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1 We developed a novel method to isolate nonpigmented epithelial (NPE) cells from porcine eyes
in order to examine Na,K-ATPase responses to nitric oxide (NO) donors specifically in the epithelium.

2 Cells were treated with NO donors and other test compounds for 20min prior to Na,K-ATPase
activity measurement.

3 NO donors, sodium nitroprusside (SNP, 1mM–1mM), sodium azide (100 nM–1 mM) and S-nitroso-
N-acetylpenicillamine (1 mM–1mM) caused significant concentration-dependent inhibition of Na,
K-ATPase activity. Detection of nitrite in the medium of L-arginine and SNP-treated NPE confirmed
NO generation.

4 Concentration-dependent inhibition of Na,K-ATPase was also obtained by L-arginine (1–3mM),
a physiological precursor of NO and 8p-CPT-cGMP (1–100mM), a cell permeable analog of cGMP.
The L-arginine effect was abolished when the NO synthesizing enzyme, NO-synthase, was inhibited by
L-NAME (100mM).

5 The inhibitory effect of SNP or sodium azide on Na,K-ATPase activity was suppressed by soluble
guanylate cyclase (sGC) inhibitors, ODQ (10 mM) or methylene blue (10 mM).

6 The inhibitory effect of 8p-CPT-cGMP on Na,K-ATPase was abolished by protein kinase G
(PKG) inhibitors, H-8 (1 mM) and H-9 (20mM), but not by the protein kinase A (PKA) inhibitor H-89
(100 nM). H-8 and H-9 partially suppressed the inhibitory effect of SNP on Na,K-ATPase.

7 Taken together the results indicate that Na,K-ATPase inhibition response to NO donors involves
activation of sGC, generation of cGMP and activation of PKG. These findings suggest that Na,
K-ATPase inhibition in NPE may contribute to the ability of NO donors to reduce aqueous humor
secretion.
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Introduction

Aqueous humor is secreted continuously into the eye by the

double-layered ciliary epithelium (CE) of the ciliary body. The

fluid is important as a source of nutrients for the avascular

tissues in the anterior part of the eye. Aqueous humor

secretion also gives rise to the intraocular pressure (IOP),

which has a major influence on eye shape, eye development

and structural integrity conducive to optical function. IOP is

regulated by a balance between the rate of aqueous humor

production and its exit through the outflow pathways at the

anterior chamber angle. Abnormally high IOP causes death of

retinal ganglion cells, structural changes in the optic nerve

head, and vision loss, a condition known as glaucoma.

Therapeutic measures for glaucoma work by lowering IOP,

either by reducing aqueous humor secretion or by increasing

its outflow. Clearly there is an argument for development of

IOP-lowering drugs that have a neuroprotective effect on

failing retinal ganglion cells (Hartwick, 2001; Naskar &

Dreyer, 2001). In this respect, it is interesting that nitric oxide

(NO) donors have been shown to reduce IOP in normal

(Nathanson, 1992; Behar-Cohen et al., 1996; Kotikoski et al.,

2003) and glaucomatous animals (Wang & Podos, 1995) as

well as in humans (Chuman et al., 2000). NO donors have also

been reported to have significant neuroprotective properties

(Imai et al., 1997; Mohanakumar et al., 2002; Nakazawa et al.,

2002; Kitaoka & Kumai, 2004).
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Using an arterially perfused isolated bovine eye to study the

mechanism of IOP responses to NO, we reported that sodium

azide, a vasodilator drug which acts through the generation

of NO, lowers IOP by reducing aqueous humor formation

(Millar et al., 2001). Recently, using the in vitro pig eye model,

we confirmed that the inhibitory effect of NO donors on

aqueous humor secretion could be suppressed by ODQ, a

specific inhibitor of soluble guanylate cyclase (sGC), suggest-

ing that the effect involved the generation of cGMP.

Importantly, the ability of NO donors to reduce aqueous

humor formation was found to be independent of their effect

on ocular vasculature (Shahidullah et al., 2005). It is

noteworthy that NO has been shown to inhibit fluid transport

in other tissues including kidney (Ortiz & Garvin, 2002) and

salivary gland (Lomniczi et al., 1998).

Aqueous humor formation requires coordinated action of

several different ion transport mechanisms and ion channels in

the CE (Civan, 1998b; To et al., 2002). The CE is a bilayer that

consists of two types of cells in an apex to apex orientation.

The inner layer of pigmented ciliary epithelium (PE) faces the

stromal blood and the outer nonpigmented ciliary epithelium

(NPE) layer faces the aqueous humor in the posterior chamber

of the eye. Solute transport across the bilayer gives rise to

osmotic water movement, resulting in AH formation. The

major transport proteins identified in aqueous humor forma-

tion include Na,K-ATPase, Na-K-2Cl co-transporter, Naþ /

Hþ and Cl�/HCO3
� exchangers and chloride channels (Jacob

& Civan, 1996; Civan, 1998a; Counillon et al., 2000). While

NPE and PE cells both express Na,K-ATPase at their

basolateral membrane, Na,K-ATPase activity is two- to

three-fold greater in NPE cells (Krupin et al., 1984; Riley &

Kishida, 1986). The NPE layer appears to be specialized for

Na,K-ATPase-mediated transport since the NPE expresses a1,
a2 and a3 Na,K-ATPase isoforms in contrast to PE which

expresses only the housekeeping a1 isoform (Ghosh et al.,

1990) found in all tissues. In NPE, as in most epithelia, the

electrochemical gradient established by Na,K-ATPase-

mediated sodium-potassium transport provides the driving

force for other transport mechanisms. On this basis, we reason

that inhibition of Na,K-ATPase in the NPE should reduce the

rate of AH formation. In the intact eye, aqueous humor

formation is indeed reduced by the Na,K-ATPase inhibitor

ouabain applied to the NPE side of the ciliary body

(Shahidullah et al., 2003). Here, we consider the effect of

NO donors on Na,K-ATPase activity in the NPE.

NO and NO donors have been shown to inhibit Na,K-

ATPase in other secretory epithelium including choroids

plexus (Ellis et al., 2000), trachea (de Oliveira Elias et al.,

1999) and kidney tubule (Guzman et al., 1995; Seven et al.,

2005). In a recent study NO donors were found to have a

convincing inhibitory effect on Na,K-ATPase activity in ciliary

process isolated from the bovine eye (Ellis et al., 2001).

However, interpretation of this study was difficult because the

ciliary process is a highly vascularized tissue (Funk & Rohen,

1990) in which the capillary bed accounts for a significant

fraction of tissue mass. Vascular endothelium is responsive to

NO and generally has a vigorous NO synthase activity. Thus,

the reported response of ciliary processes to NO donors could

represent responses of the vascular endothelium. In the present

study, we developed a way to isolate NPE cells in sufficient

quantity to determine whether Na,K-ATPase specifically in

the NPE is sensitive to NO and to examine the response

mechanism. In addition, we were able to test whether NPE

cells themselves are able to generate NO.

Methods

Isolation of NPE cells

Fresh pig eyes were a kind gift from the Swift Company,

Louisville KY. The eyes were transported from the abattoir to

the laboratory on ice and used immediately. Extra-ocular

tissues removed and the eyes were dissected open at the

posterior pole by cross incisions made with a scalpel. The

cornea was everted by pulling the cut flaps of the sclera

backward and at the same time by gently pushing the cornea

inward. This causes the vitreous to protrude with its base still

attached to the pars plana of the ciliary body. One side of the

vitreous was then pushed aside from the pars plana using

curved forceps and the vitreous body was gently separated

from the eye. In this way the entire ring of NPE remained

attached to the vitreous, leaving the pigmented cell (PE) layer

attached to the ciliary body. Histological sections of the NPE

ring showed NPE with very few PE cells and no stroma or

vascular tissue (Figure 1). With a small amount of the vitreous

still attached, the cell ring was placed in an ice-cold centrifuge

tube.

NPE-vitreous samples from three eyes were pooled and the

volume was adjusted to 2ml by adding cell free vitreous

collected from the same eyes. The cell free vitreous was

liquefied with an electronic homogenizer (Ultra Turrax T8,

Germany) before adding to the sample. After this, the tube

contents were transferred to round-bottomed, thin-walled,

ultracentrifuge tubes used for the 20min incubation period.

Stock solutions of drugs in saline were added to the samples to

obtain intended final concentrations. The samples were

incubated for 20min at 371C in a humidified atmosphere of

95% O2 and 5% CO2. At the end of the incubation period,

the samples were snap frozen in liquid nitrogen and stored

at �701C until Na,K-ATPase activity measurement.

Measurement of ATPase activity

NPE samples were homogenized in ice-cold homogenization

buffer comprising 150mM sucrose, 4.0mM EGTA, 5.0mM

HEPES, 800mM dithiothreitol (DTT) and protease inhibitors

(100mM phenylmethylsulfonyl fluoride (PMSF), 10mgml�1

antipain, 10 mgml�1 leupeptin, 10 mgml�1 pepstatin A and

2.0mgml�1 aprotinin). Use of low ionic strength buffer helps

preserve the membrane from damage during freezing and

thawing. Homogenization was carried out for 90 s (6� 15 s)

using the electric tissue homogenizer (Ultra Turrax T8,

Germany). The homogenate was centrifuged at 85,000� g
for 60min at 41C and the supernatant discarded in order to

obtain a crude particulate preparation as the pellete. After

removing the supernatant, which contained the vitreous,

soluble cellular components and the homogenization buffer,

the pellet was resuspended in 1.0ml of Na,K-ATPase assay

buffer. The assay buffer contained 40mM histidine, 100mM

NaCl, 5.0mM KCl, 3mM MgCl2 and 1.0mM EGTA (pH 7.4).

The resuspended pellet was rehomogenized (2� 15 s) and used

to assay Na,K-ATPase activity. Protein in the pellete was

measured by the bicinchoninic acid (BCA) assay (Pierce
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Biotechnology, Rockford, IL, U.S.A.), using bovine serum

albumin (BSA) as a standard. The average yield of protein

from the tissue pellete of three rings was 1.0mg

(0.9970.03mg, n¼ 120). Protein content of homogenized

porcine vitreous was found to be 0.1%. When the vitreous

was homogenized and then centrifuged in the same manner

as the experimental samples, protein could not be detected in

the pellete.

Na,K-ATPase activity was measured using a technique

described previously (Delamere et al., 1997). Homogenate

(B40mg protein) obtained from treated or control NPE was

added to a tube containing of ice-cold Na,K-ATPase buffer.

To ensure access of ions and ATP to membrane vesicles (Xie

et al., 1989), alamethicin (10 ml of 12.5mgml�1) was added to

each tube to give a final approximate concentration of 0.4mg

of alamethicin per mg protein. Ouabain, a specific inhibitor of

Figure 1 (a) Photograph of the intact ring of NPE cells isolated from the porcine eye. (b) Histological section of the isolated NPE
ring showing minimal contamination by PE cells. Examination under light microscope shows that the tissue samples comprised
more than 99% NPE cells. (c) Electron microscopic section (� 4350) shows a single layer of cells with no apparent PE cells. Note
that the basolateral side of the NPE is uppermost. There seems to be no obvious contamination with PE cell remnants or pigment
granules. (d) Cross-section of the porcine eye exposing the ciliary body from behind. The ciliary body appears as radial black ridges
that extend onto the posterior surface of the iris. The pupil appears as the disc in the center of the image. Abundant pigmentation is
clearly visible in the intact ciliary body.
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Na,K-ATPase (Wallick & Schwartz, 1988), was added to half

the tubes at a final concentration of 1.0mM. The tubes were

pre-incubated at 371C with gentle agitation for 5min, ATP was

then added to each tube to give a final concentration of

2.0mM. The total volume of the assay mixture was 400ml. The
ATP hydrolysis reaction was allowed to proceed for 45min

at 371C, and then the reaction was stopped by adding 150 ml
of 15% ice-cold trichloroacetic acid (TCA) and placing the

tubes on ice.

ATP hydrolysis was quantified by measuring the amount of

inorganic phosphate released in each reaction tube. The tubes

were centrifuged at 3000 r.p.m. for 7.5min at 41C then 400 ml
of the supernatant was removed and added to 400ml of 4.0%
FeSO4 solution in ammonium molybdate (1.25 g of ammonium

molybdate in 100ml of 2.5 N sulphuric acid, Sigma diagnostic,

St Louis, MO, U.S.A.). NaH2PO4 standard solutions (equiva-

lent to 0, 62.5, 125, 250 and 625 nmoles of PO4) were treated

similarly. The mixture was allowed to sit for 10min at room

temperature then absorbance was measured at 750 nm using a

microplate reader (PowerWave X, Biotech Instruments Inc.,

Vermont, NE, U.S.A.). Na,K-ATPase activity was calculated

as the difference between ATP hydrolysis in the presence and

absence of ouabain. ATPase activity was expressed as

nanomoles ATP hydrolyzed per milligram protein per minute.

The data are expressed as percent of control because

baseline Na-K-ATPase activity varied from one day to

another. The variation of control values is unlikely to influence

the results because each experiment (controlþ test groups) was

repeated using at least three different sets of tissue samples.

Measurement of nitrite

Nitrite, a stable end product of NO metabolism, was measured

using a Griess assay kit (Promega Corp., Madison, WI,

U.S.A.). Reagents included a sodium nitrite standard (0.1M

in water), sulphanilamide (1 in 5% phosphoric acid) and N-1-

napthylethylenediamine dihydrochloride (NED) (0.1% in

water) solutions. Sulphanilamide and NED solutions were

allowed to equilibrate at room temperature before use. For

each sample, four replicate 50ml aliquots were placed in

separate wells of a 96-well plate alongside 50 ml aliquots of

nitrite standards in the concentration range 1–100mM.

Sulphanilamide solution (50 ml) was added to each well and

the plate was kept in the dark at room temperature for 10min.

Then, 50 ml of NED solution was added to each well and the

plate was kept in the dark at room temperature for a further

10min before measurement of absorbance at a wavelength of

448 nm (PowerWave� plate reader, Biotech Instruments Inc.,

Vermont, NE, U.S.A.) to determine nitrite concentration.

Drugs and chemicals

Sodium azide, sodium nitroprusside (SNP), S-nitroso-N-

acetyl-penicillamine (SNAP), N-nitro-L-arginine methyl ester

hydrochloride (L-NAME), L-arginine hydrochloride, D-arginine

monohydrochloride, glutathione, 8-para-chlorophenyl-thiogu-

anosine-30,50-cyclic guanosine monophosphate (8-pCPT-

cGMP), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ),

methylene blue, allopurinol, ouabain, EGTA, dimethyl sulf-

oxide (DMSO), ethanol, ATP, alamethicin, aprotinin, pep-

statin A, phenylmethylsulfonyl fluoride (PMSF), antipain

hydrochloride and leupeptin were purchased from the Sigma

Chemical Co. (St Louis, MO, U.S.A.). H-8 dihydrochloride,

H-9 dihydrochloride, H-89 dihydrochloride and peroxynitrite

were purchased from Calbiochem (EDM biosciences Inc.,

Darmstadt, Germany). Griess assay reagents were purchased

from Promega (Madison, WI, U.S.A.) and the BCA protein

assay kit from Pierce Biotechnology (Rockford, IL, U.S.A.).

All other chemicals were obtained either from the Sigma

Chemical Co. or from Fisher Scientific Products (Pittsburgh,

PA, U.S.A.). Stock solutions of test agents were prepared by

dissolving either in distilled water, ethanol or in DMSO

according to their solubility.

Statistical analysis of data

Results were expressed as the mean7s.e.m. of data from

a specified number of independent experiments. Statistical

comparisons were made by analysis of variance followed by

the Bonferroni post hoc multiple comparison tests. A prob-

ability (P) value of o0.05 was considered significant.

Results

NPE cell preparation

NPE was isolated from the porcine eye as described in the

Methods. A sheet of cells in the form of a ring was obtained

from each eye. Lack of pigment signified the low amount of

PE cells that remained attached to the NPE (Figure 1a).

Histological sections confirmed the tissue samples had more

than 99%NPE cells and no vascular cells (Figure 1b). Electron

microscopic sections (� 4350) show a single layer of cells

with no apparent PE cells. There seems to be no obvious

contamination with PE cell remnants or pigment granules.

(Figure 1c). A cross section of porcine eye exposing the ciliary

body from behind shows abundant pigmentation (Figure 1d).

Na,K-ATPase activity in control samples was 105.072.0

(n¼ 84) nmolesmg�1 proteinmin�1 with the maximum and

minimum values of 138.9 and 62.2, respectively. Ouabain

insensitive Na,K-ATPase activity was 48.271.7 (n¼ 84)

nmolesmg�1 membrane proteinmin�1, with the maximum

and minimum values of 77.7 and 25.8, respectively.

Effect of L-arginine and L-NAME on Na,K-ATPase
activity

NPE cells were exposed for 20min to L-arginine (1–3mM)

prior to Na,K-ATPase activity measurement. L-arginine, a

substrate for NO synthase (NOS), caused significant and

concentration-dependent reduction of Na,K-ATPase activity

(Figure 2a). D-Arginine (1mM), which is not a NOS substrate,

failed to alter Na,K-ATPase activity (data not shown). In

some experiments, NPE was exposed to L-NAME (100 mM), a

NOS inhibitor. Added alone L-NAME had no effect on the

Na,K-ATPase activity. However, when L-NAME (100mM)

was added together with L-arginine (1mM), the effect of

L-arginine on Na,K-ATPase activity was abolished (Figure 2b).

The ouabain-insensitive component of the ATPase activity,

which represented less than one-third of the total ATPase

activity, remained unchanged in cells exposed to L-arginine or

L-NAME (data not shown).

874 M. Shahidullah & N.A. Delamere NO donors inhibit Na,K-ATPase in porcine NPE

British Journal of Pharmacology vol 148 (6)



Effect of sodium azide, SNP and SNAP on Na-K-ATPase
activity

NPE cells were exposed to sodium azide (1 mM–100 nM), a

vasodilator that acts through the generation of NO. Sodium

azide has previously been found to reduce aqueous humor

formation in the porcine eye by a mechanism involving cGMP

and NO (Shahidullah et al., 2005). Here, sodium azide reduced

Na,K-ATPase activity in a concentration-dependent manner

(Figure 3a). The NO donors SNP (10 mM–1mM) and SNAP

(10mM–1mM) also reduced Na,K-ATPase activity in a

concentration-dependent fashion (Figure 3b and c). Ouabain-

insensitive ATPase activity was unchanged by sodium azide,

SNP or SNAP (data not shown).

Nitrite generation by NPE

NO is short lived, being metabolized to generate nitrite as a

stable end product. Using the Griess assay, nitrite was

measured in the incubation medium of NPE cells exposed to

either L-arginine or SNP for 20min (Figure 4). Both L-arginine

and SNP caused a significant concentration-dependent

increase in the concentration of nitrite. Nitrite was undetect-

able in medium taken from control cells incubated for 20min

without either L-arginine or SNP. Nitrite was also undetect-

able when SNP was added to medium alone (cell free) for

20min.

The role of cGMP and sGC

In many tissues, the effects of NO on cell function follow a rise

in cGMP due to activation of sGC. To determine whether

0 0.1 1.0 3.0 10

0

50

100

***

*** ***

L-arginine (mM)

0

50

100

Control
L-Arginine 3.0 mM
L-NAME 10 µM
L-NAME 100 µM
L-NAME 100 µM+L-arginine 3.0 mM

***

O
u

ab
ai

n
-s

en
si

ti
ve

 N
a-

K
-A

T
P

as
e

ac
ti

vi
ty

 (
%

 o
f 

co
n

tr
o

l)
O

u
ab

ai
n

-s
en

si
ti

ve
 N

a-
K

-A
T

P
as

e
ac

ti
vi

ty
 (

%
 o

f 
co

n
tr

o
l)

a

b

Figure 2 (a) Concentration-dependent inhibition of Na,K-ATPase
by L-arginine. NPE cells were incubated with or without (control)
L-arginine for 20min, then homogenized and Na,K-ATPase activity
in control and treated samples was measured under identical
conditions. The results are the mean7s.e.m. of nine independent
measurements at each concentration of L-arginine. (b) Shows results
from cells that were incubated for 20min with both L-NAME
(100 mM) and L-arginine (1mM) or with either L-NAME or
L-arginine alone. The results are the mean7s.e.m. of data from six
independent measurements. Statistical comparisons were made by
analysis of variance followed by the Bonferroni post hoc multiple
comparison test. ***Significantly different from the control value;
Po0.001.
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SNP (b) or SNAP (c). Cells were incubated with or without (control)
test compounds for 20min, then homogenized and Na,K-ATPase
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cGMP is capable of bringing about a change of Na,K-ATPase

activity, NPE cells were exposed to 8-p-CPT-cGMP, a cell

permeable cGMP analog. 8-p-CPT-cGMP caused significant

inhibition of Na,K-ATPase activity that was concentration-

dependent (Figure 5).

To examine the possible involvement of sGC in the Na,K-

ATPase response to NO, NPE cells were exposed to ODQ

(10mM) an inhibitor of sGC. In the presence of ODQ, the

magnitude of the inhibitory effect of sodium azide (1.0 mM)

on Na,K-ATPase activity was significantly reduced (Figure 6a).

ODQ also suppressed the Na,K-ATPase inhibition caused

by SNP (100mM) (Figure 6b). Methylene blue (10 mM), a

different inhibitor of sGC, was similarly found to suppress

the inhibition of Na,K-ATPase activity caused by SNP

(Figure 6c).

Inhibition of protein kinase G

The above results point to a role for cGMP. As protein kinase

G (PKG) is activated by cGMP, experiments were conducted

to examine the need for PKG activation in the chain of events

that lead to Na,K-ATPase inhibition in SNP-treated cells. The

NPE was exposed to either H-8 hydrochloride (1.0 mM) or H-9

hydrochloride (20 mM), both of which are reported to be

relatively selective inhibitors of PKG (Inagaki et al., 1985,

1986). In the presence of H-8 or H-9, the inhibitory effect of

SNP on Na,K-ATPase activity was significantly, but not fully,

suppressed (Figure 7a). H-89, a different protein kinase

inhibitor which is selective for protein kinase A (PKA) (de

Rooij et al., 1998), failed to alter the magnitude of Na,K-

ATPase inhibition elicited by SNP. The effect of PKG

inhibition was also examined in NPE exposed to 8-p-CPT-

cGMP, which can activate PKG directly. The Na,K-ATPase

inhibition response to 8-p-CPT-cGMP was abolished in the

presence of H-8 or H-9 (Figure 7b). The PKA inhibitor H-89

failed to alter magnitude of Na,K-ATPase inhibition by

8-pCPT-cGMP.

Effect of peroxynitrite on Na-Ka-ATPase

While the above results point to a role for cGMP and PKG in

the mechanism of the Na,K-ATPase response to NO donors,

other investigators have proposed that some enzymes are

susceptible to peroxynitrite generated in NO donor-treated

tissues (Guzman et al., 1995; Sato et al., 1997). Thus, NPE cells

were incubated for 20min with peroxynitrite in the concentra-

tion range 100–500 mM. At a concentration of 200mM and

higher, peroxynitrite caused a significant reduction of Na,K-

ATPase activity (Figure 8). Na,K-ATPase activity was almost

abolished in cells exposed to 500 mM peroxynitrite.

Discussion

It had been reported previously that NO donors elevate cGMP

and cause inhibition of Na,K-ATPase activity in the bovine

ciliary process (Ellis et al., 2001). In that study, it was not

possible to specify the degree to which the observed NO

responses to donors stemmed from vascular tissue since the

interior of each ciliary process has an elaborate network of

blood vessels (Funk & Rohen, 1990). Moreover, part of the

Na,K-ATPase activity measured in ciliary processes derives

from vascular endothelium.
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Figure 4 Accumulation of nitrite in the incubation medium of
NPE cells exposed to L-arginine (a) or SNP (b). NPE cells were
incubated with or without (control) test compounds for 20min and
then the concentration of nitrite was measured in the incubation
medium. Nitrite concentration (mM) was shown as the mean7s.e.m.
of 12 independent measurements at each concentration of L-arginine
and 12–16 measurements at each concentration of SNP. Statistical
comparisons were made by analysis of variance followed by the
Bonferroni post hoc multiple comparison tests. ***and aaaindicate
significant differences from the control values and from values for
the preceeding concentration of each drug at Po0.001, respectively.
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Figure 5 Inhibition of Na,K-ATPase activity in by 8-pCPT-
cGMP, a cell permeable analog of cGMP. Cells were incubated
with or without (control) 8-pCPT-cGMP for 20min, then homo-
genized and Na,K-ATPase activity in control and treated samples
was measured under identical conditions. The results are the
mean7s.e.m. of data from six independent measurements at each
concentration of 8-pCPT-cGMP. Statistical comparisons were made
by analysis of variance followed by the Bonferroni post hoc multiple
comparison tests. *,**and ***indicate significant differences from
the control value at Po0.05, Po0.01 and Po0.01, respectively.
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Here, we developed a way to isolate NPE cells from porcine

eyes in order to examine Na,K-ATPase responses to NO

donors specifically in the epithelium. The technique enabled us

to obtain the NPE layer with minimal contamination by PE.

Importantly, there was no contamination with ciliary process

stroma and vascular endothelium that could respond itself

to NO donors and generate NO through the activity of

endogenous NO synthase. NO donors, sodium azide, SNP

and S-nitroso-N-acetyl-penicillamine (SNAP) produced sig-

nificant and concentration-dependent inhibition of the Na,K-

ATPase activity in the NPE. The ability of NO donors to

inhibit NPE Na,K-ATPase activity suggests that such Na,

K-ATPase inhibition may contribute to the previously

observed reduction of aqueous humor secretion elicited by

NO donors (Shahidullah et al., 2005). Although aqueous

humor secretion is supported by the coordinated operation of

multiple ion transport mechanisms, studies with arterially

perfused eyes suggest that selective inhibition of NPE Na,

K-ATPase may indeed be capable of causing a reduction in

aqueous formation; the rate of aqueous secretion was reduced

significantly by ouabain delivered to the NPE-facing aqueous

humor compartment of the eye (Shahidullah et al., 2003).

Inhibition of CE Na,K-ATPase activity by NO donors also is
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Figure 6 The effect of sGC inhibitors on the Na,K-ATPase activity
response to sodium azide and SNP. (a and b) Show the Na,K-
ATPase response to sodium azide and SNP in the presence or
absence of ODQ. (c) Shows the Na,K-ATPase response to SNP in
the presence or absence of methylene blue. Cells were incubated with
or without (control) ODQ or methylene blue for 15min and then
sodium azide or SNP was added for a further 20min. After this, the
cells were homogenized and Na,K-ATPase activity in control and
treated samples was measured under identical conditions. The
results are the mean7s.e.m. of data from six independent
measurements for each experimental group. Statistical comparisons
were made by analysis of variance followed by the Bonferroni post
hoc multiple comparison tests. *and ***indicate a significant
difference from the normalized control value at Po0.05 and
Po0.001, respectively. aaaIndicates a significant difference from
sodium azide or SNP-treated samples at Po0.001.
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Figure 7 The effect of protein kinase inhibitors on the Na,K-
ATPase activity response to SNP (a) and 8-pCPT-cGMP (b). Cells
were incubated with or without (control) PKG inhibitors H-8 or H-9
or the specific PKA inhibitor H-89 for 15min. and then SNP or
8-pCPT-cGMP was added for a further 20min. After this, the cells
were homogenized and Na,K-ATPase activity in control and treated
samples was measured under identical conditions. The results are the
mean7s.e.m. of data from six independent measurements for each
experimental group. Statistical comparisons were made by analysis
of variance followed by the Bonferroni post hocmultiple comparison
tests. *,**and ***indicate significant differences from the control
value at Po0.05, Po0.01 and Po0.001, respectively. aIndicates
a significant difference from SNP-treated samples.

M. Shahidullah & N.A. Delamere NO donors inhibit Na,K-ATPase in porcine NPE 877

British Journal of Pharmacology vol 148 (6)



consistent with the finding that the IOP-lowering effect of NO

donors is independent of any vascular effect of NO donors

(Millar et al., 2001). It is noteworthy that ODQ, an inhibitor of

sGC, suppresses both the IOP-lowering effect of NO donors

(Shahidullah et al., 2005) and the Na,K-ATPase response to

NO donors observed in this study.

NPE cells are not unique in their display of an Na,K-

ATPase inhibition response to NO donors. NO donors have

also been shown to inhibit purified Na,K-ATPase obtained

from pig brain (Sato et al., 1995; 1997). Moreover, NO or NO

donors have been reported to inhibit Na,K-ATPase-linked ion

transport and fluid secretion in intestinal epithelium (Suzuki

et al., 2005), kidney (Ortiz & Garvin, 2002; Varela et al., 2004),

erythrocytes (Muriel et al., 2003), brain (Ellis et al., 2000; Wyse

et al., 2001) and in the gill of brown trout (Tipsmark &

Madsen, 2003). To elucidate the mechanism of action of NO

on the NPE, cells were exposed to L-arginine, which acts as the

substrate for NO production by NOS. L-Arginine caused a

concentration-dependent reduction of ouabain-sensitive Na,

K-ATPase activity. L-NAME, a NOS inhibitor abolished the

inhibitory effect of L-arginine on Na,K-ATPase activity. From

studies in other tissues it has been established that NOS

contributes to the generation of NO from L-arginine (Knowles

& Moncada, 1994; Sessa, 1994). The findings thus point to

NOS activity in porcine NPE. Concentration-dependent

accumulation of nitrite, a stable end product of NO

metabolism, was detected in the incubation medium of

L-arginine and SNP-treated NPE cells, confirming the ability

of the NPE to generate NO. The L-arginine-induced increase in

nitrite formation points to expression of a constitutive NOS

isoform in porcine NPE. This is consistent with an earlier

report that nNOS and iNOS are expressed in porcine NPE

(Meyer et al., 1999). In another study, using porcine ciliary

process it has been shown that expression of nNOS was six

times higher than eNOS and fifteen times higher than iNOS

(Liu et al., 2002).

The inhibitory effect of NO donors SNP and sodium azide

on Na,K-ATPase was suppressed by ODQ and by methylene

blue, two inhibitors of sGC. These results suggest that NO

effects on Na,K-ATPase lie downstream of sGC activation and

elevation of cGMP. Consistent with this mechanism, Na,

K-ATPase activity was inhibited in cells treated with the cell-

permeable cGMP analog 8-pCPT-cGMP. Elevation of cGMP

has been reported to inhibit Na,K-ATPase activity in choroid

plexus (Ellis et al., 2000) and in bovine ciliary processes (Ellis

et al., 2001). If NPE Na,K-ATPase activity is inhibited by

cGMP, it follows that elevation of cGMP in the ciliary body

might be expected to reduce aqueous humor secretion and

IOP. This seems to be the case in the rabbit (Korenfeld &

Becker, 1989; Takashima et al., 1996) bovine (Millar et al.,

1997; Shahidullah &Wilson, 1999) and monkey eye (Kee et al.,

1994).

As cGMP is a known activator of PKG, studies were

carried out to test whether PKG is involved in the Na,K-

ATPase response to NO donors. PKG inhibitors H-8 and

H-9 were both found to cause significant, but incomplete,

inhibition of the Na,K-ATPase response to the NO donor

SNP. The findings point to a situation where Na,K-ATPase

inhibition following PKG activation occurs subsequent to

cGMP elevation in cells treated with NO donors. This

mechanism fits with the observation that H-8 and H-9

also suppressed the inhibitory effect of 8-pCPT-cGMP on

Na,K-ATPase activity. It remains to be determined whether

PKG alters Na,K-ATPase function directly by causing

phosphorylation of Na,K-ATPase protein or whether Na,

K-ATPase activity is altered indirectly as the result of

PKG-induced phosphorylation of other regulatory proteins.

In the choroid plexus (Snyder et al., 1992) and in the substantia

nigra (Tsou et al., 1993), cGMP elicits phosphorylation of

dopamine and cAMP-regulated phosphoprotein (DARPP-32)

and protein phosphatase-1 inhibitor (inhibitor-1), which in

their phosphorylated state are potent inhibitors of protein

phophatase type 1 (a serine/threonine phosphatase). Protein

phosphatase-1 has been shown to be involved in the regulation

of Na,K-ATPase in kidney (Li et al., 1995). It is noteworthy

that there is evidence pointing to Na,K-ATPase activity

modulation in the CE by a different serine–threonine

protein kinase, the cAMP-dependent PKA (Delamere &

King, 1992). In the present study, however, the PKA inhibitor

H-89 did not change Na,K-ATPase responses to NO donors or

8-pCPT-cGMP, pointing to distinction between the cAMP

signaling pathway and the cGMP pathway activated by

NO. However, we cannot rule out involvement of PKC. In

opposum kidney cells it has been reported that PKC activation

by NO donors inhibits Na,K-ATPase activity (Liang &

Knox, 1999).

At the same concentrations that abolished the 8-pCPT-

cGMP effect on Na,K-ATPase activity, neither H-8, H-9 nor

ODQ fully inhibited the Na,K-ATPase response to SNP. This

leaves open the possibility that NO donors may cause Na,K-

ATPase activity inhibition in part via another mechanism that

acts in addition to the sGC-cGMP-PKG pathway. In other

tissues, the generation of peroxynitrite has been found to cause

biochemical changes subsequent to NO donor exposure. In the

present study, application of exogenous peroxynitrite to NPE

cells was found to cause concentration-dependent inhibition of

Na,K-ATPase activity. This raises the possibility that perox-

ynitrite generation during oxidative stress might influence
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Figure 8 Inhibition of Na,K-ATPase activity by peroxynitrite.
Cells were incubated with or without (control) peroxynitrite for
20min, then homogenized and Na,K-ATPase activity in control and
treated samples was measured under identical conditions. The
results are the mean7s.e.m. of data from six independent
measurements at each concentration of peroxynitrite. Statistical
comparisons were made by analysis of variance followed by the
Bonferroni post hoc multiple comparison tests. **and ***indicate a
significant difference from the control value at Po0.01 and
Po0.001, respectively.
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aqueous humor secretion since peroxynitrite formed during

oxidative stress would theoretically inhibit Na-K-ATPase

activity. Na,K-ATPase inhibition by ouabain reduces aqueous

humor secretion in isolated porcine eye (Shahidullah et al.,

2005). In the rat exocrine pancreas, it has been shown that

acute oxidative stress reduced fluid and salt secretion although

the involvement of peroxynitrite was not examined (Sweiry

et al., 1999). Peroxynitrite generation, following NO treat-

ment, had been shown to inhibit Na,K-ATPase activity in

several other tissues (Guzman et al., 1995; Sato et al., 1997;

Zhang et al., 2002; Kocak-Toker et al., 2005). Using FeTPPS,

which isomerizes peroxynitrite to form nitrite, we tried to

block the peroxynitrite effect in cells treated with NO donors.

The studies were inconclusive due to the significant inhibition

of Na,K-ATPase activity caused by FeTPPS itself (data not

shown). It remains to be determined whether peroxynitrite

contributes to the H-8-, H-9-, or ODQ-resistant component of

the Na,K-ATPase response to NO donors.

Taken together, the findings in this study suggest that NO

inhibits Na,K-ATPase activity in NPE cells via a mechanism

that involves activation of sGC, generation of cGMP and the

activation of PKG. Inhibition of NPE Na,K-ATPase has the

potential to reduce aqueous humor formation as evidenced by

the ability of intraocular ouabain to slow aqueous humor

secretion in the perfused eye (Shahidullah et al., 2003). On this

basis, we suggest that Na,K-ATPase inhibition may contribute

to the previously reported ability of NO donors to reduce

aqueous humor formation in the porcine eye (Shahidullah

et al., 2005).

This work was supported by NIH Grant EY06915, Research to
Prevent Blindness Inc. and the Kentucky Lions Eye Foundation.
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