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Formal analysis of electrogenic sodium, potassium, chloride and

bicarbonate transport in mouse colon epithelium
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"Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge, CB2 1QJ

1 The mammalian colonic epithelium carries out a number of different transporting activities
simultaneously, of which more than one is increased following activation with a single agonist.
These separate activities can be quantified by solving a set of equations describing these activities,
provided some of the dependent variables can be eliminated. Using variations in the experimental
conditions, blocking drugs and comparing wild type tissues with those from transgenic animals this
has been achieved for electrogenic ion transporting activity of the mouse colon.

2 Basal activity and that following activation with forskolin was measured by short circuit current
in isolated mouse colonic epithelia from normal and cystic fibrosis (CF) mice.

3 Using amiloride it is shown that CF colons show increased electrogenic sodium absorption
compared to wild type tissues. CF mice had elevated plasma aldosterone, which may be responsible
for part or all of the increased sodium absorbtion in CF colons.

4 The derived values for electrogenic chloride secretion and for electrogenic potassium secretion
were increased by 13 and 3 fold respectively by forskolin, compared to basal state values for these
processes.

5 The loop diuretic, frusemide, completely inhibited electrogenic potassium secretion, but
apparently only partially inhibited electrogenic chloride secretion. However, use of bicarbonate-
free solutions and acetazolamide reduced the frusemide-resistant current, suggesting that electrogenic
bicarbonate secretion accounts for the frusemide-resistant current.

6 It is argued that the use of tissues from transgenic animals is an important adjunct to
pharmacological analysis, especially where effects in tissues result in the activation of more than one

sort of response.
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Introduction

The epithelium lining the alimentary canal is responsible for a
large number of processes designed to move ions, solutes and
water into or out of the gut lumen. Of great significance in
these transporting activities is the asymmetric nature of the
epithelial cells, vectorial transport depending on the differ-
ential distribution of channels, pumps and carriers between the
apical and basolateral membranes. In this study transporting
activities in the mouse distal colon are investigated, but only
those which are electrogenic. In particular, stimulation of
electrogenic transport by cyclic AMP will be the focus of the
study, transporting activity being measured by the short circuit
current (SCC) technique. The cyclic nucleotide has a number
of known targets in epithelia, as follows; apically located
chloride channels (Li et al., 1988), namely the cystic fibrosis
transmembrane conductance regulator (CFTR), basolaterally
located NaK2Cl cotransporter (Haas et al, 1993) and
basolaterally located cyclic AMP sensitive K'-channels,
namely the KvLQTI K" -channel sensitive to the chromanol,
293B (Lohrmann et al., 1995; Loussouarn et al., 1997). Thus
the actions at the two membranes work in concert to promote
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anion secretion, chloride concentration increases within the
cell to a level above its electrochemical equilibrium and exits
through CFTR channels in the apical membrane, anion
secretion being maintained by apical membrane hyperpolar-
ization caused by K"-channel activation. Ca?"-raising
secretagogues, by contrast, produce only a transient anion
secretory response dependent on activation of basolateral
Ca?" -sensitive K " -channels without increasing the probability
of CFTR channel opening (Dharmasathaphorn & Pandol,
1986; Cuthbert et al., 1994). Cyclic AMP not only increases
anion secretion but K™ ions entering via the cotransporter may
leave via the apical membrane, as well as re-equilibrate across
the basolateral membrane. Thus inhibition of the cotranspor-
ter with loop diuretics will block both chloride and potassium
secretion. However, loop diuretics rarely cause complete
inhibition of the responses to forskolin in chloride secreting
epithelia, a point noted by many, but commented on by few
(MacVinish er al., 1998). Finally, in the colon, Na™ can enter
through the apical membrane and exit the basolateral
membrane using basolateral Na-K-ATPase. Here we have
used pharmacological methods as the basis for producing a
formal analysis of basal and cyclic AMP stimulated
electrogenic transporting activity in the mouse distal colon.
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Methods

All experiments were performed on the distal colonic mucosa of
mice. Animals were killed by CO, narcosis and the terminal
colon removed into Krebs Henseleit Solution (KHS). The colon
was opened immediately, cleaned and the muscle layers dissected
away under microscopic control. The most terminal part of the
colon was mounted in an Ussing chamber, window area 20 mm?,
and the tissue short circuited with series resistance compensa-
tion, exactly as described recently, elsewhere (Teather &
Cuthbert, 1997). Only one preparation was taken from each
mouse, so that any variation in the responses can not be due to
variation in the part of the colon from which the preparations
were derived. Two types of mice were used as follows; wild type
mice which were littermates of cystic fibrosis (CF) mice, either
Cftr'miCam (Ratcliff et al., 1993) or Cftr™?<“" (Colledge et al.,
1995). Previous studies have not revealed any differences
between colonic epithelia of the CF null mice (Cftr™<“") and
those with the AF508 mutation (Cftr"2““") (Colledge et al.,
1995). Similarly, the wild type mice were a mixture of homo- and
heterozygotes, and again no differences in the behaviour of the
epithelium of the colon has been demonstrated (Ratcliff ez al.,
1993; Cuthbert et al., 1995). All litters were initially fed on a low
fibre diet to avoid meconium ileus and the wild type transferred
to normal chow once genotyping was completed. Animals were
used as soon as possible after genotyping.

Three experimental paradigms were used as follows.
Protocol 1. After the SCC had stabilized, amiloride (100 um)
was applied to the apical surface to block all
electrogenic sodium absorption. Ten minutes
later forskolin (10 uM) was applied in both the
apical and basolateral bathing solutions and
finally, after a further 10 min, frusemide (1 mMm)
was added to the basolateral bathing fluid and
the SCC recorded for a further period of 10 min.
The following parameters were measured from
all SCC records and tabulated before analysis;
basal SCC, ASCC caused by amiloride, ASCC
caused by forskolin, ASCC caused by frusemide
and SCC after frusemide.

The design was identical to Protocol 1 except that
addition of forskolin was omitted. Protocols 1
and 2 were applied to both wild type and CF
colonic epithelia.

This experimental paradigm was applied only to
wild type colonic epithelia, and was identical to
Protocol 1 except the experiments were carried
out in bicarbonate-free solution.

Protocol 2.

Protocol 3.

Krebs Henseleit Solution (KHS) was used in Protocols 1
and 2 and had the following composition (in mMm); NaCl 118,
KCl 4.7, CaCl, 2.5, MgSO,, 1.2, KH,PO,, 1.2, NaHCO; 25
and glucose 11.1. This solution had a pH of 7.4 when bubbled
with 95%0,/5%CO, at 37°C. Bicarbonate-free solution had
the same composition, except that NaCl was increased to
137 mM and NaHCO; was omitted. This solution was buffered
with HEPES buffer, 10 mMm, pH 7.4 and the solution bubbled
with pure O,. An unpaired Student’s z-test was used to make
comparisons between sets of data, a P value less than 0.05 was
considered significant.

Plasma aldosterone concentration was measured for both
CF and wild type mice by radioimmunoassay, after extraction
from plasma with dichloromethane. Blood was collected from
the thoracic cavity after severing major veins into heparinized
syringes. The samples were immediately centrifuged to remove
cells and the plasma stored at —20°C. Samples from eight wild
type and eight CF animals were collected. On average 150 ul of

plasma was obtained from each mouse, which was insufficient
volume for the assay. Consequently the samples from wild type
and CF mice were separately pooled. Sufficient plasma was
obtained to allow three separate estimations in CF samples
and five separate estimations in wild type samples of
aldosterone, each measurement being made in triplicate.

Results

Typical SCC records from colonic epithelia subject to the
regimens of Protocols 1 and 2 are illustrated in Figure 1. The
differences between wild type and CF epithelia are particularly
evident with the Protocol 1 procedure, where the SCC increases
after forskolin in the former, yet falls after the same treatment
in CF tissues. With Protocol 2 the SCC changes due to
frusemide are rather small when applied without prior addition
of forskolin. By pooling the data from all the Protocol 1 studies,
a number of significant differences were revealed, as illustrated
in Figure 2. Highly significant differences were seen between the
responses of wild type and CF epithelia in response to both
forskolin and frusemide. Also, the responses to amiloride were
significantly greater in CF colons, even though the basal SCC
was larger in wild type colons.

For the formal analysis of the responses to Protocols 1 and 2
it is more convenient to deal with the actual SCC values, rather
than changes in SCC. The data of Figure 2 were replotted as
SCC in Figure 3 where the responses to amiloride, forskolin
and frusemide are shown as step functions. Peak responses were
used to construct Figure 3 and no allowance was made for any
decline of the response during the 10 min of exposure to the
drugs. The final SCC value remaining after frusemide is
therefore a consequence of additions and subtractions of peak
responses taking the original basal current as the starting point.
Therefore the actual SCC remaining after frusemide is not
exactly that found by calculation. The predicted value for the
residual SCC after exposure to forskolin and then frusemide in
CF colons (CF SCCrorskolin/frusemide) Was 17.5+4.0 uA cm ™2
whereas the actual value was 18.842.3 yuA cm~2 Similarly
the predicted value in wild type colons (SCCrorskolin/frusemide) Was
75.64+19.0 uA cm~2  while the actual value was
61.0+6.7 uA cm 2.

It is notable that frusemide failed to reverse completely the
SCC increase caused by forskolin in wild type colons (Figure
3a) but completely reversed the forskolin effect in the CF colon
(Figure 3b). Using Protocol 2, i.e. no addition of forskolin,
frusemide had little effect on SCC in unstimulated colons
(Figure 4a). Addition of acetazolamide after frusemide in wild
type colons increased the inhibition of the forskolin response
from 68 to 75% (Table 1). The data shows that the response to
frusemide  increases  to 168.4+9.9 uA cm=2  from
108.14+14.1 uA cm~? when bicarbonate-free solution is used.
However when wild type colons were mounted in HCO; ™ -free
KHS the responses to forskolin were greater, but not
significantly so, than those in KHS. Therefore, derived values
were calculated to allow for the differences in the response to
forskolin and analysis showed that inhibition by frusemide was
significantly increased by bicarbonate removal. Inhibition of
forskolin responses in bicarbonate-free solution were increased
from 87% after frusemide to 91% by addition of acetazola-
mide (Figure 4b). Examples of responses in the two conditions
are given in Figure 5.

Plasma aldosterone measurements gave values of
224419 pmol 17! (five measurements) in wild type and
1086423 pmol 17! in CF (three measurements) each made in
triplicate.
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Theory

Assuming that SCC represents the electrogenic transport of
chloride, potassium, sodium and other unknown ions the
following formalism can be developed; SCC,nioriae =X Ty +2,
where SCCmioriae 18 the SCC after amiloride, x is basal
electrogenic chloride secretion, y is basal -electrogenic
potassium secretion and z is electrogenic transport of unknown
species. In CF epithelia, chloride secretion can not occur
because of the absence of CFTR and the relevant equation for

Frusemide

(@

Wild type
Amiloride P

}

Forskolin

Frusemide

SCC after amiloride is CF SCC,uniorige=y +2z. Forskolin
stimulates chloride and potassium secretion, and assuming z
is unaffected the relevant equations are SCCroin=xX1+A
x+y+Ay+z and CF SCCiygroin=y T Ay +2z. In Protocols 1
and 2, and with either wild type or CF epithelia the SCC
remaining at the end of the experiments, after frusemide had
been added, is z, whether or not frusemide was added in the
absence of forskolin(SCCysemige and CF SCCygemiae) O after
forskolin (SCCyrskolin/trusemide aNd  CF SCCrorskotin/frusemiae)- 1t
follows therefore that:

Amiloride
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Figure 1 The effects of sequential administration of amiloride (100 um, apical) and frusemide (1 mMm, basolateral), with (a) or
without (b) forskolin (10 uM, both sides) given between, in wild type and CF colonic epithelia. Specimen SCC traces for epithelia of
20 mm? are shown. Note when forskolin is not added (b) the changes caused by frusemide are small. In this situation frusemide
increased or decreased the SCC in wild type resulting in only a small mean change, whereas in CF epithelia an overall significant

increase in current was found (see Figure 4a).
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Figure 2 Cumulative data from 22 wild type colonic epithelia and 42 CF epithelia. Shown are the values (means+s.e.mean) for the
basal SCC (a) and changes in SCC caused by the sequential addition of amiloride (100 uMm, apical) (b), forskolin (10 uMm, both sides)
(¢) and frusemide (I mm, basolateral) (d), all as uA cm 2. P values are shown and were obtained with Student’s r-test, comparing

wild type with CF preparations.
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Figure 3 The total data from Figure 2 presented as actual SCC values. The mean values of the currents and their standard errors
are given. Peak values have been used and no allowance made for any decline in the response during 10 min before the next drug

was added.

Table 1 Effect of frusemide and acetazolamide on forskolin responses in normal and bicarbonate free conditions

Conditions
KHS

P values
HCO; ™ free
KHS

N CCam[IorizIe
23.3+4.7

N.S.
21.7+5.5

AForskolin
159.2427.8

N.S.
1944+11.3

All responses as uA cm™

2

AFrusemide and

AFrusemide % residual SCC  acetazolamide % residual SCC n
108.14+14.1 32.1% 120.2+15.5 24.5% 12
(131.9+17.2, P<0.04%)
<0.002 <0.007
168.4+9.9 13.4% 176.34+10.7 9.3% 12

(137.9+8.1, P<0.03)

% residual is the percentage current remaining compared to AForskolin. n=number of experiments. *one tailed t-test. Values in
parentheses are derived by multiplying the experimental values by a factor to allow for the difference in forskolin responses in the two
groups. The value for frusemide response in the HCO; ™ -free solution (168.449.9 uA cm™?) is significantly greater than the derived
value in KHS. Similarly the response in KHS (108.1+14.1 uA cm™2) is significantly smaller than the derived value in HCO;  -free
solution. Thus it can be concluded that the effects of frusemide are greater in HCO;3 ™ -free solution.

(SCCforskolin —CF SCCforskolin) -
(SCCamiloride - CF SCCamiloride) = Ax

(CF SCCforsko]in - CF SCCamiloride) = Ay

(Sccamiloride —CF SCCamiloride) =X

(CF SCCymiloride — CF SCCfrusemide) =Yy

SCCfrusemide =CF SCCfrusemide =

SCCforskolin/frusemide =CF SCCforskolin/frusemide =z

The values, taken from Figures 3 and 4a were:

SCCumiloride =21.7 i 43 HA Cm72
CF SCCamiloride =173 + 2.3 ,UA Cln_2
SCCforskolin =186.9 + 16.5 ,LlA Cm72

CF SCCl‘orskolin: _283i 31HA Cm72

SCCfrusemide =127 + 8.3 ‘UA Cm_2
CFSCCfrusemide =16.1 + 3.6 ,UA Cm72

SCCrorskolin/frusemide = 79.6 1 19.0 pA cm?
CF SCCforskolin/'frusemide =17.5 i 4.0 ,uA Cmiz-

This data gives values of the various transport parameters
as follows:

Ax=200.9+17.5 uA cm~2, from (1)

Ay=—35.64+5.0 uA cm~2, from (2)

x=14.4+4.9 cm 2 from (3)

y=—8.84+4.3 cm~2 from (4).

Four estimates of z can be derived from (5), they are
respectively 12.7+8.3, 16.1+3.6, 75.6+10.0 and
17.5+4.0 uA cm~2. The first, second and fourth values are
not significantly different from one another, while all three are
significantly smaller than the third value (P<0.0001). These
derived values are close to the residual SCCs at the end of the
experiments after frusemide had been applied, which were,
respectively 114432, 1594+3.1, 61.0+6.7 and
18.84+2.3 uA cm~2. Again the value for the residual current
remaining after forskolin and frusemide in wild type colons is
discrepant from the rest of the values for z. This point was
commented upon in the Introduction, and is clarified by
experiments using Protocol 3.
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Figure 4 (a) Effects of frusemide (1 mM, basolateral) addition to wild type and CF colons, without addition of forskolin and in the
presence of amiloride. (b) Effects on SCC by the sequential addition of amiloride (100 uM, apical), forskolin (10 uM, both sides) and
frusemide (1 mmM, basolateral) in 12 wild type colonic epithelia bathed in HCO ™ 3-free medium. Means+s.e.mean are given in both

(a) and (b).
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Figure 5 SCC records from two separate colonic epithelia, one
bathed in KHS (a) and the other in HCO ™ ;-free KHS (b) Each was
subject to the sequential addition of amiloride (100 um, apically),
forskolin (10 um, both sides), frusemide (I mm, basolaterally) and
acetazolamide (100 um, both sides). Both tissues had an area of
20 mm>.

Discussion

The opportunity to collect a large body of data for CF colons
arose from other studies on CF mice where the responses
were used to check the genotyping from DNA tail clip
analysis. Comparison with data for wild type colons showed
that the amiloride sensitive SCC was significantly larger in
the CF tissues. Aldosterone is known to increase electrogenic
sodium transport in the mouse colon (Grubb & Boucher,
1997) and measurement of plasma aldosterone showed the
level was greater in CF mice. Therefore the increase in
sodium absorption in CF colons maybe due to the increase in
hormone levels. In an earlier study (Cuthbert et al., 1994) we
failed to record any increase in amiloride sensitive sodium
absorption in CF colons compared to wild type with numbers
approaching those in this study. However in that instance
two or three colonic preparations were taken from each
mouse, whereas here only a single preparation was taken
from from each animal. As electrogenic sodium absorption
occurs in only the most terminal part of the colon we have
shown a difference in this study by using strictly comparable
tissues. Amiloride sensitive sodium channels, (ENaC) are also
upregulated by the lack of CFTR (Stutts et al., 1997; Briel et
al., 1998). Whether part of the increase in CF colons is due to
this effect can not be ascertained from this study, but it
should be noted that the increase in sodium absorption in CF
colons is modest compared to that found in airway epithelia
(MacVinish et al., 1997) which are apparently insensitive to
aldosterone (Knowles et al., 1985). In the airways sodium
absorption and chloride secretory activities are expressed in
most cells. As CFTR is produced only in the secretory crypts
of the colon and sodium absorption occurs in the surface
cells (Trezise et al., 1997), it is probably only the cells near to
the mouth of the crypts that can absorb sodium ions before
all CFTR function is lost. Thus only a relatively small



AW. Cuthbert et al

lon transport in mouse colon 363

proportion of the total epithelium could be modified by loss
of CFTR.

Throughout this investigation forskolin has been used to
stimulate adenylate cyclase. The SCC increase in wild type
colons caused by forskolin (165.34+16.5 uA cm™2) under-
estimates the actual chloride secretory response by the SCC
change caused by forskolin in CF colons (35.6+2.1 A cm™2).
The values of basal chloride and potassium secretion are small,
and of opposite polarity (14.4+4.9 and —8.8+4.3 uA cm ™2
respectively), therefore frusemide added in the absence of prior
forskolin addition is not expected to produce much effect. In
wild type colons frusemide caused a SCC change of
—0.5+59 uA cm~? (95% confidence limits of 12.8 to
—13.7 uA cm~?), while in CF colons, where chloride secretion
does not occur, it is predictable that frusemide would cause a
SCC increase. Experimentally the value was 6.5+ 1.7 uA cm 2
(95% confidence limits of 2.4-10.5 uA cm™2). Forskolin
increased the anion secretory current by 13 fold from the basal
value, while potassium secretion was only increased 3 fold.

Three estimates of z gave values of 9—18 uA cm 2 which
were not significantly different from each other, while in wild
type colons there was a large residual current after forskolin
and frusemide. This large value of z is not predicted by the
formal treatment given above and needs to be addressed. First,
in wild type colons treated with both drugs the situation is
competitive at the level of the cotransporter. Incomplete
inhibition might explain the lack of complete reversal.
However, a similar discrepancy would exist in CF colons but
this was not apparent and the hypothesis is rejected. Secondly,
other electrogenic transporting activities may be present in wild
type colons, which are not inhibited by frusemide, but which
are dependent on CFTR. It is known that the CFTR channel is
permeable to C1~ and HCO;~, but with a preference for Cl~
(Kunzelmann et al., 1991; Poulsent et al., 1994). However in the
absence of Cl~ the colon can demonstrate electrogenic HCO;~
secretion (Feldman ez al., 1988) and others have demonstrated
bicarbonate secretion in the mouse intestine (Hogan et al.,
1997; Seidler et al., 1997). Clearly then HCO;~-secretion is not
possible in CF colons because of the absence of CFTR, and
neither do bicarbonate ions enter the cell on the cotransporter.
However, when the cotransporter is inhibited with frusemide
the ratio of intracellular CI~/HCO; ™~ will fall.

Throughout this study we have used supramaximally
effective concentrations of drugs so that the maximal effect is
achieved quickly and is easily discernible, For example, lower
concentrations of frusemide produce the same maximal effect
but take much longer to reach equilibrium. Acetazolamide
only removed a small amount of the residual SCC after
forskolin and frusemide in wild type colons, indicating that
HCO; ™ transport is not dependent on the hydration of CO,,
particularly as HCO;~ can enter cells using a C1=/HCO;~
exchanger. Removal of HCO; ™ from the bathing fluid together
with the addition of acetazolamide, after frusemide, was able
to remove virtually all the current generated by forskolin
(Table 1). The increase in the SCC response to forskolin in
bicarbonate-free conditions, although this just failed to reach
significance, may result from the removal of competition from
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In biological situations where a system shows more than
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