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ZHEQINGCAI
Nitric Oxide Synthase Regulation in Inner Medullary Collecting Duct Cells
(Under the direction of JENNIFER S, POLLOCK)

Nitric oxide (NO) is a key regulator of sodium and water excretion in the kidney.
It has been shown that ren_al tubules contain abundant nitric oxide synthase (NOS);
however, little is known about the regulation of NOS expression and NOS activity in
renal tubular cells. In the renal medulla, collecting duct cells produce a high level of
endothelin:-1 (ET-1), express caveolin-1 artd protein tyrosine kinases (PTKs), and under
certain conditions are exposed to high flows, resulting in an increased shear stress. In the
current study, we hypothesize that ET-1 regulates expression of NOS isoforrri.( s) and
NOS activity is modulated by caveolin-1, tyrosine phosphorylation and shear stress.
Western blot analysis and immunofluorescent staining showed that all three NOS
isoforms were shown to be present in inner medullary-collecting duct (IMCD) cells, a
mouse IMCD cell line. After the IMCD cells were treated with 50 nM ET-1, NOSl was
. significantly and specifically increased, but not NOS

2 and NOS 3 expression. ET .;.1

also

increased phosphorylation of p42/p44 MAPK in the IMCD cells. Genistein, a protein
tyrosine kinase inhibitor, and PD 98059, a Mekl inhibitor, reduced the effects of ET-1 on
phosphorylation of p42/p44 MAPK and up-regulation of NOSl; furthermore, the ETA
receptor antagonist, A127722, rather than the ETB receptor antagonist, A1926_21,- ·
inhibited the ET-1 effects in a concentration-dependent manner. The IMCD cells also

express caveolin-1, but none of the NOS isofonns appear to be associated with caveolin-1
by co-immunoprecipitation experiments, suggesting ·that caveolin-1 does not regulate
NOS activity in the IMCD cells. NOS 1 is regulated by tyrosine phosphorylation and is
shown to be phosphorylated at basal conditions. The non-specific inhibition of protein
tyrosine kinases with 100 µM erbstatin A significantly increased nitrite production in the
IMCD cell media. The tyrosine phosphorylation of Nos·· 1 was reduced by erbstatin A,
and enhanced by vanadate, a protein tyrosine phosphatase inhibitor. When the IMCD
cells were exposed to three levels of shear stress, 30, 10, 3.3 dyn/cm2 for 1 hour,

a

significant increase in nitrite production was detected. L-NAME, a non-specific NOS
inhibitor, completely blocked the effect of shear stress on nitrite production in IMCD
. cells. Therefore, in IMCD cells, NOS 1 expression is up-regulated by ET-1 through
activation of the ETA receptor and p42/p44 MAPK pathway; NO production is stimulated
by tyrosine dephosphorylation, and activated by shear stress, but does not appear to be
regulated by caveolin-1.

INDEX WORDS: Nitric oxide, endothelin-1, MAP kinase, caveolin-1, tyrosine
phosphorylation, shear stress, inner medulla, and kidney.
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INTRODUCTION

A. Statement of the Problem

Nitric oxide, originally identified as a vascular endothelium-derived relaxing
factor, has been found to play an important role in many biological processes such as
regulation of sodium and water excretion in the kidney. Nitric oxide is produced from Larginine and oxygen by the catalysis of NOS. The kidney contains abundant NOS;
moreover, the inner medulla contains three tim~s the amount of NOS protein when
compared to the renal cortex (Mckee et al., 1994). The inhibition of NOS in the inner
medulla causes a significant increase in blood pressure due to the retention of sodium and
water (Mattson et al., 1994). Although the medullary collecting ducts reabsorb less than
10 per cent of sodium and water filtered by the glomeruli, they play a critical role in
determining the final urine output of sodium and water (Guyton and Hall, 2000).
However, little is known about the regulation of NOS expression and activity in this
segment of the renal tubule.

1

2

In the renal medulla, collecting duct cells produce a large amount of ET-1 (Ujiie
et al., 1992), which acts as an autocrine and paracrine factor; moreover, the cells has the
highest NOS activity in the segments of renal tubule (Wu et al., 1999). In thick ascending
limb, ET-1 increases NO production (Plato et al., 2000). 'Therefore, we reasoned that
ET-1 might influence the expression of NOS isoform(s) in IMCD cells. Terada et al
(1995) reported ET-1 activates p42/p44 MAPK in these tubular cells. It has been shown
that p42/p44MAPK pathway is involved in protein synthesis (Amemiya et al., 1999,
Engelman et al., 1999; Seddighzadeh et al:; 1999), thus the p42/p44 MAPK pathway may
play a role in the effect of lff -1 on NOS .· expression. There are two subtypes of ET
receptors, ETA receptor and ETB receptor in IMCD cells, but the role of ETA in this
segment of renal tubule is not known.

IMCD consists of epithelial cells, and contains caveolin-1 and protein tyrosine
kinase (Breton et al., 1998; Cohen et al., 1996) much like vascular endothelial cells. The
IMCD cells are also exposed to flowing urine, which at high flow rate is calculated to be
2 - 20 dyn/cm2 shear stress, similar to arterioles. It has been reported that caveolin
binding and tyrosine phosphorylation inhibit NOS activity (Ju et al., 1997) while shear
stress stimulates NOS activity in vascular endothelial cells(Cooke et al., 1991); therefore,
the purpose of this study was to determine if NOS activity in the IMCD cells is regulated
by caveolin, tyrosine phosporylation, and fluid shear stress.

3

In the current study, we hypothesized that NOS expression is regulated by ET-1,
and NOS activity is modulated by caveolin-1 binding, tyrosine phosphorylation, and
fluid shear stress in the IMCD cells. To test the hypothesis, we proposed the specific
aims:
1. To determine whether ET-1 regulates NOS(s) expression in IMCD cells.

.

2. To determine whether p42/p44MAPK pathway is involved in ET-1 effect on
NOS(s) expression in IMCP cells.
3.

To determine which subtype of ET receptors mediates ET-1 effect onNOS(s)
expression in IMCD cells.

4. To determine whether caveolin-1 associates with NOS(s) in·IMCD cells
5. To determine whether NOS activity is regulated by tyrosine phosphorylation
in IMCD cells.
6. To determine whether NOS activity is modulated by fluid shear stress in
· IMCD cells.

4

B. Review of Related Literature
1. Nitric oxide
NO is a labile radical gas f?nned from L-arginine and oxygen by NOS catalysis
(fig. a). NO plays a critkal role in many vital 'biological responses, such as control of
· vascuJar tone, hormone secretion, neurotransmission, immunity, and 'inpammation._ At
low (nanomolar) concentrations, NO is usually released from norma~ tissue; It binds to
transition metals and heme groups, and reacts with .thiol groups in multiple enzymes to
'

.

.

:

-

mediate cell signaling. For·· example, Nd activates soluble guanylate cyclase through
.

.

heme-binding that results in an activation and cGMP production (Rapoport and Murad,
1983). The activation of the cGMP pathway facilitates neuronal transmission, promotes
vascular relaxation, and inhibits platelet aggregation. NO can rapidly react with oxygen
and ·water to produce nitrite, which is a reflec.tion of NO production from intact cells
(Pollock et ~I., 1991). However, high (micromolar) concentrations of NO are produced
from inflammatory tissues. It is regarded as mediating cytotoxicity by an irreversible
r~action with superoxide anion (0 2-) to produce the potent oxidant peroxynitrite (ONOO)
(Pryor et al 1995). In the kidney, NO is a key regulator in controlling renal
hemodynamics and tubular fluid excretion. It has been reported that NO is produced by
the macula densa segment and preglomerular and postglomerular vascular endothelium,
and regulates glomerular hemodynamics and filtration by dilating the afferent arteriole of
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superficial glomeruli (D~ng an.d BaylJ.s, 1993). The role of NO in regulating fluid
reabsorption is due at least iri part to its inhibiting effects on Na+/K+ ATPase activity
(Mckee et al., 1994 ) and

ADH-stimulated water permeability by activation of the

cGMP pathway (Garcia et al., 1996). A defective production of NO in the collecting duct
.

.

has been reported in salt sensitive hypertensive rats (Chen and Sanders, 1993).
L-arginine + 0 2
NADPH, Ca2+, CaM, Zn
NOS FAD, FMN, BH4, Heme
L-Citrulline

>N0~0Gu~y::
2

ONOO·

+

Cytotoxicity

i

Apoptosis

2
·

Cyclase

+

GTP ---►- cGMP

+

Mutiple
Effects

Fig. a: NO biochemistry. NO is formed from L-arginine oxidization by NOS. NO mediates multiple
cellular effects by activation of cGMP pathway in normal condition. NO also plays a role in cytotoxicity
during inflammation through ONoo- production.

2. Nitric oxide synthase
Three isoforms of NOS, NOSl, NOS 2 and NOS 3, have been ·isolated. The
overall reaction catalyzed by each NOS isoform is a five-electron oxidation of L-arginine
to form NO and L-citrulline. Each isoform (Fig. b) consists of an oxygenase domain and

6

a reductase domain. The oxygenase domain contains the binding sites of heme, Zn
cofactor tetrahydrobiopterin (BH4)

and L-arginine; the reductase domain contains

conserved amino acid sequences for binding of NADPH, flavin adenine dinucleotide
(FAD) and flavin.mononucleotide (FMN), showing a high degree of sequence homology
to NADPH-cytochrome P450 reductase. They are centrally separated by a consensus
sequence for CaM binding (Ghosh et al., 1995).
Activation of NOS isoforms requires subunit assembly and cofactor binding. The
reductase domain of NOS catalyzes electron transfer from NADPH to acceptors such as
cytochrome at almost similar rates (Stuehr, 1997); moreover,· electrons may be
transferred to 0 2 by the reductase domain, generating superoxide, at low BH4 or Larginine levels. It is now clearly established that NO and superoxide synthesis can occur
simqltaneously within NOS and that BH4 can regulate their relative levels (Vasquez. Vivar et al., 1998; Xia et al., 1998).
The three isoforms of NOS are encoded by three different genes and can be
classified into two families: constitutive NOS (NOSl, NOS3) and inducible NOS
(NOS2). NOS 1 and NOS 3 were first characterized in. the- brain and endothelium,
respectively. Their activation is calcium/calmodulin-dependent, and their activity may be
modulated by phosphorylation. NOSl and NOS3 produce short-lasting (seconds to
minutes) and small quantities of NO, regulating the cardiovascular system and
neurotransmission (lgnarro and Murad 1995). However, NOSl and NOS3 have different

·

7

sequences in the N-termini. NOSl contains a PDZ domain in the N-terminus, linked to"
the components of signal transduction pathways (Brenman et al., 1995). _PIN, an
inhibiting protein, also binds tO' NOSl N-terminus(Jeffrey and Snyder, 1996). NOS3
contains a motif in the N-terminus for myristoylation and palmitolation. Myristoylation
and palmitolation are important for the enzyme's intracellular routing and targeting to
caveoiae (Sessa et al., 1995; Shaul et al., 1996), where NOS3 associates with caveolin-1
and other signaling molecules. NOS2 was first isolated from murine macrophages
stimulated with lipopolysaccharide (LPS) artd interferon-y. The activation of NOS2 does
not require elevation of intracellular calcium level because it tightly binds calmodulin at
basal intracellular calcium concentration (Gross et al., 1995). NOS2 produces NO over
long periods (hours to days) after a delay for protein synthesis, mediating
antiproliferative effects. However, the distinction between the constitutive and inducible
character of NOS is unclear. It has been reported that NOS2 is constitutively expressed in
kidney vascular and epithelial cells.
In the kidney, the location of NOSl, NOS2, and NOS3 has been explored with
immunohistochemistry, in situ hybridization, and renal microdissection combined with
RT-PCR. NOSl is principally expressed in the mactila densa, IMCD, cortical and outer
medullary collecting duct, glomerulus, and renal vasculature (Kone and Baylis, 1997).
NOS 2 is localized basally· in several renal tubule segments, most abundantly in the
medullary thick ascending limb, glomeruli, and the interlobular and arcuate arteries.

8
NOS3 is primarily expressed in the endothelium of the glomerular capillaries, intrarenal

arteries, and medullary vasa recta,. and the IMCD. All three isoforms are constitutively
expressed in the IMCD; however, the 'role of each NOS isoform in regulating sodium and
water excretion in the kidney is unknown.

2

Rd
e uctase domam

0 xygenase_ domam
Heme
(BH4 Fe Arg)

CaM

FMN

FAD

OOH

NADPH

.__ Electron flow

Fig. b: The structure of NOS. NOS isoforms contain the conserved amino acid sequences for binding
NADPH,FAD,FMN,CaM,BH4, and heme.

3. Endothelin-1
ET -1, as a product from vascular endothelial cells 13 years ago, is one of the
most potent vasoconstrictor known( Yanagisawa et al, 1988 ). It is also found to be
produced by smooth muscle cells, fibroblasts and cardiomyocytes (Ito et al., 1993;
Lariviere et al., 1995; Yamazaki et al., 1996). In addition to its direct vascular effects,
ET-1 regulates homeostasis of salt and water, alters central and peripheral sympathetic
activity, and stimulates the renin-angiotensin-aldosterone system -in physiological
conditions. ET-1 also plays an important role in the pathogenesis of a wide range of
disorders, such as hypertension, renal failure, myocardial infarction, and· subarachnoid

9

hemorrhage (Haynes and Webb, 1998). Other ET isoforms include ET-2 and ET-3. ET-2
has been found to be present in kidney, intestine, and myocardium, but

*

cellular origin -

is not known. ET-2 has similar functions as ET-1 (Levin, 1995). ET-3 is produced within
the brain, intestine, and kidney. It may play an important role· in IJ.euronal proliferation
and development (Shinmi, 1989). Each. ET. isoform is encoded by a separate gene.
Multiple factors (fig. c) affect ET-1 production. Angiotensin II, vasopressin and high
osmolarity stimulate ET-1 synthesis· while NO an_d prostacyclin inhibit ET-1 gene
transcription (Gray, 1995). The initial product of the human ET-1 gene is preproET-1, a
212 amino acid peptide. ProET-1 is formed after removal of the signal peptide, and then
converted by furin-like enzyme to a 38 amino acid peptide, bigET-1. The formation_ of
mature ET-1 requires cleavage of bigET-1 by endothelin converting enzymes (BCE).
There are two BCE isoforms, ECEl and ECE2. ECE-1 is· highly specific for
bigETs, and its preferred substrate is big ET-1 over big ET-2 and big ET-3. ECE-2 is a
separate gene product with a similar molecular weight (Turner and Tanzawa, 1997). It is
present in greater amounts in the brain, but in all tissue it is much less abundant than
ECE-1. ECE-2 knockout mice have no developmental abnormalities while mice deficient
i~ ECE-1 exhibit craniofacial and cardiac defects plus absence of myenteric neurons
J)

(Yanagisawa, 1998).
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ANGIi
Vasopressin
IL-1
Endotoxin
Shear stress
Osmolarity
Thrombin
Glucose

Heparin

PreproET-1
(212 a.a.)

Furin-like

enzyme---►-+.

Big RT-1
· (38 a.a.)

ECE--~
ET-1
21 .a.
ET-1
Fig. c: ET-1 generation and its regulators. ET-1 is formed from preproET-1 after two cleavages of the

peptide. Many stimuli promote ET-1 production while some inhibiting factors have opposite effects.

Circulating concentrations of ET-like immunoreactivity in venous plasma, a
marker. for endothelial synthesis of the peptide, are. in the range of 1-10 pmol/1 in healthy
subjects (Suzuki et al., 1989). The concentrations are lower than those that cause vascular
contraction in vitro and in viy<;>. However, it has been show~ that cultured endothelial
.

.

.

.

.

cells release substantially more ET-1 toward the adjacent vascular smooth muscle than
they do luminally(Yoshimoto et al., 1991), thus ET-1 appears to act as an autocrine and

11
.

.

.

.

.

paracrine factor. ET-1 in plasma is rapidly· cleared from the circulation. A substantial
proportion of clearance of ET-1 occurs through ET B receptor binding and then
internalization in the lung (Sirvio et. al., 1990).
In the kidney, -abundant ET -:-1. is produced in the renal vasculature and renal
tubule. ET-1 in renal resistance vessels acts locally to modulate renal blood flow (RBF)
and glomerular filtration rate (GFR). ET-1 production in the IMCD is higher than that in
the other segments of renal tubule ( Ujiie et al., 1992 ). ET-1 acts as an autocrine and
paracrine factor to inhibit Na+/K+ ATPase activity through the release of PGE2 and
reduces water permeability.in IMCD cells (Kohan et al., 1993). It has been reported that
ET-1 release by the IMCD was significantly reduced in spontaneously hypertensive rats
compared with WKY normal rats (Hughes et al., 1992 ); however, chronic effects of ET1 on IMCD has not been studied.
4. Endothelin receptors
There two two subtypes of ET receptors, ETA and ETB· ETAreceptors bind ET-1
and ET-2 with greater affinity than ET-3 while ETBreceptors have· equal affinity with all
three ET isoforms (Hosoda et al., 1992; Sakamoto et al., 1991). Both subtypes are Gprotein-coupled receptors and are distributeq. in a tissue- and cell-specific manner. Most
endothelial cells express only ETB receptors (Fujitani et al., 1992). Autocrine activation
of the endothelial cell ETB receptor stimulates production of NO and PGl2 , which cause
vasorelaxation (Filep et al., 1991; DeNucci et al., 1988). Both ETB and E!Areceptors are
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found in vascular smooth muscle cells, but their distribution among vascular segment is
variable. When ETA receptors on vascular smooth muscle are stimulated, they mediate
cell contraction, proliferation, arid hypertrophy (Schiffrin et al., 1995). After ET -1 binds
to ET B or ET A receptors, phospholipase C is activated, leading to hydrolysis of
phosphatidyl inositol and generation of cytosolic inositol trisphosphate and
diacylglycerol (Resink et al., 1988; Griendling et al., 1989). Inositol trisphosphate causes
a rapid increase in intracellular concentration of calcium thrqugh its release from
intracellular _stores; a more sustained rise in irih"ficellular calcium occµrs through opening
of membrane calcium channels (Hirata et al., 1988). This latter effect of ET-1 contributes
to the prolonged cell contraction elicited by the peptide (Griendling et al., 1989).
Diacylglycerol activates protein kinase C, increasing sensitivity of the contractile
apparatus to changes in intracellular calcium. Moreover, diacylglycerol also activates
nuclear signaling pathways, causing long-term regulation of cellular function and growth.
In the kidney, ETA receptors are primarily expressed in renal vasculature and are
responsible for vasoconstriction (Brooks et al., 1994). Several tubular segments,
including the IMCD, outer medullary collecting duct, cortical collecting duct, medullary
thick ascending limb, and proximal tubule also express ET ;receptors. The IMCD has the
highest ET-1 specific binding (Takemoto et al., 1993); furthermore, it primarily expresses
ETB receptors(Terada et al., 1992; Chow et al., 1995). These ETB receptors may mediate
inhibition of sodium and water reabsorption in this segment of renal tubule (Nadler et al.,
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1992; Zeidel et al., 1989). Several groups (Kohan et al., 1992; Cernacek et al., 1992)
presented evidence for ETA receptors in the IMCD; however, little is known about their
role in the kidney.
5. ET-1 and NO in the kidney
It has been reported that ET-1 is produced predominantly in the IMCD, the other
tubule segments such as the cortical collecting tubule, medullary thick ascending limb,
and proximal tubule synthesize much less ET-1 (Ujiie et al., 1992). NOS activity has
I

been found along the renal tubule of normal rat and be strong in the microdissected
IMCD, substantially lower in proximal tubule, cortical collecting tubule, medullary thick
ascending limb (Wu et al., 1999). The ·magnitu.de of ET-1· production in renal tubule
segments appears to be related to .the abundance of NOS protein in the respective
segments. Moreover, there is evidence that both ET-1 and NO are involved iD: controlling
the excretion of sodium and water in the renal tubule. Although the effect of ET -1 on
transport may depend on its conceJ?.tration in proxima.l tubule and cortical collecting
tubule (Garcia and Garvin, 1994; Gallego and Ling, 1995), ET-1 inhibits reabsorption of
sodium and water by reducing Na+/K+ ATPase activity and AVP-stimulated water
permeability similar to w~at has been expected for NO in the IMCD cells (Nadler et al.,
1992; Kohan et al., 1994). It has been suggested that NO mediates the ef(ects of ET-1 in
the IMCD cells by activation of cGMP pathway through elevation of intracellular Ca2+
concentration (Plato and Garvin, 1999); furthermore, ET-1 has been shown to inhibit
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chloride flux via ETB receptor-mediated NO release in thick asce.nding limb (Plato et al.,
2000). Our laboratory has reported preliminary data indicating that ET-1 stimulates NO
release from inner medullary collecting duct cells. However, in the renal tubule segment,
the effect of ET-1 on NOS expression has not been studied.
6. ET-1 andMAPKpathways.
Mitogen-activated protein kinases (MAPK) are expressed in all eukaryotic cells.
They are serine-threonine protein· kinases that are activated by diverse stimuli such as
growth factors and cellular stress. There ar~ four types of MAPK pathways: ERKl/2
(p42/p44MAPK\ JNK, p38; and ER~S;. p42/p44 MAPK pathway (fig. d) can be
activated through many different receptor types- such as receptor tyrosine kinases, Gprotein coupled receptors (GPCR), and cytokine receptors. When receptor tyrosine
kinases such as EGF receptors are stimulated, their intrinsic tyrosine kinase domains are
activated, leading to tyrosine phosphorylation of specific substrates including themselves
(Marais et al., 1996; Seger et al., 1995). Tyrosine phosphorylation of the EGF receptors
allows the binding of adapter proteins such as She to the receptors. She consists of a
phosphotyrosine binding domain, Src homology 2 (SH2) domai1:1, and a Src homology 3
(SH3) domain. The association of She with the EGF receptors causes the tyrosine
phosphorylation of She (Basu et al., 1994), This allows the binding of another adapter
protein, Grb2, containing a SH2 domain and two SH3 domains (Downward 1996). Grb2
can also bind directly· to the receptors through its SH2 domain. Sos, a guanine nucleotide
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exchange factor, constitutively binds to the SH3 domain of Grb2. The localization of Sos
to the EGF receptors leads to the exchange of Ras..:GDP for GTP at the plasma membrane
(Downward 1996). Ras-GTP interacts with Rafl and leads to the activation of Mekl/2.
p42/p44 MAPK activation results from dual phosphorylation of the residt1;es on threonine
and tyrosine by activated Mekl/2. The activated MAPK phosphorylates and activates
transcription factors such: as p9orsk S6 kinase, Elk, and Tal, which contribute to cellular
proliferation, differentiation and cell cycle regulation (Widmann et al., 1999). The
phosphorylated p42/p44MAPK also regul_ates· tictivity of cytosolic phospholipase A2 and
EGF receptor (Gordon et al., 1996; Whitmarsh et al., 1996). MAPKjnk was identified
biochemically almost 10 years later than p42/44 MAPK (Pulverer et al., 1991). MAP~nk
is activated by cell stress such as ultraviolet irradiation, and its substrates include
transcription factors such as c-jun and ATF-2. These transcription factors mediate
apoptosis and inflammation (Tibbles and Woodgett, 1999). MAPKP 38 is activated not
only by cellular stress but also by cytokines such as IL-1 and TNF-a (Raingeaud et al.,
1995). MAPKP38 can phosphorylate and activate the MAPK-activated protein (MAPKAP)
•kinase 2 and 3.

MAPKP 38 pathway mediates cytokine production and apoptosis.

MAKPMKK5/erk5 is activated by oxidative stress and hyperosmolarity (Abe et al., 1996), but
its function is poorly defined. ET-1 has been shown to increase tyrosine and threonine
phosphorylation of p42/p44MAPK and activate the enzyme via both ET A and ET B
receptors in several cultured cells such as rnyocytes and mesangial cells, leading to cell
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growth and cytoskeletal organization (Bogoyevitch et.al., 1994; Schramek et al., 1995).
ET-1 also activates MAPK_jnk pathway, promoting apoptosis (Cadwallader et al., 1997).
However, the role of p42/p44MAPK in IMCD is not known.

Growth factors
Receptor tyrosine kinase

•
•
••

GrbiS S/Shc
\as

Rafi
Mekl/2
Erkl/2
TCF/Elkl, Tai, STATS,
p9orsk'S6 kinase, c-Myc

PLA., EfF receptor
Cell Growth
Differentiation
Fig. d: p42/p44 MAPK pathway activated by receptor tyrosine kinases. Upon stimulation of receptor
tyrosine kinases, their intrinsic tyro$ine kinase domains are. activated, .then the adapter proteins, She, Grb2,
and Sos are recruited, leading to Ras, Rafl, Mekl/2, and Erkl/2 activation.

7. Caveolins
Caveolins are the integral membrane proteins of caveolae, which are plasma
membrane domains to yield endocytic or exocytic compartments containing a number of·
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signal transduction molecules _such as ET receptors, calmodulin, and Src (Philip et al.,
1998). There are three caveolin isoforms, cave_olin 1, caveolin 2 and caveolin 3. Caveolin
1 and 2 are ubiquitously expressed while caveolin 3 is found to be present within muscle
cells and astrocytes (Scherer et al., 1996; Tang et al., 1996). Caveolin 1 interacts with
NOS 3 after it is targeted to caveolae by myristoylation and palmitoylation (Feron et al.,
1998)~ Its scaffolding domain inhibits NOS 3 by interfering with interaction of the
enzyme with Ca2+/calmodulin (Ju et al., 1997). The-dissociation of caveolin 1 from NOS
3 can be promoted by calmodulin (Michel et al., 1997). NOS 1 activity is regulated by
caveolin 3 in skeletal muscle (Ven~ma et al.; 1997). Caveolin 2, which is co-expressed
with caveolin 1, participates in formation and redistr~bution of caveolae ( Mora et al,
1999), but has not been shown to participate in the inhibition of any NOS activity. In the
kidney, the role of caveolins is unknown. Caveolin 1 and caveolin 2 are expressed in the
tubular epithelial cells, including collecting duct cells, while caveolin 3 is not detectable(
Breton et al., 1998 ).
7. Tyrosine phosphorylation
Tyrosine phosphorylation is an important covalent modification that is carried out
by protein tyrosine kinases (PTKs), which catalyze the transfer of the yphosphate of.ATP
to tyrosine residues on protein substrates. It has been reported that tyrosine
phosphorylation regulates enzymatic activity and activates numerous cellular signaling
pathways (Till and Hubbard, 2000). There are two ciasses of PTKs: receptor tyrosine
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kinases (RTKs) and nonreceptor tyrosine kinases (NRTKs). RTKs such as growth factor
receptors are transmembrane glycoproteins. They transduce the extracellular signal to the
cytoplasm by receptor dimerization (Ullrich et., 1990). The· NRTKs such as Src are
integral components of the signaling casca4es triggered by RTKs and by other receptors.
Because PTKs play a critical role in cellular signaling, their activity is strictly regulated.
Tyrosine phosphorylation has been shown to inhibit NOS3 activity in vascular_
endothelial cells (Garcia-Cardena et al., 1997) and NOS 1 in human astrocytoma T67 cells
(Colasanti et al., 1999). Protein tyrosine kirtases has been reported in inner medullary
collecting duct cells (Cohen et al., 1999); however, it is not known if they have a role in
regulating NOS activity.
8. Fluid shear stress
Fluid shear stress is a frictional force produced by flowing fluid. It acts at the
apical cell surface to deform cells in the direction of blood flow. It has been shown that
shear stress elicits .rapid cytoskeletal remodeling (Dewey et al., 1981) and activates
signaling cascades in vascular endothelial cells. These include the consequent release of
NO (Cooke et al., 1991); activation of transcription factors such as nuclear factor kappaB
(NFkB), c-fos (Lan et al., 1994; Hsieh et al 1993); and transcriptional activation of genes
such as ICAM-l(Nagel et al., 1994) and NOS 3 (Uematsu et al., 1995). Shear stress
response ·element (SSRE) has been defined and identified in the flow-responsive
endothelial genes (Resnick et al., 1993). The shear stress-mediated NO production can
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be divided into two phases: a rapid increase in NO release associa~ed with elevation of
intracellular calcium level, followed by a sustained increase in NO production caused by
NOS phosphorylation (Corson et al., 1996). However, the shear stree-mediated NO
production is insensitive to the removal ·of extracellular Ca2+, but sensitive to serine
kinase inhibitors and phosphatidylinositol-3 kinase inhibitors( Fisslthaler et al., 2000 ). In
the kidney, inner medullary collecting duct cells are exposed to flowing fluid, a shear
stress on the cells. It has been suggested that shear stress plays a role in NOS regulation
in renal tubule. Our laboratory recently has shown that NOS3 expression is increased in
the renal medulla of DOCA-salt hypertensive rats in which urine flow is roughly 10-fold
higher than normal, indicating that collecting duct cells are exposed to a substantial shear
stress (Allcock et al., 1999). Moreover, Kaysen et al., 1999 reported that shear stress
activated SSRE in renal epithelial cells. However, the _effect of shear stress on NO
production in the IMCD cells has not been studied.

MATERIALS AND METHODS

A. Materials
Dulbecco's modified Eagle's medium (DMEM) was purchased from Mediatech
Cellgro. A mouse inner medullary collecting duct cell line (IMCD-3) was obtained from
American Type Culture Collection. Anti-NOS 1, anti-NOS 2 and anti-NOS 3 antibodies.
were purchased fro~ Biomol Research :L~boratories, Inc. Anti-ETA receptor antibodies
were obtained from Maine Biotech_nology, Inc. Endothelin-1 was purchased from
American Peptide Company Inc .. Anti-phospho-p42/p44 MAP ki11:ase and anti-p42/p44
MAP kinase antibodies were from New England Biolabs, Inc. The antibodies against
caveolin-1, caveolin-2, and caveolin-3 from Transduction Laboratories; the phospho-tyrosine antibody from Santa Cruz Biotechnology, Inc. PD98059 and erbstatin A were
obtained from Calbiochem-Novabiochem Corporation; Genistein and sodium
orthovanadate were purchased from the Sigma-Aldrich Corporation.
B. Methods·
1. Cell cultures
The IMCD-3 cells were cultured in DMEM containing 10% fetal calf serum and
1% penicillin/strep. The media was changed every 3-4 days. After the cells were
· 20
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confluent, 3 ml of 0.25% trypsin and 0.1 % EDTA were added into the plates (100 ml).
After 2-minute incubation at 37 °C, the trypsin solution was removed. The cells were
returned to the incubator for another 3 minutes until they detached. 10 ml of culture
media was used to suspend the cells. They were counted by a hemocytometer. 5xl05 cells
were seeded into each plate with culture media or frozen with 95% culture media and 5%

DMSO. All.experiments were carried out with cultures from passages 4-10.
2. Bio-Rad protein assays
Low protein assay: Five dilutions (0.05mg/ml - 0.5mg/ml) of bovine serum
albumin (BSA) standards were prepared. 10 µl of standard and sample solution was
pipeted into separate wells, then 200 µl Dye Reagent (Bio-Rad) was added to each well.
After incubating for 10 minutes at room temperature, the plates were read by microplate
scanning spectrophotometer (Power Wave 200, Bio Tek.) at 595 nm. The concentration
of proteins in each well was determined relative to BSA standards, a linear regression.
The sensitivity of the assay was 0.05 - 0.5 mg/ml.
Standard protein assay: Concentrations of protein in the cell lysates were in the
range of 0.2 - 1.5 mg/ml. When the samples contained detergent, the reagent A' was
made by adding 20 µl of reagent S (Bio-Rad) to each ml of reagent A. Five dilutions
(0.2mg/ml - 1.5mg/ml) of bovine serum albumin (BSA) standards were prepared. 5 µl
of samples and standards was pipeted into a clean, dry microtiter plate, then 25 µl of the
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reagent A' or reagent A (without detergent in the samples) was added into each well, next ·
· 200 µl of the reagent B added into each well. The plate was gently agitated to mix the
reagents for 10 seconds. After 15 minutes, absorbances were read at 750 nm by a
spectrophotometer (Power Wave 200, Bio Tek.). The concentration of proteins in each
well was determined relative to BSA standards, a linear regression. The sensitivity of the
assay was 0.2 - 1.5 mg/ml.
3. Wes tern ·blot analysis
The IMCD-3 were harvested with lysate buffer (1 % SDS, lOmM Tris-HCI, pH
7.4) which contains protease inhibitors (lµM leupeptinl µM pepstain A, 1 mM
phenylmethyl sulfonyl fluoride) . The cell lysates were sonicated for 15 seconds. The
concentration of proteins in the IMCD-3 cell lysates was determi1.1ed by standard protein
assay. Equal amounts of protein was loaded and separated on 7.5% sos..:PA9E (12% for
· caveolins). The proteins were transferred onto lmmobilon-P membrane for 60 min by
wet-blotting at 100 voltage. The membranes were blocked with 5% non-fat dry milk
diluted in Tris-buffered saline (blocking buffer) for one hour at room temperature. The
blots were incubated with primary antibodies diluted in blocking buffer at 4° C
overnight( 1: 1000 for NOS3, p42/p44MAPK, phospho-p42/p44MAPK, caveolin-1,
caveolin-2, caveolin-3. 1:500 for NOSl, 1:5000 for NOS2, 1:10000 for phospho-tyrosine,
1:2000 for actin). Blots were then incubated with re~pective h~rseradish peroxidaseconj~gated .secondary antibodies for _one hour at room temperature followed by four
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washes with Tris-buffered saline. The specific bands were detected by using an enhanced
chemiluminescence system (ECL).
4. Cellular immunofluorescent staining
The IMCD-3 cells were cultured on glass slides, fixed by cold acetone and
methanol (1:1) for 20 minutes, blocked with 0.2% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 30 min. Primary antibodies ( NOSJ 1:50,. NOS2
1:400, NOS3 1:200, ETAreceptor 1:100, phospho-p42/p44MAPK 1:100, Caveolin-1
1 :500) were diluted in blocking bufferl· After an overnight incubation in humidity

chamber at room temperature, the cells were washed three times for· 5 min. with ·PBS.
Specific reaction products were detected with FITC-conjugated anti-mouse (1 :800 for
NOS3, anti-rabbit (1:200 for NOSl, 1:2000 for NOS2) or anti-sheep (1:10~ for ETA
receptor) IgG secondary antibodies after incubation for 30 minutes at room temperature,
followed by three 5 min washes with PBS. Cy3-conjugated anti-mouse (1 :400 for.
phospho-p42/p44MAPK and caveolin-1) or anti-rabbit (1:200 for .NOSl) secondary
antibodies were used for double staining. Slides were mounted, covered and air-dried.
The IMCD-3 cells were viewed and photographed with a c.onfocal microscope (Nikon,
Diaphoto 200). Staining in the absence of the primary antibody served as a negative
control. ·
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5. Co-immunoprecipitation and immunoblotting
The IMCD-3 cells were extensively washed with PBS, harvested with scraper,
pelleted by centrifugation, resuspended in octylglucoside(OG) buffer containing 60 mM
OG, 50 mM Tris-HCl (pH 7.4), 125mM NaCl, 2 mM dithiothreitol, 100 µM EGTA, and
protease inhibitors(lmM PMSF, 1 µM pepstatin A, 2 µM leupeptin, and 0.1 % aprotinin),
and sonicated for· 15 seconds. The concentration of proteins in the cell lysates was
determined by standard protein assay. Equal amounts of cell lysates (500 µg) were
incubated with primary antibodies (l:lO0for·normal mouse serum as negative control.
After 1 hour at 4°C, protein G-Sepharose beads (50 of a 50% slurry) were added to the
supernatant for a further 1 hour incubation at 4°C. Bound immune complexes were
wasb.ed three times with OG buffer and then once with 50 mM Tris-HCI, pH 7.4, 150
mM NaCl. The immunoprecipitates were then eluted by boiling in Laemmli sample

buffer, 7.5% or 12 % (for caveolin-1) SDS-polyacrylamide gel electrophoresis,
immunoblotting with NOSl isoform antibody(l:2500), phospho-tyrosine antibody
(1:10000), or caveolin-1 antibody(l:1000), and chemiluminescent detection protocols
were performed.
6. Shear stress apparatus
IMCD cells were grown on glass slides (5.5 ·x 7 .0 cm) to confluence and placed
in a parallel-plate flow chamber ( CytoDyne, San Diego, CA ). The flow chamber
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consists of a machine-milled polycarbonate. plate, a rectangular silastic gasket, and the
glass slide with the attached cells. These were held together

by a_ vacuum maintained at

the periphery of the slide, forming a channel of parallel-plate geometry. The depth of the
channel formed was 220 µm, and the area· of cells exposed to shear was 16 cm2 • The
polycarbonate plate has two manifolds through which medium enters and exits the
channel. Medium is added to the reservoir. Then, the slide with the cultured cells was
inverted over the chamber, and clamped. A peristaltic pump (Bio-Rad) was used to drive
. the recirculating fluid (20 ml) consisting 6f phenol red-free culture media. The flow was
set at different rates to administrate various shear stress (static, 3.3, ,10, 30 dyn/cm2). The
shear stress was calculated with the formula:

't

= 611Q/bh2 (Frangos et al., 1988).

't

refers

to the mean shear stress, 11 to the dynamic· viscosity (0.0ldyffs/cm2), b to the flow
chamber width (2.5 cm), h to the chamber height (0.022 cm), and Q to the flow rate.
Samples (200µ1) were taken at 15-min intervals during a 1 hour. treatment period for
analysis of nitrite concentration as a measure of NO production. In separate experiments,
cells were subjected to 30 dyn/cm2 for 1 hour in the presence or absence of the NOS
inhibitor L-NAME at a concentration of 5 mM. At the end of each experiment, the cells
were harv~sted by trypsination and counted with a hemocytometer to determine the total
cell count. Cell viability was determined by trypan blue exclusion. Each experiment was
repeated three times.
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A: flow chamber .
B: fluid reservoir
C: peristaltic pump

◄

Fig. e: Shear stress apparatus. It was compcfaed of a flow chamber, a fluid reservoir, and peristaltic
·pump. IMCD cells which grew in glass slide covered the flow chamber and faced flowing inedia. Samples
were taken in the fluid reservoir. The peristaltic pump drove the media circulation.

7. DAN nitrite assay
Concentration of nitrite was measured in culture media using 2,3diaminonaphthalene (DAN, non-fluorescent) to react -with nitrite to form 1-Hnaphthotriazole, a highly fluorescent product. In a 96 well microtiter plate, 10 µl of
freshly prepared DAN ( 0.05 mg/ml in 0.62 N HCl ) was added to 100 µl of sample. Each
sample was measured in duplicate. After 10 _minute incubation at r·oom temperature, 10 µl
of 1.4 N N aOH was used to neutralize the acid in each well and stop any ~urther reaction.
The intensity of fluorescence was detected with excitation at 360 nm and emission at 450 .
nm. Nitrite concentration was determined relative to· a standard curve from 40 to 2500
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nM. The sensitivity of the assay is approximately 80 nM. After each experiment, the cells
in each well were lysed to determine the concentration of protein by low protein assay.
8. NOS activity assay (conversion of L-arginine to citrulline assay)
The IMCD cells were washed with PBS, harvested, pelleted by centrifugation,·
resuspended in homogenization buffer (25 mM Tris.HCI, pH 7 .4, 1 mM EDT A, and
lmM EGTA) in the presence of protease inhibitors (lmM PMSF, 1 µM pepstatin A, 2
µM leupeptin, and 0.1 % aprotinin), and homogenized with a glass-glass homogenizer for
>,

10 strokes on ice. The amount of protdrf in cell lysates was determined by standard
protein assay. Aliquots of the IMCD homogenate or rat brain preparation were incubated
with reaction mixtures, including [3H] arginine ( 10 µM final arginine, 71 Ci/mmol) in the
presence of 1 mM NADPH, 30 nM CaM, 3 µM BH4 , 2 mM CaC12, 1 µM FAD, and 1 µM
FMN in a total volume of 50 µl. Additional aliquots were incubated with 1 mM LNAME. After a 30 minute incubation at 37°C, the reaction was terminated by the addition
of 1 ml 50 mM HEPES, pH 5.5, containing 2 mM EDTA and 2 mM EGTA. The
reactions were applied to.1 ml Dowex AG 50WX-8 columns (Na+ form; Bio-Rad) and
[

3

H]

citrulline eluted with 2 vol of 0.75 ml water. The eluted radioactivity was

quantitated by liquid scintillation counting (Beckman 6500; Beckman-Coulter
Instruments).
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C. Statistical analysis
Data are presented as means ± SE. The significance of difference(s) was
evaluated by using Student's paired t-test. ·P < 0.05 is considered significant.

RESULTS
A. ET-1 specifically increased NOSl expression in the IMCD cells.
1. NOS 1, NOS2, and NOS3 were expressed in IMCD-3 cells.

To demonstrate the IMCD cells contains all three NOS isoforms. We performed
immunofluorescent staining and Western blot analysis of NOSl, NOS2, and NOS3
isoforms. Fig. 1 and Fig. 2 show that all these NOS isoforms are expressed in IMCD
cells.
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NOSl

NOS2

NOS3

Fig. 1: lmmunofluorescent staining of NOSI, NOS2, and NOS3 in the IMCD cells. The
IMCD cells were incubated with primary antibodies against NOS! ( I :50), NOS2 ( I :400),
and NOS3 (I :200) separately overnight. After washing, the secondary antibodies
conjugated with FITC were used to target respective primary antibodies. Staining in the
absence of the primary antibody served as a negative control. Each staining of NOS 1,
NOS2, and NOS3 was positive in the IMCD cells.
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IMCD

Fig. 2: Western blot analysis of NOSl, NOS2, and NOS3 in the ™CD cells. The blots
were incubated with primary antibodies against NOSl (1 :500), NOS2 (1 :5000), and
NOS3 (1:1000) separately overnight. After washing, the blots were incubated wi~h
horseradish peroxidase-conjugated secondary antibody for one hour. Rat brain
preparation (RBC), macrophage cells stimulated with LPS and IfN-y (RAW), and bovine
aortic endothelial cells (BAEC) were used as NOSl, NOS2, and NOS3 positive control,
respectively. The IMCD cells express all three NOS isoforms.
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2. ET-1 up-regulated NOS 1, but not NOS2 and NOS3 expression in the IMCD cells.
To determine the effect of_ET-1 on the expression of NOS isoforms in the IMCD
cells, we treated the IMCD cells with ET-1 (50 nM) for 12 hours. The cell lysates were
used for Western blot analysis of NOSl, NOS2, and NOS3. Western blots demonstrated
that ET-1 increased expression of NOS 1 (Fig. 3), but it did not cause a significant change
. in expression of NOS2 and NOS3 (Fig. 4).
densitometry.

Each Western blot was analyzed by

The expression of NOS 1 in the group with ET-1 treatment was

significantly elevated (174±4 vs. 288±39 densitometric units, p < 0.05), compared with
control (Fig. 3B). However, neither NOS 2 (684±25 vs. 736± 62) nor NOS 3 (299±37 vs.
320±46) (Fig. 4B, 4D) expression were changed significantly by ET-1 treatment.
3. ET-1-mediated up-regulation of NOSl was time-dependent.
To.confirm that ET-1 increases NOSl expression in the IMCD cells. The IMCD
cells were treated with ET-1 (50 nM) for various time points, 3, 6, .12, 24 hours. The cell
lysates were used for Western blot analysis of NOS 1. The effect of ET-1 on expr~ssion of
NOSl protein increases wit~ time (Fig. 3C)
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Fig. 3: Effect of ET-1 on expression of NOSl in the IMCD cells. The IMCD cells were

stimulated with SOnM ET-1 for 12 hours. The cell lysates were used for Western blot
analysis of NOSl and actin. The cells without any treatment were used as control. Panel
A shows that ET-1 up-regulated NOSl, compared with control. The densitometric
analysis of the blots shows ET-1 significantly increased NOSl expression in the IMCD
cells (Panel B). The actin bands were used to present equal loading. In the panel C, the
IMCD cells were stimulated with 50 nM for 0, 3, 6, 12, 24 hours. The Western blots
shows that the ET-1- mediated up-regulation ofNOSl was time dependent.
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Fig. 4: Effect of ET-1 on expression of NOS2 and NOS3 in th~ IMCD cells. The IMCD
cells were stimulated with 50nM ET-1 for 12 hours. The cell lysates were used for
Weste_rn blot analysis of NOS2 and NOS3. The cells with no treatment were used as
control. Panel A and C shows that ET-1 did not increase NOS2 and NOS3 expression.
The _densitometric analysis of the NOS2 and NOS3 blots shows no difference between
ET-1 treatment and control in NOS2 (Panel B) and NOS3 (panel D) expression.
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B. P42/p44 MAPK pathway was involved in ET-I-mediated up-regulation of NOSl
in the IMCD cells.

1. ET-1 increased p42/p44MAPK phosphorylation in the IMCD cells ..
To demonstrate ET-1 stimulation of p42/p44MAPK phosphorylation in the IMCD
cells, we incubated the IMCD cells with ET-1 at various time 0, 10, 15, 30, 60 minutes
after they were deprived of serum for 3 hours. ET-1 increased p42/p44MAPK
phosphorylation at 10 min. MAPK phosphorylation reached peak at 15 min, then
decreased and returned to the initial level at 60 minutes (Fig. 5).
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Fig. 5: Time course of ET-1 effect on phosphorylation of p42/p44MAPK in the IMCD
cells. The cells were stimulated with. SO nM for 0, 5, 15, 30, 45, 60 minutes after they
were deprived of serum for 3 hours. The· cell lysates were used for Western biot analysis
of phospho-p42/p44MAPK and p42/p44MAPK. ET-1 increased phosphorylation of
p42/p44MAPK in the IMCD cells. p42/p44MAPK was used to present equal loading.
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2. ET-1 activated the p42/p44MAPK pathway in the IMCD cells.
To determine activation of the p42/p44MAPK pathway by ET-1, we pretreated
the IMCD cells with genistein , a non-specific tyrosine kinase inhibitor, or PD98059 , a
specific tyrosine kinase (Mekl) inhibitor, at various concentrations of 2, 20, 200 µMor
0.1, 1, 10, 20, 50, 100 µM, respectively, for 60 minutes, then the cells were stimulated °by
ET -1 for 15 minutes. The cell lysates were used for Western blot analysis of phosphop42p44M.f\PK. Genistein(Fig. 6A) and PD98059 (Fig. 6B) completely blocked ET-1
mediated p42/p44MAPK phosphorylation at 20 µMand 1 µM, respectively:
3. Inhibition of tyrosine kinases reduces ET-1 mediated up-regulation of NOS 1 in the
IMCD cells.
To determine whether the p42/p44MAP kinase pathway is invo~ved in upregulation of NOS 1 by ET-1, we pretreated the IMCD cells with genistein or PD98059 at
various concentrations of 2, 20, 200 µM, or 1, 10, 109 µM, respectively, for 1 hour. The
cells were stimulated with ET -1 for 24 hours. The cell lysates were used for Western blot
analysis of NOSl. Genistein(Fig. 7A) and PD98059(Fig. 7B) inhibited ET-1 the effeGt on
NOSl expression in a concentration-dependent manner.
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Fig. 6: Effect of genistein, PD98059 on the phosphorylation of p42/p44MAPK by ET-1
in the IMCD cells. The IMCD cells were pretreated

in the presence or absence of

genistein, PD98059 at various concentrations of 2, 20, 100 µM for 1 hour after they were
deprived of serum for 2 hours, then the cells were stimulated with 50 nM for 15 minutes.
The cell lysates were U:Sed for Western blot analysis of phospho-p42/p44MAPK.
Genistein and PD98059 inhibited the ET-I-mediated phosphorylation of p42/p44MAPK
in the.IMCD cells.
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Fig. 7: Effect of genistein, PD98059 on the ET-1-mediated up-regulation of NOSl

in the

IMCD cells. The IMCD cells were pretreated in the presence and absence of genistein or
PD98059 at various concentrations of 2, 20, and 200 µM, or 1, 10, 100 µM for 1 hour.
Then, the cells were stimulated with 50 nM for 24 hours. The cell lysates were used for
Western blot analysis of NOSl. Genistein (panel A) and PD98059 (panel B) inhibited the
effect of ET-1 on NOSl expression in a concentration-dependent manner.

40.
C. ETA receptors mediated p42/p44MAPK pathway activation and NOSl upregulation by ET-1 in the IMCD cells
1. ET-1 increased phosphorylation of p42/p44 MAPK through the ET Areceptor in the
IMCD cells.
To· determine which subtype of ET receptors mediates p42/p44MAPK
phosphorylation by ET-1, we incubated the IMCD cells with.A-127722, an ETA receptor
antagonist, or. A-192621, an ETB receptor antagonist, at various of concentrations (1, 10,
100, 1000 nM) for 1 hour, then the cells were stimulated with ET-1 for 15 minutes. A127722 (Fig. 8A) inhibited ET-1 mediated p42/p44MAPK phosphorylation in a
concentration dependent manner; however, A192621 (Fig. 8B) did not affect the
p42/p44MAPK phosphorylation.
2. The effect of ET-1 on .NOS 1 expression was mediated through the ET Areceptor in the
IMCD cells.
To determine which subtype _of ET r_eceptors is involved in ET -1 mediated upregulation of NOSl, we pretreated the IMCD cells with A-127722, or A-192621 at
various concen~rations (1, 10, 100, 1000 nM) for 1 hour. The cells were stimulated with
ET-1 for 24 hours. The cells were collected for Wes tern blot analysis of NOS 1. A127722 (Fig. 9A) inhibited the effect of ET-1 on NOS 1 expression in a concentration
dependent manner; however, A19262l(Fig. 9B) did not influence the ET-1 effect on
NOS 1 expression in the IMCD cells.
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Fig. 8: Effect of A-127722, A-192621 on phosphorylation of p42/p44MAPK by ET-1 in

the ™CD cells. - The IMCD cells were pretreated in

the presence and absence of A-

127722 or A-192621 at various concentrations of 1, 10, 100, 1000 nM for 1 hour after
they were deprived of serum for 2 hours, then the cells were stimulated with 50 nM for
15 minutes. The cell lysates were used for Western blot analysis of phosphop42/p44MAPK. A-127722 . inhibited the ET-1-mediated phosphorylation of
p42/p44MAPK in the ™CD cells, but AJ926_21 did not.
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Fig. 9: Effect of A-127722, A-192621 on the ET-1-mediated up-regulation of NOSl in
the IMCD cells. The cells were pretreated in the presence or absence of A-127722 or A191621 at various concentrations of 1, 10, 100, and 1000 nM for 1 hour. Then, the cells
were stimulated with 50 nM for 24 hours. The cell lysates were used for Western blot
. analysis of NOSl. A-127722 inhibited the effect of ET-1 on NOSl expression in a
c.oncentration-dependent manner (panel A), but A-192621 did not (Panel B).
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3. ETA receptors were co-localized with phospho-p42/p44MAPK in the IMCD cells.
To visualize the distribution of ETAreceptor and phospho-p42/p44MAPK in the
IMCD cells, the cells were treated with ET-1 for 15 minutes after the cells were deprived
of serum for 3 hours. The cells were· us~d for double immunofluorescent staining of ETA
receptor antibody and phospho-p42/p44MAPK antibody. ET A receptor (Fig. 1OB) was
mainly expressed around nuclei in the IMCD cells, and phospho-p42/p44MAPK was
shown to be co-localized with ETA receptor (Fig. 10).
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Fig. 10: Double immunofluorescent staining of phospho-p42/p44MAPK and ETA
receptor in the CMCD cells. The CMCD cells were stimulated with ET-I for 15 minutes
after they were deprived of serum for 3 hours. The cells were incubated with anti-mouse
monoclonal antibody against phospho-p42/p44MAPK ( I :100) and anti-horse polyclonal
antibody against ETA receptor (1: 100) overnight. After PBS washing, the cells were
incubated with anti-mouse secondary antibody conjugated with Cy3 (red)(l :400) and
anti-horse secondary antibody conjugated with FITC (green)(] :400) for 30 minutes.
phospho-p42/p44MAPK (panel A) and ETA receptor (panel B) were expressed in the
IMCD cells; moreover, they were co-localized around the nuclei.
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D. NOS activity was not inh.bited by caveolin-1 in the IMCD cells

·1. NOS activity in the IMCD cells
To determine if there is NOS activity in the IMCD cells, IMCD cell homogenates
and rat brain cerebellum (RBC) were incubated with the reaction mixtures in the presence
· or absence of lmM L-NAME for 30 minutes. Fig.11 shows that NOS activity in RBC
was much higher than that in IMCD homogenate. IMCD contained low NOS activity.
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Fig. 11: NOS activity in the IMCD cells at basal condition. The IMCD homogenate or rat
brain preparation were incubated with the reaction mixtures in the presence or absence of
1 mM L-NAME. After a 30 minute incubation at 37°C, the reaction was terminated by
the stopping buffer. The reactions were applied to the columns, and eluted with 2 vol of
0.75 ml water. The eluted radioactivity was qu~titated by liquid scintillation counting.
Low NOS activity was detected in the homogenate of the IMCD cells.
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2. Caveolin-1 and Caveolin-2 were expressed in the IMCD cells
To determine if the IMCD cells express caveolin isoforms in IMCD cells. The
cell lysates were used for Western blot analysis of caveolin-1, caveolin-2, and caveolin3. Their respective positive controls are bovine aortic endothelial cells (BAEC), mouse
embryonic fibroblast cells (RSV-3T3), and smooth muscle cells (SMC). Fig. 12 shows
that caveolin-1 and caveolin-2 are present in the IMCD cell lysates, but caveolin-3 is not.

48

Caveolin-1

Caveolin-2

IMCD BAE

IMCD RSV
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Fig. 12: Western blot analysis of caveolin-1, caveolin-2, and caveolin-3 in the IMCD
cells. The cell lysates were loaded onto 12% gel. The membranes separately incubated
with primary antibodies against caveolin-1(1 :1000), caveolin-2(1 :1000), and caveolin-3
(1:1000) overnight. BAEC (lane 2), embryonic fibroblast cells (RSV) (lane 4), and
smooth muscle cells (SMC) (lane 6) were used as the positive controls of caveolin-1,
caveolin-2, and caveolin-3, respectively. Caveolin-1 (lanel) and caveolin-2 (lane 3) were
expressed in the IMCD cells whlle caveolin-3 (lane 5) was undetectable.
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3. NOS isoforms did not associate with caveoli11-l in the IMCD cells
To determine whether caveolin-1 is associated with one of all the NOS isoforms
in the IMCD.cells, the cell lysates were incubated with each of NOSl antibody, NOS 2
antibody, and NQS 3 antibody. The immunoprecipitates were used for Western blot
analysis of caveolin-1. Fig. 13 shows that no caveolin-1 was found in all the
immunoprecipitates (Panel A, B, and C).

The Western blots were ·stripped for

immunoblotting of NOSl, NOS2, and NOS3, separately. The NOS isoforms were found
in the respective blots. Caveolin-1 is not directly associated with any of NOS isoforms in
the IMCD cells.
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Fig. 13: Immunoprecipitation with the antibodies against NOSl, NOS2, and NOS3 and
immunoblotting with caveolin-1 in the IMCD cells.

The IMCD cell lysates were

separately incubated with the primary antibodies (1 :100) against NOSl (Panel A, lane2),
NOS2 (Panel B, lane 2), and NOS3 (Panel C, lane 3) or no1:111al animal serum (lane 1 in

all three panels) as negative control for 1 hour at 4

°c. After centrifugation, protein G-

Sepharose beads were added _to the supernatant for overnight at 4

°c.

The

immunoprecipitates were loaded onto 12% SOS-PAGE for Western blot analysis of
caveolin-1. Then, these blots were stripped, blocked by 5% non-fat milk, immunoblotted
with primary antibodies against NOS 1, NOS 2, NOS 3 proteins, separately. RBC (Panel
A, lane 3), RAW (Panel B, lane 3), BAEC (Panel C, lane 3), were used as positive
controls of caveolin-1 and NOS 1, NOS2, and NOS3, respectively.
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4. Caveolinl and NOS3 were not co-localized in the IMCD cells.
To determine whether NOS3 and caveolin-1 distribute in the IMCD cells, the
cells were used for double immunofluorescent staining of caveolin-1 and NOS 3.
Caveolinl was localized at plasma membrane in the IMCD cells while NOS 3 was
identified inside the membrane (Fig. 14A). Although some suspicious spots of colocalization of NOS3 and caveolin-1 are seen at horizontal section, the separation of the
two proteins can be identified at vertical section in the IMCD cells (Fig. 14B). Therefore,
this result confirm that caveolin-1 is not associated with NOS 3 at basal condition in the
IMCD cells.
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Fig. 14: Double immunofluorescent staining of NOS3 and caveolin-1 in the IMCD cells.
The cells were incubated with anti-mouse NOS3 antibody ( I :200), and anti-rabbit
caveolin-1 antibody ( 1:500) overnight. After washing, the anti-mouse IgG secondary
antibody conjugated with FITC (green)( I : 800) and the anti-rabbit IgG secondary
antibody conjugated with Cy3 (red) ( I :3000) were used to target to the respective
primary antibodies for 30 minutes.
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E. NOS activity was up-regulated by tyrosine dephosphorylation in the IMCD cells
· 1. NOS 1 was tyrosine-phosphorylated in the IMCD cells at basal condition.
To determine whether NOS is modified by tyrosine phosphorylation in the IMCD
cells, co-immunoprecipitation and immunoblotting experiments of NOS 1 and tyrosine
phosphorylated.proteins were performed with the cell lysates. In the Fig. 15A, the IMCD
cell lysates were incubated with NOS 1 antibody or mouse serum overnight, the
inimunoprecipitates were used for ~· Western blot analysis of tyrosine-phosphorylated
"

''

'

;

.

.

proteins. Two ·specific bands were detected by Western blots, 155 kD and 100 kD. In the
Fig. 15B, to confirm NOSl is tyrosine~phosphorylated in the IMCD cell, the cell lysates
were incubated with phospho-tyrosine antibody, followed by immunoblotting of NOSl
antibody; Rat br~in ·1ysate .was· used as positive control. Only one specific band, at about
155 kD, can be identified in Western blots. Therefore, NOS 1 is tyrosine-phosphorylated
in the IMCD cells, and an unknown phosphorylated protein, at about 100 kD, associates
withNOS 1.
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Fig. 15: NOSl tyrosine phosphorylation in the IMCD cells at the basal condition. Panel

A: The IMCD cell lysates were incubated with the primary. antibody against NOSl
(l:lO0)(lane 2) or normal mouse serum (lane 1) as 1:1-egative·c~ntrol ftir 1 hour at 4 °c.
After centrifugation, protein G-Sepharose beads were added to the supernatant for
overnight at 4 °C. The_ immunoprecipitates were usid _for Western blot analysis of
phospho-tyrosine proteins. Panel B: The IMCD cell lysates were incubated with the
primary antibody against phospho-tyrosine (1: 100) (lane 2) or nor_mal mouse serum
(lanel) 1 hour at 4

°c . The immunoprecipitates and rat' ~t;ain (RB)

positive control were used for Western blot analysis ofNOSl.

(lane 3) as NOSl
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2. NOS 1 was one of tyrosine-phosphorylated proteins in the IMCD cells
To demonstrate the relationship between NOS 1 and tyrosine-phosphorylated
proteins in the IMCD cells, we performed double immunofluorescent staining of NOS 1
and tyrosine-phosphorylated proteins in the IMCD cells. Fig. 16A shows most of NOS 1
protein were distributed around nucleus while tyrosine-phosphorylated proteins were
more diffuse and some were localized at plasma membrane(Fig. 16B). In the panel C,
the yellow indicates the co-localization of NOSl and tyrosine-phosphorylated proteins,
suggesting NOS 1 is one of tyrosine phosphorylated proteins in the IMCD cells.
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Fig. 16: Double immunofluorescent staining of NOSl and phospho-tyrosine proteins in
the IMCD cells. The IMCD cells were fixed with acetone and methanol l: l for 15
minutes, then the cells were incubated with anti-mouse phospho-tyrosine antibody
(I :200), and anti-rabbit NOSl(l :50) antibody overnight. After washing, the anti-mouse

IgG secondary antibody conjugated with FITC (green) (l :800) and the anti-rabbit IgG
secondary antibody conjugated with Cy3 (red) (1 :200) were used to target to the
respective primary antibodies for 30 minutes. There were some phospho-tyros ine
proteins which were co-localized with NOS I protein in the IMCD cells.
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3. Inhibition of tyrosine kinase increased nitrite production in the IMCD cells.
To characterize the role of tyrosine phosphorylation in regulating. NOS activity in
IMCD cells, we treated the IMCD cells in the presence· or absence of erbstatin A, :a
tyrosine kinase inhibtor, at various concentrations of 10, 100, 200 µM for 1 hour, the cell
media were used for DAN assay. The amount of protein in each well was determined by
standard protein assay. Nitrite production is calculated as pmol/mg protein relative to
control, the IMCD cell media without erbstatin A treatment. Fig. 17 shows the treatment
of 100 µM and .200 µM erbstatin A significantly increased nitrite production(l15±16,
153±12 pmol/mg protein) compared with control and l0µM treatment.
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Fig. 17: Effect of erbstatin A on nitrite production in the IMCD cell media. The IMCD

cells were treated with the presence or absence of erbstain A. at various concentrations
of 10, 100, 200 µM for 1 hour. The cell media was· taken for DAN assay for
determining nitrite concentration. After the assay, the amount of protein in each well
was determined by standard protein assay. Nitrite production was calculated- as
pmol/mg protein relati~e to control, no treatment. 100 µM erbstatin A treatment
significantly increased nitrite production in the IMCD cell~. when compared with
control and 10 µM erbstatin A treatment.
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4. Tyrosine-phosphorylation of NOS 1 was regulated by tyrosine kinase or tyrosine
protein phosphatase in the IMCD cells.
To determine whether inhibition of tyrosine kinase or tyrosine protein
phosphatase changes tyrosine phosphorylation of NOS 1 in the IMCD cells, we treated
the IMCD cells with 100 .µM erbstatin A or 1 mM vanadate, a tyrosine protein
phosphatase inhibitor for 2 hours. The cell lysates were used for immunoprecipitation
with NOS 1 antibody and immunoblotting with phospho-tyrosine antibody. Fig. 18 shows
that erbstatin A (lane 3) reduced the. tyrosine phosphorylation of NOS 1 while vanadate
(lane 4) enhanced the tyrosine phosphorylation of NOS 1 compared with control, the
IMCD cell lysates· without any treatment.
To examine the effect of erbstatin A_and vanadate on expression of NOSl in the
IMCD cells after 2 hour treatment, we used the same IMCD cell lysates as the above to
perform Western blot analysis of NOS 1. Fig. 19 shows that the 2-hour treatment of
erbstatin A and vanadate did not change the expression of NOS 1 in IMCD cells.
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Fig. 18: Effect of erbstatin A and vanadate on tyrosine phosphorylation of NOSl in the
IMCD .cells. The IMCD cells were treated with the presence or absence of 100 uM
erbstatin A, o'r 1 mM vanadate for 2 hours. The IMCD cell lysates were incubated with
the primary antibody against NOSl (1 :100) (lane 2-4) or normal mouse serum (lane 1) as
negative control for 1 hour at 4

°c. After centrifugation, protein G-Sepharose beads were

added to the supernatant for overnight at 4
7.5% SOS-PAGE.

°c. The immunoprecipitates were loaded onto

f~r Western blot analysis of p~ospho-tyrnsine proteins. Erbstatin A

(lane 3) reduced tyrosine phosphorylation of NOSl which vanadate (lane 4) enhanced the
NOSl phosphorylation when compared with not_:treated iMCD cell lysates (lane 2).
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· Fig. 19: Effect of erbstatin A and vanadate on NOSl expression· in the IMCD cells. The
cells were treated with the presence or absence of 100 uM erbstatin A or 1 mM vanadate
for 2 hours. The cell lysates were used for Western blot analysis of NOSl. The treatmen~
of erbstatin A or vanadate did not change NOSl expression very much.
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F. NOS activity was stimulated by fluid s~ear stress in IMCD cells
1. Fluid shear stress mediated nitrite production in the IMCD cells
To determine whether shear stress stimulates the IMCD cells to produce nitric·
oxide, the cells were exposed to three different levels of shear stress, 30, 10, 3.3
dyn/cm2• The flow media were taken at 15, 30, 45, 60 minutes for nitrite determination by

DAN assay. Fig. 20 shows that shear stress significantly increased nitrite production at
3.3 dyn/cm2 · for15 min. exposure; furthermore, the shear stress-mediated nitrite
production is flow dependent.
2. Inhibition of NOS activity blocked shear stress-mediated nitrite production in the
IMCD cells.
To demonstrate the role of NOS. activity in nitrite production by shear stress in
IMCD cells. The IM~D cells were exposed to 30 dyn/cm2 for 60 minutes in the presence
or absence of 5mM L-NAME, a non-specific NOS inhibitor. The flow media ·were taken
for nitrite measurements. · L-NAME abolished: shear stres·s-mediated nitrite production
during 60 minute exposure to 30 dyn/cm2 in IMCD cells (Fig. 21).
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Fig. 20: Fluid shear stress-mediated nitrite production in the IMCD cells. The IMCD
cells were exposed to three different levels of shear stress, 3.3, 10. 30 dyn/cm2 for 1 hour.
The cell media samples were taken for DAN nitrite assay at 15 minute intervals. Shear
stress significantly increased nitrite production in the IMCD cells, and the shear stressmediated nitrite production is flow-dependent.
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Fig. 21: Effect of L-NAME on shear stress-mediated nitrite production in the IMCD
cells. The IMCD cells were exposed

t? 30 dyn/cm2 in the presence or absence of 5 mM

L-NAME for 1 hour. The cell media samples were taken for DAN nitrite assay at 15
minute intervals. L-NAME completely blocked the nitrite production mediated_ by fluid
shear stress in the IMCD cells.

DISCUSSION
Regulation of NOS expression in IMCD cells

Our findings demonstrate an effect. of ET-1 to increas~ NOS expression in the
IMCD cells; furthermore, we provide evidence for a functional role of p42/p44MAPK
pathway iD: the renal epithelial cell. Moreover, we d~monstrate involvement of the ETA
receptor in ET-1-mediated up-regulation of NOS 1 in the IMCD cells. These findings
suggest a role for ET-1 in regulating NOSl expression in the IMCD, which is dependent
upon p42/p44MAPK activation.
The IMCD secretes· a ·large amount of ET -1 C<?mpared ·with other tubular
segments, including the cortical collecting tubule, medullary thick ascending limb, and
proximal tubule(Ujiie et al., 1992). Abundant NOS proteins are found in renal tubules,
especially in the IMCD. All of the NOS isoforms, NOS 1, NOS2, and NOS3 are
constitutively expressed in IM<;:D cells. Although it is unknown about the specific role of
each NOS isoform in this segment of the renal tubule, there is. good evidence that NOS 1
plays an important role in the control of sodium and water excretion. Mattson et al
( 1996) demonstrated that renal medullary interstitial infusion of

antisense

oligonucleotide to NO~ 1 increased blood pressure in rats on a high salt diet, and
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significantly decreased the level of NOS 1 in the renal medulla without alterations in the
levels of NOS2 and NOS3.
The IMCD is a principal site of NOS 1 protein expression in renal tubules. NOS 1
levels have been shown to be elevated by high dietary salt (Allcock et al., 1999; Roczniak
et al., 1998) and water-deprivation (Shin et al., 1999), but reduced by renal mass
reduction (Roczniak et al., 1999) in rat renal medulla. Our results show that ET-1 upregulates expression of NOS 1 in the IMCD cells. Therefore, the high levels of ET-1 may
promote NOSl protein expression in the IMCD. NOS2 and NOS3 may be regulated by
different factors or another mechanism is. inhibiting gene transcription of NOS2 and
NOS3. Also, we can not exclude that high basal expression of NOS2 and NOS3
. influences detection of change in NOS2 and NOS3 protein level.
There is increasing evidence that activation of the p42/p44MAPK pathway
regulates gene transcription. The expression of some proteins such as collagen(Amemiya
et al., 1999), caveolin-l(Engelman et al., 1999), and urokinase(Seddighzadeh et al., 1999)
have been shown to require active p42/p44MAPK. In mesangial cells, vascular
endothelial growth factor activates p42/p44MAPK and enhances collagen synthesis while
estradiol suppresses this protein -synthesis by a p42/p44MAPK-dependent
mechanism(Neugarten et al., 1999). Our results show that ET-1 increases p42/p44MAPK
phosphorylation and up-regulates NOS 1 expression. We used two different inhibitors of
p42/p44MAPK pathway, genistein and PD98059. Genist.ein is a non-specific tyrosine
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kinase inhibitor; PD98058 is a selective inhibitor of tyrosine kinase, Mekl. Both
inhibitors block phosphorylation of p42/p44MAPK on tyrosine residues. The substrate of
phospho-p42/p44MAPK includes cytoplasmic phospholipase A2 and p9ffsk _S6kinase
which regulates c-Fos and c-Jun activity(Pulverer et al., 1991); furthermore, the activated
p42/p44MAPK is translocated into the nucleus and phosphorylates transcription factors
(Elkl, Tal), signal transducer, and activator of transcription proteins (STAT, AP-1)
(Widmann et al., 1999). It has been reported that activation of p42/p44MAPK enhances
DNA-binding activity of AP-1, then increases fibron~ctin expression in mesangial cells
after they were exposed to mechanical stretch(Ishida et al., 1999). p42/p44MAPK has
also been shown to involve in renal regeneration(Yano et al., 1998) and cell junction
(Potempa et al., 1998 ).

As a result, p42/p44MAPK may play roles in maintaining renal

tubular structure integrity and regulating protein expression to adapt to changes in the
extracellular environment.
It has been known that ETA receptors and ETB receptors have distinct.functions in

blood vessels. Bremnes et al (2000) reported that the difference of the. two subtypes in
vascular function may be determined by their intracellular distribution. ET Breceptors are
targeted to lysosomes while ETAreceptors follow a recycling pathway after ET-1-induced
internalization. We saw similar ETAreceptor distribution in the IMCD cells after IMCD
, cells were stimulated with ET-1 for 15 minutes .(fig. 10). This suggests that ETAreceptors
in the IMCD may have a recycling pathway and mediate a persistent effect on NOS 1
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expression after ET -1 treatment. However, it is not known whether or ·not the
internalization mechanism of ETA and ETB receptors is via the clathrin-coated pit
pathway because both ET receptors have been found in caveolae. It has been shown that
caveolin-1 inhibits phospho-p42/p44MAPK activity (Engelman et al., 1998).

We

observed ETAreceptor co-localization with p42/p44MAPK in the IMCD cells by double
immunofluorescent staining of phospho-p42/p44MAPK and ETAreceptors. This suggests
an interaction between the ETA receptor and phospho-p42/p44MAPK. Activated
p42/p44MAPK has been shown to phosphorylate the EGF receptor and Mekl and reduce
their_activity(Whitmarsh et al., 1996)~ This feedback provides a mechanism of controlling
phospho-p42/p44MAPK formation.
The mechanism of activation of p42/p44MAPK by ET-1 in the IMCD cells will
require further study. Several studies have shown that ETA receptor mediated activation
of p42/p44MAPK in smooth muscle cells (Griendling et al., 1989; hyasaki et al., 1999).
The activation of p42/p44MAPK results from ET-I-mediated trans-activation of EGF
receptors after ET-1 stimulates ET receptors. A specific EGF receptor inhibitor, A1478 or
dominant/negative EGF receptor block ET-1 mediated p42/p44MAP activation(Iwasaki
et al., 1999). The ET-1-mediated p42/p44MAPK activation is neither Ca dependent nor
through the PMA-sensitive PKC

in cultured rat puerperal uterine myometrial

cells(Kimura et al., 1999). Therefore, it appears that the cross-talk between EGF
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receptors and ETA receptors, not ET8 receptors, leads to p42/p44MAPK activation after
ET-1 binding.
In summary, our study demonstrates that ET-1 up-regulates NOSl, but not NOS2,

NOS3 in the IMCD cells. The p42/p44MAPK pathway is invoived in this effect of ET-1,
indicating that p42/p44 MAPK may play a role in regulating NOSl protein level in the
renal epithelial cells. Furthermore, we observed that the ETAreceptor mediates activation
of p42/p44MAPK pathway and NOS 1 up-regulation. This suggests that the ETAreceptor
functions in a uniquely different manner compared to ET8 receptor in the IMCD cells.
This study provides a pathway in terms of the interaction between ET-1 and NOS
protein in collecting duct.
Regulation of NOS activity in the IMCD cells

We report the regulation of NOS activity in the IMCD cells is unique in the.renal
epithelial cells compared to endothelial cells. Although the IMCD cells express abundant
NOS and caveolin-1, caveolin-1 does not appear to be associated with any of the NOS
isoforms under basal conditions. Therefore it is unlikely that NOS activity is regulated by
caveolin-1 directly in the IMCD cells. However, we demonstrate that the inhibitio~ of
tyrosine kinase increases nitrite production in cell media; the tyrosine phosphorylation of
NOS 1 is regulated by protein tyrosine kinase or phosphatase; NOS activity is upregulated by tyrosine dephosphorylation in the IMCD cells. We also show that fluid shear
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stress stimulates t~e IMCD cells to p_roduce NO in a time-dependent manner during one
hour exposure.
Caveolin-1 is one of the most ubiquitously expressed proteins in cells. It is
localized in caveolae as an integral membrane component. Caveolin-1 participates in the
formation and redistribution of caveolae with caveolin-2. In the IMCD cells, we observed
caveolinl, and caveolin-2 expression, but not caveolin-3 expression. Because no
evidence has been shown that caveolin-2 inhibits activity of any NOS isoform, we
focused on the interaction between caveolin-1 and each NOS isoform. It has been
reported that ·caveolin 1 interacts with NOS 3 after it is targeted to caveolae by
myristoylation and palmitoylation in vascular endothelial cells. Its scaffolding domain
inhibits NOS 3 by interfering with interaction of the enzyme with Ca2+/calmodulin (Ju et
al., 1997). However, we did not find a direct association of caveolin-1 with any of the
NOS isoforms; furthermore, by using double immunofluorescent staining of NOS 3 and
caveolin-1, we. observed different location of the two proteins in the IMCD cells. No
NOS 3 protein was been seen at plasma membrane while caveolin-1 was mainly localized
there. We do not exclude the existence of protein inhibitor of NOS(PIN); moreover, we
found a protein at about 100 kDa was associated with NOS 1 in the blots with
immunoblottfog of phospho-tyrosine antibody ":following immunoprecipitaion of NOS 1
antibody in the IMCD cell lysates. Further study is needed to determine the role of the
associated protein in regulating NOS 1 activity.
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It has been shown that NOS 1 in human astrocytoma T67 cells (Colasanti et al.,

1999) and NOS 3 in vascular endothelial cells ( Garcia-Gardena et al., 1997) are partially
tyrosine-phosphorylated. Tyrosine phosphorylation reduces NOS 1 and NOS 3 activity.
In the IMCD cells, we found NOS 1 is also modified by tyrosine phosphorylation, and
the modification can be regulated by inhibition of protein tyrosine kinase_ or protein
tyrosine phosphatase. Although tyrosine phosphorylation is a regulatory mechanism of
NOS activity, no specific tyrosine kinase is defined. The tyrosine phosphorylation of
NOS may result from exogenous stimulation; for example, LPS / IFNy activates

intracellular tyrosine kinase to enhance NOS 1 phosphorylation (Colasanti et al., 1999).
~ecause erbstatin A inhibits NOS 1 tyrosine phosphorylation in the IMCD cells, and this
inhibitor is more specific to receptor tyrosine.kinases compared to genistein (Umezawa et
al., 1990), we speculate that growth factors may stimulate receptor tyrosine kinases in the
IMCD cells, then activate intracellular non-receptor tyrosine kinases which lead to
tyrosine phosphorylation of NOS 1. This. post-translation modification of NOS may
explain the low NOS activity in the IMCD cells at basal condition, and it can be one
mechanism by which the cells may adju~t the levels of NO to meet their functional
needs.
Due to the important role of NOS 1 in regulating sodium and water excretion in
the kidney

(Mattson and Bellehumeur. 1996), we focused on NOS 1 tyrosine

phosphorylation and its regulation by protein tyrosine kinases in the IMCD cells;
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however, the two other NOS isoforms, NOS. 2 and NOS 3, may also be tyrosinephosphorylated in the cells. It has been shown that tyrosine phosphorylation reduces NOS
activity; therefore, erbstatin A-mediated

nitrite production is due to activity up-

regulation of NOS 1 or all three NOS isoforin after dephosphorylation in the IMCD cells.
The IMCD collects renal tubular fluid from the renal cortex and outer medulla.
The urine ·flows through the IMCD and produces a shear stress.

In physiological

condition, the shear stress in collecting duct has been calculated to be 0.2- 2dyn/cm2 ;
however, the shear stress can reach 20 dyri/cm2 under high urine flow such as that seen in
the DO'CA-s_alt hypertensive model. -The collecting duct cells are hypothesized then to
exposed to similar shear stress as endothelial cells in small resistant vessels.

In

_endothelial cells, fluid shear stress causes a two-phase NO production. The initial phase
of NO production is rapid and peaks within 15 minutes, followed by a slow and sustained
.increase. It has been determined that the initial phase is Ca2+ dependent, and the sustained
increase is due to NOS3 serine phosphorylation (Corson et al., 1996; Dimmeler et al.,
1999). In our study, fluid shear stress induces a significant, flow-dependent NO
production in the IMCD cells. The effect of shear stress is blocked by L-NAME, a non-.
specific NOS inhibitor. Therefore, the NO production in the IMCD cells results from
activation of NOS, but we did not observe a two-phase response to shear stress in the
IMCD cells. This suggests that there are differences between the IMCD cells and
vascular endothelial cells in sensing changes in shear stress.
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In summary, the studies demonstrate that caveolin-1 and caveolin:...2 are :expressed

in IMCD cells, but they do not appear to play a direct role in regulating NOS activity at
basal condition in IMCD cells. NOS 1 is constitutively tyrosine-phosphorylated in theIMCD cells. Tyrosine dephosphorylation stimulates NOS activity. Fluid shear stress
stimulates NOS activity in the IMCD cells and increases NO production in flow media.
These results indicate that NOS activity in the IMCD cells can be rapidly regulated by
tyrosine phosphorylation and shear stress.
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Fig. f: NOS regulation in IMCD cells. NOSl expression is regulated by ET-1 through activation of ETA
receptors and p42/p44 MAPK pathway; NOS activity. is _stimulated by fluid shear stress, tyrosine
dephosphorylation, but not inhibited by caveolin-1 in the IMCD cells.

CONCLUSIONS

We studied th~ regulation of NOS protein expression and NOS activity in the
IMCD cells because of the important role of NO in controlling excretion of sodium and
water in the kidney. We.found NOSl protein expression is up-regulated by ET-1 levels
through activation of p42/p44 MAPK pathway via ET A receptor; NOS activity is
stimulated by tyrosine dephosphorylation, stimulated by shear stress, but not directly
associated with caveoHn-1 in the IMCD cells. Our studies -suggest that NO produ<;tion
can be modulated by multiple pathways such as chronic ET-I-mediated NOS 1 upregulation, and rapid NOS tyrosine dephosphorylation and shear stress stimulation. These
regulatory mechanisms (Fig. e) reflect that the IMCD cells have the potential to control
e~cretion of sodium and water accurately by NO production to maintain electrolytic
balance in body fluid in response to extracellular stimuli.
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