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Abstract

The nitric oxide (NO) donor sodium nitroprusside (SNP) is known to reduce aqueous humor (AH)
secretion in the isolated porcine eye. Previously, SNP was found to inhibit Na,K-ATPase activity
in nonpigmented ciliary epithelium (NPE), AH-secreting cells, through a cGMP/protein kinase G
(PKG)-mediated pathway. Here we show Src family kinase (SFK) activation in the Na,K-ATPase
activity response to SNP. Ouabain-sensitive 8Rb uptake was reduced by >35% in cultured NPE
cells exposed to SNP (100 uM) or exogenously added cGMP (8-Br-cGMP) (100 uM) and the SFK
inhibitor PP2 (10 uM) prevented the response. Ouabain-sensitive ATP hydrolysis was reduced by
~40% in samples detected in material obtained from SNP- and 8-Br-cGMP-treated cells following
homogenization, pointing to an intrinsic change of Na,K-ATPase activity. Tyrosine-10
phosphorylation of Na,K-ATPase a1 subunit was detected in SNP and L-arginine-treated cells and
the response prevented by PP2. SNP elicited an increase in cell cGMP. Cells exposed to 8-Br-
cGMP displayed SFK activation (phosphorylation) and inhibition of both ouabain-sensitive 86Rb
uptake and Na,K-ATPase activity that was prevented by PP2. SFK activation, which also occurred
in SNP-treated cells, was suppressed by inhibitors of soluble guanylate cyclase (ODQ; 10 pM) and
PKG (KT5823; 1 uM). SNP and 8-Br-cGMP also increased phosphorylation of ERK1/2 and p38
MAPK and the response prevented by PP2. However, U0126 did not prevent SNP or 8-Br-cGMP-
induced inhibition of Na,K-ATPase activity. Taken together, the results suggest that NO activates
guanylate cyclase to cause a rise in cGMP and subsequent PKG-dependent SFK activation.
Inhibition of Na,K-ATPase activity depends on SFK activation.

Controlling elevated intraocular pressure (I0P) is currently the only available remedy to
prevent or delay vision loss and retinal ganglion cell death in persons with glaucoma.
Reduction of aqueous humor (AH) secretion is one of the common strategies used to control
IOP. AH is secreted through translocation of solutes and water across the ciliary body
epithelium bilayer, the pigmented (PE) and nonpigmented (NPE) epithelium. The two
epithelial layers contact each other at their apical surfaces where there are numerous gap
junctions. The PE basolateral surface contacts the stroma of the ciliary process and the
basolateral surface of the NPE contacts the AH that fills the posterior chamber of the eye.
Solutes and water are taken up by the PE from the stromal fluid, pass through the gap
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junction to NPE and then enter the posterior chamber. Aqueous humor then flows through
the pupil to the anterior chamber and exits via the trabecular meshwork located at the
anterior chamber angle. Na,K-ATPase is the primary active transporter that establishes the
ion gradients which drive AH formation. In the intact eye, Na, K-ATPase inhibition by
ouabain reduces AH secretion by ~62% (Shahidullah et al., 2003). Na,K-ATPase is localized
to the basolateral surface of both layers but expression is considerably more abundant in the
NPE than the PE (Ghosh et al., 1990). Na,K-ATPase on the NPE plays key role in AH
secretion.

Nitric oxide (NO) is an important signaling molecule responsible for numerous biological
activities. It is widely believed that the biological effects of NO-donors, such as
nitrovasodilators, are due to the release of NO which activates soluble guanylate cyclase
(sGC), giving rise to an increase of intracellular cGMP (Feelisch and Noack, 1987). Using
an arterially perfused in vitro intact eye preparation, we reported previously that sodium
azide and sodium nitroprusside (SNP), two vasodilator drugs that act through the generation
of NO, both reduce AH secretion and cause a reduction of 10P. This occurs in the bovine
(Millar et al., 2001) and porcine eye (Shahidullah et al., 2005). As an ocular hypotensive
agent, NO has an added advantage that it has been also shown to be neuroprotective at
physiological concentrations (Kojima et al., 1996; Chuman et al., 2000; Mohanakumar et al.,
2002; Nakazawa et al., 2002). The ability of NO to reduce AH formation is consistent with
reports that NO has an inhibitory effect on fluid transport in other tissues including kidney
(Ortiz and Garvin, 2002) and salivary gland (Lomniczi et al., 1998). In the in vitro pig eye
model, we confirmed that the inhibitory effect of NO donors on AH secretion could be
suppressed by ODQ, a specific inhibitor of soluble guanylate cyclase (sGC), suggesting that
the effect involved the generation of cGMP (Shahidullah et al., 2005). Recently we have
shown that NO donor SNP causes inhibition of Na,K-ATPase activity in freshly isolated
porcine NPE cells (Shahidullah and Delamere, 2006). It is noteworthy that NO and NO
donors have been shown to inhibit Na,K-ATPase in other secretory tissues including choroid
plexus (Ellis et al., 2000, 2001), trachea (de Oliveira Elias et al., 1999) and kidney tubule
(Guzman et al., 1995; Seven et al., 2005). Early reports indicated convincingly that the
inhibitory effect of NO on Na,K-ATPase activity involves a cGMP- and protein kinase G
(PKG)-mediated signaling mechanism (Shahidullah and Delamere, 2006). More recently,
studies in the lens have shown that agonist-elicited changes in Na,K-ATPase activity are the
result of tyrosine kinase activation (Tamiya et al., 2007; Mandal et al., 2011). Here we
provide evidence that Src family tyrosine kinase (SFK) activation, elicited by cGMP/PKG
signaling, is a required step in the mechanism responsible for the reduction in Na,K-ATPase
activity caused by NO generation in porcine NPE cells.

Materials and Methods

Cells and reagents

Fresh porcine eyes, purchased from the University of Arizona Meat Science laboratory, were
delivered on ice. The use of porcine tissue was approved by the University of Arizona
Institutional Animal Care and Use Committee and conformed to the ARVO Resolution for
the Use of Animals in Ophthalmic and Vision Research. Porcine NPE was established in
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primary culture as described earlier (Shahidullah et al., 2007) and grown in HEPES-buffered
DMEM containing 10% fetal bovine serum. Prior to use, the cell monolayers were serum-
starved for 2 h and then the medium was replaced with Krebs solution that contained (in
mM) 119 NaCl, 4.7 KCI, 1.2 KH,P04, 25 NaHCOg3, 2.5 CaCl,, 1 MgCls, and 5.5 glucose,
equilibrated with 5% CO and adjusted to pH 7.4. Experiments were carried out in Krebs
solution at 37°C in a humidified incubator, saturated with 95% air and 5% CO,.

HEPES-buffered DMEM, fetal bovine serum and newborn calf serum were purchased from
Invitrogen (Carlsbad, CA). ATP, ouabain (octahydrate), sodium nitroprusside (SNP),
gentamycin, Dowex 50 W x 4-400 mesh cation exchange resin (hydrogen form), 1H-
[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), 1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio] butadiene (U0126), dimethyl Sulfoxide (DMSO), 3-Isobutyl-1-
methylxanthine (IBMX) and all other chemicals to prepare the Krebs’ solution were
purchased from Sigma (St. Louis, MO). The cGMP [12°]] RIA Kit and 8Rb were purchased
from Perkin Elmer (Waltham, MA). Alamethicin, 8-bromo-cGMP (sodium salt), 4-amino-3-
(4-chlorophenyl)-1-(t-butyl)-1H-pyrazolo[3,4-d] pyrimidine, 4-amino-5-(4-chlorophenyl)-7-
(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) were purchased from Tocris Biosciences
(Minneapolis, MN). Mouse monoclonal anti-Na,K-ATPase a1 antibody was purchased from
Sigma. Rabbit polyclonal anti p44/42 MAP kinase antibody, mouse monoclonal anti
phospho-p44/42 MAP kinase (Thr-202/Tyr-204) antibody, rabbit polyclonal anti phospho-
Na,K-ATPase al (Ser 16) antibody, rabbit polyclonal anti phospho-Src-family (Tyr 416)
antibody, rabbit polyclonal anti phospho-Na,K-ATPase a1l (Tyr 10) antibody, rabbit
polyclonal anti-p-actin antibody, rabbit polyclonal anti-phospho-p38 MAPK (Tyr 180/Tyr
182) antibody were obtained from Cell Signaling Technology (Danvers, MA). Mouse
monoclonal anti-B-actin antibody was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Mouse monoclonal anti-p38 MAPK antibody was purchased from
Thermo Scientific (Rockford, IL). Goat anti-rabbit IRDye 680 or goat anti-mouse IRDye
800 conjugated secondary antibodies were purchased from LI-COR Biosciences (Lincoln,
NE).

Sample preparation and Na,K-ATPase activity assay

NPE cells were grown to confluence as monolayers on 24 mm polyester permeable culture
inserts with a 0.4 um pore size (Corning). The cells were preincubated with Krebs solution
for 1 h then the Krebs solution was changed, exposing both surfaces of the culture insert to
test compounds. Following treatment, the membrane with the cell monolayer was removed
from each culture insert using a custom-made stainless steel cutter. Cells from two inserts
were pooled as one sample for the Na,K-ATPase assay. The two inserts were arranged into a
sandwich with the cells facing inside and the membrane sandwich was then cut into small
pieces, placed in a 2.0 ml Eppendorf tube, frozen in liquid nitrogen and stored at —80°C until
the Na,K-ATPase assay.

The culture insert membranes, which are brittle when frozen, were pulverised using a glass
pestle that fits snugly in the 2.0 ml Eppendorf tube. The samples were subjected to two
cycles of freezing in liquid nitrogen and pulverization, then 300 ul of ice cold 2x-strength
ATPase assay buffer was added. Assay buffer composition was (in mM): L-Histidine, 80;
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NaCl 200; KCI, 10; MgCl,, 6.0; EGTA, 2.0 (pH 7.4) and a protease inhibitor mixture at
manufacturer’s recommended concentration (1 tablet/7 ml of the ATPase buffer, Roche
Diagnostics, Indianapolis, IN). The mixture was homogenized at ice-cold temperature for 1
min (4 strokes of 15 sec at 5 sec intervals) using Misonix S3000 sonicator at a 6 W power
setting (Misonix, Farmingdale, NY). The homogenate was subjected to centrifugation at
13,000¢ for 30 min at 4°C to remove the polyester membrane fragments, cell nuclei and
larger mitochondria. Protein in the supernatant was measured by bicinchoninic acid (BCA)
assay (Smith et al., 1985; Pierce Biotechnology, Rockford, IL), using bovine serum albumin
as a standard. The supernatant was used to measure Na,K-ATPase activity.

Na,K-ATPase activity was measured according to our previously published method
(Shahidullah et al., 2012). Samples obtained from treated or control cells (80 ul) were placed
in duplicate to 75 mm x 12 mm glass assay tubes and an additional 120 pl of 2x assay buffer
was added to each tube. To improve access of ions and ATP to membrane vesicles,
alamethicin solution in ethanol (5 pl) was added to give a final approximate concentration of
0.1 mg of alamethicin per mg protein (Xie et al., 1989). Half the tubes received ouabain, a
highly specific Na,K-ATPase inhibitor (3) (final concentration 300 pM) and the remaining
tubes received an equivalent volume (5 pl) of distilled water. An additional 150 pl of
distilled water was added to each tube. The tubes were pre-incubated at 37°C for 5 min then
ATP stock solution (40 pl) was added to each tube (final ATP concentration 2 mM) bringing
the total assay mixture volume to 400 pl and the concentration of the 2 x -strength Na,K-
ATPase buffer to single-strength. After 30 min of incubation at 37°C in the dark, the ATP
hydrolysis reaction was stopped by the addition of 150 pl of 15% ice-cold trichloroacetic
acid (TCA) and placing the tubes on ice for 20 min with occasional shaking.

ATP hydrolysis was determined as the amount of inorganic phosphate released in each
reaction tube. To detect inorganic phosphate each tube was placed in a centrifuge at 3,000
rpm (2,6809) for 15 min at 4°C, then 400 pl of the supernatant was removed, placed in pre-
marked glass tubes and mixed with 400 ul of 4.0% FeSQO,4 solution in ammonium molybdate
(1.25 g of ammonium molybdate in 100 ml of 2.5 N sulfuric acid). Standard solutions
containing NaH,PO,4 equivalent to 0, 10, 62.5, 125, 250, and 500 nmol of POy, were treated
similarly. After 5 min at room temperature the tubes with the samples (not the standards)
were placed in a centrifuge and spun at 3,000 rpm (2,680g) for 10 min to pellet additional
precipitates. A 250 pl aliquot of each standard or sample was then transferred to each well of
a 96-well plate and the absorbance was measured at 750 nm in a Perkin Elmer plate reader
(Victor V3, Perkin Elmer, CT). Na,K-ATPase activity is calculated as the difference between
ATP hydrolysis in the presence and in the absence of ouabain. Values are presented as
nmoles ATP hydrolyzed per milligram protein per 30 min. Because Na,K-ATPase activity
was variable between batches of cells, data for different experiments were not pooled.

Measurement of 8Rb uptake

NPE monolayers grown to confluence on 24 mm permeable culture inserts were
preincubated in Krebs’ solution for 1 h at 37°C. Then the Krebs’ solution was changed and
the cells were incubated in the presence or absence of test compounds added to both sides of
the culture insert for a specified time (10 min in the case of SNP or 8-Br-cGMP) before the
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addition of 88RbCI (1 uCi/ml) for 5 min. Half the samples received ouabain (500 M) along
with the 8RbCI. Uptake of 86Rb was stopped by removing the culture inserts and washing
them three times by quick submersion in ice-cold Krebs solution. The cell monolayer and
permeable membrane was cut from each insert and placed in 7 ml of scintillation fluid in a
scintillation vial. Radioactivity was measured in a scintillation counter. Results are expressed
as cpm/insert and Na,K-ATPase-mediated 86Rb is the difference between uptake in the
presence and absence of ouabain.

Cyclic GMP radioimmunoassay (RIA)

NPE monolayers grown to confluence on 35 mm dishes were preincubated with Krebs
solution for 1 h then exposed to Krebs solution containing 100 uM SNP and some cells also
received IBMX (1 mM). After incubation, the monolayers were washed briefly with ice-cold
Krebs’ solution, 0.5 ml of 10% TCA was added and the cells were scraped and collected in
2.0 ml Eppendorf tubes, frozen in liquid nitrogen and stored at —80°C until assay.

Samples were subjected to three cycles of freeze-thaw then sonicated using a Misonix S3000
sonicator (6 W power setting, 4 strokes of 15 sec each with a 5 sec interval). After
sonication, ~1500 cpm of 3H-cGMP was added to each tube to determine cGMP recovery
efficiency. At a specific activity of 8.0 Ci/mmol and at a 50% counting efficiency, 1,500 cpm
represented approximately 0.2 pmol (200 fmol) of cGMP. This was taken into account when
calculating cGMP content of a sample. The samples were centrifuged 13,0009 for 30 min
and each supernatant was transferred to new Eppendorf tubes, designated an SN tube. Each
pellet was washed with 200 ul of 10% TCA, briefly sonicated, centrifuged again at 13,0009
for 30 min and the supernatant transferred to the SN tube. The supernatant samples were
used for cGMP assay and pellet samples were used for protein measurement.

Cyclic GMP was extracted from the supernatant samples using ion exchange
chromatography. Cation exchange columns (5 cm) were prepared using washed and pre-
swollen (overnight) Dowex 50 x W 4-400 mesh cation exchange resin (hydrogen form)
loaded into glass Pasteur pipettes (the narrow ends were plugged with cotton wool). The
columns were washed 10 times (1 ml each) with double distilled water and three times (1 ml
each) with 0.02 N HCI. Each supernatant sample (~0.7 ml) was applied to a chromatography
column which was first washed with 0.5 ml of water and the eluted material discarded. The
next four washes (1 ml each) were collected and pooled in glass tubes. The eluted samples
were dried under a stream of air at 40°C. Dried samples were reconstituted in 400 ul of
cGMP assay buffer (Na-acetate buffer). A 100 pl aliquot of each reconstituted sample was
mixed with 7 ml of liquid scintillation fluid in a scintillation vial and counted using a beta
counter to calculate recovery percentage. Recovery efficiency was calculated from the total
and blank counts. Blank-count tubes contained only the assay buffer and the total-count
tubes contained 1,500 cpm of 3H cGMP. The samples obtained from ion exchange
chromatography were subjected to radio-immunoassay performed using a cGMP assay kit
(Perkin EImer NEX133001KT) following the acelylated cGMP assay procedure
recommended by the manufacturer. Results were expressed as pmoles of cGMP/mg protein.

J Cell Physiol. Author manuscript; available in PMC 2018 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

SHAHIDULLAH et al. Page 6

Western blot analysis

NPE monolayers cultured to confluence on 60 mm dishes were preincubated in control
Krebs solution then exposed to Krebs solution containing specified test compounds. After a
specified time the incubation medium was removed and the cells were lysed in RIPA buffer
containing (in mM) 50 HEPES, 150 NaCl, 1.0 EDTA, 10 sodium pyrophosphate, 2.0 sodium
orthovanadate, 10 sodium fluoride, and 1 phenylmethylsulfonyl fluoride (PMSF) with 10%
glycerol, 1.0% Triton X-100, 1.0% sodium deoxycholate, and Complete Mini Protease
Inhibitor Cocktail tablets (Roche Diagnostics; 1 tab/7 ml). The cell lysate was centrifuged at
14,0009 for 30 min, the supernatant collected and protein concentration was measured with
a BCA protein assay kit (Pierce Biotechnology). The supernatant was mixed with Laemmli
buffer and the proteins were separated by electrophoresis on a 7.5% SDS-polyacrylamide
minigel. Proteins were then transferred by electrophoresis to nitrocellulose membrane which
was blocked overnight with Aqua Block blocking buffer (East Coast Bio, ME). The
nitrocellulose membranes were incubated overnight at 4°C with the following primary
antibodies: Mouse monoclonal anti-Na, K-ATPase a1 (1:450), rabbit polyclonal anti-p44/42
MAP kinase (1:1,000), mouse monoclonal anti phospho-p44/42 MAPK (Thr-202/Tyr-204)
(1:2,000), rabbit polyclonal anti phosphor Ser16-Na, K-ATPase a1 (1:1,000), rabbit
polyclonal anti-phospho Tyr-416 Src family kinase (1:1,000), rabbit polyclonal anti
phospho-Na,K-ATPase a1 (Tyr-10) (1:1,000), rabbit polyclonal anti-p-actin (1:3,000), rabbit
polyclonal anti-phospho-p38 MAPK (Tyr-180/Tyr-182) (1:1,000), mouse monoclonal anti-
B-actin (1:10,000), mouse monoclonal anti-p38 MAPK (1:1,000). All antibodies were
diluted in Aqua Block blocking buffer. After three washes in 30 mM Tris, 150 mM NacCl,
0.5% (v/v) Tween-20 (TTBS) at pH 7.4, each nitrocellulose membrane was incubated for 1 h
at 37°C with an appropriate secondary antibody conjugated with IRDye 800 or 680; IRDye
goat anti-mouse or anti-rabbit secondary antibody (1:20,000) (Licor Biosciences, Lincoln,
NE). Protein bands were visualized and band density quantified by infrared laser scan
detection (LI-COR Odyssey). By using secondary antibodies at two different infrared
wavelengths, two proteins were quantified simultaneously (e.g., Na,K-ATPase a1 and
phospho-Tyr-10-Na,K-ATPase a 1) permitting calculation of a band density ratio.

Reactive oxygen species detection

Cells cultured to confluence on a 96-well plate were loaded with cell-permeable fluorogenic
probe 2/,7'-dichIorodihydrofluorescein diacetate (DCFH-DA) (100 puM) dissolved in serum-
free culture medium for 60 min at 37°C. Then the cells were washed twice with Hank’s
balanced salt solution containing calcium and magnesium (HBSS) and each well received
200 pl of DMEM containing SNP, SNAP, L-arginine or H,O» at a specified concentration.
After incubation at 37°C for 10 min the treatment medium was removed, the cells were
washed twice with HBSS then lysed and generation of reactive oxygen species (ROS) was
assayed using a Green Fluorescence ROS assay kit which measures relative concentration of
ROS in the cytoplasm (OxiSelect Intracellular ROS Assay Kit, Cell Biolabs, Inc.,
Lawrenceville, GA). Fluorescence was determined at an excitation wave-length of 480 nm
and an emission wave-length of 530 nm using a Varioskan Flash multimode reader (Thermo
Scientific).
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Statistical analysis

Results

The results are expressed as the mean +SE and comparison was made by one way analysis
of variance followed by the Bonferroni post hoc multiple comparison test.

Previous studies demonstrated that NO causes Na,K-ATPase inhibition. Although there is
convincing evidence that the Na, K-ATPase response to NO donors is linked to PKG
activation following an increase of cGMP, Na,K-ATPase responses to other types of stimulus
are known to hinge upon Src family tyrosine kinase (SFK) activation. Here we carried out
86Rb uptake studies to examine the functional response of Na,K-ATPase to the NO donor
SNP in intact NPE cells treated with the SFK inhibitor PP2. SNP (100 uM) reduced the rate
of ouabain-sensitive 8Rb uptake by approximately ~60%. In the presence of 10 uM PP2, the
effect of SNP on ouabain-sensitive 86Rb uptake was abolished (Fig. 1). Exposing intact cells
to 100 pM 8-Br-cGMP also caused a decrease in the rate of ouabain-sensitive 8Rb uptake
and, in similar fashion, PP2 eliminated the response (Fig. 2). Added alone, PP2 did not
significantly alter the rate of ouabain-sensitive 8Rb uptake.

In separate experiments, intact cells were exposed to either SNP or 8-Br-cGMP for 10 min
before being homogenized then used for measurements of ouabain-sensitive ATP hydrolysis.
The rate of ouabain-sensitive ATP hydrolysis was reduced by ~40% in samples obtained
from cells that had been exposed to either SNP or 8-Br-cGMP (Fig. 3). In contrast, no
significant change of ouabain-sensitive ATP hydrolysis was observed in samples obtained
from cells that had been exposed to either SNP or 8-Br-cGMP in the presence of 10 uM PP2

(Fig. 3).

The detection of reduced ouabain-sensitive ATP hydrolysis in material obtained from SNP-
treated cells points to an intrinsic change of Na,K-ATPase activity that is maintained
following homogenization, centrifugation and freezing. Western blot analysis of cells
exposed to SNP revealed an increase in tyrosine phosphorylation of the Na,K-ATPase al
catalytic subunit, detectable within 2 min that was maintained for 15 min (Fig. 4A). The
response was abolished by PP2 (Fig. 4B). Similarly, phosphorylation of Na,K-ATPase al
catalytic subunit was observed when cells were exposed to the endogenous substrate for
nitric oxide synthase, L-arginine (Fig. 5A). L-Arginine response also was blocked by PP2
(Fig. 5). No Ser-16 phosphorylation of Na,K-ATPase a1 was observed in cells treated with
SNP or L-arginine (data not shown).

Increased SFK phosphorylation at Y-416, a modification that signifies SFK activation, was
detectable after 2 min exposure of the intact cells to SNP and lasted up to 15 min (Fig. 6A).
Increased SFK phosphorylation also was observed in cells treated with L-arginine (Fig. 6B).
In both cases the SFK phosphorylation response was transient and occurred over similar
time frame. The increase in SFK phosphorylation was not observed in material obtained
from cells that were exposed to SNP in the presence of 10 pM PP2 (Fig. 7). The principal
phospho-SFK band appeared at ~60 kDa but faint phospho-SFK bands at lower MW were
also observed.
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Studies were carried out to further examine the possible link between the cGMP and SFK
activation. A significant increase of cGMP was observed in NPE cells exposed to SNP (Fig.
8). Elevated cGMP was detectable after 2 min exposure of the intact cells to SNP and
reached a maximum at 10 min. The rise in cGMP was similar in the presence and absence of
IBMX (1 mM), a phosphodiesterase inhibitor added to suppress cGMP breakdown (data not
shown). If the cGMP rise contributes to the SFK response in SNP-treated cells, we reasoned
that soluble guanylate cyclase inhibition would suppress the rise of cGMP and PKG
activation that should prevent the SFK activation. This was the case. The increase in SFK
phosphorylation caused by SNP was suppressed in the presence of the guanylate cyclase
inhibitor, ODQ (10 uM; Fig. 9A) or the PKG inhibitor, KT5823 (1 uM; Fig. 9B). Moreover,
SFK phosphorylation was found to be significantly increased in samples obtained from cells
that had been exposed to 8-Br-cGMP and SFK phosphorylation response was eliminated
when cells were exposed to 8-Br-cGMP in the presence of PP2 (Fig. 10).

The ability of PP2 to prevent the inhibition of Na,K-ATPase activity and ouabain sensitive
86Rb uptake in SNP-treated cells is consistent with a response that involves cGMP/PKG-
dependent activation of SFK and SFK-dependent inhibition of Na,K-ATPase activity.
However, it is noteworthy that SNP also was found to cause a marked transient increase in
ERK1/2 and p38 MAPK phosphorylation (Fig. 11). Transient ERK1/2 and p38 MAPK
phosphorylation also was observed when cells were exposed to SNAP or L-arginine (data
not shown). SNP- induced ERK1/2 and p38 activation was prevented in cells pretreated with
the SFK inhibitor PP2 (Fig. 12). Because ERK1/2 activation has been reported elsewhere to
lead to reduction of Na,K-ATPase activity, cells were exposed to SNP in the presence of
UO0126 (10 uM), a potent ERK1/2 inhibitor. UO126 did not prevent the Na,K-ATPase
response to SNP or 8-Br-cGMP (Fig. 13).

Since NO has the potential to cause generation of ROS we examined intracellular ROS in
cells exposed to SNP, SNAP, or L-arginine. Increased ROS was not detectable. In contrast a
significant ROS increase was observed in cells exposed to H,0,, a maneuver used here as a
positive control (Fig. 14).

Discussion

NO donors SNP, SNAP and the NO synthase substrate L-arginine are used widely to study
NO-activated pathways and previous experiments on NPE confirmed NO production on the
basis of nitrite detection in the bathing medium. The results of the present study show NO
causes SFK activation as judged by the ability of SNP and L-arginine to cause SFK
activation by phosphorylating at residue Tyr 416 (Thomas and Brugge, 1997; Roskoski,
2004). Importantly, the SFK inhibitor PP2, which suppressed SFK phosphorylation, was
found to prevent the inhibition of ouabain-sensitive 86Rb uptake caused by SNP. The
findings are consistent with SFK activation being a required step in the chain of events that
leads from NO generation to Na,K-ATPase inhibition.

Upon NO generation, downstream physiological events commonly are the result of a
signaling pathway that involves cGMP and PKG (Feelisch and Noack, 1987). This is so for
Na, K-ATPase inhibition that occurs when choroid plexus and NPE are exposed to SNP and
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L-arginine (Ellis et al., 2000; Shahidullah and Delamere, 2006). Consistent with this notion,
direct measurement of cGMP in SNP-treated cells revealed an increase detectable at 2 min
and sustained for 15 min. Moreover, exposure of NPE cells to the cell-permeable cGMP
analog 8-Br-cGMP was found to inhibit ouabain-sensitive 8Rb uptake by more than 50%.
In contrast, 86Rb uptake inhibition did not occur when cells were treated with 8-Br-cGMP in
the presence of PP2, pointing to the likelihood that cGMP elicits Na,K-ATPase inhibition by
a mechanism that involves SFK activation.

It is noteworthy that the inhibitory effect of SNP on Na,K-ATPase remained detectable as a
reduction in ouabain-sensitive ATP hydrolysis measured following cell homogenization and
centrifugation. This suggests NO causes an intrinsic modification of Na,K-ATPase function.
When phosphorylation of the Na,K-ATPase a.1 subunit in SNP-treated cells was examined
by a Western blot approach, a measurable increase in tyrosine-10 but no change of Ser-16
phosphorylation was observed. It is notable that SNP-induced SFK phosphorylation and
SFK-induced Na,K-ATPase a1 phosphorylation followed similar time course. L-Arginine
also caused an SFK-activation-dependent increase in Na,K-ATPase a1 phosphorylation at
Tyr 10. Although tyrosine-10 phosphorylation of Na,K-ATPase a1 subunit in SNP-treated
NPE appears consistent with activation of tyrosine kinases such as SFKs, earlier studies in
insulin-treated renal proximal tubule cells associated tyrosine-10 phosphorylation with an
increase of Na,K-ATPase activity (Feraille et al., 1999). In the present study, tyrosine-10
phosphorylation was observed under conditions that caused Na,K-ATPase activity to
decrease. We have no explanation for the discrepancy. However, in an earlier study it was
shown that in synaptosomal membrane prepared from rat brain cortex, insulin inhibited
Na,K-ATPase activity by 35-40% (Bojorge and de Lores Arnaiz, 1987).

The ability of PP2 to abolish the SNP effect on ouabain-sensitive 8Rb uptake and ATP
hydrolysis points to a signaling mechanism that requires SFK activation. Transient SFK
phosphorylation was detected within 2 min when cells were treated with SNP or L-arginine
and the response was prevented by PP2. SFK phosphorylation in SNP-treated cells also was
prevented by ODQ, a selective inhibitor of soluble guanylate cyclase, added to blunt the rise
of cGMP. Similarly, the PKG inhibitor KT5823 suppressed SFK phosphorylation in SNP-
treated cells. Moreover, 8-Br-cGMP was found to elicit an increase in SFK phosphorylation.
Taken together, the results suggest that NO, generated in response to the NO donor, activates
guanylate cyclase to cause a rise in cGMP, and subsequent PKG-dependent SFK activation.
Activation of Src by NO-cGMP-PKG signaling pathway has previously been documented in
several tissues, such as in osteoblasts (Rangaswami et al., 2010) and in fibroblasts (Monteiro
et al., 2000).

Earlier studies with genistein demonstrated the requirement for tyrosine phosphorylation in
the Na,K-ATPase inhibition caused by dopamine agonists in rabbit NPE (Nakai et al., 1999).
Genistein also prevented the Na,K-ATPase stimulation in renal proximal tubule caused by
insulin (Garvin and Sanders, 1991; Feraille et al., 1997). Several studies have linked
modulation of Na,K-ATPase activity more specifically to SFK tyrosine kinase activation. In
the epithelium of the porcine lens, activation of SFK following purinergic receptor activation
was linked to an increase in Na,K-ATPase activity (Tamiya et al., 2007). Also in porcine
lens, SFK activation was associated with the ability of endothelin-1 to cause a reduction of

J Cell Physiol. Author manuscript; available in PMC 2018 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

SHAHIDULLAH et al. Page 10

Na,K-ATPase activity (Mandal et al., 2011). In both instances, the SFK inhibitor PP2
prevented the Na,K-ATPase response. How SFK can be linked to either inhibition or
activation of Na,K-ATPase, depending on the stimulus, is still under investigation and falls
beyond the scope of the present study. There are several tyrosine kinases in the SFK family
and the appearance of faint phospho-SFK bands in addition to the principal ~60 kDa band in
SNP-treated cells suggests more than one SFK might be activated. Different patterns of SFK
activation could elicit different downstream responses. The key finding here is that NO-
mediated Na,K-ATPase inhibition, which we know to be cGMP-dependent, also depends on
SFK activation.

The effects of NO are wide-ranging and an ERK1/2 activation response was observed in
SNP-treated cells along with a p38 MAP kinase response. Typically p38 is activated
subsequent to ERK1/2. Interestingly, PP2 prevented phosphorylation of both ERK1/2 and
p38 indicating NO-induced activation of ERK1/2 and p38 MAPK is SFK-dependent.
However, SNP-induced ERK1/2 and p38 activation did not play an obvious role in
modulating Na,K-ATPase activity since a selective ERK1/2 inhibitor failed to prevent the
SNP-induced reduction of Na,K-ATPase activity although the SFK inhibitor PP2 abolished
both ERK1/2 and downstream p38 activation. This result is in contrast to the reports that
ERKZ1/2 activation negatively modulates Na,K-ATPase in opossum kidney cells and lung
alveolar epithelium (Khundmiri et al., 2008; Welch et al., 2010) and causes Ser
phosphorylation of the Na,K-ATPase a1 subunit in vitro (Al-Khalili et al., 2004) and
internalization of Na,K-ATPase a1 polypeptide (Khundmiri et al., 2004). The downstream
consequences of ERK1/2 and p38 activation in SNP-treated NPE cells remain to be
determined but SFK activation is clearly an early step in this part of the NO response as well
as the Na,K-ATPase inhibition response.

NO donors have been reported to cause ROS generation (Xu et al., 2004) and we
acknowledge the ability of ROS to activate a number of protein kinases, including Src
tyrosine kinase (Giannoni et al., 2005), protein kinase C (Cosentino-Gomes et al., 2012),
ERK1/2 and p38 MAPK (Son et al., 2011). However, this seems unlikely to explain the NO
responses observed here. First, under the conditions of the present study no detectable
increase of ROS was observed in cells exposed to SNP, SNAP, or L-arginine. Second,
blockade of the sGC/cGMP/PKG pathway effectively prevented SFK, ERK and p38
activation.

Mechanistically, the results of these studies point to NO-dependent activation of guanylate
cyclase that causes a rise in cGMP, and subsequent PKG-dependent SFK activation that
causes tyrosine phosphorylation of the Na,K-ATPase a1 subunit and changes Na,K-ATPase
activity. Na,K-ATPase activity establishes ion gradients that support the coordinated
operation of ion transport mechanisms that enable the ciliary epithelium bilayer to secrete
fluid into the eye (Civan, 1998; Civan and Macknight, 2004). By causing Na,K-ATPase
inhibition, NO has the potential to suppresses the mechanism of aqueous humor formation.
It should also be recognized that altered aqueous humor drainage from the eye could be
influenced by NO. In vitro, NO has been found to cause a reduction in the volume of
trabecular meshwork cells and Schlemm’s canal endothelium and these changes are
paralleled by an increase in aqueous outflow facility (Ellis et al., 2009, 2010).
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Fig. 1.
The influence of PP2 on the ouabain-sensitive 86Rb uptake response to SNP. Cells were

cultured to confluence on permeable inserts and pre-incubated with PP2 for 40 min before
being exposed to SNP (100 pM) in the continued presence of PP2 (10 pM). SNP was
introduced for 5 min and then 86RbCI + ouabain (500 uM) was added for a further 5 min in
the continued presence of SNP. The values are the mean + SEM of results from four cell
monolayers. ***Indicates a significant difference from control, £< 0.001.
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Fig. 2.
The influence of PP2 on the ouabain-sensitive 8Rb uptake response to 8-Br-cGMP. Cells

were cultured to confluence on permeable inserts and pre-incubated with PP2 (10 uM) for
40 min before being exposed to 8-Br-cGMP (100 uM) in the continued presence of PP2. 8-
Br-cGMP was introduced for 5 min and then 88RbCl + ouabain (500 uM) was added for a
further 5 min in the continued presence of 8-Br-cGMP. The values are the mean + SEM of
results from four cell monolayers. ***Indicates a significant difference from control, P<
0.001.
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Fig. 3.

Tr?e influence of PP2 on Na,K-ATPase activity in cells exposed to SNP (Part A) or cGMP
(Part B). Ouabain-sensitive ATP hydrolysis (Na,K-ATPase activity) was measured in
samples obtained by homogenizing cells that had been pre-incubated with PP2 (10 uM) for
40 min before being exposed to either SNP (100 uM) or 8-Br-cGMP (100 pM) for 10 min in
the continued presence of PP2. The values are the mean = SEM of results from four to six
samples, each pooled from two cell monolayers. ***Indicates a significant difference from
control, £<0.001.
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Fig. 4.
Western blots showing tyrosine phosphorylation of Na,K-ATPase a1 catalytic subunit in

cells treated with SNP (100 uM) (Part A). A typical time course is presented alongside a bar
graph that shows band density results pooled from three independent experiments (mean +
SEM). Part B shows the influence of PP2 on SNP-induced tyrosine phosphorylation of the
Na,K-ATPase a1 subunit. Western blot analysis was performed on samples obtained by
homogenizing cells that had been pre-incubated with PP2 (10 uM) for 40 min before being
exposed to SNP (100 pM) for 10 min in the continued presence of PP2. A typical Western
blot of pY-10-Na,K-ATPase-a1 bands (upper) and total Na,K-ATPase a1 subunit bands
(lower) detected simultaneously in the same samples alongside a bar graph (lower) that
shows pY-10-Na,K-ATPase-a.1 band density normalized to total Na,K-ATPase a1 (mean +
SEM) of three independent samples, are presented. *~ < 0.05, **£< 0.01, and ***P< 0.001
indicate significant differences from control.
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Fig. 5.
The influence of PP2 on L-arginine-induced tyrosine phosphorylation of the Na,K-ATPase

al subunit. The samples were obtained from cells, cultured on permeable inserts, that had
been pre-incubated with PP2 (10 uM) for 40 min before being exposed to L-arginine (3 mM)
for 10 min in the continued presence of PP2. Part A shows a typical Western blot. Part B
shows pY-10-Na,K-ATPase-a 1l band density normalized to total Na,K-ATPase a.1 (mean +
SEM) of three independent experiments. *P < 0.05 indicates a significant difference from
control.
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Fig. 6.
The time course of SFK phosphorylation detected by Western blot analysis in NPE cells

treated with either 200 uM SNP (Part A) or 3 mM L-arginine (Part B). In each part, a typical
Western blot is shown together with a bar graph (lower) of pSFK Tyr 416 band density
normalized to B-actin (mean £ SEM), pooled from three independent experiments. *~< 0.05
and **P < 0.01 indicate significant differences from control.
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Western blots showing the inhibitory effect of PP2 on SFK phosphorylation in cells treated

with 100 uM SNP. The samples were obtained from cells that had been pre-incubated with
PP2 (10 puM) for 40 min before being exposed to either SNP (100 pM) for 10 min in the
continued presence of PP2. A typical western blot is shown (Part A) together with a bar
graph (Part B) of pSFK Tyr 416 band density normalized to B-actin (mean + SEM), pooled
from three independent experiments. **Indicates a significant difference from control, P<

0.01.
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Fig. 8.

Time-dependent accumulation of cGMP measured in NPE cells exposed to SNP (100 uM)
for 2-15 min. The results shown are mean + SEM of six independent samples for each time
point. ***Indicates a significant difference (P < 0.001) from the control (time zero) cGMP
value.
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Fig. 9.
Western blots showing the inhibitory effect of ODQ (Part A) and KT5823 (Part B) on SFK

phosphorylation in cells treated with 100 uM SNP. The samples were obtained from cells
that had been pre-incubated with ODQ (10 uM) or KT5823 (1 pM) for 20 min before being
exposed to SNP for 10 min in the continued presence of either ODQ or KT5823. Each part
shows a typical Western blot (upper) together with a bar graph (lower) of pSFK Tyr 416
band density normalized to B-actin (mean + SEM), pooled from three independent
experiments. **Indicates a significant difference from control, < 0.01.
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Fig. 10.
Western blots showing the inhibitory effect of PP2 on SFK phosphorylation in cells treated

with 10 pM 8-pCPT-cGMP (cGMP). The samples were obtained from cells that had been
pre-incubated with PP2 (10 pM) for 40 min before being exposed to 8-pCPT-cGMP (10 pM)
for 10 min in the continued presence of PP2. A typical Western blot is presented (upper)
alongside a bar graph (lower) that shows band density results pooled from three independent
experiments (mean + SEM). *Indicates a significant difference from control (£ < 0.05).
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Fig. 11.
Western blot showing time-dependent phosphorylation of ERK1/2 (Part A) and p38 MAPK
(Part B) in NPE cells treated with 100 uM SNP for 2-30 min. In each part, a typical Western
blot for the time-dependent response (upper) together with a bar graph (lower) showing band
density results (mean = SEM), pooled from three independent experiments, are presented.
*P<0.05, **P<0.01, and ***P< 0.001 indicate significant differences from control.
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Fig. 12.
Western blots showing the inhibitory effect of PP2 on ERK1/2 (Part A) and p38 (Part B)

phosphorylation in cells exposed to 100 uM SNP. The samples were obtained from cells that
had been pre-incubated with PP2 (10 uM) for 40 min before being exposed to SNP for 10
min in the continued presence of PP2. In each part, a typical Western blot (upper) together
with a bar graph (lower) showing the band density results (mean £SEM), pooled from three
independent experiments, are presented. **Indicates a significant difference from control, P
<0.01.
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Fig. 13.
The effect of U0126 on Na,K-ATPase activity in cells exposed to SNP (Part A) or 8-Br-

cGMP (Part B). Ouabain-sensitive ATP hydrolysis (Na,K-ATPase activity) was measured in
samples obtained by homogenizing cells that had been exposed to SNP (100 pM) for 10 min
in the presence or absence of the ERK1/2 inhibitor U0126 (10 uM). The values are the mean
+ SEM of results from four to six samples, each pooled from two cell monolayers. *P <
0.05, **P < 0.01 and ***P < 0.001 indicate significant differences from control.
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Fig. 14.
Estimation of cytoplasmic accumulation of reactive oxygen species (shown as relative

fluorescence unit) in NPE cells treated with 100 uM SNP, 3 mM L-arginine, 100 uM SNAP
or 1, 10, and 25 pM H,0O, for 10 min. One group of control cells received no vehicle and
another group received DMSQ. The values are the mean + SEM of results from 12
independent samples for each concentration of the drug used. *£ < 0.05 indicates a
significant difference from control.
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