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Am J Physiol Renal Physiol 293: F1187-F1196, 2007. First published
July 18, 2007; doi:10.1152/ajprenal.00217.2007.—Cyclooxygenase-2
(Cox-2) is an inducible enzyme responsible for the formation of
inflammatory prostanoids such as prostaglandins and thromboxane. Its
role in the pathophysiology of inflammatory states like sepsis is
increasingly recognized. Recently, we demonstrated that sepsis up-
regulates the endotoxin receptor Toll-like receptor 4 (TLR4) in rat
kidney. Because Cox-2 is one of the downstream products of TLR4
activation, we hypothesized that sepsis-induced changes in renal
Cox-2 expression are TLR4 dependent. Indeed, we show that in
Sprague-Dawley rats, cecal ligation and puncture (a sepsis model)
increases Cox-2 expression in cortical and medullary thick ascending
loops (cTAL and mTAL, respectively) as well as inner medullary
collecting ducts. These are all sites of increased TLR4 expression
during sepsis. To determine the actual dependence on TLR4, we
measured Cox-2 expression in wild-type and mutant mice which
harbor a TLR4 gene deletion (TLR4—/—). In wild-type mice, sepsis
increased Cox-2 expression in proximal tubules, cTAL, and mTAL. In
contrast, septic TLR4—/— mice showed no significant increase in
cTAL or mTAL Cox-2 expression. Furthermore, renin was absent
from juxtaglomerular cells of TLR4—/— mice. We conclude that the
dependence of sepsis-induced renal Cox-2 expression on TLR4 is
tubule specific. The TLR4-dependent Cox-2 expression is mostly
restricted to cortical and medullary thick ascending loops of Henle
that characteristically express and secrete Tamm-Horsfall protein.

Toll-like receptors; renin; Tamm-Horsfall protein; macula densa;
cyclooxygenase

TOLL-LIKE RECEPTORS (TLRs) mediate the interaction between
pathogens and host defenses (2). Their location on cells of the
immune system allow them to recognize and interact with
specific pathogen-associated molecular patterns and thereby
initiate a cascade of signaling events that includes an early
inflammatory response (1). In addition, TLRs can also be
stimulated by endogenous ligands and thus play a role in
various processes like immune-mediated diseases, ischemia,
and atherogenesis (30). TLRs are also located on parenchymal
epithelial and endothelial cells in various organs. These organ-
specific TLRs may be involved in modulating responses to
systemic or local stimuli.

Together with other investigators, we recently demonstrated
the presence of TLRs in the kidney (10). The expression of
these receptors is altered by various forms of injury like sepsis,
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ischemia, and cyclosporine toxicity (9). Data also exist that
support a functional role for TLRs in ischemic renal injury
(22). In contrast, the role of renal TLRs in sepsis remains more
controversial (6, 7, 9, 41). This stems in part from the com-
plexity of sepsis-induced renal injury where multiple systemic
and local factors are involved. Furthermore, the multitude of
models utilized to induce animal sepsis has resulted in con-
flicting data, thus hindering our understanding of the patho-
physiology of this elusive disease (29).

In cells of the innate immune system, one of the downstream
products of TLR signaling is cyclooxygenase-2 (Cox-2) (1).
This inducible isoform of the cyclooxygenase enzyme cata-
lyzes the formation of prostaglandins, which can mediate a
significant inflammatory response (14). In the kidney, Cox-2 is
constitutively expressed but can also be upregulated in re-
sponse to various stimuli (5, 12, 15, 16, 18, 34, 38—40). It is
thought to impact many processes such as local hemodynamics
(24), urinary concentration (12, 26), and renin production (32). In
the rat kidney, Cox-2 is expressed in the cortex, outer medulla,
and inner medulla. However, some variability does exist between
reports as to the specific renal cell types expressing Cox-2 in the
rat (5, 18). There is even more inconsistency regarding the sites of
Cox-2 expression in the mouse kidney (5, 35).

Systemic Cox-2 is increasingly recognized as an important
player in sepsis-induced inflammation. In fact, Cox-2-deficient
mice are protected from sepsis-induced inflammation and death
(8). However, data on the specific effects of sepsis on renal
Cox-2 are very limited and rely primarily on the lipopolysac-
charide (LPS) injection model (18, 40). This sepsis model is
increasingly criticized because it results in a greatly exagger-
ated cytokine profile that might not reflect adequately true
human sepsis (29).

In this study, we tested the hypothesis that sepsis alters renal
Cox-2 expression in rat and mouse kidneys in a cell-specific
manner. We also investigated whether these changes in Cox-2
are TLR4 dependent. Cox-2 protein localization and quantita-
tion were done with immunofluorescence microscopy. Sepsis
was induced with cecal ligation and puncture (CLP), a model
considered more relevant to human sepsis. In both rats and
wild-type mice, sepsis induced robust upregulation of Cox-2
expression in various tubular segments. In TLR4 knockout
mice, sepsis-induced Cox-2 upregulation was significantly di-
minished in Tamm-Horsfall protein (THP)-expressing medul-
lary and cortical thick ascending limbs (mTAL and cTAL,
respectively).

In addition, TLR4 knockout mice showed reduced renin
expression in juxtaglomerular cells. Thus renal TLR4 and
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Cox-2 are potentially important players in the renal response to
sepsis.

METHODS
Animal Surgery

All animal experimentation was approved by the Indiana Univer-
sity Animal Care Committee and conducted in conformity with the
Guiding Principles for Research Involving Animals and Human Be-
ings.

CLP is the preferred model for animal sepsis (17, 37). It results in
a cytokine profile similar to that seen in human sepsis. It lacks the
exaggerated TNF-a levels observed in the LPS injection models (29).
In brief, under halothane anesthesia, the cecum of Sprague-Dawley
rats (200-250 mg body wt, Harlan, Indianapolis, IN) is ligated and
punctured twice with an 18-G needle. The procedure is performed on
a homeothermic pad with monitoring of O, saturation and blood
pressure. The animal is allowed to recover, and blood is collected at
baseline and 24-h intervals thereafter. Surviving animals are killed at
24 h after CLP. We also performed CLP on wild-type background
C57BL/10ScSNJ (TLR4+/+) and C57BL/10ScNJ mutant mice with
TLR4 gene deletion (TLR4—/—) both from Jackson Laboratory. In
mice, we utilized a 25-G needle to puncture the cecum. The procedure
was otherwise identical to that done on rats.

In our hands, this model is characterized by a 50% reduction in
glomerular filtration rate (GFR) that occurs between 24 and 48 h, with
some recovery in the surviving rats. The histological changes 24 h
after CLP are minimal and consist of vacuolization of tubular cells
and very patchy architectural disruption. Very few casts were ob-
served, and white blood cell infiltration (esterase reaction) averaged
1-2/field. Apoptosis in tubular cells increased up to 5% (TdT-medi-
ated dUTP nick-end-labeling stain) compared with <1% in sham.
These changes are similar to those reported by us and others previ-
ously (23).

Tissue Harvesting and Staining

After harvesting, kidneys were cut into small segments and fixed in
4% paraformaldehyde overnight. They were then preserved for 3-5
days in 30% sucrose before 10-pm cryosections were obtained.
Alternatively, kidneys were perfusion fixed in situ with 100 ml 4%
paraformaldehyde, and 100-pwm sections were obtained 24 h later with
a vibratome. Cryosections were mostly used for renin immunostain-
ing, whereas vibratome sections were used for Cox-2 staining where
image volume stacks were also collected. The protocols for immuno-
staining cryosections and vibratome sections were as we reported
previously in detail (19, 21, 28).

The primary antibodies for Cox-2 utilized in our study have been
used and validated in previous publications (5, 27). We used the
following antibodies from Santa Cruz Biotechnology: goat poly-
clonal IgG primary for Cox-2 (C-20; catalog no. sc-1745) when
staining rat tissue; goat polyclonal IgG primary for Cox-2 (M-19;
catalog no. sc-1747) when staining mice tissue; and goat poly-
clonal IgG primary for renin (E-17; catalog no. sc-27318). For
THP, we used a rabbit polyclonal IgG (catalog no. 8595=0004,
Biogenesis). The following conjugated secondary antibodies were
used: Alexa Fluor 555 donkey anti-rabbit IgG, Alexa Fluor 647
chicken anti-goat IgG (both from Molecular Probes), or Cy5
donkey anti-goat IgG (Jackson ImmunoResearch). Brush borders
were stained with FITC-phalloidin, and nuclei were stained with
DAPI. Negative controls were obtained by incubating tissues from
sham and CLP animals with secondary antibodies in the absence of
primary antibodies.

Confocal Microscopy

All images were collected using X40 magnification from fixed
tissues with a Zeiss LSM 510 confocal microscope or a Bio-Rad
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MRC1024 laser-scanning confocal microscope available at the Indi-
ana Center for Biological Microscopy. Images were analyzed with
Zeiss LSM software and MetaMorph (Universal Imaging) (20).

Fluorescence-Based Operational Definitions of Kidney Layers
and Structures

We used the following fluorescence-based operational definitions
to identify the traditional kidney layers (Fig. 1). The cortex was
defined as any area containing glomeruli. In addition, proximal tubules
(P in figure; FITC-phalloidin staining), THP-positive ¢cTAL and THP-
negative tubules (T —) were also identified in the cortex. T— structures
represent either distal tubules or collecting ducts (CD). The outer
stripe of the outer medulla (OSOM) is the area adjacent to the cortex
that lacks glomeruli. It also contains proximal tubules, THP-positive
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Stripe

Outer
Medulla

Inner

Stripe

Outer
Medulla

Inner
Medulla

Fig. 1. Immunofluorescence landmarks of kidney layers. Shown are immuno-
fluorescence landmarks in a rat kidney section used to identify the traditional
layers. It is composed of multiple fields pasted in way to convey the real layout
of a slice of kidney, extending from the cortex to the inner medulla. The
dimensions are scaled up for clarity. Tamm-Horsfall protein (THP) is shown in
red. Bright green represents FITC-phalloidin, which stains predominantly
proximal tubular (P) brush borders but also other actin-rich structures. Darker
green is tubular autofluorescence. Blue is DAPI nuclear stain. The cortex stains
predominantly for glomeruli (G), P, cortical thick ascending limbs (cTAL;
THP-positive), and THP-negative tubules [T—; representing distal tubules or
collecting ducts (CD)]. A macula densa (MD) is shown adjacent to an afferent
arteriole. Afferent and efferent arterioles are labeled A. The medulla lacks
glomeruli. The outer stripe of outer medulla stains for P, medullary thick
ascending limbs (mTAL; THP-positive), and T— tubules that represent pri-
marily CD. The inner stripe of the outer medulla lacks P and stains mostly for
mTAL and CD. The inner medulla, characterized by a complete absence of
THP staining, has CD and thin descending limbs and TAL (not labeled).
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Fig. 2. Immunofluorescence staining of the MD. The MD can be easily
identified by staining for THP (red). In A, nuclei were stained blue with DAPIL.
MD cells have large nuclei and completely lack THP. In contrast, opposing
non-MD cells in the same cross-sectional tubular plane have intense THP
staining (asterisks). MD cells are identified usually next to a glomerulus (G)
and afferent arteriole (Ar). Proximal tubules (P) have dark green autofluores-
cence. In B, the MD is still recognizable despite the absence of DAPI nuclear
staining. Instead, glomerular and arteriolar actin cytoskeleton are highlighted
with bright green FITC-phalloidin. Proximal tubules also show FITC staining
of the apical brush border. The MD cells are recognized by their large size and
complete absence of THP staining in contrast to the equiplanar tubular cells
(asterisks).

mTAL, and THP-negative early CD. The inner stripe of the outer
medulla (ISOM) lacks proximal tubules. It contains mTAL and CD.
The inner medulla lacks any THP staining. CD are the largest tubular
structures identified in the inner medulla.

In Fig. 2, we show the fluorescence fingerprint of a macula densa
(MD). It is invariably adjacent to a glomerulus, and the MD cells per
se always lack THP staining. In contrast, the equiplanar tubular cells
opposite MD cells have THP staining. This gives a crescent-shaped
THP staining pattern in the cross section of the tubule at the level of
the MD. Occasionally, afferent arterioles can be easily identified
under the MD cells.

Quantitative Analysis

Quantitation of Cox-2 signal intensities was done using Meta-
morph, version 5.0. At least eight representative fields in sham and

F1189

CLP-operated rats were analyzed using 6-10 tubules in each field.
Tubules were randomly chosen, and their total tubular fluorescence
intensities were averaged by the software. Furthermore, the average
intensity from the negative control image was calculated and sub-
tracted from each reading to adjust for background. In the case of the
inner medulla, we also sampled equal surface areas in between CD
(formed mostly by vascular structures, interstitial cells, or thin limbs)
from sham and CLP-operated animals and measured average fluores-
cence intensities. Statistical analysis was done using a two-tailed
unpaired #-test and 0.05 significance level. Since Cox-2 in the rat
c¢TAL was mostly expressed in discrete cells, we counted the number
of Cox-2 intensely stained cells present within the total number of
cTAL pixels. The measurements are presented as number of intense
cells/10* TAL pixels, knowing that one TAL tubule harbors, on
average, 10* pixels in fields collected using our method.

Three-Dimensional Reconstruction and Volume Rendering of
the MD

Stacks of Z-planes were collected at 0.4-pwm intervals. Three-
dimensional (3D) volume rendering was done using Voxx, a voxel-
based 3D imaging software available from the Indiana Center for

Sham

Fig. 3. Immunofluorescence staining of THP in sham and cecal ligation and
puncture (CLP) rats. Shown are representative sections from the outer medulla
of sham rats (A) and 24 h after CLP (B). THP is shown in red and stains the
mTAL segments. Proximal tubules (P) have green autofluorescence. Nuclei are
stained blue with DAPI. Note the increase in red THP fluorescence after CLP.
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Biological Microscopy. A video was produced in addition to snapshot
images representing views of the 3D MD from different angles.

RESULTS
Sepsis Increases THP Expression in Rat TAL

THP is a frequently used marker for cTAL and mTAL
segments. However, recent data suggest possible functional
roles of THP in the pathophysiology of many diseases like
urinary infections, sepsis, and ischemia. We therefore exam-
ined whether THP expression in the kidney is altered by
systemic sepsis. In sham-operated rats, THP staining in outer
medullary mTAL segments was thin and linear and restricted
to the cellular and apical regions of the tubules (Fig. 3A). After
CLP, THP staining intensified and frequently extended into the
mTAL lumen (Fig. 3B). We have previously reported a re-
markable lack of cast formation by hematoxylin and eosin in
the CLP model of sepsis (10). Therefore, this increase in THP
in TAL lumens does not seem to be involved in cast formation.
These changes in THP with sepsis were most prominent in the
outer medulla but were also occasionally noticeable in the
cortex.

Changes in Rat Renal Cox-2 Expression With Sepsis

Cortex: sepsis increases Cox-2 expression in THP-posi-
tive cTAL. In sham rats, Cox-2 expression in the cortex was
minimal with occasional cells in THP-positive cTAL showing
faint staining (Fig. 4, A and C). The average number of
Cox-2-expressing cTAL cells under sham condition was 1.7
cells/10* TAL pixels (I TAL tubule harbors 10* pixels on
average in fields collected under our methods). After CLP, the
number of Cox-2-positive cells in cTAL increased significantly
to 3.7 cells/10* TAL pixels (P < 0.05 compared with sham).
The staining was very intense and easily identifiable in discrete
cells along cTAL tubules (Fig. 4, B and D). Note that these

Sham

Fig. 4. Immunofluorescence staining of cyclo-
oxygenase (Cox)-2 in the renal cortex of sham
and CLP rats. Shown are representative renal
cortical sections from sham rats (A and C) and
24 h after CLP (B and D). Cox-2 immunofluo-
rescence staining is shown in yellow (arrow-
heads). It is localized to discrete cTAL cells,
which increase in both number and intensity
after CLP (B, D, and E). The number of intense
cells is reported per TAL pixels (E). THP stain-
ing is shown in red. In A and B, MD cells show
no THP staining, and bright green fluorescence
is FITC-phalloidin, used as a marker for proxi-
mal tubules (P), which show intense apical brush
border staining. FITC-phalloidin also labels the
actin cytoskeleton in other structures like glo-
meruli (G). Alternatively, proximal tubules were
identified by their green autofluorescence (C and
D). This autofluorescence is not apparent in A
and B because the detectors had to be set at very
low levels due to the bright FITC staining. Prox-
imal and T— tubules showed minimal or no
Cox-2 staining in either sham or CLP rats. *P <
0.05 CLP compared with sham.

TLR4 AND RENAL Cox-2 EXPRESSION

Cox-2-expressing cells had less THP staining than neighboring
cell in the same tubule. Cox-2 staining was minimal in prox-
imal and T— tubules under both sham and CLP conditions.

MD: sepsis increases Cox-2 expression in central and pe-
ripheral MD cells. In juxtaglomerular areas, MD cells, typi-
cally recognized by their columnar shape and large nuclei,
show no THP staining (Figs. 2 and 5). There is controversy
regarding Cox-2 expression by MD cells (5, 18). This contro-
versy probably stems from the presence of two populations of
MD cells (Fig. 5): the peripheral cells (labeled numerically)
and the central cells (labeled alphabetically with hand-drawn
contours). The actual functional differences between these two
cell populations are not well understood.

Both peripheral and central MD cells exhibit Cox-2 staining
under CLP conditions. The staining was very intense in the
peripheral MD cells and became much fainter and more
perinuclear in the central cells. The average number of
Cox-2-positive central MD cells was 1.6 cells/MD in CLP
rats, a significant increase from 0.6 cells/MD in sham-
operated rats (not shown). These statistics were obtained
from single-plane views of MD in each group rather than 3D
reconstructions, hence the small number of cells in the
statistics. The number of peripheral MD cells expressing
Cox-2 also increased significantly with sepsis. These were
included in the statistics with other Cox-2-positive cTAL
cells. A video showing a reconstructed 3D MD can be found
under supplemental material (Video 1; all supplemental
material is available in the online version of this article at
the journal website) and helps visualize the relationship
between central and peripheral MD cells.

Outer medulla: sepsis increases Cox-2 expression in THP-
positive mTAL. In sham rats, Cox-2 staining in the outer
medulla was very faint in all segments (Fig. 6). After CLP,
there was a significant increase in the intensity of mTAL Cox-2
staining.

=
*

Cells/10000 pixels

Sham CLP
cTAL
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Fig. 5. Three-dimensional (3D) projection of a rat MD with Cox-2 staining of
central and peripheral cells. The figure represents a 3D volume reconstruction
of a MD from a CLP rat. The volume is projected into the plane and shown in
2 different angular rotations. Cox-2 fluorescence is shown in yellow. The MD
band of cells is composed of peripheral and more central cells. Peripheral MD
cells (labeled numerically) have intense cytoplasmic Cox-2 staining. More
central MD cells (labeled alphabetically with hand-drawn contours) have
fainter perinuclear staining. THP staining (absent from MD cells) is shown in
red and labels opposing equiplanar cells to the MD. Glomerular cells adjacent
to the MD are labeled G. All nuclei are stained blue with DAPI. See also
supplemental material (Video 1).

Cox2 THP

mTAL

Sham

CLP

mTAL

Cox-2 EXPRESSION F1191

This increase was cellular but also intensified at the apical
border of tubules. In contrast to cTAL, Cox-2 staining in the
mTAL is diffuse and linear along the tubules. Cox-2 fluores-
cence in THP-negative tubules (representing primarily CD)
and proximal tubules (in the OSOM) did not change signifi-
cantly after CLP (Fig. 6G).

Inner medulla: sepsis increases Cox-2 expression in inner
medullary CD. Under sham conditions, Cox-2 staining was
faint and limited primarily to CD (Fig. 7). After CLP, there was
a significant increase in the intensity of CD Cox-2 staining that
extended throughout the cell with apical accentuation. Cox-2
staining of structures labeled I in the figure (vessels, thin
descending limbs and TAL as well as interstitial cells) did not
increase after CLP.

Changes in Renal Cox-2 Expression With Sepsis in
Wild-Type and TLR4—/— Mutant Mice

To investigate the dependence of renal Cox-2 induction in
sepsis on TLR4, we studied the effect of CLP on Cox-2
expression in wild-type (TLR4+/+) and TLR4—/— mice.

Cortex: sepsis-induced increase in Cox-2 is TLR4 dependent
in ¢cTAL and partially TLR4 dependent in proximal tubules. In
TLR4+/4+ mice, Cox-2 staining was very weak in the renal
cortex of sham animals (Fig. 8). After CLP, there was a
significant increase in Cox-2 staining in cTAL tubules.
Unlike our findings in the rat, Cox-2 staining in mice cTAL
was diffuse throughout all tubular cells rather than restricted
to individual ones. Furthermore, mice proximal tubules also
showed a significant increase in Cox-2 after CLP, a finding
not observed in the rat. In TLR4—/— mice, there was no
significant increase in Cox-2 fluorescence after CLP in
cTAL. Furthermore, while the increase in proximal tubular
Cox-2 fluorescence remained significant, it was of a consid-
erably smaller magnitude than that observed in TLR4+/+

Merge
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% OSham MECLP
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mTAL CcD

Outer Medulla

Fig. 6. Immunofluorescence staining of Cox-2 in the renal outer medulla of sham and CLP rats. Shown are representative sections from the inner stripe of the
outer medulla (ISOM) of rats under sham conditions (A—C) and 24 h after CLP (D-F). Cox-2 immunofluorescence (A and D) is shown in yellow. THP
fluorescence in mTAL segments is shown in red (B and E). C and F: merged yellow and red channels. THP-negative tubules represent primarily CD. The outer
stripe of the outer medullar (OSOM; which contains proximal tubules in addition to mTAL and CD) showed changes in Cox-2 staining similar to the ISOM.
G: quantitative changes in Cox-2 fluorescence in the major outer medullary tubules. *P < 0.05 CLP compared with sham.
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Sham

Fig. 7. Immunofluorescence staining of Cox-2
in the renal inner medulla of sham and CLP rats.
Shown are representative sections from the inner
medulla of rats under sham conditions or 24 h
after CLP. Cox-2 fluorescence is shown in yel-
low. CD are the most prominent tubular struc-
tures. Smaller structures (labeled I) in between
CD are vessels, TAL, descending thin limbs, or
interstitial cells. C: quantitation of changes in
Cox-2 fluorescence. *P < 0.05 CLP compared
with sham.

mice. In TLR4+/+ MD cells, Cox-2 increased after CLP
from 6 to 17 AU/pixel (P < 0.05). The changes in MD
Cox-2 were not significant in mutant 7LR4—/— mice. Un-
like rat MD, mouse MD could not be resolved into central
and peripheral cells.

Outer medulla: sepsis-induced increase in Cox-2 is TLR4
dependent in mTAL. In sham TLR4+/+ mice, Cox-2 staining
was faint but present in all tubules of the outer medulla, i.e.,
mTAL, CD, and even late proximal tubule segments of the
outer stripe. However, the staining was most intense in CD
(Fig. 9). After CLP, there was a significant increase in Cox-2

Cox-2
A

Sham

Fig. 8. Immunofluorescence staining of Cox-2 in
the renal cortex of sham and CLP mice. Represen-
tative sections from wild-type (TLR4+/+) and
mutant (7LR4—/—) mice under sham condition or
after CLP, TLR4 is Toll-like receptor 4 gene.
Cox-2 fluorescence is shown in the yellow channel
alone (A, C, E, and G) or merged with green
FITC-phalloidin and red THP. Labels are similar to
those used in the rat-related figures. 7 and J: quan-
titation of Cox-2 changes with CLP in wild-type
and mutants. Note that, unlike in rats, Cox-2 fluo-
rescence in mice cTAL is diffuse in the whole
tubule rather than limited to few discrete cells.
Also, in contrast to the rat findings, mice proximal
tubules show a significant increase in Cox-2 fluo-
rescence after CLP. *P < 0.05 CLP compared
with sham.
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fluorescence only in mTAL. In CD, the average tubular Cox-2
fluorescence did not change with sepsis, but a prominent
redistribution of the signal toward the apical border was noted.
In contrast, TLR4—/— mutant mice did not show any increase
in mTAL Cox-2 fluorescence after CLP. Like in the wild-type
mouse, the total CD Cox-2 fluorescence was not increased after
CLP. Rather, it only showed redistribution toward the apical
border of the tubule.

Inner medulla: sepsis-induced Cox-2 in mouse inner me-
dulla is not TLR4 dependent. In TLR4+/+ mice, CLP in-
duced a very significant increase in Cox-2 fluorescence of
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Fig. 9. Immunofluorescence staining of Cox-2 in the renal outer medulla of sham and CLP mice. Shown are representative sections from the ISOM of TLR4+/+
and TLR4—/— mutant mice under sham conditions (A—F) or after CLP (G—L). Cox-2 channel (yellow) and THP channel (red) are shown separately then merged
along with green FITC. M and N: quantitation of Cox-2 changes with sepsis in the outer medulla. Note that in the wild-type mouse, total cellular CD Cox-2
fluorescence did not increase after CLP. However, there was a prominent shift of the signal toward the apical border of CD tubules. The OSOM (which contains
proximal tubules in addition to mTAL and CD) showed changes in Cox-2 staining similar to the ISOM in both mice strains. *P < 0.05 CLP compared with sham.

inner medullary structures found in between CD. These
structures (labeled I in Fig. 10) represent vessels, thin
descending limbs and TAL as well as interstitial cells. This
increase was not TLR4 dependent as it was also observed in
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mutant TLR4—/— mice. Both wild-type and mutant mice
also showed Cox-2 fluorescence in inner medullary CD
under sham conditions. This CD Cox-2 fluorescence was
slightly decreased in both mice strains after CLP. This

I Sham mCLP
TLR4+/+

CcD

Inner Medulla

mSham mCLP
TLR4-/-

] %
[} 1

Inner Medulla

Fig. 10. Immunofluorescence staining of Cox-2
in the renal inner medulla of sham and CLP
mice. Shown are representative sections from
the inner medulla of TLR4+/+ and TLR4—/—
mutant mice under sham conditions or 24 h after
CLP. Cox-2 fluorescence is shown in yellow.
CD are the most prominent tubular structures.
Smaller structures (labeled I) in between CD are
vessels, TAL, and descending thin limbs or in-
terstitial cells. E and F: quantitation of changes
in Cox-2 fluorescence. *P < 0.05 CLP com-
pared with sham.
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contrasted with the significant CLP-induced increase ob-
served in rat inner medullary CD.

Juxtaglomerular Cell Renin is Absent in
TLR4-Deficient Mice

Renin secretion in the cortex is partly regulated through
Cox-2 produced in the cTAL/MD area (32). Since our results
suggest that TLR4 is involved in Cox-2 regulation in these
tubular segments, we examined the effect of TLR4 absence on
renin expression (Fig. 11). In TLR4+/+ mice, renin staining
was identified in granular cells adjacent to the MD and in the
branching arteriolar tree. With sepsis, renin staining was still
identified in the vascular tree but was not found in granular
cells, possibly suggesting release of renin (data not shown). In
sham mutant mice, we could not detect any renin staining in
granular cells, although it was still present in branching arte-
rioles. CLP did not alter the pattern of renin expression in these
mutant mice.

DISCUSSION

In this study, we examined the effects of CLP, a physiolog-
ically relevant model of sepsis, on renal Cox-2 expression. We
show that in both rats and mice, CLP induces significant
increases in Cox-2 protein in various nephronal segments. We
also show that TLR4 is necessary for CLP-induced Cox-2
expression only in cTAL and mTAL, tubules that express THP.
Renal Cox-2 signaling is involved in many important regula-
tory functions under both physiological and pathophysiological
conditions (15, 24, 26, 32). Therefore, the identification of

Renin

TLR4+/+

TLR4-/-

Fig. 11. Immunofluorescence staining of renin in the macula densa of
TLR4+/+ and TLR4—/— mutant mice. Shown are representative sections from
the cortex of TLR4+/+ and TLR4—/— mutant sham mice. In A and B,
juxtaglomerular cells (JC) of TLR4+/+ mice contain renin (shown in blue).
THP is shown in red. MD cells contain no THP and are adjacent to JC. In C
and D, JC cells of mutant mice show no renin staining. Mutant mice did,
however, show renin staining in arteriolar structures away from MD cells (not
shown). Other labels are as described before.

TLR4 AND RENAL Cox-2 EXPRESSION

TLR4 as a major regulatory protein for renal Cox-2 expression
can have profound implications in both health and disease.

In sham rat kidneys, Cox-2 expression was similar to what
was reported previously by others (12, 16, 25, 34, 38). In
contrast, the changes we report in our model of sepsis are only
in partial agreement with previous literature. Of note is that
other investigators relied primarily on LPS injection models
(18, 40). These typically generate a cytokine profile drastically
different from that seen with CLP (33). The data also depend
on the time points investigated, the LPS dose, and the bacterial
strain of origin. For example, 24 h after 2 mg/kg Escherichia
coli LPS, Ichitani et al. (18) reported an increase in Cox-2
mRNA (in situ hybridization) in rat cortex, outer, and inner
medulla. Conversely, using 4 mg/kg salmonella LPS, Yang
et al. (40) found a significant increase in Cox-2 mRNA (RT-
PCR) and protein (Western blotting) at 8 h only in the inner
medulla of rats. Cox-2 expression in the cortex was not
significantly altered. They further supported their findings by
detecting CD14, a protein necessary for LPS signaling, only in
medullary CD cells.

In our model of rat CLP, Cox-2 increased significantly in
cTAL, mTAL, and inner medullary CD. These are all segments
that strongly express TLR4. We have also previously reported
strong expression of CD14 in the rat cortex (10). In addition,
we note that the soluble form of CD14 increases in the blood
with sepsis and is easily detectable in the urine (4). Thus both
CD14 and TLR4 are available for signaling throughout most
nephronal segments. Therefore, we were surprised at the lack
of Cox-2 changes in proximal tubules. Indeed, these express
CD14 and do take up LPS as we have previously shown in live
animal studies (10). It is possible that rat proximal tubules lack
some of the TLR4 signaling pathways leading to Cox-2 gen-
eration.

To our knowledge, there are no previous studies that spe-
cifically investigated renal Cox-2 in septic mice. There is even
considerable controversy regarding Cox-2 expression in sham
mice (5, 35). In our hands, Cox-2 expression under sham
conditions was most prominent in the collecting ducts of the
inner and outer medulla. After CLP, cortical PT, cTAL, and
mTAL showed the greatest increases in Cox-2. Thus the
findings in mice and rats differed in many significant ways.
First, the expression of Cox-2 in mice cTAL was diffuse along
the segment, in contrast to its presence in discrete cells in rat
cTAL. Second, the increase in mice PT Cox-2 was not ob-
served in the rat. Third, the increase in rat CD Cox-2 was
absent in the mouse. Finally, mouse inner medullary interstitial
areas showed a dramatic increase in CLP-induced Cox-2 stain-
ing that was not seen in the rat. These findings underscore
major species-specific differences in renal Cox-2 expression in
sepsis.

As to the TLR4 dependence of Cox-2 changes in the mouse
kidney, we found that they were restricted mostly to THP-
expressing cTAL and mTAL segments. It is remarkable that
these are also the only segments where both mice are rats
showed similar changes in Cox-2 expression. These segments
also showed a significant increase in THP after CLP in both
species. Therefore, it is possible that THP, recently shown to
be a ligand of TLR4 on dendritic cells (31), is also involved in
TLR4-mediated Cox-2 signaling in TAL segments of mice and
rats. Indeed, we have previously colocalized TLR4 and THP in
these nephronal segments (10). Furthermore, it was recently
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shown that THP knockout mice have reduced renal Cox-2
expression (3). It is thus very tempting to speculate that this
TLR4-dependent Cox-2 signaling is initiated in part by THP.

Our studies do not specifically address the role of systemic
vs. local TLR4 in TAL Cox-2 expression. However, previous
studies showed that LPS induces prostaglandins in primary
cultures of rat mTAL cells, thus precluding other systemic
influences (11, 13). Furthermore, the possible signaling role of
THP in these tubules also suggests the involvement of local
TLR4 in Cox-2 generation. Further experiments are needed to
fully elucidate a direct effect of THP on renal cell TLR4 and its
role in Cox-2 signaling.

The TLR4-independent changes in Cox-2 in other nephronal
segments could be related to various local or systemic factors.
For example, it is remarkable that the induction of Cox-2 in
mouse inner medullary interstitium with sepsis is comparable
to what is seen with other stimuli like dehydration (15). This
effect was also TLR4 independent. Thus it is possible that our
CLP model in the mouse does generate hemodynamic effects
similar to dehydration that are sensed by inner medullary
interstitial cells.

Cox-2 expression in the rat MD has been a subject of
controversy. This stems in part from the inconsistent descrip-
tion of Cox-2-expressing cells in relation to the MD (18).
Indeed, the region of the MD in rats harbors at least two
populations of cells expressing Cox-2 (5). One type shows
Cox-2 staining around the nuclear envelope and has been
considered to represent the MD proper (5). The other popula-
tion of cells shows diffuse and intense cytosolic Cox-2 stain-
ing. The location of these latter cells is not obvious from plane
cross-sectional cuts and tends to vary with the angle of the cut.
Our 3D volume reconstruction shows them as occupying a
peripheral position surrounding, and in close contact with,
proper MD cells. The contribution of each cell type to func-
tions generically attributed to the MD is unknown. Of note is
that these peripheral MD cells had morphological traits compara-
ble to the other dispersed Cox-2-positive cTAL cells and might
just be part of this disseminated Cox-2-expressing system.

In contrast to the rat, mice cTAL and MD cells showed
diffuse Cox-2 staining that was not localized to specific cells.
Like in cTAL, the increase in mouse MD Cox-2 staining after
CLP was TLR4 dependent. We also note that THP is not
expressed in MD cells of mice and rats. However, cells
opposing the MD in the same cross-sectional area have abun-
dant THP (Figs. 2 and 5). Thus it is possible that THP secreted
from these cells has access to the MD and plays a role in Cox-2
signaling.

Finally, a major finding in this paper was the baseline
absence of renin in juxtaglomerular cells of the TLR4 knockout
mouse. This was specific to juxtaglomerular cells as renin was
easily detected in other arteriolar segments. Because activation
of the renin-angiotensin axis has been implicated in vascular
reactivity and kidney injury in sepsis (36), the absence of
juxtaglomerular cell renin in TLR4 knockout mice might
explain the milder renal injury in these mice after CLP (un-
published observations). Furthermore, our findings relating
TLR4 to Cox-2 and renin could have significant implications
that extend well beyond the realm of sepsis. Indeed, with
endogenous ligands like THP, TLR4 could be involved in the
regulation of functions as diverse as ion transport, renal blood
flow, systemic hemodynamics, and hypertension.

F1195

In summary, we have presented the first systematic charac-
terization of renal Cox-2 expression in rats and mice in a
physiologically relevant model of sepsis. We further showed
the importance of TLR4 in sepsis-induced cTAL and mTAL
Cox-2 expression. TLR4 is also essential for baseline renin
expression in juxtaglomerular cells. Finally, indirect evidence
suggests a role for THP in TLR4-mediated Cox-2 signaling.
Further studies are needed to establish a firm and direct link
among THP, TLR4, and Cox-2 in the kidney.
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