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Abstract

-dependent soluble adenylyl cyclase activates cystic fibrosis transmembrane conductance

regulator in corneal endothelium. Am J Physiol Cell Physiol 284: C1114–C1122, 2003. First

published January 8, 2003; 10.1152/ajpcell.00400.2002.— cAMP-dependent activation of the

cystic fibrosis transmembrane conductance regulator (CFTR) regulates fluid transport in many

tissues. Secretion by the corneal endothelium is stimulated by cAMP and dependent on .

We asked whether  can secondarily increase CFTR permeability in bovine corneal

endothelial cells (BCEC) by activating soluble adenylyl cyclase (sAC). Immunofluorescence

suggests that sAC is distributed throughout the cytoplasm.  (40 mM) increased cAMP

concentration 42% in the presence of 50 μM rolipram (a phosphodiesterase 4 inhibitor), and a

standard  Ringer solution (28.5 mM) increased apical Cl− permeability by 78% relative to

-free solution. The -dependent increase in Cl− permeability was reduced 60% by 20

mM NaHSO3 (a weak agonist of sAC). NaHSO3 alone increased apical Cl− permeability by only

13%. The -dependent increase in Cl− permeability was reduced 57% in the presence of 50

μM Rp-adenosine 3′,5′-cyclic monophosphorothioate, and 86% by 50 μM 5-nitro-2-(3-

phenylpropyl-amino)benzoic acid but unaffected by 200 μM apical H2DIDS. CFTR

phosphorylation was increased 23, 150, and 32% by 20 mM , 28.5 mM , and 28.5

mM  + 20 mM , respectively. Activation of apical Cl− permeability by 5 μM

genistein was increased synergistically by  over that due to genistein and  alone. We

conclude that -stimulated sAC is a form of autocrine signaling that contributes to baseline

cAMP production, thereby affecting baseline CFTR activity in BCEC. This form of autocrine

signaling may be important in tissues that express sAC and exhibit robust  influx (e.g.,

ocular ciliary epithelium, choroid plexus, and airway epithelium).
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THE CORNEAL ENDOTHELIUM MAINTAINS the hydration and optical transparency of the cornea by

continuously secreting fluid in opposition to a leak driven by tissue swelling pressure

generated by stromal glycosaminoglycans. Endothelial fluid secretion is dependent on the

presence of  (15, 18, 34) and Cl− (34, 47) and is slowed in the presence of carbonic

anhydrase inhibitors (18, 19, 27). Tracer flux studies have shown that net basal to apical

 (19, 21, 45) and Cl− (21) transport can contribute to the small (−0.5 mV) apical-side

negative transepithelial potential; however, the relative contribution of each anion is unclear.

 and Cl− are taken up by corneal endothelial cells via basolateral Na+-2

(NBC1; Refs. 24, 43) and Na+-K+-2Cl− (NKCC1; Refs. 13, 23) cotransporters, respectively.

Both intracellular Cl− concentration ([Cl−], 40 mM; Ref. 6) and [ ] (20 mM; Ref. 5)

are above electrochemical equilibrium, indicating the potential for apical anion efflux

through conductive channels. Recently, we determined (42) that the cystic fibrosis

transmembrane conductance regulator (CFTR) is present on the apical membrane of corneal

endothelial cells. Activation of CFTR by forskolin (42) or adenosine (3, 49) significantly

increases apical Cl− and  permeability. Similarly, increasing endothelial cAMP by

application of adenosine, forskolin, or phosphodiesterase (PDE) inhibitors stimulates fluid

secretion (16, 33, 35, 46). The stimulation of fluid transport by the PDE4 inhibitor rolipram

(46) suggests that there is a significant basal level of adenylyl cyclase (AC) activity that is

contributing to baseline fluid secretion.

One possible source of basal AC activity is the -activated AC that is present in the

particulate fraction of several ocular tissues including the corneal endothelium (28). This

type of AC, called soluble AC (sAC), has recently been cloned and characterized (10, 12).

 is the only known physiologically relevant agonist for sAC.  binds directly to

and activates sAC in a pH-independent manner (12). sAC is insensitive to G protein

regulation and is not activated by forskolin (8, 10), indicating that it is distinct from the

transmembrane adenylyl cyclases (tmACs). sAC has been extensively characterized in

mammalian sperm cells (10, 12) and is expressed in kidney and choroid plexus (36). sAC is

distributed throughout the cell and appears to associate with distinct microdomains (50).

Thus sAC-dependent cAMP production could affect many potential targets, which may be

activated by localized increases in [cAMP]. In essence, sAC-dependent cAMP production

represents a form of autocrine stimulation in cells that actively take up  contributing

to baseline activity of cAMP-dependent processes.

In this study, we show that sAC is expressed in corneal endothelium and that the presence of

 can increase cell [cAMP]. Furthermore, we found that the increased cAMP in the

presence of  can stimulate apical Cl− permeability and increase phosphorylation of

CFTR. These findings indicate that, in addition to being a component of net anion transport,

 is an agonist for cAMP production that leads to increased apical anion permeability

through CFTR. Given the widespread expression of sAC (36), these findings suggest that the
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baseline activity of cAMP-dependent transport can be significantly influenced by the

activity of  transport mechanisms.

MATERIALS AND METHODS

Cells

Primary cultures of bovine corneal endothelial cells (BCEC) obtained from fresh cow eyes

and CHO cells were grown in DMEM (44 mM )-10% bovine calf serum and gassed

with 7% CO2 as previously described (4). Cells were subcultured and grown to confluence

on 35-mm petri dishes, glass coverslips, or permeable substrates (Anodiscs, Fisher

Scientific).

sAC mRNA expression

A pair of sAC primers was constructed on the basis of the published cDNA sequence (10).

The sAC sense primer was 5′-CCTGGAATAACCTGTTCAAG-3′, and the sAC antisense

primer was 5′-TCTGGTCCTTGAGCCACAG-3′. The expected length of PCR products for

sAC was 544 bp.

Total RNA was extracted from cultured BCEC with TRIzol reagent (Invitrogen). The RNA

was DNase treated with an RNase-free DNase set (Qiagen). Reverse transcription was

performed with the Superscript cDNA synthesis system (Invitrogen) and oligo(dT) primers

as previously described (43, 44). PCR amplifications used the High Fidelity TaKaRa Ex Taq

PCR System kit (TaKaRa Shuzo) with denaturation at 94°C for 3 min for 1 cycle, 35 cycles

of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, extension at 72°C for 45 s, and

a final extension for 1 cycle at 72°C for 10 min. The PCR products were loaded onto 1%

agarose gels, electrophoresed, and stained with 0.5 μg/ml ethidium bromide. PCR products

were purified with a 1% low-melting-point agarose gel, inserted into pCR 4-TOPO vector

(Invitrogen, San Diego, CA), and sequenced as previously described (43, 44).

Indirect immunofluorescence

Confluent cultured BCEC on coverslips were fixed and immunostained with rabbit α-middle

polyclonal sAC antisera (1:100 dilution; Ref. 50) and secondary antibody conjugated to

Oregon green (1:500; Molecular Probes), as previously described (42, 43). Fluorescence was

observed with a standard epifluorescence microscope equipped with a cooled charge-

coupled device (CCD) camera. Negative controls (no primary antibody) were included in all

experiments.

Intracellular cAMP assay

Culture medium was removed from confluent BCEC and replaced with HEPES-buffered,

air-equilibrated, -free DMEM for 3 h at 37°C. Cells were then placed in 0, 10, or 40

mM -DMEM solutions at pH 7.1 (air equilibrated), 7.3 (5% CO2) and 7.55 (5%

CO2), respectively, for 30 min with or without 50 μM rolipram (a PDE4 inhibitor). Each

solution also contained 0.3 mM α,β-methyleneadenosine 5′-diphosphate (AMP-CP, an

ectonucleotidase inhibitor, to reduce A2B receptor stimulation and thus background

[cAMP]). Parallel controls were performed in HEPES-buffered DMEM (0 ) at
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different bath pH values. Cells were washed with PBS, lysed in 0.1 N HCl, and cleared of

debris by centrifugation. [cAMP] was measured by an enzyme immunoassay kit (R&D

Systems).

CFTR phosphorylation

Confluent cultured BCEC were incubated in -free DMEM with 0.3 mM AMP-CP for

3 h at 37°C, followed by a 1-h incubation in 0, 10, or 40 mM  containing 0.3 mM

AMP-CP with 20 nM calyculin A. Cells were then lysed in chilled RIPA lysis buffer (150

mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 1 mM

EDTA, 0.1 mM PMSF, 10 μg/ml leupeptin, 1 μg/ml pepstatin) and cleared by centrifugation.

CFTR was immunoprecipitated (MAb directed against the COOH terminus of CFTR; R&D

Systems) from 1 mg of protein from each cell lysate, separated by 8% SDS-PAGE, and

transferred to a polyvinylidene difluoride (PVDF) membrane (42). The membrane was

probed with rabbit anti-phospho-(Ser/Thr) PKA substrate primary antibody (1:1,000; Cell

Signaling Technology) and goat anti-rabbit secondary antibody coupled to horseradish

peroxidase (1:5,000; Sigma). Exposed films were scanned, and the density of equal areas of

the developed bands was estimated with Un-Scan-It software (Silk Scientific, Orem, UT).

Apical Cl− permeability

Relative changes in apical Cl− permeability were assessed with the halide-sensitive

fluorescent dye 6-methoxy-N-ethylquinolinium iodide (MEQ). Confluent BCEC, grown on

Anodiscs, were loaded with MEQ by exposure to diH-MEQ for 10 min (42). Anodiscs were

placed in a double-sided microscope perfusion chamber, and apical and basolateral

compartments were independently perfused at 37°C. MEQ fluorescence (excitation: 365 ±

10 nm; emission: 420–450 nm) was measured as previously described (42). Anodiscs were

initially perfused with a Cl−- and -free Ringer solution (in mM: 150 Na+, 4 K+, 0.6

Mg2+, 1.4 Ca2+, 148.5 , 10 HEPES, 2 gluconate−, and 5 glucose, pH 7.5),

and the apical side was briefly pulsed with Cl−-rich Ringer solution (equimolar replacement

of 118 NaNO3 with NaCl). -rich, Cl−-free Ringer solution was then introduced

(prepared by equimolar substitution of 28.5 NaNO3 with NaHCO3; gassed with 5% CO2, pH

7.5). The apical side was then pulsed with Cl−-rich, -rich Ringer solution. Relative

changes in apical Cl− permeability between control and experimental conditions in the same

cells were determined by comparing the percent change in MEQ fluorescence (F/F0) after

addition of Cl−, where F0 is the fluorescence in the absence of Cl−. The maximum slope of

fluorescence change was determined by calculating the first derivative with Felix software

(PTI).

Intracellular pH

Intracellular pH (pHi) was measured with the pH-sensitive fluorescent dye BCECF as

previously described (2, 5, 43).

Statistics

All data are expressed as means ± SE, and Student’s paired t-test was used for statistical

analysis at P < 0.05.
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Reagents

Oligonucleotides were obtained from Invitrogen (Carlsbad, CA). MEQ, BCECF-AM, and

H2DIDS were obtained from Molecular Probes (Eugene, OR). Genistein and calyculin A

were obtained from LC laboratories (Woburn, MA). All other reagents were obtained from

Sigma (St. Louis, MO.).

RESULTS

PCR amplification was performed on first-strand cDNA synthesized from cultured BCEC

total RNA with specific sAC primers. Figure 1A shows that RT-PCR produced a clear,

specific band at the predicted size. Sequencing analysis verified the identity as sAC. Figure

1, B and C, shows indirect immunofluorescence of sAC protein in cultured BCEC,

demonstrating cytoplasmic localization and suggesting numerous focal microdomains. A

previous study (28) showed that BCEC cytoplasmic extracts contain -activated AC.

We tested whether  could increase total cellular [cAMP] in intact cells. Figure 1D

shows that addition of  produced a 20% increase in [cAMP] at 10 mM  that

was not significantly higher at 40 mM. Figure 1D also shows that inhibiting PDE4 (50 μM

rolipram) allowed cAMP to accumulate to 42% over control in 40 mM  (n = 6; P <

0.05). The effect of  on [cAMP] was not simply due to the increasing pH of the

 solutions, because we found that increasing bath pH from 7.1 to 7.5 in the absence

of  produced a decrease in [cAMP] from 20.2 ± 1.2 to 14.6 ± 1.2 pmol/mg protein (n

= 6). Overall, these changes in [cAMP] in the intact cells are consistent with the 56%

increase in cytoplasmic AC activity produced by  in BCEC extracts (28).

Compared with typical tmAC agonists (e.g., forskolin or β-adrenergic agonists), the increase

in total [cAMP] in response to  is modest. On the other hand, adenosine (binding to

A2B receptors, activating tmACs and cAMP production) can stimulate fluid secretion in

corneal endothelium (33) and Calu-3 airway cells (via CFTR activation) (20) without

significantly changing total cell [cAMP], indicating that localized increases in [cAMP] at the

apical membrane are responsible for the stimulation. This suggests that sAC expression and

the increase in total cell [cAMP] induced by , even though small, could stimulate

apical CFTR in BCEC. To test this possibility, we loaded BCEC with the halide-sensitive

dye MEQ and measured the rate of fluorescence change in response to apical Cl− pulses.

Both apical and basolateral sides were initially perfused with Cl−- and -free

solutions. Figure 2A shows that when Cl− was added to the apical side for 90 s, a small, slow

decrease in MEQ fluorescence was observed. Both sides were then bathed in Cl−-free,

-rich solution for at least 5 min. The addition of  initially caused a sharp

increase in MEQ fluorescence followed by a slow return to steady state slightly below the

baseline. The sharp increase in MEQ fluorescence represents dequenching of MEQ

fluorescence due to a small increase in cell volume from basolateral Na+-2  uptake

(38). The subsequent decrease in MEQ fluorescence is due to regulatory volume decrease

(RVD) (40) along with some dye leakage. When the fluorescence signal had stabilized, Cl−

was applied to the apical side in the presence of . The decrease in MEQ fluorescence

was accelerated relative to the paired controls. Figure 2B summarizes the results and shows
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that the apical Cl− permeability of BCEC was significantly increased by 78% in the presence

of . To test the possibility that  could nonspecifically affect apical Cl−

permeability in cells that do not express apical cAMP-dependent Cl− channels, the same

experiments were performed with CHO cells, which do not express apical CFTR. Figure 2,

C and D, shows that apical Cl− permeability in CHO cells is not affected by the presence of

.

Other than CFTR, an obvious candidate for increased apical Cl− permeability of BCEC in

the presence of  would be an apical anion exchanger (AE). However, extensive

studies have shown that AE activity is not present in cultured BCEC (2, 7, 42, 44).

Consistent with the absence of AE, we found that application of the AE inhibitor H2DIDS

(200 μM) on the apical side had no effect on -activated Cl− permeability (data not

shown). Another possibility is stimulation of a swelling-activated Cl− channel (SACC) (38,

39); however, this is unlikely because the volume changes were small (average increased

F/F0 = 1.6 ± 2%) and RVD was complete. One property of SACCs is rapid inactivation as

RVD progresses (29, 30, 40). In three trials, we pulsed apical Cl− after addition of 

every ~7 min for 30 min. We found that the increased Cl− permeability was sustained while

in  (data not shown), indicating that SACCs do not have a significant role. Finally, it

is possible that the increase in pHi (7.15 to 7.35) that accompanies exposure to  (5)

may increase CFTR conductance independently of the effects of . However, we

found that increasing pHi from 7.12 to 7.32 in the absence of  did not change apical

Cl− permeability (see Table 1).

To test whether the changes in apical Cl− permeability induced by  could be

contributed by activation of CFTR, we first examined the sensitivity to 5-nitro-2-(3-

phenylpropyl-amino)benzoic acid (NPPB), which has been shown to reduce CFTR

permeability in BCEC (42). Figure 2E shows that in the presence of  and 50 μM

NPPB, the rate of MEQ fluorescence quenching was reduced ~86% relative to 

alone. Previously, we showed (42) that in the absence of , 50 μM NPPB slowed Cl−

uptake by only 5% in nonstimulated BCEC, indicating that the inhibitory effect of NPPB in

the presence of  was not independent of . Figure 2F summarizes these results,

showing that NPPB significantly reduced -activated apical Cl− permeability. The

sensitivity of -dependent apical Cl− permeability to NPPB and the insensitivity to

H2DIDS are consistent with activation of CFTR.

Activation of CFTR by a -dependent increase in cAMP should also result in

increased CFTR phosphorylation. Figure 3A shows a representative immunoassay for

phosphorylated CFTR. This blot shows that incubation in 28.5 mM  increased CFTR

phosphorylation by a factor of 2, relative to incubation in -free medium. For

comparison, 10 μM adeno-sine and 10 μM forskolin produced 2.5- and 4.2-fold increases in

CFTR phosphorylation, respectively. To demonstrate that the -induced increase in

CFTR phosphorylation was caused by activation of sAC, we examined the effects of 

on CFTR phosphorylation.  structurally resembles  and is a weak agonist of

sAC (12). Figure 3A shows that 20 mM NaHSO3 alone produced a 1.23-fold increase in
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CFTR phosphorylation, consistent with it being a weak agonist of sAC. Moreover, the

presence of 20 mM NaHSO3 together with 28.5 mM  reduced CFTR phosphorylation

by 58% relative to  alone, indicating that  is competing with  for sAC.

Figure 3B summarizes the effect of incubation in increasing [ ] on CFTR

phosphorylation. These results demonstrate that increasing [ ] significantly increases

CFTR phosphorylation in a simple hyperbolic fashion within the physiological range of

intracellular [ ] (10–20 mM), which is consistent with an EC50 of ~25 mM that was

determined for sAC in cell extracts (12). Similarly, Fig. 3B also shows the effects of varying

[ ] on apical Cl− permeability. Although the physiological change is smaller than the

relative change in phosphorylation, the overall effect of increasing [ ] is very similar.

Forskolin (≥10 μM) was previously shown to produce a four- to fivefold increase in apical

Cl− permeability in BCEC in the absence of  (42). Because forskolin produces

maximal cAMP-dependent stimulation of CFTR, forskolin stimulation in the presence of

 would not be expected to be greater than that in the absence of  if the

-induced increase in apical Cl− permeability is caused by cAMP production from

sAC. In paired experiments, we found that forskolin stimulation in the presence of 

(4.24 ± 0.40 fold increase; n = 14) was not significantly different from that in the absence of

 (4.29 ± 0.38-fold), consistent with  acting through a cAMP/PKA-dependent

mechanism.

Another signature feature of CFTR is that it can also be activated by the isoflavone genistein

(1, 17, 42). Previous studies showed that activation by low [genistein] (<10 μM) is more

effective if CFTR is already phosphorylated by PKA (22). Because  increased the

phosphorylation of CFTR, CFTR should be more sensitive to a low concentration of

genistein while in . To test this, we measured the increase in apical Cl− permeability

due to 5 μM genistein in the presence and absence of . In Fig. 3C, apical and

basolateral sides of BCEC were initially perfused with Cl−- and -free solutions in the

presence of 0.3 mM AMP-CP (to reduce background CFTR phosphorylation from

endogenous adenosine stimulation). When Cl− was added on the apical side, there was a

small drop in MEQ fluorescence, which was significantly accelerated by the addition of 5

μM genistein. After a 10-min wash with Cl−-free and -free solutions on both sides,

 was introduced to both sides for 5 min followed by a Cl− pulse on the apical side,

leading to a significantly faster drop in MEQ fluorescence compared with that in the absence

of . Addition of 5 μM genistein in the presence of  further accelerated Cl−

influx by a factor of 2 greater than the sum of the increased Cl− flux due to genistein and

 alone. These results, summarized in Fig. 3D, demonstrate a synergistic effect of

 and genistein consistent with -dependent increases in apical Cl− permeability

via activation of CFTR.

If -activated apical Cl− permeability is produced by stimulating sAC, then the weak

agonist , which reduces -dependent CFTR phosphorylation (Fig. 3A), should

reduce the effect. Figure 4A shows that when Cl− was applied to the apical side in the

presence of  and 20 mM , the rate of MEQ fluorescence quenching was
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reduced relative to  alone. Independent experiments showed that in the absence of

,  produced a small increase (13%) in the rate of Cl− entry (Fig. 4B, inset),

consistent with a weak stimulation of sAC and the relatively small increase in CFTR

phosphorylation (Fig. 3A). These results, summarized in Fig. 4B, demonstrate that 

inhibited -activated Cl− permeability by 59%, consistent with increased apical Cl−

permeability from activation of sAC. Similarly, Fig. 4C shows that when Cl− was applied on

the apical side in the presence of  together with 50 μM Rp-adenosine 3′,5′-cyclic

monophosphorothioate (Rp-cAMP[S]), a specific PKA inhibitor, the rate of MEQ

fluorescence quenching was reduced relative to  alone. In separate experiments, we

found that in the absence of , Rp-cAMP[S] produced a small but insignificant

reduction in Cl− permeability (Fig. 4D, inset). These results, summarized in Fig. 4D,

demonstrate that Rp-cAMP[S] inhibited -activated Cl− permeability by ~57%,

consistent with a PKA-mediated process.

DISCUSSION

This is the first demonstration that activation of sAC by  in an epithelial cell can lead

to phosphorylation and activation of CFTR. The sAC- -induced production of cAMP

represents an additional mode of signal transduction that is best described as contributing to

baseline or resting conductance of CFTR, because  is almost always present in vivo.

The increase in [cAMP] during PDE inhibition in the presence or absence of  (Fig. 1)

indicates that sAC activity is one of possibly numerous ACs contributing to baseline cAMP

production.

We show that sAC message is present in BCEC and the enzyme is distributed throughout the

cytoplasm. Increased rates of cAMP formation in BCEC were [ ] dependent. This is

consistent with previous studies demonstrating -activated AC activity in particulate

fractions of BCEC (28).  caused a 23% and 42% increase in [cAMP] in the absence

and presence of PDE4 inhibition, respectively. This is modest in comparison to prototypical

neural or humoral agonists (e.g., VIP; Ref. 26) or forskolin (35), which can produce a >10-

fold increase in [cAMP] in the presence or absence of PDE inhibitors, respectively.

However, in the absence of PDE inhibition, adenosine can stimulate cAMP-dependent fluid

secretion in corneal endothelium (33) and Calu-3 airway cells (20) without significantly

changing total cell [cAMP]. In the presence of PDE inhibition, adenosine significantly

increased total cell [cAMP] in corneal endothelium (33), indicating that inhibition of robust

PDE activity is sometimes needed to uncover increases in AC activity when total cell

[cAMP] is measured. Moreover, in the absence of PDE inhibition, we show that adenosine

and  produce significant increases in PKA-dependent phosphorylation of CFTR (Fig.

3), suggesting that each of these agonists is creating localized increases in [cAMP]. The

ability of cells to sustain local [cAMP] gradients has been demonstrated (32, 48).

Furthermore, recent studies showed that sAC distribution throughout the cell can be highly

localized (50). Whether sAC is localized at the cell membrane in BCEC will require further

study.
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In the presence of , sAC stimulation activates CFTR as shown by 1) a -

activated apical Cl− permeability that is inhibited by NPPB, but not H2DIDS, and is

inconsistent with anion exchange or SACCs; 2) inhibition of -activated apical Cl−

permeability by , a weak agonist (and competitor with ) of sAC (12), and

inhibition by Rp-cAMP[S], an inhibitor of PKA; 3) increased sensitivity to 5 μM genistein

in the presence of ; 4) increasing CFTR phosphorylation with increasing [ ]

that can be reduced by ; and 5) increasing apical Cl− permeability with increasing

[ ] that shows increasing activity in the physiological range (10–20 mM), which is

consistent with an EC50 of ~25 mM that was determined for sAC in cell extracts (12). Other

effects of  that may possibly influence these results include membrane potential

hyperpolarization (~5 mV) from Na+-2  uptake (3, 25) and a rise in pHi by ~0.2 units

(2). Hyperpolarization would reduce Cl− entry during the apical Cl− pulses, so our estimates

of relative permeability in  may actually be a little low. On the other hand, increases

in pHi can increase conductance of phosphorylated CFTR in sweat glands predominantly by

suppressing phosphatase activity (31). In sweat glands, a pHi change from 7.15 to 7.35

would increase CFTR conductance by ~9% (31). However, in BCEC, a 0.2-pH unit increase

from 7.12 to 7.32 did not significantly increase apical Cl− permeability (Table 1). These

results indicate that in corneal endothelium,  stimulates CFTR predominantly by

activation of sAC. Because CFTR is also permeable to  in BCEC (42), 

activation of sAC should also enhance apical  permeability as well as Cl−,

contributing to net transendothelial flux of both anions.

Corneal hydration changes little over the course of a day, so corneal endothelial fluid

secretion in vivo must be continuous and relatively constant. Our results suggest that sAC-

-dependent cAMP production provides a continuous and relatively constant source of

autocrine stimulation. Another possible source of continuous autocrine stimulation is ATP

release. Activated CFTR can facilitate ATP release across apical membranes (9, 11, 14).

This suggests that -activated sAC could contribute to constitutive ATP release.

Constitutive ATP efflux occurs in unperturbed BCEC (41). ATP is converted to adenosine

by ectonucleotidases on the apical surface of BCEC (37), and adenosine binds to A2B

receptors stimulating cAMP production (33), which in turn activates PKA and CFTR (3,

49). The resultant membrane voltage depolarization (3) maintains basolateral Na+-2

cotransporter uptake, thereby reinforcing  uptake and sAC activity. Thus the sAC and

adenosine signaling pathways may be functionally linked. This is illustrated in Fig. 5, in

which we suggest a signaling model that coordinates the actions of the sAC and adenosine

autocrine signaling pathways for maintenance of baseline CFTR conductance in the corneal

endothelium.

In conclusion, we have demonstrated in corneal endothelial cells that sAC expression and

activation by  can increase [cAMP], leading to phosphorylation of apical CFTR with

a concomitant increase in apical Cl− permeability. Because the corneal endothelium is not

innervated and is shielded from humoral agonists, this form of sustained autocrine

stimulation may be important for the small (4 μl·cm−2·h−1) but constant fluid secretion of

this epithelium. In addition to  flux contributing to net anion flux in corneal
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endothelium, we must add that  is a sAC agonist, contributing indirectly to baseline

cAMP-dependent ion transport.
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Fig. 1.
Expression of -activated soluble adenylyl cyclase (sAC) in corneal endothelium. A:

RT-PCR for sAC. M, markers; BCEC, cultured bovine corneal endothelial cells; NC,

negative control (no RT). B and C: indirect immunofluorescence for sAC in cultured BCEC.

B: primary sAC antibody. C: no sAC antibody. D: -activated intracellular cAMP

concentration ([cAMP]) in BCEC. Cells were incubated in -free DMEM at 37°C for

3 h and then for 30 min in 0.3 mM α,β-methyleneadenosine 5′-diphosphate (AMP-CP) at

different [ ], with (▲) or without (■) 50 μM rolipram (Rol). Error bars indicate ±SE

(n = 6).
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Fig. 2.
Effect of  on apical Cl− permeability in BCEC and CHO cells. A: BCEC. Both apical

and basolateral compartments were initially perfused with Cl−- and -free Ringer

solution. After the 1st apical (AP) Cl− pulse, -rich Ringer solution (BR) was

introduced on both sides for at least 5 min before the 2nd Cl− pulse. Break in trace indicates

period of wash in Cl−-free solution until trace stabilized (at least 5 min). B: summary data

for A; all fluorescence values were normalized to the fluorescence value in the absence of

Cl− (Fo) obtained just before addition of Cl−. Calculated slopes were adjusted by any

background drift in the fluorescence trace that was apparent just before addition of Cl−.

*Significantly different from  free solution (BF) (n = 11; P < 0.05). C: CHO cells,

same experiment as in A. D: summary data for C (n = 7). E: effect of 5-nitro-2-(3-

phenylpropyl-amino)benzoic acid (NPPB) on -activated apical Cl− permeability in

BCEC. F: summary data for E. #Significantly different from BR (n = 8, P < 0.05).
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Fig. 3.
The presence of  increases phosphorylation and sensitizes cystic fibrosis

transmembrane conductance regulator (CFTR) to genistein. A, bottom: blot of

phosphorylated CFTR from cells incubated in 10 μM adenosine (Ado), 28.5 mM 

(BR), 28.5 mM  + 20 mM  (BR + BS), 0  (BF), 0  + 20 mM

 (BF + BS), or 10 μM forskolin (FSK). A, top: relative CFTR phosphorylation from

blot. B: ○, %increase in CFTR phosphorylation after incubation in varying [ ] relative

to 0 ; ●, increase in apical Cl− permeability relative to 0 . Data points are

means ± SE; nos. in parentheses indicate the no. of trials. C: effect of 5 μM genistein (Gen)

on -activated Cl− permeability in 0.3 mM AMP-CP-treated cells. Breaks in trace

indicate periods of wash in Cl−-free solution. D: summary data for C. *Significantly

different from BF (n = 10, P < 0.05). #Increment over BF is significantly greater than the

sum of the increased rates over BF due to BF + Gen plus BR (indicated by dashed line in BR

+ Gen bar) (n = 10, P < 0.05).
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Fig. 4.
Inhibition of sAC and PKA reduces -activated apical Cl− permeability. A: effect of

the weak sAC agonist  (20 mM) on apical Cl− permeability. Bisulfite solutions were

prepared by adding 20 mM NaHSO3 directly to Cl−-free and -rich solutions.

Equimolar Na-gluconate was added to all other solutions. Osmolality was within ±5

mosmol/kgH2O for all solutions. Breaks in the trace indicate periods of Cl−-free wash (at

least 5 min). B: summary data for A. #Significantly different from BR (n = 5, P < 0.05).

Inset: independent experiments comparing apical Cl− permeability in -free Ringer

solution (BF) with or without  (BS). C: inhibition of -activated apical Cl−

permeability by the PKA inhibitor Rp-adenosine 3′,5′-cyclic monophosphorothioate (Rp-

cAMP[S]; 50 μM). D: summary data for C. #Different from BR (n = 5, P < 0.05). Inset:

independent experiments comparing apical Cl− permeability in -free Ringer solution

with or without Rp-cAMP[S].
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Fig. 5.
Model for the role of sAC in anion transport signaling in corneal endothelium. Basolateral

Na+-K+-2Cl− and Na+-2  cotransporters load Cl− and , respectively, into

corneal endothelial cells.  stimulates sAC, producing cAMP throughout the cell,

activating PKA I, PKA II, and possibly cAMP-dependent K+ channels. The activation of

apical CFTR enhances anion efflux. Activated CFTR facilitates ATP release across the

apical membrane. ATP is converted to adenosine (Ado) by ectonucleotidases (NT).

Adenosine binds to A2B receptors, stimulating local cAMP production and phosphorylation

of CFTR via PKA II. Any form of stimulated apical anion efflux depolarizes the membrane

voltage, thereby increasing the driving force for basolateral Na+-2  cotransport and

maintenance of sAC stimulation. TJ, tight junction; CAII, carbonic anhydrase II; tmAC,

transmembrane AC; AKAP, A-kinase-anchoring protein; R and C, regulatory and catalytic

subunits, respectively.
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Table 1

Effect of pHi on relative apical Cl− permeability

Bath pH

(HCO3
−

 free)
Measured pHi

(n = 3)
Relative Apical Cl−
Permeability (n = 6)

7.00 6.88±0.07 0.89±0.03

7.50 7.12±0.05 1.0±0.08

8.00 7.32±0.08 1.02±0.03

Intracellular pH (pHi) and Cl− permeability values are means ± SE. Bovine corneal endothelial cells (BCEC) were loaded with the pH-sensitive

fluorescent dye BCECF, and pHi was measured while perfused at pH 7.0, 7.5, and 8.0 in the absence of . In separate experiments, cells

were loaded with 6-methoxy-N-ethylquinolinium iodide (MEQ), and apical Cl− permeability was measured (see MATERIALS AND METHODS) at the 3

bath pH levels in the absence of . Cl− permeability values are relative to control (bath pH 7.50).
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