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INTRODUCTION
The mammalian colon consists of two functionally distinct regions,
the proximal and distal colon. The proximal colon is primarily
involved in the generation of short chain fatty acids through
fermentation of indigestible protein and carbohydrates, while the
distal colon functions to regulate the fluid and electrolyte content
of the faeces (Karasov and Hume, 1997). For hindgut fermentors,
a significant portion of their energy needs is obtained through
fermentation in the proximal colon and caecum. This process of
fermentation is critically dependent upon the luminal composition,
which is determined by fluid and electrolyte transport by the colonic
epithelium.

Epithelial ion transport in the proximal colon of the common
Australian brushtail possum, Trichosurus vulpecula, a marsupial
hindgut fermentor, differs from that seen in the proximal colon of
eutherian hindgut fermentors, such as the rabbit, guinea pig and rat.
In these eutherian mammals, Na+ absorption by the proximal colon
is electroneutral and dependent upon the Na+/H+ exchangers NHE3
(Schultheis et al., 1998) and, to a lesser extent, NHE2 (Bachmann
et al., 2004), located in the apical membrane of the epithelial cells.
Furthermore, secretagogues stimulate electrogenic anion secretion
in the eutherian proximal colon and, like all regions of the eutherian
intestine, this predominantly involves electrogenic Cl– secretion,
although significant electrogenic HCO3

– secretion also occurs
(Field, 2003). The secretagogue-stimulated Cl– secretion involves
the accumulation of intracellular Cl– by a basolateral Na–K–2Cl–

cotransporter, NKCC1, and the exit of Cl– across the apical
membrane via the cystic fibrosis transmembrane conductance

regulator (CFTR) (Kunzelmann and Mall, 2002). HCO3
– secretion

is dependent upon either HCO3
– transport across the basolateral

membrane by a Na–HCO3 cotransporter (pNBCe1) (Bachmann et
al., 2010) or generation of HCO3

– through hydration of CO2

(Cuthbert et al., 1999) and exit of HCO3
– across the apical membrane

via an anion channel, again most probably CFTR (Grubb, 1997).
In contrast, the possum proximal colon exhibits large amounts of
amiloride-sensitive electrogenic Na+ transport (Butt et al., 2002a),
which in eutherian mammals is restricted to the distal colon
(Kunzelmann and Mall, 2002). However, of particular interest is
the observation that membrane-permeable analogues of cAMP and
cGMP do not stimulate electrogenic anion secretion in either the
proximal or distal colon of the possum (Butt et al., 2002a). Thus,
in addition to the marked differences in the absorption of fluid and
electrolytes in the possum colon compared with the eutherian colon,
there are also significant differences in the secretion of fluid and
electrolytes.

In the possum small intestine, cAMP-stimulated electrogenic
anion secretion only occurs in the ileum, mainly as a result of the
low levels of expression of CFTR in the duodenum and jejunum
(Gill et al., 2011). In addition, the ileal response to cAMP-dependent
secretagogues involves electrogenic HCO3

– secretion (Bartolo et al.,
2009b), not Cl– secretion (Bartolo et al., 2009a). This results from
the pattern of expression of transporters in the basolateral membrane
of the ileal secretory cells. Unlike in the eutherian intestine, NKCC1
is not expressed in the basolateral membrane of the ileal secretory
cells of the possum, thus limiting the occurrence of classical
bumetanide-sensitive electrogenic Cl– secretion in response to
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SUMMARY
The cystic fibrosis transmembrane conductance regulator (CFTR) is central to anion secretion in both the possum and eutherian
small intestine. Here, we investigated its role in the possum proximal colon, which has novel transport properties compared with
the eutherian proximal colon. Despite considerable CFTR expression, high doses of the CFTR activator forskolin
(EC50�10moll–1) were required for a modest, CFTR-dependent increase in short-circuit current (Isc) in the proximal colon.
Presumably, this is because CFTR is restricted to the apical membrane of a small population of CFTR high expresser (CHE) cells
in the surface and upper crypt epithelium. Furthermore, although the forskolin-stimulated Isc was dependent on serosal Na+, Cl–

and HCO3
–, consistent with anion secretion, inhibition of the basolateral Na–K–2Cl– (NKCC1) or Na–HCO3 (pNBCe1)

cotransporters did not prevent it. Therefore, although NKCC1 and pNBCe1 are expressed in the colonic epithelium they do not
appear to be expressed in CHE cells. At low doses (IC50�1moll–1), forskolin also decreased the transepithelial conductance (GT)
of the colon through inhibition of a 4,4�-diisothiocyano-2,2�-stilbenedisulphonic acid-sensitive anion conductance in the
basolateral membrane of the CHE cells. This conductance is arranged in series with CFTR in the CHE cells and, therefore, the CHE
cells provide a transepithelial Cl– conductance for passive Cl– absorption across the epithelium. Inhibition of the basolateral Cl–

conductance of the CHE cells by forskolin will inhibit Na+ absorption by restricting the movement of its counter-ion Cl–, assisting
in the conversion of the tissue from an absorptive to a secretory state.
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secretagogues (Bartolo et al., 2009a). In contrast, pNBCe1 is
expressed at high levels in the basolateral membrane of the ileal
secretory cells and drives electrogenic HCO3

– secretion (Bartolo et
al., 2009b; Gill et al., 2011).

Unlike in the possum small intestine, there is evidence that the
transport proteins associated with electrogenic Cl– secretion are
expressed in the possum colon. High levels of NKCC1 expression
have been reported in the proximal colon of the possum (Bartolo
et al., 2009a) and CFTR transcript is expressed in possum colon
(Demmers et al., 2010). Therefore, the limited secretory response
of the possum colon cannot be accounted for by the simple presence
or absence of essential transport proteins, as is the case in the possum
duodenum and jejunum (Gill et al., 2011). Therefore, in this study
we investigated the functional role of CFTR in the possum proximal
colon in more detail. Specifically, we determined whether CFTR is
expressed in the proximal colon and how its expression in the colonic
epithelium compares with that of NKCC1 and pNBCe1, the main
basolateral transport proteins associated with electrogenic anion
secretion in the intestinal tract of most mammals. In parallel, we
used the Ussing short-circuit technique to determine the role of
CFTR in the epithelial transport of ions in the possum proximal
colon.

MATERIALS AND METHODS
Animals and tissue collection and preparation

Adult Australian common brushtail possums, Trichosurus vulpecula
(Kerr 1792), were used in this study. They had a live mass greater
than 2kg, and had been trapped and housed as previously described
(Butt et al., 2002a). All experimental procedures were performed
with the approval of the AgResearch Invermay and Otago University
Animal Ethics Committees according to the Animal Welfare Act,
1999. All tissues used in the current study were collected and
prepared as previously described (Butt et al., 2002a).

Measurement of epithelial transport
Electrogenic ion transport by the proximal colon was quantified by
measuring the short-circuit current (Isc) of the tissues. Isc and
transepithelial conductance (GT) were determined as previously
described (Butt et al., 2002a; Butt et al., 2002b). Briefly, after
removal of the entire hindgut from the animal, the proximal colon
was separated from the rest of the hindgut and the luminal contents
flushed with ice-cold Ringer solution (solution 1, Table1). The tissue
was then opened along the mesenteric border, the underlying

muscle and connective tissues removed by blunt dissection and the
resulting epithelial sheet mounted between two halves of a modified
Ussing chamber and superfused with Ringer solution. Oxygenation
and stirring of the solutions were achieved via gas lift with 95% O2

and 5% CO2 when employing bicarbonate-buffered Ringer solution,
and with 100% O2 when employing bicarbonate-free Hepes-buffered
Ringer solution. The tissue and solutions were maintained at 37°C
by surrounding water jackets. On average, an interval of 30–60min
elapsed between killing the animal and mounting the tissue in the
chamber. Throughout the experiment the tissues were constantly
short circuited by clamping the transepithelial potential at 0mV,
except for 1s intervals every 1 or 5min when the tissue was clamped
at ±3mV and GT determined.

The Ringer solutions employed in the Ussing chamber experiments
are summarized in Table1. GlyH101 {N-(2-naphthalenyl)-[(3,5-
dibromo-2,4-dihydroxyphenyl)methylene]glycine hydrazide} was
purchased from Merck Ltd (Auckland, New Zealand) and all other
reagents were purchased from Sigma-Aldrich Corp. (St Louis, MO,
USA). Concentrated stocks of amiloride were prepared in deionized
water; forskolin, 5-nitro-2-(3-phenylpropylamino) benzoic acid
(NPPB) and GlyH101 in dimethyl sulphoxide (DMSO); bumetanide
in ethanol; and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) in methanol.
These drugs were then added as small aliquots of stock solutions to
the appropriate side of the tissues. Control experiments demonstrated
that equivalent volumes of vehicle had no effect. Acetazolamide was
dissolved in a NaHCO3 solution and this solution was used to prepare
a Ringer solution containing 1mmoll–1 acetazolamide. 4,4�-
Diisothiocyano-2,2�-stilbenedisulphonic acid (DIDS) was prepared
as a 10mmoll–1 stock in Ringer solution and this was used to replace
the appropriate volume of Ringer solution in the reservoirs, to give
a final concentration of 1mmoll–1.

Western blot analysis of NKCC1, NBC and CFTR
Crude membrane extracts were obtained as described previously
(Bartolo et al., 2009a) and the samples separated by SDS-PAGE in
7.5% polyacrylamide gels and electroblotted onto a PVDF
membrane (GE Healthcare Biosciences, Auckland, New Zealand).
Membranes were blocked with 5% (w/v) skimmed milk powder in
Tris-buffered saline containing 0.1% Nonidet-P40 (TBS-NP40) for
1h, and then incubated for 2h with specific antibodies: CFTR mouse
anti-human (clone M3A7) (1:100 primary; Lab Vision, Fremont,
CA, USA; 1:3000 rabbit anti-mouse HRP-conjugated secondary);
NKCC1 (N-16) goat polyclonal IgG (1:800 primary; Santa Cruz

Table 1. Composition of Ringer solutions employed in electrophysiological experiments

Solution 1: NaCl/HCO3
– Solution 2: Cl– free Solution 3: HCO3

– free Solution 4: Na+ free Solution 5: K+ free

NaCl 110 0 110 0 115
Sodium gluconate 0 110 25 0 0
NMDG 0 0 0 110 0
KCl 5 0 5 5 0
Potassium gluconate 0 5 0 0 0
MgSO4 0.5 0.5 0.5 0.5 0.5
CaCl2 1 0 1 1 1
Calcium gluconate 0 8 0 0 0
NaHCO3 25 25 0 0 25
NMDG bicarbonate 0 0 0 25 0
Hepes/Tris 10 10 10 10 10
Sodium acetate 10 10 10 0 10
Potassium acetate 0 0 0 10 0
Gas 95% O2:5% CO2 95% O2:5% CO2 100% O2 95% O2:5% CO2 95% O2:5% CO2

pH 7.4 7.4 7.4 7.4 7.4

NMDG, N-methyl-D-glucamine.
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Biotechnology, Inc., Santa Cruz, CA, USA; 1:5000 donkey anti-
goat IgG-HRP-conjugated secondary); NBC rabbit anti-rat NBC
serum [1:2000 primary; kindly donated by Dr Bernard Schmitt,
Department of Physiology, University of Otago (Schmitt et al.,
1999); 1:6000 anti-rabbit HRP-conjugated secondary]. Membranes
were then washed with TBS-NP40 and incubated with the respective
HRP-conjugated secondary antibodies (GE Healthcare Biosciences)
for 2h. The specificity of the antibodies was determined by pre-
absorption with the control peptide for 1h prior to incubating the
membranes (NKCC1 and pNBCe1) or measurements in muscle and
inclusion of controls where the primary antibody was omitted
(CFTR). Antibodies were detected using enhanced
chemiluminescence (GE Healthcare Biosciences).

In situ hybridization of CFTR
In situ hybridization was used to determine the cellular localization
of CFTR mRNA in the proximal colon and was carried out as
described previously (Gill et al., 2011). The probe for CFTR was
amplified from possum intestinal cDNA using the primer pairs
previously described (Gill et al., 2011). The resulting cDNA was
subcloned using the Promega pGem® T Easy vector system
(Promega Corporation, Madison, WI, USA) and [33P]dUTP (NZ
Scientific Ltd, Auckland, New Zealand) labelled sense and anti-
sense probes were transcribed using an in vitro transcription kit
(Riboprobe® in vitro transcription systems, Promega Corporation)
according to the manufacturer’s instructions. Hybridization and
detection of the probe were carried out as described previously
(Bartolo et al., 2009a).

Immunolocalization of CFTR, pNBCe1 and NKCC1 proteins
Immunolocalization of CFTR, pNBCe1 and NKCC1 was carried
out as described previously (Bartolo et al., 2009a; Bartolo et al.,
2009b; Gill et al., 2011). Briefly, proximal colonic tissue samples
were embedded in OCT compound (Siemens Medical Solutions,
Erlangen, Germany) and snap frozen in isopentane pre-cooled in
liquid nitrogen. Sections (10m) were placed on slides coated in
2% 3-aminopropyltriethoxysilane (Sigma-Aldrich Corp.), air dried
for 10min and stored at –80°C until required. For
immunohistochemistry, sections were rinsed in PBS (in mmoll–1:
137 NaCl, 10 phosphate, 2.7 KCl; pH7.4) for 5min, fixed in 0.4%
paraformaldehyde for 10min and blocked in 1% donkey serum in
PBS for 30min. The sections were then incubated with combinations
of primary (4h) and then secondary (2h) antibodies to determine
the co-localization of CFTR with NKCC1 or pNBCe1, and the co-
localization of NKCC1 with pNBCe1 in the epithelial layer of the
proximal colon, followed by incubation with DAPI (Sigma-Aldrich
Corp.; 100ngml–1 in PBS) for 20min. Primary antibody dilutions
were as follows: mouse anti-human CFTR, 2gml–1 in PBS; goat
anti-human NKCC1, 1gml–1 in PBS; and rabbit anti-rat NBC,
diluted 1:300 in PBS; incubation was carried out for 4h. The sections
were then washed in PBS and incubated with the respective
secondary antibodies at the following dilutions: Texas Red donkey
anti-mouse IgG, diluted 1.5gml–1 in PBS (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA); and
FITC-conjugated donkey anti-rabbit IgG, diluted 1.5gml–1 in PBS
(Jackson ImmunoResearch Laboratories, Inc.). Two secondary
antibodies were required for the detection of NKCC1: Alexa Fluor®

546 donkey anti-goat (when co-localized with pNBCe1; 2gml–1

in PBS; Invitrogen Ltd, Auckland, New Zealand) and FITC-
conjugated rabbit anti-goat IgG (when co-localized with CFTR;
1.5gml–1 in PBS, Invitrogen). Finally, the sections were washed
in PBS, mounted in Vectashield® mounting medium (Vector
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Laboratories, Burlingame, CA, USA) and examined and
photographed using a confocal scanning laser system (Zeiss 510
LSM; Carl Zeiss GmbH, Jena, Germany).

Statistics
The results of electrophysiological experiments are presented as
either individual recordings or means ± s.e.m., Nnumber of
animals. Differences between means were tested, where appropriate,
with either Student’s unpaired two-tailed t-test or one-way ANOVA
with Dunnett’s post hoc test as indicated in the figure legends.
Differences were considered to be statistically significant where
P<0.05.

RESULTS
Expression of NKCC1, pNBCe1 and CFTR in the colon

Typically, in the intestinal tract CFTR functions as an apical anion
channel associated with Cl– or HCO3

– secretion. Therefore, we
initially considered the expression and distribution of CFTR relative
to that of NKCC1 and pNBCe1 within the colonic epithelium. There
were relatively high levels of expression of CFTR in the proximal
colon, with lower levels in the distal colon. In contrast, the
expression of pNBCe1 was comparable in the two regions of the
colon and, as seen previously (Bartolo et al., 2009a), NKCC1 was
expressed at high levels in the proximal colon and similar levels
were seen in the distal colon (Fig.1). Because we are primarily
interested in the novel transport characteristics of the proximal colon,
all subsequent measurements focused on the role of CFTR in the
proximal colon.

The overall structure of the possum proximal colon is comparable
to that of the eutherian mammals with a flat surface epithelium and
an extensive elaboration of the epithelial surface area by a large
number of invaginations forming crypts. Within this structure,
immunoreactivity for both NKCC1 and pNBCe1 was localized to
the basolateral membrane of the epithelial cells (Fig.2E,F) but
immunoreactivity associated with NKCC1 was present in the lower
half of the crypts, whereas that associated with pNBCe1 was present
in cells in the upper half of the crypts and the surface epithelium
(Fig.2A). In contrast, immunoreactivity for CFTR was restricted to

Proximal
colon

Distal
colon

CFTR

NKCC1

pNBCe1

Fig.1. Western blots showing that the cystic fibrosis transmembrane
conductance regulator (CFTR), the Na–K–2Cl– cotransporter (NKCC1) and
the pancreatic variant of the electrogenic Na–HCO3 cotransporter
(pNBCe1) are expressed in the possum colon.
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a small number of cells located in the surface epithelium and the
upper third of the crypts (Fig.2C,D). A similar pattern of distribution
was evident from measurements of the location of CFTR transcript
by in situ hybridization (Fig.2B). In those cells exhibiting CFTR
immunoreactivity, high levels of expression were demonstrated and
most of the immunoreactivity was concentrated at the apical pole
of the cell, with lower levels of CFTR immunoreactivity in the
cytoplasm and extending from the apical membrane towards the
nuclei (Fig.2E,F). The immunoreactivity associated with CFTR and
NKCC1 was located in different regions of the crypt–surface cell
axis and the two transporters do not appear to be present in the same
cells in the proximal colon (Fig.2E). In contrast, immunoreactivity
associated with CFTR and pNBCe1 was present in the same region
of the crypt–surface cell axis. Consequently, because of the close
association of the surrounding cell membranes, which contain
pNBCe1 immunoreactivity, it was not possible to exclude the
expression of pNBCe1 in the CFTR high expresser (CHE) cell
basolateral membrane (Fig.2F).

The effect of forskolin on the Isc and GT of the proximal colon
To gain some insight into the function of CFTR in the proximal
colon, we investigated the effect of stimulation of CFTR on the
electrical properties of the proximal colonic epithelium mounted in
Ussing chambers. The tissues were bathed in NaCl/HCO3 Ringer
solution (solution 1, Table1) and, to maximize the chances of
observing a response associated with activation of CFTR, they were
constantly short-circuited and pre-treated with a high dose of
mucosal amiloride (100moll–1) to inhibit electrogenic Na+

absorption, before stimulation with forskolin. Forskolin was chosen
because it directly stimulates adenylate cyclase to increase
intracellular cAMP (Seamon et al., 1981) and has been shown to
stimulate cloned possum CFTR (Demmers et al., 2010).

As previously observed (Butt et al., 2002a), the proximal colon
had a large spontaneous Isc (Isc initial183±14Acm–2, N20), and
the majority of this Isc was inhibited by mucosal amiloride (Isc after
amiloride18±3Acm–2, P<0.0001) (Fig.3A). Interestingly, the
proximal colon had a relatively high GT before amiloride

Fig.2. Localization of NKCC1, pNBCe1 and CFTR in the proximal colonic epithelium of the possum using in situ hybridization and immunohistochemistry.
(A)Transverse section showing NKCC1 immunoreactivity (red) is located mainly in the lower half of the crypts whereas pNBCe1 immunoreactivity (green) is
concentrated in the upper half of the crypts and the surface epithelium. (B)CFTR mRNA, indicated by brown dots, was distributed in a punctate fashion in
the upper half of the crypts and surface epithelium. Arrows delineate the epithelia layer with surface cells facing the lumen. (C)The immunoreactivity for
CFTR (red and indicated by arrows) had a similar punctate distribution to that of the mRNA and was located in cells in the upper regions of the crypts and
surface epithelium, separate from NKCC1 (green) in the lower half of the crypts. (D)In contrast, the distribution of CFTR immunoreactivity (red and indicated
by arrows) overlapped that of pNBCe1 (green), both being located in the upper half of the crypts and surface cells. In those cells containing CFTR
immunoreactivity (red), it was localized in the apical pole and concentrated in the region of the apical membrane (E,F). (E)CFTR (red and indicated by
arrows) immunoreactivity does not appear to be present in the same cells in which NKCC1 immunoreactivity (green) was evident. (F)Because of the close
association of the basolateral membranes of the CFTR high expresser (CHE) cells (indicated by arrows) and surrounding epithelial cells, which exhibit high
levels of pNBCe1 immunoreactivity (green), it is not possible to determine the levels of expression of pNBCe1 in the CHE cells. In A and C–F the nuclei are
stained blue.
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(27±2.3mScm–2) and there was only a small decrease in GT

associated with the inhibition of Isc by amiloride (GT after
amiloride23±2.0mScm–2, P<0.0001, N20) (Fig.3C). Unlike
previous studies that utilized membrane-permeable analogues of
cAMP (Butt et al., 2002a), high doses of forskolin (20moll–1

mucosal and serosal) stimulated a modest, but significant (P<0.001,
N20) increase in Isc from 18±3 to 43±4Acm–2 (Fig.3A,B).
Associated with this forskolin-stimulated Isc (�Isc) was a significant
(P<0.001) decrease in GT (�GT), from 20.2±1.5 to 12.8±1mScm–2

(Fig.3C,D, N20). Both the stimulation of Isc and inhibition of GT

by forskolin were dose dependent, although with markedly different
characteristics. The stimulation of Isc by forskolin required relatively
high doses, with an EC509.5moll–1 forskolin (Fig.3E), whereas
the inhibition of GT occurred at lower doses with an IC50 of 1moll–1

(Fig.3F). The forskolin-stimulated �Isc seen in the presence of
amiloride is consistent with the stimulation of anion secretion and
it is evident that an inflection in the dose–response curve for GT

occurs at ~10moll–1 forskolin, where further additions of forskolin
result in a small increase in GT. This is consistent with an increase
in GT associated with secretion. A comparison of the �GT induced
by 5moll–1 forskolin and the subsequent �GT associated with the
addition of 20moll–1 forskolin indicates that the conductance
pathway inhibited by forskolin amounts to 10.4±1.5mScm–2,
whereas the conductance pathway associated with the stimulation
of Isc is 1.1±0.2mScm–2. Both the initial decrease in GT and the

S. Fan and others

subsequent increase in GT are significantly (P<0.05) different to the
time-dependent changes in GT of the control tissues. This, combined
with the marked difference in the EC50 values for the effect of
forskolin on Isc and GT, indicates that forskolin stimulates two
distinct processes in the possum proximal colon.

The forskolin-induced changes in Isc and GT are dependent
upon CFTR

NPPB and GlyH101 are effective inhibitors of possum (p)CFTR
(Gill et al., 2011). Therefore, to determine whether the forskolin-
induced changes in Isc and GT are dependent upon pCFTR, we
considered the effects of NPPB and GlyH101 on the response to
forskolin. Because GlyH101 is known to also inhibit Ca2+-activated
Cl– channels at higher doses, the effect of DIDS, which blocks Ca2+-
activated Cl– channels (Yang et al., 2008), but not possum CFTR
(Gill et al., 2011), was also investigated. Four tissues from each
animal were pre-treated with amiloride and then two of the tissues
were stimulated with forskolin (20moll–1 mucosal and serosal)
and, when the Isc response to forskolin had reached a steady state,
mucosal NPPB (100moll–1), GlyH101 (50moll–1) or DIDS
(1mmoll–1) was added to one of the stimulated and unstimulated
tissues. The other two tissues served as time-matched controls.

Following pre-treatment with amiloride, the spontaneous Isc in
the unstimulated tissues was <20Acm–2 and mucosal NPPB,
GlyH101 and DIDS had no effect upon this Isc (data not shown).
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Fig.3. The effect of forskolin following pre-treatment with
mucosal amiloride (100moll–1) on electrogenic ion
transport by the possum proximal colon.
(A,C)Representative experiment showing variations in
short-circuit current (Isc) and transepithelial conductance
(GT) stimulated by forskolin (20moll–1 mucosal and
serosal). (B,D)The change in Isc (�Isc) and GT (�GT)
stimulated by forskolin (Exp) compared with changes in
control tissues (Con) treated with vehicle. N20. Asterisks
indicate significant difference (***P<0.001) from control,
Studentʼs unpaired t-test. (E,F)Cumulative �Isc and �GT in
tissues treated with increasing doses of mucosal and
serosal forskolin. Open symbols, control tissues treated
with vehicle; filled symbols, experimental tissues treated
with forskolin. N7. �Isc and �GT in response to forskolin
fitted with Hill equation. �Isc,max48±3Acm–2,
EC509.5±1.26moll–1 and �GT,max–9.9±0.2mScm–2,
IC500.86±0.24moll–1.
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In contrast, following stimulation with forskolin (20moll–1), both
mucosal GlyH101 (Fig.4A,B) and NPPB (Fig.4C,D) markedly
reduced the Isc, effectively inhibiting the forskolin-stimulated �Isc,
whereas after 30min DIDS had not significantly reduced the
forskolin-stimulated Isc (�Isc DIDS–16±Acm–2) when compared
with the spontaneous decline in Isc (�Isc control–13±2.1Acm–2,
N5) in the time-matched control tissues. These data indicate that
forskolin stimulates a CFTR-dependent increase in Isc in the
proximal colon, and the increase in Isc induced by forskolin does
not appear to involve an appreciable Ca2+-activated Cl– conductance
in the possum proximal colon – a conclusion supported by the
observation that neither carbachol (100moll–1, serosal) nor
thapsigargin (1moll–1, mucosal and serosal) had an effect on the
Isc or GT in the proximal colon (data not shown).

Significantly, while mucosal GlyH101 and NPPB had little effect
on the spontaneous Isc, they both markedly decreased the

spontaneous GT of the tissues (Fig.5A–C). However, following
stimulation with forskolin, which decreases GT, neither mucosal
GlyH101 (Fig.5D,E) nor NPPB (Fig.5F) had a further effect on
GT. Mucosal DIDS had no effect on the spontaneous GT (following
30min treatment with 1mmoll–1 DIDS, �GT–0.4±0.6 mScm–2,
N5) or GT following stimulation with forskolin (following 30min
treatment with 1mmoll–1 DIDS, �GT–0.7±0.4mScm–2, N5).

The forskolin-stimulated Isc is independent of NKCC1 and
pNBCe1

To determine whether NKCC1 and pNBCe1 were involved in the Isc

response to forskolin we considered the effects of bumetanide and
DIDS, inhibitors of NKCC1 and pNBCe1, respectively, on the Isc

response to forskolin. In the initial experiment paired tissues were
pre-treated with mucosal amiloride (100moll–1) plus serosal
bumetanide (100moll–1) then, after ~30min, both tissues were
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Fig.4. The effect of mucosal N-(2-naphthalenyl)-[(3,5-
dibromo-2,4-dihydroxyphenyl)methylene]glycine hydrazide
(GlyH101) and 5-nitro-2-(3-phenylpropylamino) benzoic
acid (NPPB) on the forskolin-stimulated Isc in the proximal
colon. Paired tissues were stimulated with forskolin
(20moll–1 mucosal and serosal) and once the response
had reached a steady state either GlyH101 (50moll–1)
or NPPB (100moll–1) was added to the experimental
tissue (solid line), while an equivalent volume of the
vehicle (DMSO) was added to the control tissue (broken
line). (A,B)Representative experiments showing the effect
of (A) mucosal GlyH101 and (B) mucosal NPPB on the
Isc. (C,D)A summary of the effects of (C) GlyH101 and
(D) NPPB on the forskolin-stimulated Isc. N6 for C, N7
for D. Asterisks indicate significant difference (***P<0.001)
from control tissues, Studentʼs unpaired t-test.
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Fig.5. The effect of mucosal GlyH101 and
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and (B) mucosal GlyH101 (50moll–1) on the
spontaneous GT of the proximal colon. (C)A
comparison of the change in GT (�GT) induced
by either GlyH101 (50moll–1, N6) or NPPB
(100moll–1, N8) in the experimental tissues
(Exp), compared with the �GT induced by the
vehicle alone in paired control tissues (Con).
(D)Representative experiment showing the
effect of GlyH101 (40moll–1) on the GT

following stimulation with forskolin (20moll–1).
Tissues were stimulated with forskolin and then
GlyH101 was added to the experimental tissue
(solid line) while an equivalent volume of the
vehicle (DMSO) was added to the control tissue
(broken line). (E)The �GT induced by forskolin
and the subsequent addition of DMSO (Con) or
GlyH101 (Exp). N6. (F)Results from a similar
set of experiments were NPPB was added
following stimulation with forskolin, rather than
GlyH101. N7. Asterisks indicate significant
difference (**P<0.01) from control tissues,
Studentʼs unpaired t-test.
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stimulated with forskolin (20moll–1 mucosal and serosal). Treatment
with bumetanide did not inhibit the response to forskolin, but 
actually increased it (�Isc control21±2.8Acm–2; �Isc

bumetanide34±2.3Acm–2, N30, P<0.01). This was due to the
stimulation of a small, but significant amount of K+ secretion by
forskolin (S.F. and A.G.B., unpublished results). A similar protocol
was employed to assess the effects of inhibition of pNBCe1 on the
forskolin response, except the two tissues were pre-treated with
mucosal amiloride and serosal bumetanide (100moll–1) to eliminate
changes in Isc associated with both Na+ absorption and K+ secretion.
DIDS (1mmoll–1 serosal) was then added to one of the paired tissues
and ~30min later the two tissues were stimulated with forskolin.
Serosal DIDS resulted in a small increase in spontaneous Isc (�Isc

DIDS12±3Acm–2, N6), but it had little effect on the subsequent
stimulation of Isc by forskolin (Fig.6A,B). Although serosal DIDS
did not inhibit the forskolin-induced �Isc, it had a marked effect on
the spontaneous GT of the tissues, resulting in a progressive decrease
in GT from 17.3±1.5 to 11.3±1.6mScm–2 (P<0.05, N6, Fig.6C).
Serosal DIDS stimulated a rapid increase in spontaneous Isc, but the
DIDS-induced decrease in GT was much slower (Fig.6). This suggests

S. Fan and others

that the two were unrelated, a conclusion supported by the observation
that DIDS stimulated a similar increase in Isc (�Isc

DIDS8±4Acm–2) after stimulation with forskolin, but without a
change in GT (Fig.6C,F). Furthermore, if tissues were stimulated with
serosal DIDS and, once the Isc response had reached a steady state
(�Isc DIDS11±2.4Acm–2, N6), mucosal GlyH101 was added,
GlyH101 did not inhibit the DIDS-stimulated Isc (�Isc GlyH101 after
DIDS–2.8±3.4Acm–2, whereas in the absence of DIDS �Isc

GlyH101–3.7±1.2Acm–2), indicating that the DIDS-stimulated Isc

does not involve CFTR. Notably, not only did pre-treatment with
forskolin reduce the effect of DIDS on GT but also pre-treatment with
DIDS reduced the forskolin-induced decrease in GT (Fig.6C,E). This
suggests that DIDS and forskolin are acting on a common
transepithelial conductance.

In a number of intestinal epithelia, HCO3
– secretion results from

the hydration of CO2 by carbonic anhydrase (Knutson et al., 1995;
Leppilampi et al., 2005). To determine whether this was operating in
the possum proximal colon, paired tissues were pre-treated with
mucosal amiloride and serosal bumetanide and then one was 
incubated with acetazolamide (1mmoll–1, mucosal and serosal) for
~30min before stimulation of both tissues with forskolin. This had
no effect on the forskolin-stimulated �Isc (�Isc forskolin
control29±13Acm–2 and following incubation with acetazolamide
�Isc forskolin23±7Acm–2, N4). Similarly, pre-treatment with
acetazolamide and serosal DIDS (1mmoll–1), to prevent compensatory
up regulation of alternative transporters (Gawenis et al., 2010), had
no effect on the forskolin-stimulated Isc and nor did the NHE inhibitor
EIPA (100moll–1 serosal, data not shown), demonstrating that the
secretion of HCO3

– produced by hydration of CO2 does not contribute
to the forskolin-stimulated �Isc.

The ion dependence of the forskolin-induced changes in Isc

and GT

To gain further insight into the basis of the forskolin-induced changes
in Isc and GT, the ionic dependence of the response to forskolin was
investigated. Initially, to determine whether there was any Na+

dependence of the forskolin-stimulated �Isc, the response of tissues
in which all of the Na+, in either the mucosal or serosal solutions,
had been replaced with the impermeant cation N-methyl D-glucamine
(NMDG) (solution 4, Table1) was compared with paired control
tissues. Similarly, the possible stimulation of electrogenic K+

absorption by forskolin was excluded by replacing the mucosal K+

with Na+ (solution 5, Table1). The replacement of mucosal K+ with
Na+ or mucosal Na+ with NMDG had no effect on the subsequent
response to forskolin (data not shown). However, the replacement of
serosal Na+ with NMDG completely inhibited the response to
forskolin (in serosal Na+ Ringer solution �Isc

forskolin30±4.1Acm–2 and in serosal Na+-free Ringer solution �Isc

forskolin0.7±3.4Acm–2, N4, P<0.01), indicating that a serosal
Na+-dependent process is involved in the Isc response to forskolin.

To establish the anion dependence of the forskolin response,
paired tissues were bathed in either NaCl/HCO3 Ringer solution
(solution 1, Table1) or HCO3

–-free NaCl/Hepes-buffered Ringer
solution (solution 3, Table1). In a second set of experiments, one
tissue was again bathed in NaCl/HCO3 Ringer solution (solution 1,
Table1) while the other was bathed in Cl–-free sodium
gluconate/HCO3

– Ringer solution (solution 2, Table1). In all cases,
the tissues were pre-treated with mucosal amiloride (100moll–1)
and serosal bumetanide (100moll–1) before stimulation with
forskolin (20moll–1, mucosal and serosal). In the absence of either
HCO3

– or Cl– the forskolin-stimulated �Isc was eliminated (Fig.7A),
indicating that the forskolin response was dependent on both anions.
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Fig.6. Effect of serosal 4,4�-diisothiocyano-2,2�-stilbenedisulphonic acid
(DIDS) on Isc and GT of the proximal colon. (A)Representative experiment
showing the effect of treatment with serosal DIDS (1mmoll–1) on the
spontaneous Isc and the subsequent response to forskolin (20moll–1

mucosal and serosal). (B)Mean change in Isc (�Isc) stimulated by forskolin
in control (Con) tissues and tissues pre-treated with DIDS. (C)Variation in
GT of tissues shown in A. (D)Change in spontaneous GT (�GT) induced by
serosal DIDS compared with �GT of control tissues (Con) treated with
vehicle. (E)Forskolin-induced �GT in control tissues (Con) and tissues pre-
treated with serosal DIDS. (F)DIDS-induced �GT in control tissues (Con)
and tissues stimulated with forskolin. B and D–F, N6. Asterisks indicate
significant difference (*P<0.05, **P<0.01) from control values, Studentʼs
unpaired t-test.
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To confirm this was associated with anion secretion, the effect of
replacement of either mucosal or serosal Cl– or HCO3

– on the
forskolin response was determined. Four tissues from each animal
were used; one tissue served as a control and was bathed with
mucosal and serosal NaCl/HCO3

– Ringer solution (solution 1,
Table1). In the other tissues, either Cl– (solution 2, Table1) or
HCO3

– (solution 3, Table1) was removed from the mucosal, the
serosal or the mucosal and serosal side. Because two of the tissues
were bathed in asymmetric solutions resulting in current flow not
associated with active transport (see below), the magnitude of the
mucosal GlyH101-sensitive (50moll–1) current (�I GlyH101)
following stimulation with forskolin (20moll–1, mucosal and
serosal) was used to quantify the effect of the ion substitutions on
the response to forskolin. The removal of Cl– from the mucosal
solution had no effect on the magnitude of the �I GlyH101, whereas
the removal of serosal Cl– had an effect comparable to that of
removal of Cl– from both the mucosal and serosal solutions
(Fig.8A). Qualitatively similar results were obtained with the
asymmetric removal of CO2/HCO3

– (Fig.8B). Serosal CO2/HCO3
–-

free Ringer solution reduced the magnitude of the �I GlyH101 to
a similar extent to serosal and mucosal CO2/HCO3

–-free Ringer
solution. However, the removal of mucosal CO2/HCO3

– also
partially inhibited the �I GlyH101, although to a smaller extent
(Fig.8B). These data support the proposal that forskolin stimulates
a Cl– and HCO3

–-dependent, electrogenic secretory response.

A cellular transepithelial Cl– conductance is present in the
possum proximal colon

As well as inhibiting the forskolin-stimulated �Isc, the replacement
of Cl– with the impermeant anion gluconate also prevented the
decrease in GT induced by forskolin (Fig.7C). This was associated
with a large decrease in the GT of the tissues bathed in Cl–-free
Ringer solution (Fig.7B) and is consistent with the presence of a
transepithelial Cl– conductance in the proximal colon that is inhibited
by forskolin.

This proposal is supported by the observation that a forskolin-
sensitive Cl– current (ICl) developed in the presence of a
transepithelial Cl– gradient. When the proximal colon was bathed
in NaCl/HCO3

– Ringer solution (solution 1, Table1) on the mucosal
side and Cl–-free Ringer solution (solution 2, Table1) on the serosal
side (�Clms) a large ICl was measured across the epithelium, which
was rapidly and almost completely inhibited by forskolin
(20moll–1) (Fig.9A,B). The inhibitory effect of forskolin was dose
dependent and the IC50 for this effect of forskolin was comparable
to the IC50 for the forskolin-induced decrease in GT of tissues bathed
in symmetrical Ringer solution (Fig.10). The generation of a
forskolin-sensitive current by a transepithelial ion gradient was
dependent upon Cl–, as in the presence of an equivalent mucosal to
serosal Na+ gradient (Na+ replaced with NMDG, solution 4, Table1)
the Na+ current (INa) was only 82±10Acm–2 (N6) and was
unaffected by forskolin (INa after forskolin84±10Acm–2).
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Fig.7. The effect of Cl–-free or HCO3
–-free Ringer solution on the response

of the proximal colon to forskolin. (A)Mean increase in Isc (�Isc) stimulated
by forskolin (20moll–1 mucosal and serosal) in Cl–-free (solution 2,
Table1) or HCO3

–-free (solution 3, Table1) Ringer solution compared with
the response of control tissues bathed in NaCl/HCO3

– Ringer solution
(Con). (B)GT of tissues bathed in NaCl/HCO3

– Ringer solution (Con)
compared with tissues bathed in Cl–-free Ringer solution. (C)Change in GT

(�GT) induced by forskolin in Cl–-free Ringer solution compared with the
change induced in control tissues bathed in NaCl/HCO3

– Ringer solution.
N16. Asterisks indicate significant difference (***P<0.001) from respective
control, Studentʼs unpaired t-test.

Fig.8. The effect of replacement of (A) Cl– or (B) HCO3
– in the mucosal,

serosal or mucosal and serosal (M+S) solutions on the GlyH101-sensitive
current (�I GlyH101) following stimulation with forskolin. The tissues were
bathed in the Ringer solution as indicated, stimulated with forskolin
(20moll–1 mucosal and serosal) and then, in the continued presence of
forskolin, GlyH101 (50moll–1) was added to the mucosal side and �I
GlyH101 calculated from the transepithelial current before and after
GlyH101. N6. Asterisks indicate significant difference (*P<0.05, **P<0.01)
from control value, ANOVA with Dunnettʼs post hoc test.
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In an attempt to determine whether the ICl seen in the presence
of a Cl– gradient was due to cellular or paracellular Cl– flow, we
investigated the effects of inhibitors of Cl– transporters that would
be involved in transcellular transpoprt of Cl–. Mucosal GlyH101
(50moll–1) resulted in a rapid inhibition of the ICl and overall
mucosal GlyH101 inhibited 82±4% (N6) of the forskolin-sensitive
ICl, whereas serosal addition had no effect (Fig.11A,C). In contrast,
mucosal DIDS (1mmoll–1) had little effect on ICl, but serosal DIDS
profoundly (89±4%, N6) inhibited the ICl (Fig.11B,C). While DIDS
inhibits a number of anion channels (Hartzell et al., 2009), it also
inhibits a range of transport proteins, some of which are electrogenic
(Romero et al., 2004). However, it is unlikely that the inhibitory
actions of DIDS resulted from the inhibition of an electrogenic
transporter, rather than an anion channel, because NPPB, which
inhibits a range of anion channels including pCFTR (Demmers et
al., 2010), also inhibited the ICl, and was as effective from both the
mucosal and serosal side (Fig.11C).

The total ICl seen in the presence of Cl– gradients was clearly
rectified. In the presence of a serosal to mucosal Cl– gradient (�Clsm)
the steady-state ICl was considerably smaller, and initially it appeared
that forskolin did not inhibit the ICl (Fig.9). However, immediately
following the addition of forskolin there was a transient reduction
of the ICl (Fig.9A), followed by recovery towards pre-forskolin

S. Fan and others

levels. This reflects an initial inhibition of the gradient-driven ICl

followed by a slower appearance of the forskolin-stimulated anion
secretion. Supporting this conclusion is the observation that,
following treatment with forskolin, an appreciable GlyH101
sensitive current was apparent in the presence of a �Clsm, but not
in the presence of a �Clms (Fig.9B,C). Under the latter conditions
the secretory current was inhibited by the removal of Cl– from the
serosal bathing solution. The currents remaining after treatment of
tissue bathed in solution with either a �Clms (–25±7.5Acm–2) or
�Clsm (33±4Acm–2) with forskolin and GlyH101 were
comparable, and presumably reflect the current flow through the
paracellular pathway due to the equal but opposite Cl– gradients.
Therefore, assuming that forskolin and GlyH101 have a minimal
effect on the paracellular pathway, in the presence of a �Clsm a
cellular ICl of ~35Acm–2 is present, ~10–15% of that seen in the
presence of an equivalent mucosal to serosal gradient
(~274Acm–2).

DISCUSSION
Electrogenic anion secretion dependent upon CFTR appears to be
of less significance in the intestine of the possum, a metatherian
mammal, than in the intestine of eutherian mammals. For example,
in the eutherian small intestine there is an oral–aboral gradient of
CFTR expression, with the highest levels of expression in the
duodenum and decreasing amounts in the jejunum and ileum
(Ameen et al., 2000a; Strong et al., 1994; Trezise and Buchwald,
1991). Associated with this are high levels of electrogenic Cl–

secretion, thought to be essential to the overall function of the small
intestine (Field, 2003). In contrast, in the possum, the ileum is the
only region of the small intestine that exhibits appreciable expression
of CFTR (Gill et al., 2011), and the response of the ileum to cAMP-
dependent secretagogues involves HCO3

– secretion not Cl– secretion
(Gill et al., 2011). Here, we present evidence of a novel pattern of
CFTR expression in the possum proximal colon, where CFTR is
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Fig.9. A Cl– gradient across the possum colon results in a transepithelial
current that is inhibited by forskolin. (A)Representative experiment showing
the effect of forskolin (20moll–1 mucosal and serosal) followed by
GlyH101 (50moll–1, mucosal) on the Cl– current (ICl) in tissues bathed in
either mucosal NaCl/HCO3

– Ringer solution (solution 1, Table1) and
serosal sodium gluconate/HCO3

– Ringer solution (solution 2, Table)
(mucosal to serosal Cl– gradient) or mucosal sodium gluconate/HCO3

–

Ringer solution and serosal NaCl/HCO3
– Ringer solution (serosal to

mucosal Cl– gradient). (B,C)The ICl before (Initial) and after forskolin
addition, and after GlyH101 (50moll–1) in the continued presence of
forskolin in tissues bathed in (B) a mucosal to serosal Cl– gradient and (C)
a serosal to mucosal Cl– gradient. N8. Asterisks indicate significant
difference (***P<0.001) from control, ANOVA with Dunnettʼs post hoc test.

Fig.10. A comparison of the forskolin dose dependency of the change in Isc

or GT of tissues bathed in symmetrical NaCl/HCO3
– Ringer solution

(solution 1, Table1) and change in ICl of tissues bathed in mucosal
NaCl/HCO3

– and serosal sodium gluconate/HCO3
– Ringer solution

(mucosal to serosal Cl– gradient). All values are expressed as a
percentage of the maximal change. N≥5. Curves fitted with Hill equation.
Data for symmetrical Ringer solution are from Fig.3. The EC50 values for
the forskolin-induced change in Isc and GT of tissues bathed in symmetrical
NaCl/HCO3

– Ringer solution are 9.5±1.26 and 0.86±0.24moll–1,
respectively. The EC50 values for the inhibition of ICl generated by exposing
the tissue to a mucosal to serosal Cl– gradient is 0.75±0.01moll–1.
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restricted to a small population of CHE cells. This markedly modifies
cAMP-stimulated anion secretion in the possum proximal colon
when compared with the eutherian proximal colon. More
significantly, however, these CHE cells also provide a constitutively
active transepithelial Cl– conductance that is most likely associated
with NaCl absorption.

In the eutherian colon, CFTR is expressed primarily in the apical
membrane of cells in the basal regions of the crypts, with decreasing
levels of expression in the upper crypts and little or no expression
in the surface cells (Jakab et al., 2011). The distribution of NKCC1
in the colonic epithelium is similar to that of CFTR, although it is
localized to the basolateral membrane, whereas pNBCe1, which is
also expressed in the basolateral membrane, is found only in the
upper half of the crypts and the surface cells (Jakab et al., 2011).
Consequently, in the colon of eutherian mammals secretagogues
primarily stimulate electrogenic Cl– secretion, with a limited amount
of electrogenic HCO3

– secretion (Kunzelmann and Mall, 2002). The
pattern of expression of NKCC1 and pNBCe1 in the possum is
similar to that of eutherian mammals but, in contrast to the case in
the eutherian colon, CFTR in the possum proximal colon is restricted
to a small population of CHE cells located in the upper regions of

the crypts and the surface cells. This novel distribution of CFTR in
the colonic epithelium is supported by the distribution of CFTR
mRNA, which shows a punctate distribution, with high levels of
CFTR transcript in a limited number of cells in the upper regions
of the colonic crypts as well as surface epithelium. Although these
CHE cells express high levels of CFTR, they do not appear to express
either NKCC1 or pNBCe1, the basolateral transporters normally
associated with electrogenic anion secretion in the intestine, as the
CFTR-mediated secretory response is not dependent on either
pNBCe1 or NKCC1.

Immunolocalization of CFTR is difficult and often it is not
possible to demonstrate the expression of CFTR within a cell, despite
functional evidence that it is present (Regnier et al., 2008). However,
in the possum colon the restriction of CFTR to the CHE cells is
supported by the available functional data. Forskolin, which activates
pCFTR (Demmers et al., 2010), stimulated an increase in Isc by the
possum proximal colon. This was completely inhibited by either
mucosal GlyH101 or mucosal NPPB, both of which inhibit pCFTR
(Gill et al., 2011), but not DIDS, which inhibits Ca2+-activated Cl–

channels (Yang et al., 2008), indicating that the Isc response to
forskolin is dependent upon pCFTR. Given the distribution of
NKCC1 and pNBCe1 in the proximal colonic epithelium of the
possum, if pCFTR were expressed in cells other than the CHE cells
then it would be reasonable to conclude that the forskolin-stimulated
Isc would involve either electrogenic Cl– secretion dependent upon
NKCC1 or electrogenic HCO3

– secretion dependent upon pNBCe1.
However, the forskolin-stimulated Isc was not inhibited by
bumetanide or DIDS, which inhibit NKCC1 (Gamba, 2005) and
pNBCe1 (Romero et al., 2004), respectively. The lack of an effect
of DIDS or bumetanide is unlikely to result from an insensitivity
of possum pNBCe1 and NKCC1 to these compounds, as DIDS is
an effective inhibitor of pNBCe1-dependent HCO3

– secretion in the
possum ileum (Bartolo et al., 2009b) and bumetanide inhibits K+

secretion in the proximal colon (S.F. and A.G.B., unpublished
results). Furthermore, NKCC1 is found in a range of phyla (e.g.
elasmobranchs, birds and mammals) and is inhibited by bumetanide
in all species tested (Lowy et al., 1989; Palfrey et al., 1984; Russell,
2000).

Given the restriction of pCFTR to the CHE cells and the resultant
separation of CFTR from NKCC1 and pNBCe1, what is the
function of these cells? CHE cells are also present in the eutherian
intestine although, unlike the possum, they are located in the
duodenal and jejunal villi (Ameen et al., 1995; Ameen et al., 1999),
not the colon. In eutherian mammals, CHE cells are thought to be
secretory (Ameen et al., 2000b) and it would appear that the CHE
cells of the possum proximal colon may also have a secretory role,
although once again the secretory mechanism does not resemble
that normally seen in eutherian mammals. Forskolin stimulates an
increase in Isc, which is inhibited by CFTR blockers and is dependent
upon serosal Na+, Cl– and HCO3

–, all of which is consistent with
CFTR-dependent anion secretion. However, although CFTR appears
to be involved in this response, the identity of the basolateral
transport proteins involved remains uncertain. The CHE cells do
not appear to express NKCC1 or pNBCe1 and the pharmacology
and ion dependence of the secretory response confirm that it does
not involve either NKCC1 or pNBCe1. Furthermore, the absence
of an effect of either acetazolamide or EIPA demonstrates that the
generation of HCO3

– for secretion through the hydration of CO2 by
carbonic anhydrase is also not involved. The ion dependence of the
secretory response suggests it may involve the possum orthologue
of the Na+-dependent Cl–/HCO3

– exchanger (Fig.12). However, until
more is known about the pharmacological profile and distribution
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Fig.11. The effect of GlyH101, DIDS and NPPB on the forskolin-sensitive
ICl measured across the possum colon in the presence of a mucosal to
serosal Cl– gradient. (A)Representative experiment showing that mucosal
addition of GlyH101 (50moll–1) resulted in a rapid inhibition of the ICl.
(B)Representative experiment demonstrating the effect of serosal DIDS
(1mmoll–1) on the ICl. (C)The effect of mucosal (M) or serosal (S) addition
of GlyH101 (50moll–1), DIDS (1mmoll–1) or NPPB (100moll–1) on the
ICl. Vehicle was added to the control tissues. N≥8. Asterisks indicate
significant difference (***P<0.001) from respective control, ANOVA with
Dunnettʼs post hoc test.
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of this and other Cl–- and HCO3
–-dependent transporters in the

possum, it is not possible to state which transporter is driving
secretion in the CHE cells of the possum proximal colon.

In addition to this secretory role, the CHE cells also appear to
have an absorptive role. Mucosal NPPB and GlyH101 decreased
the spontaneous GT of the possum proximal colon, as did serosal
DIDS, indicating that CFTR in the apical membrane and a DIDS-
sensitive conductance in the basolateral membrane are constitutively
active in the proximal colon, and provide a cellular transepithelial
anion conductance. Because CFTR is restricted to the CHE cells in
the proximal colon, this conductance is presumably a property of
the CHE cells and not a general property of all of the colonic
epithelial cells (Fig.12).

In tight Na+-absorbing epithelia, active electrogenic Na+

absorption establishes a transepithelial potential that provides the
driving force for passive Cl– absorption. There are several
examples of tight Na+-absorbing epithelia where the counter-ion
Cl– is absorbed via a transepithelial cellular Cl– conductance rather
than the paracellular pathway. In the presence of high luminal
Cl– the mitochondria-rich (MR) cells in the amphibian skin
provide a high conductance Cl– pathway (Larsen, 1991; Larsen
et al., 2001). In contrast, in the duct of the sweat gland (Quinton,
1983; Quinton, 1986; Reddy and Quinton, 1989b) and maxillary
salivary glands (Dinudom et al., 1995) of eutherian mammals,
the cellular Cl– conductance is not restricted to a specific cell
type but is a feature of all the epithelial cells. Unlike the CHE
cells of the possum, where CFTR is restricted to the apical

S. Fan and others

membrane, in the sweat duct this transepithelial Cl– conductance
involves the expression of CFTR in both the apical and basolateral
membrane (Reddy and Quinton, 1992), and in the disease cystic
fibrosis the absence of this conductance limits the absorption of
fluid and electrolytes from sweat (Quinton, 1986). A characteristic
feature of the transport properties of the possum proximal colon
is the high level of electrogenic Na+ absorption (Butt et al., 2002a)
and while the proximal colon has a high GT compared with typical
tight Na+-absorbing epithelia, much of the conductance is a
consequence of the transepithelial Cl– conductance provided by
the CHE cells. Therefore, it is likely that the CHE cells in the
possum proximal colon provide a high conductance pathway for
the absorption of Cl–, which consists of a series arrangement of
CFTR in the apical membrane and a DIDS-sensitive anion
conductance in the basolateral membrane. This proposal is
supported by the observation that in the presence of a
transepithelial Cl– gradient a ICl is present that is due primarily
to Cl– flow through the CHE cells, as it is inhibited by mucosal
GlyH101 and serosal DIDS.

For the passive movement of Cl– via a cellular transepithelial
conductance, appropriate electrochemical gradients are required at
the apical and basolateral membrane of the cell. In the sweat duct
the apical membrane potential (a) is dominated by the Cl–

conductance provided by CFTR (Reddy and Quinton, 1989a).
However, a is not equivalent to the equilibrium potential for Cl–

(ECl), because the apical membrane also has an appreciable Na+

conductance due to ENaC. Hence, a is depolarized with respect
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Surface cells

CHE cells
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Fig.12. A summary of the role of CFTR in the possum proximal colon in the presence of high luminal Cl–. (A)Schematic arrangement of the CHE cells
within the crypt–surface cell axis. The left-hand side shows the net transport of ions under basal or spontaneous conditions and the right-hand side shows
the net transport of ions in the presence of forskolin. Solid lines indicate active transport processes and dashed lines passive transport. The thickness of the
line gives an indication of the relative magnitude of ion transport by a given pathway. (B)The cellular mechanism of transepithelial transport of Na+ and Cl–

under basal non-stimulated conditions. In the CHE cells, CFTR in series with a basolateral DIDS-sensitive Cl– conductance provides a transepithelial route
for the passive absorption of Cl– driven by active transport of Na+ in the surrounding cells. (C)The effect of stimulation with forskolin on the cellular
mechanism of transepithelial transport of Na+ and Cl–. Forskolin inhibits the passive absorption of Cl– through inhibition of the basolateral DIDS-sensitive Cl–

conductance. Inhibition of its counter-ion Cl– limits Na+ absorption. In addition, forskolin stimulates a basolateral Na+-dependent anion transporter, potentially
a Na+-dependent Cl–/HCO3

– exchanger, which drives CFTR-dependent anion secretion.
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to ECl and as a result there is a driving force for Cl– entry into the
cell across the apical membrane. A similar arrangement exists in
the basolateral membrane, but here the Cl– conductance is in parallel
with a K+ conductance. Consequently, the basolateral membrane
potential is hyperpolarized with respect to ECl and hence there is a
driving force for Cl– exit across the basolateral membrane (Reddy
and Quinton, 1987; Reddy and Quinton, 1989a). Passive Cl–

absorption via the MR cells in amphibian skin is thought to occur
by a similar mechanism (Larsen, 1991) and it is likely that a similar
arrangement provides the driving force for Cl– absorption via the
CHE cells of the possum proximal colon. If this is the case, it has
some consequences, particularly if the luminal Cl– concentration
([Cl–]L) is low, which occurs in the colon as short-chain fatty acids
are the main luminal anion (Argenzio, 1991). For passive Cl–

absorption to occur in the presence of low [Cl–]L, a must depolarize
markedly or cellular Cl– concentration ([Cl–]i) fall appreciably to
maintain the driving force for Cl– entry into the cells across the
apical membrane. In the sweat duct, while a depolarizes and [Cl–]i

falls in the presence of reduced [Cl–]L, the changes are not sufficient
to maintain the driving force for Cl– influx (Reddy and Quinton,
1989a). Consequently, under these conditions alternative active
mechanisms, such as Cl–/HCO3

– exchange, are involved in Cl–

absorption (Reddy and Quinton, 1994). Similarly, in the MRC of
the amphibian skin, when [Cl–]L is low, Cl– absorption also involves
a Cl–/HCO3

– exchanger (Larsen, 1991). Furthermore, the apical Cl–

channels in the MRC are regulated by external Cl– and voltage in
such a way that they are only open when electrochemical gradient
for Cl– favours Cl– absorption (Willumsen et al., 2002), which serves
to limit passive Cl– loss. When the possum proximal colon was
bathed in equal but opposite transepithelial Cl– gradients the ICl was
clearly rectified, with an ~10-fold greater ICl in the presence of a
mucosal to serosal gradient (i.e. high [Cl–]L) compared with serosal
to mucosal gradient (low [Cl–]L). This suggests that [Cl–]L regulates
the transepithelial conductance of the CHE cells. Whether this
involves modulation of the apical or basolateral Cl– conductance in
unknown, but it also indicates that in the presence of low [Cl–]L in
the proximal colon, passive loss of Cl– via this pathway will be
limited and alternative active transport mechanisms will be required
for Cl– absorption.

The stimulation of anion secretion by the possum proximal colon
required high concentrations of forskolin (EC50�10moll–1), which
explains the lack of response to membrane-permeable analogues of
cAMP and cGMP reported previously (Butt et al., 2002a). However,
in addition to anion secretion, forskolin also stimulated a decrease
in GT. This occurred at a lower concentration of forskolin
(EC50�1moll–1) compared with the secretory response and may
be the primary cAMP-dependent response of the possum proximal
colon.

In the eutherian intestine, cAMP modulates the permeability of
the paracellular pathway and stimulation of anion secretion is
associated with an decrease in GT due to a modification of the tight
junction (Shen et al., 2011). While this may also occur in the possum,
it is not the entire explanation for the changes in GT seen in the
proximal colon. Although GlyH101, NPPB and DIDS decreased
the spontaneous GT of the proximal colon, this effect was eliminated
following stimulation with forskolin, which also decreased GT. This
suggests that forskolin inhibits the transepithelial Cl– conductance
associated with the CHE cells. Supporting this proposal is the
observation that the ICl that develops in the presence of a Cl– gradient,
and is a consequence of Cl– flow through the CHE cells, is inhibited
by forskolin. However, CFTR is essential for the secretory response
stimulated by forskolin. Therefore, it is unlikely that the decrease

in GT induced by forskolin is due to inhibition of CFTR. Rather, it
most probably reflects the inhibition of the basolateral DIDS-
sensitive conductance (Fig.12).

This inhibition of the basolateral Cl– conductance has a number
of potentially physiologically relevant roles. Firstly, similar to the
manner in which cystic fibrosis limits Na+ absorption in the sweat
duct (Quinton, 1986), the inhibition of the basolateral Cl–

conductance in the proximal colon by forskolin will limit the
absorption of Na+ by restricting the movement of the counter-ion
Cl–. Furthermore, because the basolateral conductance is in the same
cells as CFTR, it is possible that the inhibition by forskolin will
increase the efflux of anions across the apical membrane and thus
increase the secretory response, as has been shown for pulmonary
epithelia from Xenopus laevis (Berger et al., 2010). The concomitant
stimulation of secretion and inhibition of absorption is a common
theme in the eutherian intestine (Field, 2003; Kunzelmann and Mall,
2002), and effectively maximizes the shift of the intestine from an
absorptive to a secretory state.

In summary, in the possum proximal colon CFTR is restricted
to the apical membrane of a small population of CHE cells located
in the surface epithelium and upper crypts. In these cells, CFTR is
constitutively active and in the presence of a high luminal Cl–

concentration the series arrangement of CFTR with a DIDS-
sensitive anion conductance in the basolateral membrane of the CHE
cells provides a transepithelial anion conductance. This presumably
serves as a conductive pathway for the absorption of Cl–, and
possibly other counter-ions for Na+, which is absorbed by
electrogenic Na+ transport. Forskolin inhibits the conductance
associated with the CHE cells through blockage of the basolateral
DIDS-sensitive conductance and this most probably inhibits Na+

absorption through restriction of the movement of Cl–. In addition,
at higher concentrations forskolin stimulates CFTR-dependent
electrogenic anion secretion. However, this is mechanistically
different to that seen in the eutherian intestine and possum ileum,
and appears to involve a Na+-dependent Cl–/HCO3

– exchanger in
the basolateral membrane.
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