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Abstract

We determined the cellular mRNA expression of all intrarenal nitric oxide (NO)-producing
NO synthase (NOS) isoforms, endothelial NOS (eNOS) and neuronal NOS (nNOS) and
inducible NOS (iNOS) in kidneys from wild type mice (WT) and immune deficient Toll-like
receptor 4 (TLR4) mutant mice, during normal physiological conditions and during a short-
term (6-16 hours) endotoxic condition caused by systemically administered lipopolysaccaride
(LPS). Investigations were performed by means of in situ hybridization and polymerase chain
reaction amplification techniques. In WT, LPS altered the expression rate of all intrarenal
NOS isoforms in a differentiated but NOS-isoform coupled expression pattern, with iNOS
induction, and up- and down-regulation of the otherwise constitutively expressed NOS
isoforms, e.g. eNOS and nNOS and an iNOS isotype. In TLR4 mutants, LPS caused none or a
lowered iINOS induction, but altered the expression rate of the constitutive NOS isoforms. It is
concluded that the intrarenal spatial relation of individual NOS-isoforms and their alteration
in expression provide the basis for versatile NO-mediated renal actions that may include local
interactions between NOS isoforms and their individual NO-target sites, and that the NOS-
isoform dependent events are regulated by TLR4 during endotoxic processes. These
regulatory mechanisms are likely to participate in different pathophysiological conditions

affecting NO-mediated renal functions.

Key words: immune response, inflammation, endotoxin, mouse mutants, kidney pathology, in

situ hybridization
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Introduction

Nitric oxide (NO) is a free radical gas molecule that intervenes in a large number of
fundamental cellular processes. The spatio-temporal regulation of the NO-producing enzyme
nitric oxide synthase (NOS) is important for body organ physiology and pathophysiology
(Kone et al. 2003; Mungrue et al. 2003; Valdivielso and Blantz 2002; Pallone and Mattson
2002). All major NO-producing NOS isoforms can be expressed in the kidneys, and they have
been designated to exert specific individual functions under normal physiological conditions
(see Wilcox 2000; Kone 1997, 1999, Mohaupt et al. 1994). However, in different toxic, and
inflammatory conditions, the production of NO is affected that can be both beneficial and
negative for the progress of the disease. In immune responses, NO may exert versatile actions
in different defense mechanisms including protection against infectious organisms,
recruitment of neutrophils, vascular function and platelet aggregation, and NO is also
indicated to influence cellular proliferation, differentiation, and death (see Blantz and Munger
2002; Coleman 2001; Hickey et al. 2001). Three intrarenal NOS isoforms are considered to be
the main producers of NO in the kidney, the inducible NOS isotype (iNOS) and the
constitutively expressed endothelial NOS (eNOS) and neuronal NOS (nNOS). In the kidneys,
NO has multiple functional roles concerning renal blood flow, tubular regulation and
glomerular filtration, which in turn affect the general body homeostasis, and NO functions are
therefore involved in cases of severe kidney dysfunctions and pathophysiology of different
diseases affecting kidney functions (Shrier and Wang 2004; Heyman et al. 2000a; 2000b;
Valdivielso and Blantz 2002). In systemic inflammatory processes such as during sepsis
conditions, local endotoxin-influenced alterations in NO-production via immunological
processes in the kidneys may be central for the severe symptoms of general hypotension and
multiorgan failure (Schwartz and Blantz 1999. The cellular localization of the individual
intrarenal NOS isoforms may therefore be important for NO-mediated kidney functions
(Mungrue et al. 2003). Due to the diffusible properties NO can readily influence neighbouring
cells, and the cellular localization for the individual NOS isoforms, and their regulation of
expression and subsequent production of NO may therefore be crucial for local target actions
by NO.

In the kidney, cell populations expressing the different NOS isoforms are spatially closely
situated (see Wilcox 2000; Kone 1997, 1999, Mohaupt et al. 1994). In addition to NO auto-
regulation of iINOS expression itself, interactions between iNOS and other NOS isoforms
have been indicated (Kone et al. 2003; Blantz and Munger 2002; Cattell 2002; Zhou et al.
2000; Schwartz and Blantz 1999; Schwartz et al. 1997). In pathophysiological events, the
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direct induction and further regulation of specific NOS isoform activity, and the subsequent
actions by the specific NOS expressing cell types are indicated to be of central importance,
and NO-actions during an immune response may possess different molecular targets and/or
cell types (see Cohen et al. 2003, Hemish et al. 2003; Wang et al. 2003; Bogdan 2001; Liu et
al. 1996; Traber 1996). Despite reports about the presence and spatial distribution of renal
NOS isoforms based on detection of NOS proteins and quantitative gene expression studies
(see Cattell 2002), there are few studies on spatial alterations in renal NOS mRNA expression
in situ related to immunological response. Furthermore, experimental investigations
describing influence by endotoxins (i.e. lipopolysaccaride, LPS) mainly concern iNOS
expression limited to a few species (see Chou et al. 2002; Furusu et al. 1998; Bachmann et al.
1995; Ahn et al. 1994; Uije et al. 1994), and there is no conclusive data concerning the
influence by endotoxins on the expression pattern of all intrarenal NOS isoforms or their
relations. Therefore, we determined the detailed cellular expression of all individual NOS
isoforms in the kidneys of mice during normal physiological and during an early phase of
LPS-induced endotoxemia.

During inflammatory processes, the immune signaling pathways and the specific
mediators causing changes in intrarenal NOS isoform expression, with subsequent alterations
in NO-production and NO-actions, are poorly known. However, TLR4 is considered to be
central in conveying LPS signaling (see Beutler 2003; Takeda and Kaisho 2003; Akira et al.
2001) which induces expression of iNOS and subsequent NO formation (Rao 2000; Stuehr
and Marletta 1985). Importantly, tlr4 gene deficiencies in humans strengthen the central role
for TLR4 in immunity and inflammation (see Takeda and Kaisho 2003; Backhed et al. 2001),
and the putative influence by TLR4 on intrarenal NOS isoform expression and subsequent
NO-activity may thus play an important role for kidney functions related to inflammatory
conditions. The expression of TLR4 in the kidneys was recently reported in mice (Wolfs et al.
2002), however, nothing is known about renal TLR4 cellular relation to NOS isoforms or
about its local regulatory properties. Furthermore, tlr4 gene mutant mice strains are important
disease models for studies of TLR4 deficiencies (Poltorak et al. 1998; Qureshi et al. 1999a,b),
whereas the NOS expression or alterations in response to endotoxins in these strains are
unknown. In the present study we therefore determined the influence by TLR4 on the altered
NOS-isoform expression during endotoximic conditions induced by LPS. The lack of iNOS
induction in TLR4 immune deficient mutant strains enabled us to further characterize the
differentiated expression pattern of constitutive NOS isoforms. The mRNA expression of the
specific individual NOS-isoforms was investigated by means of in situ hybridization

correlated with polymerase chain-reaction (PCR) techniques.
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Materials and Methods

Animals

Male mice of about 20-25 g body weight were used. The animals were kept under a normal
day/night cycle with free access to food and water. The mice were bred at the Department of
Pathology, University of Lund and at the Institute of Laboratory Medicine/Department of
Microbiology, Immunology and Glycobiology, University of Lund. The animal experiments
had been approved by the Malmd/Lund animal ethical committee.

The mRNA expression of renal NOS-isoforms (iNOS, eNOS and nNOS) was studied in
wild-type (WT) and TLR4 deficient mice. The WT Balb/c strains studied comprised healthy
and LPS-treated animals (n=6). For comparison of WT strains, one group of LPS-treated WT
mice of an NMRI strain was tested for iINOS-expression (n=3). The mMRNA expression in
TLR4 deficient mice was studied in LPS and non-treated tlr4 mutant strains (see Poltorak et
al. 1998; Qureshi et al. 1999a,b). One strain lacks the whole TLR4 (tIr4%%; C57BL/10ScCr
also named C57BL/10ScNCr, n=9), here referred to as TLR4-KO. The WT littermate
C57BL/10ScSn (tIr4*"™*, a sub-line of C57BL/10, n=9) was used as a control (here referred to
as c(WT-KO) to the TLR4-KO strain. The other TLR4 deficient mouse strain used possesses a
point mutation of TLR4 (C3H/HeJ, here referred to as TLR4-pm, n=5) and its WT littermate
C3H/HeN (n=5, here referred to as cWT-pm) was used as a control. The mutant control
strains used (CWT for TLR4-KO and cWT for TLR4-pm) have an unaltered tlr4 gene. Mice of
the C57BL/10ScNCr and C57BL/10ScSn strains were originally obtained from the
Microbiology Tumor biology Centre at the Karolinska Institute, Stockholm, Sweden (kind gift
from dr Robert Wallin). The NMRI mice were purchased from B&K Universal, Stockholm,

Sweden.
Lipopolysaccharide treatment

One injection of the endotoxin LPS (from Salmonella typhimurium, Sigma, St Louis, USA)
was administered intraperitoneally (10 mg/kg). Animals were sacrificed between 2 hours (h)
and 24 h after injection. In WT and cWT strains RT-PCR revealed a main peak of iNOS
MRNA induction at 6h after treatment (Figure 1). Obvious alterations in NOS mRNA
expression were detected up to 16 h after LPS treatment. At 16h there was no increased cell
death (studied by TUNEL labeling) or nitrotyrosin immunoreactivity (not shown), thus
showing no indication of long-term effects by NO at this time. Also, no obvious alterations

were detected for the immunoreactive NOS isoform proteins. Therefore, analyses of the
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initial, short-term, effects by LPS were performed in animals from all experimental groups
sacrified at 6 h and 16 h after LPS administration.

PCR analyses and construction of RNA probes

Polymerase chain reaction (PCR) amplifications were conducted for confirmation of NOS-
isoform mRNA identities and of TLR4 mRNA expression, and for isolation of the same NOS
isoform specific fragments utilized for constructing RNA probes were applied for in situ
hybridization. Semi-quantitative reverse transcriptase PCR (RT-PCR) was used for
comparisons with in situ hybridization (ISH) concerning the relative differences in expression
in treated and non-LPS treated WT, and for direct correlation to TLR4 expression. Individuals
from the same experimental groups sampled at the same occasions were used for both PCR
and in situ hybridization,.

The same mouse NOS isoform mRNA fragments analyzed with PCR, for identification
of double stranded cDNA and for semi-quantitative RT-PCR were targeted by the in situ
hybridization probes: iINOS (pos. 1889-2443bp, acc. # U43428), eNOS (pos. 1390-2513bp
and 1390-3499bp, acc. # U53142), nNOS (pos. 43-1443bp, acc. # D14552), giving a fragment
size for nNOS of 1400bp, iNOS of 561bp, and eNOS of 1123bp and 2109bp. For
amplification and isolation of these NOS fragments the following primers were used (from
57): iNOS sense; TAG AGA ACT CAA CCA CAC CT, iNOS antisense; GGT GTA
GGACAA TCC ACA AC, eNOS sense; AGA GAT GGT CAA CTA TTT CCT GTC C,
eNOS antisense (1,1 kb); GGC TGC CTT TCT CCA GTT GTT C, eNOS antisense (2.1 kb);
GCG CAA TGT GAG TCC GAA AAT GCT. nNOS sense; TCA GGT TCC TGT GGG AGT
CGT, nNOS antisense; GCG TAC TTG ACG TGG TTA CAG.

TLR4 expression was analyzed of “fragment D” (pos. 1541-1950bp), supposed not to be
expressed in the presently used TLR4-KO strain (Quereshi et al. 1999b). The following
primers were used (from 57): TLR4 sense; TGA CAC CCT CCA TAG ACT TC and TLR4
antisense GGT ATA TCA GAA ATG CTA CA.

RT-PCR analyses were performed of total RNA isolated from WT (Balb/c), TLR4-KO
and corresponding cWT kidneys. For isolation of total RNA, animals were sacrificed by
decapitation, and one of the two kidneys was taken out. The same kidney area as used for in
situ hybridization was microdissected out, and total RNA was extracted (RNAWIZ™,
Ambion, USA).

Between 1-2 pl cDNA or 1-5 ng total RNA (the same concentration within the compared
experimental groups) template was used, in a total volume of 50 or 100l reaction mixture

containing AmpliTag Gold™ (Perkin Elmer). PCR conditions used for amplification of INOS
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was 94 °C 30s, 55 °C 30s, 72 °C 60s, for eNOS 94 °C 30s, 60 °C 30s, 72 °C 60s, for nNOS 94
°C 30s, 58°C 30s, 72 °C 60s, and for TLR4 94 °C 30s, 50°C 30s, 72 °C 60s. Positive
controls included commercially available cDNA from mouse brain and heart (Clontech,
USA). For the semi-quantitative RT-PCR analyses of relative differences in expression rates
between experimental groups, samples were collected between 25 to 40 cycles every 5" cycle.
To determine the corresponding concentration of total RNA used for RT-PCR analyses, PCR
amplification was performed of GADPH (G3PDH 0.45kb control amplimer set, Clontech,
USA). The PCR products (10-15 ul) were separated by electrophoresis on a 1,0 or 1,2%
agarose gel. The relative differences in gel band intensities between experimental groups and
in samples from different cycles (25-40) were analyzed under UV illumination, and were
documented digitally. Only differences in band densities that were obvious with visual
inspection were considered to represent actual relative differences in expression rate, which
were further supported by analyzes with densitometry software (Quantity One, Macintosh
version, BioRad, UK).

In situ hybridization

Digoxygenin conjugated RNA probes, anti-sense and sense, were constructed from plasmids
containing the NOS isoform fragments isolated from mouse cDNA (see above), the same
cDNA fragments were used as those analyzed with PCR and semi-quantitative PCR (see
above). Gel bands of the predicted sizes for the individual isoforms were excised (30-50pul of
the PCR products) and purified (Wizard PCR Preps DNA Purification System, Promega). The
purified PCR products were ligated into pGEM-T Easy vector (Promega) and transformed
into JM109 Competent cells (Promega). Bacterial colonies grown on agar plates were
amplified in an overnight culture, and the plasmids were extracted (Midipreps,Wizard,
Promega). The nucleotide sequence on both DNA strands was confirmed from three
independent PCR amplifications (using ABI PRISM BigDye Terminator Cycle Sequencing
kit (Perkin Elmer) and ABI Prism 3100 DNA sequencer).

For anti-sense probes plasmids were linearised with Aat 11, and for sense probes plasmids
were linearised with Sal I. In vitro transcription for DIG-labeling of probes was performed
using SP6 and T7 RNA polymerase respectively (Boehringer Mannheim/Roche, Germany).

Animals were anaesthetized with intraperitoneal injections of ketamine (100 mg/kg ip;
Ketalar ®, Park Davis, Barcelona, Spain) and xylazin (15 mg/kg ip; Rompun®, Bayer AG,
Leverkusen, Germany), and were perfused through the left ventricle of the heart with 40 ml of
an ice-cold 4 % paraformaldehyde (PFA) in phosphate buffered saline (PBS; pH 7.2).
Kidneys were dissected out and immersed in the same fixative for 16 h at 8 °C. Following
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immersion in cryoprotection, tissues were frozen in embedding medium (100%), and
cryosectioned (10 um). Sections were collected in parallel series on microscope slides (Super
Frost, Merck, Germany).

Cryosections from all groups were processed simultaneously and under the same
conditions, to allow comparisons between the experimental groups. Sections were heated to
50 °C and air-dried, and tissues were permeabilized with proteinase-K (2.5ug/ml) for 20 min
at 37°C. Following postfixation in PFA and treatment with acetic anhydride (0.25%) for 10
min, sections were incubated (1-3 h at room temperature) in hybridization buffer (formamide
50% + 5 x saline sodium citrate (SSC) + 5 x Denhardts solution (Sigma) + 250ug /ml MRE-
600 tRNA (Roche) + 500ug/ml denatured, sheared salmon testes DNA and 10% dextran
sulphate (Sigma)). Hybridization with 600-1000 ng/ml probe was performed in hybridization
buffer for 16 h at 65°C. Selected sections, adjacent to those incubated with the anti-sense
probe, were hybridized with the sense probes, or with only hybridization buffer. Post-
hybridization rinses were performed in 5 x SSC for 30 min at room temperature, in 5 x SSC
containing 30% formamide for 2 x 15 min at 65°C, in 0.2xSSC 2 x 15 min at 65°C, and in
0.2xSSC for 2 x 15 min at room temperature. Selected sections, incubated with each probe,
were post-treated with RNAse. Visualization of hybridized transcripts was performed by
sequential incubation with a goat anti-DIG alkaline phosphatase-conjugated antibody for 16 h
at 8°C (1:2000; Roche) and alkaline phosphatase reaction solution containing nitro-blue
tetrazolium (NBT, 340pg/ml, Roche), 5-Bromo-4-chloro-3-indolyl-phosphate (BCIP,
175ug/ml, Roche) and Levamisole (0.001 M, Sigma). The reaction was performed for 7-32 h.
Sections were dehydrated in an alcohol serial, ended with xylol and were mounted in
Histomount (Histolab, Gothenburg, Sweden).

Selected sections were processed for NOS immuno- and NADPHd histochemistry to
evaluate the correspondence in localization of NOS proteins and NOS-activity in relation to
NOS mRNA expression in situ. Cryosections, parallel to those used for in situ hybridization,
were rinsed in PBS containing 0,3% Triton X-100 (PBS-T) for 5 minutes, and were then
incubated in 1 % H,0, in PBS-T for 5 minutes, and rinsed in PBS-T (3x5 minutes). After
incubation with normal serum for 45 minutes (sheep serum for eNOS and iNOS, and swine
serum for nNOS), sections were incubated with primary antibodies for 16 h. The primary
antibodies used have previously been shown to specifically detect their corresponding
antigens: sheep anti-nNOS (diluted 1:16000, kind gift from professor P. Emson, Cambridge
University, UK), rabbit anti-eNOS and anti iNOS (diluted 1: 1000, Affinity Bioreagents and
Transduction Lab. USA). After incubation for 16h with primary antibodies, sections were

incubated with a secondary biotinylated antibody (45 minutes for INOS and nNOS, and 2h for
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eNOS), at room temperature. NOS immunoreactive sites were visualized with 3’-diamino-
benzidine tetrahydrochloride (DAB)-solution (Img/ml, pH 7,6) for iNOS and nNOS, and
0,5mg/ml for eNOS for 10 minutes) containing 0,03% H,0, (85 seconds for iINOS and nNOS,
and 3 minutes for eNOS). Tissues were then dehydrated and mounted (as described above).
Tamm Horsfall protein immunohistochemistry were tested on parallel sections to iNOS in situ
hybridization labelled sections, that together with cellular morphology was used to define
distal tubules, proximal epithelium, the loop of Henle and collecting ducts (c.f. Ahn et al 1994
and Wolfs et al 2002). For NADPHd histochemistry, cryosections were dried for 15 minutes
at 37°C and thereupon rinsed in PBS (pH 7,2) for 10 minutes and then in 0,05 M Tris-HCI
(pH 8,0) for 90 minutes. The sections were then incubated for 90 minutes at 37 °C in a freshly
prepared solution containing 1,5 mM of B-NADPH in reduced form (Sigma, USA), 1,1 mM
NBT (Sigma, USA) and 0,2 % Triton ® X-100 (Merck, Germany) diluted in Tris-HCI. The
sections were then rinsed in Tris HCI (3 minutes) and PBS (3 x 10 minutes), and were

mounted and cover-slipped in Kaisers glycerol gelatine (Merck, Germany).

Microscopical analyses were performed in a transmission light microscope (Olympus AX60)
using interpherence microscopy (Nomarski optics). The spatial labeling was compared
between kidneys from the different experimental groups. Obvious differences in the relative
number of cells and the labeling intensity of NOS mRNA-expressing cells were evaluated via
an arbitrarily grading as high, moderate, low, or absent. Microscopical analyses were
performed as blind-tests by two scientists (BH and PA).

Results

LPS-treatment
At 6 and 16 hours after LPS-treatment, all WT animals (WT, cWT-KO and cWT-pm)
showed symptoms of endotoxinemia, such as drousiness and shiverings. Differently, the

TLR4-mutant mice showed no (TLR4-KO) or minor (TLR4-pm) symptoms.

NOS-isoform expression; specificity of detection and relation to TLR4 expression
PCR analyses of total RNA by semi-quantitative RT-PCR (Figure 1) and of double
stranded (ds) cDNA (not shown) possessed the same specific detection of the mRNA

fragments for the individual NOS-isoforms as targeted by means of in situ hybridization.
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The probes and the protocol used for in situ hybridization produced a distinct labeling of
specific NOS mRNA transcripts for all NOS-isoforms, with low or no backgrounds. High
stringency conditions were used for the hybridization and post-hybridization procedures to
ensure specific and high sensitivity for detection of specific transcripts, and to prevent
possible cross-hybridization. The specificity of the method was further concluded by the lack
of labeling when using the sense probes (Figures 2-4), or when incubating without probe, and
from the lack of changes in labeling after RNAse treatment. In situ hybridization revealed that
the spatial expression of the intrarenal NOS isoform mRNA expression, and the general
distribution of immunocytochemical labeling and NADPHd activity were detected in the same
renal cell types (Figures 2-4). The two different eNOS anti-sense probes labeled the same
structures, although the larger (2,1kb) provided a relatively stronger labeling intensity.

The distribution of mMRNA labeling of all NOS-isoforms by in situ hybridization was
consistent within the experimental groups, and displayed the same cellular labeling. The
differences in labeling pattern between the experimental groups (LPS-treated WT and mutant
mice) were consistent concerning spatial labeling, relative number of cells and labeling
intensity (Figures 5-8). Since low amounts of mRNA transcripts may not be visualized if not
highly concentrated in the individual cell(s), only obvious and consistent differences in
labeling were used for statements regarding alterations in expression.

Immunocytochemistry of eNOS and iNOS proteins alone provided a relatively poor
detection signal, with no detectable differences between the experimental groups.
Furthermore, the eNOS antibodies produced unspecific cross-reaction with iNOS antigen.
NADPHd histochemistry produced an unselective labeling of the NOS isoforms, which also
could represent unspecific labeling of non-NOS NADPHd-depending enzymes. Therefore,
although supporting the spatial expression of NOS mRNA detected by in situ hybridization,
immunocytochemistry did not possess corresponding specificity for detection of all individual

isoforms and was not used for further comparisons of expression changes.

Spatio-temporal expression of NOS-isoforms
The RT-PCR analyses demonstrated the differences in NOS expression in direct relation to
the presence or lack of TLR4 expression (summarized in Figure 1).

WT and cWT-KO: TLR4 was highly expressed in these strains. Compared to healthy
animals, following LPS injection iNOS expression in WT had increased significantly after 6h,
followed by a slight decline after 16h. nNOS expression possessed no detectable change after
6 h, whereas a slight decrease was indicated after 16h. A slight decrease in TLR4 expression

was indicated after the LPS injection (at 6h and 16h). In WT, eNOS expression showed no
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detectable change after 6 hours, but had decreased significantly at 16h. Differently in cWT-
KO (and compared to TLR4-KO), the eNOS expression had significantly decreased after 6h,
but had almost recovered to the original expression level after 16h.

TLR4-KO: No TLR4 expression was detected in TLR4-KO animals. Compared to
healthy animals, following LPS injection the expression of all NOS-isoforms had decreased
after 6h, but had recovered to basal expression levels after 16h. The same temporal pattern
was indicated for the constitutive iNOS isotype. The expression pattern for all NOS-isoforms,
was significantly different to that for both WT and cWT-KO. In addition, in TLR4-KO the
initial expression level of NNOS was indicated to be relatively high compared to the WT and
CWT-KO.

In situ hybridization of labeled mRNA for all NOS isoforms are represented in figures 2 to 8,
and the relative differences in number of labeled cells and labeling intensities are summarized
in Table 1. The spatio-temporal labeling pattern corresponded well with the findings of

relative changes in NOS isoform expression levels obtained with RT-PCR.

INOS

Non-treated and LPS-treated WT mice

The same principal iINOS expression pattern was detected from LPS-treated WT and
cWT-KO and cWT-pm mice at 6 h after LPS injections (Figures 2, 5, and 6). WT animals
displayed a slightly higher expression concerning the number of cells and their labeling
intensity compared to cWT’s. No iNOS mRNA labeling was detected in untreated strains.

At 6 hours after LPS administration, high number of cells with strong INOS mRNA
labeling intensity was present in a large number of parietal epithelial cells of the Bowman’s
capsule (Figures 2 A and C). In cortical tubules, epithelial cells displayed high iNOS labeling
intensity (Figures 2 M-N). The cortical INOS expressing tubules lacked Tamm Horsfall
protein immunoreactivity, suggesting them to be proximal tubules of the nephron. Relatively
high to low INOS mRNA labeling intensities were present in cells within the papillae (Figures
2 H and I) and on the papillary surface (Figures 2 E), and in a few putative mesangial cells of
glomeruli.

In cWT’s the labeling intensity was similarly high at 6 h after LPS administration
(Figures 5 A, C-F, 6A, C-D), and was relatively more pronounced after 16 hours, and with the
same distribution as in WT. In some cWT individuals, weak iNOS mRNA labeling was

indicated in vascular endothelial cells in the medulla.
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LPS-treated TLR4-KO mice

Virtually no iNOS mRNA labeling was detected in TLR4-KO mice after LPS
administration, neither at 6, nor at 16 hours (Figures 5 B and G, and 6 B, E and G). In some
individuals (n=2), labeling was present in a few cells of the papillary surface after 6 h,

however not detected at 16h after LPS administration.

LPS-treated TLR4-pm mice

Relatively low iINOS mRNA labeling intensities were detected at 6 h after LPS
administration in TLR4-pm compared to cWT-pm and WT mice, however in the same
distribution. In TLR4-pm mice, iNOS labeling of low intensity was detected in relatively few
parietal epithelial cells of the Bowman’s capsule, and a few epithelial cells of tubules at all
levels displayed iNOS labeling of moderate intensity (Figure 6 H). The papillae contained a
high number of cells with moderate to low labeling intensities. The papillary surface
possessed low numbers of iINOS expressing epithelial cells, with moderate to low labeling

intensity (Figure 6 F).

nNOS

All strains displayed the same nNOS mRNA-expression exclusively in cells of the
macula densa (MD), with differences in labeling intensities between the experimental groups
(Figures 3 and 7 and Table 1).

Untreated and LPS-treated WT and cWT strains

In non-treated WT (Figure 3 A and B), cWT-KO and cWT-pm strains (Figure 7 A and
B), a relatively weak to moderate nNOS mRNA expression was restricted to cells of MD.

At 6h after LPS treatment, nNOS mRNA expression was still restricted to MD cells in
both WT and cWT, with an appreciable similar number of labeled cells and labeling intensity.

At 16 hours after LPS treatment, a significantly lower labeling intensity was indicated in
the WT and cWT’s (Figure 7 G-H) compared to healthy WT/cWT (Figure 3 A) and TLR4-
KO and TLR4-pm.

LPS-treated TLR4-KO mice

At 6h after LPS injection, MD cells in TLR4-KO mice (Figure 7 D-F) displayed a
relatively high nNOS mRNA labeling intensity compared to cWT and WT mice (Figure 7 A
and B). This difference was even more pronounced at 16h after LPS injection (compare 7G
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with Figure 3 C, E). Immunocytochemistry did not reveal any difference in nNOS protein

content.

LPS-treated TLR4-pm mice

At 6h after LPS treatment, NNOS mRNA labeling intensity in MD cells from TLR4-pm mice
was a relatively high compared to cWT-pm and WT, with no apparent difference to that of
TLR4-KO.

eNOS

The same spatial distribution of eNOS mRNA expression was detected in healthy and LPS-
treated individuals of all strains. In endothelial cells of larger blood vessels and arterioles,
only the latter showed alterations in labeling intensity following LPS administration (Figures
4 and 8).

Non-treated and LPS-treated WT strains

eNOS mRNA expression in untreated WT, cWT-KO and cWT-pm, was represented by
relatively low labeling intensities. The labeling was widespread, and detected in numerous
endothelial cells in capillary loops of the glomeruli, and in endothelial cells of glomerular
afferent and efferent arterioles, and arteries (Figures 4 A and B, 8 A-C, E-H). Endothelial
cells of blood vessels with various sizes in the outer medulla displayed moderate labeling
intensities.

At 6 hours after LPS administration the same distribution of eNOS mRNA-expressing cells
was detected as in non-treated WT and cWT, however, with a relatively higher labeling
intensity that was especially pronounced in endothelial cells of glomerular capillary loops
(Figure 4 E and F) and afferent and efferent arterioles Figure 4 A, E). In addition, a weak
labeling was indicated in the inner medulla of LPS-treated WT animals, with no clear cellular
association (Figure 8 I).

In cWT’s (not shown), the eNOS expression was more pronounced at 16 hours after the
LPS injection in cWT compared to both WT and TLR4-KO.

LPS-treated TLR4-KO mice

At 6 h after LPS administration the eNOS labeling in TLR4-KO showed the same
distribution as in corresponding cWT’s and WT (Figure 8 J-M), but the labeling intensity in
capillary loops of the glomeruli was relatively low compared to cWT and WT. No labeling

was detected in the inner medulla and papillae (8 M). The low expression in LPS-treated
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TLR4-KO was even more pronounced at 16h after LPS treatment (8 N, O). In larger vascular
structures, TLR4-KO possessed a corresponding labeling intensity compared to cWT and the
other strains (Figure 8).

LPS-treated TLR4- pm mice

Endothelial cells in capillary loops of glomeruli displayed a relatively low eNOS mRNA
expression in LPS-treated (6 and 16h) TLR4-pm mice (not shown) compared to cWT-pm,
although similar to that in TLR4-KO mice. Endothelial cells of larger vessels possessed a
labeling intensity corresponding to cWT and WT. As in TLR4-KO, no or a very weak

labeling was detected in the papillae.

Discussion

The present study demonstrates the distribution and cellular localization of expression for all
individual intrarenal NOS isoforms in the mouse kidney, and their differentiated up- and
down-regulated expression during LPS-induced endotoxemia, which is strongly influenced by
TLRA4. The alterations recorded during endotoxemia propose that all intrarenal NOS-isoforms
may participate locally in different cellular processes with subsequent versatile effects on
renal functions. The regulation of the differentiated expression of all renal NOS isoforms may

be crucial to retain general body homeostasis during various states of disease.

Intrarenal NNOS mRNA and nNOS protein (nNOS immunoreactivity) is exclusively
expressed by MD cells in normal healthy animals or following LPS-treatment of all strains
studied, and there is no indication of NNOS mRNA expression outside MD in mice. Although
nNOS protein has also been indicated in cells of the Bowman’s capsule, in various epithelial
and endothelial cells (Bachman et al. 1995, Wang et al. 1998, Roczniak et al. 1999, Wu et al.
1999, see also review by Ollerstam and Persson 2002), there is no evidence on its
physiological significance at these locations.

To the best of our knowledge there are no previous reports on an altered nNOS-expression
(mRNA or protein) in relation to an immunological response such as endotoxemia. The down-
regulation of NNOS mRNA expression together with the induction of iINOS and the relatively
lowered eNOS expression in WT mice at 16 h after LPS treatment is in agreement with a
disappearance of nNOS protein in human nephritic glomeruli accompanied by a high iINOS
and a lowered eNOS protein content (Furusu et al. 1998). The participation of nNOS in
endotoxemia is also supported by the different LPS-influenced expression patterns of both
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nNNOS- and eNOS-expression in TLR4-KO, which lack inducible iNOS and TLR4 as
mediators of this immunological response, which reasonably is mediated by other pathways.
Alterations in nNOS by MD cells as part of compensatory interactions with eNOS expression
have been indicated to participate in diseases such as diabetes mellitus (Welch and Wilcox
2002). In addition, NO production from induced iNOS expression in nearby located cells may
influence nNOS expression in MD. Thus, altered nNOS expression during endotoxemia may
have profound influence on coupled NNOS-eNOS functions, i.e. on the NO-mediated
regulation of local renal circulation (Mungrue et al. 2003), renal hemodynamics and
tubuloglomerular feed-back mechanisms (Mattson and Bellehumeur 1996, Kone 1997,
Ollerstam and Persson 2002).

We detected a constitutive expression of an iNOS isotype in healthy mouse kidneys of all strains
studied. A constitutively expressed INOS may participate in the production of renal NO (see Ortiz
and Gavin 2003, Chou et al. 2002, Kone 1999), and constitutively expressed iNOS is reported to
be widespread and detectable by in situ hybridization in rat (Ahn et al. 1994, Mohaupt et al. 1994,
Morrisay et al. 1994). The low amounts of such an isotype have raised doubts about its function
(Cattell 2002). Still, in TLR4-KO, lacking the peak of iNOS induction, LPS caused changes in its
expression indicating participation in the endotoxin response.

LPS-induced iNOS-expression in WT strains was visualized in situ in epithelial cells of cortical
tubules, in parietal epithelial cells of Bowman’s capsule, in cells of the papillary surface, in a few
mesangial cells of some glomeruli, and in scattered macrophages in the interstitial space of the
cortex. In rats, in situ INOS mRNA-expression (Ahn et al. 1994) was induced in mesangial cells,
medullar interstitial cells, and papillary surface epithelium but not in parietal epithelial cells of
Bowmans capsule as in the mouse. The differences in INOS mRNA expression in Bowmans
capsule might reflect species differences, as previously suggested (Weinberg et al. 1995, Furusu et
al. 1998). The physiological effect remains to be explored, however, there is a corresponding
distribution of induced INOS mRNA during endotoxemia in rodents and of iNOS protein in
glomerulonephritis of humans (Furusu et al. 1998), in mesangial and parietal epithelial cells of
glomeruli, and in interstitial cells. Moreover, in different pathophysiological NO-mediated events
in renal diseases such as glomerulonephritis and tubular necrosis is iNOS considered as a major
endotoxin-induced generator of NO (Traber 1996, Ochoa et al. 1991). In the present study of an
early phase of endotoxemia we detected no increase in NOS immunoreactive proteins or cell death
caused by LPS, thus indicating no severe NO mediated pathology at the initial stage (up to 16

hours) of the endotoxic processes.
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In WT mice following LPS administration, a steady decrease of eNOS and nNOS expression
accompanied the increase of INOS mRNA expression. It has previously been suggested that NO
produced by iNOS possess an influence on eNOS and nNOS expression at a transcriptional
regulation level, as shown for a great number of genes including those for iINOS itself (see
Pfeilschifter et al. 2001). Furthermore, LPS- and cytokine-influenced variations in the regulation of
eNOS mRNA expression have also been indicated (cf. Forstermann et al. 1998), and a LPS-evoked
NO-inhibition of eNOS by NO produced from iNOS has previously been demonstrated in the
kidney (Schwartz et al. 1997). The coupled changes in INOS and eNOS expression are in
correspondence with those found during endotoxemia and sepsis in different species including
human (see Traber 1996), and are also in agreement with previous studies combining quantitative
MRNA-expression and immunocytochemical localization of NOS-proteins, after LPS-treatment in
rats and glomerulonephritis in humans (Liu et al. 1996, Schwartz and Blantz 1999, Bobadilla et al.
1998, Furusu et al. 1998, Cattell 2002). In general, induction of iNOS and NO produced as part of
an immunological response may cause acute renal failure and dysfunction of different organs (see
Schwartz and Blantz 1999, Heyman 2000a, 2000b, Shieh et al. 2000). In glomerular thrombotic
microangiopathy in rats induced by endotoxin, histological and quantitative analyses of NOS-
proteins propose that eNOS-reduction is coupled with a significant increase in iNOS of different
cell types (Zhou et al. 2002). In ischemia of the mouse kidney an increased synthesis of both
eNOS- and iINOS-protein has been reported (Park et al. 2003). Thus, the severe consequences for
renal and body physiology in endotoxemia and sepsis conditions may be due to the lowered nNOS
and eNOS accompanied by the high increase in NO production of induced iNOS.

eNOS mRNA expression in kidneys from healthy mice of all strains was restricted to vascular
endothelial cells of glomerular capillaries, and of small and larger arteries, which corresponds to
findings in a previous in situ hybridization study performed in rats (Ujie et al. 1994) and an
immunocytochemical study in human (Bachman et al.1995). In WT mice following LPS-
administration, altered vascular eNOS expression was primarily noted in glomeruli and arterioles,
but not in larger blood vessels. NO produced by eNOS in renal endothelial cells acts as a
vasodilator, controlling the vascular tone in balance with different vasoconstrictors, and may thus
be critical for renal hemodynamic functions (see review by Wilcox 2000). eNOS, in addition to
INOS, may possess a central role in human renal diseases affecting the glomeruli (Furusu et al.
1998). The complex regulation of eNOS expression in the kidney is influenced by a large number
of compounds and physiological conditions (see review by Kleinert et al. 2003). An indirect
influence on eNOS expression via altered iINOS expression has been indicated to affect glomerular
function specifically (Cattell 2002, Zhou et al. 2000, Bobadilla et al. 1998). Thus, during
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endotoxemia the lowered eNOS expression in arterioles and glomeruli may be influenced by
nearby produced NO, both from the iNOS cells in the Bowman’s capsule and cortical tubules and
from nNOS cells in MD. Consequently, the close spatial relation between the intrarenal eNOS-,
nNOS- and iNOS-expressing cells and their specific target sites of the nephron further stresses
high capacities for NO-mediated interactions at versatile functional divisions.

We noted that the relative expression of eNOS mRNA in cWT-KO was strongly diminished
after 6 h but had returned to basal expression level after 16 h. In the TLR4-KO strain, lacking
induction of iINOS, the expression patterns of both eNOS and nNOS had significantly decreased
after 6 h but had returned to basal expression levels after 16 h. This is in contrast to the WT strain
in which the eNOS mRNA level was significantly reduced after 16 h. Hence, in addition to
common and/or differential regulation of the isoform expression (see Cattell 2002, Liu et al. 1996),
alterations in expression of NOS-isoforms may differ with respect to both inducing agent and
TLR4 mediating capacities of the immune response.

We demonstrated that TLR4 deficiency altered the induction of iINOS and the regulatory
expression of the constitutive NOS-isoforms. Subsequently, TLR4 can regulate total NO-
production and thereby influence the versatile NO-mediated actions during endotoxemia. This
further supports the importance for TLR4 in the endotoxin-evoked inflammatory processes
(Qureshi et al 1999a, b) and its central role in immune responses of human disease (see Béckhed et
al 2001, Svanborg et al. 2001a, b; Takeda and Kaisho 2003). The TLR4-dependent NOS-
expression in the Kidneys is indicated to be locally mediated in epithelial cells of cortical tubules
and in glomeruli, due to the LPS-induction of iNOS expression in strains with intact TLR4. This is
supported by recent studies showing a corresponding distribution of TLR4 expression in these
structures (Tsuboi et al. 2002, Wolfs et al. 2002). In comparison, after renal inflammation caused
by ischemia in a mouse model, the total TLR4 expression increased, preferentially in distal tubular
epithelium, in the thin limb of Henle’s loop and in collecting ducts (Wolfs et al. 2002), indicating
that the local renal TLR4 expression may be differently regulated with respect to mode of
inflammation.

The coupled role for TLR4 and induction of iNOS has been indicated in different organs, such
as a TLR4-triggered iNOS expression and hyperpermeability in response to ozone exposure in the
lungs (Jones et al. 2001, Kleeberger et al. 2001), and a correlated TLR4 expression with iINOS/NO
actions in the myocardium during heart failure (Frantz et al. 1999). Furthermore, among
macrophages the LPS-induced iNOS response is significantly higher in those that express high
numbers of TLR4 (Dil and Qureshi 2002). In comparison, in kidneys it still needs to be concluded

whether TLR4 regulation of constitutive NOS isoform expression occurs directly and/or indirect
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by TLR4 regulation of iNOS expression. In addition, over-expression of TLR4 causes a stronger
response to LPS and promotes survival, suggesting a central role for TLR4 in long-term immunity
(Bihl et al. 2003), which may include beneficiary alterations of NOS/NO actions.

Different cellular pathways and molecular factors, including NO it self, may be interacting with
NOS in the activation and/or deactivation of NO production (Kone et al. 2003). In addition to the
local renal LPS-TLR4-mediated effects, the intrarenal NOS expression can also be influenced by
TLR4 of various extrarenal immune and inflammatory cell systems (i.e. macrophages and
leucocytes) and thus mediated by various extrarenally produced cytokines, such as INF-y, IL -1
and TNF-a (Beutler 2003). The present study also supports the occurrence of TLR4-iNOS
independent pathways to LPS stimulation (see Haziot et al. 2001, Lorenz et al. 2001, Yang et al.
1998), as seen from the alterations in intrarenal constitutive NOS expression pattern in intrarenal
constitutive NOS expression pattern following LPS treatment in TLR4 deficient strains with no or
low iNOS induction. The relatively high expression of NNOS and eNOS in TLR4-KO mice may
reflect compensatory mechanisms for the lack of iNOS expression, as indicated to occur in NOS
transgenic mice (Park et al.2003). The spatial location and relation of the intrarenal NOS-isoform
expressing cells, together with their capacities for differentiated expression during endotoxemia
under the regulation of TLR4, may thus provide an important basis for the homeostasis of NO-

mediated renal functions of central importance in different renal pathophysiological conditions.
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FIGURE LEGENDS

Figure 1.

RT-PCR determinations of mRNA expression pattern of intrarenal NOS isoforms (iNOS,
nNOS, eNOS) and TLR4 in kidneys from healthy (Oh) and LPS treated (6h and 16 hours after
injection) mouse strains, wild type Balb/c (WT, n=3), tlr4 gene mutant (TLR4-KO, n=3), and
the TLR4-KO wild type control (cWT, n=3). Note in TLR4-KO the lack of iNOS induction,
and the presence of non-LPS-inducible, constitutively expressed, iNOS transcripts.

Expression of GADPH depicts the relative amount of RNA used for the experimental groups.

Figure 2.

INOS mRNA expression in kidneys from WT mice 6h after LPS treatment (blueish
precipitates in A, C, E, H, I, M and N) visualized by in situ hybridization. Induced iNOS
MRNA expression in Bowmans capsule (A, C and N), in scattered tubular cells within and at
the surface of papillae (E), in epithelial cells of cortical tubuli (A and M) and in tubuli of the
medulla (H and I). No labeling by iNOS RNA sense probes (B, D, F and J). Labeled mRNA
transcripts are restricted to the cytoplasm around the nuclear membrane (M and N).

INOS immunoreactivity (brownish) in the papillae (G) and medulla (K) at 16h after LPS
injection of WT. NADPHd positive staining (blue-blackish in L and O) in corresponding
INOSmMRNA expressing structures (adjacent sections in A and M).

Scale bars in A represents 100um in A and B, in C represents 40um in C and D, in E
represents 50 um in E, F and G, in H represents 50 um in H, J, K and L. Scale bar in I
represents 10um, scale bar in M represents 20 um in M and 5 um in N, and in O represents

40um.

Figure 3.

nNNOS mRNA expression in MD of WT visualized by in situ hybridization (blueish
precipitates in A, C, E), nNOS immunoreactivity (brownish in B, D and F) and NADPHd
positive staining (blue-blackish in G). In G, note NADPHd positive staining in endothelial
cells of glomeruli, corresponding to eNOS mRNA expression (below).

Scale bar in A represents 25um in A - G.

Figure 4.
In situ hybridization of eNOS mRNA expression by different vascular kidney structures

(blueish precipitates in A, B, E and F), in different blood vessels in the outer medulla

Holmagvist et al 2006



26

(scattered in A) including larger vessels (asterisks in A, B and E), and in afferent and efferent
glomerular arterioles in the cortex (arrows in E). No labeling occur when using the eNOS
sense probes (C and D). For comparison, both NADPHd positive staining (G, blueish-black)
and eNOS immunolabeling (H, brownish) occur in correspondingly labeled blood vessels and
glomerular arterioles. All images are from LPS-treated WT mice.

Scale bars: in A represents 50pm in A and C, in B represents 5um in B and D, in E

represents 40um, in F represents 20 um, and in H represents 20pm in H and G.

Figure 5.

In situ hybridization of INOS mRNA expression at 6h after LPS injection in cWT mice
(blueish labeling in A, C, D, E and F), in epithelial cells of the Bowmans capsule (A and E)
and in cortical tubuli in both the upper and lower medulla (C, D and F). No LPS-induced
INOS mRNA expession in TLR4-KO mice (B and G). Note the corresponding distribution of
induced INOS mRNA expression in WT Balb/c (Figure 2).

Scale bars: in A represents 50um in A, B, C and D, and in E represents 40um in E, F and

Figure 6.

In situ hybridization of INOS mRNA expression in medullary structures of cWT 6h after
LPS injection. Expression occurs by cells located within and on the surface of the papillae (A
and C) and in endothelial cells of blood vessels (D). No iNOS mRNA expression was detected
in TLR4-KO mice (B and G), whereas a weak widespread expression was present at the level
of the inner medulla in TLR4-pm (H). In some TLR4 (E) and TLR4-pm mice (F) a few of
INOS mRNA expressing cell were located in the papillary surface.

Scale bars: in A represents 50pum in A, B, G and H, in C represents 5um in C and D, and

in E represents 40 um in E and F.

Figure 7.

In situ hybridization nNOS mRNA in MD at 6 h after LPS-injection. Note the relatively
lower NNOSmMRNA expression in WT (A and B) compared to TLR4-KO mice (D-F) and
barely detectable NNOSmMRNA expression in WT mice at 16h after LPS-injection (G). The
levels of immunoreativity of nNOS protein in WT after LPS-injection (6h (C) or 16h (H)) was
restricted to MD.

Scale bar in A represents 30um in A, D, G and H). Scale bar in B represents 25um in B,
CE,and F.
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Figure 8.

In situ hybridization of eNOS mRNA in normal healthy WT mice (A-D), LPS-treated
WT (E-1) and TLR4-KO (J-O) mice. A relatively high expression in glomeruli and arterioles
(arrows) of healthy animals (A-C) 6 h after LPS-injection (E-1), whereas unchanged
expression was noted in larger blood vessels (asterisks in 8 B and 8 H). eNOSmRNA
expression was detected in the medulla of healthy WT (8D). Expression in tubular epithelial
cells at 6 h after LPS-injection (8 1). Low eNOS expression in glomeruli and arterioles of
TLR4-KO is low at 6 h (8 J-M) and almost absent at 16h (N and O) after LPS treatment,
whereas unchanged in larger blood vessels (asterisk in O).

Scale bars: in A represents 150um in A, D, I, F and M, represents 300 um in E, K and N,
represents 30 um in C, and represents 50um in B, G, H, J, M, and O.
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INOS NNOS | eNOS

Renal structure Cortex Medulla | Papillae | Macula | Vascular Vascular
(tubular | (tubular densa . endothelium

. AR A (center endothelium
Strain and epithelial | epithelial and -large blood
treatment cells) cells) - arterioles vessels
surface)

WT - - - + + ++

Healthy

WT +++ +++ +++ + +++ ++

6h LPS

cWT TLR4-KO +++ +++ +++ + +++ +

6h LPS

TLR4-KO - - - (+) +++ + ++

6h LPS

cWT TLR4-pm +++ ++ ++ + ++ ++

6h LPS

TLR4-pm + + + ++ + ++

6h LPS

Table 1. Distribution of intrarenal NOS-isoform expression detected with in situ hybridization in
healthy WT, and in LPS WT treated strains (i.e. WT (Balb/c and NMRI strains), TLR4-KO and TLR4-
pm mutant strains and the respective mutant control strains (c(WT TLR4-KO and cWT TLR4-pm). WT
healthy animals are compared with animals at 6 hours after LPS injection. The estimated labeling
intensity is indicated as high (+++), moderate (++) or low (+). In TLR4-KO denotes the scarce iNOS

expressing cells in the papillar surface epithelium of some individuals (-(+)).

A minimum of five individuals from each strain and treatment were analyzed, of which at least
three individuals were processed simultaneously for each NOS isoform labeling, at a minimum of three

different occasions. See also representative images in Figures 2-8

Holmquvist et al 2005: Renal NOS expression and influence by LPS and TLR4.
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Figure 3
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Figure 8
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