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Acute denervation alters the epithelial response to adrenoceptor
activation through an increase in a,-adrenoceptor expression on

villus enterocytes

L2Carolyn J. Baglole, 'David L. Sigalet, 'Gary R. Martin, 'Shengtao Yao & *'>Jon B. Meddings
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1 Loss of sympathetic input due to intestinal denervation results in hypersensitivity and increased
intestinal secretion. It is unknown whether denervation-induced alterations in intestinal epithelial
physiology are the result of changes in adrenoceptors on enterocytes (ENTSs).

2 The purpose of this study was to examine adrenoceptor distribution and pharmacology on small
intestinal ENTs following acute intestinal denervation.

3 Lewis rats underwent small bowel transplantation (SBT) or sham operation and proximal small
intestinal segments were harvested 1, 2 and 4 weeks postoperatively. Intestinal electrolyte movement
was assessed using short-circuit current (Isc) measurements of stripped epithelial sheets following
stimulation with phenylephrine (PE), an oj-adrenoceptor agonist. The presence of adrenoceptor
subtypes on separated villus and crypt ENTs was assessed using flow cytometry.

4 o,-Adrenoceptors were found on approximately 27% of jejunal villus ENTs, but not crypt ENTs,
following acute extrinsic denervation. ENTs from the Lewis rat have few f-adrenoceptors.

5 oy-Adrenoceptor stimulation of acutely denervated intestinal epithelial sheets decreased Isc by
—13.45%. This effect was mediated by a reduction in chloride (Cl7) secretion; the absence of CI™
reversed the Isc to + 13.79%.

6 In conclusion, loss of sympathetic innervation to the gastrointestinal epithelium causes acute
upregulation of a;-adrenoceptors on villus ENTs, leading to inhibition of Cl~ secretion at the villus
tip. The increase in adrenoceptors may reflect a compensatory mechanism to combat the increased
secretory state of the bowel due to the loss of the sympathetic innervation and tonic control over

intestinal secretion.
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Introduction

Under physiological conditions, the intestine is able to
maintain homeostatic control of absorption and secretion
through input from epithelial cells, intestinal smooth muscle,
mesenchymal and immune cells and the enteric and autonomic
nervous systems (Hubel, 1989; Chang & Rao, 1994). Sympa-
thetic innervation from the autonomic nervous system to the
small intestine is completely extrinsic (Keast et al., 1984;
Cooke & Reddix, 1994) and regulates fluid and electrolyte
transport by providing tonic inhibition of secretory fluxes and
mediating an absorptive response via adrenoceptors (Oishi &
Sarr, 1995).
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Sympathetic regulation of intestinal function is crucial when
this innervation to the gut is disrupted. Sympathetic denerva-
tion has adverse consequences on the ability of the small
intestine to regulate absorptive physiology. We and others
have demonstrated that loss of sympathetic innervation, such
as following small bowel transplantation (SBT), is associated
with intestinal complications such as changes in motility and
disturbances in intestinal secretion and/or absorption (Deltz
et al., 1987; Sigalet et al., 1992a,b; Shibata et al., 1998). The
transplant process extrinsically denervates the small intestine
without major changes in glucose transport (Sigalet et al.,
1992a,b) or the absorption of fat or carbohydrates (Sigalet
et al., 1996). However, the extrinsically denervated small
intestine exhibits a marked reduction in in vivo water and
electrolyte absorption, an increase in chloride (Cl7) secretion
and hypersensitivity to catecholamines (Watson et al., 1988;
Herkes et al., 1994; Oishi & Sarr, 1995). Application of
norepinephrine or clonidine, an a,-adrenoceptor agonist, to
ileal epithelial sheets in the extrinsically denervated rat causes a
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significant increase in the intestinal response and can reverse
secretion to absorption (Chang et al., 1986), possibly due to a
compensatory increase in adrenoceptors (Chang et al., 1986;
Oishi & Sarr, 1995).

However, the epithelial distribution of adrenoceptors
following extrinsic denervation is currently unknown and the
relationship between sympathetic stimulation and ion move-
ment across the intestinal mucosa remains vague. Therefore,
we sought to test the hypothesis that denervation-induced
alterations in Cl~ secretion are mediated through an increase
in adrenoceptors on intestinal epithelial cells.

Methods

Chemicals

BODIPY FL prazosin and BODIPY FL CGP 12177 were
obtained from Molecular Probes Inc. (Eugene, OR, U.S.A.)
and dissolved in dimethylsulfoxide. All other chemicals were
purchased from Sigma Chemical Co. (St Louis, MO, U.S.A.)
unless otherwise indicated.

Animals

Syngeneic male Lewis rats weighing 225-250 g (Charles River
Canada, St Constant, Quebec, Canada) were used for the
transplant (denervation) procedure to avoid confounding
immunological complications or the need for immunosuppres-
sive therapy. All animals were acclimatized for 7 days in
individual Plexiglas cages prior to surgeries, fed Purina
standard rat chow (Purina Co., St Louis, MO, U.S.A.) and
given free access to water. Animals were fasted overnight
before any surgical procedures, all of which were conducted
under the guidelines established by the Canadian Council on
Animal Care (Canadian Council on Animal Care, 1984) and
with the approval of the Animal Welfare Committee at the
University of Calgary.

Surgeries

Sham operation Rats were anesthetized with halothane
(1-2% inhalation by mask) and a midline laparotomy was
performed. The bowel was divided 1cm distal to the ligament
of Treitz and 5 cm proximal to the ileocecal valve. With the aid
of an operating microscope, anastomoses were performed
using interrupted sutures of 6-0 silk and the abdomen was
closed with 4-0 Vicryl. Animals were given buprenorphine
0.lmgkg™' subcutaneously twice daily (b.i.d.) for 48h for
pain, allowed water immediately postoperatively and food was
returned on the second postoperative day. In these sham-
operated controls, all innervation remained intact.

Transplant procedure The transplant procedure was per-
formed as a one-stage procedure. Briefly, animals were
anesthesized and the donor small intestine (jejuno-ileum) was
isolated. The small intestine was quickly removed and stored in
ice-cold lactated Ringer’s solution until placed in the recipient.
Lactated Ringer’s solution is a balanced and isotonic solution
containing sodium, C1~, calcium, potassium and lactate, which
provide electrolytes in the same composition to that of
extracellular fluid. The transplanted bowel was revascularized

based on the infrarenal aorta and vena cava using standard
microsurgical techniques. Closure and postoperative care of
the transplanted animals was identical to that of the sham-
operated control group. The small intestine was retrieved 1, 2
or 4 weeks postoperative following euthanization by intra-
peritoneal injection of Somnotol.

Naive controls Segments of proximal small intestine were
harvested from naive animals that had not undergone any
surgical procedure. The small intestine was retrieved following
euthanization by intraperitoneal injection of Somnotol and
experiments using these intestinal segments were conducted
immediately upon removal from the animal.

Intestinal epithelial cell isolation

Epithelial cell isolation was performed as previously described
for guinea-pig and rat intestinal epithelial cells (Weiser, 1973;
Lang et al., 1996; Baglole et al., 2005). Briefly, segments of
proximal intestine were immersed in warm (37°C) phosphate-
buffered saline (PBS). The intestinal segment was cannulated
and filled with oxygenated citrate buffer to a pressure of 50 cm
of H,O; this intraluminal pressure is within a physiological
range for the small intestine (Hirokawa et al., 1997). The
segment was immersed in 0.15M sodium chloride (NaCl) at
37°C for 15min, the luminal fluid discarded, refilled in the
same manner with oxygenated buffer containing EDTA and
again immersed in 0.15M NaCl for 5min. The Iuminal
contents, containing the eluted fractions of villus epithelial
cells, were sequentially collected by drainage for a total of four
times. Following this, the intestinal segment was refilled with
EDTA buffer, incubated in 0.15M NaCl at 37°C for one 7-min
and two 10-min intervals and the luminal fluid discarded.
Crypt epithelial cells were collected by refilling the segment
with EDTA buffer and incubating in 0.15M NaCl at 37°C for
10 min and eluting the fluid. These fractions have previously
been determined to represent villus tip and crypt epithelial cells
(Lang et al., 1996; Baglole et al., 2005).

Once isolated, the villus and crypt cell fractions were
pelleted by centrifugation (1200 r.p.m. for 5min) and rinsed
twice with ice-cold Krebs buffer. After the second wash, villus
and crypt cells were reconstituted in 1 ml of Krebs buffer and
incubated with 50 ul of DNAse for 30 min at room tempera-
ture to minimize cell clumping. The cells were rinsed and
filtered twice, first through 40uM Falcon® cell strainers
(Becton Dickinson Labware, Franklin Lakes, NJ, U.S.A.)
and then through 30 uM nylon mesh (Small Parts Inc., Miami
Lakes, FL, U.S.A.). Upon filtering, the cells were rinsed
repeatedly with Krebs buffer to reduce mucus and brought to a
final volume of 500 ul at which time they were distributed into
5ml polystyrene Falcon® tubes (Becton Dickinson Labware,
Franklin Lakes, NJ, U.S.A.) for the binding experiments.

Receptor binding

Total binding was determined by incubating whole-cell suspen-
sions with increasing concentrations of the fluorescent probes
for o;- and p-adrenoceptors (BODIPY FL prazosin and
BODIPY FL CGPI12177, respectively) in a light-protected
environment for 45min at room temperature. The lowest
concentration that gave maximal binding was used for all
subsequent experiments («;-adrenoceptors: 4 uM, sham; 2 and
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4 uM, transplant villus and crypt, respectively. f-Adrenoceptors:
4 uM, transplant; 6 and 4 uM, villus and crypt, respectively).

To examine specific binding sites, we evaluated the ability
of specific receptor antagonists to prevent binding of the
fluorescent probes by preincubating the cells with excess
(1mM) unlabelled prazosin (o;-adrenoceptor antagonist)
(Molecular Probes Inc., Eugene, OR, U.S.A.) or propranolol
(f-adrenoceptor antagonist) followed by incubation with the
fluorescent probe. Both prazosin and propranolol are well
established and widely referenced antagonists for their
respective receptors (Reid & Vincent, 1986; Fukuda et al.,
2001). Cells were preincubated with the unlabelled ligand for
30 min at room temperature followed by incubation with the
fluorescent probe for 45min. Specific (displaceable) binding
was determined as the difference between total binding and
nonspecific binding and taken to indicate the presence of
receptor binding sites. Negative controls included incubation
of cells with buffer or unlabelled ligand.

Once binding experiments were complete, cells were washed
with Krebs buffer, brought to a final volume of 500 ul and
10,000 cells/sample were acquired and analyzed using a
Becton-Dickinson FACScan and Cell Quest software V3.1f
(Becton Dickinson Immunocytometry Systems, San Jose, CA,
U.S.A).

Sucrase assay

Sucrase is a brush border enzyme that is high within the villus
region but has little enzymatic activity in the crypts (Traber,
1999). Sucrase activity was therefore assessed in villus and
crypt epithelial cells isolated from the small bowel to ensure
adequately pure separation between the cell fractions accord-
ing to the colorimetric assay described by Dahlqvist (1964) and
previously used by us to assess villus and crypt intestinal
epithelial cell maturity (Lang et al., 1996). Briefly, villus and
crypt epithelial cells were isolated, protein content was
determined and the cells diluted in PBS to 0.4 mgml~! protein.
Samples were incubated with sucrose substrate (0.056 M)
(100 ul of each) and TGO reagent (0.3 ml of glucose oxidase
in 50 ml Tris buffer, 0.5 ml peroxidase, 0.5 ml o-diansidine, 1 ml
Triton; diluted to 100 ml Tris buffer) and incubated at 37°C for
60 min. Negative controls (blanks) consisted of adding the
sample to the sucrose substrate and immediately placing them
in boiling water for 2min followed by addition of the TGO
reagent. As an estimate of sucrase activity, the production of
glucose was measured using a spectrophotometer at a
wavelength of 420nm and expressed per gram of protein.
Results are expressed as unit of activity per gram of protein.

Ussing chamber analysis

Ussing chambers were used to assess changes in electrogenic
ion movement in intestinal tissue. In all, 10-cm segments
immediately distal to the segment used for the cell isolation
were flushed with oxygenated (5% CO,-95% O,) ice-cold
Krebs buffer. This portion of the jejunum was placed over a
glass rod, partially scored along the mesenteric border and the
external muscle layers stripped away with fine forceps. The
remaining tissue was opened and the epithelial sheets were
rinsed in ice-cold Krebs and mounted in standard Ussing
chambers. Once mounted, the tissue was bathed in 4ml of
buffer 1 (in mM: NaCl, 107; KCI, 4.5, NaHCOs;, 25; CaCl,,

1.25; Na,HPO,, 1.8; NaH,PO,, 0.2; glucose, 12; pH 7.4) or
low Cl~ buffer. For the low Cl~ buffer, the composition
was the same as for buffer 1, except NaCl was replaced
with sodium gluconate and the Ca>* was elevated to 5.8 mM
(Diener et al., 1996). The chambers were maintained at 37°C
and buffers were aerated and mixed using a gas lift system
(5% CO»95% 0O,).

Once the tissue was mounted and the buffer added, the
tissue was allowed to stabilize for 20-25min before further
manipulation. Tissue responses were measured by clamping
the potential voltage (PD) to 0mV by applying a short-circuit
current (Isc) with a voltage clamp apparatus (EVC 4000,
World Precision Instruments, Sarasota, FL, U.S.A.) (Verg-
nolle et al., 1998). To determine the Isc response to
adrenoceptor stimulation, phenylephrine (PE) was dissolved
in buffer 1 or low Cl™ buffer and added to both sides of the
tissue at a final concentration of 10 mM. Forskolin, which
causes cCAMP-induced Cl secretion (10 mM stock dissolved in
ethanol) was added to the serosal surface at the end of these
experiments to ensure tissue viability. Tissue that did not
exhibit at least a 20% change in Isc due to the addition of
forskolin was not used. In other experiments, 20 mM glucose
was also added to the mucosa surface. Once drugs were added
to the tissue, the change in Isc was monitored and taken as an
indicator of net active electrolyte transport (Montrose et al.,
1999). The Isc was recorded and analyzed with Acq-Knowl-
edge software (version 3.1.3, BioPac).

Statistical analysis

All data are presented as the mean+s.e.m. Statistics and
graphs were generated using GraphPad Prism, version 3.00
(GraphPad Software Inc., San Diego, CA, U.S.A.). Statistical
analysis between two samples was performed using a Student’s
t-test. Statistical comparison of more than two groups was
performed using one-way ANOVA with Tukey’s multiple
comparison post-test. In all cases, a P-value of <0.05 was
considered to be significant.

Results

High sucrase activity in isolated villus, but not crypt,
intestinal epithelial cells

Since sucrase is high within the villus region but not the crypt
(Traber, 1999), sucrase activity was measured in villus and
crypt cells isolated from the jejunum of control and denervated
animals to confirm the purity of the cellular fractions.
Intestinal epithelial cells from control jejunum exhibited high
levels of sucrase activity only in cells from the villus fraction
and nearly undetectable levels in the crypt cells (22.0+11.1
versus 3.48+1U g~' protein, respectively). Similar results were
obtained for the cell fractions isolated from the jejunum of
transplanted animals where there was higher sucrase activity in
the villus as compared to the crypt fraction (9.4+3.5 versus
1.54+0.28 U g! protein, villus and crypt, respectively). There
was no significant difference in sucrase activity between
control and denervated villus and crypt epithelial cells.
Therefore, the cell isolation technique used in this study
allows for the separation of distinct villus and crypt cell
fractions.

British Journal of Pharmacology vol 147 (1)
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Flow cytometric identification of enterocytes (ENTs)
and intraepithelial [ymphocytes (IEL)

Intestinal epithelial cells are a heterogeneous mixture of cells.
The majority of intestinal epithelial cells are ENTs and we
have previously used an intestinal epithelial cell isolation
technique (Weiser, 1973) in conjunction with flow cytometry to
identify receptors on ENTs from the small intestine of guinea-
pigs (Lang et al., 1996; Baglole et al., 2005). We have
previously characterized the other major population of
intestinal epithelial cells as IELs (Figure 1) based on known
immunological markers (Lang et al., 1996); this cell fraction
was not analyzed further in this study. Therefore, all binding
studies were performed using the population of epithelial cells
previously identified as ENTs. Flow cytometry dot plots of
epithelial cells from the small intestine of sham-operated
controls or transplant recipients were similar and gating within
the ENT region identical.

Acute extrinsic denervation increases o-adreneroceptors
on villus ENTs

To determine which adrenoceptor subtype may mediate a
physiological response, we examined isolated villus and crypt
ENTs for the presence of o;- and f-adrenoceptors. Although
binding of BOPDIPY FL CGP 12177 occurred on villus and
crypt ENTs from both sham-operated controls and transplant
recipients, attempts to displace this binding by propranolol
was unsuccessful, suggesting that there are very few f-
adrenoceptors on ENTs from the Lewis rat.

We next examined the distribution of o,-adrenoceptors on
villus and crypt ENTs following SBT. Competition experi-
ments revealed that binding of the fluorescent o,-adrenoceptor
probe BODIPY FL prazosin to villus ENTs in the denervated
gut at week 2 could be substantially reduced with unlabelled
prazosin (Figure 2). At the highest concentration of prazosin
used, 1 mM, displaceable binding was observed on a subset of
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Figure 1 Representative dot-plot profile of villus intestinal epithe-
lial cells isolated from the proximal small intestine of the Lewis rat.
The forward scatter of light (FSC-H) is a measure of increasing cell
size and the side scatter of light (SSC-H) is a measure of increasing
cell granularity (values are in arbitrary units). The box, ENT,
represents enterocytes and all binding experiments were conducted
from cells within this region. IEL: intraepithelial lymphocytes.

these villus ENTs, 27+ 6.7% of the cells (Figure 2a), indicating
that extrinsic denervation augments o;-adrenoceptor expres-
sion on a specific subset of intestinal epithelial cells. The
amount of displaceable binding on villus ENTs from the
denervated intestine at weeks 1 and 4 on the other hand was
very low, occurring on only 0.0 (week 1) and 3.14+1.6%
(week 4) of cells. Displaceable binding on villus ENTs from the
innervated controls was also very low; here specific binding
was between 0.454+0.27% (week 1) and 10.4+3.2% (week 4)
of the cells.

Prazosin was unable to displace the fluorescent «;-adreno-
ceptor probe on crypt ENTs (Figure 2b). Here, displaceable
binding to crypt ENTs from the proximal small bowel of both
experimental groups was negligible, ranging between
0.45+0.27 and 16.08 +9.46% of cells, indicating that acute
extrinsic denervation does not alter the proportion of crypt
ENTs with o;-adrenoceptors.

Acute extrinsic denervation alters the epithelial response
to a-adrenoceptor stimulation

Sympathetic denervation induces a profound change in
electrolyte movement across the epithelium (Chang et al.,
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Figure 2 Percentage of (a) villus and (b) crypt ENTs isolated from
the small intestine of Lewis rats exhibiting specific (displaceable)
binding for o;-adrenoceptor. (a) Villus ENTs from the denervated
gut have a higher proportion of cells with «;-adrenoceptors at week
2 compared with weeks 1 and 4 and at any time point in the sham
(*P<0.05). (b) Displaceable binding of the o;-adrenoceptor probe
BODIPY FL prazosin from crypt ENTs was low and not
significantly different between the experimental groups at any time
point. Results are expressed as mean+s.e.m., n=3-5 animals.
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Figure 3 Phenylephrine induced o;-adrenoceptor stimulation in-
duces a significant decrease in Isc in denervated, but not sham-
operated, jejunum at week 2. (a) Representative trace of the Isc
response (uamp/cm?) to a;-adrenoceptor stimulation by phenylephr-
ine (PE) of epithelial sheets from denervated jejunum 2 weeks
postoperative. Arrow indicates the time at which PE was added to
the apical and basolateral surfaces. (b) Basal Isc values were not
significantly different between control and denervated intestine.
There was a significant decrease in Isc after administration of PE in
the denervated gut at 2 weeks postoperative that was not observed in
the innervated controls (Alsc =—4.2+2.75). *P<0.05 for both the
difference from baseline at week 2 and for the change in Isc between
the sham and transplant intestine at week 2. Results are expressed as
mean+s.e.m., n=4.

1986; Oishi & Sarr, 1995) and decreases Isc (Field & McColl,
1973; Hildebrand & Brown, 1992). To determine if acute
denervation altered the epithelial response to a;-adrenoceptor
stimulation, we mounted intestinal epithelial sheets from
control and denervated animals in Ussing chambers and
assessed alterations in electrogenic ion movement. Adminis-
tration of PE, a specific a;-adrenoceptor agonist, to the apical
and basolateral surfaces of epithelial sheets from the dener-
vated jejunum 2 weeks postoperatively induced a rapid and
significant decrease in Isc (Figure 3a). This decrease was not
observed in jejunum from sham-operated animals (Figure 3b).
Note that the baseline Isc values were not significantly
different between denervated and sham-operated (innervated)
controls. Further, there was no significant change in Isc at
weeks 1 and 4 in either experimental group (data not shown).
Clearly, at the time point where there is an increased presence
of a;-adrenoceptors on villus ENTs, there is a corresponding
alteration in intestinal epithelial physiology.

Acute extrinsic denervation does not alter sodium
absorption

To elucidate the ionic basic for the deflection in Isc, we first
determined if an increase in sodium absorption could account
for the decrease in Isc by the addition of glucose. The
physiological response to apical addition of glucose is
electrogenic absorption of sodium (and glucose) through the
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Figure 4 Intestinal denervation does not alter sodium absorption.
There was a significant increase in the Isc response upon addition
of apical glucose to epithelial sheets from both (a) denervated and
(b) sham-operated animals. * P<0.05 represents the difference from
baseline. There was no significant difference between the two
experimental groups at any time point. Results are expressed as
mean+s.e.m., n=4-5.

sodium/glucose-linked transporter-1. Addition of glucose to
the apical surface prompted a significant increase in the Isc
response in both experimental groups (Figure 4). However,
there was no significant difference in the magnitude of this
response at any time point or between experimental groups,
indicating that acute denervation does not alter the uptake of
sodium ions.

a,-Adrenoceptor stimulation in the acutely denervated
small intestine alters CI~ secretion

To determine whether the observed change in Isc following
oy-adrenoceptor stimulation was the result of CI- movement,
we next compared the Isc response to PE using a physiological
standard buffer (buffer 1) or low CI™ buffer. Addition of
10 mM PE to tissue segments from the denervated gut at week
2 bathed in buffer 1 again caused a significant decrease in Isc
(Isc=—-14.394+1.08 for six separate experiments). However,
this PE-induced decrease in Isc in the denervated gut was
reversed when the tissue was bathed in low Cl~ buffer
(Figure 5).

To be sure that the alterations in CI~ movement were in fact
the result of denervation, we also examined the response to
oy-adrenoceptor stimulation of intestinal segments from both
naive and sham-operated controls in either buffer 1 or low C1~
buffer 1. The response to PE in these experimental controls
remained unchanged in low C1~ buffer (Figure 5). Collectively,
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Figure 5 Phenylephrine-induced «;-adrenoceptor activation inhi-
bits CI~ secretion in the denervated small intestine. The PE-induced
decrease in Isc of denervated gut is significantly reversed in low Cl~
buffer (**P<0.001). The decrease in Isc in the denervated gut
bathed in buffer 1 was significantly different than both controls
groups bathed in either buffer (¥* P<0.05). The PE-induced change in
Isc of tissue from either naive (controls) or sham-operated (Sham)
controls was the same, regardless of the buffer. Results are expressed
as mean+s.e.m., n=3-10.

these data strongly indicate that acute extrinsic denervation
causes a transient and compensatory increase in o;-adreno-
ceptors only on villus ENTs, resulting in a decrease in Cl™
movement across the villus tip.

Discussion

Sympathetic regulation of intestinal function is critical in
maintaining a balance between absorption and secretion. Few
studies have directly addressed the effect that sympathetic
denervation has on intestinal epithelial function. Through a
unique combination of receptor—ligand interactions and in
vitro pharmacological characterization of intestinal secretion,
we have demonstrated for the first time that sympathetic
denervation alters the intestinal epithelial response to o-
adrenoceptor stimulation through increased «;-adrenoceptors
located on villus ENTs. Activation of these ENT o;-
adrenoceptors significantly altered CI- movement across the
mucosa of the denervated jejunum, a novel finding.

An increase in adrenoceptor numbers on smooth muscle
cells was proposed to explain the hypersensitivity of norepi-
nephrine on intestinal smooth muscle contractility (Shibata
et al., 1997, Ohtani et al., 2000). Following intestinal
denervation, there is also a decrease in the muscarinic M1
receptor and an increase in the muscarinic M3 receptor
subtype (Stadelmann et al., 1998). As transmural homogenates
were used in that study, the presence of muscarinic receptors
within the epithelium could not be determined. Difficulty in
assessing receptors in the intestinal mucosa is due to the
heterogeneous mixture of epithelial cells. We have modified an
intestinal epithelial cell isolation technique (Lang et al., 1996;
Baglole et al., 2005) and, in combination with flow cytometry,
were able to show that there is a significant increase in
a-adrenoceptors on villus ENTs 2 weeks postdenervation.
The results presented herein are the first to address a
significant gap in the literature by examining changes in
receptor distribution within specific populations of intestinal
epithelial cells.

We have demonstrated that extrinsic sympathetic denerva-
tion increases o;-adrenoceptors on villus ENTs and that
stimulation of these receptors alters CI~ movement at 2 weeks
but not at 4 weeks. This transient expression of «;-adrenocep-
tors may be the result of sympathetic reinnervation to the
transplanted gut. Kiyochi et al. (1994) have demonstrated that
sympathetic nerve fibers are present as early as 3 weeks post-
transplantation in the Lewis rat, indicating that the reinnerva-
tion process has already begun. Further, a response to
sympathetic nerve stimulation can reappear 3 weeks after
denervation even when the reinnervation is minimal (Hill ez al.,
1985). The decrease in oj-adrenoceptors by 4 weeks post-
denervation suggests that the transient alterations in o-
adrenoceptor distribution may be the result of reinnervation
to the small intestine.

We next sought to determine if there was a corresponding
functional significance to the increase in villus enterocyte
oy-adrenoceptors. We initially determined that «;-adrenocep-
tor stimulation significantly decreased Isc following acute
denervation. Multiple transport pathways involved in ion
movement exist in the proximal small intestine and a decrease
in Isc could be due to a decrease in Cl~ (Vieira-Coelho &
Soares-da-Silva, 1998). We examined the «;-adrenoceptor
response to epithelial tissue that was bathed in low CI~ buffer.
The reduction of Cl™ reversed the PE-induced Isc response
only in the group of animals that had undergone extrinsic
denervation at the 2-week time point, indicative of an
ephemeral decrease in Cl~ absorption. Transient alterations
in the intestinal physiology following extrinsic denervation
have been observed in the canine jejunum (Herkes ef al., 1994),
ileum (Tsiotos ez al., 2001) and colon (Kendrick et al., 2001;
2002) as well as the rat jejunum (Balsiger & Sarr, 2003). The
resolution of the absorptive capacity in the small and large
intestine may reflect adaptation (Kendrick et al., 2001), and
serve as a compensatory mechanism to combat the heightened
secretory state of the small bowel. Sympathetic innervation
regulates fluid and electrolyte transport by providing tonic
inhibition of secretory fluxes and mediates a proabsorptive
response via adrenoceptors (Carey & Zafirova, 1990). Although
denervation would ablate neuronal sources of epinephrine and
norepinephrine, the augmented adrenoceptors on the villus
ENTs at 2 weeks postdenervation may be responding to
catecholamines produced by nonneuronal cell bodies within
the gastrointestinal tract (Eisenhofer et al., 1997).

A major finding of this study is that an inhibition of CI~
secretion can occur at the villus tip, a novel and controversial
finding. C1~ secretion in the intestine has long been thought to
occur through one major pathway: the cAMP/cGMP-regu-
lated CFTR CI~ channel (Grubb, 1995), which is localized
primarily to the apical membrane of crypt ENTs, with little
expression found in the villus epithelium (Ameen et al., 2000).
However, both the villus and crypt regions may be involved in
the secretory response (Gunter-Smith & White, 1979; Dono-
witz & Madara, 1982; Stewart & Turnberg, 1989; Butt et al.,
1998). It has been recently demonstrated that apical CIC-2 CI~
channels are expressed by the villus epithelium in the murine
ileum (Gyomorey et al., 2000) and are capable of contributing
to CI™ secretion (Gyomorey et al., 2000; Mohammad-Panah
et al., 2001). CIC-2 CI~ channels may be responsible for the
oy-adrenoceptor-induced inhibition of Cl~ secretion at the
villus tip following acute extrinsic denervation; this pathway is
the subject of current investigation.
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In summary, the results presented herein are the first to
demonstrate that denervation hypersensitivity increases ENT
aj-adrenoceptors. We have shown that acute denervation
upregulates o;-adrenoceptors only on villus ENTs. Second, we
were able to characterize functionally the ionic basis behind
the in vitro secretory response following acute denervation and
demonstrate that CI~ movement across the mucosa is altered.
Collectively, these data suggest that the loss of sympathetic
innervation to the intestinal epithelium causes acute upregula-
tion of «;-adrenoceptors only on villus ENTs, ultimately
leading to an inhibition of Cl~ secretion at the villus tip. The
increase in adrenoceptors in the intestinal epithelium may
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