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Abstract

Acute kidney injury (AKI) is a common complication in criti-
cally ill patients and is associated with high mortality. Re-
cruitment of neutrophils is a hallmark in the pathogenesis of
AKI. Although ischemia-reperfusion injury (IRl) is a frequent-
ly used research model of AKI, the clinical relevance of IRI-
induced AKl is limited. Epidemiologically, sepsis is the pre-
vailing cause of kidney injury. However, it is still unknown
whether these distinct entities of AKl share the same patho-
physiological mechanisms. This study was initiated to inves-
tigate the molecular mechanisms of neutrophil recruitment
into the kidney in a murine model of sepsis-induced AKI. By
using a flow cytometry-based method, we show that the
two (3,-integrins Mac-1 and LFA-1 as well as E-selectin and P-
selectin are involved in neutrophil recruitment into the kid-
ney after induction of sepsis. The molecular mechanisms of
neutrophil recruitment were further investigated using in-
travital microscopy, demonstrating that blocking one of
these four molecules reduces the number of adherent leu-
kocytes. This was accompanied by a renal upregulation of
E-selectin, P-selectin and ICAM-1 (the counter-receptor of 3,-

integrins on endothelial cells) after sepsis induction. We con-
clude that blocking P-selectin, E-selectin, Mac-1 or LFA-1 pro-
tects mice from sepsis-induced AKI. ©2014 S. Karger AG, Basel

Introduction

Acute kidney injury (AKI) is a common complication
in critically ill patients and is associated with high mor-
bidity and mortality [1-3]. AKIis an independent predic-
tor of increased mortality in an intensive-care setting [4].
Even patients that are discharged from the ICU and re-
cover from AKI have an increased risk of developing
chronic kidney disease [5]. Despite this clinical signifi-
cance and advances in renal replacement therapy, little
change in the prognosis of patients with AKI could be
observed over the last 50 years [6]. A more sophisticated
understanding of the molecular pathophysiology may en-
able clinicians to finally overcome these obstacles [7].

AKI can be due to different causes including ischemia-
reperfusion injury (IRI) and sepsis. Sepsis is the leading
cause and accounts for up to 50% of all cases [8].

Previous studies have revealed leukocyte recruitment
asa hallmark of AKI [9]. In particular, neutrophil infiltra-
tion of the renal tissue is directly involved in the develop-
ment of IRI-induced AKI. The deterioration of organ fail-
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ure is proportional to the degree of neutrophil recruit-
ment into the kidney [10, 11]. Leukocyte recruitment into
inflamed or damaged tissues proceeds in a cascade-like
fashion [12], in which different adhesion molecules are
required for each step. E-selectin and P-selectin expressed
on endothelial cells mediate the first contact between leu-
kocytes and endothelial cells in a process termed ‘leuko-
cyte tethering’ [13, 14]. This enables leukocytes to roll on
the endothelium and pick up inflammatory signals such
as chemokines and cytokines that are presented on the
endothelial surface. The engagement of chemokine re-
ceptors on leukocytes triggers the activation of the two
B,-integrins LFA-1 and Mac-1 on the leukocyte surface;
they subsequently bind to their counter-receptors on en-
dothelial cells and mediate arrest [15]. The last step in this
cascade is transmigration, i.e. the leukocytes leave the
vessel and migrate into the inflamed tissue [14]. Recent
studies demonstrated that leukocyte recruitment into the
kidney occurs at two different sites [16]: Leukocyte roll-
ing and recruitment in the postcapillary venules in the
cortex are E-selectin-dependent [17], whereas glomerular
inflammation results in an increase in the duration of re-
tention of static and migrating leukocytes [18].

However, it is unknown whether the molecular mech-
anisms of neutrophil recruitment into the kidney are dif-
ferent following different insults, i.e. in this case IRI ver-
sus sepsis induced by cecal ligation and puncture (CLP).
Although previous studies have revealed roles for E-selec-
tin, P-selectin and LFA-1 in the frequently used IRI mod-
el of AKI [10, 19, 20], blockade of LFA-1 and its ligand
ICAM-1 did not protect kidney function in toxic-induced
(mercuric chloride-induced) AKI [21]. It is well accepted
that the molecular mechanisms of neutrophil recruit-
ment are organ- and stimulus-specific [16, 18, 22]. Al-
though the molecules involved in neutrophil recruitment
into the kidney after IRI have been extensively investi-
gated, the molecular basis of neutrophil recruitment dur-
ing sepsis-induced AKI is still unknown.

This study investigated the molecular mechanisms of
neutrophil recruitment into the kidney in a sepsis-in-
duced model of AKI. To achieve this, we used function-
blocking monoclonal antibodies against different adhe-
sion molecules (P-selectin, E-selectin, LFA-1 and Mac-1)
in wild-type mice. To validate our model, we determined
the impact of neutrophils on renal function. A newly de-
veloped FACS method was used to investigate the total
number of neutrophils in the kidney, whereas impair-
ment of the kidney function was monitored by measuring
creatinine levels in the blood. Furthermore, we used in-
travital microscopy of the postcapillary venules in the
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cortex of the kidney in order to directly visualize the dif-
ferent steps of the leukocyte recruitment cascade and in-
vestigate which adhesion molecules are involved in these
processes in our model of sepsis-induced AKI. Immuno-
histochemistry was used to show the expression pattern
of adhesion molecules in the kidney after inducing sepsis.

Material and Methods

Animals

8- to 12-week-old C57BL/6 mice (Janvier, Le Genest St Isle,
France) and LysM-GFP* mice [23] were housed in the SPF facility.
The Animal Care and Use Committees of the University of Miin-
ster, Germany approved all animal experiments.

Reagents
If not stated otherwise, all reagents were obtained from Sigma-
Aldrich (Taufkirchen, Germany).

Sepsis Induction by CLP

CLP was performed as described previously [24]. Briefly, after
induction of anesthesia via intraperitoneal injection (i.p.) of ket-
amine (100 mg/kg) and xylazine (10 mg/kg), animals were placed on
a heating pad to maintain body temperature. A skin incision of ap-
proximately 5 mm in the left abdominal area was made, the perito-
neal sheath was incised and the cecum was carefully exteriorized.
After 12 mm of cecum had been ligated using polyglactin sutures,
two transmural injuries were made to the ligated section using a
20-gauge needle to allow peritoneal dissemination of bacteria. The
permeability of the cecum contents was checked by light, manual
palpitation of the cecum which was then returned to the abdominal
cavity. Sham animals underwent the same procedure, but cecal punc-
ture and ligation was omitted. The peritoneal sheath and skin were
sutured in 2 layers with polyglactin sutures and the animals then re-
ceived fluid resuscitation with 200 pl saline i.p. and were left to re-
cover. Fluid therapy was continued at 6, 12, 24 and 36 h after surgery.

Therapeutic Intervention Experiments

Twelve groups of wild-type and LysM-GFP* mice received 100
ug of blocking antibody against Mac-1 (Clone M1/70), LFA-1
(Clone M17/4), P-selectin (Clone RB40.34) or E-selectin (Clone
9A9) separately or in combination, or isotype-matched control an-
tibodies i.p. after surgical closure of the peritoneal sheath. In other
experiments, mice received 50 pg of anti-Ly6G antibody (clone
1A8) i.p. or a matched isotype control antibody (Rat IgG2a, k) im-
mediately after closure of the abdomen. This has previously been
shown to cause neutrophil depletion without affecting the mono-
cyte population [25].

Functional Analysis of Kidney Failure

Animals were euthanized after 48 h and blood samples were
taken by cardiac puncture. Kidneys were flushed extensively with
PBS in situ and were removed for the determination of neutrophil
infiltration and histology, respectively. Serum creatinine levels
were determined using a creatinine ELISA assay (Diazyme, Poway,
Calif., USA) according to the manufacturer’s protocol. Neutrophil
recruitment into the kidneys was determined by flow cytometry
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[17]. Briefly, kidneys were homogenized and incubated with col-
lagenase IX, hyaluronidase and DNAse for 45 min at 37°C. Tissue
suspension were filtered through a 70-um cell strainer and the re-
sulting cells were subsequently stained for Ly-6B.2 (Abcam), Ly-6G
and CD45 (Biolegend) and quantified using FACS counting beads
(Molecular Probes, Eugene, Oreg., USA).

Morphologic Evaluation of Kidneys

Kidney specimens were fixed in formalin solution and embed-
ded in paraffin. HE staining was performed using standard proto-
cols. Histologic morphology was scored for loss of brush borders
(0-3), tubular vaculolization (0-3), cell recruitment (0-3) and
apoptosis (0-3) by a blinded investigator.

Immunhistochemistry

Staining for E-selectin, P-selectin and ICAM-1 was performed
as previously described [26]. Briefly, after heat-mediated antigen
retrieval (E- and P-selectin) or proteinase K retrieval (ICAM-1),
kidneys were incubated with anti-P-selectin, anti-E-selectin or an-
ti-ICAM-1 primary antibody (M-19, Santa Cruz Biotechnology,
Calif., USA) and then incubated with 1:250 corresponding bioti-
nylated secondary antibody and finally developed with avidin-bi-
otin-peroxidase. Pictures were analyzed using Image]J software ac-
cording to the guidelines for analysis of histologic staining by the
University of Auckland [27]. Briefly, histologic images were split
into color channels and the channel containing histologic staining
was processed. Then, staining was renormalized with the threshold
tool. The area of interest (glomerulus or peritubular vessel) was
selected with the region-of-interest tool and was evaluated for frac-
tion of stained area.

Intravital Microscopy of the Kidney

Intravital microscopy of the kidney was performed 8 h after
CLP or sham surgery as described previously [17]. Briefly, kidneys
were exteriorized and subjected to epifluorescence microscopy
with an AxioScopeAl (Carl Zeiss, Gottingen, Germany) and a
CCD-camera (Sensicam QE, Cooke Corp., Bayreuth, Germany).
Epifluorescence was generated using a Lambda DG-4 fast wave-
length switcher (Sutter, Novato, Calif., USA) and videos were re-
corded, renormalized and analyzed using SlideBook 5.0 (Intelli-
gent Imaging Innovations, Denver, Colo., USA). At the end of the
experiment, fluospheres (Molecular Probes) were injected to de-
termine the blood flow in the postcapillary venules of the cortex.

Leukocyte Blood Counts

To determine the effect of anti-Ly6G treatment, blood from
mice was drawn into a heparinized syringe and erythrocytes were
lysed with Phram Lyse (BD Biosciences, San Jose, Calif., USA). The
remaining cells were stained with CD45 PerCP and Gr-1 PE (Clone
RB6-8C5, Biolegend, San Diego, Calif., USA) and quantified via
FACS counting beads.

Statistics

Statistical analysis was performed with SPSS (version 20.0, Chi-
cago, I, USA). Differences between groups were evaluated by
one-way analysis of variance, the Newman-Keuls test and the Stu-
dent t test where appropriate. Normal distribution was assessed by
means of the Shapiro-Wilk test and consecutive Q-Q plotting.
Data are presented as mean + SEM, and p < 0.05 was considered
statistically significant.

Adhesion Molecules in Sepsis-Induced
Kidney Failure

Results

CLP-Induced Kidney Injury Is Dependent on

Neutrophil Infiltration

Animals were found to be septic after 48 h despite flu-
id resuscitation and mortality was found to be as high as
50% in untreated animals (data not shown). Following
sepsis induction, the number of neutrophils in the kidney
was significantly elevated compared to sham animals
(fig. 1a). In addition, serum creatinine levels in septic
mice were significantly increased (fig. 1b), showing that
mice developed AKI within 48 h after the induction of
sepsis. To assess whether neutrophil infiltration is critical
for the decline of organ function, animals were injected
with a depleting dose of an anti-Ly6G antibody after sur-
gery. In animals treated with anti-Ly6G antibody, there
were almost no neutrophils detectable in the kidney 48 h
after the induction of sepsis (fig. 1a, c). These antibody
treated mice were completely protected from CLP-in-
duced kidney injury as the serum creatinine did not rise
over values seen in sham-operated animals (fig. 1b) and
histologic evaluation revealed preserved kidneys in anti-
Ly6G treated animals (fig. 1d). To exclude a monocytic
component to our results, we stained leukocytes isolated
from isotype-treated or anti-Ly6G-treated animals with
Grl and found no significant difference in the monocyte
(Gr1™4) population (fig. le).

Blockade of P-Selectin, E-Selectin, Mac-1 or LFA-1

Decreases Neutrophil Recruitment into the Kidney and

Preserves Organ Function during CLP-Induced AKI

Animals treated with blocking antibodies appeared to
have decreased mortality, but due to low case numbers
this observation did not reach statistical significance
(data not shown). The number of neutrophils as deter-
mined by flow cytometry was 4.00 x 10° cells/kidney in
untreated septic animals and 0.89 x 10° cells/kidney in
sham animals (fig. 2a). Blocking one individual adhesion
molecule alone (E-selectin, P-selectin, Mac-1 or LFA-1)
or the combination of different adhesion molecules (E-
selectin and P-selectin or Mac-1 and LFA-1) significantly
decreased the number of neutrophils when compared to
untreated septic mice (fig. 2a). However, no differences
were detected among the different intervention groups
(fig. 2a). In septic mice, serum creatinine levels were sig-
nificantly increased compared to sham-operated mice
(fig. 2b). Blocking one individual adhesion molecule
alone or the combination of different adhesion molecules
significantly decreased the serum creatinine levels when
compared to untreated septic mice (fig. 2b).
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Fig. 1. CLP-induced kidney injury is dependent on neutrophil in-
filtration. a Neutrophils in the kidney 48 h after CLP or sham sur-
gery. Neutrophil recruitment is almost absent in mice injected
with a neutrophil-depleting anti-Ly6G antibody. b Serum creati-
nine levels of sham mice and septic animals (48 h after inducing
sepsis). Neutrophil depletion preserves organ function in septic

Blockade of Adhesion Molecules Preserves Kidney

Morphology

Tubular edema, cell recruitment and loss of tubular
epithelial cells are histological features of AKI. Therefore,
we performed HE staining of the kidneys after sham op-
eration or CLP to investigate these histological features.
Kidneys from septic mice had massive tubular edema, cell
recruitment and loss of tubular epithelial cells (fig. 3a).
These findings were ameliorated in mice injected with
blocking antibodies against E-selectin, P-selectin, Mac-1,
LFA-1, combined E-selectin and P-selectin and com-
bined LFA-1 and Mac-1. To quantify these changes, we
used a previously published histological score, optimized
according to histologic features reported in a recent study
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animals. ¢ Representative HE stainings of the cortex of CLP or
sham operated mice that were injected with either an isotype con-
trol or anti-Ly6G antibody. d Histologic scoring of (c). e Blood
counts of Gr1™id (monocytes) and Gr1high (neutrophils) 48 h after
injection of an isotype control or anti-Ly6G antibody (n = 3-5).
#p <0.05.

evaluating septic kidneys in humans [28, 34]. With the
help of this score, it could be demonstrated that blocking
one of the adhesion molecules or the combination of dif-
ferent molecules abolished the morphological changes
accompanied by AKI (fig. 3b).

Neutrophil Rolling and Adhesion in Postcapillary

Venules of the Cortex of the Kidney Is Regulated by

Different Adhesion Molecules

Rolling velocity and adhesion of leukocytes in post-
capillary venules of the cortex of the kidney were inves-
tigated by using intravital microscopy of the kidney as
described previously [17, 29]. In sham-operated mice,
no rolling and adherent leukocytes were observed (data
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Fig. 2. Blockade of P-selectin, E-selectin, Mac-1 or LFA-1 decreas-
es neutrophil recruitment into the kidney and preserves organ
function during CLP-induced AKI. a Neutrophil infiltration into
the kidney was determined by FACS analysis 48 h after sham op-
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eration or after inducing sepsis. b Serum creatinine levels of sham
mice, septic mice and septic mice pretreated with blocking anti-
bodies (48 h after inducing sepsis; n=3-5). * p <0.05 to CLP alone.
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Fig. 3. Blockade of adhesion molecules preserves kidney morphol-
ogy. a Representative HE staining of the cortex of the kidney after
CLP-induced kidney injury or sham operation. CLP-induced AKI
causes leukocyte infiltration, loss of brush borders in the proximal

Adhesion Molecules in Sepsis-Induced
Kidney Failure

Anti-LFA-1 Anti-LFA-1/Mac-1
tubule, vacuolization of tubular endothelium and apoptosis. Leu-
kocyte infiltration and morphologic changes were less severe in
kidney sections from animals that were injected with blocking an-
tibodies against different the adhesion molecules.
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Histologic score

b CLP

Fig. 3. Blockade of adhesion molecules preserves kidney morphol-
ogy. b Histologic scoring of kidneys from sham mice, septic mice
and septic mice treated with blocking antibodies (n = 3-5). * p <
0.05 to CLP alone.

not shown). However, intravital microscopy of mice 8 h
after the induction of sepsis showed an abundant num-
ber of rolling and adherent neutrophils in the postcapil-
lary venules of the kidney cortex (fig. 4a—c). Neutrophils
in untreated septic animals rolled at a velocity of 6.34
um/s (fig. 4a). Injection of isotype control antibodies did
not change the rolling velocity or the number of adher-
ent neutrophils when compared to untreated animals
(data not shown). Blocking E-selectin using a monoclo-
nal antibody elevated the rolling velocity to 19.27 um/s
whereas blocking of P-selectin by a monoclonal anti-
body reduced the mean rolling velocity to 4.4 pm/s
(fig. 4a). Blocking E-selectin and P-selectin significantly
elevated the rolling velocity of neutrophils compared to
in untreated septic mice (fig. 4a). Blockade of Mac-1 had
no impact on rolling velocity (6.39 pum/s). However,
blockade of LFA-1 significantly increased the mean roll-
ing velocity of neutrophils to 9.52 um/s (fig. 4a).

CLP animals revealed 227.84 + 30.45 adherent neutro-
phils per mm? in the postcapillary venules of the cortex of
the kidney (fig. 4b). Antibody blocking of either E-selec-
tin or P-selectin significantly decreased the number of ad-
herent neutrophils by a similar amount (fig. 4b, c). Block-
ing both selectins had a synergistic effect (fig. 4b, ¢). Sim-
ilarly, injection of a blocking anti-LFA-1 antibody
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decreased the number of adherent neutrophils (fig. 4b, c).
A significant decrease was also seen after injection of a
blocking anti-Mac-1 antibody (fig. 4b, c). Blocking both
integrins also had an additive effect on the number of ad-
herent cells (fig. 4b, ).

The shear stress and blood flow in the vessels was sim-
ilar in all animals as measured by the velocity of micro-
spheres injected into the tail vein of the mice. This ex-
cluded confounding hemodynamic contributions to our
findings (data not shown).

Endothelial E-Selectin, P-Selectin and ICAM-1 Are

Upregulated in CLP-Induced AKI

Immunohistochemistry revealed that CLP induction
dramatically increased the expression of E-selectin and
P-selectin in the glomeruli and peritubular capillaries
(fig. 5). Sham-treated animals stained only very weakly
for E-selectin and P-selectin at both sites (fig. 5b, ¢). In-
terestingly, ICAM-1 was not detectable in the glomeruli
(fig. 5b) and its expression in sham animals was focal and
very minor. Following CLP, a diffuse but moderate up-
regulation of ICAM-1 was observed in the pertubular
capillaries of the renal cortex, but not in the glomeruli
(fig. 5a, ¢).

Discussion

Neutrophil recruitment into the kidney is a crucial
event in acute kidney failure [11]. In the IRI model of kid-
ney failure, neutrophil depletion protectes mice from de-
veloping AKI [10]. Similarly, hampering neutrophil re-
cruitment by injection of blocking anti-E-selectin or anti-
P-selectin antibodies or preventing activation of the
B,-integrin LFA-1 using mice deficient for molecules in
selectin-signaling has been found to ameliorate organ
failure [10, 17, 19]. Current data lead to the hypothesis
that the decline in organ function is a consequence of leu-
kocyte influx and is thus linearly dependent on neutro-
phils infiltrating kidney tissue [11]. However, the molec-
ular mechanisms of neutrophil recruitment into the kid-
ney in the context of sepsis were unknown, as such
mechanisms have been shown to be stimulus-specific.
We here demonstrate that CLP-induced AKI is depen-
dent on neutrophil recruitment similar to IRI-induced
AKI [10], but is different from toxic kidney injury [21].
This finding is consistent with the recent advances in the
pathophysiological understanding of sepsis-induced AKI
in humans: the classic paradigm is that decreased blood
flow in septic patients is the principal pathophysiological
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Fig. 4. Neutrophil rolling and adhesion in postcapillary venules of
the cortex of the kidney is regulated by different adhesion mole-
cules. Rolling velocities (a) and number of adherent neutrophils
(b) in postcapillary venules of the cortex of the kidney 8 h after
sepsis induction. ¢ Representative micrographs of cortex venules

Adhesion Molecules in Sepsis-Induced
Kidney Failure

Anti-Mac-1 Anti-LFA-1/Mac-1

of sham animals, CLP animals and CLP animals following treat-
ment with anti-E-selectin, anti-P-selectin, anti-E-selectin/anti-P-
selectin, anti-LFA-1, anti-Mac-1 and anti-Mac-1/anti-LFA-1 (n =
3-5). Bars: 50 um. # p < 0.05.
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cause of AKI. However, volume resuscitation and renal
vasodilators have little effect [30] and renal blood flow
was found to be normal or even increased in resuscitated
sepsis patients [31, 32]. In addition, acute tubular necrosis
is rarely found in septic kidneys [33]. In contrast, a histo-
logic feature commonly seen in septic kidneys is leuko-
cyte infiltration [34]. Furthermore, proinflammatory cy-
tokines such as IL-1 and TNF-a were found to induce
AKI in sepsis [35]. These data and similar findings have
led to the hypothesis that AKI in sepsis is driven by in-
flammation rather than by relative ischemia [36].
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molecule expression in the glomeruli. ¢ Quantitative evaluation of
adhesion molecule expression in peritubular capillaries (n = 3-5).
#p <0.05.

Neutrophils and monocytes are crucial for the elimi-
nation of pathogens [37]. Depletion of neutrophils, as
clinically seen in patients with neutropenia, greatly im-
pairs the host defense against pathogens. Even the degra-
dation of extracellular neutrophil traps alone causes hy-
persusceptibility to sepsis following CLP in mice [38],
highlighting the importance of neutrophils in combating
pathogens in the early stages of infection. However, mor-
tality in mice was not different after the depletion of neu-
trophils following CLP-induced sepsis, but was increased
if both monocytes and neutrophils were depleted [37]. In
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fact, removal of neutrophils via leukofiltration in patients
with systemic inflammatory shock syndrome improved
renal and pulmonary functions [39]. Based on these re-
sults, targeting neutrophils in septic patients is a matter
of ongoing discussion [40, 41]. Neutrophils are essential
for pathogen clearance in untreated infection, so target-
ing neutrophils (and thereby collateral organ damage)
has been suggested to potentially improve outcome in pa-
tients who are treated with antibiotics [40, 41]. However,
while it seems safe to assume that the functions of neutro-
phils in sepsis may cause severe collateral end-organ
damage, further clinical studies are needed to answer the
question if the inhibition or reduction of neutrophil ex-
travasation can be beneficial for a subpopulation of septic
patients.

In previous studies, assessing neutrophil rolling in the
kidney cortex was considered feasible at 4 h after reper-
fusion [42]. However, in our study, no rolling was appar-
ent in CLP animals at this point (data not shown). This
was most likely due to the more direct damage to the
kidney after IRI. Similarly, we did not observe a signifi-
cant increase in serum creatinine levels 24 h after CLP
(data not shown) despite different findings reported in
CD-1 mice [24]. Furthermore, we also found that antibi-
otic treatment with low-dose piperacillin and tazobac-
tam (10 mg/1.25 mg/kg) 12 h after surgery protected
mice from kidney damage and that 24 h later, the animals
appeared to have recovered from sepsis (data not shown).
However, Doi et al. [43] pointed out the existence of pro-
found differences between mouse strains in this model.
The mortality observed in our experiments without an-
tibiotic treatment after 48 h does correlate with the find-
ings in CD-1 mice following sublethal CLP with antibi-
otic treatment, which supports the hypothesis that CD-1
mice are indeed more susceptible to CLP-induced sepsis
[24].

Previous studies from our group have analyzed neu-
trophil rolling velocities and adherence in mice after
blockade of different adhesion molecules following IRI-
induced AKI [17]. Rolling velocities were higher after IRI
in untreated animals (9.4 um/s) and also after the injec-
tion of blocking antibodies (e.g. 17.82 um/s after anti-
LFA-1 and 5.69 pum/s after anti-E-selectin). However,
neutrophil rolling in the kidney cortex was measured af-
ter 4 h in these experiments. A likely explanation for
these overall lower rolling velocities in animals with sep-
sis is a higher concentration of the adhesion molecules
P-selectin and E-selectin and the [,-integrin ligand
ICAM-1 on the renal endothelium due to the longer in-
cubation time. However, blockade of Mac-1 with mono-

Adhesion Molecules in Sepsis-Induced
Kidney Failure

clonal antibodies did not impact rolling velocity in both
models.

The number of adherent neutrophils after 8 h in the
postcapillary venules of the cortex of the kidney was
similar to the IRI-induced AKI model. Blockade of
each adhesion molecule resulted in comparable de-
creases in the number of adherent cells, including block-
ade of Mac-1 in this model. The fact that inhibiting
Mac-1 did not influence the rolling velocity but did sig-
nificantly decrease the number of adherent neutrophils
is very interesting and suggests that Mac-1 is either in-
volved in postadhesion strengthening or crawling. Un-
fortunately, these two steps can currently not be inves-
tigated by intravital microscopy of the postcapillary ve-
nules of the cortex of the kidney. Future studies using
more sophisticated analysis methods have to address
the question of how Mac-1 blockade leads to a reduced
number of adherent cells. In addition, the simultaneous
blockade of Mac-1 and LFA-1 or P-selectin and E-selec-
tin, respectively, had a synergistic impact on the mean
number of adherent neutrophils after IRI-induced kid-
ney injury.

Even though the number of recruited neutrophils was
found to be similar in kidneys 48 h after the induction of
sepsis when compared to 24 h after reperfusion, serum
creatinine levels after IRI-induced AKI were almost twice
as high as in sepsis animals. This finding is likely ex-
plained by differences in these models, e.g. a more direct
damage to the kidney is observed in the IRI-induced AKI
model.

Histopathologic characteristics of sepsis-induced AKI
constitutes a field of ongoing research. A recently pub-
lished study on human samples suggested that acute tu-
bular necrosis is an uncommon feature in septic kidneys
[33]. We developed a histopathology score based on the
findings described by Leelahavanichkul et al. [28] in the
CLP-induced AKI model in CD-1 mice and another re-
cent clinical study [34].

Our data demonstrate that the adhesion molecules E-
selectin, P-selectin, LFA-1 and Mac-1 are involved in the
recruitment of neutrophils into the kidney and organ
function in sepsis-induced AKI.
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