




type background mice C57BL/10ScSnJ (both from Jackson Labs; Fig.
1, TLR4�/� and TLR4�/�).

Western blot analysis. In some experiments, the kidney was re-
moved without fixation and proteins were extracted immediately from
the cortex or medulla using standard techniques. Proteins were quan-
titated, loaded equally (40 �g/lane), and resolved on a 10% Tris �HCl
gel. Western blots for TLR4 were performed as previously described
(20). The probing goat antibody and blocking peptide for TLR4 were
the same as used for immunofluorescence.

Confocal microscopy. All images from fixed tissues were collected
with a Zeiss LSM 510 confocal microscope and analyzed with Zeiss
LSM software and MetaMorph (Universal Imaging) (21). Quantita-
tion of TLR4 and CD14 signal intensities was done using Metamorph
version 5.0. Representative fields in sham and CLP-operated rats were
analyzed using at least six tubules from each field. Apical areas were
sampled from each tubule and their intensities were averaged by the
software. Corresponding areas within the cells of each tubule were

Fig. 2. Effect of CLP on the expression of TLR4 by immunoblot analysis.
Western blots of protein extracts from cortex and medulla of kidneys obtained
from rats subjected to sham surgery (0 h) or 24, 48, and 72 h after CLP surgery.
Blots are representative of n � 5. In the blot labeled BP, cortical extracts from
24-h CLP were probed with the primary antibody in the presence of a blocking
peptide. All lanes were loaded equally with 40 �g protein.

Fig. 3. Localization of TLR4 by immunofluorescence micros-
copy after sham surgery or CLP. Representative kidney sections
obtained from sham-operated rats (A) or 24 h after CLP (B, C,
D, E, and F). Nuclei are shown in blue with DAPI fluorescence.
Green fluorescence represents proximal tubular autofluores-
cence. TLR4 immunostaining was pseudocolored red. Distal
tubules (D) lack the green autofluorescence characteristic of
proximal tubules (P). B: arrows point to increased TLR4 fluo-
rescence in proximal tubules. Note the lighter green autofluo-
rescence of proximal tubules in B compared with A. It results
from the overlap of red cellular TLR4 signal with the green
autofluorescence. Arrowheads point to red TLR4 fluorescence
in peritubular capillaries. C: high-power view. D: arrowhead
points to TLR4 staining at the vascular pole of a glomerulus
(G). Note also the positive TLR4 red signal within the glomer-
ular capillary tuft. E and F: �10 views and represent cortical
and medullary sections, respectively. E: arrowheads point to
TLR4 staining of glomerular vascular poles.
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also sampled and averaged for intensity. Furthermore, the average
intensity from negative control image was calculated and subtracted
from each reading to adjust for the background. Statistical analysis
was done using a two-tailed unpaired t-test at the 0.05 level of
significance. Colocalization of signals was done after thresholding the
image in each channel, selecting apical and cellular areas, and apply-
ing the colocalization function of Metamorph software.

Intravital two-photon microscopy. Imaging of the kidney in the live
animal was performed using a Bio-Rad MRC-1024MP Laser-Scan-
ning Confocal/Multiphoton Scanner (Hercules, CA) as previously
described in detail (11, 21). After initial imaging of sham or CLP
animals, 500 �g of the nuclear dye Hoechst 33342 were administered
intravenously over 2 min to allow identification of all cells and
examination of nuclear morphology. Alexa-568 conjugated with LPS
(Molecular Probes was injected via tail vein; 300 �g) as a tracer for
endogenous LPS. Imaging began few minutes after injection. In some
experiments, 1.6 mg FITC-conjugated dextran (molecular weight 3
kDa) were also injected via tail vein.

RESULTS

Effect of CLP on the expression of TLR4 by Western blot
analysis. We first studied the presence and changes in TLR4
expression by Western blot analysis (Fig. 2). TLR4 was ex-
pressed in the cortex and medulla of sham kidneys at baseline
(CLP 0 h). The double bands are composed of the native
protein and its higher molecular weight glycated form (48).
TLR4 expression in the cortex and medulla increases after CLP
and returns toward baseline in surviving animals at 72 h.

Incubation of the blot with a blocking peptide completely
abolished the TLR4 bands thus confirming the specificity of
our primary antibody.

Localization of TLR4 by immunofluorescence microscopy. In
kidneys from sham animals, TLR4 showed a strong signal in
distal tubules (Fig. 3A). There was a significantly weaker signal
from proximal tubules and peritubular capillaries. After CLP,
TLR4 staining in proximal tubules increased significantly
along with the appearance of peritubular capillary staining
(Fig. 3B). In both proximal and distal tubules, high-magnifi-
cation images show that TLR4 staining had a strong apical
component but also extended well into the cytoplasm (Fig. 3C).
Kidneys from CLP animals also showed TLR4 staining in
glomerular capillary tufts and the vascular pole (Fig. 3D).
Low-magnification images show positive TLR4 staining in
both cortical (Fig. 3E) and medullary (Fig. 3F) regions of
kidneys from CLP rats.

Costaining of TLR4 and proximal tubular brush border. To
further characterize the TLR4 signal, we costained the proxi-
mal tubular brush border with FITC-phalloidin. In addition to
confirming the identity of proximal tubules (so far identified
solely on the basis of their green autofluorescence), the staining
delineates the extent of the brush border and thus permits more
exact characterization of the apical TLR4 signal. In sham
animals (Fig. 4A), TLR4 staining indeed was predominantly
localized to distal tubules, whereas the proximal tubules
showed a less intense cellular signal. The dark green brush
border indicates minimal costaining with TLR4. Figure 4A
tubule marked with an * is shown in high magnification in Fig.
4C to illustrate this point. In contrast, kidneys from CLP rats
showed a significant increase in TLR4 staining that extended
throughout the cell into the tips of the brush border (Fig. 4, B
and D). Figure 5 shows the magnitude of the increase in apical
and cellular TLR4 fluorescent signal in CLP rats compared
with sham. The increase in both apical and cellular TLR4
fluorescence was significant in CLP rats compared with sham.

Costaining of TLR4 and THP. THP, an abundant protein in
the kidney, has been recently reported to modulate TLR4
signaling (42). In addition, it is a good marker to characterize
the thick ascending loop and early distal tubules. Therefore, we
examined the changes in THP staining with sepsis and its
colocalization with TLR4. Figure 6 shows the thin cellular and
apical staining of THP of sham kidneys (B). In kidneys from

Fig. 4. Costaining for TLR4 and the proximal tubular brush border in sham-
operated rats and after CLP. Representative kidney cortex sections obtained
from sham-operated (A and C) or CLP rats (B and D). Green fluorescence
represents FITC-phalloidin staining of the brush border. Red fluorescence
represents TLR4 immunostaining. A: sham surgery �40, TLR4 staining is seen
in distal tubules (D) and to a lesser extent in the cellular compartment of
proximal tubules (P). Note the brush border dark green FITC fluorescence
indicating little costaining with red TLR4. C: tubule marked with * is shown
in high magnification. B: CLP rats �40, note the yellowish hue of the brush
border indicating costaining with red TLR4 which extends well into the tip of
the brush border (D, arrowheads). Note also the increased cellular red TLR4
signal in the cellular compartment of proximal tubules.

Fig. 5. Quantitation of TLR4 fluorescence in sham-operated rats and after
CLP. Values represent means � SE. At least 6 tubules from representative
fields per experimental condition were measured. Fluorescence intensity of
TLR4 staining was measured separately at the apical border and the cellular
compartment. *Statistical significance with P � 0.01 (unpaired t-test) when
apical and cellular fluorescence was compared between sham and CLP.
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CLP rats, THP was dramatically increased in quantity and
extended well into the lumen of the tubules, occasionally
causing complete obstruction (Fig. 6E). The costaining for
TLR4 and THP is also shown in this figure. In sham animals,
94% of the TLR4 signal colocalized with THP in THP positive
(T�) distal tubules (Fig. 6, A, B, and C). In kidneys from CLP
animals (Fig. 6, D, E, and F), both TLR4 and THP increased
and 99% of the TLR4 signal colocalized with THP in T�
tubules. Note also the strong TLR4 signal in THP negative
(T�) tubules and in proximal tubules. Thus the increase in
TLR4 fluorescence in CLP animals involves all tubular seg-
ments (proximal, distal T�, and distal T�) and does colocalize
strongly with THP in T� tubules.

Localization of CD14 with immunofluorescence microscopy.
CD14 acts as an adaptor protein for ligands of TLR4 and has
also been implicated in TLR4-independent endotoxin uptake
by cells (12). Therefore, we examined the renal distribution of
CD14 in sham and CLP rats. In sham kidneys, CD14 was
expressed predominantly at the apical border of proximal
tubules (Fig. 7A). CLP caused a significant increase in the
CD14 signal that was still localized to the apical border of
proximal tubules (Fig. 7B). In both sham and CLP kidneys,
CD14 showed a faint (but detectable) intracellular signal. We
also confirmed the localization of CD14 to proximal tubules by
costaining with FITC-phalloidin in sections from sham (Fig.
7C) and CLP (Fig. 7D) rats. High magnification revealed CD14
to be primarily localized basal to the brush border (Fig. 7D,
inset). Thus, unlike TLR4, CD14 signal did not extend
throughout the brush border (note the discrete red and green
fluorescence in Fig. 7D, inset and compare with the full
brush-border extension of TLR4 in Fig. 3D). Low-magnifica-
tion views of sections from CLP kidneys show CD14 ex-
pressed predominantly in the cortex (Fig. 7E) with minimal
staining in the medulla (Fig. 7F). The quantitative changes in
CD14 fluorescence between sham and CLP kidneys are shown
in Fig. 8.

Finally, we determined whether CD14 colocalized with
TLR4 in the apical border and cellular compartments of prox-
imal tubular cells. As shown in Fig. 9, there was indeed

colocalization between the two signals. At the apical border,
70% of the CD14 signal colocalized with TLR4. Conversely,
only 48% of the apical TLR4 signal colocalized with CD14.
The remaining 52% likely represent the differential extension
of TLR4 staining throughout the brush border (compare Fig.
4D with Fig. 7D, inset). This differential extension of TLR4 is
not well resolved under costaining conditions (see MATERIALS

AND METHODS). In the cellular compartment, 30% of the CD14
signal colocalized with TLR4.

Colocalization of cellular TLR4 and the Golgi apparatus.
TLR4 (bound and unbound to endotoxin) has been reported to
localize to the Golgi apparatus in various cell types in culture.
We examined whether this is also the case in renal tubular cells
(Fig. 10). In sham kidneys, 12% of cellular TLR4 fluorescence
colocalized with Golgi fluorescence (Fig. 10, A, B, and C). In
CLP kidneys, 59% of the TLR4 signal colocalized with the
Golgi (Fig. 10, D, E, and F). Note that Golgi staining itself was
altered by CLP, becoming more intense and dispersed (Fig. 10,
B and D).

Intravital imaging of fluorescent endotoxin in kidneys of
control and septic rats. Having localized the expression of
TLR4 in kidneys of CLP rats, we next examined whether
systemic endotoxin has access to this receptor in live septic and
control rats. To this end, we imaged the kidneys of live rats
with two-photon microscopy after the injection of tracer fluo-
rescent endotoxin. In septic rats, fluorescent endotoxin was
seen at the brush border of some proximal tubules within 10
min of its injection (Fig. 11A). It was also observed in peritu-
bular capillaries. Twenty-two minutes after its injection, fluo-
rescent endotoxin was seen in a more subapical compartment
in some proximal tubules. A strong signal was seen in the
lumen of distal tubules but without any cellular uptake (Fig.
11B). Fifty-seven minutes after its injection, fluorescent endo-
toxin was totally intracellular (Fig. 11C).

The differential uptake of endotoxin by different proximal
tubular segments raised the possibility of segmental hypoper-
fusion and/or hypofiltration, as could occur with sepsis. To
examine this possibility, we infused fluorescent low-molecu-
lar-weight dextran (3 kDa) that is readily filtered. Within

Fig. 6. Immunofluorescence staining of TLR4
and THP in sham and CLP-operated rats. Rep-
resentative �40 cortical kidney sections from
sham rats (A, B, and C) and 48 h after CLP (D,
E, and F). TLR4 fluorescence is pseudocolored
red, THP fluorescence yellow and brush border
staining with FITC-phalloidin in green. Colo-
calization of TLR4 and THP imparts an orange
hue to the involved areas in the merged pictures
(C and F). T� denotes THP-negative tubules.
Two THP-positive tubules are labeled with *.
Arrowheads point to proximal tubules.
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minutes, dextran was seen in the lumen of several proximal
tubules that showed differential endotoxin uptake (Fig. 11D,
compare red color in proximal tubule marked with * to that
seen in the 2 adjacent proximal tubules. All 3 tubules showed
similar luminal dextran fluorescence.). Therefore, the differen-
tial uptake of endotoxin by proximal tubules is not related to
variations in filtration of the corresponding nephrons.

In nonseptic animals that underwent sham surgery, fluores-
cent endotoxin was also taken up by some proximal tubules,
albeit with a much lower frequency. On average, the number of
fields containing endotoxin-positive proximal tubules was 10%
of the number seen in CLP rats. In sham rats, fluorescent
endotoxin was also noted in the lumen of distal tubules with
similar intensity and distribution as in CLP rats.

Fig. 8. Quantitation of CD14 fluorescence in sham-operated rats and after
CLP. Values represent means � SE. At least 12 tubules from representative
fields per experimental condition were measured. Fluorescence intensity of
CD14 staining was measured separately at the apical border and the cellular
compartment. *Statistical significance with P � 0.01 (unpaired t-test) when
apical fluorescence was compared between sham and CLP.

Fig. 7. Localization of CD14 by immunofluorescence micros-
copy after sham surgery or CLP. Representative kidney sections
from sham (A and C) and 24-h CLP rats (B, D, E, and F). A and
B: green represents proximal tubule (P) autofluorescence. Ar-
rowheads point to apical red fluorescence of CD14. C and D:
nuclei are stained blue with DAPI. Proximal tubular (P) brush
border is stained green with FITC-phalloidin. CD14 is shown in
red. Distal tubules are labeled D. Tubule labeled with * in D is
shown also in inset with distinct green (arrow) and red (arrow-
head) fluorescence. E and F: �10 views of cortex and medulla,
respectively, stained for CD14 (red).
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DISCUSSION

In this paper, we provide the first extensive characterization
of TLR4 in kidneys from control rats and after CLP-induced
sepsis. We show a remarkable change in the expression level
and distribution of these receptors after injury. In addition, they
are also accessible to systemic bacterial ligands as we demon-
strate in this paper. This suggests a role for these local TLRs
that extends beyond interacting with pathogens in the setting of
an ascending urinary tract infection.

The potential of TLRs to modulate the renal response to
injury is supported by recent data. Indeed, Cunningham et al.
(10) showed that TLR4-positive kidneys transplanted into
TLR4 knockout mice do sustain injury after systemic LPS
injection. Furthermore, Leemans et al. (27) convincingly pro-
vide data supporting an important role for TLR2 in mediating
ischemic injury to the kidney. Finally, Lim et al. and Wolfs et
al. (23, 28, 48) point to possible activation of renal innate
immunity through upregulation of TLR4 and TLR2 after is-
chemia or cyclosporine-induced injury. These data underscore
the functional importance of TLRs in various models of renal
injury. They also stress the need for a more detailed knowledge
of the cellular distribution of these proteins in the kidney and
their response to injury. In this paper, we provide the first such
characterization of TLR4 distribution and changes in a relevant
sepsis model in the rat.

Previously, other investigators have documented the pres-
ence of TLR4 in kidney tissues from various species. In
humans, TLR4 from renal tissues was detected by two
groups using RT-PCR techniques (34, 49). Conversely,
Backhed et al. (4) failed to detect TLR4 mRNA in isolated
human tubular cells. The reasons for these discrepancies are
unknown but could be related to the specific cellular origin
of the amplified signal. Using immunohistochemical tech-
niques, Samuelsson et al. (43) did show TLR4 staining in
tubules from human renal biopsies. However, no specific
markers for various tubular segments were used in this
study. In mice, Tsuboi et al. (46) detected TLR4 mRNA in
isolated tubular epithelial cells with Northern blot analysis.
Similarly, Wolfs et al. (48) detected TLR4 mRNA with in
situ hybridization in mice renal cortex and to a lesser degree
in the medulla. In the rat, Laestadius et al. (25) demon-
strated the presence of TLR4 mRNA with RT-PCR in rat
proximal tubular cells. More recently, Lim et al. (23, 28)
used in situ hybridization to detect TLR4 mRNA in distal
tubules in the rat kidney. TLR4 expression increased in both
distal and proximal tubules after ischemia or cyclosporine
toxicity. Our characterization of TLR4 distribution in sham
and septic rat kidneys with immunofluorescence microscopy
extends these studies to provide more specific localization
of this protein at the cellular and subcellular levels.

Fig. 9. Colocalization of TLR4 with CD14.
A representative cortical kidney section is
shown from a 24-h CLP rat, costained for
TLR4 (yellow) and CD14 (red). In the
merged picture (C), nuclei are also shown
stained with DAPI (blue). C: orange hue
represents areas of colocalization of TLR4
and CD14 (arrowheads).

Fig. 10. Colocalization of cellular TLR4 with
Golgi. Representative kidney sections from
sham (A, B, and C) and 24-h CLP-operated rats
(D, E, and F). TLR4 is shown in the yellow
channel. Golgi is shown in the red channel. C
and F: orange hue indicates colocalization of
TLR4 with Golgi.
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In sham animals, TLR4 was detected predominantly in
THP-positive tubules and to a lesser degree in proximal tu-
bules. The function of TLR4 in normal, nonseptic states is
completely unknown. In septic rats, TLR4 was dramatically
increased in proximal tubular cells and was present both in the
intracellular compartment and throughout the brush border.
This apical presence is optimal for interaction with filtered
endotoxin and subsequent internalization of the receptor-ligand
complex. It is also possible that proximal tubular endotoxin
signaling itself upregulates the expression of TLR4 in these
segments. The intracellular colocalization with the Golgi ap-
paratus is similar to that described by others in nonrenal tissues
(17, 26). Sepsis also increased TLR4 in THP-positive tubules,
where its colocalization with THP exceeded 90%.

Recently, THP was shown to stimulate the maturation of
myeloid dendritic cells via interaction with TLR4 (42). It is
very tempting therefore to speculate that THP can also stimu-
late local tubular TLR4 with which it colocalizes so strongly.
This signaling could participate both in the proinflammatory
properties of THP and in its role in the antibacterial defense of
the urinary tract (6, 35, 45). Whether THP also prevents the
uptake of LPS by distal tubules, as shown in our in vivo
imaging studies, is unclear. Finally, we note that our CLP
model is characterized by very little cast formation. Neverthe-
less, THP was dramatically increased in its distal sites. Thus
our studies hint to a possible complex functional role for THP
that extends well beyond its usual association with tubular
casts formation. Such role, in health and disease, remains to be
elucidated.

In the live imaging studies, we show that systemic endotoxin
has rapid access to all the renal sites where TLRs are ex-

pressed. While others have detected endotoxin in renal tissues
with radioactive techniques or electron microscopy (18, 32),
ours is the first demonstration of the kinetics of LPS uptake by
renal cells in live animals. This uptake of endotoxin could in
itself have a detrimental effect on tubular cells, independent of
TLR4 signaling. Indeed, in vivo studies have shown that the
presence of LPS along with TNF-� (itself a product of TLR4
signaling) results in a higher mortality than the administration
of TNF-� alone (40). Thus the fate of internalized LPS and its
direct effects on cell function deserves further investigation.

The uptake of LPS was strictly localized to proximal tu-
bules. The reason for the varying uptake rate of LPS in
adjacent proximal tubules is unclear but does not seem to be
related to differential filtration as shown with the dextran
studies. One possibility is intrinsic differences in the uptake
machinery between proximal tubular subsegments. This was
not pursued further in this paper. Of interest is the fact that
none of the distal tubules showed any LPS uptake. The pres-
ence of THP in some of these tubules might explain this lack
of uptake as discussed above. However, it is unclear why
THP-negative tubules also failed to take-up LPS. One possi-
bility is the minimal expression of CD14 in all nonproximal
tubules as discussed below.

Among the proteins necessary for TLR4 signaling, CD14
plays a central role and was in fact believed to be the endotoxin
receptor before the TLRs era (13). Now, its function as an
adaptor protein is well recognized, along with a possible role in
TLR-independent LPS uptake (9, 24). Our results show a
strong increase in CD14 staining with sepsis at the apical
border of proximal tubules. There was also significant colocal-
ization between TLR4 and CD14 in proximal tubules, a fact
that supports the swift uptake of LPS in these tubules. In
contrast, there was little if any CD14 staining in all distal
tubules. This might explain the lack of LPS in these tubules,
including the THP-negative ones. Whether our CD14 signal
represents membrane-bound CD14 or soluble CD14, filtered
from the circulation, is unknown. The cellular localization of
CD14 under the proximal tubular brush border favors the
former possibility. In humans, there is evidence that mem-
brane-bound CD14 is not present in renal tubular cells (7, 43).
However, urinary soluble CD14 increases markedly with sep-
sis and inflammatory conditions (7, 9, 37). Both membrane-
bound and -soluble CD14 are adequate for LPS signaling and
uptake. In mice, CD14 was reported to increase in both cortex
and medulla in obstruction and ischemia models of acute renal
failure (31).

In conclusion, we characterized the cellular distribution of
TLR4 in kidneys from sham and septic rats. We have also
investigated the localization of THP and CD14, two potentially
important proteins in renal TLR4 signaling. Our data support a
role for TLR4 and these related proteins in modulating the
renal response to sepsis. This is further underscored by our
findings in live septic animals showing significant uptake of
systemic endotoxin by renal tubular cells. This study can thus
form the basis of future functional and histological investiga-
tions into the role of TLR4 in various models of renal injury.
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Fig. 11. Intravital imaging of fluorescent LPS in rats after CLP surgery.
Representative views of kidney fields from live septic animals obtained with
2-photon microscopy. A–D: time after intravenous injection of fluorescent LPS
(red color). Proximal tubules (P) have brown autofluorescence. Distal tubules
(D) lack autofluorescence. Nuclei are stained blue with intravenous injection of
Hoechst. A: arrows point to red LPS fluorescence in peritubular capillaries. D:
yellow/green color represents 3-kDa FITC-dextran.
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