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SUMMARY: Infection with certain strains of Escherichia coli and endotoxemia results in renal glomerular thrombotic microan-
giopathy (TMA) characterized by endothelial swelling and prominent glomerular microthrombus formation. Nitric oxide (NO) is an
endogenous biologic modulator with diverse physiologic functions including vasodilation and inhibition of platelet adhesion and
aggregation. NO is synthesized from conversion of L-arginine to L-citrulline by a family of NO synthases (NOS), which include
constitutive and inducible isoforms. Indirect evidence supports the hypothesis that TMA is associated with depressed intrarenal
NO production. However, the effect of TMA on renal tissue NOS expression has not been fully elucidated. We studied rats with
TMA induced by iv bolus injection of high dose (20 mg/kg) E. coli endotoxin. Subgroups of six animals each were sacrificed before
or at 30, 90, 180, 360, and 720 minutes after the administration of endotoxin. Renal histology and tissue expression of endothelial
and inducible nitric oxide synthases (eNOS and iNOS) were examined. Additionally, we examined the effect of endotoxin on
glomerular NO production, and eNOS and iNOS protein expression in vitro. Glomerular capillary thrombosis developed by 180
minutes after endotoxin administration in approximately half of the animals. The glomeruli without thrombotic lesions apparent
by light microscopy disclosed early signs of TMA characterized by endothelial swelling, platelet accumulation/adhesion, and
patchy fibrinogen deposition. These morphologic changes were associated with a marked reduction of renal tissue eNOS
expression beyond 180 minutes after the endotoxin administration. The fall in eNOS expression was coupled with a significant
rise in iNOS protein abundance, which was expressed largely by glomerular circulating neutrophils and endothelial cells,
peritubular vascular endothelium, and collecting ducts of cortex and medulla. In vitro incubation of isolated glomeruli with
endotoxin also resulted in a marked reduction in eNOS expression and a significant rise in iNOS content. Administration of E. coli
endotoxin leads to a sustained fall in renal eNOS expression both in vivo and in vitro. The associated decline in intrarenal
endothelial NO production/availability may result in renal vasoconstriction and a hypercoagulative state, which may contribute to
the pathogenesis of endotoxin-induced TMA. (Lab Invest 2000, 80:1079–1087).

I nfection with certain strains of Escherichia coli and
endotoxemia lead to a number of functional and

structural alterations of the kidney, including rapid
deterioration of renal function, which has been char-
acterized as a glomerular thrombotic microangiopathy
(TMA) (Laszik et al, 1994a, 1994b). Some of these
changes are caused by the direct effect of endotoxin
and/or are mediated by endotoxin-induced proinflam-
matory cytokines such as interleukin-1 (IL-1) and tu-
mor necrosis factor (TNF) (Bertani et al, 1989; Cybul-
sky et al, 1988; Wakabayashi et al, 1991). For
example, Laszik et al have demonstrated a transient
increase in IL-1a but not TNFa gene products in
glomerular endothelial cells in endotoxin- and E. coli-
induced TMA (Laszik et al, 1994b). Endothelial activa-
tion by endotoxin and proinflammatory cytokines can

alter the balance of endothelial procoagulant/antico-
agulant activity leading to clot formation (Bevilacqua
et al, 1986; Nawroth et al, 1986; Nawroth and Stern,
1986; Pober and Cotran, 1991).

Nitric oxide (NO) is an important endogenous bio-
logic modulator with diverse physiologic actions.
These actions include vasodilation, inhibition of plate-
let adhesion/aggregation, suppression of cellular pro-
liferation, and matrix production (Marletta, 1989;
Moncada and Higgs, 1995). NO is synthesized from
conversion of L-arginine to L-citrulline by a family of
NO synthases (NOS), which include constitutive and
inducible isoforms (Moncada et al, 1991). Basal re-
lease of NO by endothelial cells contributes to the
maintenance of normal vasodilatory tone and throm-
boresistance (Radomski et al, 1987, 1993 ). Previ-
ously, Shultz and Raij (1992) demonstrated that rats
given a low dose of endotoxin exhibit a marked
increase in the urinary excretion of NO metabolites
and no evidence of glomerular thrombosis. They also
showed that prior or concomitant treatment with a
nonselective NOS inhibitor leads to generalized glo-
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merular thrombosis in their model. The authors con-
cluded that enhanced renal NO formation may play an
important role in maintaining renal perfusion and pre-
venting platelet aggregation and glomerular thrombo-
sis in septic shock. Subsequently, the same group of
investigators (Westberg et al, 1994) demonstrated that
nitroglycerin, an exogenous NO donor, can prevent
endotoxin-induced glomerular thrombosis in rats. Ad-
ditionally, rats are more susceptible to endotoxin-
induced glomerular thrombosis during pregnancy, which
is naturally associated with a decreased L-arginine level
(Raij, 1994). These observations lend further support to
the hypothesis that TMA is associated with depressed
NO production and/or availability in the local renal mi-
croenvironment. However, several studies (Herlitz et al,
1997; Noris et al, 1996) in human subjects conclude that
TMA is associated with increased NO formation mani-
fested by increased urinary and plasma NO metabolites.
Because regional NO production in the kidney was not
investigated in the previous animal and human studies,
we investigated the effect of TMA on the expression of
endothelial and inducible NOS (eNOS and iNOS) in the
kidneys in rats with high dose endotoxin-induced TMA.
Additionally, we examined the effect of endotoxin on
glomerular NO production and eNOS and iNOS protein
expression in vitro.

Results

Light Microscopy and Direct Immunofluorescence (IF)

By light microscopy, three of the six endotoxin-treated
animals showed extensive glomerular thrombosis at
180 and 360 minutes postinjection (Fig. 1a). At 720
minutes after endotoxin administration, only one of the
six animals showed significant glomerular thrombus
formation. The severity of the glomerular thrombosis
varied from case to case, but generally more than half
of the glomeruli were affected in the thrombotic ani-
mals. Large numbers of intraglomerular fibrin thrombi
were present in the thrombotic animals, as demon-
strated by direct IF with an antibody to fibrinogen (Fig.
1b). The nonthrombotic rats and the nonthrombotic
glomeruli in the thrombotic rats had mild to marked
endothelial swelling. Thrombus formation was re-
stricted to glomeruli. However, some scattered fibrin-
ogen strands were also detected by IF in cortical
tubulointerstitial capillaries, mainly in the thrombotic
animals. Although none of the animals demonstrated
glomerular thrombosis at 30 or 90 minutes after en-
dotoxin administration, some glomerular fibrinogen
strands were observed by IF in almost all animals at 90
minutes. Additionally, there was a slight but significant
increase in the number of glomerular neutrophils be-
ginning 30 minutes after endotoxin administration that
remained high for the entire observation period. None
of the animals showed cortical necrosis, prominent
vascular necrosis, or arterial thrombosis.

Electron Microscopy

Transmission electron microscopy revealed some de-
gree of glomerular endothelial cell damage in the

thrombotic animals at 180, 360, and 720 minutes after
endotoxin administration. This damage included mod-
erate focal swelling, mild patchy detachment from the
glomerular basement membranes, and increased
electron density of the cytoplasm, suggesting necro-
biotic changes. The majority of the endothelial cells,
however, seemed to be ultrastructurally intact, and
maintained characteristic fenestrations. The glomeru-

Figure 1.
Glomerular thrombotic microangiography (TMA). (a) A representative glomer-
ulus reveals extensive capillary thrombi (arrows) in a rat killed 180 minutes
after endotoxin administration (trichrome stains, original magnification,
3400). (b) Direct immunofluorescence with an antibody to fibrinogen shows
immunoreactive glomerular intracapillary thrombi in the same animal (original
magnification, 3400). (c) A representative electron photomicrograph shows a
portion of a glomerular capillary loop occluded by electron-dense fibrillary
material corresponding to fibrin (arrows). Prominent accumulation of platelets
(triangles) along the inner surface of the glomerular capillary endothelium is
also seen. Curved arrow indicates the glomerular basement membrane (3
9,000).
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lar capillary loops with thrombosis contained electron-
dense wisps of “fibrillar fibrin” admixed with polymor-
phonuclear leukocytes and platelets. Some of the
polymorphonuclear leukocytes seemed to be adher-
ent to the glomerular endothelium. Polymorphonu-
clear leukocytes with swelling and disintegration, and
occasional free neutrophil granules were also ob-
served. The platelets with various degree of degranu-
lation (activation) seemed to be adherent either to the
glomerular endothelium or to the underlying basement
membranes (Fig. 1c). Other platelets were embedded
in the fibrin.

Plasma Concentration of Nitrite and Nitrate

Data given in Figure 2 demonstrate that there was a
significant increase in the plasma NOx level beginning
180 minutes after endotoxin administration compared
with the control group (p , 0.05). The plasma NOx
concentration increased over the course of the exper-
iment.

Immunoperoxidase Studies

Expression of iNOS in control animals was minimal.
There was weak and focal immunoreactivity in occa-
sional glomerular cells and in a few scattered cells in
the collecting ducts of the renal cortex and medulla
(Fig. 3a). Reactivity to the iNOS antigen 30 and 90
minutes after endotoxin injection was similar to that
observed in controls. However, there was a marked
increase in iNOS expression in rats 180 minutes after
the endotoxin injection that remained elevated during
the 12-hour observation period (Fig. 3b and c). iNOS
immunoreactivity was seen in glomerular capillary
loops, particularly in the circulating neutrophils, mono-
cytes, endothelial cells, and occasional mesangial
cells, and also in parietal cells of Bowman’s capsule.
Additionally, immunoreactivity was found in cortical

peritubular capillaries, collecting ducts, and in scat-
tered interstitial and smooth muscle cells. The medulla
was intensely immunoreactive for iNOS in the peritu-
bular vessels, papillary surface epithelium, and, to a
lesser degree, in the collecting ducts and thick as-
cending limbs of Henle.

In control animals, there was weak eNOS immuno-
reactivity in occasional glomerular endothelial cells,
strong immunoreactivity in the endothelium of peritu-
bular capillaries and weaker immunoreactivity in the
interlobular arteries and arterioles (Fig. 3d). The rats in
the TMA group had a similar distribution pattern, but
with a reduced intensity of eNOS 180 minutes after
endotoxin administration (Fig 3e). However, the cur-
rent methodology was not sensitive enough to detect
differences over the course of the observation period.

NOS Protein Expression

The animals exhibited a marked reduction in eNOS
protein in the cortical tissue of the kidney beginning
360 minutes after endotoxin administration compared
with controls (p , 0.05). The eNOS protein mass
declined further over the course of the study (Fig. 4). In
contrast to eNOS, the iNOS protein content of renal
cortical tissue showed a significant rise 360 minutes
after endotoxin injection and remained elevated during
the entire observation period (Fig. 5).

In Vitro Studies

Incubation of glomeruli (harvested from control ani-
mals) with endotoxin for 6 hours resulted in a marked
reduction in eNOS protein expression that declined
further by 24 hours. In contrast, glomeruli exposed to
endotoxin for 6 hours exhibited a marked increase in
iNOS protein content that was further increased by 24
hours of incubation (Fig. 6). Surprisingly, there was no
discernible difference in NOx recovered from the in-
cubation media between the endotoxin-treated and
control glomeruli at either 6 hours (270 6 30 versus
260 6 30 nM/mg of protein, p . 0.05) or 24 hours
(290 6 4 versus 270 6 4 nM/mg of protein, p . 0.05).
The lack of a significant rise in NOx generation in
isolated glomeruli incubated with endotoxin contrasts
with the rise in plasma NOx in endotoxin-treated
animals. The reason for this disparity is not clear.
However, it may be due to the abundance of circu-
lating leukocytes, tissue macrophages, and other
endotoxin-cytokine susceptible cells (eg, hepato-
cytes) in intact animals and their paucity in the isolated
normal glomeruli. Additionally, limitation of substrate
availability in vitro and its abundance in vivo may also
contribute to this apparent disparity.

Discussion

TMA are uncommon clinicopathologic syndromes that
are manifested as thrombocytopenia and microangio-
pathic hemolysis with signs of kidney and brain in-
volvement. It is believed that microvascular endothe-
lial cell injury is central to the pathogenesis of TMA
(Laszik and Silva, 1998). NO, otherwise known as

Figure 2.
Plasma concentration of nitric oxide metabolites (NOx) in control and
endotoxin-treated rats during the course of TMA. Values are mean 6 SEM, n 5
4 to 6 in each group. *p , 0.01 versus control and other time points.
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endothelium-derived relaxing factor or EDRF, is a
potent vasodilator and plays an important role in the
regulation of renal and systemic vascular resistance
and in tissue perfusion. Additionally, NO serves as a
potent inhibitor of platelet adhesion/aggregation that
prevents platelet thrombus formation. However, the

effects of TMA and the associated endothelial injury
on NOS expression in the kidney is unknown.

In this study, endotoxin-treated animals developed
glomerular capillary thrombosis. This was associated
with a significant decline in eNOS protein mass in the
renal cortical tissue, which corresponded to reduced

Figure 3.
Endothelial and inducible nitric oxide synthase (eNOS and iNOS) immunohistochemistry. (a) A representative glomerulus from a normal rat shows occasional
immunoreactivity for iNOS in glomerular cells (arrows, original magnification 3400). (b and c) iNOS immunoreactivity 180 minutes after endotoxin administration
reveals intense immunoreactivity in glomerular cells, arterioles, peritubular capillaries, and scattered interstitial cells (b: original magnification, 3200; c: original
magnification, 3600). (d) Representative photomicrograph from control rats reveals weak eNOS immunoreactivity in occasional glomerular cells and strong
immunoreactivity in arterioles and peritubular capillaries (original magnification, 3200). (e) Representative photomicrograph from rats 180 minutes after endotoxin
injection demonstrates diffuse peritubular capillary and occasional glomerular cell immunoreactivity (inset) for eNOS. Although the intensity of eNOS immunoreactivity
is slightly less in the TMA group, the current methodology is not sensitive enough to detect differences in the course of TMA (original magnification, 3200).
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eNOS immunoreactivity in endothelial cells of peritu-
bular capillaries, arterioles, interlobular arteries, and
scattered glomerular cells. The decline in the eNOS
protein is due to endothelial damage or injury, and/or
to an increased production of cytokines, such as
TNFa, which has been shown to destabilize eNOS
mRNA and dramatically reduce eNOS activity in en-
dothelial cells in vitro (Yoshizumi et al, 1993). Addition-
ally, overproduction of NO by iNOS may depress

eNOS enzymatic activity by autoinhibition via specific
binding sites on the enzyme and downregulate eNOS
protein expression (Schwartz et al, 1997; Vaziri and
Wang, 1999). In fact, we demonstrated a marked
increase in plasma NOx levels starting 180 minutes
after endotoxin administration, this coincided with the
peak thrombus formation in the glomeruli. Therefore,
there is an apparent dissociation between systemic
NO production and intrarenal NO availability. We be-
lieve that the decline in endothelial NO production in
glomerular microenvironment can lead to a vicious
cycle of further endothelial vasoconstriction-induced
ischemia together with enhanced platelet aggregation,
resulting in microthrombus formation. Indeed, the an-
imals treated with endotoxin showed either diffuse
microthrombi or early signs of thrombus formation
manifested by swelling of the endothelial cells, platelet
adhesion, and fibrinogen deposition in the glomerular
capillaries beyond 180 minutes after endotoxin admin-
istration. These changes were coupled with decreased
eNOS expression. To our knowledge, ours is the first

Figure 4.
Representative Western blot of kidney eNOS in a control (CTL) rat and in rats
killed at various time points during the course of TMA (top panel). Group data
illustrating the relative optical densities of the eNOS protein bands in the study
animals. n 5 6 for each group. * p , 0.05 relative to other groups (bottom
panel).

Figure 5.
Representative Western blot of kidney iNOS in a control (CTL) rat and in rats
killed at various time points during the course of TMA (top panel). Group data
illustrating relative optical densities of the iNOS protein bands in the study
animals. n 5 6 for each group. * p , 0.05 relative to other groups (bottom
panel).

Figure 6.
Representative Western blot and the corresponding group data depicting eNOS
(upper panel) and iNOS (lower panel) protein abundance in isolated glomeruli
incubated with endotoxin for 6 and 24 hours. n 5 6 parallel experiments. * p ,
0.05 versus control; # p , 0.05 versus control and 6 hours.
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study demonstrating depressed local renal tissue
eNOS expression in the course of TMA.

The alternative mechanism of downregulation of
eNOS involves the possible effect of endotoxin on
eNOS gene transcription and translation. Schwartz et
al (1997) showed that the glomerular eNOS mRNA
level was not altered by incubation with endotoxin in
vitro. However, they did not explore the effect of
endotoxin on eNOS protein expression. In this study,
we demonstrated a marked reduction in eNOS protein
expression in isolated normal glomeruli incubated with
endotoxin. This was associated with a marked up-
regulation of iNOS protein expression, mirroring the
effects seen with endotoxin administration in vivo.
These observations imply that the reduction in eNOS
protein content was, at least in part, due to the
inhibitory effect of either endotoxin or iNOS-derived
NO on eNOS protein expression.

It is of interest that renal cortical tissue iNOS protein
mass markedly increased 360 minutes after endotoxin
administration. This is not surprising because iNOS is
induced by a combination of endotoxin and certain
cytokines (eg, TNFa, IL-1, and interferons) (Estrada et
al, 1992; Lamas et al, 1991). To study the cellular basis
of this phenomenon, we employed immunoperoxidase
techniques to locate the iNOS isozyme expression.
We demonstrated that low levels of iNOS are consti-
tutively expressed in the normal kidney, mainly in
glomerular cells and scattered collecting ducts. There
was a marked increase in iNOS immunoreactivity
beginning 180 minutes after endotoxin injection,
which remained elevated during the course of the
experimental period. In glomeruli, iNOS immunoreac-
tivity was predominantly found in circulating neutro-
phils and monocytes and in occasional endothelial
and mesangial cells. The medulla showed intense
immunoreactivity for iNOS in peritubular capillaries.
Additionally, arterioles, collecting ducts, and scattered
interstitial cells were immunoreactive for the iNOS
isozyme. These observations are in agreement with
previous reports (Bachmann and Mundel, 1994; Mo-
haupt et al, 1994; Morrissey et al, 1994; Star, 1997;
Stuehr and Marletta, 1985).

The marked increase in iNOS expression found in
our rats 360 minutes after endotoxin administration
can account for the dramatic increase in total body NO
production in the late phase of TMA, as demonstrated
by marked increase in plasma NOx concentration.
These data support the previous observations by
other investigators who showed increased total body
NO production in TMA (Herlitz et al, 1997; Noris et al,
1996; Shultz and Raij, 1992; Westberg et al, 1994). It
should be noted that increased total body NO derived
from iNOS is frequently accompanied by a concomi-
tant release of free radicals, which avidly inactivate
NO. Moreover, the availability of iNOS-derived NO to
endothelium and platelets is uncertain (Herlitz et al,
1997). Thus, the increase in total body NO production
associated with iNOS induction may not be renopro-
tective.

In vitro incubation of glomeruli with endotoxin
showed results concordant with those observed in

vivo. The upregulation of iNOS coincided with the
downregulation of eNOS, hence leading to no discern-
ible changes of recoverable NO metabolites in the
media. It should be noted that the normality of NO
metabolite recovered does not necessarily imply nor-
mal NO availability. This is because induction of iNOS
in macrophages, neutrophils, and mesangial cells is
coupled with the production and release of various
reactive species including reactive oxygen species
such as superoxide and hydrogen peroxide (Thiemer-
mann, 1997). These agents are known to react avidly
with and inactivate NO, producing reactive nitrogen
species and nitrated compounds, which ultimately
convert to nitrate and nitrite through isomerization and
turnover. Thus, under this condition, the amount of NO
metabolite recovered in the media may not reflect the
amount of biologically available NO.

The cause and effect relationship between changes
in the NO system and the associated microthrombosis
is not clear. However, activation of macrophages,
neutrophils, and mesangial cells, which is expected to
lead to increased reactive oxygen species generation
and NO inactivation, may contribute to thrombosis by
diminishing NO availability and thereby increasing
platelet adhesion and aggregation. On the other hand,
microthrombus formation in the glomerular capillaries
can lead to endothelial cell injury or death and hence,
depressed eNOS-derived NO production.

In conclusion, experimental TMA resulted in a
marked reduction of renal tissue eNOS expression.
This can potentially exacerbate renal vasoconstriction
and tissue ischemia by decreasing intrarenal endothe-
lial NO production. Additionally, depressed endothelial
NO availability can worsen thrombotic microangiopa-
thy by facilitating platelet adhesion to endothelial
surface. The fall in eNOS expression was accompa-
nied by a significant rise in iNOS protein expression
that can be explained by the eventual induction of this
isozyme by a combination of endotoxin and various
cytokines. The rise in NO production through iNOS
induction may not be necessarily renoprotective at
this stage and may be associated with cytotoxicity
and further tissue destruction.

Materials and Methods

Animals

Thirty-six male Sprague-Dawley rats (Harlan Sprague
Dawley, Indianapolis, Indiana), each weighing approx-
imately 300 g were housed in a temperature-
controlled and light-regulated room (12 hours light/12
hours dark cycle) for one week prior to use. Food and
water were available ad libitum.

Experimental Procedures

Procedures were performed on animals under isoflu-
rane anesthesia. A Silastic indwelling catheter was
implanted into the right jugular vein and the free end of
the catheter exteriorized at the base of the neck. After
recovering from anesthesia, the animals were given E.
coli endotoxin (0127:B8; Sigma, St. Louis, Missouri),
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20 mg/kg of body weight, in an iv bolus injection.
Subgroups of six animals each were sacrificed before
injection and at 30, 90, 180, 360, and 720 minutes
after injection. This conscious septic rat model has
been extensively characterized in previous studies
and avoids any effect of anesthesia on the resultant
changes (Laszik et al, 1994a, 1994b).

Routine Histology and IF Microscopy

Formalin-fixed renal tissues from all study groups
were processed, paraffin-sectioned, and stained with
hematoxylin and eosin, periodic acid Schiff, and
trichrome (Laszik et al, 1994a, 1994b).

For immunofluorescence studies, 5-mm thick cryo-
stat sections of the kidneys obtained from all rats were
fixed for 10 minutes in cold acetone and air-dried.
Fibrinogen was detected in a direct system using
fluorescein isothiocyanate-conjugated goat anti-rat fi-
brinogen antibody (Nordic, Capistrano Beach, Califor-
nia). The degree of glomerular TMA at 180 minutes
was characterized by the percentage of thrombotic
versus nonthrombotic glomeruli by counting 200 glo-
meruli on fibrinogen-stained frozen sections in the
thrombotic animals (Laszik et al, 1994a, 1994b).

Immunoperoxidase Studies

Immunohistochemistry for eNOS and iNOS was per-
formed using a standardized streptavidin-biotin–per-
oxidase method on formalin-fixed paraffin-embedded
renal tissues. Except for the incubation with the pri-
mary antibodies, all incubations were at room temper-
ature and were separated by washes with PBS. After
deparaffinization, sections were treated with 1.25%
hydrogen peroxidase to block endogenous peroxi-
dase activity. After preincubation with 10% normal
horse or swine serum for 20 minutes, sections were
incubated with primary antibodies overnight at 4° C,
followed sequentially with biotinylated horse anti-
mouse (Vector Laboratories, Burlingame, California) or
biotinylated swine anti-rabbit (DAKO, Carpinteria, Cal-
ifornia) antibodies for 20 minutes, and streptavidin-
peroxidase complex (DAKO) for 30 minutes. The work-
ing concentrations for the mouse anti-eNOS
monoclonal antibody (Transduction Laboratories, Lex-
ington, Kentucky), and rabbit anti-iNOS antibody
(Transduction Laboratories) were 0.05 mg/ml and
0.025 mg/ml, respectively. For negative controls, a
monoclonal mouse IgG1 (Bethyl Laboratories Inc.,
Montgomery, Texas) or normal rabbit serum was used
at equivalent concentrations. Diaminobenzidine (Sig-
ma) was used as the chromogen and hematoxylin was
used for a nuclear counterstain.

Electron Microscopy

In some selected cases (two animals at each time
point), transmission electron microscopic examina-
tions were also performed. The 2% glutaraldehyde-
fixed kidneys were embedded in Epon 812 (Serva,
Heidelberg, Germany). The sections were stained with

uranyl acetate and lead citrate, and examined in a
Hithachi HS9 electron microscope.

NOx Assay

Plasma and culture media NOx were determined as
previously described (Vaziri, 1998) using the purge
system of a Sievers Instruments Model 270B Nitric
Oxide Analyzer (NOA, Sievers Instruments, Boulder,
Colorado).

Tissue Preparation and Western Blot Analysis

Rats were sacrificed by decapitation. One kidney from
each rat was immediately excised, cleaned with PBS,
frozen in liquid nitrogen, and stored at 275° C. Tissue
was homogenized in five volumes of lysis buffer (1%
SDS, 1.0 mM sodium vanadate, 10 mM Tris HCl, pH
7.4) containing 10 mM pepstatin, 13 mM leupeptin, and
1 mM phenylmethylsulfonyl fluoride. Homogenates
were centrifuged at 12,000 3g for 5 minutes at 4° C to
remove tissue debris without precipitating plasma
membrane fragments (Vaziri et al, 1998). Protein con-
centration was determined by using a Bio-Rad kit
(Bio-Rad Laboratories, Hercules, California).

Western blot analysis was carried out to determine
the endothelial and inducible NOS (eNOS and iNOS)
protein masses as previously described (Vaziri et al,
1998). The eNOS monoclonal antibody, peroxidase-
conjugated goat anti-mouse IgG antibody, anti-Mac
NOS-I, human endothelial positive control, and mouse
macrophage positive control were supplied by Trans-
duction Laboratories. Briefly, kidney tissue prepara-
tions were size-fractionated on 4% to 12% Tris-
Glycine gel (Novex, San Diego, California) at 120 V for
3 hours. In preliminary experiments, we found that the
given protein concentrations were within the linear
range of detection for our Western blot technique.
After electrophoresis, proteins were transferred onto
hybond-ECL membrane (Amersham Life Science Inc.,
Arlington Heights, Illinois) at 400 mA for 2 hours using
the Novex transfer system. The membrane was pre-
hybridized in 10 ml of buffer A (10 mM Tris hydrochlo-
ride, pH 7.5, 100 mM NaCl, 0.1% Tween 20, and 10%
nonfat milk powder) for 1 hour and then hybridized for
an additional hour in the same buffer with 10 ml of the
given monoclonal antibody to NOS (1:1000 dilution).
The membrane was then washed for 30 minutes in a
shaking bath, changing the wash buffer (buffer A
without nonfat milk) every 5 minutes, and incubated
for 1 hour in buffer A with a 1:1000 dilution of goat
anti-mouse IgG-horse radish peroxidase. Experiments
were carried out at room temperature. The washes
were repeated before the membrane was developed
with a light-emitting nonradioactive method using ECL
reagent (Amersham Life Science Inc.). The membrane
was subjected to autoluminography for 1 to 5 minutes.
The autoluminographs were scanned with a laser
densitometer (Model PD1211, Molecular Dynamics,
Sunnyvale, California) to determine the relative optical
densities of the bands. In all instances, the mem-
branes were stained with Ponceau stain, which veri-
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fied the uniformity of protein load and transfer effi-
ciency across the test samples.

In Vitro Studies

Additional normal control rats were used for these
studies. Kidneys were decapsulated and bisected
sagittally. After removing the medulla, the cortex was
washed twice with PBS. Glomeruli were prepared
using a sieving technique described previously (Pahl
et al, 1996). Briefly, renal cortices were minced and
successively passed through 40 to 150 mesh sieves.
The glomeruli were collected on a 200 mesh sieve,
washed 3 to 4 times with ice-cold PBS, resuspended
in RPMI 1640 medium (Sigma). The suspension was
aliquoted and divided into control and endotoxin
treated groups. The glomeruli in a treatment group
were incubated with 1 mg/ml of endotoxin for 6 and 24
hours, respectively. At the end of incubation, the
glomeruli were harvested with lysis buffer and homog-
enized. Western blot analysis was performed as de-
scribed earlier. Additionally, the culture media was
collected for the measurement of NOx.

Data Presentation and Analysis

Data are presented as means 6 SE. ANOVA was used
for data analysis. p # 0.05 was considered statistically
significant.
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