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Acute effects of dexamethasone on cation transport in
colonic epithelium
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SUMMARY Single pharmacological doses of glucocorticoid hormones stimulate net Na+ and water
absorption, K' secretion and electrical potential difference in rat distal colon and human rectum
after five hours. To determine the cellular basis of these effects, the Na+ and K+ transport
properties of epithelial cell membranes in rat distal colon were studied in vitro five hours after
in vivo treatment with dexamethasone 600 ,ug/100 g body weight. Compared with control tissues,
dexamethasone increased transepithelial voltage 3-5-fold (p<0001) and short circuit current
4-5-fold (p<0-001), and decreased total resistance by 20% (p<0005). Measurements of cell
membrane voltages obtained with intracellular microelectrodes indicated that the dexamethasone-
induced rise in transepithelial voltage reflected a significant decrease (p<0.05) in apical membrane
voltage, consistent with the induction of apical Na+ channels and the stimulation of electrogenic
Na+ absorption. Apical addition of 10' mol/l amiloride (a Na+ channel blocker) and then 30
mmol/l tetraethylammonium chloride (TEA; a K+ channel blocker) to control tissues had little or
no effect on transepithelial electrical parameters, indicating the absence of significant apical Na+
and K+ conductances. In contrast, in dexamethasone treated tissues, amiloride and TEA produced
electrical changes that were consistent with the inhibition of glucocorticoid-induced apical Na+ and
K+ conductances. Kinetic studies of the basolateral membrane Na+-K+ pump revealed that five
hours after administration, dexamethasone had no effect on the maximum capacity of the pump for
Nat transport, but significantly increased the affinity of the pump for Na+, and the number of Na+
ions binding to each pump site. Thus, the acute stimulatory effects of dexamethasone on distal
colonic Na+ absorption and K+ secretion reflect increased apical mnembrane conductance to Na+
and K+, and an increase in the 'efficiency' of the basolateral membrane Na+-K+ pump.

Previous studies have shown that ion transport pro-
cesses in mammalian colon are readily influenced
by changes in circulating levels of corticosteroid
hormones."' Chronic administration of mineral-
ocorticoid or glucocorticoid hormones generally pro-
duces similar effects in vivo, which include stimulation
of Na+ absorption, K+ secretion, and mucosal
Na+-K+-ATPase activity.'" The initial effects are
rapid, and perfusion studies in rat colon have shown
that a single pharmacological dose of the gluco-
corticoid dexamethasone (600 ,ug/100 g body weight)
increases Na' and water absorption, K+ secretion,
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and transmural electrical potential difference (pd)
after only five hours, while mucosal Na+-K+ATPase
activity (which constitutes the basolateral membrane
Na+-K+ pump) is unchanged.7 Rectal dialysis studies
indicate that single pharmacological doses of the
glucocorticoids hydrocortisone (100 mg) and methyl-
prednisolone (40 mg) also enhance Na+ and water
absorption, K+ secretion, and pd after five hours
in both normal subjects and patients with active
ulcerative colitis.4 These findings are of particular
interest as they suggest that systemically admini-
stered glucocorticoids decrease diarrhoea in ulcer-
ative colitis by stimulating colonic Na+ and water
absorption, as well as by their better known anti-
inflammatory action.
The present study was done in rat distal colon to
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determine the cellular basis for the acute effects of
glucocorticoid hormones on colonic cation transport.
Although in vivo studies indicate that glucocorticoids
induce an early increase in electrogenic Na' absorp-
ion,' it is unclear whether this reflects enhanced Na'
entry at the apical membrane, increased activity
of the basolateral membrane Na'-K' pump, or a
combination of these possibilities. It is also unclear
whether the accompanying increase in K secretion is
passive - that is, paracellular and pd-dependent, or
active - that is, transcellular and pd-independent, or
a combination of active and passive transport. In
order to determine the acute effects of glucocorticoid
hormones on colonic epithelial cell membranes, the
conductive properties of the apical membrane to Na'
and K', and the kinetics of the basolateral membrane
Na+-K' pump, have been compared in normal rat
distal colon and distal colon from animals treated
with a single dose of dexamethasone.

Methods

ANIMALS
Non-fasting male Sprague-Dawley rats weighing
250-300 g were used in all experiments. The gluco-
corticoid treated animals were injected intraperi-
toneally with a single 600 Ftg/100 g body weight
dose of dexamethasone phosphate five hours before
removing the colon. Control and dexamethasone
treated animals had received 20 g/day of regular
Purina chow and tap water ad libitum. After removal,
the colon was rinsed with NaCl-Ringer solution at
37°C containing (in mmol/l): Na+ 136-2; K+ 7 0;
Cl 121; Ca+ 2-0; Mg'' 1-2; HCO3 25; H2P04 1 2;
S04 1.2; glucose 11 1 and gassed with 95%/. 02/5%
CO2 (pH 7-4). A 2-3 cm segment of distal colon was
obtained 3 cm proximal to the anus, stripped of
serosa and muscle layers, and mounted vertically
between modified open topped Ussing chambers as
previously described." Both sides of the tissue were
bathed with 12 ml of stirred, gassed NaCl-Ringer
solution at 37°C and pH 7-4. Tissue area was 1 cm.'

Transepithelial voltage (V,) was measured with 1
mol/l KC1-4% agar bridges placed on either side of
the tissue and attached to calomel half-cells. Two
second transepithelial current pulses (120 [tA/cm';
Anapulse stimulator Model 302-T, and stimulus
isolation unit Model 305, WP Instruments, New
Haven, CT, USA) were passed via Ag/AgCl elec-
trodes placed at the back of each chamber. Glass
fibre-filled microelectrodes (tip diameter <0 5 rim)
were prepared with a horizontal pipette puller
(Campden Instruments, London, Model 753), filled
with 0(5 mol/l KC1, and had tip resistances of 40-100
MQ in NaCI-Ringer solution. Cells were impaled
from the apical (mucosal) side of the tissue, and

microelectrodes were positioned with an accuracy of
ltm using a remotely controlled three dimensional
hydraulic micromanipulator (Narishige Scientific
Instruments, Tokyo, Japan, Model MO-103). Mem-
brane voltages were measured within ±0+ I mV with
a high impedance electrometer (WP Instruments,
Model 750), and microelectrodes were referenced to
the serosal solution such that basolateral membrane
voltage (Vh) was monitored directly. The entire
apparatus was mounted on an anti-vibration table. Vt
and Vb were monitored on digital voltmeters inter-
faced with a microcomputer (BBC Model B) and a
dual beam oscilloscope, and recorded on a chart
recorder and microcomputer driven printer.

Apical membrane voltage (V,,) was calculated as
Vtl = VI- Vh, and the ratio of the changes in apical and
basolateral membrane voltages in response to the
transepithelial current pulse was assumed to equal
the membrane resistance ratio, a (ot=ratio of the
apical to basolateral membrane resistance). Total
tissue resistance, R, (calculated as RI= A V,/I, where
AV, is the change in transepithelial voltage in
response to the transepithelial current pulse, I), and
a, were corrected for series resistance of the bathing
solution as previously described."'

Initial studies were done with microelectrodes to
determine the effects of dexamethasone on the basal
electrical properties of the epithelium when bathed in
NaCl-Ringer solution. After 25-35 minutes, when
transepithelial electrical parameters were constant,
three to five cell impalements lasting 45-90 seconds
were performed applying the transepithelial current
pulse at five second intervals. The Na+ channel
blocker amiloride (a gift of Merck, Sharp and
Dohme) was then added to the mucosal solution to a
final concentration of 10 4mol/l and three to five
impalements obtained five minutes later. Impale-
ments were judged to be successful if (i) Vb reached a
steady value after 10 seconds, (ii) Vh and a remained
stable during the impalement, (iii) the microelec-
trode tip resistance was unchanged by the impale-
ment, and (iv) the microelectrode recorded the
baseline voltage (V,) upon withdrawal. Average
values of microelectrode measurements were calcu-
lated for each tissue under pre- and postamiloride con-
ditions before obtaining a mean value for the group.

In further studies in which only transepithelial
measurements were obtained, the effects of the
mucosal addition of the K' channel blocker tetra-
ethylammonium chloride (TEA: final concentration
30 mmol/l) were determined in distal colon from
control and dexamethasone treated animals, having
first added 10 4mol/l amiloride to block apical mem-
brane Na' channels.

Finally, the activity of the basolateral membrane
Na'-K' pump in the two experimental groups
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was determined using a technique similar to that
previously reported."' Tissues were bathed on the
mucosal side with K' gluconate Ringer solution
containing (in mmol/l): K' 140; HCO3 25; Ca++ 10
(methane sulphonate); Mgt 1 2; SO4 1-2; H2PO4
2-3; MeSO3 20; gluconate 113 8, and glucose 11-1;
and on the serosal side with Na' gluconate Ringer
solution (similar to NaCI Ringer solution, but Cl
replaced with equimolar gluconate). The polyene
antibiotic nystatin (Sigma Chemical Co., St. Louis,
MO, USA) was then added to the mucosal solution to
a final concentration of480 U/ml. This drug combined
rapidly with lipid in the apical membrane, forming
water filled pores which rendered the membrane
freely permeable to monovalent ions," resulting in a

decrease in R, while V, increased to about 40 mV
(mucosal side negative). When the effects of nystatin
were complete (generally within 5 minutes), the
serosal solution was replaced with K' gluconate
Ringer solution, leading to a rapid fall in Vh and thus
V, and the equivalent short circuit current, Isc
(Isc=V,/R,) to zero. Equal aliquots of Na+ gluconate
were then added first to the serosal solution (where
they had no effect) and then to the mucosal solution
to final concentrations of 10, 20,30,40, and 50 mmol/l.
Increases in mucosal (and thus intracellular) Na+
rapidly hyperpolarised the basolateral membrane, as

reflected by the increases in Vt and Isc, with steady
values occurring after 2-3 minutes. The kinetics of
the basolateral Nat-K' pump were assessed by
plotting A Isc against the mucosal Na+ concentration
([Na+]) using an iterative least-squares curve-fitting
routine to fit the data to a model of highly cooperative
binding'2:

A Isc= Iscmax n
1+ ( Km )n

where Iscmt,X=the apparent maximum short-circuit
current, K,m=the mucosal Nat concentration re-

quired to achieve 50% Iscm and n=the number of
Na+ ions binding to each Nat-Kt pump site.

Results are expressed as mean±SEM for each
group of tissues. Statistical comparisons were made
using the two tailed Student's t test for paired or

unpaired data as appropriate.'t

Results

The effects of dexamethasone on the basal trans-
epithelial electrical properties of rat distal colon,
and their sensitivity to amiloride, are shown in

Table 1. Compared with control tissues, dexa-
methasone increased basal transepithelial voltage

Table 1 Effect ofdexamethasone on basal electrical
properties of rat distal colon

VI R, I.s
(in v) (92cin ) (VpA Icin)

Control (n =23)
Basail -5±1 185+6 26±4
+amiloridc -5+1 182+6 25+4
p* NS NS NS

Dcxamethasonc
trcated (n= 20)
Basal -17+2t 148+tT 115+26t
+amiloridc -5±1 165±11 33+7
p* <00-()1 <()0(01 <00) I

Results arc cxprcsscd as mcan+SEM. V, = transcpit helial voltaigc
(mucosal surfaice negativc); R, totalI rcsistaincc; lsc short-circuit
current; n is the numhcr of tissucs studicd.
*differencc bctwecn basal and postamiloridc valuc; t=p<0-00l;
t =p<00()05 compared with basal valuc in control tissucs.

3-5-fold (p<0O001) and basal short circuit current 4 5-
fold (p<0-001), and decreased total resistance by
20% (p<0.005). Table 2 shows that the dexametha-
sone induced rise in transepithelial voltage reflected
significant depolarisation of the apical membrane
(p<0.05), a change which is consistent with the
induction of Na+ channels in the apical membrane.

Tables 1 and 2 also show that the apical (mucosal)
addition of amiloride had no effect on transepithelial
or microelectrode measurements in distal colon from
control animals, indicating that amiloride sensitive
apical Na+ channels are normally absent from this
epithelium under in vitro conditions. In contrast,
in dexamethasone treated tissues, amiloride sig-
nificantly decreased the transepithelial voltage

Table 2 Effect ofdexamethasone on transepithelial and cell
membrane voltages in rat distal colon

VI V VI, g(1% of
(in V) (in V) (in V) basal value)

Control (n=9)
Basal -4±1 +48+3 -52+3 1(
+amiloride -3±1 +47+2 -5(+2 96+±17
p* NS NS NS NS

Dexamethasone
treated (n =5)
Basal -12+3t +37-+3t -49+2§ 1(X)
+amiloride -3+1 +49+3 -52+4 147+16
p* <0(05 <0(05 NS <0()5

Results expressed as mean + SEM. V, = transepithelial voltage
(mucosal surface negativc); V, =apicall mcmbranc voltagc (positivc
with respect to ccll intcrior); VI, =basolateral mcmbrianc voltalgc
(negative with respect to scrosal solution); =mcmbranc rcsistancc
ratio (ratio of apical mcmbranc and basolatcral mcmbranc
rcsistance); n is the number of tissucs studied.
*difference between basal and postamiloride values; t=p<()()5;
fp<005; §=NS compared with basal value in control tissues.

703



Sandle and McGlone

Table 3 Effect ofdexamethasone on the sensitivity of
rat distal colon to amiloride and letraethylammonium
chloride (TEA)

V, R, /sC
(MnV) (QcM2') (pAIcn2)

Control (n= 14)
Basal -6+1 188±7 31±6
+amiloride -6±1 186+7 29+6
p* NS NS NS
+amiloride 9+1 186+8 50+5
+TEA
pt <000N1 NS <000(1

Dexamethasone
treated (n= 10)
Basal - 18+4t 128+9: 137+25t
+amiloride -5±1 143+12 35+8
p* <0(01 <0(02 <0 005
+amiloride -7+1 150+14 47+8
+TEA
pt <0(1-5 <0(01 <00()1

Results are expressed as mean+SEM. V, transepithelial voltage
(mucosal surface negative); R, total resistance; Isc=short-circuit
current; n=number of tissues studied.
*difference between basal and postamiloride value;
tdifference between postamiloride and postamiloride+TEA value;
1=p<0Otl compared with basal value in control tissues.

(p<0-001) and short circuit current (p<0-001), and
significantly increased total resistance (p<0.001)
(Table 1). As shown in Table 2, these changes
reflected hyperpolarisation of the apical membrane
(p<005) and a rise in apical membrane resistance,
as judged by the 47% increase (p<005) in the
membrane resistances ratio, a, and are consistent
with amiloride inhibition of apical membrane Na+
channels. Thus, dexamethasone stimulates the early
appearance of amiloride sensitive Na+ conductive
channels in the apical membrane which enhance
apical Na+ entry, resulting in a rise in electrogenic
Na+ absorption.
The effects of the sequential addition of amiloride

and the K+ channel blocker TEA to the mucosal
solution bathing control and dexamethasone treated
distal colon are shown in Table 3. Dexamethasone
produced changes in the basal electrical properties
and the amiloride sensitivity of the distal colon which
were similar to those presented in Table 1. Amiloride
again had no effect in control tissues, but produced
changes in the dexamethasone treated tissues con-
sistent with inhibition of electrogenic Na+ absorption.
The subsequent addition of TEA to control tissues
significantly increased transepithelial voltage
(p<0001) and short circuit current (p<0001) with-
out changing total resistance. These changes are
consistent with the inhibition of serosal to mucosal
K+ movement, although the lack of effect on total
resistance suggests that there are normally relatively
few TEA sensitive K+ conductive channels in the
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Fig. 1 Relationship between tetraethylammonium chloride
(TEA)-sensitive and amiloride sensitive short circuit current
(Isc) in rat distal colon (n = J0)five hours after treatment with
dexamethasone (600 sgll100g body weight). Line
(y=0 071x + 4-219; r=0 758;p<0-02) is the least squaresfit
to the data, where the standard errorfor regression of
yonx = 4-7 pA/cm2.

apical membrane of rat distal colon. In contrast,
addition of TEA to dexamethasone treated tissues
produced a significant increase in total resistance
(p<0-01), as well as increases in transepithelial
voltage and short circuit current, consistent with
TEA inhibition of a relatively large, dexamethasone-
induced K+ conductance in the apical membrane.

Figure 1 illustrates the relationship between the
TEA sensitive and amiloride sensitive currents
in the dexamethasone treated tissues. Individual
tissues showed a wide variability in their response to
dexamethasone, but overall, there was a significant
positive correlation (r=0.758, p<002) between the
dexamethasone induced TEA sensitive K current
and the dexamethasone induced amiloride sensitive
Nat current.
The ability of the basolateral membrane Na+-K'

pump to extrude Na' across the membrane in con-
trol and dexamethasone treated tissues is shown in
Figure 2. The calculated maximum short circuit
current- that is, the apparent Iscm,,, in the con-
trol and dexamethasone treated tissues was similar
(73±1-0 [sA/cm' and 74±1*0 RuA/cm', respectively).
In the dexamethasone treated tissues, however, the
apparent Km was lower (11-5±0*2 mmol/l) and the
Hill coefficient was higher (2-2±0 1) than the corres-
ponding values in the control tissues (14.0±0.4
mmol/l, p<001 and 1 4±0- 1, p<000(1, respectively).

. . ,
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Fig. 2 Changeinshortcircuitcurrentfrom zero (AIsc) at
increasing mucosal concentrations ofNat in tissuesfrom
13 control (0) and 14 dexamethasone treated (@) animals.
Each point represents that mean ofthe data at each
concentration ofNa+, and the curves through the points are

the bestfits to the equation describing the model ofhighly
cooperative binding (see Methods). The bestfit valuesfor the
lines are Isc,,, =73±1 VA/cm2, K,,,=14 0±0 4mmol1/,
n =1-4±0-incontroltissues, and Isc,.,,-= 74+1 PA/cm2,
K,,,= 115±02 mmol/l, n=22±01 in dexamethasone
treated tissues.

Discussion

As previously reported,"' the present study has
shown that amiloride sensitive apical Na+ channels are

normally absent from rat distal colon, an epithelium
in which Na' is absorbed predominantly by an

electroneutral Cl -dependent process. TEA sensi-
tive apical K+ channels are also virtually absent from
rat distal colon, which is normally characterised
in vitro by net K+ absorption. As the electrochemical
driving forces for K+ across the apical and basolateral
membranes are almost equal in control tissues,'6 net
K+ absorption in vitro reflects the combined effects of
(i) an apical K+ absorptive process, which has the
features of a K+-H+ exchange,'" (ii) the absence
of a significant apical K+ conductance, which limits
passive K+ movement along its electrochemical
gradient from cell to mucosal solution,'6 and (iii) a

relatively high basolateral membrane K+ conduct-
ance, which favours passive K+ movement from cell
to serosal solution. '6

Recent studies indicate that the effects of gluco-
corticoid hormones on colonic ion transport are time
dependent: a single dose of dexamethasone (600
[sg/100 g body weight) stimulates Na+ absorption and
K+ secretion, and increases pd in vivo after five

hours,7 while Na+-K+-ATPase activity does not
increase until a further seven to 19 hours have
elapsed.7 '7 We have shown that a single dose of
dexamethasone produces changes at the apical mem-
brane five hours later which have implications for the
active (transcellular) movement of both Na+ and K+.
Dexamethasone induces amiloride sensitive Na+
channels which increase passive Na+ movement into
the cell down its electrochemical gradient, leading to
an increase in electrogenic Na+ absorption. The
transepithelial responses to TEA (Table 3) and the
positive correlation between the TEA sensitive and
amiloride sensitive short circuit currents in the
dexamethasone treated tissues (Fig. 1) indicate that
the glucocorticoid also induces apical K+ channels in
parallel with the apical Na+ channels. Although the
effects of TEA on the apical membrane voltage and
membrane resistance ratio were not determined in
the present study, TEA has been shown to produce
similar transepithelial changes, depolarise the apical
membrane, and increase the membrane resistance
ratio in distal colon from animals treated chronically
with dexamethasone," indicating that TEA does in
fact inhibit a dexamethasone induced apical K+
conductance. The presence of apical K+ channels in
dexamethasone treated tissues alters the electrical
driving force for K+ across the apical membrane in
such a way as to enhance K+ movement from the cell
(and ultimately from the serosal solution) to the
mucosal solution.
The experiments in the nystatin treated tissues

provided a means of expressing basolateral mem-
brane Nat-K+-ATPase activity in terms of transport
function-that is, a change in current generated by the
Na+-K+ pump in response to a change in intracellular
Na+ concentration, rather than the ability to release
phosphate from ATP. As shown in Figure 2, IScmax
was similar in the control and dexamethasone treated
tissues, indicating that dexamethasone had no effect
on the Nat transport capacity of the basolateral
membrane Na+-K+ pump after five hours. This
is in agreement with a previous study in which
mucosal Na+-K+ activity in rat distal colon was
unchanged five hours after a similar single dose
of dexamethasone.7 The other kinetic parameters
derived from the data in Figure 2 show that the
increase in electrogenic Na+ transport seen in the
dexamethasone treated tissues reflects a small but
significant increase in the affinity of the Na+-Kt
pump for Na+ (as judged by the decrease in Km),
and a 57% increase in the number of Na+ ions binding
to each pump site. It should be noted that total
Na+-K+-ATPase activity (and presumably ISCmax)
eventually increases 12-24 hours after dexametha-
sone administration,7 '7 but it is unclear whether
this change is induced by a sustained increase in
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apical Nat entry, or whether it reflects a direct
stimulatory effect of the glucocorticoid on maximal
Na'-K'-ATPase activity in the basolateral mem-
brane, as seen in the kidney. 19 211

The time course of the transport effects of dexa-
methasone are consistent with the activation of
corticosteroid receptors present in the colonic
mucosa.2' Dexamethasone administered at high doses
occupies mineralocorticoid as well as glucocorticoid
receptors in the colonic cytosol.22 Recent studies,
however, indicate that mineralocorticoids and gluco-
corticoids (including dexamethasone) induce changes
in distal colonic Na+ absorptive and K+ secretory
processes which are both qualitatively and quanti-
tatively different,'3 suggesting that they act through
different types of corticosteroid receptor. The
synthetic glucocorticoid RU 26988, which activates
specific glucocorticoid receptors without binding to
specific mineralocorticoid receptors, has also been
shown to stimulate Na+ absorption, K+ secretion,
and transmural pd in distal colon in adrenalectomised
rats.23 The present study has shown that after acti-
vation of glucocorticoid receptors by dexamethasone,
there is an early increase in the conductance of the
apical membrane of the distal colon to Na+ and K'
ions, and an increase in the 'efficiency' of the
basolateral Nat-K+ pump.

This study was supported in part by a grant from
the North Western Regional Health Authority.
Dr Sandle is a Medical Research Council Senior
Fellow.
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