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Abstract

A dose response curve for glucocorticoid-induced proximal and
distal colonic cation transport in vivo was established in adre-
nalectomized rats. All doses (0.5-50 nmol/100 g body wt) stim-
ulated sodium absorption. Distal sodium absorption did not sat-
urate at dexamethasone levels that saturate the glucocorticoid
receptor but also bind to > 35% of aldosterone receptors. Sat-
uration of the pure glucocorticoid response occurred in both seg-
ments with RU26988, a synthetic glucocorticoid that does not
occupy aldosterone receptors. Maximum velocities for pure glu-
cocorticoid-induced sodium absorption were 15 and 16 teq/min
per g dry tissue, and Michaelis constants (K.) were 4.2 and 4.6
X 10-' mol/liter for proximal and distal colon. Ks are similar
to the dissociation constant for the colonic glucocorticoid receptor
and too low for significant aldosterone receptor occupancy.
Dexamethasone increased sodium absorption significantly within
30 min of injection, suggesting the response is not dependent on
new protein synthesis. Similar time and dose responses in prox-
imal and distal colon suggest glucocorticoids stimulate the same
pathway in both segments.

Introduction

Wedemonstrated that small doses of glucocorticoids were more
effective than higher doses of aldosterone in restoring cation
transport to normal basal rates in adrenalectomized rats (1).
Subsequently, most of the in vivo and in vitro studies of glu-
cocorticoid-induced colon transport have used amounts of glu-
cocorticoids that could permit stimulation of both glucocorticoid-
and aldosterone-induced pathways (2-9). Thus, the in vivo
response of the colon to circulating physiologic levels of gluco-
corticoids has not been thoroughly investigated.

The entire colon possesses both glucocorticoid and aldoste-
rone receptors, although the number of aldosterone receptors is
much greater in the most distal colon than in more proximal
segments (10-13). It is possible that both proximal and distal
colon are aldosterone-responsive tissues. However, the response
to aldosterone is different in the two segments with only the
distal colon typically developing significant amiloride-sensitive
conductive sodium absorption (2, 8, 14-16). The colonic re-
sponse to glucocorticoids has varied with the levels of glucocor-
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ticoids used. At levels that approach receptor saturation, glu-
cocorticoid-induced distal colon sodium absorption is amiloride
resistant, but at supersaturating levels sodium absorption is
amiloride inhibitable (2, 3, 5, 7-9, 16-18). Although amiloride-
sensitive sodium absorption may be induced by crossover bind-
ing to aldosterone receptors, important differences have been
found between glucocorticoid- and aldosterone-induced trans-
port even with massive doses of glucocorticoids (2, 4-9, 13,
17, 18).

Normally, the rat colon does not demonstrate significant
amiloride-inhibitable sodium absorption, probably because cir-
culating aldosterone levels are low (2, 5, 7, 8, 16). The normal
rat colon has significant amiloride-resistant net sodium absorp-
tion which decreases markedly with adrenalectomy (1, 2, 5, 15,
16, 19-22). This adrenal dependent sodium absorption could
be under the control of circulating physiologic levels of gluco-
corticoid.

This study examines the effect of two synthetic glucocorti-
coids, dexamethasone and 1 I, l17#-dihydroxy-I7a-propynal-
androsta- 1,4,6-triene-3-one (RU26988),' on colonic transport
in adrenalectomized rats to determine if transport responses are
demonstrable within a dose range that would correspond with
occupancy of the colonic glucocorticoid receptor.

Methods

Male Sprague-Dawley rats weighing 250-300 g were adrenalectomized
via flank incisions using light ether anesthesia. Rats were immediately
begun on steroids in the doses indicated below. The last dose was given
2 h before colonic flux measurements (three doses total). Rats were
maintained on 0.45% saline containing 2.5% dextrose but were not fed.
One group of adrenalectomized rats was given no steroid replacement.
To examine the dose response to dexamethasone, other groups (seven
to ten rats per group) were given twice daily subcutaneous doses of 0.5,
1, 2.5, 5, 10, and 50 nmol/100 g body wt. The 10 nmol/100 g body
weight twice-daily dose has been demonstrated to markedly increase
cation transport in adrenalectomized rat colon (1). To determine the
maximal colonic response to glucocorticoid in the absence of crossover
binding to the aldosterone receptor, we gave adrenalectomized rats
RU26988 (Roussel UCLAF, France), a highly specific synthetic gluco-
corticoid with virtually no binding to the aldosterone receptor or to plasma
corticosterone-binding globulin (23, 24). The steroid was administere
in twice-daily doses of 5, 15, 30, and 60 nmol/100 g body wt. Because
RU26988's affinity for the glucocorticoid receptor is as high or higher
than that of dexamethasone, the higher doses should saturate the glu-
cocorticoid receptor (23-25). Wehave demonstrated that this steroid
has potent agonist activities in colon (10).

To characterize the time course of the transport response, net tansport
was measured in adrenalectomized rats. 10 nmol of dexamethasone was

1. Abbreviations used in this paper: B., receptor number, Isc, short-
circuit current; JNmax, maximum sodium absorption; PD, potential
difference; RU26988, I1 IS, 1l7-dihydroxy- 17a-propynalandrosta- 1,4,6-
triene-3-one.
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then injected intravenously and transport was measured for an additional
six 30-min periods.

24-26 h after adrenalectomy, in vivo perfusion of the colon was
performed. Rats were anesthetized with Inactin (Promonta, Hamburg,
FRG), 80 mg/kg. A tracheostomy and jugular venous catheter were in-
serted. Proximal colon was isolated and cannulated at the cecal colonic
junction, distal colon at the insertion of the inferior mesenteric artery,
and segments flushed with Ringer's saline until clear. Distal collection
catheters were secured at the distal end of the proximal segment and
anus. For determination of transmural potential difference (PD), agar
bridges were placed in the midportion of the proximal colon and 4-6
cm from the anus at the point of maximum transmural PD. The reference
bridge was placed in the abdominal cavity. Surgical losses were replaced
intravenously with 1% body weight as normal saline and the infusion
continued at 0.02 ml/min. Colon segments were perfused with a Holter
pump 907 (Critikon Inc., Tampa, FL) at 0.25 ml/min with a solution
containing in meq/liter: Na, 140; K, 5; Cl, 115; and HCO3, 25.
[14Clpolyethylene glycol with unlabeled polyethylene glycol was added
as a nonabsorbable water marker at a concentration of - 8,000 cpm/
ml. After 1 h of equilibration, colonic perfusate was collected for five
20-min periods (120-220 min after steroid injection). Transmural PD
was measured every 10 min by the agar bridges connected to calomel
electrodes using an Electrometer 610C (Keithley Instruments, Inc.,
Cleveland, OH).

To determine the adequacy of adrenalectomy, aortic blood was drawn
from 25 adrenalectomized glucocorticoid-replaced animals at the end of
the colonic perfusion study, centrifuged immediately and the plasma
stored at -70°C until plasma aldosterone levels were determined by
radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA). The
mean poststudy level of aldosterone was below levels of detectability
(< 0). Only four animals had detectable levels, 3.8±0.9 ng/dl, and each
of these had received the 50-nmol dose of dexamethasone. The plasma
level of dexamethasone in this group is within the range where cross-
reactivity would be expected. In comparison, intact animals have reported
aldosterone values of 63-91 ng/dl after abdominal surgery (26).

Plasma dexamethasone levels obtained during the experimental period
were estimated in separate groups of rats adrenalectomized and treated
with steroid (3-4 rats/dose) as in the dose-response protocol. Rats were
injected subcutaneously with the dexamethasone dose containing tracer
amounts of [3H]dexamethasone (New England Nuclear, Boston, MA)
just before anesthesia. A tracheal tube, carotid, and jugular catheters
were placed and surgical losses replaced as previously described. Hepa-
rinized blood was drawn at 0.5, 1, 2, 3, and 4 h after steroid injection.
Abdominal surgery in these animals was performed at I h to correspond
with the timing of surgery in the perfusion studies. After centrifugation
radioactivity of duplicate plasma samples was determined by liquid scin-
tillation counting. Red cells were resuspended in an equivalent volume
of saline and reinfused.

Sodium and potassium concentrations were measured by flame pho-
tometer. Duplicate l-ml samples of perfusate and effluent were counted
in Bray's solution in a liquid scintillation counter. Average water, sodium,
and potassium fluxes for each animal were calculated by standard for-
mulae and the values expressed as microliters or microequivalents net
flux per gram dry tissue (1).

Results for each group are expressed as mean±SEM. Intergroup
comparisons were made by analysis of variance for unequal subclass
numbers. The method of weighted squares of means was used when
interactions were present. Statistical significance was set at P < 0.05.
The occupancy of glucocorticoid receptor sites (R) was calculated as
described by others (27-30): R = (B. X [GJ)/([G] + 1Q). Fractional
occupancy was calculated by R/B,., where B. = maximal binding
capacity, [G1 = plasma concentration of glucocorticoid, and dissociation
constant (K1) = glucocorticoid receptor dissociation constant. To estimate
glucocorticoid binding to the aldosterone receptor, the binding constant
was calculated from K4 = C50 (Kd/Kd + [S]), where C5o is concentration
of glucocorticoid required for 50%inhibition of aldosterone binding, [S]
is concentration of aldosterone at which the competitive binding assay

was done, and KY is Kd for the aldosterone receptor. Values used were
previously determined in this laboratory for proximal and distal colon
of adrenalectomized rats (10, 1 1).

Results

Effect of adrenalectomy on colonic transport. As previously de-
scribed (1, 19, 22, 31), adrenalectomy markedly depressed the
rate of sodium absorption in proximal colon (Fig. 1). The value
of 1.4±1.3 geq/min per g dry tissue was not different from zero.
In proximal colon, there was actual water secretion of 25±6.4
ul/min per g dry tissue. Transmural PD was decreased to
1.6±0.43 mV, lumen negative. Potassium was still secreted at a
rate of 0.86±0.10 geq/min per g dry tissue, a value similar to
that found in intact controls.

In distal colon, adrenalectomy was associated with a rate of
sodium absorption of 1.9±1.0 Aeq/min per g dry tissue (Fig. 2).
Net water flux was -3.7±4.8 Ateq/min per g dry tissue. Neither
of these values was different from zero. Transmural PD was
8.9±1.3 mV, lumen negative, a value approximately half that
previously found in intact controls. Potassium secretion of
1.1±0.1 seq/min per g dry tissue was decreased compared with
previously determined values in intact controls.

Effect ofglucocorticoids on colonic sodium absorption in ad-
renalectomized rats. Replacement of glucocorticoids in the ab-
sence of aldosterone was markedly effective in restoring proximal
colon sodium absorption (Fig. 1). The 0.5-nmol dose significantly
increased sodium absorption (P < 0.05). The value of 4.5±0.5
Meq/min per g dry tissue was lower than that usually found in
intact rats. The dose response curve was hyperbolic, with the
greatest rate of increase occurring at the two lowest doses. With
10 nmol, sodium absorption reached 15.0±1.1 ueq/min per g
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Figure 1. The effect of glucocorticoids on in vivo proximal colon net
sodium absorption, transmural PD, and net potassium secretion in ad-
renalectomized rats. Values are the mean±SEM. Each group had a
minimum of seven rats except for the highest dose of RU26988,
which had six rats. (Stippled crossbars) Mean value±2 SEMfor 29 in-
tact, untreated rats. (Open bars) Adrenalectomized rats. (Hatched
bars) Rats treated with dexamethasone. (Solid bars) Rats treated with
RU26988. *Significantly different from adrenalectomy alone.
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Figure 2. Effect of glucocorticoids on in vivo distal colon net sodium
absorption, transmural PD, and net potassium secretion in adrenalec-
tomized rats. Further details are given in Fig. 1.

dry tissue, a value similar to that found in intact animals (P
< 0.001 compared with adrenalectomy alone). However, even

with 50 nmol of dexamethasone the sodium-absorptive rate was

not significantly greater than that found in intact control rats.
Water secretion changed to water absorption at the 0.5-nmol
dose, 11.1±2.2 ,ul/min per g dry tissue. The ratio of sodium
absorption to water absorption was constant at 0.39 ,eq/Al.

In distal colon (Fig. 2), the 0.5-nmol dose produced an almost
identical increment in sodium absorption to 5.1±0.6 ,ueq/min
per g dry tissue. Although this failed to reach statistical signifi-
cance, all higher doses were significantly greater than adrenal-
ectomy alone. The dose response curve was hyperbolic, with the
greatest rate of increase occurring at lower doses, but the effect
did not reach a plateau. The values found with the 10- and 50-
nmol doses of 20.6±1.0 and 25.1±0.7 geq/min per g dry tissue
were significantly higher than that normally found in intact con-

trols (P < 0.05 for the 10-nmol dose). Water absorption also
markedly increased, and from the 2.4- to 50-nmol doses the
ratio of sodium absorption to water absorption ranged from 0.30
to 0.34 seq/,ul.

Other investigators have postulated that this effect of dexa-
methasone on sodium absorption is only seen because the period
after adrenalectomy is too short to reach an aldosterone-inde-
pendent state of basal transport functions (20). Six rats were

adrenalectomized and given no steroid replacement for 1 wk.
During the 24 h before the experiment, they were given the 5-
nmol dose of dexamethasone as in the 24-h adrenalectomy pro-
tocol. After 1 wk of no exposure to adrenal steroids, the response
to dexamethasone was indistinguishable from that of the more

acute protocol (P = NS). Sodium absorption was 13.4±0.9 in
proximal colon and 15.7±0.8 ueq/min per g dry tissue in distal
colon. Transmural PDwas 3.4±0.4 and 16.4±0.9 mVin prox-
imal and distal colon, respectively.

After subcutaneous injection of dexamethasone, there is rapid
steroid absorption. Plasma levels remain relatively constant for

2 h due to continued absorption from the injection site. For
example, with the 10-nmol dose, mean plasma levels were
5.7±0.7 X 10-8 M, 5.9±0.4 X 10-8 M, and 5.3±0.4 X 10-8 M
at 0.5, 1, and 2 h after injection. Levels decreased more rapidly
after 2 h and fell to 62% of peak values by 3 h. Plasma levels
for the first two time periods are linearly related to the injected
molar dose (Fig. 3 A; P < 0.001).

Because the plasma levels remained constant over this period
and steroids diffuse readily into cells, the intracellular steroid
concentration should be similar to that measured in plasma.
The reported Kds for the glucocorticoid receptor are 3.7 X 10-'
M in rat proximal colon and 5.8-6.2 X 10-9 Min rat distal
colon (10, 12). Using values for the Kd and B. we had previously
obtained for proximal and distal colon, we estimated the percent
occupancy of the glucocorticoid receptor from the plasma value
at each dose injected (Fig. 3 B). The calculated maximumpercent
occupancy in proximal colon ranged from 36% at the lowest
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Figure 3. Correlation of glucocorticoid-induced sodium absorption
with plasma concentrations of dexamethasone and estimated percent
receptor occupancy in proximal and distal colon. (A) Linear regression
line for plasma concentrations of dexamethasone (y) plotted against
nmol/ 00 g body wt of dexamethasone injected (x). Dots represent in-
dividual plasma values. (B) Percentage glucocorticoid receptor occu-

pancy (upper lines) and aldosterone receptor occupancy (lower lines)
in proximal and distal colon. Values were determined from plasma
levels of steroids illustrated in A. Plasma level for the 50-nmol dose,
47±4 X 10-' M, is not illustrated. Details of the calculations are given
in the text. (C) Dose response curves of sodium absorption as a func-
tion of the nmol dose of steroid injected. Dexamethasone values for
proximal (e) and distal (A) colon. RU26988 values for proximal (o)
and distal (A) colon.
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dose to 99% at the highest dose. The calculated occupancy in
distal colon ranged from 26 to 99% (Fig. 3 B). The rate of sodium
absorption produced by increasing doses of dexamethasone (Fig.
3 C) closely paralleled the calculated increase in percent receptor
occupancy except at the highest doses of dexamethasone. This
suggests that the actions of dexamethasone are effected by binding
to the glucocorticoid receptor.

Glucocorticoid occupancy of aldosterone receptors can also
be estimated from aldosterone receptors' K4, B., and the rel-
ative affinity of glucocorticoids for the aldosterone receptor (25,
26). Wehave recently reported these data for both proximal and
distal colon. The aldosterone receptor has a 4 of 4.1 and 4.2
nMand a Bmi, of 6.5 X 10-14 and 15.6 X 10-14 moVmgcytosol
protein in proximal and distal colon, respectively (11). The Ks
and Boas are remarkably close to values recently reported for
human colon, where the 4 of ascending colon was 3.8 nMand
B.o 7.6 X 10-'4 mol/mg protein. Humansigmoid colon binding
was 14 X 10-'4 mol/mg protein (32). In proximal colon, which
has the lower aldosterone receptor number, the estimated oc-
cupancy of the aldosterone receptor by dexamethasone ranged
from 2.7% at the lowest dose to 84% at the highest dose (Fig. 3
B). In distal colon, occupancy ranged from 1.9 to 81%. At the
two highest doses of dexamethasone used, the estimated percent
occupancy of the aldosterone receptor is at a level where an
effect mediated via aldosterone-induced pathways would be ex-
pected (13, 29).

To determine if the changes at the highest dose should be
attributed to glucocorticoid-induced pathways or to aldosterone-
induced pathways, the perfusion studies were repeated in ad-
renalectomized rats treated with the synthetic glucocorticoid,
RU26988. The 5-nmol dose was chosen to compare the potency
of dexamethasone and RU26988. In proximal colon, the rate
of sodium absorption produced by RU26988 was identical to
that produced by an equimolar dose of dexamethasone, 12.8±0.7
and 12.2±0.6 geq/min per g dry tissue, respectively (Fig. 1).
Increasing the dose of RU26988 to doses predicted to approach
saturation of the glucocorticoid receptor produced small in-
creases in sodium absorption to a maximum level of 14.4±1.4
,geq/min per g dry tissue with 60 nmol of RU26988 suggesting
pure glucocorticoid-induced sodium absorption is saturable in
proximal colon (Fig. 3 C). This value is identical to the value
found in intact control rats of 14.8±0.6 Aeq/min per g dry tissue.
It differed slightly from those obtained with higher doses of
dexamethasone which, at the highest dose, increased sodium
absorption to 16.5±0.4 ,ueq/min per g dry tissue (15% higher
than found with RU26988, P = NS). Thus, most of the increase
in proximal colon sodium absorption produced by dexameth-
asone even at the highest doses could be mediated by a gluco-
corticoid-specific mechanism.

In distal colon, 5 nmol of RU26988 produced a marked
increase in sodium absorption to 14.8±0.8 Meq/min per g dry
tissue, identical to the value of 14.5±1.3 achieved with equimolar
doses of dexamethasone. Increasing the dose of RU26988 to
levels that saturate the glucocorticoid receptor increased sodium
absorption to as high as 16.9±0.7 ,ueq/min per g dry tissue at
the 30 nmol dose. As in proximal colon, treatment with doses
estimated to produce 94-99% occupancy of the glucocorticoid
receptor also appeared to saturate the glucocorticoid-induced
sodium absorptive mechanism. The levels of sodium absorption
were similar to those found in intact control rats (Fig. 2). These
results are distinct from those produced by increasing doses of
dexamethasone, where a plateau in sodium absorption was not

achieved. The highest sodium-absorptive rate found with dexa-
methasone of 25.1±0.7 ,geq/min per g dry tissue was 50%greater
than the highest value found with RU26988 (P < 0.001 com-
pared to each RU26988 group). The difference in response be-
tween dexamethasone and RU26988 at high doses is probably
due to dexamethasone stimulating an aldosterone-induced
pathway when 35-80% of aldosterone receptors are occupied
(Fig. 3, B and C). The difference in response of proximal and
distal colon to doses of dexamethasone that produce similar
percent occupancy of the aldosterone receptor can probably be
explained by the markedly greater number of aldosterone re-
ceptors in distal colon (240% of the number in proximal colon).

Because in both segments of colon pure glucocorticoid-me-
diated increases in sodium absorption appear to be saturable,
the kinetics of the colonic increase in sodium absorption can be
analyzed. The data were transformed into an Eadie-Hofstee plot
using moles of injected dexamethasone and RU26988. The
points for the two highest doses of dexamethasone were excluded
in distal colon because of the probability of induction of aldo-
sterone-induced pathways. The maximum sodium absorption
for proximal colon (JNamax) is 14.4±0.8 ,ueq/min per g dry tissue,
and the Michaelis constant (K.) is 8.0 X 10-10 mol/100 g body
wt. For distal colon, the JNmax is 15 geq/min per g dry tissue
and the Kmis 9.8 X 10-0 mol/I00 g body wt. To relate changes
in sodium absorption to circulating glucocorticoid levels, Eadie-
Hofstee plots were determined using the steroid plasma levels
obtained (Fig. 4). This gave the same JNamax for each segment.
The Kmin proximal colon was 4.2±0.5 nmol/liter and in distal
colon was 4.6±0.4 nmol/liter. The saturation of the pure glu-
cocorticoid-induced transport in both segments of colon and the
similarity of the JNamax and Km in both segments (P = NS),
suggests the sodium transport pathway stimulated is the same
in proximal and distal colon.

The Kmfor a reaction should be a reflection of the receptor
Kd if the reaction results from receptor-mediated pathways (33).
The ratio of Kmto K4 in proximal colon was 1.1:1 and in distal
colon 0.8:1 using plasma values for the K.. These Kms would
give an estimated receptor occupancy of 53% for proximal colon
and 44% for distal colon. Considering the accuracy of the estimate
of both the Kmand Kd, the K. for glucocorticoid-induced sodium
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Figure 4. Eadie-Hofstee plot of data shown in Fig. 3. Sodium absorp-
tion (y) is plotted against sodium absorption/plasma concentration of
steroid for both proximal and distal colon. Symbols are the same as in
Fig. 3 for dexamethasone and RU26988 data. Values shown are the
mean±SEMfor sodium absorption at each dose of steroid used.
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absorption is quite similar to the colonic glucocorticoid recep-
tor Kd.

Effect of glucocorticoids on colonic transmural potential dif-
ference. The proximal colon of intact rats is characterized by a
low transmural PD, -3.4±0.2 mV(Fig. 1), which may not be
generated by active sodium absorption (15, 19, 31, 34-36).
However, it does decrease significantly with adrenalectomy.
Glucocorticoids increase the negativity of the transmural PD,
but at lower doses the effect on transmural PD is less striking
than the effect on sodium adsorption. The 5-nmol doses of
RU26988 and dexamethasone produced equivalent increases in
transmural PD, -4.0±0.3 and -4.3±0.4 mV, respectively. Only
the two highest doses of dexamethasone clearly increased the
transmural PDto levels higher than that found in control rats,
whereas receptor-saturating doses of RU26988 increased the
transmural PD to, but not above, control values (P < 0.001
RU26988 to dexamethasone).

The lumen negative transmural PD of the distal colon is
high in intact rats compared with the value found in proximal
colon, -18.2±0.7 mV, and is also halved by adrenalectomy (Fig.
2). The pattern of glucocorticoid effect on transmural PD in
distal colon was similar to that found in proximal colon. In this
segment the effect lagged behind the effect on sodium absorption
becoming significantly greater than adrenalectomy alone at the
2.5 nmol dose (P < 0.01). The highest doses of dexamethasone
hyperpolarized the transmural PDwhereas saturating doses of
RU26988 restored the transmural PD only to normal levels.
The results in both proximal and distal colon suggest that hy-
perpolarization of these epithelia by dexamethasone may be
mediated via an aldosterone effector pathway.

It has not been determined if the increase in transmural PD
induced by low doses of glucocorticoids is generated by the
change in sodium absorption. In both segments using individual
experimental values, a weak correlation was found between glu-
cocorticoid-induced sodium absorption and changes in trans-
mural PD (proximal colon, r = 0.555, P < 0.001; distal colon,
r = 0.553, P < 0.001).

Effect ofglucocorticoids on colonic potassium secretion. It is
not clear that low doses of glucocorticoids have a specific effect
on proximal colon potassium secretion. Potassium secretion was
not different from control values 24-h after adrenalectomy (Fig.
1) and did not clrea se with small doses ofdexamethasone
or large doses of RU26988. Potassium secretion was elevated
above normal as well as adrenalectomy values with the 50-nmol
dose of dexamethasone (P < 0.05). In distal colon (Fig. 2), where
potassium secretion in adrenalectomized animals was decreased
below intact control values of 1.8±0.7 1eq/min per g dry tissue,
glucocorticoids did increase potassium secretion. However, this
effect was only apparent and significant at doses of steroids which
increased the transmural PDback to or above the normal range.
The rates of potassium secretion achieved with the saturating
doses of RU26988 were not greater than that found in control
rats. However, higher doses of dexamethasone also did not con-
sistently increase the level of potassium secretion above normal.

The luminal negativity of the colon, which was increased by
glucocorticoids, should act as a passive driving force to increase
potassium secretion (15, 21, 31, 37-42). However using indi-
vidual experimental values for transmural PDand rate of po-
tassium secretion, we found only weak direct correlations be-
tween these two variables in proximal colon (r = 0.425, P
< 0.001) and distal colon (r = 0.573, P < 0.001).

Time course of glucocorticoid-induced transport changes. It

has not been determined how long the effects of low-dose glu-
cocorticoids on transport will persist. To determine if the effects
were prolonged or additive, adrenalectomized animals were
treated with dexamethasone at a dose of 1-10 nmol as in the
previous experiments except that they did not receive the final
dose before the perfusion study. Even in the group receiving the
highest dose (10 nmol) sodium absorption in distal colon of
-0.39±0.15 iteq/min per g dry tissue was not different from the
values found after adrenalectomy. Results were identical in the
proximal colon and showed no variation with previous dose
administered. For all 16 rats studied, sodium absorption was
0.23±0.34 and 0.30±0.5 Ateq/min per g dry tissue in proximal
and distal colon, respectively. Transmural PD and potassium
secretion were also indistinguishable from values obtained in
non-steroid-treated animals in all groups in both segments. These
results suggest that loss of glucocorticoid effect must be fairly
rapid after steroid clearance.

The time of onset of glucocorticoid-induced transport was
determined in vivo (Fig. 5). After measurement of basal trans-
port, a total dose of 10 nmol of dexamethasone was injected
intravenously (3.3 nmol/100 g body wt for a 300-g rat). In ad-
renalectomized rats with no steroid replacement, transport pa-
rameters do not increase with time. The response to dexameth-
asone was marked and brisk. In proximal colon, the sodium
absorption rate in effluent collected between 0 and 30 min was
6.5±1.0, compared to a rate of -0.5±0.77 Aeq/min per g dry
tissue before steroid injection (P < 0.005). Thus the onset of
dexamethasone effect occurred within 30 min. Between 30 min
and 1 h, the rate of sodium absorption was 9.3±1.1 geq/min
per g dry tissue. In adrenalectomized rats receiving no steroid,
the rate of sodium absorption at this time period was 0.16±0.6
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,ueq/min per g dry tissue (P < 0.001). Sodium absorption con-
tinued to increase for 3 h postinjection, although between 90
and 120 min the rate was already 87% of the final value, sug-
gesting a plateauing of the effect. Water flux changed from net
secretion to net absorption by 30 min (P < 0.005) and also
continued to increase for 3 h. The increase in transmural PD
became significant at 1 h postinjection (P < 0.01) and plateaued
between 2 and 3 h at a value 285% greater than adrenalectomy
alone. Potassium secretion did not increase significantly in this
interval.

In distal colon, acute injection of dexamethasone resulted
in a marked increase in sodium absorption between 0 and 30
min, from 0.97±0.51 to 5.2±1.1 Ateq/min per g dry tissue (P
< 0.02). Between 30 min and I h after steroid injection, sodium
absorption was 9.9±0.8 compared with 1.0±0.8 lteq/min per g
dry tissue in adrenalectomized rats not receiving steroid (P
< 0.001). Sodium absorption continued to rise to 18.7±1.7 Meq/
min per g dry tissue by the end of 3 h, with 86%of this increase
also occurring before 2 h. There was a parallel increase in water
absorption. The transmural PD also increased by 30 min and
continued to increase for 3 h but reached 80% of the 3-h value
by 2 h. Potassium secretion was not significantly increased until
90 minutes after injection of dexamethasone. The maximal value
obtained was only 34% greater than the adrenalectomy value.

Discussion

Since the original descriptions of colonic glucocorticoid-induced
cation transport, several studies have described the effects of this
steroid on in vivo and in vitro colon transport (1, 10, 13, 17,
18, 20, 21, 43, 44). The results have not been uniform because
of variability in the endogenous steroid status of the animal and
the use of doses of glucocorticoids which even when claimed to
be physiologic were probably pharmacologic. The few attempts
to characterize a physiologic response to glucocorticoids have
been carried out in vitro (13, 17).

Adrenalectomized rats were used in this study to eliminate
variability in endogenous steroid production (26, 45, 46). Plasma
aldosterone levels of 5 to 10 ng/dl increase transmural PD to
20-30 mVin adrenalectomized rats (47). With anesthesia and
intestinal perfusion in intact rats aldosterone levels rise to 63-
119 ng/dl accompanied by marked increases in distal colon
transmural PD(26). Corticosterone levels at least double under
these stimuli. Maintenance of similar corticosterone levels is
associated with increases in transmural PDin adrenalectomized
rats (45). Consequently, endogenous adrenal steroids must be
removed to study the effect of small doses of glucocorticoid. The
steroid was administered in subcutaneous boluses, which gives
fluctuation of circulating hormone levels. Because the rat has a
diurnal variation in corticosterone levels from 3 to 21 ,ug/dl,
this method of administration may be more physiologic than
maintenance of a constant plasma level (46).

Supraphysiologic doses of glucocorticoids increase sodium
and water absorption, potassium secretion, and transmural PD
in colon in vivo and in vitro. Howmuch of this effect is due to
crossover binding to the aldosterone receptor is not established.
Because these transport changes are present in jejunum and
ileum, which are not universally recognized aldosterone target
sites, and because the effect is not inhibitable by spironolactone,
an aldosterone-independent mechanism is suggested (2, 3, 43,
47-49). In proximal colon, ileum, and jejunum, the major in-

crease in sodium absorption and short-circuit current produced
by glucocorticoids is amiloride resistant, a finding uncharacter-
istic for an aldosterone-induced response (2, 8, 36, 49). In distal
colon, amiloride-resistant transport may be induced with low
doses or concentrations of dexamethasone and amiloride-inhib-
itable transport induced at doses of dexamethasone greater than
the 10 nmol dose used in this study (2, 3, 5, 7, 8, 17, 18). Wills
reported that the dose of dexamethasone required to produce
50% amiloride-sensitive short-circuit current in rat distal colon
is 3 A/l00 g body wt per h (72 gg/I00 g body wt per d), a dose
exceeding the highest dose (50 nmol) used in this study by
50% (8).

In vivo dose response curves of colonic epithelial transport
to glucocorticoids have not been previously reported. The
marked increase in sodium absorption with the lowest dose of
dexamethasone and further increases of transport with increasing
doses argue that this is an exquisitely sensitive physiologic re-
sponse. If sodium absorption were mediated via glucocorticoid
receptors, a response would be expected at a plasma concentra-
tion that would produce significant occupancy of the glucocor-
ticoid receptor (29, 33). This was indeed the observation in this
study. In both proximal and distal colon, increases in sodium
absorption occurred with plasma concentrations below the in
vitro Kd of the colonic receptor, and the response appeared to
saturate at plasma levels of glucocorticoids that should approach
saturation of the receptor. The Kmof the response is nearly the
same as the Kd of the receptor, suggesting a close correlation
between glucocorticoid receptor occupancy and physiologic re-
sponse. The marked response to low glucocorticoid concentra-
tions has been reported in adrenalectomized rat and rabbit distal
colon in vitro, where acute exposure to similar concentrations
of dexamethasone, 1 X 10-8 M, maximally stimulates short-
circuit current in rat (17) and increases short-circuit current in
rabbit by 82% (13).

Because dexamethasone can occupy mineralocorticoid re-
ceptors and is potentially a mineralocorticoid agonist, separation
of glucocorticoid receptor from aldosterone receptor-mediated
effects has been difficult. Two lines of evidence suggest the major
effect on sodium absorption observed in this study does not
involve significant stimulation of aldosterone-induced pathways.
In both proximal and distal colon only the two highest doses
produced significant occupancy of the aldosterone receptor.
Predicted occupancy at the Kmof the response is negligible (5%
in proximal colon, 4% in distal colon). In rabbit distal colon,
13% occupancy of aldosterone receptors by aldosterone itself
does not significantly increase short-circuit current (13). In toad
bladder, a fractional occupancy of aldosterone receptors by al-
dosterone of < 40% also does not significantly increase sodium
absorption (29). Thus, unless dexamethasone is a far more potent
aldosterone receptor agonist than aldosterone, it is unlikely that
dexamethasone is primarily stimulating aldosterone-induced
transport pathways.

The studies with RU26988 provide evidence to confirm these
conclusions. Because RU26988 does not bind significantly to
aldosterone receptors, the maximal level of RU26988-induced
transport should reflect saturation of glucocorticoid receptor-
mediated transport pathways. Further increases in transport with
higher doses of dexamethasone could represent transport via
aldosterone-induced pathways. Only in distal colon, which con-
tains a much greater number of aldosterone receptors, were such
increases found but only at the highest doses of dexamethasone
(35% or greater occupancy of aldosterone receptors) were these
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increases predicted. This suggests that in studies employing higher
doses than those used in this study dexamethasone could be
predominantly effecting aldosterone-induced pathways. Because
RU26988 and dexamethasone produce quantitatively similar
transport changes in proximal colon with occupancy of > 90%
of glucocorticoid receptors, it is likely that both glucocorticoids
are maximally stimulating the same pathway.

It is possible that the plateau seen with RU26988 occurs
because RU26988 is a weaker glucocorticoid agonist than dexa-
methasone, as has been reported for some other glucocorticoid-
mediated events (23). However, 5 nmol of both RU26988 and
dexamethasone produced the same increase in sodium absorp-
tion in both segments, and in proximal colon no difference in
potency was demonstrable at the highest doses of the two steroids.
These data argue against that explanation. Receptor occupancy,
calculated by assuming kinetics of distribution for RU26988
similar to that of dexamethasone, indicates that glucocorticoid
receptor occupancy at the three highest doses should vary only
between 94 and 99% as saturation is approached (Fig. 3 B).
Thus, apparent saturation of the physiologic response corre-
sponds to predicted saturation of the receptor by RU26988.

Analysis of the kinetics of the changes in sodium absorption
suggests low-dose glucocorticoids are stimulating the same path-
way of sodium absorption in proximal and distal colon. The
rate of sodium absorption at each dose from 0.5 to 5 nmol (Fig.
3 C), the maximal rate of sodium absorption, and the Kmare
similar in the two segments. With acute intravenous infusion of
dexamethasone, the rate of rise of sodium absorption and the
levels of sodium absorption achieved are similar. Thus, gluco-
corticoids should effect transport by a mechanism common to
both segments. It is unlikely that the mechanism involves the
amiloride-sensitive, sodium-conductive channel affected by al-
dosterone. Only minimal amiloride-sensitive sodium absorption
has been demonstrated in proximal colon of control, aldosterone-
treated, or sodium-deficient animals, and it has been concluded
that the proximal colon has limited amiloride-sensitive sodium
carriers (2, 8, 14-16, 36, 50, 51). The doses of glucocorticoid
that increase sodium absorption are much lower than those that
produce amiloride-sensitive sodium absorption, and the onset
appears too rapid for that system (8). The lag time for induction
of the amiloride channel in distal colon of rats treated with al-
dosterone in vivo is 4 h (8). In this study, sodium absorption
increases before 30 min with acute injection of dexamethasone.
Finally, at these doses of dexamethasone we have demonstrated
that colonic sodium absorption is not inhibitable by 10' M
amiloride, and at similar in vitro concentrations of dexameth-
asone the fraction of distal colon short-circuit current (Isc) in-
hibitable by 10-' Mamiloride did not increase (17, 18). Because
the specific glucocorticoid response is to restore sodium absorp-
tion to (but not above) normal levels in adrenalectomized rats,
it is possible that glucocorticoids are primarily stimulating the
electroneutral sodium chloride absorptive system, the only sys-
tem demonstrated to be present in both segments, and the prin-
ciple mechanism of sodium absorption in normal rats.

The effect of low-dose glucocorticoids is distinct from that
produced in distal colon by doses of glucocorticoid greater than
necessary to saturate the glucocorticoid receptor. Chronic ex-
posure to supraphysiologic doses of dexamethasone consistently
induces amiloride-sensitive sodium absorption in distal colon,
suggesting induction of a second effector pathway (2, 3, 5-9).
Whether this represents stimulation via occupancy of aldosterone
receptors or is a true glucocorticoid effect is unresolved. Our

data suggest that saturation of the aldosterone receptor by glu-
cocorticoids would be expected at the doses used in those studies.
However, this induction does not necessarily have to be initiated
by binding to the aldosterone receptor but could involve post-
translational stimulation of the aldosterone effector pathway
through a non-receptor-mediated mechanism. This possibility
must be raised because spironolactone may produce minimal
or no inhibition of sodium absorption in rats with dexametha-
sone-induced, amiloride-sensitive sodium absorption (3). The
necessity for supersaturating doses also suggests this pathway
may not be receptor mediated (52).

Time-course measurements ofglucocorticoid-induced trans-
port changes had previously only been performed in vitro on
adrenalectomized animals (13, 17). Glucocorticoids in vitro in-
duce increases in short-circuit current only after 2-4 h, a period
consistent with receptor-mediated new protein production. The
in vivo effect is much more rapid, suggesting some mechanism
other than new protein production may be involved in the very
early part of the response. In this regard, one study using massive
doses of dexamethasone demonstrated that colonic transport
changes were only partially inhibitable by cycloheximide, in
contrast to the results found with deoxycorticosterone (4). The
response is also more rapid than reported for aldosterone-induced
transport changes, whether measured in vivo or in vitro (13, 16,
17, 19). Although these findings suggest the effect is not entirely
mediated by new protein synthesis, they do not imply that the
effect is mediated by non-receptor pathways. In other systems,
several glucocorticoid effects have been described which may be
receptor-mediated but do not appear to result from new protein
synthesis (53). Therefore, changes in colon transport may rep-
resent another such example.

An unexpected finding was the apparent rapid dissipation
of glucocorticoid effect with complete return to baseline within
12-14 h. These results are in direct contradistinction to those
reported for pharmacologic doses of dexamethasone, where the
peak effect on transmural PD occurs 24 h after administration
(44). However, this finding may explain why some investigators
have found that low intermittent doses of dexamethasone had
no effect on sodium absorption when administered to adrenal-
ectomized animals, because in neither of these reports was the
timing of the dexamethasone dose specified (20, 21).

Physiologic doses of glucocorticoids have a significant effect
on transmural PD in both proximal and distal colon of adre-
nalectomized rats. However, the specific glucocorticoid effect
appears to be restoration of the transmural PD only to basal
control levels, an effect that is distinct from the marked increases
in luminal negativity seen with aldosterone or supersaturating
doses of glucocorticoid. Extensive research has demonstrated
that the marked increase in transmural PD of distal rat colon
produced by aldosterone is generated by electrogenic sodium
absorption (19, 21, 34-38, 54, 55). Evidence suggests high dose
glucocorticoids produce their effect by a similar mechanism.
The etiology of the negative transmural PDin rats receiving low
doses of glucocorticoids and in intact, unstressed rats is not clear.
In control rats, blockade of sodium-conductive channels leads
to no alteration of apical, basolateral membrane or transepi-
thelial PD (5-8, 16, 17, 55). It has also been demonstrated that
dexamethasone can generate an amiloride-resistant transmural
PDand short-circuit current (2, 8, 17, 18, 21). Even with phar-
macologic doses in in vitro experiments, dexamethasone appears
to have a weaker effect on rat intestine electrical conductance
than does aldosterone (2, 5, 7). The nature of the ion movement
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generating the transmural PDand Isc with low-dose glucocor-
ticoids cannot be determined from these experiments or from
the available in vitro literature and thus remains uncertain. If
the role of glucocorticoids is to maintain the basal mode of co-
lonic transport then the increase in transmural PD could rep-
resent coupled electroneutral sodium chloride absorption with
electrogenic anion secretion (2, 8). This is an unproven postulate
but there are several reports that large doses of glucocorticoid
stimulate intestinal electrogenic anion secretion with resultant
increase in transmural PDand Isc (6, 47-49).

Adrenalectomy does not diminish potassium secretory rates
in proximal colon, suggesting basal potassium secretion in this
segment is not steroid dependent. In distal colon, adrenalectomy
significantly decreases basal potassium secretion, and glucocor-
ticoids restore the rate to normal. The increase in luminal neg-
ativity produced by glucocorticoids should enhance distal colon
potassium secretion (15, 21, 31, 37-44) but in these experiments
a strong direct correlation between these two variables was not
found. However, when the transmural PD is nullified in vitro,
pharmacologic doses of dexamethasone result in zero net po-
tassium secretion (5). In that study, dexamethasone increased
serosal-to-mucosal flux but did not diminish mucosal-to-serosal
flux. In contrast, aldosterone increased secretion while decreasing
absorption, resulting in a marked increase in net potassium se-
cretion. Endogenous hyperaldosteronism increases potassium
secretion sixfold in proximal colon (15). This is in direct contrast
to the negligible effect of glucocorticoids on proximal potassium
secretion. In both segments, aldosterone-induced potassium se-
cretion has been demonstrated to be active (15, 38, 56). Whether
low doses of glucocorticoids can also induce active potassium
secretion in the absence of binding to the aldosterone receptor
remains unknown.
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