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Rapid non-genomic activation of cytosolic cyclic AMP-dependent
protein kinase activity and [Ca®"|; by 175-oestradiol in female rat

distal colon
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'"Wellcome Trust Cellular Physiology Research Unit, University College Department of Physiology, Cork, Ireland

1 In this study, the effect of 17f-oestradiol on adenosine 3': 5'-cyclic monophosphate (cyclic AMP)-
dependent protein kinase (PKA) activity was investigated.

2 Rapid (within 15 min) activation of basal PKA activity was observed in cytosolic fractions by
173-oestradiol but not by 17a-oestradiol, progesterone or testosterone. This stimulation was
abolished by the specific PKA inhibitor PKI but not by the classical oestrogen receptor antagonist
tamoxifen.

3 17p-Oestradiol did not stimulate basal PKA activity in membrane fractions or in cytosolic
fractions from male rats.

4 The increase in cytosolic PKA activity was indirect as (i) it was inhibited by the adenylyl cyclase
inhibitor SQ22536, (ii) it was mimicked by forskolin and (iii) 17f-oestradiol did not cause a
stimulation of basal PKA activity in either type I or type II commercially available PKA
holoenzymes.

5 Protein kinase Cé (PKC9) was directly activated by 17f-oestradiol. The specific PKC inhibitor,
bisindolylmaleimide I (GF 109203X), abolished the 17f-oestradiol-induced PKA activation.

6 17B-Oestradiol stimulated an increase in free intracellular calcium ion concentration ([Ca**];) in
isolated female but not male rat colonic crypts. This was inhibited by verapamil, nifedipine and zero
extracellular [Ca®"] but unaffected by tamoxifen. 17a-Oestradiol, testosterone and progesterone
failed to increase [Ca®"]..

7 PKC and PKA inhibitors abolished the 17B-oestradiol-induced increase in [Ca®*]..

8 These results demonstrate the existence of a novel 17B-oestradiol-specific PKA and Ca**
signalling pathway, which is both sex steroid- and gender-specific, in rat distal colonic epithelium.
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Introduction

The oestrogen receptor (ER) is a member of the steroid
hormone receptor superfamily and is thought to regulate gene
expression through an interaction with oestrogen responsive
elements located within target genes (Ham & Parker, 1989).
Following ligand binding, the affinity of the nuclear oestrogen
receptor for a particular ERE is increased, thus allowing the
receptor protein to serve as an activator of gene transcription.
The ER-mediated effects are inhibited by the anti-oestrogen
tamoxifen (Rochefort, 1987). This classical pathway for steroid
hormone action has a latency of onset of approximately
30 min.

Several reports suggest that oestrogens may be active in
previously unsuspected target tissues. The presence of
functional ER has been demonstrated in colon, ileum, jejunum
and duodenum by reverse transcriptase-polymerase chain
reaction (RT—PCR) (Thomas et al., 1993). Also, ligand
binding studies have demonstrated the presence of ER in
colon (Meggouh et al., 1991), rat renal proximal tubule cells
(Stumpf et al., 1980) and whole rat kidney homogenate
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(Murono et al., 1979). The physiological significance of ER
in non-classical target tissues remains to be determined.

The mammalian gastrointestinal tract is capable of
absorbing and secreting large volumes of salt and water
(Binder et al., 1991). Alterations in colonic salt and water
transport can have important implications for total body water
and electrolyte balance. There is a dramatic increase in plasma
oestrogen concentrations during gestation (Preedy & Aitken,
1961; Roy & Mackay, 1962) — and in other high oestrogen
states such as certain phases of the menstrual cycle (Thorn &
Engel, 1938), and during use of the combined oral contra-
ceptive pill — and this has been associated with salt and water
retention resulting in oedema and hypertension (Katz &
Kappas, 1967; Dunn et al., 1975; Laragh, 1976; Fisch &
Frank, 1977). Previous studies from our laboratory have
demonstrated a down-regulation of net chloride secretion and
an up-regulation of sodium reabsorption following addition of
17-oestradiol in human distal colon (McNamara et al., 1995;
1997).

In contrast to the classical pathway for steroid hormone
action, several members of the steroid superfamily, including
oestradiol, act through non-genomic as well as genomic
mechanisms. Many cellular responses are observed within
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seconds of hormone administration. One of the earliest reports
of rapid non-genomic effects of 17f5-oestradiol was made by
Szego & Davis (1969). In this study, oestrogen treatment of
rats resulted in an acute, very rapid elevation of uterine
adenosine 3':5-cyclic monophosphate (cyclic AMP). 174-
Oestradiol has also been shown to exhibit rapid non-genomic
effects in various cell types on: (i) protein kinase C (PKC)
activity (Doolan & Harvey, 1996), (ii) activation of the Na™/
H™ exchanger and K orp channel (McNamara et al., 1997) and
inhibition of Ca®"-sensitive potassium channel activity in
mammalian distal colonic epithelium (McNamara et al., 1995;
Condliffe et al., 1998), (iii) increased adenylyl cyclase activity
and cyclic AMP production in rat pulmonary vascular smooth
muscle cells (Farhat et al., 1996), human coronary artery
endothelium (Mugge et al., 1993) and rat uterine cells and
MCEF-7 cells (Aronica et al., 1994), (iv) cyclic AMP and cyclic
AMP-dependent protein kinase (PKA) activity (Fernandez et
al., 1990), (v) stimulation of inositol phosphate turnover,
diacylglycerol production and increases in intracellular free
calcium ion concentration [Ca®*]; in female rat osteoblasts
(Lieberherr et al., 1993), (vi) increased [Ca®*]; and cyclic AMP
production in rat duodenal enterocytes (Picotto et al., 1996),
(vii) increased [Ca®*]; in chicken and pig granulosa cells
(Morley et al., 1992) and single rat hepatocytes (Sanchez-
Bueno et al., 1991), and in human monocytes via the activation
of an oestrogen surface receptor (Stefano ez al., 1999).

Although a number of the above studies have
documented an increase in adenylyl cyclase activity with
subsequent cyclic AMP production and PKA activation in
response to 17f-oestradiol, the mechanism by which
oestrogen enhances adenylyl cyclase activity has not yet
been determined. Previous studies have demonstrated a
stimulation of adenylyl cyclase activity by PKC (Jacobow-
itz et al., 1993; Yoshimura & Cooper, 1993). Since we
have demonstrated a stimulation of PKC activity by 174-
oestradiol in rat distal colonic epithelium (Doolan &
Harvey, 1996), we investigated whether oestradiol-induced
stimulation of adenylyl cyclase, with a subsequent increase
in PKA activity, was dependent upon an initial stimulation
of PKC by 17p-oestradiol. The effects of 17f-oestradiol on
[Ca?"]; in single isolated rat distal colonic crypts was also
investigated.

Methods
Materials

[y-**P]-ATP (30 and 3000 Ci umol~") and PKC assay kits were
purchased from Amersham Pharmacia Biotech (Little Chal-
font, Buckinghamshire, U.K.). Kemptide, cyclic AMP, ATP,
PKA type Il inhibitor from bovine heart (PKI, Walsh
inhibitor), PKA holoenzyme type II from bovine heart and
type I from rabbit muscle, 8-(6-aminohexyl)amino cyclic
AMP, Nbenzoyl cyclic AMP, 8-thiomethyl cyclic AMP,
forskolin, 17f-oestradiol, 17«-oestradiol, aldosterone, hydro-
cortisone, dexamethasone, testosterone, progesterone, 4-
hydroxytamoxifen, verapamil, nifedipine and phosphatidylser-
ine were all obtained from Sigma (Poole, Dorset, U.K.).
SQ22536, the PK A-inhibitory cyclic AMP analogue adenosine
cyclic 3',5-phosphorothioate ((Rp)cAMPS), human recombi-
nant PKCa, PKCd, PKCe and PKC{, PKCe peptide substrate,
bisindolylmaleimide I and chelerythrine chloride were pur-
chased from Calbiochem (Nottingham, U.K.). P81 filter paper
was obtained from Whatman (Maidstone, Kent, U.K.).
FURA-2 acetoxymethyl ester was obtained from Molecular

Probes (Eugene, OR, U.S.A.). All other chemicals were of the
highest purity commercially available.

Steroid hormones were dissolved in methanol and stored in
aliquots at —20°C until required. The final concentration of
methanol in all assays was 0.01%, this concentration of
methanol was without effect on PKA or [Ca®"].

Tissue preparation

Sprague-Dawley rats were sacrificed by cervical dislocation;
the distal colon was removed and the epithelium stripped of
smooth muscle and connective tissue by microdissection.
Cytosolic and membrane fractions were obtained by homo-
genization and differential centrifugation using a modification
of the method of Aukema et al. (1994). Colonic epithelium was
homogenized (on ice) in 6 ml homogenization buffer (5 mm
Tris-HCI, pH 7.2, containing (mM): sucrose 250, NaF 50,
EDTA 2, EGTA 1, 2-mercaptoethanol 10 and 25 mgl~'
leupeptin) using an Omni homogenizer (Camlab Ltd., Cam-
bridge, U.K.) at 20,000 r.p.m. for 3 x40 s. The homogenate
was spun at 86,000 g at 4°C for 30 min using a Beckman TL-
100 ultracentrifuge. The supernatant was retained and
represented the cytosolic fraction. The pellet (membrane
fraction) was resuspended in 4 ml homogenization buffer
containing 1% Triton X-100 and left on ice for 10 min. The
solubilized pellet was centrifuged at 86,000 x g at 4°C for
30 min and the supernatant from this spin was designated the
solubilized membrane fraction. Protein content of cytosolic
and membrane fractions was determined using the Lowry
method (Lowry et al., 1951).

Measurement of cyclic AMP-dependent protein kinase
(PKA) activity

PKA (EC 2.7.1.37) activity was measured using an assay based
on the transfer of the terminal phosphate of [y-3*P]-ATP to the
synthetic substrate, kemptide (Giembycz & Diamond, 1990).
Assays were performed using a modification of the method
described (Doolan & Keenan, 1994). Assays were carried out
at 30°C in a final volume of 100 ul containing 60 pg protein
(cytosol or membrane fraction), assay cocktail (mMm): EGTA
0.1, NaF 40, dithiothreitol 1, theophylline 1, sodium arsenate
S, 10 pg kemptide, stimulators and inhibitors as appropriate,
in 75 mM phosphate buffer, pH 7.0. (In assays where
commercially available PKA isoenzymes were used, the assay
cocktail was omitted). Following a S5-min pre-incubation
period, the reaction was initiated by addition of 1 mMm ATP
(containing 1-1.5x 107 c.p.m. umol~" [y-*P]-ATP) plus
2 mM magnesium acetate. Assays were stopped after 5-—
60 min and processed using a modification of the method of
Witt & Roskoski (1975): assay mixture was spotted onto P81
phosphocellulose ion exchange chromatography discs which
were allowed to dry for approximately 30 s and placed in ice-
cold 75 mM orthophosphoric acid solution (10 ml filter—").
Filters were washed for 3 x 10 min in the above solution and
1 x5 min in industrial methylated spirit. The filters were
allowed to dry and were placed in scintillation vials containing
10 ml Ecolite™. Incorporated radioactivity was determined by
liquid scintillation counting. Activities were expressed as pmol
phosphate transferred mg protein~' min~'.
Use of synergistic pairs of site-selective cyclic AMP
agonists

The two isoenzymes of PKA (type I and type II) are
distinguished in terms of their regulatory subunits which
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provides the basis for isoenzyme classification (Lohmann &
Walter, 1984). Each regulatory subunit contains two different
intra-subunit cyclic AMP binding sites, site 1 and site 2, which
bind certain cyclic AMP analogues selectively (Beebe et al.,
1988). Binding of a cyclic nucleotide at one site stimulates
binding at the other site. When two cyclic AMP analogues,
each selective for a different binding site, are added in
combination to PKA, the enzyme is activated in a synergistic
fashion. Since the cyclic AMP analogue specificity of site 1 is
different for the two isoenzymes, synergistic activation of
type I PKA and type II PKA can be distinguished.

Assays were carried out using a modification of the method
described by Beebe et al. (1988). The type I synergistic pair
comprised 1.2 uM  8-(6-aminohexyl)amino cyclic AMP
(8AHA) and 10 nM N°®benzoyl cyclic AMP (N°BZL). The
type II pair comprised 7 nM 8-thiomethyl cyclic AMP (8-S-
CH;) and 10 nM N°BZL. The assay conditions were identical
to those described above.

The basal activity ratio (activity in the absence divided by
activity in the presence of 1 uM cyclic AMP was determined
and this value was subtracted from the analogue-stimulated
activity ratio. Results were expressed as the increment in
activity ratio.

PKC activity assay

PKC assays were performed according to the Amersham
protocol. PKC activity was measured using an assay based on
the transfer of the terminal phosphate of [y-**P]-ATP to a
synthetic substrate present in the reaction mixture. For PKCa
(Ca®"-dependent PKC isoform), the peptide substrate from
the PKC assay kit was used. For PKCe¢, PKC6 and PKC{, the
assay mixture contained 0.1 mM EGTA instead of Ca*>* and a
PKCe peptide substrate. Basal unstimulated Ca** /phospholi-
pid-dependent PKC activity was determined for PKCoa. For
PKCe¢, PKCo and PKC{, stimulated activities were calculated
following subtraction of phospholipid-dependent activity.

Preparation of vesicles

Lipid vesicles were prepared as previously described by Slater
et al. (1995). Phosphatidylserine solutions in chloroform
(100 ug ml~") were mixed with various steroid hormones
(0.1-10 nM in methanol). The solvent mixture was removed
under a stream of nitrogen and the steroid-lipid mixture was
dispersed by vortex-mixing in 50 mM Tris-HCI, pH 7.4. Vesicle
preparations were prepared immediately before use and stored
in the dark under nitrogen.

Isolation of rat distal colonic crypts

Rat distal colonic crypts were isolated as previously described
in detail (Doolan & Harvey, 1996).

Ca’™" spectrofluorescence
Measurement of [Ca®"]; was performed using the method of
FURA-2 spectrofluorescence imaging as previously described
in detail (Doolan & Harvey, 1996). A micropipette system was
used to apply test solutions to isolated colonic crypts plated on
a glass cover slip. Where the effect of (i) the PKA inhibitor,
(Rp)cAMPS, (ii) the adenylyl cyclase inhibitor, SQ22536, or
(iii) the PKC inhibitor, chelerythrine chloride, were examined,
the rat colonic crypts were pre-incubated for 5 or 10 min at
room temperature prior to the addition of 17f-oestradiol. In
all experiments the test solution was identical to the bathing

solution except for the concentration of steroid used. All
experiments were performed at room temperature (20—22°C)
to minimize dye leakage and colonic crypt disintegration.

Statistical analysis

Measurements of PKA and [Ca®"]; are presented as mean+
s.eemean from the indicated numbers of experiments.
Statistically significant differences were determined by ANO-
VA followed by either Tukey or Dunnett’s test, as appropriate,
and differences were deemed significant at P0.05.

Results

The presence of PKA activity in membrane and cytosolic
fractions isolated from rat distal colonic epithelium was
established. Basal PKA activity, in both membrane and
cytosolic fractions, was significantly stimulated by cyclic AMP
(10 nM—1 uM, n=6-10; Figure 1). This stimulation was
abolished in the presence of the specific PKA inhibitor, PKI
(5 ug ml~"; Figure 1). Lower concentrations of cyclic AMP
(0.1—1 nM) had no effect on basal PKA activity.

We have identified the PKA isoform present in cytosolic
fractions, using synergistic pairs of site-selective cyclic AMP
analogues for type I and type II PKA isoforms. For the type I-
directed analogue pair, N°BZL and 8-AHA, the increments in
activity ratio were 0.13 and 0.12, respectively; an additive effect
of these analogues would have yielded a ratio of 0.25.
However, the change in activity ratio observed was 0.37
(Figure 2), yielding a synergism quotient (ratio between the
observed and the expected response) of 1.48. With the type 1I-
directed analogue pair, N°BZL and 8-S-CHj, the increments in
activity ratio were 0.13 and 0.15, respectively; an additive effect
of these analogues would have yielded a ratio of 0.28. The
observed change in activity ratio was 0.34, however (Figure 2),
yielding a synergism quotient of 1.2. We can thus see that both
type I and type II PKA isoforms are present in cytosolic
fractions.

We then examined the effect of 17f-oestradiol on basal
PKA activity in cytosolic and membrane fractions. Rapid
(within 15 min) activation of basal PKA activity was
observed in cytosolic fractions by 17f-oestradiol (0.1—
100 nM; Figure 3a). No increase in basal PKA activity was
observed with lower concentrations of 17f-oestradiol (0.1—
10 pM). This PKA stimulation was significantly inhibited
by PKI (Figure 3a). In contrast to the results obtained in
cytosolic fractions, 17f-oestradiol (0.1-100 nm) failed to
stimulate basal PKA activity in membrane fractions (data
not shown).

We have also examined the effect of oestradiol on basal
PKA activity over a longer time course of 30—60 min
(Figure 3b). Following a 30 min incubation, a significant
stimulation of basal PKA activity was observed with
supraphysiological concentrations of 17f8-oestradiol (10—
100 nM). No stimulation of PKA activity was observed,
however, with lower concentrations of the hormone (0.1-
1 nM). At the 60-min time point, 17f-oestradiol (0.1—
100 nM) failed to stimulate basal PKA activity.

To examine whether stimulation of PKA activity could be
detected following a shorter incubation time, the effect of
17p-oestradiol on basal PKA activity was examined
following a 5-min exposure to the hormone. Significant
stimulation of basal PKA activity was observed with 17f-
oestradiol (1-100 nMm), although no stimulation was ob-
served at 0.1 nM 17f-oestradiol (Figure 3b). The classical
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Figure 2 Synergism of PKA activation in cytosolic fractions isolated
basal 0.1 1 10 100 1000 from female rat distal colonic epithelium using both a type I- and a
type II-directed analogue pair. Cytosolic fractions were incubated
[cAMP] (nM) with type I PKA activators (N°BZL, SAHA or a combination of
both) or with type II PKA activators N°BZL, 8-S-CH; or a
combination of both). The ratio between the observed and the
expected response to the paired analogues represents the extent of
(b) _ synergism. Basal activity ratio (determined in the absence and
2500 presence of 1 um cyclic AMP) was 0.27 and was subtracted from
o— Control all values. Results are expressed as increment in activity ratio. This is
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Figure 1 Modulation of cyclic AMP-dependent protein kinase
(PKA) activity by cyclic AMP in the absence and presence of PKA
type II inhibitor (PKI) in (a) cytosolic and (b) membrane fractions
isolated from female rat distal colonic epithelium. Incubations were
conducted for 15 min. Results are expressed as PKA activity (pmol
phosphate transferred min~' mg™' protein). Data are mean+s.e.-
mean of four independent experiments each performed in duplicate.
Asterisks indicate significant differences between cyclic AMP-
stimulated and basal activity ([J) or between PKI-treated and
control preparations (@): **P<0.01, ***P<(.005.

oestrogen receptor antagonist 4-hydroxytamoxifen (10 um)
did not inhibit the 17f-oestradiol induced stimulation of
PKA activity (Figure 3c).

Figure 4a shows the significant inhibitory effect of the
adenylyl cyclase inhibitor, SQ22536, on 17f-oestradiol-
induced PKA stimulation. In contrast to these results,
however, no inhibition of the oestradiol-induced stimulation
of PKA activity was observed with other adenylyl cyclase
inhibitors, 2': 3’-dideoxyadenosine (100 nM or 1 uM) or MDL
12-330A (200 uM; data not shown). The stimulation of PKA
activity by 17f-oestradiol could be mimicked by forskolin (2
and 10 uM); this stimulation was also significantly inhibited by

duplicate.

SQ22536 (Figure 4b). These results indicate an indirect effect
of 17p-oestradiol on PKA activity. To test this, we examined
the effect of oestradiol on commercially available PKA
holoenzymes: type I from rabbit muscle and type II from
bovine heart. 17f-oestradiol (1 nM) had no stimulatory effect
on basal PKA activity of either type I or type II holoenzymes
(Table 1). Similar results were obtained for 17p-oestradiol
(0.1-100 nM; data not shown).

The specific PKC inhibitor, bisindolylmaleimide I (GF
109203X, 25 nM), significantly inhibited the 17f-oestradiol-
induced stimulation of PKA activity (Figure 5a). In contrast,
however, bisindolylmaleimide I had no inhibitory effect on
cyclic AMP-stimulated PKA activity (Figure 5b).

Studies from other laboratories have demonstrated a direct
activation of PKC by another steroid hormone, 1o,25-
dihydroxyvitamin D; in a cell-free assay system (Slater ef al.,
1995). We examined the direct effect of 17f-oestradiol on the
PKC isoforms «, J, ¢ and { — known to be present in distal
colonic epithelium (Davidson et al., 1994; Jiang et al., 1995;
Verstovsek er al., 1998). The following experiments were
performed in a cell free assay system containing only purified
commercially available enzyme, appropriate substrate pep-
tides, co-factors and lipid vesicles. We observed a stimulatory
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Figure 3 Activation of PKA by 17f-oestradiol in cytosolic fractions
of female rat distal colonic epithelium. (a) Activation within 15 min
in the absence and presence of 5 ug ml~' PKI. (b) Effects on 17p-
oestradiol measured after 5, 15, 30 or 60 min. Data are presented as
per cent increase above basal activity. (c) Activation within 15 min in
the absence and presence of 10 um 4-hydroxytamoxifen. Data are
expressed as PKA activity (pmol phosphate transferred min~' mg~'
protein) (a,c) or per cent increase above basal activity (b). Data are
mean +s.e.mean of 5—-9 independent experiments each performed in
duplicate. Asterisks indicate significant differences between 17f-
oestradiol-stimulated and basal activity or between PKI-treated and
control preparations. *P<0.05, **P<0.01.

effect on basal PKCua activity following the addition of 17f-
oestradiol (0.1-10 nM; Figure 6a) and aldosterone (0.01—
10 nM; Figure 6b). Neither 17p-oestradiol, 17a-oestradiol nor
aldosterone stimulated the activity of either PKCe or PKC{
(data not shown). In contrast, however, we could demonstrate
a direct significant stimulation of basal PKCJ activity
following the addition of 17f-oestradiol (0.1-10 nM; Figure
7a). Both the stereoisomer 17a-oestradiol (10 nM; Figure 7b)
and aldosterone (0.1 —10 nM; Figure 7a) were without effect on
basal PKC/ activity.

The specificity of the 17f-oestradiol response was also
examined. No increase in PKA activity was observed in the
presence of the stereoisomer 17a-oestradiol or the sex steroid
hormones progesterone or testosterone (0.1—100 nM). Simi-
larly, neither the mineralocorticoid hormone, aldosterone, nor
the glucocorticoid hormones, hydrocortisone or dexametha-
sone (0.1—100 nM), had any effect on basal PKA activity (data
not shown).

As well as being stercospecific, the PKA response to 17f-
oestradiol was also gender-specific. Neither 17f-oestradiol nor
testosterone (0.1-100 nM) had any effect on basal PKA
activity in cytosolic fractions isolated from male Sprague-
Dawley rat distal colonic epithelium (Figure 8).

We examined the effects of 17B-oestradiol on [Ca?']; in
single isolated crypts from female rat distal colonic epithelium.
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Figure 4 Inhibition of (a) 17p-oestradiol- and (b) forskolin-
stimulated PKA activity in cytosolic fractions of female rat distal
colonic epithelium by the membrane-permeant adenylyl cyclase
inhibitor, SQ22536. Experiments were conducted for 15 min. Results
are expressed as PKA activity (pmol phosphate transferred
min~! mg~! protein). Data are mean+s.e.mean of 3—6 independent
experiments each performed in duplicate. Asterisks indicate sig-
nificant differences between SQ22536-treated and control prepara-
tions. **P<0.01, ****P<0.001.

Ca*>" (2 mM) was present in all cases in the external bathing
solution unless otherwise stated. Following the addition of
17B-oestradiol, an increase in [Ca®"]; was observed solely at the
base of the colonic crypt; following addition of higher
concentrations of 17f-oestradiol, an increase was also
observed in the middle M1 region of the crypt. A
concentration-response relationship was observed, with con-
centrations of 17f-oestradiol in the range 0.1-100 nM. No
increase in [Ca®*]; was observed at the lowest concentration of
17p-oestradiol tested (0.1 nM). 178-Oestradiol (1 nM) induced
a significant increase in [Ca®"]; in the base of the crypt, with no
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Figure 5 Effects of the specific PKC inhibitor bisindolylmaleimide I
(GF109203X, BIM; 25 nMm) on (a) 17f-oestradiol- and (b) cyclic
AMP-stimulated PKA activity in cytosolic fractions from rat distal
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colonic epithelium. Results are expressed as per cent increase above

basal activity.

Data are mean+s.emean of 5-6 independent
experiments. **P<0.01.

Table 2 Modulation of free [Ca®*]; by 17p-oestradiol in
isolated female rat distal colonic crypts

Crypt region

Basal
17B-oestradiol 0.1 nM

Basal
17B-oestradiol 1 nm

Basal
17B-oestradiol 10 nm

Basal
17B-oestradiol 100 nm

Base

243415
272421
ns
188 +33
327417
P<0.01
272419
421447
P<0.005
231435
301428
P<0.04

M1l

223+12
246+ 17
ns
252+27
305+29
ns
201413
326+26
P<0.002
199+21
279 +17
P<0.02

[Ca®™); was determined by spectrofluorescence imaging, as
described in Methods. Experiments were conducted in the
presence of 2 mm Ca’" extracellularly. Data represent the
mean+s.e.mean of seven independent experiments. Results
are expressed as [Ca>"]; (nM). ns=not significant.

Figure 6 Concentration-response curves for the activation of PKCu
activity by (a) 17p-oestradiol and (b) aldosterone. Results are
expressed as PKC activity (pmol phosphate transferred min~' pg™!
protein. Data are meants.e.mean of three determinations.
**P<0.01, ¥***P<0.005.

significant increase observed in any other crypt region. Higher
concentrations of 17f-oestradiol (10—100 nM) produced a
significant increase in [Ca>*]; at both the base and M1 region
of the crypt (Table 2).

To investigate the specificity of the oestradiol response, the
effects of the stereoisomer 17x-oestradiol, testosterone and
progesterone (all at 10 nM) were examined. No increase in
basal [Ca®"]; was observed in any region of the colonic crypt
following the addition of these hormones (Figure 9a).
Similarly, no increase in [Ca®"]; was observed following
oestradiol addition when the crypts were bathed in a Ca®*-
free external bathing solution. In these experiments, crypts
were pre-incubated in Ca®*-free buffer for 1 min, followed by
addition of 17B-oestradiol. The L-type Ca®* channel blockers,
verapamil (10 uM) and nifedipine (100 nM), inhibited the
oestradiol-induced increase in free [Ca>"]; (Figure 9b).

The increase in [Ca®"]; induced by oestradiol is very rapid
and would not be consistent with a genomic response via the
ER. Pre-incubation of rat distal colonic crypts for 5 min with
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Figure 7 Effects of (a) 17f-oestradiol or aldosterone and (b) 17a-
oestradiol on PKCJ activity. Results are expressed as PKC activity
(pmol phosphate transferred min~' ug ="' protein). Data are mean +
s.e.mean of three determinations. *P<0.05, **P<0.01.

Table 3 Lack of effect of 4-hydroxytamoxifen on 17f-
oestradiol-induced increase in [Ca®"];

[Ca" ]; (nm)

Basal 274427
17B-oestradiol 10 mm 404+ 50
+4-hydroxytamoxifen 1nm

Pre-incubation with tamoxifen (5 min) did not inhibit the
17B-oestradiol (10 nm) induced increase in [Ca®"]; in the
base region of female rat distal colonic crypts. Results are
expressed as [Ca®']; (nM). Data are mean+s.e.mean of six
independent experiments.

the classical ER antagonist 4-hydroxytamoxifen (10 puMm) did
not block the oestradiol-induced increase in [Ca**]; (Table 3).

A S5-min pre-incubation of the colonic crypts with (i) the
membrane-permeant PKC inhibitor, chelerythrine chloride
(1 um), or (ii)) the adenylyl cyclase inhibitor, SQ22536

800
-| -3} 17 B-oestradiol

-@-testosterone
2 600+
£ 5
8
™
400 -
200,

basal 01 1 10 100
[Steroid] (nM)

Figure 8 Lack of effect of 17f-oestradiol or testosterone on PKA
activity in cytosolic fractions isolated from male rat distal colonic
epithelium. Experiments were conducted for 15 min. Results are
expressed as PKA activity (pmol phosphate transferred min~' mg ™!
protein). Data are mean+s.e.mean of 4—6 independent experiments
each performed in duplicate.

(200 uM), or (iii) a 10-min pre-incubation with the inhibitory
cyclic AMP analogue, (Rp)cAMPS (200 uM), completely
abolished the oestradiol-induced stimulatory effect on [Ca®"];
in rat distal colonic crypts (Figure 9c).

The stimulatory effect of 17B-oestradiol on [Ca®*]; was also
gender-specific. No increase in [Ca®>*]; was observed following
17p-oestradiol (10 nm) addition in crypts isolated from male
rat distal colonic epithelium (Table 4).

Discussion

This paper provides evidence for a rapid non-genomic
stimulatory effect of 17f-oestradiol on cytosolic PKA activity
and [Ca®"]; in female rat distal colon. The oestradiol-induced
stimulatory effect on PKA activity was shown to be indirect,
via an initial activation of PKC followed by subsequent
activation of adenylyl cyclase. Oestradiol specifically and
directly stimulated activity of the protein kinase C isoform
PKC§. We propose, therefore, that stimulation of PKA
activity by oestradiol in rat distal colonic epithelium occurs
indirectly via PKCJ.

The rapid effects of 17B-oestradiol on PKA and [Ca®"]; are
both gender- and sex steroid hormone-specific. The increase in
[Ca?"); following hormone addition is abolished by both PKC
and PKA inhibition, indicating an involvement of both kinases
in the Ca®" signalling pathway in colonic crypts. These results
show that intracellular signalling for 17f-oestradiol in the
distal colon involves changes in [Ca®"]; via activation of both
the PKC and the cyclic AMP second messenger pathways.

17p-Oestradiol stimulated PKA activity in cytosolic
fractions in a concentration-dependent manner, with a
significantly greater effect observed in the nanomolar vs the
picomolar concentration range. (Human mid-cycle oestrogen
peak levels in plasma range between 0.9 and 2.1 nM (Brown et
al., 1987)). In contrast, no stimulation of PKA activity was

British Journal of Pharmacology, vol 129 (7)



1382 C.M. Doolan et al 17p-0estradiol modulates PKC, PKA and [Ca®*];
a -
@ 500 <77 B oestradiol = estosierone (b) 400
m progesterone  a 17 q-oestradiol / —l I basal
[1 17 B-oestradiol (10 nM),
300 '|’
o T
s Ll
=200 as
0
N
<
<)
100 A
- T
| I
0 T T T T T 1 0 T T +
0 2 4 6 8 10 12 7ero verapamil nifedipine
Time (min) Ca2+ (10 pM) (100 nM)
(c) 400 =
[l basal
1 17 B-oestradiol (10 nM), T
300 T |
s T
<200 - |
el T T
Nﬂ
S L
100
0- + + +
chelerythrine ~ $Q22536  (Rp)cAMPS
chloride (1 uM) (200 pM) (200 uM)

Figure 9 (a) Modulation of [CaH],i by 17p-oestradiol (10 nm), 17a-oestradiol (10 nm), testosterone (10 nM) and progesterone
(10 nMm), in the presence of 2 mm Ca®"' externally, in the base region of a single isolated rat distal colonic crypt. Data are from a
representative experiment that was repeated seven times for each hormone. (b) Inhibition of the stimulatory effect of 17f-oestradiol
on [Ca®"]; in zero Ca®" externally or following a 5-min pre-incubation with verapamil or nifedipine. Data are mean +s.e.mean of
six independent experiments. (c) Inhibition of the stimulatory effect of 17f-oestradiol on [Ca®"]; following pre-incubation with the

protein kinase C inhibitor, chelerythrine chloride, the adenylyl

cyclase inhibitor, SQ22536, or the PKA-inhibitory cyclic AMP

analogue, (Rp)cAMPS. Data are mean+s.e.mean of six independent experiments.

Table 4 Gender specifity of the [Ca®"]; response to 17p-

oestradiol
Crypt region Base Ml
Basal 240+ 15 215+11
17B-oestradiol 10 nm 259+ 16 24648

Lack of effect of 17B-oestradiol on [Ca®*]; in male rat distal
colonic crypts. Results are expressed as [Ca”"]; (nm). Data
are mean+s.e.mean of six independent experiments.

observed in membrane fractions isolated from female rat distal
colonic epithelium following 17f-oestradiol addition. This
absence of 17f-oestradiol-induced stimulatory effects on
membrane PKA activity cannot be accounted for by a
difference in PKA isoform distribution between cytosolic and
membrane fractions, as both type I and type II PKA isoforms
were identified in cytosolic fractions. Aukema et al. (1994)
have also demonstrated the existence of both type I and
type I PKA isozymes in proximal and distal rat colonic
mucosa isolated from Sprague-Dawley rats. In these studies,
the majority of PKA activity in both fractions was type II
PKA (89% in cytosol and 96% in membrane fraction), with
the remaining PKA activity representing type I PKA.

The oestradiol-induced stimulation of PKA activity is
evident within 5—15 min. However, when PKA activity was
measured after longer periods of incubation, the increase in
activity was only observed with supraphysiological concentra-
tions after 30 min, while no increase in PKA activity was
observed after a 60-min incubation with any concentration of
oestradiol tested. These results indicate that the stimulatory
effect of oestradiol on PKA is transient and complete within
30 min. As the latency of onset of genomic responses is
approximately 30 min, these results appear to represent a non-
genomic stimulation of PKA activity by oestradiol, indepen-
dent of the involvement of the classical oestrogen receptor
(ER). This conclusion is supported by the fact that the classical
oestrogen receptor antagonist 4-hydroxytamoxifen failed to
inhibit 17f-oestradiol-induced stimulation of PKA activity.

The stimulation of colonic PKA activity is steroid specific,
as (i) the stereoisomer, 17wa-oestradiol, (ii) the sex steroid
hormones, progesterone and testosterone, (iii) the mineralo-
corticoid hormone, aldosterone, and (iv) the glucocorticoids,
hydrocortisone and dexamethasone, were devoid of activity.

The oestradiol-induced stimulation of cytosolic PKA
activity is indirect, via the activation of adenylyl cyclase, as it
is inhibited by the adenylyl cyclase inhibitor SQ22536 and
mimicked by forskolin. Forskolin stimulates the activity of all
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Figure 10 Model for the cellular mechanism of oestradiol-induced
salt and water retention in female distal colon. (1) 17p-Oestradiol
(E,) directly activates PKCo activity. (2) PKCJ activates adenylyl
cyclase activity (the isoform is as yet unknown), resulting in (3) an
increase in PKA activity, followed by an inhibition of K¢, channel
activity (Perez & Toro, 1994). (4) 17p-Oestradiol also directly
stimulates PKCo activity, resulting in an activation of Na™/H™
exchanger activity and intracellular alkalization followed by an
inhibition of K¢, channel activity. (5) Inhibition of K¢, channel
activity results in a down-regulation of chloride secretion, resulting in
salt and water retention. Both PKC and PKA activation are required

for Ca?”" entry (inhibited by chelerythrine chloride, (Rp)cAMPS and
SQ22536).
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the known adenylyl cyclase isoforms. However, the mechanism
of this forskolin-induced activation is still unknown. Mem-
brane location of the enzyme may not be important since a
soluble, artificially engineered form of the enzyme lacking the
two transmembrane domains is still activated by forskolin
(Tang & Gilman, 1995; Dessauer & Gilman, 1996; Whisnant et
al., 1996). Although it is widely reported that adenylyl cyclases
are integral transmembrane glycoproteins (Iyengar, 1993),
Finidori-Lepicard et al. (1981) have reported that adenylyl
cylcase in Xenopus laevis oocytes is compartmentalized, with
50—65% in the soluble fraction and 20—-30% in the plasma
membrane fraction. Both particulate and soluble fractions
appear equally active. This distribution is similar to that
observed in the early stages of germ cell development (Braun &
Dods, 1975) and in mature rat testis (Neer, 1978). From the
results obtained in this study, adenylyl cyclase activity also
appears to be present in cytosolic fractions of rat distal colon,
and oestradiol stimulates PKA activity indirectly via adenylyl
cyclase activation. The lack of effect of 17-oestradiol on PKA
activity in membrane fractions may therefore be due to the
existence of a difference in adenylyl cyclase isoform distribu-
tion between membrane and cytosolic fractions in rat distal
colonic epithelium.

Previous studies from other laboratories have demonstrated
a stimulation of adenylyl cyclase activity by PKC (Jacobowitz
& lyengar, 1994; Jacobowitz et al., 1993; Yoshimura &

Cooper, 1993). Lin & Chen (1998) have shown that distinct
PKC isoforms (PKCe¢ and PKCpu) mediate the activation of
adenylyl cyclase activity in RAW264.7 macrophages. Recent
studies have also demonstrated an up-regulation of PKCd
expression in the rat and rabbit corpus luteum by oestrogen
(Cutler et al., 1994; Maizels et al., 1992; 1996), indicating a role
for PKC in the biological response to oestrogen. Since we have
previously demonstrated a rapid non-genomic stimulation of
PKC activity in cytosolic fractions of rat distal colonic
epithelium (Doolan & Harvey, 1996), it is possible that PKC
may be the cytosolic target protein or ‘receptor’ responsible for
the rapid response to 17f-oestradiol.

Studies from other laboratories have shown an elevation of
cyclic AMP levels (within 45 s—5 min), an activation of PKA
activity and a PKA-dependent phosphorylation of microsomal
proteins isolated from chick soleus muscle by the metabolite of
vitamin D;, 1o,25-dihydroxyvitamin D; (Fernandez et al.,
1990). The mechanism by which the steroid enhanced adenylyl
cyclase activity in these studies was not determined, however,
and the possible involvement of PKC in the steroid-induced
stimulatory effect was not investigated.

Here, we have demonstrated a significant inhibition of
oestradiol-induced stimulation of PKA activity by the specific
PKC inhibitor, bisindolylmaleimide I. In contrast, cyclic
AMP-stimulated PKA activity was unaffected by bisindolyl-
maleimide I. 17f-Oestradiol directly and specifically stimu-
lated PKCo activity in a cell-free assay system (17a-oestradiol
and aldosterone were without effect). From the results of this
and subsequent experiments, we conclude that the indirect
stimulation of PKA activity, via adenylyl cyclase activation, is
due to an initial stimulation of PKCé by 17f-oestradiol. The
involvement of the Ca?*/phospholipid-dependent PKC iso-
form, PKCu, was ruled out as we observed a stimulation of
PKCu activity by both 17x-oestradiol and aldosterone as well
as 17f-oestradiol, but neither 17a-oestradiol nor aldosterone
had any stimulatory effect on PKA activity. The involvement
of either PKCe¢ or PKC{ was also ruled out as no stimulation
of either of these PKC isoforms was observed with 17f-
oestradiol.

An indirect stimulation of PKA activity by oestradiol is also
supported by the lack of stimulatory effect of 17-oestradiol on
basal PKA activity of commercially available type I or type 11
PKA isoforms.

We propose, therefore, that the cytosolic protein respon-
sible for the rapid non-genomic PKA response to oestradiol is
the Ca’"-independent, phospholipid-dependent PKC isoform,
PKC§. The PKCo isoform may be the elusive non-genomic
‘receptor’.

The 17p-oestradiol effect on PKA activity is gender-specific,
as neither 17f-oestradiol nor testosterone had any effect on
PKA activity in cytosolic fractions from male Sprague-Dawley
rats. The reason for this gender specificity is as yet unknown.
However, Sylvia et al. (1998) have reported a rapid non-
genomic stimulation of PKC activity, specifically by 174-
oestradiol, in a gender-specific manner, in female rat
costochondral chondrocytes. One possible explanation for
these gender-specific results is that there may be a difference in
PKC isoform distribution between male and female tissue.

In the second part of this study the effects of sex steroid
hormones were examined on [Ca®"]; in single isolated rat distal
colonic crypts. Involvement of the cyclic AMP second
messenger system and PKC in this response were also
investigated

A rapid increase in basal free [Ca®"]; was measured in the
base and lower middle region (M1) of the rat distal colonic
crypt following 17f-oestradiol addition. The rise in [Ca**]; was
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immediate upon oestradiol addition and was not inhibited by
4-hydroxytamoxifen, indicating an incompatibility with the
classical genomic response. Oestradiol stimulated a Ca?* influx
in rat colonic crypts which was blocked in the presence of zero
Ca’" externally and by verapamil and nifedipine. Pre-
incubation of the crypts with chelerythrine chloride or with
either SQ22536 or (Rp)cAMPS inhibited the oestradiol-
induced stimulatory effect on [Ca®']. We conclude that
oestradiol stimulates an influx of extracellular Ca®>* by a
PKC/cyclic AMP/PKA-dependent mechanism. These results
are similar to those previously reported for vitamin D;
(DeBoland & Norman, 1990), where rapid non-genomic
stimulation of intestinal Ca®" transport in chick duodenal
loops induced by 1,25-dihydroxyvitamin D; was completely
abolished in the presence of either PKA or PKC inhibitors.
Taken together, the results of these studies indicate that more
than one second messenger pathway is operational during
rapid non-genomic responses to steroid hormones. Whether
these protein kinases share the same phosphate acceptor
remains to be determined.

The effect on [Ca®"]; is also sex steroid-specific, as neither
17a-oestradiol, testosterone nor progesterone induced an
increase in [Ca®"];. The oestradiol-induced stimulatory effect
on [Ca’"]; is also gender-specific, as 17f-oestradiol had no
effect on [Ca®"]; in isolated colonic crypts from male Sprague-
Dawley rats. The reason for this gender specificity is unknown
and is currently under investigation.

The Ca®" results presented here are compatible with those
previously reported in duodenal enterocytes from female
Wistar rats, in which Picotto er al. (1996) demonstrated a
rapid non-genomic (1-10 min) stimulation by 17f-oestradiol
of a cyclic AMP-mediated **Ca influx that was verapamil- and
nitrendipine-sensitive. Other sex steroids were inactive. In a
more recent study, Picotto et al. (1999) have proposed that
oestrogen-dependent stimulation of both PKA and PKC may
contribute to the stimulation of Ca?”" influx in enterocytes. In
chicken and pig granulosa cells (Morley et al., 1992) 17f-
oestradiol has been reported to stimulate a release of Ca®"
from intracellular stores, with the oestradiol response being
unaffected by pre-treatment with Ca** channel antagonists or
in the presence of zero external Ca?*. Therefore, 178-
oestradiol appears to stimulate an increase in free [Ca®*]; with
Ca** sources differing in various cell types.
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