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ABSTRACT

The Role of Adhesion Molecules in Chronic Obstructive Uropathy.
Upregulation

of Tubular

Cell Intercellular

Adhesion

Molecule-l

(reAM-I).

Chronic

obstructive uropathy (COU) induced by maintained unilateral ureter ligation in the rat is
characterized morphologically by interstitial inflammation, interstitial fibrosis, and
tubular atrophy, features similar to those seen in chronic tubulointerstitial

nephritis in

humans. Infiltrating mononuclear inflammatory cells, particularly T-Iymphocytes and
macrophages, may contribute to the progression of this lesion by mediating tubular injury
and by the activation of interstitial fibroblasts, with resultant tubular atrophy and
interstitial fibrosis, respectively. Altered expression and activation of adhesion
molecules by leukocytes, vascular endothelial cells, and parenchymal cells likely
contributes both to the infiltration of inflammatory cells into the tubulointerstitial
compartment and to the interaction of activated inflammatory cells with parenchymal
cells. In the current study, we examined changes in the expression of E-selectin,
intercellular adhesion molecule-l (ICAM-l), and vascular cell adhesion molecule-l
(VCAM-I) in a 90-day model of maintained unilateral ureter ligation in male SpraqueDawley rats. Rat kidneys showed constitutive expression of ICAM-l mRNA and
constitutive immunostaining for ICAM-l in peritubular capillaries, glomeruli, and a
small percentage of cortical tubules. Ureter ligation resulted in a rapid increase in
ICAM-l mRNA. . which was evident as earlv-' as three hours and which was maintained at
a high level in the ligated vs. contralateral kidneys throughout the entire 90-day time
course. There was a marked increase in ICAM-l expression within tubular epitheliwn,
with up to 80 % of both cortical and medullary tubule cross sections sho\;,~ng strong
apical immunostaining from days 6 to 25, with a subsequent decrease at day 31 and the
remainder of the experiment.

Glomerular expression of ICAM-I was decreased in the

ligated compared to the contralateral kidneys throughout the entire experiment, whereas
3

there was a gradual increase in ICAM-l immunostaining in the expanding interstitium in
the ligated kidneys, perhaps reflecting expression by peritubular capillaries, interstitial
fibroblasts, or interstitial inflammatory cells. There was a later and less striking increase
in VCAM-l mRNA in ligated vs. contralateral kidneys, which was first evident at two
days and which was maintained throughout the entire time course. VCAM-l
immunostaining was most evident within the expanding interstitium in ligated vs.
contralateral kidneys. There was less glomerular VCAM-l expression in ligated vs.
contralateral kidneys. In contrast to the strong tubular epithelial expression of ICAMureter ligation did not result in any detectable increase in tubule VCAM-l expression.

J,

E-

selectin immunostaining was detectable only focaJly in a few animals, including those
with complication by acute pyelonephritis.

Under the employed experimental conditions,

significant alterations in E-selectin expression were not detected at time points
examined

Increased ICAM-l and VCAM-l may contribute to the prominent

inflammatory cell infiltration in the cbronjc tubulointerstitial nephritis accompanying
maintained unilateral ligation. Tubule expression oflCAM-l,

which occurs during a

similar time course as previously documented for tubular cell proliferation and especially
tubular cell apoptosis in this model, may contribute to injurious interactions of activated
inflammatory cells 'Withtubular epithelium.
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INTRODUCTION

Increased expression and activation of leukocyte and endothelial adhesion
molecules of the selectin, integrin, and immunoglobulin supergene families plays a
crucial role in promoting inflammatory cell infiltration into diseased tissues (l). Such
alterations are regulated by a diverse array of soluble chemotactic factors and cytokines
at sites of inflammation.

In general, selectins and their carbohydrate ligands on both

leukocytes and vascular endothelium are crucial in mediating initial margination and
rolling of leukocytes, whereas subsequent stronger adhesive interactions, leukocyte
spreading, and transendothelia! migration of inflammatory cells are mediated by
leukocyte and endothelial proteins of integrin and immunoglobulin families (1-3). Such
adhesive events can also contribute to endothelial cell injury. Furthermore, altered
expression of integrins and the immunoglobulin molecules intercellular adhesion
molecule-l (ICAM-l) and vascular cell adhesion molecule-l (YCAM-l) on parenchymal
cells may contribute to cytotoxic interactions with infiltrating inflammatory cells (4,5).
Altered expression of adhesion molecules in glomerular, tubular, and vascular
compartments has been reported in a variety of human kidney diseases and in
experimental animal models of renal disease (2,3,6). Increased E-selectin expression on
glomerular endothelium has been described in acute glomerulonephritis,

IgA

nephropathy, and lupus nephritis (7). E-selectin is also expressed on interstitial vessel
endothelium in these disorders as well as in allograft rejection (7). Increased glomerular
expression ofICAM-l

has also been observed in a variety of human

glomerulonephritides,

and upregulation ofICAM-l

and VCAM-l is seen on large vessel

and peritubular capillary endothelial cells in a variety of glomerular and primary
tubulointerstitial disorders (2,3,8). Presumably, increased expression of these molecules
on glomerular and peritubular capillary endothelial cells facilitates influx of
inflammatory cells into glomeruli and tubulointerstitial
5.

compartments.

In addition, de

novo and increased expression of fCAM-l on tubular epithelial cells has been described
in human gJomerulonephritldes,

allograft rejection, and cyclosporine nephrotoxicity and

animal models of glomerulonephritis

and tubulointerstitial nephritis (2,3,8). Tubular cell

expression of YCAM- 1 has also been described in many of these disorders (2,3,8).
Tubular expression of these molecules has been correlated with areas of intense
leukocytic infiltration (9), and may participate in leukocyte-tubular epithelial interactions
in tubulointerstitial inflammation seen in both primary tubulointerstitial diseases and that
which accompanies glomerular inflammatory injury.
Chronic obstructive uropathy (COU) is also characterized by interstitial
inflammation.

Infiltrating inflammatory ceJJs may contribute to tubular injury and

activation of interstitial fibroblasts, crucial processes leading to the tubular atrophy and
interstitial fibrosis characteristic of advanced stages of this lesion (9,] 0). The possible
role of altered adhesion molecule expression on vascular endothelium and tubular
epithelium in mediating these inflammatory and injurious processes in obstructive
uropathy has not been prevously explored.
We have created a model ofCOU by unilateral ureter ligation in rats. The renal
lesion in this model is characterized by marked tubular atrophy, which appears to be
mediated by apoptosis oftubular epithehal ceIJs, expansion of the 'interstitial volume, and
interstitial inflammation and fibrosis (11). Inflammation begins in the papillae and
becomes progressively uniform throughout the kidney by day] 5. The predominant
inflammatory cells are T-Iymphocytes (particularly CD4 cells) and macrophages, similar
to the composition of interstitial inflammation in most examples of progressive human
renal disease (9,10). In the current study, we have characterized the alterations ofEseleclin, ICAM-J, and YCAM-l in this model of COu.
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MA TER[ALS AND METHODS

Experimental

Model:

Under pentobarbital anesthesia, male Sprague-Dawley

rats weighing] 50-200 grams were subjected to complete ligation of the left ureter at the
ureteropelvic junction using a double silk suture (I ]). Animals were subsequently
allowed free access to a regular diet and tap water and sacrificied in groups of three at
days] ,6,9,15)5)4,43,60,75,

and 90. A control group of sham operated rats \vere

sacrificed at day 0,15,43, and 90. At the time of sacrifice, a catheter was placed in the
infrarenaJ aorta and 0.9 % saline was infused until the renal vein effluent was clear.
Ligated, contralateral, and control kidneys were harvested and portions were fixed in 10
% buffered fonnalin, frozen in OCT for frozen section preparation and snap frozen for
subsequent RNA extraction.

Monoclonal
(J

antibodies:

Anti-rat ICAM-l monoclonal antibody (MAb) ] A29

2) was obtained from Dr. M. Miyasaka (Dept. oflmmunology,

Tokyo Metropolitan

Institute of Medical Science, Tokyo, Japan). Anti-rat VCAM-l MAb

SF1

0 (IgG2a) was

obtained from Biogen Corp., Cambridge, MA, and was prepared by immunizing mice
with COS cells transfected with rat VCAM-l (13). MAbs CL3 (IgGl) and CL37 (IgG1)
against E-selectin were prepared by immunizing mice with IL-l stimulated human
umbilical vein endothelial cells (14). Cross-reactivity of these MAbs for rat E-selectin
was demonstrated by reactivity with E-selectin expressing tumor necrosis factor (TNF)
alpha-stimulated rat pulmonary artery endothelial cells (14)and subsequently by
immunohistochemical

studies in a rat model of nephrotoxic nephritis (15).

Immunohistochemistry:

Possible expression ofICAM-

J,

YCAM-l, and E-

selectin in tubular, glomerular, vascular, and interstitial compartments of obstructed,
contralateral, and control kidneys was examined by immunohistochemical
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staining of

frozen tissue sections with a modified avidin-biotin peroxidase technique, as previously
described (16). Briefly, endogenous avidin binding activity was blocked by
preincubation with avidin D followed by biotin solutions (Yector Laboratories,
Burlingame, CA) according to the manufacturer's instructions. Sections \vere incubated
with primary MAbs to rat ICAM-l (lA29, 1 uglml), YCAM-l (5FIO, 1 uglml), and Eselectin (CL3 or CL37, 10 nglml) diluted in PBS with 1 % BSA at room temperature for
one hour. After washing x 3 in PBS, sections were subsequently incubated with
biotinylated horse anti-mouse 19 (Yector Laboratories) secondary antibody diluted in PBS
with 20 % (by volume) normal rat serum at room temperature for one hour. Sections
were then incubated for one hour with avidin-biotin complex (Vector Laboratories) and
developed with a ten minute incubation in a 50 mg % solution of diaminobenzidine in
Tris buffer (pH 7.5) activated ""ith 1:1000 dilution of 30 % H202. Sections were
counterstained \vith methyl green-alcian blue, dehydrated, and mounted.

Morphometry:

Glomerular staining for adhesion molecules was assessed in a

semi-quantitative manner, reflecting both the extent (percentage of individual glomerulus
demonstrating immunoreactivity) and intensity (weak, moderate, or strong) of
immunohistochemical

staining. Fifteen to twenty glomeruli were assessed per section,

and scored as follows: 0 = < 10 % of glomerulus showing only weak staining; 1 = 10- 25
% of glomerulus staining, generally weak to moderate in intensity; 2 = 25-50 % of
glomerulus staining, with moderate intensity; 3 = staining in 50-75 % of glomerulus,
moderate to strong intensity; 4 = 75- 100 % of glomerulus staining.
The percentage of tubules expressing adhesion molecules \vas assessed by
counting the number of positive and negative tubule cross sections in at least five high
power fields of both cortex and medulla. At early time points (0-9 days) different tubular
segments can be differentiated on the basis ofmorphoJogy.

However, genera1Jy after 9

days of maintained unilateral ureter ligation, different nephron segments cannot be
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readily differentiated.

Cortex and medulla (even at late time points) can be reliably

recognized by reference to glomeruli and vessels. Hence, results for tubule expression
are given for cortex and medulla instead of for individual nephron segments.
Statistical analyses were made by analysis of variance and Dunnett's test for multiple
comparisons or Student's {-test where appropriate.
Results for vascular and interstitial staining are reported descriptively. The
reason for this approach is that although staining of peri tubular capillary endothelium can
be readily appreciated in control kidneys, with interstitial expansion and inflammation,
distinction between capillary and inflammatory or other interstitial cell immunoreactivity
cannot be reliably differentiated by light microscopy alone.

RNA extraction

and Northern

blot analysis:

Rat RNA was isolated from

ligated and contralateral kidney tissue using the single step acid guanidinium-phenolchloroform procedure (17). RNA (12 uglsample) was electrophoresed in 1 % agarose
gels containing formaldehyde, then transferred to a nylon membrane (Genescreen Plus,
New England Nuclear, Boston, MA) using standard proceedures (18). Loading of RNA
was monitored by probing membranes with human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Membranes were hybridized at 68 C for 2 hours with QuikHyb
hybridization buffer (Stratagene Cloning Systems, La-Tolla,CA), containing 1 x 106
cpm/ml random nanomer-primed 32P-labeled ICAM-l or VCAM-l cDNA probes. The
rat ICAM-l cDNA probe consisited of a 600 bp fragment from the 3' untranslated region
of rat ICAM-l cDNA and the YCAM-l probe consisted of a 1.1 kb fragment from the
translated region of murine YCAM-l cDNA (19). Filters were washed \\~th 2xSSPE at
68 C for 10 min., with 1xSSPE with 1 % SDS at 68 C for 30 min., rinsed with 1xSSPE at
room temperature, and exposed to Hyperfilm-MP (Amersham Corporation, Arlington
Heights, IL) for 12-24 hours. Alternatively, analyses ofradioactiviry were performed on

9

a Phosphorimager (Molecular Dynamics, San Francisco, CA) by scanning the blots for 3
to 6 hours and subsequent densitometry analysis.
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RESULTS

ICAM-I

expression

in control, obstructed,

Tubules:

The results of immunoperoxidase

and contralateral

kidneys:

staining with anti-ICAM-l and anti-

YCAM-J MAbs in various kidney compartments in sections from ligated or contralateral
kidneys are demonstrated in Figure I. The extent of tubule expression of ICAM-l is
summarized in Figure 2. In control kidney sections and sections from sham-operated
animals, there was only focal ICAM-l expression in proximal tubules, with
approximately 20 % of tubule cross sections in the renal cortex shov,ring weak
immunostaining on the luminal aspect. In contrast, there was essentially no constitutive
ICAM-l expression in distal tubules and collecting ducts.
There was no detectable increase in proximal tubule or non-dilated distal tubule
staining for ICAM-l in kidney cortex and medulla sections from animals sacrificed one
day after ligation (Day 1). There was luminal epithelial ICAM-l staining evident in
dilated distal collecting ducts in the papillary region of the medulla in the obstructed
kidneys at day one. ICAM-l expression was markedly increased in tubular epithelial
cells in the cortex ofthe obstructed kidneys, v.rith positive staining on the luminal surface
evident in approximately 50 % of tubule cross sections at day 3 and of approximately 75
% oftubuJe cross sections at day 6 (Figures la, lb, and 2). This level of increased
rCAM-I immunostaining was maintained in renal tubules of the ligated kidneys through
day 25, \vith a modest reduction at day 31, and a subsequent reduction throughout the rest
of the experimental period. In contrast, there was onIy a slight increase in tubule JCAM1 expression within the tubules of the cortex of the contralateral kidneys, evident at day
15 (Figure 2). This increase was not maintained, with staining in the contralateral kidney
throughout the experiment generally not different from control kidneys. The difference
between ICAM-l expression in obstructed and contralateral kidneys was even more
11

pronounced in the renal medulla. Whereas no medullary tubules expressed ICAM-l in
contralateral kidneys, between 65-80 % of tubular cross sections were positive on the
ligated side between days 6 and 25, with a slight decrease at day 31 and reduction
thereafter (Figures 1c, 1d, and 2).
Glomeruli: ICAM-l was strongly expressed in a constituitive manner in
glomeruli from kidneys of control animals. Strong staining was evident in all glomeruli,
with each g]omerulus generally showing staining in most or all lobules. Staining was
also observed in the epithelia] cells lining Bowman's capsule, with moderate staining
seen in a complete or near complete circumferential manner. This pattern and intensity of
ICAM-l immunostaining remained unchanged in glomeruli in the contralateral kidneys
(Figures 1e and 3). In contrast, there was a marked reduction in ICAM-l
immunostaining in glomeruli from the obstructed kidneys, with a readily evident
decrease in both the glomerular area staining positively and in the intensity of positive
staining (Figures 1f and 3). This decrease was apparent as early as six days follovving
ureter obstruction and was clearly present at nine days. There appeared to be a further
(and essentially maximal) reduction in glomerular ICM1-1 expression by 15 days, which
was maintained until the end of the experiment (Figure 3). In contrast to the readily
apparent reduction in ICAM-l staining in glomerular capillary andior mesangial regions,
ICAM-l remained present (and perhaps even slightly increased) in the epithelia] lining of
Bowman's capsule of the obstructed kidney.
Interstitium and vasculature:

Immunohistochemical

staining for ICAM-l in

kidneys at day 0 and in sham-operated control kidneys showed constituitive expression in
peri tubular capillaries. This pattern of staining remained essentially the same throughout
the duration of the experiment in sections from the contralateral kidneys. In ligated
kidneys, there was increased staining evident in the expanded interstitium as interstitial
inflammation and fibrosis ensued (Figures 1g and 1h). Staining of inflammatory cells
was readily observed, which increased throughout the duration of the experiment. It was
12

not possible to discern alterations in the level of staining in peritubular capillaries vs. that
of infiltrating inflammatory cells or interstitial fibroblasts at the light microscop1c level.
VCAM-I

expression

in contro[~ obstructed

and contralateral

kidneys:

Tubules: There was essentially no YCAM-l immunohistochemical

staining of

tubular epithelial cells in control kidneys. Contralateral kidney sections did not show any
appreciable tubule epithelial VCAM-l expression throughout the duration of the
experiment.

In contrast to the prominent increase in tubule ICAM-l expression, ligated

kidneys did not show any significant increase in YCAM- ] expression (Figures Ik and 4).
Occasional tubules in middle and late time points contained one or two weakly staining
cells, which may also have represented intratubular immunoreactive inflammatory cells.
Glomeruli: Glomeruli in control kidneys showed little YCAM-l
immunoreactivity, with focal segmental staining, usually limited to isolated cells or small
cell groups involving only a minor portion of the glomerular tuft and occasional cells of
BO\vrnan's capsule. Increased expression ofYCAM-l

was evident in glomeruli of both

the ligated and contralateral kidneys at day one (Figure 5). This increased glomerular
expression was maintained in the contralateral kidneys, but was subsequently decreased
in the ligated kidneys, \'lith clear reduction of VCAM-l immunoreactivity at day 15 that
was maintained at this low level throughout the remainder of the experimental course
(Figures Ij, 1k, and 5).
Interstitium and vasculature:

Control kidneys showed constituitive YCA..\1-1

expression in peritubular capillaries and in the intima of small (e.g., interlobular and
arcuate) arteries. This pattern of vascular staining was maintained in both contralateral
and ligated kidneys throughout the experiment, without appreciable changes in
peritubular capillary or arterial intimal staining. As the lesion progressed in the ligated
kidneys, there was prominent interstitial immunoreactivity,

with staining of the majority

of cells, that blended with and partially obscured the staining of intertubular capillaries
(Figure lk).
13

E-selectin expression in control~ obstructed and contralateral

kidneys:

Glomeruli: No appreciable E-seJectin immunostaining was seen in glomerular
endothelium in control kidneys using t"",odifferent monoclonal antibodies against rat Eselectin. Glomerular immunoreactivity was not detected in ligated or contralateral
kidneys at any time studied during the course of the experiment.
interstitium and vasculature:

There was no constituitive E-selectin

immunor~activity in arterial, venous, or peritubular capillary endothelium.

No

significant expression was detected in arterial endothelium in ligated or contralateral
kidneys throughout the experiment.

Scattered positive capillaries were seen in the renal

papilla on the ligated side on day one and rare scattered positive isolated capillaries
andlor small vessels were seen in prominently inflamed medullary regions in sections
from the ligated side on days 9, 15,31, and 60, \\lith generally similar results with the two
different MAbs. Occasional positive cells were also seen in the inflamed atrophic
subcapsular cortical area on day 60.

Changes in ICAM-I mRNA in obstructed

and contralateral

kidneys:

The

marked increase in lCAM-1 expression in ligated kidneys as assessed by
immunohistochemistry

was supported by an examination of ICAM-l mRNA in ligated

and contralateral kidneys. Consistent \\lith the low level of constitituitive ICAM-l
protein expression in vessels and some tubules by immunohistochemistry,

ICAM-l

mRNA was detectable in control kidneys (Figure 6). Unilateral ureter ligation was
accompanied by a marked increase in ICAM- I mRNA in the ligated vs. the contralateral
kidney. This increase in ICAM-l mRNA was evident as early as three hours, was
marked and essentiaJJy maximal at six hours and was maintained at a hi gh level
throughout the ninety day experimental duration (Figure 6).

]4

Changes in VCAM-l

mRNA in obstructed

and contralateral

kidneys:

Unilateral ureter ligation was accompanied by an increase in VCAM-l mRNA in the
ligated vs. the contralateral kidney (Figure 7). This increase was not as pronounced as
that for rCAM-l mRNA. Increased VCAM-l message in the ligated vs. contralateral
kidney was evident at two days, was pronounced at 5 and 13 days, and was maintained
throughout the remainder of the 90 day experimental period (Figure 7).
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DISCUSSION

The altered expression or activation of specific adhesion molecules on circulating
leukocytes, vascular endothelial cells, and parenchymal cells is crucial in inflammatory
kidney disease (2,3,6). Such changes function not only in recruiting inflammatory cells
into the diseased kidney, but likely also in the execution of certain potentially hannful
effector functions during leukocyte adhesion to endothelium, interstitial cells and matrix,
and tubular epithelial cells (2,3,6). In this study we have addressed possible alterations in
the expression of endothelial and parenchymal cell adhesion molecules during the
evolution of COU in the rat. Using immunohistochemistry

in conjunction with careful

morphometry, we have clearly demonstrated for the first time that COU in the rat is
associated with distinct changes in tissue expression of adhesion molecules. In swnmary,
these changes were increased tubular ICAM-I, decreased glomerular rCAM-I, increased
interstitial rCAM-I, unchanged tubular YCAM-1, decreased glomerular YCAM-1,
increased interstitial YCAM-1, and unchanged E-selectin. These immunohistochemical
results were confirmed by noting a concordant alteration in the mRNA for lCAM-l and
YCAM-l.
The mediators responsible for the increase in rCAM-1 and VCAM-1 in COU
remain to be established.

ICAM-I and YCAM-I expression is increased in cultured

vascular endothelial cells and other cell types, including proximal tubule epithelial cells,
by cytokines, including TNF-alpha, interleukin -1, and interferon-gamma (20-22). These
cytokines are kno\vn to be products of the various types of inflammatory cells which
progressively infiltrate the tubulointerstitiwn

in COo. Although cytokines derived from

inflammatory cells can potentially induce overexpression of adhesion molecules in
advanced COU, their role in early COU is dubious since marked increase in lCA.lv1-1
mRNA was noted as early as three hours after ureter ligation, at which time increased
renal inflammatory cells are not noted (23-25). The mechanisms accounting for this
16

early upregulation of lCAM-l in COU are not clear, but may be related to changes
known to occur virtually immediately after ureter ligation, including increased renal
blood flow, activation of the intrarenal renin-angiotensin system, and increased
intratubular pressure (23-25). Damaged tubular cells themselves may be the source of a
large variety of cytokines (26).
Whether increased expression of adhesion molecules represents a cause of the
renal lesions observed in COU remains to be elucidated. Similar to chronic
tubulointerstitial disease in humans, COU in the rat is characterized by marked tubular
atrophy, interstitial inflammation, and interstitial fibrosis. Infiltrating inflammatory cells,
particularly lymphocytes and monocytes, may contribute to this lesion by activating
interstitial fibroblasts and by directly interacting with tubular epithelial cells (9,10).
Using this model ofrat COU, we have recently characterized the inflammatory infiltrate
over the same time course as employed in the current study. The interstitial
inflammatory infiltrate is composed predominantly ofT-lymphocytes,
positive cells, and monocyte/macrophages.

particularly CD4-

In addition, tubulitis, characterized by the

presence of inflammatory cells within the tubular epithelium, is a readily observable
feature (manuscript in preparation).

Tubule expression of specific adhesion molecuJes

likely functions in these adhesive interactions.

This mode of tubule injury has been

postulated in other examples of tubule inflammation, including allograft rejection and
animal models of primary tubulointerstitial

nephritis (2,3,6,8,21,27,28).

Interestingly, in

most other reports where tubule expression of both ICAM-l and VCAM-l are examined
or by comparing studies where they have been looked at separately in the same models or
conditions, ICAM-l and VCAM-l upregulation are generally seen together (2,3,6,8,27).
As in the current study, rCAM-l expression is generally seen at the apical aspect of the
tubules, \vhereas VCAM-l is more uniformly distributed or concentrated at the
basolateral aspect of the cells.

Possible differential expression of ICAM-l vs. VCAM-l

has been reported in cyc1osporine nephrotoxicity in renal allografts (29). The
17

signi ficance of expression of these specific molecules with regard to leukocyte
interactions remains uncertain. Lymphocytes and monocytes express both beta2 and
beta] integrins capable of adhesive interactions with ICAM-l and VCAM-l,
respectively (1). Although both types of interactions appear capable of mediating
transendothelial migration of leukocytes under appropriate conditions, differential
functional significance in cytotoxic interactions with parenchymal cells remains possible.
Antibodies to LF A-I and ICAM-I have been shown to reduce lymphocyte toxicity
towards tubular epithelial cells in vitro (4). Differential activation of cytotoxicity by
beta2 vs. beta 1 integrins has been observed during monocyte-endothelial

interactions

(30).

Altered expression of adhesion molecules may be related to tubular cell
apoptosis. The major mechanism of tubular injury and atrophy in this model of COU
appears to be apoptosis of the tubular epithelium, which is preceded by an increase in
tubular epithelial cell proliferation (11). ICAM-l is expressed in the tubules during the
same time periods as this surge in proliferation and especially the subsequent surge in
apoptosis. Although this temporal synchrony invites speculation on the possible roles of
altered interce1Jular adhesion in disrupting tubular cell cycles, whether and how adhesion
molecule ligation can potentially induce apoptosis remain to be clarified. However,
leukocyte products such as TNF-alpha, reactive oxygen species, perforin, and Fas ligand
have been implicated in apoptosis in other systems (31,32), and integrin-mediated
adhesion (including integrin-ICAM-l

interactions) is known to lead to the release of

some of these and other mediators (5,33).
In contrast to the marked increase in tubule ICAM-l expression and ICAM-l and

-

VCAM-l immunostainin2: in the interstitium in the obstructed kidneys
.;.; in this study.~there
was a significantly decreased expression of glomerular ICAM-l and VCAM-l in the
ligated vs. the contralateral kidneys. The significance of this novel observation is
uncertain. It has been well documented that glomeruli in kidneys with COU show little
18

change, even in advanced disease when there is severe tubulointerstitial damage. The
mechanisms responsible for this structural integrity of glomerul i are not currently known,
but the decreased glomerular expression of adhesion molecules clearly documented in
our study may potentially antagonize leukocyte recruitment into glomeruli, thereby
preventing glomerular damage. Although no attempt was made in the current study to
correlate the number of accumulated leukocytes and expression of adhesion molecules in
glomeruli, we have observed a prof,'Tessively decreased number of leukocytes in
glomeruli in rat kidneys with COU over a similar time course (manuscript in
preparation). In addition, decreased glomerular macrophages following ureter ligation in
the rat has been previously documented (34). Reduction of glomerular ICAM-I and
VCAM-l at the same time as marked increases in tubule and interstitial expression of
these same adhesion molecules in our study of COU suggests a complex and differential
regulation of expression of these surface proteins in different kidney compartments,
either due to differences in local release of stimulating

\IS.

inhibiting mediators or

different responsiveness of glomerular vs. tubule and interstitial cells during the
evolution of inflammatory kidney injury. A recent immunohistochemical
kidney biopsies in a variety of glomerulonephritides

study of human

demonstrated correlation of tubular

and interstitial expression of ICAM-l and VCAM-l with the degree of chronic
histologic damage (27). There was no such correlation with glomerular expression of
adhesion molecules. These results, as with those of the current study in an experimental
animal model of chronic tubulointerstitial

injury, lend further support to the notion that

upregulation of adhesion molecules in the tubulointerstitium

is related to the evolution of

interstitial fibrosis and tubular atrophy.
In summary, we have documented for the first time a distinct pattern of alteration
of adhesion molecules in kidney tissue with COU. These alterations are implicated in the
pathogenesis of the characteristic renal lesion observed in COU, including progressively
severe chronic tubulointerstitial

damage with little accompanying glomerular change.
19

The specific role of lCAM-

J

or other adhesion molecules in COU will need to be further

addressed in interventional studies emplo)~ng blocking monoclonal antibodies or mice
genetically deficient in adhesion mo\ecuies (35,36).

20

ACKNO\VLEDGEMENTS

This work was presented in part at the 1995 annual meeting of the American
Society of Nephrology, San Diego, CA. This work was supported in part by NIH grant
HL-42550 and by a gift from the Moran Foundation, Houston, TX.

21

Address reprint requests to:

Dr. Luan D. Truong
Dept. of PathoJob'Y, MS 205

The Methodist Hospital
Houston, TX 77030

22

REFERENCES

1. SPRINGER

TA: Adhesion receptors of the immune system. Nature 46:425-434,1990

2. RABB HAA: Cell adhesion molecules and the kidney. Am J Kidney Dis 23:155-166,
1994
3. BRADY HR: Leukocyte adhesion molecules and kidney diseases. Kidney 1m 45: 12851300, 1994
4. SURANYI MG, BISHOP GA, CLA YBERGER C, KRENSKY AM, LEENAERTS P,
AVERSA G, HALL BM: Lymphocyte adhesion molecules in T cell-mediated lysis of
human kidney cells. Kidney Inl 39:312-319,1991
5. ENTMAN ML, YOUKER K, SHOJI T, KUKIELKA G, SHAPPELL SB, TAYLOR
AA, SMITH CW: Neutrophil induced oxidative injury of cardiac myocytes. A
compartmented system requiring CD 11b/CD 18-ICAM-1 adherence. J Clin Invest
90:1335-1345,1992
6. DAL CANTON A: Adhesion molecules in renal disease. Kidney Int 48:1687-1696,
1995
7. YOKOYAMA H, TOMOSUGIN, TAKAEDA M, WADA T, OF-ITAS, OGI M,
NAITO T, TAKABATAKE T, KOBA YASHJ K: Glomerular expression of cellular
adhesion molecules and serum TNF alpha and soluble ICAM-1 levels in human
glomerulonephritis. JAm Soc Nephro/ 3:669, 1992(abstract)
8. WlITHRICH RP: Intercellular adhesion molecules and vascular cell adhesion
molecule-l and the kidney. JAm Soc Nephrol3: 1201-1211, 1992
9. NIKOLIC-PATERSON D, LAN HY, HILL PA, ATKINS RC: Macrophages in renal
injury. Kidney 1nt 45:S79-S82, 1994
10. STRUTZ F, NEILSON EG: The role of lymphocytes in the progression of interstitial
disease. Kidney 1nt 45:S106-S110, 1994
11. TRUONG LD, PETRUSEVSKA G, YANG G, GURPINAR T, SHAPPELL S,
LECHAGO J, ROUSE D, SUKl WN: The kinetics of cell apoptosis and proliferation in
experimental chronic obstructive uropathy. Kidney In{ (in press): 1996
12. TAMA TANI T, MIY ASAKA M: Identification of monoclonal antibodies reactive
\"'1ththe rat homolog of ICAM-l, and evidence for a differential involvement of ICAM-l
in the adherence of resting versus activated lymphocytes to high endothelial cells. 1nt
1mmuno/ 2: 166-171, 1990
23

13. HESSION C,

MaY P, TrzARD R, CHISHOLM P, WILLIAMS C, WYSK M,

BURKL Y L, MIYAKE K, KINCADE P, LOBB R: Cloning of murine and rat vascular
cell adhesion molecule-\.
Biochem Biophys Res Commun 183:163-169,1992
14. MULLIGAN MS, VARANI J, DAME MK., LAl\'E CL, SMITH CW, ANDERSON
DC, WARD PA: Role ofELAM-l
in neutrophil-mediated
lung injury in rats. J Clin
Invest 88:1396-1406,1991
15. MULLIGAN MS, JOHNSON KJ, TODD RF,rrr, ISSEKUTZ TB, MIY ASAKA M,
T AMA T ANl T, SMITH CW, ANDERSON DC, WARD PA: Requirements for leukocyte
adhesion molecules in nephrotoxic nephritis. J Clin Invest 91 :577-587, 1993
16. TRUONG LD, FARHOOD A, TASBY J, GILLUM D: Experimental chronic renal
ischemia: morphologic and immunologic studies. Kidney Int 41: 1676-1689, 1992
17. CHOMCZYNSKJ
P, SACCHI N: Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162: 156-159,
1987
18. SAMBROOK J, FRITSCH EF, MANIATIS T: Molecular dOl-zing:A laboratory
manual. (New York, Cold Spring Harbor Laboratory Press, 1989,
19. KUMAR AG, DAI XY, KOZAK CA, MIMS MP, GOTTO AM, BALLANTYNE
Murine YCAM-1. Molecular cloning, mapping, and analysis of a truncated fonn . .J
ImmunoI153:4088-4098,
1994

CM:

20. ISHIKURA H, TAKAHASHI C, KANAGA W A K, HIRATA H, IMAI K, YOSHIKI
Cytokine regulation ofICAM-1 expression of hwnan renal tubular epithelial cells in
vitro. Transplant 51:1272-1275,1991

T:

21. WUTHRICH RP, JEVNIKAR AM, T AKEI F, GLIMCHER LH, KELLEY VE:
Intercellular adhesion molecule-1 (ICAlvf-1) expression is upregulated in autoimmune
murine lupus nephritis. Am J Pat/wI 136:441-450, 1990
22. WUTHRICH RP: Tumor necrosis factor-alpha- and interleukin-1-stimulated
intercellular adhesion molecule-1 expression by murine renal tubular epithelial cells is
transcriptionally
regulated and involves protein kinase C. Renal Physiol Biochem 15:302306, 1992
23. KLAHR S, PURKERSON
Iv1.L:The pathophysiology
of obstructive nephropathy: The
role of vasoactive compounds in the hemodynamic and structural abnormalities of the
obstructed kidney. Am J Kidney Dis 23:219-223, 1994

24

24. KLAHR S, ISHIDOY A S, MORRISSEY J: Role of angiotensin TI in the
tubulointerstitial fibrosis of obstructive nephropathy. Am J Kidney Dis 26: 141-146, 1995
25. HARRIS KPG, KLAHR S, SCHREINER G: Obstructive Nephropathy: From
mechanical disturbance to immune activation? cJ.p Nephru/ J: ] 98-204, ] 993
26. FINE LG, NORMAN JT, ONG A: Cell-cell cross-talk in the pathogenesis of renal
interstitial fibrosis. Kidney In! 47, Supp!. 49:S-48-S-50, ]995
27. ROY-CHAUDHURY P, WU B, KrNG G, CAMPBELL M, MACLEOD AM, HAfTES
NE, SD\.1PSONJG, POWER DA: Adhesion molecule interactions in human
glomerulonephritis: Importance of the tubulointerstitium. Kidney Int 49: 127-134, [996
28. TANG WW, FENG L, MATHISON JC, WILSON CB: Cytokine expression,
upregulation of intercellular adhesion molecule-1, and leukocyte infiltration in
experimental tubulointerstitial nephritis. Lab Invest 70:63 I-638, 1995
29. ALPERS CE, HUDKINS KL, DA VIS CL, MARSH CL, RICHES W, MCCARTY JM,
BENJAMJN CD, CARLOS TM, HARLAN JM, LOBB R: Expression of vascular cell
adhesion molecule-l in kidney allograft rejection. Kidney In! 44:805-816,1993
30. JONJIC N, JILEK P, BERNASCONI S, PERI G, MARTIN-PADURA I,
CENZUALES S, DEJANA E, MANTO VANI A: Molecules involved in the adhesion and
1992
cytotoxicity of activated monocytes on endothelial cells. J Immuno/148:2080-2083,
31. SAV1LL J: Apoptosis and the kidney. JAm Soc Nephrol 5: 12-21, 1994
32. NAGATA S, GOLSTEIN P: The Fas death factor. Science 267:1449-1456, 1995
33. HYNES RO: Integrins: Versatility, modulation, and signaling in cell adhesion. Cel!
69:11-25, 1992
34. SCHREINER GF, HARRlS KPG, PURKERSON ML, KLAHR S: Immunological
aspects of acute ureteral obstruction: Immune cell infiltrate in the kidney. Kidney In!
34:487-493, 1988
35. SLIGH JE,JR., BALLANTYNE CM, RICH SS, HAWKINS HK, SMITH CW,
BRADLEY A, BEAUDET AL: Inflammatory and immune responses are impaired in
mice deficient in interceIlular adhesion molecule 1. Proc Nat! Acad Sci USA 90:85298533,1993
36. XU H, GONZALO .lA, ST.PIERRE Y, '\VTLLIAMSIR, KUPPER TS, COTRAN RS,
SPRiNGER TA, GUTIERREZ-RAMOS J: Leukocytosis and resistance to septic shock in
intercellular adhesion molecule I-deficient mice. J Exp Med 180:95-109,1994

FIGURE

LEGENDS

FIG. 1: Immunoperoxidase staining ofligaled and contralateral ral kidneyfro:en
sections with anti-ral ICAM-J and anti-rat VCAM-J MAhs. A) Contralateral cortex, day
6, sho\ving strong expression ofICAM-]

in glomerulus as well as ICAM-] expression in

peritubular capillaries and weak luminal expression in occasional proximal tubule cross
sections (arrowhead) (original magnification 400x). B) Ligated cortex, day 6, showing
strong ICAM-l expression in luminal aspect of most proximal tubule cross sections
(arrowhead) and ICAM-] immunostaining in expanding interstitium, including
peritubular capillaries (open arrow) (400x). C) Medulla of contralateral kidney, day 15,
shO\ving ICAM-l immunostaining of capillary network (arrowhead), but lack of
expression in tubular epithelium (400x). D) Medulla of ligated kidney, day ]5, shov.,ring
strong expression of ICAM-l in epithelium of dilated and non-dilated tubules
(arrowheads) (400x). E) Strong expression ofICAM-l

in glomerulus from contralateral

kidney, day] 5. Focal tubule immunostaining is also evident (400x). F) Decreased
glomerular expression of ICAM-l in ligated kidney, day 15. Strong staining of most
tubules and peritubular capillary/interstitial

staining is also evident (arrow) (200x). G)

Anti-ICAM-l MAb immunostaining of contralateral kidney cortex, day 15, shoMng
staining only of peritubular capillaries (arrow) in normal interstitium (400x). H) Strong
expression of JCAM-I within expanded interstitium (arrow) in cortex of ligated kidney,
day 15 (400x). J) Strong glomerular YCAM-l expression in contralateral kidney, day 6.
Some staining of structures suggestive peritubular capillaries is present (arrow) (400x).
K) Reduced glomerular YCAM-l expression and increased interstitial YCAM-l
expression (arrow) in ligated kidney cortex, day 9. Note lack of expression by tubular
epithelial cells (400x).
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FIG. 2: Tubule /CAM-l txpression

in Rat Kidney with COu. Expression oflCAM-l

bv tubules in cortex (A) and meduJ la (B) of ligated kidneys (closed squares) vs.
contralateral kidneys (closed circles). Data are given as percentage of tubule cross
sections showing positive immunoperoxidase

staining \vith anti-ICAM-J MAb 1A29

(mean +/- s.d.; * p < .01, ** P < .05 in ligated vs. contralateral kidneys).

FIG. 3: Glomerular IC/4A1-I Expression in Rat Kidney with COLl. Glomerular
expression of ICAM-l in ligated kidneys (closed squares) vs. contralateral kidneys
(closed circles) as assessed using immunoperoxidase

staining of frozen sections with

anti-rat ICAM-l MAb 1A29. Mean +/- s.d., with staining quantitation as described in
Methods. (* p < .01, ** P < .05 in ligated vs. contralateral kidneys).

FIG. 4: Cortical Tubule VCAM-I Expression in Rat Kidney with COU Expression of
YCAM-l in conical tubules of ligated kidneys (closed squares) vs. contralateral kidneys
(closed circles), as percentage of tubule cross sections showing positive
immunoperoxidase staining with anti-rat YCAM-l MAb 5FIO.

(Mean +/- s.d.).

FIG. 5: Glomerular VCAM-I Expression in Rat Kidney with COu. Glomerular
expression ofYCAM-l

in ligated kidneys (closed squares) vs. contralateral kidneys

(closed circles) as assessed using immunoperoxidase

staining of frozen sections with

anti-rat YCAM-l MAb 5FIO. Mean +/- s.d., with staining quantitation as described in
Methods. (* p < .01 in ligated vs. contralateral kidneys).

FIG. 6: Induction ofICAM-1

mRJ,TAin Rat Kidney with COl! Northern blot analysis of

ICAM-l mRNA (upper panel) from day 0 control animal kidney and ligated (L) and
contralateral (C) kidneys from the time points indicated in hours and days. 12 ug total
kidney RNA was loaded per lane. GAPDH mRNA signal for the identical blot is ShOVvl1
27

in the bottom panel. Number above each lane represents the integrated area of the band
in each lane as assessed by subsequent scannjng of the blot with a Phosphorimager
(Molecular

Dynamics).

FIG. 7: Induction of VCAA1-1 mRNA in Rat Kidney with COU Northern blot analysis of
YCAM-l mRNA (upper panel) from day 0 control animal kidney and ligated (L) and
contralateral (C) kidneys from the time points indicated in hours and days. 12 ug total
kidney RNA was loaded per lane. GAPDH mRNA signal for the identical blot is shown
in the bottom panel. Number above each lane represents the integrated area of the band
in each lane as assessed by subsequent scanning of the blot vvith a Phosphorimager
(Molecular Dynamics).
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