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17p-Estradiol inhibits Ca2+-dependent
homeostasis of airway surface liquid volume
iIn human cystic fibrosis airway epithelia
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Seiko F. Okada,! Ingrid Fricks,2 Steven L. Young,® and Robert Tarran?

1Cystic Fibrosis/Pulmonary Research and Treatment Center, 2Department of Pharmacology, and 3Division of Reproductive Endocrinology and Infertility,
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Normal airways homeostatically regulate the volume of airway surface liquid (ASL) through both cAMP- and
Ca?-dependent regulation of ion and water transport. In cystic fibrosis (CF), a genetic defect causes a lack
of cAMP-regulated CFTR activity, leading to diminished Cl-and water secretion from airway epithelial cells
and subsequent mucus plugging, which serves as the focus for infections. Females with CF exhibit reduced
survival compared with males with CF, although the mechanisms underlying this sex-related disadvantage are
unknown. Despite the lack of CFTR, CF airways retain a limited capability to regulate ASL volume, as breath-
ing-induced ATP release activates salvage purinergic pathways that raise intracellular Ca?* concentration to
stimulate an alternate pathway to Cl- secretion. We hypothesized that estrogen might affect this pathway by
reducing the ability of airway epithelia to respond appropriately to nucleotides. We found that uridine tri-
phosphate-mediated (UTP-mediated) Cl- secretion was reduced during the periovulatory estrogen maxima
in both women with CF and normal, healthy women. Estrogen also inhibited Ca?* signaling and ASL volume
homeostasis in non-CF and CF airway epithelia by attenuating Ca?* influx. This inhibition of Ca?* signaling
was prevented and even potentiated by estrogen antagonists such as tamoxifen, suggesting that antiestrogens

may be beneficial in the treatment of CF lung disease because they increase Cl- secretion in the airways.

Introduction

Mucus clearance is an important aspect of innate defense in the
mammalian lung (1). The rate of mucus clearance is set by the vol-
ume of airway surface liquid (ASL) on airway surfaces (2). The ASL
is composed of a periciliary liquid layer (PCL) that lubricates the
cell surface and a mucus layer that traps airborne particles and
pathogens (3). Adenosine (ADO) and ATP act as physiological
ligands that stimulate P1 and P2 subtypes of purinergic receptors
to raise CAMP and Ca?* levels, respectively, so that Cl- secretion
is activated (4-6). Normal airways can secrete sufficient Cl- to
hydrate the mucus layer by raising either cAMP levels to stimu-
late CFTR or Ca?* to stimulate an alternate Cl- channel (7). Cystic
fibrosis (CF) airways lack CFTR but under appropriate conditions
can still secrete Cl- in response to extracellular nucleotides.

CF lung disease is typified by mucus plugging, which reflects a
failure of CF airway epithelia to adequately hydrate mucus on their
surfaces, particularly in response to infectious challenges (8, 9).
We have proposed that CF airways are more vulnerable to adverse
events such as viral infections, since they lack the “reserve capacity”
to secrete additional ASL beyond normal day-to-day events due to
the absence of functional CFTR. For example, respiratory syncytial
virus infections upregulate ecto-ATPases that degrade ASL ATP
(2). This has moderate effects on non-CF ASL volume homeosta-

Nonstandard abbreviations used: ADO, adenosine; ASL, airway surface liquid;
BHK, baby hamster kidney; CF, cystic fibrosis; E2, 17p-estradiol; ER, estrogen recep-
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sis, since these airways can still secrete Cl- via CFTR. However, CF
ASL volume homeostasis is markedly reduced and ASL volume is
depleted to levels incompatible with mucus clearance due to the
lack of extracellular ATP to raise Ca?*; levels and initiate Cl- secre-
tion (2). Thus, having only 1 pathway for Cl- secretion leaves CF
airways more vulnerable to acute exacerbations due to reduced
mucus hydration and decreased mucus clearance, which pave the
way for chronic bacterial infection of the lung.

Sexual phenotype is now recognized as being a risk factor for
chronic lung disease. For example, approximately 70% of early
onset chronic obstructive pulmonary disease patients are female
(10), and adult females also suffer more severely from asthma and
some lung carcinomas (11). The incidence of CF is not sex linked
(12). However, previous studies have indicated that females with
CF (a) exhibit more rapid rates of decline in lung function; (b)
acquire Pseudomonas aeruginosa earlier (13); (c) have increased fre-
quency of acute exacerbation (14); (d) have decreased life spans as
compared with males with CF (15); and (e) develop more diffuse
lung disease (16). While the results of such studies are not uni-
form, the largest population study to date suggests a sex-related
disadvantage persists (15).

In premenopausal women, the major circulating estrogen is
17B-estradiol (E2), which is produced by the ovaries. During men-
ses, circulating E2 falls to approximately 0.1 nM and then increases
through the follicular phase, achieving a peak concentration of
approximately 3 nM during the few days prior to ovulation. Estro-
gen receptors (ERs) are also expressed in males and stimulated by
E2 that is formed as a breakdown product of testosterone (17).
However, serum E2 levels are much lower (< 0.1 nM) and do not
fluctuate. ERs are traditionally thought to act at the transcriptional
level, where they translocate from the cytoplasm into the nucleus
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Figure 1

UTP-activated CI- secretion changes with the menstrual cycle. Females with and without CF calculated their high— and low—E2 level days based
on the onset of menses, and nasal PDs were recorded at these times. White bars represent low—E2 level days and black bars represent high—E2
level days. (A and B) Typical traces showing sequential addition of amiloride, a low CI- solution, and UTP on low and high days respectively.
T, time. (C) Paired mean basal nasal PDs measured on low— and high—E2 level days (n = 12). (D) Paired mean changes in nasal PD in normal
subjects on low- and high-level E2 days following amiloride addition and following perfusion of a low CI- solution and a low CI- solution containing
100 uM UTP added in the continued presence of amiloride to measure the UTP-activated CI- secretory response (n = 12). In a separate experi-
ment, perfusion of a low CI- solution containing amiloride with 100 uM ISO in a subset of the subjects tested in A—C (n = 6). (E and F) Typical
traces showing sequential addition of amiloride, a low CI- solution with 100 uM ISO, and UTP on low- and high-level E2 days, respectively, in
CF subjects. (G) Paired mean basal CF nasal PDs measured on low— and high—E2 level days (n = 10). (H) Paired mean changes in nasal PD
in CF patients following amiloride addition and following perfusion of a low CI- solution containing 100 uM ISO and a low CI- solution containing
100 uM UTP added in the continued presence of amiloride to measure the UTP-activated CI- secretory response (n = 10). *P < 0.05 difference

in UTP secretion between low— and high—E2 level days. TP < 0.05 compared with non-CF.

to exert their effects (18). However, rapid nongenomic actions of
E2 are now recognized, and many signaling pathways have been
identified as targets of rapid E2 action, including Ca?*(19) and ino-
sitol triphosphate (IP5) (20, 21).

We hypothesized that increases in E2 levels in the late follicular
phase would reduce the ability of females with CF to regulate sec-
ond messengers and secrete sufficient Cl- for efficient ASL volume
homeostasis. To test this hypothesis, we measured nasal potential
differences (PDs) in normally cycling reproductive-age women at
different points during the menstrual cycle. These experiments
revealed that a 4-fold increase in E2 was accompanied by a 50%
inhibition of UTP-stimulated Cl- secretion in vivo. To further
investigate the mechanism underlying this phenomenon, we uti-
lized polarized airway cultures and ER-null cell lines transiently
expressing ERa or ERf} and found that activation of ERal inhibits
Ca?" influx that impairs Cl secretion and ASL volume homeostasis.
Finally, we found that ER antagonists could reverse the effects of
E2 and even potentiate the P2Y, response, suggesting that they may
be useful adjuncts in treating lung disease in females with CF.

Results

In vivo measurements of UTP-stimulated CI- secretion. We tested the
hypothesis that high E2 levels inhibited UTP-stimulated CI- secre-
tion in vivo by measuring nasal PDs in female subjects with and
without CF who were not taking hormonal contraceptives and
who experienced regular menstrual cycles. Paired nasal PDs were
recorded during menses, when E2 is lowest, and 12 days after the
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onset of menses, when E2 levels were higher. Once a maximal stable
baseline PD was detected, amiloride was added to inhibit ENaC,
followed by amiloride plus a low Cl- solution to generate the maxi-
mal gradient for Cl- secretion (Figure 1). Changes in E2 levels were
measured at the time of PD recording and changed from 0.1 nM
during menses to 0.5 nM during the periovulatory phase (both
n = 12). The basal and amiloride-sensitive PDs were significantly
greater in subjects with CF compared with subjects without CF,
and the low Cl-/isoproterenol (Cl-/ISO) responses were absent
in CF subjects (Figure 1). However, there was no difference in the
magnitude of the basal or amiloride-sensitive PDs between the
low- and high-E2 level days for either subjects without CF (Figure
1, A-D) or those with CF (Figure 1, E-H). The UTP-stimulated PDs
were reduced by approximately 40% on high-E2 level days in sub-
jects without CF and by approximately 50% on high-E2 level days
in subjects with CF (Figure 1, D and H) (suggesting that E2 does
indeed inhibit UTP-mediated CI- secretion in vivo). In contrast
with the cycle-dependent changes in the UTP-stimulated PDs, the
ISO-stimulated PDs, which were only present in subjects without
CF, remained stable during the menstrual cycle (Figure 1D).
E2-mediated inhibition of P2Y,-dependent ASL secretion is due to
changes in E2 concentrations, not changes in ER expression levels. We iso-
lated mRNA from primary human bronchial epithelial cultures
(HBECs) and performed RT-PCR using primers directed toward
ERa and ERB. We found that ERo was equally expressed in airways
from both male and female donors without CF. However, we failed
to detect ERP either by quantitative PCR (qPCR) (Figure 2A) or by
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Figure 2

E2-mediated inhibition of ASL volume homeostasis is due
to changes in E2 concentrations, not ER expression levels.
(A and B) Real-time gPCR analysis in non-CF and CF air-
ways, respectively, using primers directed to ERa and ERp.
For ERa, DNAs were obtained from 12 non-CF and 12 CF
donors (for each, n = 6 males, white bars, and 6 females,
black bars). For ERB, cDNA was obtained from 6 non-CF
and 6 CF donors (for each, n = 3 males, open bars, and 3
females, closed bars). In both cases, expression was nor-
malized to peptidylprolyl isomerase A (PPIA). ERp was not
detectable by either standard PCR (not shown) or qPCR.
(C and D) Mean non-CF and CF changes in ASL height,
respectively, as measured by confocal microscopy following
100 uM ATP addition + 10 nM serosal E2 to HBECs from
male (white bars) and female donors (black bars). All n = 4.
(E) Dose-response curve for the inhibition of ATP-medi-
ated ASL secretion in non-CF HBECs (AASL height before
and after 10 minutes application of 100 uM ATP) following
serosal E2 addition over the range of 0.01 to 1000 nM E2 in
non-CF cultures (n = 6). (F) AASL height before and after
10 minutes of 100 uM ATP or ADO addition. Hormones were
added serosally at 10 nM prior to ATP/ADO addition at 10 uM.
Alln=5-7.*P < 0.05 versus 0 nM E2. TP < 0.05 versus ATP
alone. Progest., progesterone; testost, testosterone.

separated on the basis of sex. We next measured ASL
height before and after ATP addition to a group of non-
CF HBECs exposed to E2 at concentrations ranging from
0.01 to 1000 nM (Figure 2E). The ICs for E2 inhibition
of ATP-induced ASL secretion was 0.7 nM (Figure 2E),
which is close to the 50% inhibition of the UTP response
observed with 0.4 nM endogenous E2 in vivo. Levels of
E2 present in males or menstruating females (0.01-0.1
nM) had no effect on ASL height. However, E2 levels

01 1 10 100 1000
log,, serosal E2 (nM)

0.01

standard PCR (not shown). ERa was expressed at similar levels in
males and females with CF, and ER was not detected (Figure 2B).
We also attempted to determine whether E2 could affect glandular
secretions; however, we were unable to detect ERo or ER} cDNA in
gland-derived Calu-3 cells (data not shown).

To see whether E2 inhibited ATP-mediated ASL secretion preferen-
tially in HBECs from female as compared with male donors, we mea-
sured ASL height by confocal microscopy before and after ATP addi-
tion. Mucosal ATP addition caused an equal increase in ASL height
in non-CF HBECs from both male and female donors, and acute
(30 minutes) preexposure with 10 nM E2 inhibited this response
(Figure 2C). Consistent with equal expression of ERa in HBECs
from both male and female donors, no difference in the inhibition of
ATP-mediated secretion was detected between sexes, suggesting that
changing levels of E2 rather than altered ERa expression accounted
for the increased inhibition of the P2 response observed in vivo (Fig-
ure 1). E2 also equally inhibited the ATP-dependent increase in ASL
height in CF HBECs from male and female donors (Figure 2D).

Since there was no discernible difference in the effect of E2 on
ASL secretion in males versus females, subsequent data were not
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found in females (0.3-3 nM) inhibited ASL secretion and
are commensurate with ATP-mediated ASL secretion
being approximately 50% inhibited in vivo. The inhibi-
tion of P2 signaling was also specific for E2 over other
sex hormones, and neither 10 nM progesterone nor
10 nM testosterone exposure had any effect on ATP-
mediated ASL secretions (Figure 2F).

ADO activates CFTR via an A25 ADO receptor-dependent rise in
cAMP (6). ADO addition (100 uM) also elicited a robust increase
in ASL height that was unaffected by 10 nM E2 (Figure 2F). Thus,
this effect appears to be specific for P2 signaling and does not
appear to affect the cAMP pathway or CFTR.

Inhibition of CF ASL volume homeostasis by physiological levels of E2. We
have previously utilized a system that imparts phasic shear stress
to HBECs to reprise in vivo tidal breathing. This system increases
ASL nucleotide levels and increases both non-CF and CF ASL
height (2). We tested whether the response to phasic motion was
attenuated by levels of E2 found in females (3 nM) versus males
(0.1 nM) in non-CF and CF HBECs. Forty-eight hours after addi-
tion of 20 ul Ringer’s solution containing Texas Red dextran, ASL
height was approximately 14 and 7 um in non-CF and CF HBECs,
respectively, in the continued presence of phasic shear stress (Fig-
ure 3, A and B). As would be predicted by the dose response curve
to E2 shown in Figure 2E, 0.1 nM E2 had no effect on either the
non-CF or CF 48-hour response to phasic shear stress (Figure 3B).
In non-CF cultures, 3 nM E2 moderately decreased ASL height,

hetp://www.jci.org
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with non-CF HBECs. Scale bars: 7 um.

consistent with (a) the ATP system playing only a moderate role
in non-CF ASL homeostasis (2) and (b) the E2-insensitive ADO/
CFTR system being the main conduit for Cl- secretion (n.b., this
height [~7 um)] is predictive of the formation of a normal PCL that
would still allow efficient mucus transport). In contrast, 3 nM E2
depleted CF ASL height down to approximately 3 um. A similar
decrease was observed when P2 signaling was inactivated following
addition of the ATP-depleting enzyme apyrase to the ASL (Figure
3B). We also found that after 48 hours of shear stress, a 1-hour
exposure to E2 in the continued presence of shear stress caused
a rapid decline in both non-CF and CF ASL volume of 50% (both
n = 4), suggesting that inhibition of ASL volume homeostasis
would have a rapid onset after increases in blood E2 levels.

Activated ERo.inhibits ATP signaling when transiently transfected into
ER-null baby bamster kidney cells. To determine which ER inhibited
the ATP response, we transiently transfected ER-null baby ham-
ster kidney (BHK) cells that endogenously express P2Y; receptor
(P2Y,-R) with ERs tagged with monomeric orange fluorescent
protein (mOr). Approximately 50% of cells per culture were suc-
cessfully transfected with mOr-tagged ERs at any one time, allow-
ing neighboring cells with and without ERs to be simultaneously
imaged (Figure 4, A and B).

BHK cells displayed a robust increase in the fura-2 emission ratio
following 10 uM ATP addition, which was unaffected by E2 pre-
treatment (Figure 4C). In contrast, neighboring cells that expressed
mOr-ERa exhibited an approximately 50% reduction in fura-2 emis-
sion (i.e., Ca?*;) with 10 nM E2, suggesting that ERal can attenuate
nucleotide-activated Ca?* signaling (Figure 4C). The negative effect
of ERa and E2 on the ATP response was abolished by addition of the
ERa-specific antagonist IClys;7s0 prior to E2 addition (Figure 4D).
The ATP response was unaffected by E2 in nontransfected cells or
cells expressing either mOr alone or mOr-ERf. Further, mOr-ERa
only inhibited the ATP response when E2 was present, suggesting
that this inhibition is specific to activated ERa (Figure 4E).

ERo. does not alter P2Y,-R internalization. Since ERa. inhibited the
ATP-mediated Ca?* response, we next tested to determine whether
this effect was due to ERa-induced removal of a P2-R from the
plasma membrane prior to purine stimulation. Since there are no
good antibodies against P2 receptors, we utilized a P2Y»-R con-
struct with an external HA epitope tag and tested to determine
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whether HA-P2Y,-R surface expression was altered by ERa,/E2
exposure in BHK cells (Figure 5). HA-P2Y,-R could clearly be
identified at the cell surface (Figure SA). A 30-minute incubation
with 10 nM E2 had no effect on the localization of the receptor
(Figure 5B), and the receptor could be seen to internalize follow-
ing stimulation with 10 uM ATP, as evidenced by the appearance
of intracellular punctae (Figure 5C). This protocol was repeated
when HA-P2Y,-R was coexpressed with mOr-ERa. (Figure 5, D-F).
Neither expression nor activation of ERa had any effect on
HA-P2Y,-R surface expression or ATP-stimulated internalization
of the receptor (Figure 5G).

E2-dependent inbibition of Cl- secretion is due to altered Ca?* signaling
rather than altered CI~ channel properties. To search for the mechanism
whereby E2 inhibited ATP-mediated ASL secretion, we examined
multiple facets of the P2 pathway in airway epithelia. We first micro-
sampled ASL from non-CF HBECs and measured the ASL ATP lev-
els by luminometry. An addition of 10 nM serosal E2 did not affect
endogenous ASL ATP levels over 1 hour (vehicle, 16.8 + 2.1 nM;
E2,14.9 £ 3.8 nM; both n = 6).

To test whether the inhibition of airway Ca?* signaling seen in
BHK cells (Figure 4) was specific for a particular P2 receptor, we
next measured changes in the fura-2 emission ratio in non-CF
HBECs following either ATP or UDP addition, which stimulates
P2X/P2Y,-R or P2Ye-R, respectively. The peak fura-2 response
was depressed after addition of both agonists, suggesting that E2
inhibits a crucial step in Ca?* signaling that is downstream of the
P2-R (Figure 6A). The ICs, for this inhibition was 2.4 nM (Figure
6B). This inhibition was abolished by pretreatment with the ER
antagonist ICl;s750 (n = 4; data not shown), indicating that we
were imaging an ERa-dependent event.

We next determined whether G4/PLC-dependent inositol phos-
phate (IP) formation was altered by E2 exposure. Due to the greater
number of cells required for these experiments, we utilized an
immortalized CF nasal cell line (JME cells) that can be grown at
greater densities than HBECs. The ATP-stimulated fura-2 response
was also inhibited in JME cells in a dose-dependent fashion, sug-
gesting that they were a suitable model for further study (Figure
6B). Confluent JME cells passaged at the same time as the cells
used for the fura-2 experiments in Figure 6B were labeled with
[*H]myoinositol phosphate, and a 10 uM ATP addition caused a
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robust increase in [3H|IP levels that was not altered by a 15-minute
10 nM E2 exposure, indicating that G¢/PLC activity and IP pro-
duction are E2-insensitive (Figure 6C).

Thapsigargin is a sarcoplasmic/endoplasmic reticulum Ca?*-
ATPase (SERCA) pump inhibitor that allows Ca?* to leak out of
the endoplasmic reticulum rather than being recycled (22). We
first removed Ca?* from the bathing solution to prevent confound-
ing Ca?*influx (23), and under these conditions, the thapsigargin-
induced fura-2 response was not altered by E2 (Figure 6D).

We next determined the effects of E2 on Ca?* influx. With 2 mM
Ca?* in the external bath solution (standard Ringer’s solution),
10 nM E2 induced a robust inhibition of the ATP fura-2 response
(Figure 6E). Removal and chelation of external Ca?* reduced both
the peak and plateau of the ATP-induced fura-2 response by
approximately 50%, indicating that approximately 50% of Ca?*
enters airway epithelial cells from the extracellular environment
following ATP addition (Figure 6F). In the presence of zero Ca?*,,
E2 had no further effect, confirming that Ca?* influx is reduced by
E2 exposure (Figure 6F).

To determine whether E2 also acted downstream of Ca?" sig-
naling, we measured UTP-dependent short-circuit current (Is.) in
non-CF HBECs. UTP and ATP are equally efficacious in activating
P2Y,-R (24). However, in this case, we used UTP because ATP can
be metabolized to ADO by ecto-ATPases (4), which may activate
CFTR and obfuscate Ca?*-dependent changes in Isc (25). HBECs
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Figure 4

Transient expression of ERa but not ERp inhibits ATP-dependent
increases in intracellular Ca2+ when activated by E2 in BHK cultures.
(A and B) Images of fura-2—loaded BHK cells (green) expressing
either ERa or ERB, respectively, linked to mOr. (C) Mean fura-2 emis-
sion ratio over time simultaneously imaged in nontransfected BHK
cells (squares) and neighboring cells expressing mOr-ERo. (circles)
following a 10-minute pretreatment with 10 nM E2, then a 10 uM ATP
addition (n = 7). (D) Mean fura-2 emission ratio over time simultane-
ously imaged in nontransfected BHK cells (squares) and mOr-ERa—
expressing cells (circles) (n = 9) following a 30-minute pretreatment
with 1Cl1g2780, then 10 minutes with 10 nM E2 followed by a 10 uM ATP
addition. (E) Mean ATP-induced changes in fura-2 emission without
(white bars) and with (black bars) 10 nM E2 in nontransfected cells
(n = 6) and following transfection with mOr (n = 3), mOr-ERa (n = 7),
mOr-ERa in the presence of IClyg2780 (n = 7), and mOr-ERp (n = 5).
*P < 0.05 compared with control. Scale bars: 10 um.

mounted in Ussing chambers were treated with amiloride and sub-
sequently exposed to either UTP to activate the P2Y, pathway or
ionomycin to bypass the P2Y, pathway and directly increase Ca?";
(Figure 6G). While the UTP response was significantly inhibited
by E2, the ionomycin response was unaffected, indicating that E2
does not alter intrinsic Cl- secretion and rather affects upstream
Ca?* signaling (Figure 6G).

Potentiation of nucleotide-dependent ASL volume homeostasis by tamoxi-
fen. Since E2 caused an inhibition of ATP-mediated ASL secretion,
we hypothesized that this inhibition could be reversed by ER
antagonists. To test this hypothesis, we measured the fura-2 emis-
sion ratio in JME cells following ATP addition and after exposure
to ER antagonists (Figure 7A). The ATP-induced increase in the
fura-2 ratio was reduced by acute E2 addition and restored by the
addition of the ER antagonist ICI 2780 (1 uM) with E2 (Figure 7A).
Interestingly, tamoxifen (TXN) increased the Afura-2 ratio after
ATP addition to twice the level of ATP alone, suggesting that TXN
potentiates the P2Y, response (Figure 7A).

Since the fura-2 response was enhanced by TXN, we next deter-
mined whether this compound could increase ATP-induced ASL
secretion in non-CF and CF HBECs. As would be predicted by the
increase in fura-2 emission shown in Figure 7A, TXN potenti-
ated ATP-induced ASL secretion, leading to an increase in both
magnitude and duration of ASL volume secretion in non-CF and
CF cultures compared with ATP alone (Figure 7, B and C). The
TXN-induced potentiation of the ATP response persisted in the
presence of 10 nM E2, suggesting that TXN may be efficacious in
reversing the inhibition of ASL volume homeostasis seen during
high-E2 level days (Figure 7, B and C).

Since ATP is endogenously secreted into the ASL (4), we next deter-
mined whether TXN alone could stimulate ASL secretion. TXN
alone had no effect on non-CF or CF ASL ATP levels (non-CF ASL
ATP: 30 minutes vehicle, 15.8 + 3.4 nM; 30 minutes TXN, 12.3 + 1.9
nM; both n = 6; CF ASL ATP: 30 minutes vehicle, 13.3 + 0.8 nM; 30
minutes TXN; 17.5 + 2.6 nM; both 7 = 5). We then added 200 uM
TXN with no exogenous ATP mucosally to non-CF and CF cultures
(Figure 7D). TXN addition caused a sustained increase in ASL height
in both non-CF and CF HBECs, which persisted for over 1 hour (Fig-
ure 7D). This response was less than the change in ASL height seen
with ATP and TXN in Figure 7, B and C, perhaps since endogenous
ATP levels are much smaller than can be delivered pharmacologically
(ie. <100 nM vs. 100 uM) (4). Importantly, TXN reversed the decline
in ASL height seen in untreated CF HBECs and caused ASL height
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to increase to a value that was suitable for mucus clearance (~15 um)
as compared with less than 5 um in the non-TXN group (Figure 7D).
Pretreatment of CF HBECs with 2 U/ml mucosal apyrase inhibited
this response. After 1 hour of TXN exposure with apyrase, ASL height
was 6.0 £ 0.7 um (n = 7) compared with 16.5 um ASL height shown
in Figure 7D for CF HBECs with TXN alone. That this change was
due to an increase in CI- secretion was confirmed by pretreatment
with bumetanide, which abolished the TXN-induced increase in ASL
height in both non-CF and CF ASL (Figure 7D).

Discussion

The effect of the menstrual cycle on in vivo nasal PDs. We have speculated
that a putative female disadvantage with respect to the progression
of CF lung disease in part reflects a reduced ability of females with
CF to activate Cl- secretion and adequately hydrate their airways.

6 The Journal of Clinical Investigation

Figure 5

E2 does not induce P2Y,-R internalization. BHK cells were transfected
with HA-tagged P2Y»-R (green) + mOr-ERa (red) and fixed in PFA
after E2/ATP addition. (A—C) Sequential images of HA-P2Y»-R before
E2 addition, 30 minutes after 10 nM E2 exposure, and 30 minutes after
the addition of 100 uM ATP in the presence of E2, respectively. (D—F)
P2Y,-R cotransfected with mOr-ERa before and after 30-minute 10
nM E2 exposure and 30 minutes after the addition of 100 uM ATP in
the presence of E2. (G) Bar graph quantifying HA—P2Y»-R internaliza-
tion to the area measured. White bars, HA—P2Y>-R alone; black bars,
HA-P2Y,-R and ERa. Data are from transfections performed on
3 separate occasions. Scale bars: 10 um. *P < 0.05 versus E2 alone.

As a first step toward testing this hypothesis, we measured in vivo
nasal PDs in regularly cycling females with and without CF, which
we correlated with changes in blood estrogen levels. In agreement
with Sweezey et al. (26), we did not detect cyclical changes in the
amiloride-sensitive nasal PD (Figure 1, D and H), nor did we detect
a cyclic change in the ISO response, which represents activation of
CFTR in subjects without CF (Figure 1D). However, we found that
the UTP-mediated CI- secretory response varied by approximately
50% in subjects both with and without CF during the menstrual
cycle (Figure 1), which correlated with a 4-fold change in blood
E2 levels. The timing of the second PD (Figure 1, B and F) was
designed to increase the likelihood of performing the measure-
ment on a high-E2 level day but not necessarily the peak day(s),
and it appears that the second recording was largely performed
before the preovulatory estrogen maxima, since the average E2
level was approximately 30%-50% of the expected peak E2 level.
Thus, the effects of E2 on Cl- secretion in cycling women may be
even higher during the preovulatory estrogen maxima. Sampling
later in the cycle was avoided, since the well-recognized variabil-
ity in follicular phase when estrogen falls and progesterone rises
could easily lead to increased variability in nasal PD recordings,
although no effects of progesterone were seen in vitro (Figure 2F),
which suggests that the relatively high concentrations of E2 alone
are sufficient to impair Cl- secretion.

Is there a sex-related difference in CF? Whether or not sex is a risk
factor in CF remains somewhat contentious. In 1992, based on a
cohort of 633 patients, Kerem et al. (27) reported that being female
was associated with significantly decreased rates of survival in CF
patients awaiting lung transplantation. Based on a cohort of 848
subjects with CF, Demko et al. (13) reported that females with
CF exhibited an increased rate of decline in lung function and a
reduced survival rate compared with their male counterparts and
also tended to acquire mucoid P. aeruginosa earlier than males. A
larger multicenter study with more than 20,000 patients found that
females with CF under the age of 20 were 60% more likely to die
than males with CF (15). Outside this age bracket, sexual phenotype
was not a significant risk factor, although in 1999 the median sur-
vival age was 25.3 for females with CF and 28.4 for males with CF.
Recently, Verma et al. (28) suggested that the sex-related difference
in survival may have diminished or even been mitigated with bet-
ter physical therapy, more aggressive antibiotics, and improved care
after lung transplants. It is noteworthy that even in 2006, females
with CF still scored worse than males with CF in a health-related
quality of life study (29) and, importantly, were significantly more
prone to acute exacerbations than males with CF (14).

We propose that a better understanding of sex-related differ-
ences in innate lung defense may produce targeted therapeutic
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Figure 6

E2 inhibits Ca?+ influx in airway epithelia. Non-CF HBECs and JME CF cells were incubated with vehicle (white bars) or 10 nM E2 (black bars)
unless otherwise specified. (A) Mean changes in fura-2 emission ratio in HBECs exposed to ATP (10 uM) or UDP (1 mM) + E2 (both n = 6). (B)
Mean changes in fura-2 emission ratio (340/380 nm) in non-CF HBECs (open symbols; n = 6) and CF JME cells (closed symbols; n = 4—6) exposed
to 0.01-100 nM serosal E2 followed by 10 uM mucosal ATP. (C) [*H]IP release from JME cells before and after 10 uM ATP addition + E2. (D) Mean
changes in fura-2 emission ratio following 1 uM thapsigargin addition + E2 to JME cells in a modified Ringer bath solution with 0 mM Ca?+ and
2 mM EGTA (all n = 6). (E) Mean change in fura-2 emission over time following 10 uM ATP addition in JME cells + E2 with 2 mM external Ca%+
(n=9). (F) Fura-2 emission over time following 10 uM ATP addition in JME cells + E2 with 0 Ca?* and 2 mM EGTA (n =9). (G) Mean Isc in non-CF
HBECs + E2 (10 nM). Is; was measured following mucosal amiloride (100 uM) treatment, after which CI- secretion was elicited either with UTP
(100 uM) or ionomycin (1 uM) (all n = 16). *P < 0.05 compared with control.

approaches to specifically attenuate the severity of lung disease in
women with CF. Reduction of airway secretion hydration is one
clear adverse effect of estrogens on female innate immunity. Estro-
gens have other potential dampening effects on innate immunity,
including E2-mediated inhibition of TLR signaling (30).

Airway ER expression patterns. In agreement with previous reports
(31), we found that ERo was expressed at similar levels in males
compared with females and ATP-mediated ASL secretion was equal-
ly inhibited cultures derived from both males and females (Figure 2).
Thus, it is likely that E2-linked sex-related differences in CF are due
to circulating E2 levels rather than male versus female ERa expres-
sion levels. However, there remains the perplexing question of why
ERs are expressed in the airways and why they regulate nucleotide-
activated Cl- secretion. Data are emerging that show females are also
more prone than males to lung cancer, which has been linked to E2,
suggesting that ERs are involved in cell turnover in the lung (32).
Clearly, further studies are required to understand the function of
ERs in the airways and why they can regulate Ca?* signaling.

Do ERs directly alter Ca?*; signaling in airway epithelia? While some
studies in reproductive tissues have demonstrated a direct stimula-
tion of Ca?'; by E2 (33, 34), other studies using nonreproductive
tissues have demonstrated an apparent E2-mediated suppression
of the purinergic response: Knight and Burnstock (35) demon-
strated that P2X-mediated bladder contractions were attenuated
by increased E2 during the rat estrous cycle, and Chaban and
coworkers (36, 37) have shown that ATP-mediated Ca?* signaling
was inhibited following activation of ERa. in murine dorsal root
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ganglion cells. Similarly, we did not find any significant change in
Ca?* following E2 addition in either primary HBECs or a CF nasal
epithelial cell line (Figure 6). We also failed to detect any increase in
IP levels following E2 addition in JME cells (Figure 6), and we found
that ERo-expressing BHK cells were unable to mobilize an appro-
priate Ca?" response once ERa was activated (Figure 4). Thus, it is
possible that the “wiring” between ERs and the Ca?* mobilization
apparatus is different in reproductive versus other tissues.

Mechanism of interaction between E2 and the P2Y, cascade. We tested
to determine whether the presence and/or activation of ERa could
decrease the level of P2Y,-R in the plasma membrane, which could
potentially reduce the amount of receptor available to be activated
by its ligand. As shown in Figure 5, E2 had no effect on P2Y,-R sur-
face expression, and ATP-stimulated internalization was likewise
unaffected, suggesting that the P2Y,-R functions normally in the
presence of ERa. Similarly, we also found that ATP release was not
altered by E2 exposure. We have focused our attention on P2Y,-R,
since the UTP response is inhibited in vivo (Figure 1). However, the
in vitro ATP response was also E2 sensitive, and both P2Y,-R and
P2X-R are stimulated with ATP (38, 39). We also found that E2
not only inhibited the ATP/UTP responses but also inhibited the
UDP-stimulated P2Y¢-R response (Figure 6A), so it is likely that E2
affects multiple P2-Rs.

Following activation of Gq, PLC is activated and forms IP3;, which
in turn stimulates Ca?* release from the endoplasmic reticulum.
However, we failed to observe any difference in IP formation
after ATP exposure, suggesting that G¢/PLC are unaffected by E2
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(Figure 6C) even though cells from the same passage displayed a
reduced fura-2 response with E2 (Figure 6B).

Thapsigargin increases Ca?* leak into the cytoplasm by inhibiting
Ca?* uptake into the endoplasmic reticulum (22). We found that
the amount of Ca?'; released following thapsigargin addition was
not altered by E2 exposure (Figure 6D), suggesting that the Ca?*
stores are not E2 sensitive. Once Ca?*; is released from intracellular
stores, it often stimulates Ca?* influx from outside the cell. By
switching between high and nominally zero Ca?* in the external
bath, it is possible to differentiate between store Ca?* versus Ca?*
influx from the extracellular environment. With external Ca?*, ATP
addition stimulated a robust increase in the fura-2 ratio (Figure
6E). Removal of extracellular Ca?" approximately 60 seconds before
ATP addition decreased both the peak and plateau phases of the
fura-2 response (Figure 6F). Importantly, we found that the por-
tion of the Ca?* response that was due to Ca?" entry was E2 sensi-
tive (Figure 6F). However, the nature of the interaction between the
Ca?" influx pathway and ERa remains to be determined.

When airway epithelia are mounted in Ussing chambers, muco-
sal ATP or UTP addition results in a transient increase in I that
is typical of nucleotide-activated Cl- secretion. While UTP-medi-
ated I, was diminished by E2 pretreatment, I,c was not affected
by E2 following the addition of the Ca?" ionophore ionomycin,
indicating that E2 does not affect Cl- secretion directly but rather
affects upstream signaling (Figure 6G). The genetic identity of
the ATP-activated Cl- channel(s) is unknown. However, candi-
dates for this unidentified CI- channel include bestrophin (40),
the outwardly rectifying Cl- channel (ORCC) (41), and TMEM16A
(42, 43). Our study does not differentiate between these channels.
However, it is likely that this unidentified channel is not directly
affected by E2 but rather that its upstream second messenger, i.e.,
Ca?*, is E2 sensitive.

The impact of estrogen on CF ASL volume homeostasis. We hypoth-
esized that CF airways are more vulnerable to catastrophic events
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that may disrupt ASL homeostasis. For example, acute infection
with a common airway pathogen (respiratory syncytial virus)
upregulates extracellular ATPases and depletes the ASL of ATP,
preventing activation of P2Y,-R (2). This infection does not abol-
ish normal ASL volume homeostasis, since non-CF airways can
still secrete via ADO-mediated activation of CFTR. However, CF
cultures are dramatically affected, and they lose the ability to
respond to phasic shear stress, which results in a depletion of PCL
volume. Extending this hypothesis, we propose that another such
“insult” is high circulating E2. We predict that female CF patients
would have rates of mucus transport comparable to those of male
CF patients for approximately 3 weeks per month but that when
E2 levels increased sufficiently to inhibit ATP-mediated CI- secre-
tion, these patients would have significantly reduced mucociliary
clearance, leaving them less able to clear airborne pathogens then
males with CF or females without CF. Addition of E2 for 1 hour
was sufficient to reduce CF ASL volume by 50% under phasic shear
stress conditions, suggesting that reductions in ASL volume may
occur quite rapidly once E2 begins to rise.

In regularly cycling females with CF, periods of high estrogen
represent a risk period for acute exacerbations. If these patients do
not experience an acute exacerbation during this risk period, then
there will be no observable difference between them and males
with CF. However, there is a 1 in 4 chance that they will experi-
ence an acute exacerbation during the risk period, and if they do,
they will be less able to clear inhaled pathogens, which may lead
to greater intensity and duration of infection. Wang et al. demon-
strated that the frequency of viral respiratory infection was closely
associated with pulmonary deterioration in CF patients (44). Inter-
estingly, Block et al. (14) reported that adult females with CF are
more likely to experience acute exacerbation than males with CF,
although whether E2-mediated inhibition of airway ion transport
described in this paper is contributory to this increased rate of
infection remains to be tested.
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Implications for the treatment of CF. Our data indicate that the
effects of E2 can be blocked by the ER antagonist ICI;sz7s0. This
compound is approved for human use and may benefit females
with CF by abrogating the negative effects of E2. We also tested the
effects of TXN on Ca?* signaling and ASL secretion. While ICI;s,730
is a pure antiestrogen, TXN is classed as a selective ER modula-
tor or SERM that has mixed agonist/antagonist capabilities (45).
Surprisingly, TXN actually potentiated the effect of ATP on ASL
secretion in both non-CF and CF cultures, even in the presence of
10 nM E2 (Figure 7). This suggests that SERMs may be preferable
to pure antiestrogens in treating CF lung disease.

In conclusion, we have shown that physiological elevations in
estrogen (E2) that occur prior to ovulation in vivo are associated
with an inhibition of UTP-mediated Cl- secretion in females with
CF. In vitro, we have demonstrated that this inhibition is due to
concentration-dependent changes in E2 rather than male versus
female ER expression levels and is induced by an ERa-mediated
inhibition in Ca?* influx rather than altered IP formation or a
direct effect on the ion channel. We hypothesize that this inhibi-
tion of Cl- secretion leaves females with CF with reduced mucus
clearance for approximately 1 week per month, which contributes
to increased susceptibility to acute exacerbations and sex inequal-
ity in CF lung disease. Finally, we propose that antiestrogen thera-
pies using existing, clinically available compounds may be benefi-
cial in the treatment of CF lung disease.

Methods

Study subjects. All subjects experienced regular menstrual cycles and were
not using hormonal contraceptives or inhaling steroids at the time of
investigation. Mean ages were 30.9 £ 1.9 years (n = 12) for subjects without
CF and 30.3 + 2.1 years (n = 10) for subjects with CF. Mean CF forced expi-
ratory volume in 1 second (FEV}) (% predicted) was 50.2 + 6.2 (n = 10). Five
patients were homozygous for AF508, 2 patients carried 1 copy of AF508
with an unidentified mutation on the other allele, 1 patient carried 1 copy
of AF508 and 1 copy of R117H, 1 patient carried 1 copy of AF508 and
1 copy of 2789+5G—A, and 1 patient carried 1 copy of 1717-1G—A and
1 copy of N1303K.

In vivo nasal PDs. The study protocol was approved by the University of
North Carolina (UNC) Committee on the Protection of Rights of Human
Subjects, and written informed consent was obtained. Subjects were asked
to identify the first day of their last menstrual period to allow assignment
of likely cycle phase. PD was measured between a subcutaneous reference
electrode and an exploring electrode placed against the inferior turbinate as
previously described (46). In brief, electrodes were connected via calomel half-
cells to a high-impedance voltmeter electrically isolated from the subject. The
modified exploring (nasal) catheter was designed with a single lumen catheter
(3 cm length of polyethylene 10 tubing threaded over a 30-gauge needle) that
acts as a flowing bridge. Four perfusion lines (polyethylene 50 tubing; BD)
were connected to the perfusion catheter (identical polyethylene tubing).

Tissue procurement and cell culture. Human excess donor lungs and excised
recipient lungs were obtained at the time of lung transplantation from
portions of main stem or lumbar bronchi, and cells were harvested by enzy-
matic digestion as previously described under a protocol approved by the
UNC Institutional Review Board (47). HBECs were maintained at an air-
liquid interface in a modified bronchial epithelial growth medium (BEGM)
medium with 5% CO, at 37°C and used 2-5 weeks after seeding on 12-mm
Transwell permeable supports (Corning) coated with human placental
type VI collagen (Sigma-Aldrich).

BHK cells were cultured in DMEM/F12 medium containing 5% FBS at
37°Cin 5% CO; on glass slides for imaging or 12-well plastic plates for
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biochemical experiments. The absence of ERa. and ER was confirmed by
PCR (data not shown). Cultures that were approximately 75% confluent
were transfected for 4-6 hours using Effectene reagents (QIAGEN) per
the manufacturer’s instructions. Cells were then allowed to incubate for
24 hours before use. We recorded fura-2 emission before and after pho-
tobleaching mOr to confirm that mOr did not alter the fura-2 signal
(n = 4). mOr was provided by Roger Tsien (Department of Pharmacology,
UCSD, San Diego, California, USA), while ERo. and ERf were provided by
Richard Day (Department of Medicine, University of Virginia, Charlottes-
ville, Virginia, USA) and Kenneth Korach (Laboratory of Reproductive and
Developmental Toxicology, National Institute of Environmental Health
Sciences, Research Triangle Park, North Carolina, USA), respectively.
HA-P2Y,-R was donated by Kendall Harden (Department of Pharmacol-
ogy, UNC, Chapel Hill, North Carolina, USA).

CF nasal epithelial (JME/CF15) cells are homozygous for AF5S08 CFTR
and polarize when grown on filters (48). The culture medium contained
DMEM/F-12 with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100
mg/ml streptomycin, 10 ng/ml epidermal growth factor, 1 uM hydrocor-
tisone, S mg/ml insulin, 5 ug/ml transferrin, 30 nM triiodothyronine, 180
uM adenine, and 5.5 uM epinephrine at 37°C in 5% CO5.

PCR analysis. RNA was extracted using the standard protocol from the
RNeasy Mini Kit (QIAGEN). The RNA was quantified by spectrometry, and
a known quantity of RNA was used to make cDNA using SuperScript II
(Invitrogen) and random primers. RT-PCR was performed using the Roche
LightCycler system. The reactions were incubated at 95°C for 10 minutes
followed by 95°C for 0 seconds, 55°C for 5 seconds, and 72°C for 8 sec-
onds for 45 cycles with a single fluorescence detection point at the end of
the relevant annealing or extension segment.

Primer sequences. The gene-specific primer sequences used for qPCR were
as follows (S’ to 3'): ERa: forward, TGCCAAGGAGACTCGCTACT, and
reverse, CTGGCGCTTGTGTTTCAAC; and ERB: forward, TCAGCTTGT-
GACCTCTGTGG, and reverse, TGTATGACCTGCTGCTGGAG.

Confocal microscopy. To label ASL, Ringer’s solution containing Texas
Red dextran was added to HBEC mucosal surfaces. Perfluorocarbon (PFC)
was added mucosally to prevent ASL evaporation, and the cultures were
imaged using a Leica SP5 confocal microscope with a x63 glycerol immer-
sion objective. Five points per culture were scanned and an average ASL
height determined using Image] (http://rsbweb.nih.gov/ij/). Nucleotides
were added to mucosal surfaces as dry powders in PFC at approximately
200 uM (2). We accelerated/decelerated the HBECs inside a highly humidi-
fied incubator to generate 0.5 dyne/cm? apical shear stress at culture sur-
faces as previously reported (2).

For labeling of plasma membrane HA-P2Y,-R, BHK cells grown on glass
coverslips were precooled on ice for 10 minutes before being labeled for
45 minutes with anti-HA monoclonal antibodies in PBS. Cells were washed
3 times with ice-cold PBS to remove the antibodies and then warmed
to 37°C and treated with ATP with or without E2. The experiment was
stopped at different times by fixing the cultures with 4% PFA (for 10 min-
utes at 21°C). After washing 3 times in PBS, cells were blocked with 1% BSA
and 5% normal goat serum (NGS) before addition of secondary antibody
for 1 hour. To quantify HA-P2Y,-R internalization, 10 regions of interest
were drawn inside the cytoplasm of each cell, which approximated 10% of
total cell area and which excluded the space occupied by the nucleus. The
intensity of HA-P2Y,-R was normalized to the area of the region of interest
sampled using Image].

Measurement of PCL ATP concentrations. 25 ul PBS was placed on HBEC
surfaces, and 5-10 ul PCL was sampled by microcapillary pipettes using a
micromanipulator. ATP was then measured by luminometry (2).

Measurements of Ca?*;. Cultures were loaded with fura-2-AM (SuM at 37°C
for 40 minutes) and imaged with a x40 oil objective on a Nikon TE300
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microscope outfitted with an Orca camera (Hamamatsu), and fluorescence
was acquired alternately at 340 and 380 nm (emission >450 nm). In all cases,
background light was measured and subtracted by exposing cells to digito-
nin (15 uM) and MnCl, (10 mM) as previously described (47).

Measurement of IPs. HBECs were labeled for 18 hours in inositol-free
DMEM containing 4.5 g/l glucose and 2 uCi/ml [*H]inositol. For 20 min-
utes prior to study, cultures were placed in serum-free medium containing
10 uM lithium and [*H]inositol and challenged with E2 for 15 minutes fol-
lowed by ATP for an additional 15-minute period. No changes in medium
were made subsequent to [*H]myoinositol addition to avoid release of
endogenous ATP from stressed cells. Incubations were terminated by the
addition of 5% ice-cold formic acid, and the formic acid extracts were neu-
tralized by extractions with ethyl ether. The resultant [H]IPs were sepa-
rated on Dowex AG1-X8 columns as described previously (49). Radioac-
tivity was determined using a TopCount Microplate Liquid Scintillation
Counter (PerkinElmer). The levels of H-labeled IPs were normalized to
total membrane [3H]IP levels as previously described (49).

Ussing chambers. I, and resistance (R;) were measured in HBECs mounted
in Ussing chambers (Physiologic Instruments) and were bathed bilaterally
with Krebs-Ringer bicarbonate (KRB) (37°C, pH 7.4) circulated by gas lifts
(95% O,/5% COy) as reported (47). To eliminate the contribution of apical
Na* channels and measure Cl- secretion, amiloride (10-* M) was added to
the mucosal bath, followed by forskolin and UTP.

Solutions and chemicals. Ringer solution for NPD measurements con-
tained 115 mM NaCl, 25 mM NaHCO3, 2.4 mM K,HPO,, 0.4 mM KH,POy,,
1.2 mM CaCl,,and 1.2 mM MgCl,, pH 7.4. Alow CI- Ringer solution where
NaCl was replaced with 115 mM NaGluconate was also used. For confo-
cal microscopy and Ca?* experiments, cultures were bathed serosally in
a modified Ringer solution containing 116 mM NaCl, 10 mM NaHCOj3,
5.1 mM KCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 20 mM TES, and 10 mM glu-
cose, pH 7.4. All Ussing chamber experiments were performed in Krebs-
Ringer bicarbonate solution, pH 7.4, containing 120 mM NaCl, 5.2 mM
KCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 2.4 mM NaHPO,, 0.4 mM NaH,PO,,
25 mM NaHCOj3;, and S mM glucose. PBS was used as an apical volume
challenge and for washing the apical surface.

—_

Fura-2-AM, FITC and Texas Red dextrans, and Alexa Fluor 488 anti-
bodies were obtained from Invitrogen. ADO, apyrase, ATP, digitonin, E2,
progesterone, TXN, testosterone, thapsigargin, UTP, and all salts and
buffers were obtained from Sigma-Aldrich. ICI;g3780 was purchased from
Tocris Bioscience. PFC (FC-77) was obtained from 3M and had no effect
on ASL height, as previously reported (50). ADO and ATP were added as
dry powder suspended in PFC (FC-77) to result in a final concentration of
approximately 300 uM. When used, aprotinin was added at 1 unit/ml in
the initial wash of Ringer’s solution with the Texas Red dextran.

Statistics. All data are presented as the mean + SEM for n experiments.
Differences between means were tested for statistical significance using
paired or unpaired ¢ tests or Wilcoxon rank-sum or Mann-Whitney U tests
as appropriate. From such comparisons, differences yielding P < 0.05 were
judged to be significant. HBECs derived from 3 or more donors were used
for each experiment, and experiments using cell lines were repeated on
3 separate occasions.
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