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Abstract. Aldosterone plays a central role in the homeo- Introduction
static regulation of extracellular fluid volume by stimu-

!ating transepithelial glectrolyte transport. Thesg eff.eCtSI'he traditional mode of action for steroid hormones in-
involve binding to an intracellular receptor, modification | -\ binding to an intracellular receptor (Class 1 re-
of genomic events _and protein synthesis. Rapid Ce"”'.aEeptor) and translocation of the hormone-receptor com-
responses to steroid hormones have been observed mp?ex to the genome. The initiation of hormone action
variety of nonepithelial tissues. The term “nongenomic’,;, subsequent modification of deoxyribonucleic acid
has been proposed for thes'e.fast steroid responses ‘Q."n(:ﬁNA) transcription, messenger ribonucleic acid
they are unaf_fected by |nh|b_|tors of protein SyntheSIS'(mRNA) translation and protein synthesis, occurs fol-
We hypothesized th‘fﬂ colonic crypts, rece_ntly demon'Iowing a lag of sixty minutes [43, 45]. These transcrip-
strated to absorb fluid, would respond rapidly to aldc"tional changes are too slow to account for some of the

stercgui. | ic bH ch . ts loaded with effects that occur within minutes of hormone application.
Y yo_g asrr}:c pH C atnges lg,ccéygps oaded wi d adStudies of human mononuclear lymphocytes have shown
pri-SENsItve, tluorescent dye ( ; ) were r€COrU€Gxtfacts of aldosterone within minutes [12]. Similarly
with confocal laser imaging. An intracellular alkaliza- rapid aldosterone responses have been observed in frog
tion of colonic cry_pts was observed_ W'.th.'n one mmute_ Ofskin epithelium [51], rat cortical collecting tubule [20],
aldosterone application that was inhibited by ethyllso-and colonic mucosa [16, 30]. The term “nongenomic”
propylamiloride or t.he_a.bsence of ext.racellular $°d'um’has been proposed for t’hese fast aldosterone responses
yet unaﬁectgd by.mh|b|tor's .Of protein syn?hes]s. Thesince they are neither affected by inhibitors of DNA
genesis of this rapid and distinct steroid action 'nVOIVeStranscription and MRNA translation nor inhibited by
a slgnalkj[ransdgctlon d pathvtvayl thg_t involves G Iorotemst:ompetitive antagonists of the Class 1 aldosterone recep-
protein kinase &, and prostagiandins. tor. The rapid effects of aldosterone have been attributed

We have identified, by real-time imaging, a nonge-, a functionally distinct binding site (possibly on the cell
nomic upregulation of sodium-hydrogen exchange in co- embrane) termed the Class 2 receptor [19]. A recent

lonic crypts by aldosterong th‘f."t oceurs i_ndependent %Hemonstration of increased erythrocyte sodium-
the traditional receptor. 'I_'hls_ distinct, rapid onset eff_eCthydrogen exchange activity in patients with primary hy-
Of. aIdpsterone on epithelial lon transport has major Im_peraldosteronism provides further evidence for nonge-
plications fpr our understand_mg of fluid and electrolyte nomic effects of aldosterone [27].
homeostasis in health and disease. The natriferic steroid hormone aldosterone plays a
central role in the homeostatic regulation of extracellular
Key words: Steroid — Sodium-hydrogen exchange — fluid volume and stimulates colonic electrolyte transport
Prostaglandins — Protein kinase C [57]. Mammalian colon is a major target for aldosterone
and the level of mineralocorticoid receptor gene expres-
sion is higher in the distal colon than in other target
I tissues including the kidney [18]. In rat distal colon,
Correspondence tal.P. Geibel aldosterone causes a switch from an electroneutral NaCl
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absorption to stimulated electrogenic Nabsorption by ~ OR). All other drugs and chemicals were purchased from Sigma
inducing apical amiloride-sensitive Nahannels and en- Chemicals.

hancing basolateral N&K*/ATPase pump activity [4].

In parallel with this aldosterone-induced alteration of T,ss,e PrePARATION

Na" transport, net K absorption in the rat distal colon is

converted to net K secretion by aldosterone, which re- Male Sprague-Dawley rats (100-180 grams) that had been fed on a
flects, at least in part, the induction of apica*l ghannels normal diet were euthanized with ether. The distal colon was imme-
[49]. These effector mechanisms involve binding of al- diately harvested and exposed to a calcium chelation solution (compo-

dosterone to intracellular, type | mineralocorticoid recep-Siton in mu: Nacl 96, KC1 1.5, HEPES/Tris 10, NaEDTA 27, Sorbitol
t d the sti lati f . t 45, Sucrose 28) for 30 min at room temperature. A pellet of isolated
ors an € sumulation or genomic events. crypts was formed by centrifugation at 200 revolutions per min for 1

Transepithelial electrogenic sodium transport is de-min and was resuspended in a Hepes buffered Ringers solution (HBRS)
pendent upon the permeability of apical membrané& Naat pH 7.4 (composition in m: NaCl 140, KCI 4.7, CaGl2.5, MgSQ
channels and the activity of N&K* ATPase pumps on 1.2, KH,PQ, 1.2, Na-HEPES 6.0, Glucose 11.1). Where indicated, the
the basolateral membrane. In tight epithelia, aldosterongathing solution sodium concentration was reduced ton0 by re-
increases both the permeability of the apical membran@!acement of NaCl with N-Methyt-Glucamine (NMDG) (composi-
to Na" and the activity of the basolateral membrangNa [o7 In M Nacl 0, KCl 4.7, CaGl 2.5, MgSQ 1.2, KH,PO, 1.2,

L HEPES 32.2, Glucose 10.5, NMDG 120). Experiments under condi-
+
K*™-ATPase [21’ 38]' To maintain the favorable eleCtro'tions of bicarbonate (HCQ were performed at pH 7.4 in a 5% GO

genic gradient for sodium absorption a recycling of Po-pubbled, HCG-buffered solution (composition in m NaHCG;, 22,
tassium ions through basolateral membrane channelsaCl 125, KCl4.7, CaCl2.5, MgSQ 1.2, KH,PQ, 1.2, Glucose 11.1).
must occur [38, 51]. It has been proposed that a reducA total of 40 distal colonic segments from 40 animals were included in
tion in intracellular H ion concentration (increase in this study.

pH;) by an upregulation of sodium-proton exchange

(Na*/H_+ exchange) is responsible for activation of the  yorescentDye Loabing

potassium channels [30, 38, 51]. Many of the ion trans-

port pathways affected by aldosterone, including memdsolated crypts bathed in HBRS were attached to 24 x 40 mm cover-
brane ion channels, display sensitivity to fluctuations inslips (VWR Scientific) coated with Cell-T&kin perfusion chambers.
intracellular H ion concentrations (PM[38, 54]. This Crypt c_:ells were subsequently incubated in HBRS containipg®l/L
provides a plausible hypothesis for rapidly responsivez ,7'-bis-(2-carboxyethyl)-5,6-carboxyfluoroscein-acetoxymethyl ester

. i b Idost . lterati f dbr (BCECF-AM) at room temperature for 30 min. Cytoplasmic esterase
signaling by aldosterone via an alteration of; a- hydrolysis of the acetomethoxy-group results in conversion of the dye,

cilitation of electrolyte transport. to the pH-sensitive, fluorescent form of the dye BCECF within the cell
We examined this hypothesis by observing the effec{41). Following dye-loading, residual BCECF-AM in the crypt bathing

of acute aldosterone exposure on colonic crypt cells. Bysolution was removed by perfusing the attached crypts with fresh

imaging crypt cells loaded with a pH-sensitive, fluores-HBRS for 5 min prior to the start of the experiment.

cent dye real-time observations of pehanges in re-

sponse to aldosterone at physiological doses was pPo$yacing

sible. We found that the fluorescent emission intensity

of BCECF-loaded colonic cells increased within one Dye-loaded crypts were imaged with a laser scanning confocal micro-

minute of aldosterone application. The aldosterone-scope (inverted LSM 410, Carl Zeiss, Thornwood, NY) using a 40 x

induced cytoplasmic alkalization was abrogated by1.4 oil immersion lens with infinity corrected optics. Dye molecules

: S i ith an argon laser at a wavelength of 48&nd emis-
ethylisopropylamiloride or the absence of extracellular'Vere excited wit
y propy ion was recorded in the wavelength range of 515-5G5(single

59d'“m* and was unaffected by the n,om_m_a,l absenc_e ojxcitation/single emission). Experiments were performed at room tem-
bicarbonate from the perfusate or an inhibition of anioNperature to maximize crypt viability and minimize dye leak-
exchange. The response of the cytoplasmic pH was nekge. Greater than 95% of all crypts in this study demonstrated a stable
ther reduced by inhibitors of DNA transcription and basal cellular fluorescent emission intensity with structural integrity
mRNA translation, nor the classical receptor antagonisgnd metabolic viability. The system was calibrated in vitro using a
spironolactone. We believe that this indicates an upregu /K" exchange ionophore (nigericin at a concentration gfgimi)
lation of a membrane N#H* exchange by aldosterone [Ss?:l,?bmzed in buffered solutions of varying pH as described previously
that (i) is too rapid to be mediated by a genomic mecha-
nism; (ii) occurs independent of the traditional receptor;
and (iii) is transduced by a signaling pathway indepen-DATA ACQUISITION AND ANALYSIS

dent of protein synthesis.

Experimental images were recorded to the hard drive of the Zeiss
Confocal workstation. Fluorescent emission intensity was quantified
in terms of the pixel intensity recorded from a defined area (26).
Recordings were acquired from three separate cells from each of the
base, middle and upper portions of the crypts (total of nine recordings
BCECF-AM (2,7'-bis-(2-carboxyethyl)-5,6-carboxyfluoroscein- per crypt) in each image. Results were processed using a statistical
acetoxy-methylester) was obtained from Molecular Probes (Portlandsoftware package (Statview) and a Studeivfsst was employed for

Materials and Methods

CHEMICALS
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Fig. 1. This composite of confocal laser microscopic images from a representative experiment illustrate the rapid effect of aldostergnen(0.1 n
colonic crypt pH. The first image is of the BCECF-loaded crypt at the beginning of the experiment. The subsequent zoom images (from left to right)
are taken at the basolateral membrane of two cells on the left side of the lumen in the upper third of the crypt. The first image is prior to aldosterone
exposure and each image is taken at 15-sec intervals thereafter. Aldosterone increases cellular fluorescent intensity (alkalization) withen 1 min
final image demonstrates that the entire crypt responds to aldosterone.

analysis, wheré® < 0.05 was considered significant. Results are ex- at one minute= 144.7 + 8.29%;n = 270; 0.1 m
pressed as percentage c_ha_nge_ of basal fluorescent intensi_ty (% F-@Idosterone) throughout the Iongitudinal axis of crypts
presented as mean sewm, indicating the dose of aldosterone in each (1) - A stable plateau was reached within 13.8 + 0.62
case. The experimental number is indicated in each case where 0 _ Ofn .
number of cell recordings x number of crypts x number of animals. min (% F'l', - 223'6, * 26.5%n = 270; 0.1 m aldo-
sterone) (Fig. 2). This represented an absolute change of
0.17 + 0.38 pH units (mean #p) when calibrated with
Results nigericin. A dose-dependence over a range of hormone
concentrations from 0.005 to 100arwas demonstrated
BCECF-loaded crypts displayed a steady basal intensityith an EG, of 0.8 nu (Fig. 3). There was a slight
that corresponded, using the nigericin technique for caliheterogeneity to the degree of alkalization observed
bration, with a cytoplasmic pH of 7.11 + 0.08. An in- along the crypt axis, in that the maximal response of the
crease in cellular fluorescent emission intensity was obmiddle and upper one-third of crypts was greater than
served within one minute of aldosterone exposure (% F.Ithat of the basal third. However, comparisons of inter-
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Fig. 3. The dose-response characteristics of the rapid effect of aldo-
TIME (minutes) sterone on cytoplasmic pH in isolated colonic crypts. The alkalization
(increase in intensity) of crypt cells exposed to aldosterone is dose
Fig. 2. Graphical representation of experimental recordings of changesgiependent with an EG of 0.8 rv. The range of doses tested (5-100
in fluorescent intensity, expressed as a percentage of basal (% F.l.hu) indicate responses within the physiological range (0.08-@)2oh
from a BCECF-loaded crypt exposed to 0.4 @mldosterone. Time  plasma aldosterone under normal circumstanse® text). Demon-
points represent percentage of basal intensity in mesemtA stable  strable effects of aldosterone at higher doses is not surprising because
fluorescent intensity is observed under basal conditions. Perfusion ofhe plasma levels exceed l1mnder conditions of primary or second-
aldosterone (marked point A) rapidly increases the fluorescent intensitary hyperaldosteronism. Data indicate maximal change in intensity,

(indicating a cytoplasmic alkalization) to a higher plateau. This is in- expressed as a percentage of basal (% F.1.), in meawfor n = 108
hibited by the introduction of 20Qum amiloride into the perfusate in each case.

(marked with an arrow) indicating a dependence of this aldosterone
effect on sodium-hydrogen exchange.

Na'/H™ exchange and a limitation of sodium-dependent

H* extrusion [2]. Under these experimental conditions,
segmental variations failed to achieve statistical signifi-no significant alkalization of crypt cells occurred in re-
cance. sponse to aldosterone (Fig. 4). These experiments dem-

The aldosterone-induced alkalization occurred in theonstrate that NaH* exchange mediates the rapid alka-

presence (HCQbuffered Ringers solution) or nominal lization of the crypt cells in response to aldosterone.
absence (C®free HEPES buffered Ringers solution) of The traditional, protein synthesis-mediated mecha-
bicarbonate (% F.I= 220.1 £ 29.3%s.228.7 + 24.1%, nism of aldosterone action is inhibited by competitive
respectivelyn = 72 at 0.1 m aldosterone for eacl, >  antagonists of the mineralocorticoid receptor (e.g., spi-
0.4). In separate experiments anion exchange was inhilronolactone and canrenone). Spironolactone did not an-
ited with 200 pm 4,4'-diisothiocyanatostilbene-2,2  tagonize the effect of aldosterone on;piithis study (%
disulfonic acid (DIDS) without adversely influencing the F.I. = 224.3 + 15.2%}P > 0.5;n = 108; 0.1 m aldo-
change in pH(Fig. 2). However, the increase in pias  sterone) even at a dose 10,000 times that of aldosterone
inhibited with 200 um amiloride (% F.l. = 133.7 + (1 um). Abrogation of genomic influences, by inhibiting
10.7%; P < 0.01,n = 198; 0.1 m aldosterone) and DNA transcription and mRNA translation with actino-
further with 1 mv amiloride (% F.I.= 109.3 £ 3.6%P  mycin D (50 wg/ml) and cycloheximide (2@.g/ml) re-
< 0.01,n = 72; 0.1 m aldosterone) (Fig. 2). Since spectively, did not influence the effect of aldosterone on
amiloride is an inhibitor of both N@H" exchange and pH; (Fig. 5). This indicates that the action of aldosterone
sodium channels (the latter effect may depolarize the celbn crypt pH is independent of classical aldosterone (or
and effect transport function indirectly), BHethyl-N- mineralocorticoid) receptors and is mediated by a signal
isopropyl)amiloride (EIPA), an analogue with a higher transduction mechanism other than protein synthesis.
specificity for N&/H* exchange [52], was employed in We examined the effect of synthetic steroids on crypt
separate experiments to inhibit the response to aldostesell pH, to evaluate the specificity of the aldosterone
rone. EIPA effectively abrogated aldosterone-inducedesponse. Neither dexamethasone (508-Ihum) nor
changes in intracellular pH at doses of 1@ (% F.I. = hydrocortisone (500 n—1 pm), two synthetic steroids
122.5 + 6.9%;P < 0.01,n = 124; 0.1 m aldosterone) that exhibit mineralocorticoid and glucocorticoid re-
and 50um (% F.I. = 107.8 + 4.7%P < 0.01,n = 124;  sponses in vivo, caused a change in the intracellular pH
0.1 nv aldosterone). When crypts were bathed in a so-over 40 min i = 108;P > 0.2). This is further evidence
dium-free solution (sodium replaced with N-metfiyl- of a distinct signaling pathway specific to aldosterone
glucaminé), a reversible cytoplasmic acidification was that is mediated independent of mineralocorticoid recep-
observed as a result of a reversal in the direction ofor ligation. Therefore, we went on to elucidate some of
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Fig. 5. The rapid effect of aldosterone on crypt cell pH is independent
of protein synthesis. Pretreatment of crypts witjud spironolactone,

Fig. 4. The rapid effect of aldosterone on crypt cytoplasmic pH is ! o . ) )
dependent on sodium-hydrogen exchange. Aldosterone rapidly ind@n antagonist of the traditional, protein synthesis-mediated receptor,

creased fluorescent intensity (alkalization) in controls bathed in ad'd not inhibit the rapid alkalization of crypt cells in response to aldo-

HEPES-buffered Ringers solution (= 144). Pretreatment of crypts sterone_l(\ = 108.; P>0.5). Neith(_ar did gbrogatign an‘e.novoprotein
with 200 wm 4,4'-diisothiocyanatostilbene-2,2isulfonic acid synthesis with either 5Q.g/ml actinomycin D ¢ = 108;P > 0.5), or

(DIDS), an inhibitor of anion exchange, did not significantly influence 20 ”g/ml cycloheximide f = 108;P > 0'5), significantly_infﬂluence thg
the effect of aldosteronen(= 108; P > 0.5). However, inhibiting fast action of aldosterone on cytoplasmic pH. Data indicate maximal

sodium-hydrogen exchange with amiloride (30@; n = 198), ethyl- change in intensity, expresseq as a percentage of basal (% F.1.), in mean
isopropylamiloride (EIPA) (5Qum; n = 124), or bathing crypts in a * semfor 0.1 r aldosterone in each case.

sodium-free (N& Free) perfusate (sodium replaced with N-Methyl-

Glucamine) 6 = 144) significantly reduced subsequent aldosterone

effects on cellular pH (alP < 0.01). Data indicate maximal change in 4+ 8.5%;P < 0.01;n = 72; 10 uM forskolin) and inhib-
intensity, expresseq as a percentage of basal (% F.1.), in msemfsr ited subsequent activation of Na-H exchange by aldoste-
0.1 v aldosterone in each case. rone (% F.I.= 84.9 £ 10.2;P > 0.2;n = 72; 0.1 m
aldosterone). Similarly, forskolin treatment resulted in
the signal transduction pathways in the mediation of thisan acidification of the cytoplasm (beneath initial basal
fast aldosterone action. levels) following aldosterone-induced alkalization (%
Na-H exchange isoforms may be differentially regu-F.l. = 89.2 + 4.7%;P < 0.01;n = 72; 0.1 m aldoste-
lated by protein kinases, in that protein kinase C (PKC)rone). This may simply reflect a differential magnitude
can be stimulatory or inhibitory depending on the iso-of stimulus to the protein kinases, or indicate that PKA is
form and tissue type [36]. Similarly, elevation of cellu- the dominant regulator of Na-H exchange activity. The
lar adenosine'35'-cyclic monophosphate (CAMP) inhib- latter seems more plausible in light of the recent dem-
its NHE-1 via protein kinase A (PKA) yet stimulates the onstration that colonic crypts constitutively absorb fluid,
trout B-NHE [36]. Inhibition of PKC with 1um chel-  in a sodium-dependent fashion, yet secrete in response to
erythrine chloride (Fig. 6) reduced the cellular alkaliza-a cell permeant analogue of cCAMP, or via its generation
tion induced by aldosterone (% F#& 124.2 £ 2.7%;P by native neurohumoral stimulus [47]. These experi-
< 0.01;n = 72; 0.1 m aldosterone). A cytosolic alka- ments indicate that the rapid onset effect of aldosterone
lization could be achieved by directly stimulating PKC on Na-H exchange is PKC-mediated. Moreover, they
with 1 pm phorbol 12-myristate-13-acetate (a phorbol confirm that PKC and PKA have opposing effects on
ester) (% F.I. maximum= 234.5 £ 47.2%P < 0.01;n Na-H exchange activity, which has important implica-
= 135). Phorbol ester-induced alkalization was simi-tions for the regulation of crypt fluid and electrolyte
larly inhibited by 200pm amiloride (% F.I.= 149.8 +  transport.
15.2%; P < 0.01), superfusing a sodium-free Ringer’s We examined the role of phospholipase activity, ara-
solution (% F.I.= 91.0 + 12.5%;P < 0.01) or pretreat- chidonic acid, prostaglandins and leukotrienes in the
ment with chelerythrine chloride (% F.I= 137.6 + rapid aldosterone action on cellular pH in colonic crypts.
16.4%;P < 0.01). Generating cCAMP via direct stimula- The known stimulatory effect of arachidonic acid on
tion of adenylate cyclase acidified crypts (% F4.82.7 PKC [31] may directly account for increased MWd"
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Fig. 6. Rapid aldosterone-induced alkalization of crypt cells is protein
kinase C-dependent. Inhibition of protein kinase C withi chelery- Fig. 7. The role of arachidonic acid metabolites in the rapid effect of

thrine chIorideECC). reduced subsequer_1t cytqplasmic pH responses Bdosterone on cytoplasmic pH. Pretreatment of crypts with blockers of
aldosteroner{ = 72; P < 0.01). In keeping with a proposed protein phospholipase (5@ quinacrine;n = 108; P < 0.01) or cyclooxy-

kinase C-mediated activati f sodium-hyd h by aldo: P . . i f
o et o o oo s e . enase (L o = 106 P < 01 nhioed e mp
' p P effects of aldosterone on intracellular pH. However, prior exposure to

myristat_e-l;s-acgtate (TPA) also _increased fluorescent intensity (Ce”ulooum nordihydroguaiararetic acid (NDGA), a lipoxygenase inhibitor,

!ar alkal_|zat|on) In separate _expenmem_ls:é 135/P < 0.01). However, did not significantly affect rapidly responsive aldosterone-induced al-
Increasing cellular adenosmé,ﬂ-cy_cllc monophos_,phatg _I_evels bY  alization in separate experiments (increase in intensity). Therefore,
stimulation of adenylate cyclase with v forskolin acidified the 016 appears to be arachidonic acid metabolism through the cycloox-
prypt cells @ - 7_2; P <0.01) and |nh|b|teq su'bsequent. aldosterone- ygenase pathway (prostaglandins), rather than lipoxygenase direction
induced alkalizationr( = 72; P> 0.5). Data indicate maximal change o otrienes), in rapid aldosterone effects. Data indicate maximal
in intensity, expressed asa percentage of basal (% F.1.), in meam + change in intensity, expressed as a percentage of basal (% F.l.), in mean
for 0.1 v aldosterone in each case. + sem for 0.1 rv aldosterone in each case.

exchangers. Prostaglandins have been demonstrated to
regulate renal NaH" exchange activity [46] while leu- A, with membrane transport function [10, 29]. There-
kotrienes are involved in cellular mechanisms whichfore, since inhibiting phospholipase,and arachadonic
may employ N&/H* exchangers [14]. Inhibition of acid metabolites blocked this rapid aldosterone effect on
phospholipase Awith 50 pm quinacrine reduced aldo- Na'/H* exchange we postulated that G proteins would be
sterone-induced alkalization (% F# 137.9 + 16.8%P regulators of the signal transduction. Pretreatment of
<0.01;n = 108; 0.1 m aldosterone). Blockade of pros- Crypts with 1pg/ml pertussis toxin inhibited subsequent
taglandin or leukotriene synthesis was achieved by incualdosterone-induced increases in; (¥ F.I. = 130.7 £
bating the isolated colonic crypts with inhibitors of cy- 12.6%;P < 0.01;n = 144; 0.1 m aldosterone). How-
clooxygenase (1@um piroxicam) or lipoxygenase (100 €ver, crypts incubated with 10g/ml cholera toxin prior
puM nordihydroguaiararetic acid), respectively. Inhibi- to aldosterone exposure responded in a similar manner to
tion of cyclooxygenase (% F.l= 113.3 + 4.41%pP <  controls (% F.l.= 213.8 + 31.4%n = 108,P>0.4;0.1
0.01;n = 108; 0.1 m aldosterone), but not lipoxygenase nv aldosterone). This is evidence of a regulatory role for
(% F.I. = 223.2 + 25.1%;P > 0.5;n = 72; 0.1 m G proteins (possibly (in the rapid effects of aldoste-
aldosterone), reduced the cytosolic pH response to sutfone on colonic crypts. However, this does not necessi-
sequent aldosterone exposure. These results, summi@te that a membrane-bound, G-protein coupled receptor
rized in Fig. 7, suggest that synthesis of prostaglandinsexists for aldosterone in crypt cells. Rather, it may re-
and not leukotrienes, are necessary to the transduction #ect an inhibition of protein packaging and sorting of
the rapid aldosterone action on colonic crypts. vesicles to the membrane [15, 36].

Heterotrimeric guanosine triphosphate-binding pro-
teins (G proteins) regulate a variety of processes in- _
volved in electrolyte transport, including N&* ex-  Discussion
change activity [9, 14]. Pertussis toxin-sensitive regula-
tory mechanisms of epithelial Naransport have been There have been reports of the existence of membrane
identified [10]. Moreover, they;_; G protein subunit in-  receptors for steroid hormones in several nonepithelial
teracts, both directly and indirectly with phospholipasetissues [8, 24, 42]. Whether or not there is a membrane
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ligand(s) for steroids that is structurally and functionally by aldosterone in crypt cells corresponds with an in-
distinct from the traditional receptor is ill-defined. Some crease of 0.17 + 0.38 pH units (means# at 0.1 m
of these investigators have demonstrated a distinct bindaldosterone), in keeping with that observed in other tis-
ing coefficient for a proposed membrane receptor bussues [22, 38]. A dose dependence was observed over a
definitive structural studies have not been performed taange of 0.005-100mwith an EG,, of 0.8 rv. There-
date. fore, this effect occurs within the normal physiological
However, many tissues respond to steroid hormonesange of aldosterone which varies between approxi-
in a rapid, nongenomic fashion (independent of proteinmately 0.08 nmol/l and 0.2 nmol/l in both human [1] and
synthesis) which may indicate a separate pathway, if notat plasma [32]. A tissue response to doses in excess of
a different receptor coupling, for this class of hormone.these values is not surprising since, in primary hyperal-
For example, nongenomic actions of testosterone in vendosteronism the plasma concentration may be greater
tricular myocardium [26], progesterone in spermatozoahan 0.6 nmol/l [27] and under conditions of low salt diet
and oocytes [6], estrogens in glomerulosa cells [34], andsecondary hyperaldosteronism), plasma aldosterone lev-
vitamin D in colonic epithelial cells [53] have been dem- els may exceed 1 nmol/l.
onstrated. Rapid onset effects of aldosterone on second This aldosterone-induced alkalization occurred in
messengers such as cytosolic calcium and protein kinadaoth the presence or nominal absence of bicarbonate in
C are known to occur [12, 16]. A rapid intracellular the system. This rapid aldosterone action (increase in
alkalization in response to treatment with aldosterone hapH;) was reduced by inhibiting N&H* exchange both
been reported in other epithelia [22, 38]. These actionsvith amiloride and through removal of sodium from the
are either (i) too fast to be transduced by protein syntheperfusate. Therefore, we propose that an increase in
sis, (i) refractory to receptor antagonism with spirono- Na*/H* exchange activity is responsible for the change in
lactone, or (iii) unaffected by inhibitors of DNA tran- pH. This is supported by the observed aldosterone-
scription and mRNA translation. This has led to a hy-induced increase of cytoplasmic pH by activation of
pothesis that there is a second signaling pathway foamiloride-sensitive NaH" exchange in frog skin [22].
aldosterone which may involve membrane events (if not  In-vivo perfusion experiments and in-vitro transport
a membrane receptor domain) distinct from the tradi-studies have demonstrated thatNd@sorption by the rat
tional, protein synthesis-based mode of action. distal colon (as in some other mammals) is an electro-
Until recently, the accepted dictum had been thatneutral process mediated by parallel apical membrane
colonic absorptive and secretory functions were segreNa’/H" and CI/HCO; exchange [5].In-situ perfusion
gated to the surface epithelial cells and crypt cells, reexperiments have shown that net 'Nabsorption is in-
spectively. It has been proposed, however, based ohibited by millimolar concentrations of amiloride, con-
theoretical considerations and indirect evidence, thasistent with the dependence on colonic’M& exchange
crypts were involved in colonic fluid absorption [35]. [28]. Studies on apical membrane vesicles have con-
Direct measurement of net fluid absorption by isolated firmed the presence of N&H* exchange in both surface
perfused crypts from rat distal colon was recently de-epithelial cells [5] and crypt cells [44] of rat distal colon.
scribed [47]. This has led to a focus on the crypt cells adNa'/H* exchange is ubiquitous in vertebrate cell mem-
targets for effects of aldosterone [16]. In this study, webranes where it exchanges external sodium for intracel-
examined cytoplasmic pH responses to acute aldosteroralar H* ions with a fixed stoichiometry of 1:1 [2].
exposure using confocal laser scanning microscopy of To date, at least four distinct membrane proteins
BCECF-loaded colonic crypts. BCECF is ideal for ex- have been identified as N#d* exchange isoforms [50].
amining intracellular pH because the pK is within physi- The ubiquitous NHE-1 isoform is localized to the baso-
ological pH ranges and the dye is excluded by organelledateral membrane of epithelial cells, regulates intracellu-
ensuring true cytoplasmic pH recordings [41]. Thus itlar pH and is referred to as the “housekeeper NHE” [23,
has been used previously both to identify, and study50]. NHE-3 has been found on the apical membrane rat
Na'/H" exchange in mammalian colon [23, 25]. Confo- intestine (including colon) but, while present in surface
cal microscopy confers distinct advantages over convenepithelial cells, it is not localized in crypt cells [7]. The
tional fluorescence microscopy because true cellulamessage for both NHE-2 and NHE-4 has been identified
fluorescence is recorded through the elimination out-ofin colon [13, 39] but their exact location within the sur-
focus signals. face cell-crypt axis remains to be elucidated. A chloride-
The basal pHmeasured in the colonic crypts in our dependent Na-H exchange has been recently reported in
study was 7.11 + 0.08 which approximates the restingat colonic mucosa [44]. It is unlikely to be either the
pH; found in enterocytes [24.]. We observed a cytoplas-NHE-1 or NHE-3 isoform because it is situated on the
mic alkalization (increase in fluorescent intensity) within apical membrane of crypt cells and is relatively insensi-
one minute of aldosterone exposure to isolated colonigive to amiloride (in contrast to the chloride-independent
crypts. The rapid change in fluorescent intensity induced\Na-H exchange on the apical and basolateral membrane
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of surface cells) [40]. However, we believe that the 55] and demonstrates that PKC activation is required for
Na-H exchange involved in the present study is therapid aldosterone action on cell pH.
NHE-1 isoform because it is located in rat colonic crypts, We employed a pharmacological approach in order
is blocked by ethylisopropylamiloride, and is sensitive toto examine a putative role for arachidonic acid metabo-
protein kinase C (both directly and via aldosterone) [50].lites in the rapid aldosterone action on cellular pH in
The classical genomic mechanism of action for al-colonic crypts. Prostaglandins have been demonstrated
dosterone involves binding of the hormone to a cytoplasto regulate renal N@H* exchange activity, e.g., subclass
mic receptor, migration of the hormone-receptor com-F2x [46], while leukotrienes are involved in regulatory
plex to the nucleus, and subsequent production of aldovolume mechanisms which may employ Ma" ex-
sterone-induced proteins (AIPs) via DNA synthesis andchangers [14]. Inhibition of phospholipase A2 with
messenger ribonucleic acid (mRNA) translation [43].quinacrine reduced aldosterone-induced alkalization.
Aldosterone-induced proteins are thought to cause alteiBlockade of prostaglandin or leukotriene synthesis was
ations in sodium reabsorption at the Nehannel and achieved by incubating the isolated colonic crypts with
Na'/K* ATPase pump steps. The classical receptor hasmhibitors of cyclooxygenase (piroxicam) or lipoxygen-
been cloned and does not distinguish between aldostese (nordihydroguaiararetic acid), respectively. Inhibi-
rone and hydrocortisone [3]. The classical receptor metion of cyclooxygenase, but not lipoxygenase, reduced
diates the genomic effects of aldosterone which are chatthe cytosolic pH response to subsequent aldosterone ex-
acterized by sensitivity to inhibitors of transcription and posure. We propose that prostaglandins, and not leuko-
translation (cycloheximide and actinomycin D) and a la-trienes, are involved in the signal transduction of the
tency of onset (greater than 60 min). The aldosteroneapid, alternative pathway for aldosterone action in co-
action on pHlin our study was specific for aldosterone, lonic crypt cells.
was not mediated via genomic events or protein synthe-  Heterotrimeric guanosine triphosphate-binding pro-
sis, and occurred independent of the traditional receptoteins (G proteins) play a central role in coupling mem-
antagonist. Therefore, we investigated the role of alterbrane receptors to effector mechanisms within the cell.
native signal transduction mediators in the generation ofs proteins have been identified as regulators of/N&
this rapid aldosterone effect. exchange activity in a variety of cells and by a diverse
A rapid effect may be explained by aldosterone-range of stimuli [14, 17]. In this study, we found that the
induced carboxymethylation [56] of the membrane pro-effect of aldosterone on N&1* exchange activity was
tein that forms the NaH* exchange or by phosphoryla- abrogated by pertussis toxin. However, Cholera toxin
tion of the exchanger. There is considerable evidencéad no adverse influence on the rapid aldosterone action.
for the latter mechanism. Protein kinase C (PKC) regu-This underlines the role of membrane-associated signal-
lates N&/H* exchange via phosphorylation [48]. This ing events in the transduction of this rapid steroid hor-
mechanism is partly responsible for a nongenomic in-mone action on ion transport. Previous studies have
crease in N9H" exchange activity by aldosterone in demonstrate guanosine nucleotide-dependent activation
mature red blood cells [27] and a rapid activation of of cation channels [9] and pertussis toxin-sensitive regu-
PKC by aldosterone in mucosal epithelium of distal ratlatory mechanisms of epithelial Naransport [10]. The
colon was recently reported [16]. The steroid hormonew;_; G protein subunit plays a pivotal role in this regu-
vitamin D in its active form, 1,25-Dihydroxyvitamin D  lation and has been demonstrated to interact both directly
(1,25(0OH),D,), displays both delayed genomic and with membrane channels, or indirectly with phospholi-
rapid, PKC-mediated, nongenomic actions [37, 53]. Inpase A2 [10, 29]. Furthermore, a role for G proteins in
this study, we examined the role of PKC in the mediationvesicular and protein traffic has been determined, with
of the aldosterone action on plth colonic crypt cells.  the subunitsy;_, anda;_s implicated in basolateral mem-
We found that blocking PKC with a specific inhibitor, brane events [15, 36]. If the G protein subunits, or
chelerythrine chloride, abrogated the cytoplasmic pH in-o;_; are involved in the rapid activation of N&d™* ex-
crease in response to aldosterone. It was possible tchange by aldosterone in colonic crypt cells then they
mimic this alkalization by direct stimulation of protein may similarly upregulate or shuttle Nahannels and/or
kinases with a phorbol ester. The effect of PMA wasthe N&/K* ATPase pumps. Ongoing research will de-
demonstrated to be due to direct stimulation of PKCtermine whether aldosterone can rapidly alter net trans-
since it was similarly inhibited with chelerythrineldta  epithelial fluid and electrolyte transport and/or cellular
not showi. Increasing cellular cAMP by activation of Na“ concentrations.
adenylate cyclase with forskolin had a profound inhibi- Theories as to the physiological impact of this
tory influence on the cytoplasmic alkalization induced by nongenomic aldosterone action are speculative but it is
either aldosterone or phorbol ester. This underlines théempting to propose that it represents a mechanism for
complex, interactive regulatory influences of protein ki- ‘fine-tuning’ cellular conditions for enhanced transepi-
nase A and protein kinase C on Mid" exchange [11, thelial sodium absorption. Additionally, it may prime
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the cell for induction of the transport functions of syn- 8.

thesized proteins that characterize the latent, genomic
action. Some evidence suggests that active regulation of
pH; is crucial for processing aldosterone-induced pro-
teins [20, 28, 43, 56]. Therefore, the cellular role of a

rapid upregulation of membrane Na—H exchange may beo.

to facilitate the slower, nuclear events that lead to aldo-
sterone-induced protein synthesis while providing an im-
mediate tissue response in the interim.

In conclusion, aldosterone induces a cytoplasmic altt

kalization of colonic crypt cells within minutes of expo-
sure by upregulating N&H* exchange activity. This
demonstrates a mode of action, in a classical aldosterone
target tissue, that occurs independent of the traditional
receptor and protein synthesis. Protein kinase C stimu-

lation and prostaglandin synthesis are essential steps i

the genesis of this rapidly responsive signal transduction.
This is particularly relevant to our understanding of in-

testinal function in light of the recent demonstration that14.

sodium transport and fluid absorption are constitutive
functions of colonic crypts [47]. Further investigation is

required in order to define this fast aldosterone actiont>

and its role in colonic absorptive function, and to deter-
mine if a receptor for aldosterone exists on crypt ceII16
membranes.
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