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SUMMARY

Norepinephrine (NE) is an important neuromodulator of active
Na* and CI~ transport by the small intestine; however, the cellular
targets and the adrenergic receptor (AR) subtype mediating its
effects on ion transport have not been clearly defined. NE
inhibited short-circuit current in submucosal-mucosal sheets of
porcine distal jejunum under basal conditions and after electrical
transmural stimulation of intrinsic neurons. A membrane fraction
(P2) prepared from the submucosa of porcine jejunum was
enriched in specific [°H]saxitoxin binding sites, relative to other
submucosal fractions. This fraction contained homogeneous and
high affinity sites binding the a-AR antagonist [*H]yohimbine (K4
= 0.39 + 0.03 nm). A prazosin versus oxymetazoline K; ratio of
218 was obtained for the submucosal AR binding site, suggest-

ing that it represents a neuronal aza-AR. A cell membrane fraction
prepared from the mucosa exhibited specific and saturable high
affinity binding of the muscarinic cholinergic antagonist [°H]
quinuclidinyl benzilate (K; = 77 + 9 pwm) but displayed minimal
specific binding of [*H]saxitoxin or [*H]yohimbine. A [*P]JcDNA
probe derived from the human a-C10 gene encoding the aza-
AR hybridized to a 3.8-kilobase message that was prevalent in
poly(A)* RNA isolated from the jejuno-ileal submucosa and was
also detected in porcine cerebral cortex and kidney; no message
was detected in RNA isolated from the jejunal mucosa. These
results suggest that NE modulates active ion transport in the
small intestine through interactions with a submucosal a.a-AR
probably associated with enteric neurons.

NE is an important neuromodulator of intestinal water and
electrolyte transport (1). It is present in sympathetic neurons
whose cell bodies lie outside the gut wall and project to the
enteric ganglionated plexuses and enterocytes. In the porcine
small intestine, noradrenergic fibers originate in the preverte-
bral ganglia and terminate in the myenteric and submucosal
plexuses (2). On the other hand, noradrenergic fibers that
terminate in close apposition to epithelial crypt cells and within
the villous core have been described in guinea pig and rat small
intestine (3, 4). These anatomical studies suggest that NE may
modulate mucosal function by interacting either indirectly with
intrinsic neurons projecting to the epithelium or directly with
enterocytes.

Catecholamines have been found to modulate active electro-
lyte transport in the mammalian small intestine, as demon-
strated in a number of investigations. In rabbit ileum, cate-
cholamines increase net Na* and Cl~ absorption and inhibit
Cl- and HCO;™ secretion in vitro by interacting with epithelial
az-ARs (5-8). NE also displays anion proabsorptive or antise-
cretory activities in guinea pig and rat small intestine, as
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inferred from measurements of transepithelial I,., a measure of
active, electrogenic, ion transport (9-11). NE-induced decreases
in I, are inhibited by the neuronal conduction blocker tetro-
dotoxin; this finding constitutes evidence that the neurotrans-
mitter affects ion transport in rat and guinea pig small intestine
by inhibiting the activity of intrinsic secretomotor neurons (9,
10). It is substantiated by electrophysiological experiments
indicating that NE hyperpolarizes submucosal neurons of the
guinea pig ileum by activating a transmembrane K* conduct-
ance (12, 13).

Through measurements of active ion transport in submu-
cosal-mucosal sheets of porcine distal jejunum mounted in
Ussing chambers, we have previously found that NE is a potent
inhibitor of neurally mediated anion secretion (14). Moreover,
NE decreases spontaneous I,. in this preparation by inhibiting
tonic neural activity. The effects of NE on neurally evoked
mucosal responses were antagonized by yohimbine and mim-
icked by p-aminoclonidine, suggesting that they are mediated
through an a,-AR. The aims of the present investigation were
to examine the hypothesis that NE modulates active ion trans-
port by acting on a;-ARs located on submucosal neurons and
to define further the receptor subtype participating in these

“actions. These aims were accomplished through analysis of

ABBREVIATIONS: NE, norepinephrine; AR, adrenergic receptor; ETS, electrical transmural stimulation; /,c, short-circuit current; PNS, postnuciear

supemnatant; QNB, quinuclidinyl benzilate; STX, saxitoxin; kb, kilobase(s).

23



24  Hildebrand et al.

[*H]yohimbine binding to membrane fractions derived from
the submucosa and mucosa of the porcine jejunum. Moreover,
the differential expression of mRNAs encoding three subtypes
of a,-ARs was examined in these intestinal subregions.

Materials and Methods

Drugs. [°H]STX (47.6 mCi/mg), [*H]yohimbine (247 mCi/mg), and
[*H)QNB (147 mCi/mg) were purchased from Amersham Co. (Arling-
ton Heights, IL). Prazosin was a generous gift from Pfizer Ltd. (Sand-
wich, Kent, England). RX-821002 [2-[2-(2-methoxy-1,4-benzodiox-
anyl) Jimidazoline hydrochloride] and p-aminoclonidine were puchased
from Research Biochemicals Inc. (Natick, MA). L-Arterenol (NE)
hydrochloride and all other chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO).

Animals and tissue isolation. Intestinal tissues were obtained
from weaned, outbred, Yorkshire pigs of each sex that were 6 to 10
weeks of age and weighed between 10 and 18 kg. Pigs were housed for
3-7 days in large holding rooms maintained at 25° with constant
humidity control and a 12-hr light/dark cycle with lights on at 7 a.m.
Pigs had continuous access to water and standard, nonmedicated, pig
feed with 18% protein supplement and were not fasted before sacrifice.

At the time of tissue collection, each pig was pretreated with keta-
mine (10 mg/kg, intramuscularly) and surgical anesthesia was induced
with thiamylal (40 mg/kg, intravenously). A midline laparotomy was
performed and a segment of distal jejunum (10-20 cm in length) that
terminated 5-10 cm proximal to the ileocecal ligament was removed
and incised longitudinally along the antimesenteric border. The tissue
was placed in ice-cold, oxygenated Ringer-HCO; solution modified to
approximate porcine extracellular fluid (composition, in mM: Na*,
148.5; K*, 6.3; ClI-, 139.7; Ca**, 3.0; Mg**, 0.7; HCO;", 19.6; HPO,*",
1.3; H,PO*", 0.3). Anesthetized pigs were euthanized with additional
intravenous thiamylal and thoracotomized.

Measurement of ion transport. A portion of the distal jejunum
extending bilaterally from the mesenteric attachment was stripped of
its serosa and underlying smooth muscle layers by blunt dissection,
and the remaining submucosa-mucosa was mounted between two Lu-
cite Ussing-type half-chambers having a flux area of 2.01 cm?. Although
anatomically defined as jejunum in reference to its proximity to the
ileocecal ligament, this segment is functionally and histologically sim-
ilar to the short porcine ileum. Mucosal sheets were bathed in Ringer-
HCO; solution, maintained at pH 7.4 at 39° (porcine core temperature),
and continuously oxygenated (5% CO. in O;) by gas lift. Bathing
medium was contained in 10-ml water-jacketed glass reservoirs. D-
Glucose and D-mannitol were added to the media bathing the serosal
and luminal sides, respectively, of each sheet, to achieve final concen-
trations of 10 mM. I,. was measured continuously under voltage-
clamped conditions as described previously (15); open-circuit transep-
ithelial potential difference was measured at brief time intervals and
tissue conductance was calculated by Ohm’s law. Rectangular bipolar
pulses of electric current (300 pulses at 10 Hz, 0.5-msec pulse duration,
2.8 mA cm™?) were delivered across submucosa-mucosa sheets by a
stimulator (model S-88; Grass Instruments, Quincy, MA), as described
previously (15). Peak increments in /,. relative to base-line values were
determined in response to ETS of secretomotor neurons or drug ad-
ministration after stabilization of the spontaneous I, (60-90 min after
mounting in Ussing chambers). After the electrically stimulated I
returned to basal levels (approximately 5 min after the stimulus was
terminated), NE was administered to the serosal side of the tissue at a
bath concentration of 1 uM. When I, stabilized in response to NE
treatment (approximately 10 min), a second ETS-evoked mucosal
response was produced and compared with the initial (control) re-
sponse. Comparisons between mean mucosal responses to ETS before
and after NE treatment were made with a two-tailed paired ¢ test.

Membrane preparations. Segments of excised distal jejunum were
stripped of their serosa and underlying smooth muscle by blunt dissec-

tion. Antimesenteric lymphatic tissue was removed from each segment ,
of distal jejunum. The isolated segment of intestine was then positioned
mucosa-side up on the dissecting plate and the mucosa was separated
from the submucosa using a razor blade. Submucosal and mucosal
tissues were isolated and finely minced, and aliquots of intestinal *
tissues were stored at —80°.

A submucosal fraction enriched in neuronal cell membranes was
prepared after the method of Ahmad et al. (16). Briefly, submucosal
tissues were homogenized at 25,000 rpm for 30 sec in 10 volumes of
ice-cold 50 mM Tris- HCI, pH 7.4, with a Brinkmann Polytron, and the
homogenate was centrifuged at 750 X g for 10 min. The supernatant
was designated the PNS and the pellet was discarded. The PNS fraction
was centrifuged at 4000 X g for 10 min to yield a pellet (P1) and
supernatant (S1). S1 was centrifuged at 48,000 X g for 10 min to yield
a pellet (P2) and supernatant (S2). The S2 fraction was centrifuged at
120,000 X g for 60 min to yield a pellet (Mic 1) and supernatant (S3).
The Mic 1 fraction was resuspended in ice-cold Tris- HCI using a hand-
held, glass-glass homogenizer and was recentrifuged at 17,000 X g for
10 min to yield a pellet (P3) and supernatant (Mic 2). The resulting
pellets described above were resuspended in Tris- HCl and stored at
—80°. [*H]STX, a ligand that selectively binds to voltage-gated neu-
ronal Na* channels, was used to identify membrane fractions isolated
from the jejunal submucosa that were enriched in neuronal cell mem-
branes (17).

A cell membrane preparation was made from mucosal scrapings after
the method of Laburthe et al. (18). Briefly, scrapings were homogenized
in ice-cold 50 mM Tris- HCI (pH 7.4) for 1 min at high speed using a
Waring blender. The homogenate was centrifuged at 2600 X g for 15
min. The pellet was discarded and the supernatant was rehomogenized -
using a hand-held, glass-glass homogenizer. The supernatant was then
centrifuged at 10,000 X g for 15 min. The white upper layer of the
pellet was resuspended in supernatant using a hand-held homogenizer
and was centrifuged at 20,000 X g for 20 min. The final pellet containing
the plasma membrane-enriched fraction was resuspended in Tris- HC1
and stored at —80°. To ensure that the plasmalemma-enriched fraction
of the mucosa was isolated and intact, we examined its ability to bind
the muscarinic cholinergic antagonist [°'HJQNB. Previous studies per-
formed in our laboratory indicated that muscarinic cholinergic ligands
affect ion transport processes by interacting with epithelial cell recep- .,
tors in the porcine distal jejunum (19). Protein determinations were
made by the bicinchoninic acid method (20).

Radioligand binding experiments. The binding of [*H]STX and
[®*H]yohimbine to jejunal membranes was measured in membrane prep- ‘
arations incubated in 50 mM Tris- HCI, pH 7.4, in a total volume of 1.0

.
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Fig. 1. Effects of NE on basal and electrically evoked /y. This represent-
ative chart record depicts the effects of NE, at a serosal concentration
of 1 um, on basal and ETS-evoked /y in a sheet of intestinal submucosa-
mucosa (surface area, 2.01 cm?). In this tissue, basal /,. decreased from

11 uA cm™2 to —6 uA cm~2in the of NE. Moreover, the peak
increment in /,c evoked by ETS was 17 and 2 xA cm™2 before and after
NE addition, respectively. This tracing is representative of responses in
29 tissues obtained from 15 pigs (see Results for mean values).
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ml at 20°. [*H]QNB binding experiments were performed in 50 mM
NaHPO,, pH 7.4. Nonspecific binding of [*H]STX, [*H]yohimbine,
and [*H]QNB was determined in the presence of the competing unla-
beled ligands tetrodotoxin (1 M), phentolamine (10 uM), and atropine
(1 uM), respectively. Radioligands were incubated with membrane
suspensions for 45 min ([*H]STX and [*H]yohimbine) or 120 min ([*H]
QNB). Reactions were terminated by rapid vacuum filtration on What-
man GF/B filters using a 12-well Brandel cell harvester. Tubes and
filters were washed twice with 4 ml of ice-cold Tris- HCI or phosphate
buffer and radioactivity was quantified by liquid scintillation counting.

Northern blot analysis. Total RNA was isolated from freshly
harvested porcine cerebral cortex, liver, kidney, and distal jejunal
mucosa and submucosa by using acid guanidinium thiocyanate extrac-
tion (21). Poly(A)* RNA was enriched from total RNA using one cycle
of oligo(dT)-cellulose chromatography (5 Prime-3 Prime, Inc.). Dena-
tured RNA was fractionated by electrophoresis on 2.2 M formaldehyde-
1% agarose gels, transferred to Zeta-probe nylon membranes (Bio-Rad)
by capillary blotting, and hybridized with random-primed, 3?P-labeled,
human a,-C2, a;-C4, and a,-C10 cDNA probes, which were generously
provided by Dr. Robert Lefkowitz (Department of Biochemistry, Duke
University, Durham, NC). The a;-C2 probe was a 1.35-kb fragment
containing the coding sequence from the putative third transmembrane
domain through the carboxyl end of the putative third cytoplasmic loop
(22). The ay-C4 probe was a 1.4-kb fragment containing the entire
coding block of the human kidney az-AR ¢DNA (23). The a;-C10 probe
was a 5.5-kb fragment containing the coding sequence corresponding
to the putative first transmembrane domain through most of the third
intracellular loop (24). After hybridization, membranes were washed
(for 15 min) successively in 2X standard sodium citrate/0.1% sodium
dodecyl sulfate first at room temperature and then at 42°. Membranes
were then washed in 0.1X standard sodium citrate/0.1% sodium dodecyl
sulfate at 55° for 15-20 min and were exposed to 3M medical X-ray
film (type R) at —80° with two intensifying screens. Sizes of RNA
bands were estimated by comparison with a 0.24-9.5-kb RNA ladder
(BRL Life Technologies, Inc.).

Results

Effects of NE on mucosal ion transport. Under base-line
conditions, sheets of submucosa-mucosa isolated from the por-
cine distal jejunum manifested a serosa-positive I,. of 1 + 5 uA
cm™ and a tissue conductance of 21 + 1 mS cm™2 (29 tissues
from 15 pigs). ETS of neurons within mucosal sheets produced
rapid increases in I,., which returned to base-line levels ap-
proximately 5 min after the termination of the stimulus (Fig.

Mic2 Mucosa

Fig. 2. Specific binding of [*H]STX (1 nm) or [*H]yohimbine
(0.2 nm) to membrane fractions isolated from the sub-
mucosa and mucosa of the porcine distal jejunum. The
P2 fraction of the submucosa exhibited the highest rela-
tive specific binding of [*H]STX (127 + 25 fmol/mg of
protein; four experiments peformed in duplicate on four
separate batches of homogenate; each batch was pre-
pared from the distal jejunal mucosa or submucosa of
three or four pigs). The specific binding of [PH]STX exhib-
ited by the P2 fraction represents a 9-fold enrichment
over the specific [*H]STX binding displayed by the PNS.
Moreover, the P2 fraction exhibited the highest specific
binding of [*H]yohimbine (71 + 12 fmoi/mg of protein),
which was 10-fold greater than the specific binding of
[*H]yohimbine to the PNS. In contrast to the P2 fraction
of the submucosa, the cell membrane-enriched fraction
isolated from the mucosa exhibited relatively low specific
binding of both [*H]STX and [*H]yohimbine (5 + 2 and
10 + 2 fmol/mg of protein, respectively).

1). The peak increment in I,. produced by ETS averaged 53 +
7 kA cm~2 Mucosal I,. responses to ET'S were previously found
to be inhibited by tetrodotoxin and the neuronal Ca’* channel
blocker w-conotoxin GVIA (15). Addition of NE to the serosal
aspect of mucosal sheets decreased base-line I,. by an average
of 18 + 4 uA cm™2 (+1 = 5 and —18 + 4 A cm™? before and
after 1 uM NE, respectively; p < 0.001, paired ¢ test; 29 tissues
from 15 pigs). In addition to its effects on basal I,., NE de-
creased the ETS-evoked increment in I, (53 =+ 7and 4 = 1 uA
cm~2 before and after NE, respectively; p < 0.001, paired ¢ test;
29 tissues from 15 pigs). In the absence of NE, mucosal re-
sponses to the first and second ETS episodes were 48 + 7 and
45 + 8 uA cm™? respectively (p > 0.05, paired ¢ test; 16 tissues
from eight pigs).

Radioligand binding to membrane fractions from in-
testinal mucosa and submucosa. Of the nine fractions iso-
lated from the submucosal homogenate, the P2 fraction exhib-
ited the highest relative specific binding of [*H]STX (Fig. 2).
This fraction also exhibited the highest relative specific binding
of [*H]yohimbine; specific binding represented 80 + 2% of total
binding at the highest concentration (5 nM) of ligand tested
(Figs. 2 and 3A). Saturation analysis using- [*H]yohimbine was
performed to further characterize specific a.-AR binding sites
in neuronal membranes isolated from the submucosa (Fig. 3).
The radioligand bound to a single class of binding sites in the
P2 fraction (ny = 1.04 £ 0.02; four saturation experiments,
each performed in duplicate, using membranes isolated from
the submucosa of six or seven pigs). These sites manifested a
high affinity for the radioligand with a K, of 0.39 + 0.03 nm
and a B,.,, of 358 + 18 fmol/mg of protein (Fig. 3B).

To test the hypothesis that specific [*H]yohimbine binding
sites in the submucosal P2 fraction were a-AR binding sites,
experiments were conducted to assess the ability of unlabeled
a-AR ligands to compete with [*H]yohimbine for submucosal
binding (Table 1). In competition with [°H]yohimbine, AR
agonists displayed the relative order of affinity of oxymetazo-
line > p-aminoclonidine > phenylephrine = NE. Moreover,
selective AR antagonists exhibited the relative order of affinity
of RX-821002A = yohimbine >> prazosin > propranolol (Table
1). Thus, selective a,-AR ligands exhibited the highest affinities
in competing for [*H]yohimbine binding sites. The prazosin
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Fig. 3. Saturation analysis of [*H]yohimbine binding to the neuronal
membrane-enriched fraction isolated from the submucosa of the porcine
distal jejunum. A, Total, nonspecific, and specific binding was determined
at each concentration of radioligand. In contrast to the mucosal mem-
branes, the submucosal P2 fraction exhibited relatively high [*H]yohim-
bine binding, which was predominantly specific in nature (compare Figs.
3A and 4A). B, Representative Scatchard plot determined from the
submucosal saturation data shown in A. [*H]Yohimbine bound to the
submucosal P2 fraction with high affinity, exhibiting a K, of 0.34 nm and
8 By, Of 334 fmol/mg of protein in this representative experiment.

versus oxymetazoline and prazosin versus yohimbine K; ratios
were 218 and 980, respectively, which, together with previous
pharmacological results, suggests that these sites have charac-
teristics similar to those of azs-ARs (14).

Cell membranes isolated from jejunal mucosa exhibited rel-
atively low specific binding of both [*'H)STX and [*H]yohim-
bine (Figs. 2 and 4A). In contrast, ['H)QNB bound with high
affinity to a single class of sites (K = 77 £ 9 pM; Bpax = 47
6 fmol/mg of protein; ny = 0.91 £ 0.07) within the mucosal
fraction (five saturation experiments, each performed in dupli-
cate, using membranes isolated from six or seven pigs). [*H]
QNB binding to these mucosal sites was highly specific, repre-
senting 79 + 2% of total binding observed at a [*H]JQNB
concentration of 1.6 nM (Fig. 4, B and C).

Identification of RNA species encoding a3-ARs in por-
cine intestine and other tissues. In order to examine further
the intraintestinal location and characteristics of the a;-AR
mediating the transport-related effects of NE, RNA was iso-

TABLE 1

Inhibition by selective AR drugs of specific [*H]yohimbine (0.2 nm)
binding to neuronal membranes (P2 fraction) isolated from the
submucosa of the porcine distal jejunum

Compound K* e
nM
Agonists
Oxymetazoline 27+04 0.801 + 0.080
p-Aminoclonidine 26+5 0.900 + 0.028
Phenylephrine 379+ 76 0.807 + 0.040
NE 504 + 161 0.676 + 0.065
Antagonists
RX-821002A 04+0.1 1.081 + 0.043
Yohimbine 0.6 +0.1 1.040 + 0.044
Prazosin 588 + 109 0.811 £ 0.015
Propranolol 2290 + 188 1.008 + 0.054

* Inhibition constants (K;) were calculated from the equation K; = ICso/(1 + {[*H]
yohimbine}/K,), where ICs, is the concentration of drug displacing 50% of bound
radioligand. Each value represents the mean + standard error of four or five
duplicate experiments.

b Hill coefficients (ny) were determined from logit-log plots where the ordinate
(logit) = In[P/(100 — P)], P = percentage of ligand bound, and the abscissa =
logarithm of the molar concentration of the inhibitor.

lated from representative porcine tissues including the jejuno-
ileal mucosa and submucosa, analyzed by Northern blotting,
and hybridized to cDNA probes specific for each of three
identified human a,-AR subtypes, i.e., a;-C10, a2-C2, and a,-
C4 (Fig. 5, A-C). The quality of the poly(A)* RNA preparation
was assessed by hybridization to a porcine 8-actin cDNA probe
(Fig. 5D). The a;-C10 probe hybridized to a 3.8-kb mRNA that
predominated in the submucosa (Fig. 5A). In contrast, a 3.8-kb
hybridization band was not detected in the lane containing
poly(A)* RNA isolated from the jejunal mucosa. Poly(A)* RNA
isolated from cerebral cortex and kidney exhibited low intensity
3.8-kb bands when hybridized to the a;-C10 probe (Fig. 5A).
The a;-C2 probe hybridized to four different sizes of mRNAs
present in the poly(A)* RNA isolated from porcine tissues. A
weak band was detected at 6.4 kb in the kidney and mucosa.
Hybridization to a 4.1-kb mRNA predominated in the kidney
(Fig. 6B). A weak 4.1-kb band was detected in the jejunal
submucosa. This probe also hybridized to a 2.9-kb message that
predominated in the kidney but was also present in the cerebral
cortex and jejunal mucosa. Hybridization to a 1.2-kb message
produced a moderate intensity band in poly(A)* RNA isolated
froth kidney and jejunal mucosa (Fig. 5B). The a,-C4 probe
was hybridized to total RNA (50 ug/lane) isolated from porcine
tissues (Fig. 5C). This probe hybridized to a 4.1-kb mRNA that
was most prevalent in the liver and mucosa; it was also detect-
able in RNA isolated from the kidney (Fig. 5C). The porcine
B-actin probe hybridized to a 2.1-kb mRNA that was present
in all four tissue types examined (Fig. 5D). A second 1.5-kb
hybridization band was detected in the intestinal mucosa and
submucosa.

Discussion

Through the utilization of three distinct experimental ap-
proaches (bioelectrical measurements of ion transport, radioli-
gand binding, and tissue-specific detection of RNAs encoding
as-ARs), we have obtained evidence supporting the hypothesis
that an a;\-AR located on submucosal neurons mediates the
effects of NE on active electrolyte transport in the small
intestine. NE decreased both basal and ETS-evoked I,. in the
porcine distal jejunum. A similar inhibitory action of NE has
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of porcine distal jejunum. Total, nonspecific, andspedﬁcbind:ngwas
determined at each concentration of radioligand. In contrast to the
neuronal membranes of the submucosa, the epithelial cell membranes
exhibited relatively low [*H]yohimbine binding, which was predominantty
nonspedﬁcnnatue(compareﬁgs 3A and 4A). Despite low specific
binding of [*H , the mucosal cell membranes exhibited relatively
high specific bindingof[’H]QNB (B). C, Scatchard plot determined from
the [*H]JQNB saturation data. PH]QNBbomdtothemucosalcell mem-
branes with high affinity, exhibiting a K, of 74 pm and a Bmex of 50 fmol/
mg of protein in this representative experiment.
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been documented in rabbit, guinea pig, and rat small intestine
as well (5, 9, 10, 25). Depending on the prevailing state of
transport processes in this preparation, the inhibition of on-
going neural activity by NE results in net C1~ absorption or net
Na* and HCO;™ secretion; NE-induced inhibition of electrically
stimulated neural activity attenuates electrogenic Cl~ and
HCO;™ secretion. These NE actions are mimicked by selective
as-AR agonists and inhibited by the selective a;-AR blocker
yohimbine (14). In the guinea pig ileum, an a;-AR linked to
hyperpolarization of enteric neurons has been described
through single-electrode and whole-cell patch-clamp analyses
(9, 12, 13, 26). Furthermore, the rat small intestine appears to
possess both neuronal and epithelial a,-ARs that affect active
ion transport, inasmuch as a portion of NE activity is sensitive
to neurotoxins (10, 27, 28).

In order to examine in more detail the neuronal a;-AR
mediating transport in porcine small intestine, we prepared a
fraction from the porcine jejunal submucosa that was enriched
in specific [*H]STX binding sites, indicating the presence of
axonal membranes. In canine small intestine, the P2 submu-
cosal fraction likewise exhibits the highest specific [*TH]STX
binding relative to other submucosal fractions. This latter
submucosal fraction also displays high immunoreactivity to-
wards the enteric neuropeptide vasoactive intestinal polypep-
tide but minimal 5’-nucleotidase activity, suggesting that it
consists not only of neuronal membranes but also of intact
synaptosomes and that it is relatively free of smooth muscle
cell membranes (16). The submucosal P2 fraction of the porcine
jejunum possessed the highest relative number of specific [*H]
yohimbine binding sites, compared with other membrane frac-
tions. Similarly, the canine submucosal P2 fraction possessed
a high density of binding sites specific for [*H]rauwolscine, a
diastereoisomer of yohimbine. Ligands selective for a;-AR com-
peted with [*H]yohimbine for binding to sites within the por-
cine P2 submucosal fraction with 10-1000-fold greater affinity
than the a;-AR ligands tested. Moreover, the prazosin versus
oxymetazoline and the prazosin versus yohimbine K; ratios that
have been used in subtyping of a;-ARs were 218 and 980,
respectively (29, 30). Prazosin versus oxymetazoline and pra-
zosin versus yohimbine K; ratios that are similar have been
obtained in P2 fractions of the canine gut submucosa (16).
These results suggest that specific [*H]yohimbine binding sites
detected in the porcine submucosa represent an AR of the a;a
subtype.

The cell membrane fraction isolated from the porcine jejuno-
ileal mucosa was relatively free of neuronal membrane contam-
ination, as evidenced by minimal specific binding of [*H]STX.
Nevertheless, it appeared to be enriched in epithelial cell mem-
branes, inasmuch as the muscarinic cholinergic antagonist [°H]
QNB bound saturably and with high affinity to a homogeneous
population of specific sites in this preparation. Muscarinic
cholinergic agonists stimulate electrogenic anion secretion in
the porcine distal jejunum; their effects are resistant to block-
ade of neural conduction. Moreover, specific [PTHJQNB binding
sites have been autoradiographically localized within the jejunal
wall to the epithelium (19). [*H]Yohimbine displayed relatively
low specific binding to this mucosal fraction, in contrast to
epithelial membrane fractions from rabbit and rat small intes-
tine, which reportedly exhibit specific binding sites for [°H]
yohimbine. The epithelial binding sites characterized in rat and
rabbit intestinal mucosa exhibit significantly lower affinity for
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radioligand (K, = 6 and 28 nM, respectively) and are at lower
densities (Bn.: = 37 and 104 fmol/mg of protein, respectively)
than [*H]yohimbine binding sites identified in the porcine
submucosa (8, 27).

Northern blot analyses using human cDNA probes for three
subtypes of a;-AR were performed on RNA isolated from the
mucosa or submucosa of the porcine distal jejunum, as well as
several nonintestinal porcine tissues, to confirm the identity
and intramural location of the a;s-AR. Human cDNA probes
were utilized in this investigation because of their availability
and because of the close amino acid sequence homology (>93%)
between the porcine a;a-AR and the human a,-C10 AR (31).
In total, five different species of mRNA were detected in RNA
isolated from porcine tissues after hybridization to the three
human a,-AR DNA probes. The a,-C10 probe is derived from
the gene located on chromosome 10 that encodes the a;a-AR
(22); it hybridized to a single 3.8-kb species of poly(A)* RNA
that predominated in the jejunal submucosa. This message was
also detectable in cerebral cortex and kidney but not the
intestinal mucosa. The same a;-C10 probe has previously been
used to identify a 3.8-kb message in rat cerebral cortex and
kidney (32). These results, in combination with those from
functional and [*H]yohimbine binding experiments, suggest
that the gene encoding the a;1-AR is preferentially expressed
at the level of mRNA in the submucosa of the intestine and is
translated to functional azs-AR protein.

The a,-C2 probe, corresponding to the a;s-AR, hybridized to
two major species (4.1 and 2.9 kb) of mRNA, both of which
were most abundant in the porcine kidney (24, 33). Hybridi-
zation of poly(A)* RNA to the human «,-C2 probe previously
identified a 4.1-kb message in rat kidney and liver (32). More-
over, a different a;s-AR probe derived from rat brain hybridized

to both a 4.6-kb message present in rat brain and kidney and a
3.6-kb message present in rat kidney (34). It is likely that the
4.1-kb message identified in porcine kidney represents an a;p-
AR. Inasmuch as the porcine submucosa also exhibited a weak
4.1-kb band, it is apparent that at least two subtypes of AR
may be present in this tissue. Because functional and binding
studies strongly suggest that the AR associated with submu-
cosal neurons is of the a;a-AR subtype, the a;-AR message
may be expressed but not translated or may exist as a receptor
protein present on other cell types within this tissue layer that
do not mediate the effects of NE on mucosal transport. The
a,5-C4 probe, like the a;-C2 probe, hybridized to a single 4.1-kb
message in the total RNA isolated from porcine liver, mucosa,
and kidney. This may represent cross-hybridization to the same
message identified with the a;-C2 probe. A 2.9-kb message,
representing a third species of ao.-AR mRNA, was identified in
the porcine brain, mucosa, and kidney after hybridization to
the a,-C2 probe. Previously, a rat brain azs-AR probe has been
reported to hybridize to a 3.0-kb message also present in rat
brain and kidney (34). When rat poly(A)* RNA was hybridized
to the human «;-C4 probe, a 2.9-kb message was apparent (32).
Thus, it is not clear whether this message identified in the pig
corresponds to an azg- or azc-AR subtype. The human «,-C4
probe, corresponding to the a;c-AR subtype, did not identify a
2.9-kb message in total RNA isolated from porcine tissues,
although this may simply reflect a lower frequency of expres-
sion. The a,-C2 probe also hybridized to 6.4- and 1.2-kb mes-
sages present in the porcine kidney and intestinal mucosa. The
identity of these messages remains unknown. Thus, unlike the
submucosa, the mucosa of the porcine distal jejunum appears
to contain four (6.4-, 4.1-, 2.9-, and 1.2-kb) species of mRNA
that hybridize to human «,-C4 and a,-C2 cDNA probes; a 3.8-



kb a;1-AR mRNA was not detected in this tissue. Because [°H])
yohimbine binding sites were not detected on mucosal epithelial
cells, these multiple signals may be either expressed as receptors
at a low level or expressed in other nonepithelial cell types
found in this intestinal subregion.

In summary, our results indicate that an a;1-AR associated

with the intestinal submucosa may mediate the actions of NE
on active ion transport in the porcine small bowel. This AR
may be coupled to a transmembrane K* conductance, as de-
scribed in guinea pig submucosal neurons, or alternatively to a
voltage-gated cellular Ca®* conductance (12, 13, 26). The precise
mechanisms by which this receptor alters transepithelial ion
transport remain to be further defined.
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