0.05, as a non-
absorbable water marker. The solutions were contained in
reservoirs maintained at 37°C and recirculated through each
lumen by gas lift with moistened CO, (5%) in O, for a period
of 20 min. The pressure in the loops was 10 cmH,0 and the
flow rates were approximately 60 ml min~".

The fluid from each loop was recovered at the end of the
20 min perfusion period, centrifuged and then diluted (2:25)
with NaHCO;/Na,CO; buffer (pH 10.5). Peak absorbances
were measured at 560 nm as well as 520 and 600 nm to correct
for non-specific interferences as described by Miller and Schedl
(1972). The results are expressed as the amount absorbed (+)
or secreted (—) in ul g=' wet weight tissue during the 20 min
perfusion.

Administration of drugs

Systemic drug administration In studies to determine the
effect of drug treatments on basal absorption, the adminis-
tration sequence commenced with the i.v. injection of UK
14,304, vehicle or saline as the control. Five min later, the
intra-arterial infusion of saline was commenced with asso-
ciated measurement of MAP. The loops of jejunum and
ileum were washed before intestinal perfusion was started at
10 min. At 30 min the loops were removed and the perfusion
fluid was collected for analysis. The segments were weighed
after the removal of fluid content. The testing of the an-
tagonists followed a similar protocol to above, except that
the antagonists were injected i.v. 5 min before the injection of
UK 14,304 or saline. In some experiments, noradrenaline was
infused i.a. at rates of 3, 10 and 30 nmol min~' and con-
tinued for the length of the 20 min luminal perfusion which
commenced 5 min later.

VIP was infused i.a. to induce intestinal fluid secretion in
the studies investigating the antisecretory activity of UK
14,304. The administration sequence and experimental proto-
col in these experiments followed the steps described above.

Pretreatment An initial dose of 6-hydroxydopamine (6-
OHDA; 50 mg kg~ ') was administered i.p. (day one), followed
by 100 mg kg~ in two doses separated by 9 h on the third
day. Rats were used 4 days after the initial injection. This
method of chemical sympathectomy was similar to that de-
scribed by Coupar and Taylor (1987), who showed that the
treatment reduced the amount of noradrenaline in the rat small
intestine by 93%.

Intracerebroventricular injection Immediately after isolation
of intestinal loops, rats were positioned stereotaxically and a
small hole was drilled through the skull. A 30-G needle at-
tached to PE-20 polyethylene tubing was positioned such that
the needle tip was placed in the lateral ventricle (coordinates
relative to bregma: AP=0.8mm, L=14mm and
V=3.5 mm). Yohimbine was administered to give a dose of
3 umol kg~' in a total volume 0.01 ml 100 g~'. The vehicle,
which consisted of 5% glucose, was given in control experi-
ments. The volumes of yohimbine and vehicle were injected
over a 3 min period by a microinjection pump (CMA /micro-
dialysis, Stockholm) and the needle was left in place for a
further 1 min to minimize leakage of the solution. The needle
was then removed, the hole covered with self-cure acrylic re-
pair material (AD International, London), and the intestinal
perfusion was started 15 min after completion of the i.c.v. in-
jection. The i.c.v. site of injection was verified in a separate
group of animals which were injected with a dye.

Drugs

Atropine sulphate, 6-hydroxydopamine hydrobromide, nora-
drenaline bitartrate (Sigma, St. Louis, U.S.A.) ARC-239
hydrochloride (2 - (2,4 - (O - methoxyphenyl) - piperazine-1 - yl)-
ethyl-4,4-dimethyl-1,3- (2H,4H) - isoquinolinedine; Boehringer
Ingelheim, Artarmon, Australia), BRL 44408 (2-(2H- (1-me-
thyl-1,3 - dihydroisoindole) methyl)- 4,5 - dihydro - imidazoline;
SmithKline Beecham, Welwyn, U.K.), rauwolscine hydro-
chloride, U.K. 14,304 (5-bromo-6-(2-imidazolin-2-yl-amino)-
quinoxaline; Research Biochemicals International, Natick,
U.S.A.), prazosin hydrochloride (Pfizer, Sydney, Australia),
yohimbine hydrochloride (ICN Biochemicals, Aurora, U.S.A.).

BRL 44408 was dissolved in 0.01 M HCI solution and ad-
justed close to pH 6 with 0.1 M NaOH and then diluted with
saline to give the required dose; 6-OHDA and noradrenaline
were dissolved in deoxygenated saline containing 1 mg ml~! of
ascorbic acid; UK 14,304 was dissolved in dimethyl sulphoxide
(DMSO) and further diluted with saline. The dilution of
DMSO (8%) did not influence basal values of absorption in
this study or VIP-induced secretion in the study of Hancock
and Coupar (1997). Yohimbine was dissolved in 5% isotonic
glucose solution for the i.c.v. experiments. All other drugs,
including yohimbine for i.v. administration, were dissolved in
0.9% saline and injected in volumes of 0.1 ml 100 g~'.

Statistical analysis

Results are presented as arithmetic means+s.e.mean. The
potency of UK 14,304 for inhibiting secretion induced by VIP
was expressed as an ECs, value with a 95% confidence limit
obtained by a semilogarithmic nonlinear regression analysis
programme (Graph Pad Prism, Graph Pad Software Inc, San
Diego, U.S.A.). This value was estimated with the response to
1 umol kg=' as the upper range of the dose-response curve.
Student’s unpaired ¢ test was used to compare individual
means for differences, one-way ANOVA followed by Dun-
nett’s ¢ test to compare treatment means with a common
control and Bonferroni’s test for multiple comparisons.
(Graph Pad Prism, Graph Pad Software Inc, San Diego,
U.S.A.). The criterion for statistical significance was set at
P<0.05.

Results

Absorption

Control values Basal net fluid transport was an absorptive
state. The values from the jejunum and ileum of rats infused
i.a. and injected i.v. with saline as a control were 161420
(n=12) and 328425 (n=12) ul g~' wet weight in 20 min re-
spectively. Mean arterial blood pressure (MAP) was
125+ 3 mmHg (n=12) (Table 1).
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Effects of adrenoceptor agonists Infusion of noradrenaline
into the aortic arch via the left common carotid artery resulted
in an infusion-dependent increase in the rate of net fluid ab-
sorption from both jejunum and ileum (Figure 1). Nora-
drenaline at 3, 10 and 30 nmol min~' (1.1, 3.6 and
10.9 ug min~') infusions enhanced the fluid transport rate by
11+17% (n=6), 126+27% (n=06) and 170+26% (n=>5), re-
spectively, in the jejunum, and 23+17% (n=06), 53+4%
(n=06) and 97+ 6% (n=>35), respectively, in the ileum. Nora-
drenaline also increased MAP by 21+4% (n=6), 32+5%
(n=6) and 57+3% (n=135) at the infusions of 3, 10 and
30 nmol min ', respectively.

The selective ay-adrenoceptor agonist UK 14,304 caused
significant enhancements of fluid absorption from both jeju-
num and ileum at a dose of 1 umol kg™, i.v. (0.3 mg kg™").
UK 14,304 also produced a biphasic effect on MAP consisting
of a transient hypertension followed by prolonged hypoten-
sion. The depressor effect was 31+1% of the control MAP
and remained stable during the 20 min of intestinal perfusion
(Table 1).

The selective o)-adrenoceptor agonist phenylephrine at
5 umol kg™, i.v. (I mg kg™"') did not alter the basal rates of
absorption from the jejunum or ileum, but induced a sig-
nificant increase in MAP (Table 1).

Effects of adrenoceptor antagonists Intravenous injection of
the o,-adrenoceptor antagonist yohimbine caused a dose-de-
pendent decrease in the rate of fluid absorbed from both the

jejunum and ileum. Yohimbine at 0.3, 1.0, 3.0 and
10 umol kg=' (0.12, 0.39, 1.2 and 3.9 mg kg~ ') reduced ab-
sorption by 33+10% (n=6), 67+17% (n="7), 80+15%
(n=6) and 89+25% (n=06), respectively, in the jejunum, and
—7+14%, 16 +10%, 55+ 11% and 47+ 10%, respectively, in
the ileum. The two lower doses of yohimbine did not alter
MAP. However, a significant decrease was induced at the two
higher doses amounting to 29+5% and 40+4% reductions
(Table 1, Figure 2).

Rauwolscine, at 10 umol kg=' (3.9 mg kg~ '), caused a
greater effect on fluid transport than the same dose of yo-
himbine, whereby the absorption rate was reduced in the ileum
and a net secretion occurred in the jejunum. Like yohimbine,
rauwolscine also reduced MAP (Table 1). Prazosin at the dose
of 3 umol kg~' (1.3 mg kg~"), which has been shown to block
oy-adrenoceptors effectively and selectively (Drew & Whiting,
1979), was shown to decrease MAP to the same extent as yo-
himbine (10 umol kg™"), but it did not induce significant
changes in fluid transport rates from either the jejunum or
ileum (Table 1).

The effect of the oy-adrenoceptor agonist UK 14,304 on the re-
sponse to yohimbine The selective o,-adrenoceptor agonist
UK 14,304 was used to determine whether yohimbine de-
creased basal absorption by blocking a,-adrenoceptors. Pre-
treatment with yohimbine at a dose of 10 umol kg™, i.v.,
attenuated the proabsorbtive effect of UK 14,304 1 umol kg~',
i.v. (Table 1).

Table 1 Effects of drug treatments on mean arterial blood pressure (MAP) and the rate of fluid transport from the small intestine

Drug

Control (i.a. and i.v.-saline)

Yohimbine (10 umol kg")

Rauwolscine (10 umol kg ')

6-OHDA

Phenylephrine (5 umol kg ')

Prazosin (3 umol kg ")

Control (Vehicle)

UK 14,304 (1 pmol kg™)

Yohimbine (10 umol kg ')+ UK 14,304 (1 umol kg ")

MAP Fluid transport rate (ul g ' in 20 min)
(mmHg) Jejunum Ileum
125+3 (12) 161+20 (12) 328425 (12)
75+ 6%** (10) 17+41%*%  (8) 173+ 31* ®)

86+8%*  (4) —45+34%5% (5) 63+£45%%% (5

10743%**  (6) 56+36 (6) 207 + 50 (6)
137+ 6* (5) 206+ 66 (5) 2974717 5)
T7+5%%%  (5) 113455 (5) 303+ 54 (5)
12347 (3) 171422 (5) 274442 (5)
89+ 2%%*  (5) 389+43*%*  (5) 456+ 63* )
754 3%k% T H(5) 224+48"  (5) 284+327 %)

Values are expressed as means +s.e.mean. The number of experiments is shown in parentheses. *P <0.05, **P<0.01; ***P<0.001 vs
the control (Dunnett’s ¢ test); "P<0.05; " P<0.01 vs the UK 14,304-treated group alone (Bonferroni’s multiple comparison test).

MAP are values of mean arterial blood pressure.
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Figure 1 Effects of i.a. infusion of noradrenaline on the rate of net
absorption from the small intestine and mean arterial blood pressure
(MAP). The open columns indicate the rate of fluid absorption in the
jejunum, the hatched columns the ileum (left ordinate scale), and the
solid columns the MAP (right ordinate scale). Values are means+
s.emean of 5-12 rats. ***P<0.001 vs the individual control
(Dunnett’s 7 test).
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Figure 2 Effects of i.v. injection of yohimbine on net fluid transport
from the small intestine and mean arterial blood pressure (MAP).
The open columns indicate the rate of fluid absorption in the
jejunum, the hatched columns the ileum (left ordinate scale), and the
solid columns the MAP (right ordinate scale). Values are means+
s.e.mean of 5-12 rats. **P<0.01; ***P<0.001 vs the individual
control (Dunnett’s ¢ test).
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Chemical sympathectomy Pretreatment of the animals with 6-
OHDA resulted in a 65+22% reduction in the rate of fluid
absorption from the jejunum and a 37+ 15% reduction from
the ileum. However, the actual rates of fluid transport were not
significantly reduced by 6-OHDA compared to control by use
of Dunnett’s ¢ test (P>0.05). The MAP was significantly de-
creased in 6-OHDA-treated rats compared to untreated con-
trols (Table 1).

Central administration of yohimbine The basal net fluid ab-
sorption rates from the jejunum and ileum of animals injected
i.c.v. with yohimbine vehicle were 194 +35 and 291420 ul g~!
in 20 min (n=75), respectively. Yohimbine (3 gmol kg~") sig-
nificantly decreased the rate of absorption from the jejunum to
97425 ul g=" in 20 min (n=8, P=0.04). There was also a
trend towards decreased absorption in the ileum where the
absorption value was 187442 ulg=' in 20 min (n=3,
P=0.09).

Secretion induced by VIP

Control value Infusion of VIP (0.8 ug min~!, i.a.) starting
5 min before and continuing during the 20 min perfusion to-
tally reversed water transport from net absorption to secretion.
The values were 267420 ul g=' in 20 min secreted into the
lumen of the jejunum and 355441 ul g=' in 20 min secreted
by the ileum (n=28 for both regions).

Antisecretory effect of UK 14,304 UK 14,304 caused a dose-
related inhibition of the VIP-induced fluid secretion. The
maximal effect of UK 14,304 extended to complete block of
secretion, but it failed to restore net absorption to the control
value in either jejunum or ileum (Figure 3). The ECs, values for
UK 14,304 at inhibiting VIP-induced secretion were 0.17 (95%
CI, 0.11-0.24, n=>5) umol kg~ " in the jejunum and 0.22 (95%
CI, 0.11-0.43, n=5) umol kg~" in the ileum. These values
were estimated from the response at the maximally effective
dose of UK 14,304 (1 umol kg™").

Comparison of the antisecretory with the proabsorptive effect of
UK 14,304 UK 14,304 (1 umol kg™, i.v.) enhanced basal
absorption by 218443 ul ¢~' in 20 min in the jejunum and by
182463 ul g=' in 20 min in the ileum (n=75, see Table 1 for
actual values). In animals infused with VIP, the same dose of
UK 14,304 reversed secretion by 312+21 ul g~! in 20 min in
the jejunum and by 311+24 (n=38) in the ileum. The anti-
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Figure 3 Inhibition by UK 14,304 of vasoactive intestinal peptide
(VIP)-induced secretion in the rat jejunum (Q) and ileum (@). The
points on the left are the control values of fluid secretion in response
to intra-arterial infusion of VIP 0.8 ug min~' in the jejunum ([J) and
ileum (M). Values are means of 5-8 rats; vertical lines show
s.e.mean. *P<0.05; ***P<0.001 vs the individual control (Dunnett’s
t test).

secretory effect of UK 14,304 was significantly larger than the
proabsorptive effect in the jejunum and ileum (P<0.05, Stu-
dent’s unpaired ¢ test).

Characterization of oy-adrenoceptors involved in the anti-
secretory effect  Yohimbine (non selective), BRL 44408 (28 to
110 fold aa,p selective relative to o,pc; Young et al., 1989;
Smith & Docherty, 1992) and ARC 239 (68 to 100 fold op/c
selective relative to oxa/p; Bylund et al., 1988) were chosen to
differentiate the subtype of a,-adrenoceptor involved in at-
tenuating the antisecretory activity of UK 14,304 in the rat
small intestine. The antagonists did not affect the values of
VIP-induced secretion in either jejunum or ileum, when tested
separately at doses of 10 umol kg=' (P>0.05, n=3). The re-
sults of agonist-antagonist interaction experiments are shown
in Figure 4, where, yohimbine and BRL 44408 significantly
antagonized the inhibitory effect exerted by UK 14,304
(I umol kg=") on VIP-induced secretion in the jejunum
(P<0.001, n=15) and ileum (P <0.001, n=15). However, ARC
239 did not alter the antisecretory response to UK 14,304
(1 umol kg=") in either region (P>0.05, n=175).
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Figure 4 Effects of a,-adrenoceptor antagonists ARC 239, yohim-
bine and BRL 44408 (10 umol kg~ ', i.v.) on the antisecretory action
of UK 14,304 (1 umol kg™, i.v.) in (a) jejunum and (b) ileum. Solid
columns indicate groups of animals treated with UK 14,304 and open
columns without UK 14,304. Secretion was induced by i.a. infusion
of VIP (0.8 ug min~"'). Values are mean +s.e.mean of 3—11 rats. UK
14,304 caused a significant enhancement of absorption in the jejunum
(***P<0.001) and ileum (*P<0.05) of rats infused i.a. with saline.
VIP reversed fluid transport from net absorption to secretion in both
jejunum and ileum (***P<0.001). UK 14,304 reversed the fluid
secretion induced by VIP in the jejunum (¥ P<0.001) and
inhibited VIP-induced secretion in the ileum (7t P<0.001).
Yohimbine and BRL 44408 both blocked (**P<0.001) the
antisecretory effect of UK 14,304 in the jejunum and ileum. However,
ARC 239 did not affect the antisecretory effect of UK 14,304
(P>0.05, Bonferroni’s test for all comparisons).
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Discussion

Effects of sympathomimetic drugs on basal absorption

The results obtained by use of drugs with well defined actions
on sympathetic nerves and associated adrenoceptors confirm
and extend those of previous studies which have established
that sympathetic nerve activation enhances fluid absorption
from the small intestine (Brunsson et al., 1979; Hemlin et al.,
1989).

In the present series of experiments noradrenaline was
shown to cause a large proabsorptive effect in the small in-
testine of the rat. The effect was more pronounced in the
jejunum than ileum, with absorption rates increased by 170%
and 97%, respectively, in response to noradrenaline infused
at 30 nmol min—' (10.9 ug min~"'). This result is consistent
with that obtained by Levens et al. (1979), who showed that
infusion of noradrenaline into the femoral artery of anaes-
thetized rats increased the fluid absorption rate from the je-
junum.

Noradrenaline has been shown to stimulate fluid absorption
by activating o;-adrenoceptors in the rat jejunum and both o;-
and o,-adrenoceptors in the ileum (Parsons et al., 1983). The
receptors are located in the intestine, since the everted sac
method was used. The presently described study could find no
evidence to support the existence of functional o;-adrenocep-
tors. However, this conclusion was based solely on the negative
results that the selective o;-adrenoceptor agonist phenylephrine
(5 umol kg~!) and the «;-antagonist prazosin (3 pmol kg~!,
i.v.) did not influence jejunal and ileal transport rates. The
differences in results between the two studies probably lies in
the different experimental approaches used. For instance, it is
possible that the in vitro conditions used by Parsons et al.
(1983) allow the expression of o;-adrenoceptor activity which is
normally suppressed by reflexes in vivo. The presently de-
scribed in vivo study does reveal the existence of functional a,-
adrenoceptor populations in both jejunum and ileum. This is
based partly on the finding that the selective a,-adrenoceptor
agonist, UK 14,304 (1 umol kg~!), caused a significant in-
crease in the basal rate of fluid absorption, the effect like that
of noradrenaline, being more extensive in the jejunum than
ileum. The results are an indication that the rate of fluid
transport is under the influence of the adrenergic system via os-
adrenoceptors.

Thus the present results with the a-adrenoceptor agonists
supplement those of previous studies which have identified
functional a,-adrenoceptors in the rat small intestine (Chang
et al., 1983; Nakaki et al., 1983) and the presence of o,-
adrenoceptor binding sites on the basolateral membranes of
enterocytes (Cotterell et al., 1982). Together the results are
consistent with the view that the adrenergic system alters
water and electrolyte transport through a direct action on
enterocytes. However, an action on o,-adrenoceptors on
neurones within the submucosal plexus is also a possibility.
In support of this, it has been shown that spontaneous in-
hibitory postsynaptic potentials (i.p.s.ps) occur in the sub-
mucosal plexus which can be inhibited by o,-adrenoceptor
antagonists such as yohimbine, or after neuronal release of
noradrenaline is blocked by guanethidine (Brown & Miller,
1995). Thus the sympathetic nerves may alter ion and water
transport by inhibiting tonic activity in submucosal neurones.
An equivalent control operates to inhibit peristalsis in the rat
ileum where UK 14,304 and other a,-adrenoceptor agonists
act by suppressing the activity of cholinergic neurones (Liu &
Coupar, 1996).

The responses of intestinal mucosa to the a,-adrenoceptor
antagonists yohimbine and rauwolscine were unexpectedly
large. The effect of yohimbine was dose-related; it caused 89%
reduction in fluid absorption from the jejunum at
10 umol kg=', i.v. An equivalent dose of rauwolscine pro-
duced an even greater effect on the net secretion. Both an-
tagonists affected the ileum, although not to the same extent as
the jejunum. These results provide the first evidence that the

small intestinal mucosa is under tonic proabsorptive influence
from sympathetic nerves. It is possible that these nerves toni-
cally oppose a secretomotor pathway (cholinergic and/or non-
cholinergic), at least under the conditions of the presently de-
scribed in vivo experiments. However, adrenoceptor antago-
nists alone generally have no effect on basal or stimulated ion
movement in vitro (Chang et al., 1982), which implies that
noradrenaline is not released continuously to alter mucosal
transport when noradrenergic terminals are separated from
their cell bodies.

The lack of effect of prazosin on basal absorption precludes
the involvement of «;-adrenoceptors in the antiabsorptive ef-
fect of adrenoceptor antagonists. Prazosin was administered at
a dose sufficiently high to block the pressor responses to se-
lective o-adrenoceptor agonists (Drew & Whiting, 1979). This
finding is in line with previous observations that o;-adreno-
ceptor stimulation did not affect electrolyte transport in the
small intestine of rabbits and rats (Durbin ez al., 1982; Fon-
dacaro et al., 1988). Yohimbine on the other hand, is a fairly
selective o, antagonist (Goldberg & Robertsson, 1983) and at a
dose of 10 umol kg~"' it decreased the basal absorption and
antagonized the enhanced absorption induced by the selective
op-adrenoceptor agonist UK 14,304 in both jejunum and
ileum. Again these results are consistent with the view that the
control of fluid absorption in the intestinal tract is influenced
by the adrenergic system mainly through o,-adrenoceptors.

The above conclusion is supported by the results derived
from animals that were chemically sympathectomised with 6-
OHDA, although with reservation. This is because there was
only a trend towards a decrease in jejunal and ileal fluid ab-
sorption following sympathectomy. The method of chemical
sympathectomy used in this study has been shown previously
to deplete 93% of noradrenaline stores from the rat intestine
(Coupar & Taylor, 1987). This extent of sympathetic impair-
ment, therefore would be expected to produce a greater effect
than was observed. It is possible that increased synthesis and
turnover of adrenal catecholamines might compensate for the
destroyed sympathetic nerve terminals, since it is known that
treatment with 6-OHDA leaves the adrenal medulla unaffected
(Thoenen & Tranzer, 1973). Alternatively, the central nervous
system might compensate for dysfunctional sympathetic
nerves, since 6-OHDA does not cross the blood brain barrier
(Porter et al., 1963; Laverty et al., 1965). The unexpectedly
large antiabsorptive effects of the a,-adrenoceptor antagonists,
but relatively small effect produced by peripheral chemical
sympathectomy implied that centrally located a,-adrenocep-
tors might be partially involved in the response to the os-
adrenoceptor antagonists. Therefore, yohimbine was selected
for further study where it was injected into the lateral ventricle
at a dose (3 umol kg~') equivalent to that shown to have an
antiabsorptive effect when administered intravenously. The
fact that the reduction of basal fluid absorption produced by
i.c.v. yohimbine was small, and statistically significant in the
jejunum only, trends to indicate that it acts on tonically acti-
vated o,-adrenoceptors, which are located predominantly in
the intestine itself.

The general finding that the responses of the jejunum to os-
adrenoceptor agonists and antagonists were larger than the
corresponding responses in the ileum indicates that the sym-
pathetic nervous system plays a dominant role in regulating
fluid transport in the upper small intestine. This observation is
different from that of Chang et al. (1985); they showed that the
sympathetic nervous system plays a more important role in
regulating fluid and electrolyte transport in the ileum and co-
lon than the jejunum. This conclusion was based on results
with 6-OHDA, while the conclusions of the present study draw
on results obtained with adrenoceptor agonists and antago-
nists in addition to 6-OHDA.

It might be inferred from the present results that the effects
of noradrenaline, and a,-adrenoceptor antagonists on fluid
absorption might be directly linked to the changes in arterial
blood pressure produced by them. The current evidence did
not support this conclusion. First, UK 14,304 was as effective
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as noradrenaline in increasing intestinal absorption. Although
UK 14,304 caused a transient pressure response, the depressor
phase of the response was already well established and main-
tained by the time intestinal perfusion was started. Also, pra-
zosin caused vasodilatation to the same extent as yohimbine,
yet was ineffective in altering intestinal transport. Finally,
Brunsson et al. (1979) have demonstrated that the net water
absorption rate is largely unaffected by vasodilatation induced
by close arterial infusion of isoprenaline. These findings sug-
gest that alterations in blood pressure alone cannot account for
changes in intestinal fluid absorption.

It is of interest to note that i.v. administration of o,-adre-
noceptor antagonists, such as yohimbine, have also been found
to lower mean arterial pressure in the rat (Jonson & Fandriks,
1988). It is now generally accepted that certain vascular beds in
both experimental animals and man contain postjunctional o,-
adrenoceptors which, when activated, induce vasoconstriction
(Timmermans & van Zwieten, 1981). It has been suggested that
the postjunctional vascular a,-adrenoceptors may play an even
more important role in the hypertensive state, especially under
conditions where circulating catecholamines are elevated
(Medgett et al., 1984). Thus, it could be presumed that yo-
himbine and rauwolscine decrease blood pressure under the
presently described experimental situation by acting on post-
junctional o,-adrenoceptors. However, we cannot exclude the
possibility that the depressor response of yohimbine and rau-
wolscine may also consist of o;-adrenoceptor blockade.

Subtype of a-adrenoceptors mediating antisecretory
activity

The present study has shown that the antisecretory effect of
UK 14,304 was significantly larger than the proabsorptive ef-
fect in the jejunum and ileum. This might imply that stimula-
tion of absorption and inhibition of secretion are mediated at
different levels along the crypt-villus axis. Absorption and se-
cretion are thought to be independent processes and it has been
suggested that the crypt cells regulate secretion while the villus
cells are responsible for absorption (Welsh et al., 1982). It is
possible that there is a greater density of a,-adrenoceptors in
the crypt than villus enterocytes, as has been established in the
rabbit colon (Senard et al., 1990). However, the method used
in the present study does not allow detailed identification of
the sites of drug action.

a,-Adrenoceptors have been subdivided into different sub-
types on the basis of their differential affinity for several li-
gands with varying selectivities (Ruffolo ez al., 1993; Bylund et
al., 1995). However, very few studies have been undertaken to
characterize o,-adrenoceptor subtypes with in vivo models. In
the present study, we attempted to characterize the o,-adre-
noceptor subtype involved in the modulation of intestinal se-
cretion at the peripheral level. The antisecretory rather than
the proabsorptive response to UK 14,304 was chosen because
it was larger and hence gave better discrimination in phar-
macological analysis. For this purpose, intestinal fluid secre-
tion was elicited by intra-arterial infusion of the directly acting
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