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Organs that are used for transplantation require effective
ex vivo preservation from the moment the organ is retrieved to the time of transplantation. Hypothermic preservation solutions have been developed to maintain tissue viability by reducing metabolic activity and the
accumulation of toxic substances during the cold ischemic period. Organs used for transplantation can undergo lengthy periods of cold ischemic storage after
devascularization and cold perfusion, resulting in an increased susceptibility to damage upon reperfusion.
In clinical renal transplantation, prolonged cold storage has been demonstrated in many studies to be
strongly associated with delayed graft function (DGF).1– 8
DGF is broadly defined as the requirement for dialysis
within the first week after transplantation and results in
complications in the immunosuppressive management of
the transplant patient, prolonged hospitalization, and potentially detrimental effects to subsequent graft function
and survival.9,10 Some studies have suggested that DGF
has little or no effect on graft survival, especially when the
compounding effects of acute rejection are taken into
account.4,11–13 In marked contrast, other studies show a
profound effect of DGF on subsequent short- and longterm graft survival.1,2,5– 8 This effect has recently been
highlighted in a multivariate analysis of 37,216 primary
cadaver renal allografts from the U.S. Renal Data System,
in which DGF was shown to be an independent factor in
determining poor short- and long-term graft survival,
regardless of both the incidence of early rejection episodes and the degree of human leukocyte antigen (HLA)
matching.8
Although it is widely accepted that prolonged cold
storage has a detrimental effect upon graft function, the
precise mechanisms by which this occurs are not com-

Organs used for transplantation undergo varying degrees of cold ischemia and reperfusion injury after
transplantation. In renal transplantation , prolonged
cold ischemia is strongly associated with delayed
graft function , an event that contributes to inferior
graft survival. At present , the pathophysiological
changes associated with ischemia/reperfusion injury
in clinical renal transplantation are poorly understood. We have performed an immunohistochemical
analysis of pre- and postreperfusion biopsies obtained from cadaver (n 5 55) and living/related donor
(LRD) (n 5 11) renal allografts using antibodies to
adhesion molecules and leukocyte markers to investigate the intragraft changes after cold preservation
and reperfusion. Neutrophil infiltration and P-selectin expression were detected after reperfusion in 29
of 55 (53%) and 24 of 55 (44%) cadaver renal allografts , respectively. In marked contrast , neutrophil
infiltration was not observed in LRD allografts, and
only 1 of 11 (9%) had an increased level of P-selectin
after reperfusion. Immunofluorescent double-staining demonstrated that P-selectin expression resulted
from platelet deposition and not from endothelial
activation. No statistically significant association was
observed between neutrophil infiltration and P-selectin expression in the glomeruli or intertubular capillaries despite the large number of cadaver renal allografts with postreperfusion changes. Neutrophil
infiltration into the glomeruli was significantly associated with long cold ischemia times and delayed graft
function. Elevated serum creatinine levels at 3 and 6
months after transplantation were also associated
with the presence of neutrophils and platelets after
reperfusion. Our results suggest that graft function
may be influenced by early inflammatory events after
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pletely understood. During cold ischemic storage of organs before transplantation, biochemical events occur
within the tissue leading to free radical-mediated damage
upon reperfusion of the vascularized graft (Reviewed in
Refs. 14 –17). Free radicals appear to mediate tissue
injury through lipid peroxidation and the activation of
endothelial cells, resulting in functional and structural cell
damage.
In vitro experiments on human umbilical vein endothelial cells have shown that reactive oxygen species induce
adhesion molecule expression, resulting in activation and
increased binding of neutrophils.18 –23 Furthermore, in
experimental animal models, in situ cold ischemia followed by reperfusion of the kidney has been shown to
lead to increased expression of adhesion molecules and
neutrophil infiltration within hours of reperfusion, followed
by mononuclear cell infiltration and up-regulation of major
histocompatibility complex (MHC) class II expression
several days later.24,25 This increase in immunogenicity
resulting from the early nonspecific inflammatory events
may intensify subsequent alloimmune responses and
play a major role in determining the quality of graft function in the long term.26 –28
Studies investigating the effects of ischemia/reperfusion injury in clinical renal transplantation are limited and
have relied mainly on the measurement of a marker of
lipid peroxidation, malondialdehyde.29 –31 Although these
studies showed elevated levels of malondialdehyde in
plasma after reperfusion of the graft, potential correlations with subsequent graft function were not examined.
A more informative method of investigating reperfusion
injury of renal allografts would be to analyze biopsies
obtained immediately after transplantation.
During the early era of transplantation, biopsies were
frequently obtained an hour after revascularization, when
hyperacute rejection was suspected. A neutrophil infiltration in the glomeruli was an indicator of hyperacute rejection of the allograft,32,33 but subsequent reports did
not show a direct correlation between neutrophil infiltration and either hyperacute rejection or acute rejection
episodes.34 –36 In the modern era of transplantation, hyperacute rejection has been virtually eliminated because
of improvements in antibody screening, crossmatching,
and immunosuppression, and thus there have been few
studies of postreperfusion biopsies. In one recent study
of postreperfusion biopsies, polymorphonuclear leukocytes were detected in biopsies from cadaver renal allografts, and this was found to be associated with long
cold-storage times.37 Interpretation of these results is
complicated by the presence of hyperacute rejection in 4
of 57 allografts studied and by the fact that prereperfusion biopsies were not available for comparison; thus, it is
not clear whether these cells entered upon reperfusion or
were already present within the donor kidney.
To investigate the potential effects of cold ischemic
damage and reperfusion injury in renal transplantation,
we have performed an immunohistochemical study on
renal allograft biopsies obtained immediately after transplantation and, for comparison, on biopsies from the
same kidney before transplantation. This has enabled us
to analyze changes resulting from reperfusion of the al-

Table 1. Clinical Factors and Graft Outcome Indicators
after Transplantation
Clinical Details
Donor age (6SD)
Cold ischemia time (hours)
6 SD*
Positive crossmatch†
DGF‡
Recipient age (6SD)*
Serum creatinine, mmol/L
(3 months) 6 SD
Serum creatinine, mmol/L
(6 months) 6 SD
No. of rejection episodes
(0:1:2:3)

Cadaver
(n 5 55)
41 6 14.8
24.7 6 9

LRD
(n 5 11)
41 6 11.3
1.8 6 0.5

7 of 55
8 of 55
47.8 6 12
154.7 6 52

0 of 11
1 of 11
29.4 6 12
142.3 6 37

154.2 6 51

143.7 6 31

29:16:5:5

4:5:2:0

*Significant difference between cadaver and LRD groups; P , 0.01.
†
Positive crossmatch resulting from non-HLA, autoreactive IgM
antibodies.
‡
DGF is defined as the requirement for dialysis in the first week after
transplantation.

lograft, while excluding pre-existing factors associated
with the donor kidneys. Furthermore, biopsies from living/
related donor (LRD) renal allografts with minimal cold
ischemia times have been obtained for comparison. The
results from the analysis have been related to relevant
donor parameters and factors relating to graft function
and rejection.

Materials and Methods
Patients and Biopsy Material
Biopsy material was obtained from transplants of cadaveric (n 5 55) and living/related (n 5 11) kidney allografts
performed at the Oxford Transplant Centre. Wedge biopsies were obtained from all transplanted kidneys at two
time points: 1) prereperfusion, after nephrectomy, flushing with ice-cold hypertonic citrate (Marshall’s solution)
and storage, but before implantation, and 2) postreperfusion, approximately 20 to 40 minutes after reperfusion
of the kidney, immediately before wound closure. In five
of the cadaver kidneys, additional biopsies were obtained at the time of nephrectomy, immediately after
flushing, and before the period of cold storage. All biopsies were snap frozen in liquid nitrogen and stored at
280°C.
After transplantation, all patients received standard
triple-therapy immunosuppression (cyclosporine, azathioprine, and steroids).38 Details relating to important
clinical parameters and outcome indicators are given in
Table 1. There were no significant differences observed
between cadaver and LRD renal allografts in donor age;
HLA-A, -B, and -DR mismatches; number of retransplants; anastomosis time; and recipient sex.

Immunohistochemistry
Cryostat tissue sections (7 mm) from wedge biopsies
were stained with monoclonal antibodies (mAbs) using
an indirect immunoperoxide technique as previously de-
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scribed.39 The sections were stained with the following
mAbs: 5D11 (anti-E-selectin (CD62E)), 4B2 (anti-vascular
cellular adhesion molecule-1 (VCAM-1) (CD106)), and
14C11 (anti-intercellular adhesion molecule-1 (ICAM-1)
(CD54)), all obtained from British Biotechnology Ltd
(Oxford, UK); F10.89.4 (anti-CD45 leukocyte common
marker40); UCHT-1 (anti-CD3 T cell marker41); UCHM-1
(anti-CD14 macrophage/monocyte marker42); EBM/11
(anti-CD68 macrophage/monocyte marker43); G1 (anti-Pselectin (CD62P)44); 1G10 (anti-CD15s neutrophil marker45); 5B12 (anti-CD41 platelet-specific marker) and antineutrophil elastase, (DAKO Ltd., High Wycombe, Bucks,
UK). An anti-dog Thy-1 (F3.20.746) mAb was used as a
negative control.
Briefly, mAb bound to the sections was detected using
a peroxidase-conjugated rabbit anti-mouse immunoglobulin (Ig) (DAKO Ltd.) preincubated with human AB serum
to prevent nonspecific binding. The reaction was developed using 3,39-diaminobenzidine tetrachloride (Sigma
Ltd., Poole, Dorset, UK) and H2O2, counterstained with
Harris’ Haematoxylin (Merck Ltd., Atherstone, UK), dehydrated, and mounted in dextropropoxyphene mountant
(Merck Ltd.). The signal for E-selectin and P-selectin was
enhanced by incubating with a further antibody, a peroxidase-conjugated swine anti-rabbit Ig (DAKO Ltd.) preincubated with human AB serum.
To determine the origin of leukocyte infiltration into the
postreperfusion biopsies, pre- and postreperfusion biopsies from transplants mismatched for HLA-A2 or B17
were stained with an anti-HLA-A2/B17 antibody (MA2.147
and a monomorphic anti-HLA-A, -B, and -C antibody
(PA2.648), as a control for the presence of HLA class I
antigens.

Double-Immunofluorescent Staining
Double-immunofluorescent staining was performed to
clarify the origin of the increased expression of P-selectin
detected in the postreperfusion biopsies. All incubations
were performed for 30 minutes at room temperature in the
dark. Acetone-fixed cryosections of pre- and postreperfusion biopsies were first incubated with antibodies to
either P-selectin (IgG1) or ICAM-1 (IgG2a), and after
washing, bound antibody was detected with the appropriate Texas Red-conjugated isotype-specific goat antimouse Ig antibodies (Southern Biotechnology Associates, Birmingham, AL) preincubated with human AB
serum. Sections were then incubated with a fluorescein
isothiocyanate (FITC)-conjugated anti-CD41 (plateletspecific) antibody (5B12, DAKO Ltd). After a final washing, slides were mounted in Vectashield (Vector Laboratories, Peterborough, UK) and analyzed by fluorescent
microscopy. The specificity of the staining procedure
was confirmed by including isotype control antibodies to
ensure that there was no nonspecific binding of the secondary antibodies. All antibodies were used in isolation to
check that the binding was in no way altered by the
double-staining protocol.

Assessment of Staining
Staining of endothelial and leukocyte markers was
scored by two independent observers (SVF and DDHK)
without knowledge of the clinical status of the patients.
Minor differences in the scoring were resolved by conference. The semiquantitative grades given for E-selectin, P-selectin, and CD41 detected on endothelium were
scored as follows: 0, negative; 1, predominantly negative,
with an isolated positive vessel; 2, focus of positive vessels/occasional positive vessels; and 3, multiple foci/positive vessels throughout biopsy. A significant increase in
the level of expression of adhesion molecules after reperfusion was considered as an increase in grades of $1.
Changes between grades 0 and 1 were not considered
significant.
Leukocytes were quantified and expressed as 1) mean
number of positive cells/glomerulus per section, with a
minimum of three glomeruli required for inclusion in the
analysis, and 2) mean number of positive cells in the
intertubular areas per field of view (310 objective). A
significant increase in glomerular infiltration after reperfusion was taken as an increase in mean glomerular
count of $1.5, and an increase in intertubular infiltration
was scored as an increase of $10 positive cells.

Statistical Analyses
Statistical analyses of the immunohistochemical results
and the clinical data were performed using the Student’s
t-test, Fisher’s exact, and x2 tests.

Results
Immunohistochemical Changes
after Reperfusion
Biopsies obtained from donor kidneys before and after
reperfusion were stained with mAbs to leukocyte subpopulations and endothelial adhesion molecules, to provide information about the changes that may occur immediately after reperfusion in cadaveric and LRD
transplants. In addition, five biopsies were obtained at
the time of donor nephrectomy and compared with prereperfusion biopsies from the same kidney to determine
changes arising from cold storage.

Leukocyte Subpopulations
The major leukocyte population in the prereperfusion
biopsies comprised CD14/CD681 macrophages localized in the interstitial areas, but occasional CD31 T lymphocytes were detected. There were no quantifiable differences in either of these cell populations immediately
after reperfusion. In contrast, an increase in neutrophil
infiltration, as determined by staining with antibodies to
CD15s and neutrophil elastase, was observed in 29 of 55
(53%) cadaver renal allografts after reperfusion (Figure
1). In the 29 cadaver allografts in which a neutrophil
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more, no changes occurred during the period of cold
storage as determined by comparison between the five
biopsies obtained at donor nephrectomy and the corresponding prereperfusion biopsies taken after cold storage.

Adhesion Molecule Expression

Figure 1. Percentage of cadaver (n 5 55) and LRD (n 5 11) renal allografts
with an increase in neutrophil infiltration and P-selectin expression after
reperfusion.

infiltration was detected, the infiltration was localized in
the glomeruli of 16 of 29 (55%) (Figure 2, a and b) and in
the intertubular regions of 25 of 29 (86%) cadaver allografts (Table 2). The increase in neutrophil infiltration after
reperfusion was restricted to cadaver allografts; there
was no neutrophil infiltration detected in the postreperfusion biopsies of LRD renal allografts (Table 2). Further-

There was no difference in the levels of ICAM-1,
VCAM-1, and E-selectin between pre- and postreperfusion biopsies from any of the transplants studied, as may
be anticipated, given that all of these molecules require
protein synthesis for surface expression. Nevertheless,
there was considerable variation between kidneys in the
extent of endothelial E-selectin expression and tubular
ICAM-1 and VCAM-1, consistent with the findings of our
earlier study49 (data not shown). In marked contrast,
P-selectin, which is expressed on the surface of endothelium and platelets within minutes of stimulation, was
noticeably increased after reperfusion in 24 of 55 (44%)
cadaver renal allografts (Figure 1). In 13 of 24 (54%) of
these transplants, P-selectin localized to the glomeruli,
and in 20 of 24 (83%) it was detected within the intertubular areas (Table 2). An increase in P-selectin after
reperfusion occurred in only 1 of 11 LRD renal allografts
and was localized in the intertubular areas. Comparison
of five biopsies obtained at donor nephrectomy with prereperfusion biopsies taken after cold storage showed

Figure 2. Immunohistological changes observed after reperfusion in cadaver renal allografts. a: Indirect immunoperoxidase staining of a prereperfusion biopsy
with an antineutrophil elastase mAb demonstrating the absence of neutrophils. b: The subsequent postreperfusion biopsy stained with the same antibody showing
neutrophils infiltrating into the glomeruli (a and b, magnification, 3200). c: Postreperfusion biopsy stained by the indirect immunoperoxidase method using an
anti-P-selectin antibody, showing a positive signal on the intertubular capillaries. d: A consecutive section from the same postreperfusion biopsy stained with the
anti-CD41 platelet-specific antibody showing a pattern of staining similar to that detected for P-selectin (c and d, magnification, 3100).
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Table 2. Comparison of Immunohistochemical Changes Detected after Reperfusion of Cadaver and LRD Renal Allografts
Changes detected between pre- and
postreperfusion biopsies

Cadaver (n 5 55)

LRD (n 5 11)

P value

29 of 55 (53%)
16 of 29 (55%)
25 of 29 (86%)
24 of 55 (44%)
13 of 24 (54%)
20 of 24 (83%)

0 of 11 (0%)
0 of 11 (0%)
0 of 11 (0%)
1 of 11 (9%)
0 of 11 (0%)
1 of 1 (100%)

,0.01
,0.01
,0.01
,0.03
,0.01
NS

Neutrophil infiltration (glomerular and/or ITC)
Glomerular neutrophil infiltration
Intertubular neutrophil infiltration
P-selectin expression (glomerular and/or ITC)
Glomerular P-selectin expression
ITC P-selectin expression
ITC, intertubular capillary; NS, not significant.

identical staining patterns, suggesting that changes in
adhesion molecule expression did not occur during the
period of cold storage.

Relationship between P-selectin Expression and
Neutrophil Infiltration
An analysis of cadaver renal allografts with a neutrophil
infiltration and/or increased P-selectin expression after
reperfusion was performed to assess whether there were
significant correlations between these postreperfusion
changes. Of the 24 cadaver renal allografts with an increase in P-selectin expression after reperfusion, 14 had
a corresponding increase in neutrophil infiltration. When
considering changes detected within the glomeruli, 5 of
the 16 cadaver allografts with a glomerular neutrophil
infiltration had increased P-selectin expression in the glomeruli. With respect to the intertubular capillaries, in 12 of
the 25 cadaver renal allografts with a neutrophil infiltration, an increase in P-selectin expression was also detected. Therefore, although a proportion of cadaver renal
allografts had corresponding postreperfusion changes in
the glomeruli and intertubular capillaries, there were no
statistically significant correlations observed between
neutrophil infiltration and P-selectin expression.

staining was then performed using antibodies against
P-selectin and CD41. All stained structures were double
positive for CD41 and P-selectin, indicating that the Pselectin detected in the postreperfusion biopsies was
present as a result of activated platelets attached onto
the microvascular endothelium (Figure 3, d to f). Furthermore, P-selectin was not observed on vessels in the
absence of CD41 signal, suggesting that endothelial Pselectin was not expressed in these biopsies.

Origin of Infiltrating Cells
To determine whether or not the postreperfusion infiltration was attributable to recipient cells infiltrating into the
allograft, selected transplants, in which donor and recipient were mismatched for HLA-A2 or B17, were stained
with a polymorphic antibody specific for these antigens
(MA2.1). The results demonstrated that recipient cells
were present after reperfusion (Figure 4). Furthermore, in
biopsies in which platelet deposition and neutrophil infiltration were detected, it was evident that these cells were
positive for recipient antigen.

Characterization of P-Selectin Expression

Clinical Significance of Immunohistological
Changes Detected after Reperfusion in Cadaver
Renal Allografts

To investigate whether the P-selectin expression resulted
from endothelial stimulation and thus release of P-selectin
from Weibel-Palade bodies or from deposition of activated platelets on the endothelium, consecutive sections
were stained with an antibody to P-selectin and with the
platelet-specific marker CD41. The patterns of staining
with the two antibodies appeared to be identical, indicating that P-selectin may, at least in part, be of platelet
origin (Figure 2, c and d).
To confirm that the P-selectin was attributable to platelets, double staining was performed. The specificity of the
staining protocol was confirmed with negative, isotype
control antibodies. Biopsy sections were double stained
with an FITC-conjugated anti-CD41 (platelet-specific) antibody in combination with an antibody against ICAM-1
(expressed constitutively on endothelium). The results
showed that platelets detected after reperfusion were
localized on the endothelium of the graft after reperfusion. FITC-labeled platelets were clearly identified on
Texas Red-stained endothelium (Figure 3, a to c). Double

To determine the possible factors that may be associated
with the changes detected after reperfusion, relevant
parameters were examined for the cadaver renal allografts. No significant associations were observed between intertubular neutrophil infiltration and any of the
clinical parameters analyzed. However, in kidneys with a
glomerular neutrophil infiltration after reperfusion, the
mean cold ischemia time was 29.9 hours, significantly
higher than in cadaver allografts without a neutrophil
infiltration, in which the mean cold ischemia time was
22.7 hours (P 5 0.0067) (Table 3). This strongly suggests
that a long cold ischemia time plays an important role in
causing neutrophil infiltration immediately after transplantation.
The effect of glomerular neutrophil infiltration upon
graft function after transplantation was also analyzed.
Interestingly, delayed graft function was observed in 5 of
16 (31%) kidneys with a glomerular neutrophil infiltration,
but in only 3 of 38 (8%) cadaver allografts with no infiltration (P 5 0.041). Similarly, the mean serum creatinine
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Figure 3. Double-immunofluorescent staining to identify the origin of the P-selectin expression in postreperfusion biopsies. a to c: Postreperfusion biopsy
double-stained with a directly conjugated anti-CD41FITC mAb and an anti-ICAM-1 antibody detected with a Texas Red-conjugated secondary antibody. a: ICAM-1
staining (red) of glomerular and intertubular capillaries on the kidney. b: CD411 platelets (green) detected after reperfusion. c: CD41-positive staining of platelets
overlaid on ICAM-11 endothelial structures, suggesting that platelet deposition on the microvascular endothelium is detectable after reperfusion. (a to c,
magnification, 3200.) d to f: Double-immunofluorescent staining of a postreperfusion biopsy with an anti-CD41FITC mAb and an anti-P-selectin mAb developed
with a Texas Red-conjugated secondary antibody. d: P-selectin expression (red) detected in glomeruli after reperfusion. e: CD411 platelets (green) detected on
identical structures in the glomerulus. f: Double-positive (yellow) structures within the glomerulus for CD41- and P-selectin-positive staining indicating that
P-selectin expression occurs on CD411 platelets. (d to f, magnification, 3200.)
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were observed between platelet deposition on the intertubular capillaries and any clinical parameters analyzed.
In cadaver allografts with glomerular platelet deposition
after reperfusion, a significantly higher serum creatinine
level was observed than in allografts without an increase
in platelets at both 3 months and 6 months after transplantation (P 5 0.008 and 0.023, respectively) (Table 3).
Platelet deposition was only observed in 1 of 11 LRD
allografts postreperfusion. It is possible that the presence
of both neutrophils and platelets immediately after reperfusion is indicative of an antibody-mediated event, but all
patients were transplanted in the absence of a positive
crossmatch. There were no significant associations in the
seven patients transplanted with autoreactive antibodies.

Discussion

Figure 4. Detection of recipient-derived cells in cadaver renal allografts after
reperfusion. Indirect immunoperoxidase staining of prereperfusion biopsy
from an HLA-A2/B17 negative donor kidney showing the absence of positive
staining with MA2.1, an anti-HLA-A2/B17 antibody (a), and postreperfusion
biopsy stained with the same antibody showing the presence of recipientderived HLA-A2/B17-positive cells within the graft after reperfusion (b).
Magnification, 3200.

levels at both 3 months and 6 months posttransplant for
kidneys with a glomerular neutrophil infiltrate were significantly higher than in those kidneys without an increase in
neutrophils postreperfusion (P 5 0.002 and 0.024, respectively) (Table 3). There was no significant association between allografts with neutrophil infiltration postreperfusion and increases in the number of acute rejection
episodes or early rejection episodes.
The increase in platelet deposition detected after
reperfusion was also assessed for associations with preand posttransplant factors. No significant associations

All solid organs used for transplantation undergo varying
degrees of ischemic damage and reperfusion injury after
retrieval, storage, and transplantation into the recipient.
Hence, the immune response against a transplanted organ may not solely involve a MHC-specific alloimmune
response, but in addition, an immediate nonspecific
inflammatory response caused by ischemia/reperfusion
injury.
In this study, we have investigated the events that
occur after reperfusion of LRD and cadaver renal allografts, by comparing biopsies obtained from the same
kidneys at two time points: prereperfusion (after cold
storage but before transplantation) and postreperfusion
biopsies (20 to 40 minutes after revascularization). The
most striking observations of this study were the clear
differences between living/related and cadaver renal allografts in the immediate posttransplant period.
Our results demonstrate that a neutrophil infiltration
was observed after reperfusion in 29 of 55 (53%) cadaver
allografts, whereas no increase in neutrophil infiltration
was detected in any of the living donor renal allografts
analyzed. An increase in the level of P-selectin expression after reperfusion was also detected in 24 of 55 (44%)
cadaver renal allografts but in only 1 of 11 (9%) LRD
allografts. No direct correlations were observed between
P-selectin expression and neutrophil infiltration in the intertubular and/or glomerular regions of cadaver renal
allografts after reperfusion. The absence of any signifi-

Table 3. Clinical Significance of Glomerular Neutrophil Infiltration and P-Selectin Expression after Reperfusion in
Cadaver Renal Allografts
Clinical parameter
Donor age
Mean cold ischemia time (hours)
CIT .30 hours
Glomerular neutrophil influx
Glomerular P-selectin
DGF
3-month serum creatinine (mmol/L)
6-month serum creatinine (mmol/L)
No. of rejection episodes (0:1:2:3)

Neutrophil
infiltration

No infiltration

P value

P-selectin
expression

No P-selectin

P value

41.9 6 12
29.9 6 13.7
8 of 16 (50%)
NA
5 of 16 (31%)
5 of 16 (31%)
188.6 6 63
177.1 6 59
10:4:0:2

41.3 6 14
22.7 6 7.0
5 of 39 (13%)
NA
8 of 39 (21%)
3 of 39 (8%)
141.1 6 40
144.6 6 45
19:12:5:3

NS
0.0067
0.011
NA
NS
0.041
0.0015
0.024
NS

44.9 6 15
27.7 6 15
4 of 13 (31%)
5 of 13 (38%)
NA
3 of 13 (23%)
185.6 6 52
178.5 6 58
5:5:2:1

39.8 6 14
23.7 6 8
9 of 42 (25%)
11 of 42 (26%)
NA
5 of 42 (12%)
144.6 6 48
145.9 6 46
24:11:3:4

NS
NS
NS
NS
NA
NS
0.008
0.023
NS

NA, not applicable; NS, not significant; CIT, cold ischemia time.
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cant association between neutrophil infiltration and Pselectin expression after reperfusion may in part result
from the time frame in which the postreperfusion biopsies
were taken.
Another pathway by which neutrophils can attach to
endothelium and infiltrate into the graft is through interactions with E-selectin.50,51 Although the level of E-selectin expression on the endothelium did not increase after
reperfusion, there were high levels of E-selectin detected
on the intertubular capillaries of 28 of 55 (51%) cadaver
renal allografts, but there was no significant association
between high levels of E-selectin and neutrophil infiltration. In addition to E-selectin expression, high levels of
tubular ICAM-1 and VCAM-1 were detected in cadaver
kidneys, but not in LRD kidneys. The expression of high
levels of adhesion molecules in cadaver but not LRD
kidneys suggests that injury to the organs as a result of
trauma or brain death may be partly responsible for these
detectable differences.52,53 However, no significant associations were found between these pre-existing differing levels of adhesion molecule expression and any of
the donor and clinical parameters analyzed.
The neutrophil infiltration in cadaver renal allografts
was significantly associated with prolonged cold storage
times, suggesting that cold ischemia and reperfusion
may, in part, be responsible for initiating the early inflammatory response against the graft. Furthermore, we have
demonstrated that the presence of neutrophils in the
glomeruli of cadaver allografts was significantly associated with DGF, suggesting a possible effect of neutrophilmediated damage upon early graft function.
Although no significant association was found between
neutrophil infiltration and P-selectin expression, the presence of P-selectin as a contributing factor to the initial
inflammatory response may be important. P-selectin has
been shown to be mobilized from intracellular WeibelPalade bodies in endothelial cells, or from a-granules in
activated platelets and expressed on the cell surface
within minutes of initial stimulation.54 –57 Therefore, it was
necessary to determine the source of P-selectin expression. Double-immunofluorescent staining using an antiCD41 platelet-specific antibody, a nonplatelet endothelial
antibody against ICAM-1, and an anti-P-selectin mAb
enabled us to conclude that P-selectin detected was of
platelet, and not endothelial, origin. It is surprising that
endothelial P-selectin was not detected, because there is
evidence showing that endothelial P-selectin is expressed rapidly after oxygen free radical-mediated damage in vitro.20 –23,58 The transient nature by which P-selectin is expressed and reinternalized on the endothelium
could provide a possible explanation for the lack of endothelial P-selectin observed, if this event occurred before the postreperfusion biopsies were obtained.
Platelets have been shown to attach to damaged blood
vessels by binding directly to components of the subendothelial matrix, such as collagen, via the CD41/CD61
integrin complex (reviewed in Ref. 57). Activation of
platelets leads to the up-regulation and increased binding avidity of the CD41/CD61 integrin, and also of the
b2-integrins, thus resulting in localized platelet accumulation.57,59 Surface-adherent activated platelets have

been shown to support neutrophil rolling, arrest, and
transmigration in a manner similar to that of activated
endothelium.60 – 64 Furthermore, the expression of P-selectin by activated platelets enables them to bind to
neutrophils, causing aggregation and modifications in
the activity of both cell types.65– 67 Therefore, although no
direct association was found between platelet deposition
and neutrophil infiltration in the time frame in which the
biopsies were obtained for this study, it is possible that
platelet-neutrophil interactions at subsequent time points
may result in further recruitment and accumulation of
both cell types at a site of damage.
In transplantation, platelets have been implicated in
ischemia/reperfusion injury of human liver allografts68
and rat syngeneic lung transplants, in which the level of
platelet accumulation was shown to be proportional to the
preservation time.69 To our knowledge, the presence of
platelets after reperfusion in clinical renal transplantation
has not been previously reported.
Our results indicate that the presence of platelets
and/or neutrophils in the glomeruli postreperfusion is significantly associated with higher serum creatinine levels
at 3 and 6 months after transplantation. It is possible that
reperfusion injury to the glomerular capillaries may result
in partial endothelial denudation and thus platelet attachment to the underlying extracellular matrix. We have demonstrated that neutrophils and platelets detected after
reperfusion are of recipient origin and are not pre-existing
cells within the donor kidney. Their presence immediately
after transplantation of a renal allograft is indicative of an
early nonspecific, inflammatory event that is potentially
detrimental to long-term graft function.
The immunohistological results from our study may in
part, explain the success of clinical trials in which treatment with anti-ICAM-1 and anti-leukocyte functionassociated antigen-1 (LFA-1) antibodies resulted in a
reduction in the incidence of DGF after renal transplantation.70,71 It is possible that anti-adhesion molecule therapy may limit the damage resulting from ischemia/reperfusion injury by inhibiting the infiltration of neutrophils into
the kidney. Further evidence of the significant effect of
ischemia/reperfusion injury in clinical renal transplantation has been demonstrated by the increased 1-year and
4-year graft survival observed in patients treated with
superoxide dismutase, (a free radical scavenger) given
intravenously just before reperfusion.72 Although investigations were not performed to analyze the biological
effects of administering superoxide dismutase at reperfusion, the results from the clinical outcome were promising and indicate that reperfusion injury may have a
significant impact on chronic changes to the graft.
We have demonstrated that immunohistological
changes after reperfusion of renal allografts are significantly associated with short- and long-term graft function.
Improved methods of preservation and therapeutic strategies directed at reducing the detrimental effects of ischemia/reperfusion injury require further investigation. Furthermore, immunohistological analyses performed in
conjunction with clinical studies would provide a more
effective approach to understanding the mechanisms involved in this process.
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