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Abstract Recent studies have demonstrated an impor- 
tant role of vascular cell adhesion molecule-1 (VCAM-1) 
in the pathogenesis of nephritis. In the present study, re- 
nal biopsy specimens from patients with proliferative 
and crescentic glomerulonephritis were subjected to im- 
munoelectron microscopy using an anti-VCAM-1 mono- 
clonal antibody. In control normal kidney tissue, VCAM- 
1 expression was restricted to the free surface of parietal 
epithelial cells. In diseased glomeruli, VCAM-1 was ex- 
pressed on the free surface of parietal and visceral epi- 
thelial cells, on the luminal surface of capillary endothe- 
lial cells, on infiltrating monocyte/macrophage-like cells, 
on mesangial cells, and in the matrix of the expanded 
mesangium. There was also VCAM-1 expression on al- 
most all cell types in the crescents, including macro- 
phageqike cells, fibroblast-like cells, and epithelial cells. 
Some cells also showed VCAM-1 positivity in the rough 
endoplasmic reticulum and the perinuclear space. Both 
the glomerular capillary lumen and urinary spaces of 
Bowman's capsule contained positive reaction products, 
which were often associated with exocytosis by the sur- 
rounding cells. VCAM-1 was predominantly expressed 
on the basal and lateral surfaces of a few proximal tu- 
bules, but it could not be localized ultrastructurally. 
These findings suggest that production and secretion of 
VCAM-1 by both infiltrating monocyte/macrophages 
and resident glomerular cells may be related to the 
pathogenesis of proliferative and crescentic glomerulo- 
nephritis. 
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Introduction 

Many reviews have demonstrated an important role for 
adhesion molecules in the pathogenesis of various kinds 
of nephritis [2, 3, 5, 8, 10, 20].Vascular cell adhesion 
molecule-1 (VCAM-1), a cell surface glycoprotein be- 
longing to the same immunoglobutin superfamily as in- 
tercellular adhesion molecule-1 (ICAM-1), is expressed 
by many types of cells, including endothelial cells, and 
plays a major part in the endothelial adhesion of activat- 
ed monocyte/macrophages (but not neutrophils), which 
express its receptor, VLA-4 [9]. A number of light mi- 
croscopic studies have detected increased VCAM-1 ex- 
pression in the proximal tubules of patients with intersti- 
tial nephritis [6, 7, 19]. In addition, several groups of in- 
vestigators [1, 6, 17, 19] have reported that the glomeruli 
and the proximal tubular cells from patients with prolif- 
erative glomerulonephritis or transplant rejection show 
up-regulation of VCAM-1 expression in association with 
an increase of VCAM-1 mRNA. These findings .suggest 
the de novo synthesis of VCAM- 1 in such conditions, al- 
though its exact intraglomerular localization at the elec- 
tron microscopic level remains uncertain. In order to de- 
fine the role of VCAM-1 in glomerulonephritis, it is im- 
portant to localize its expression precisely within the glo- 
merulus. In the present study, we used a monoclonal an- 
tibody to detect VCAM-1 in proliferative and crescentic 
glomerulonephritis, diseases which often feature a 
marked increase of glomerular VCAM-1 expression. In 
addition, to determine which VCAM-l-positive cells 
were monocyte/macrophages, CD68 immunoreactivity 
was used as a marker for cells of the monocytic series. 
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Materials and methods 

Renal biopsies were originally taken for diagnostic purposes, and 
all specimens were subjected to light microscopic, immunofluo- 
rescent, and ultrastructural examination by standard methods. All 
22 biopsy specimens investigated showed features of proliferative 
or crescentic glomerulonephritis (16 specimens were from patients 
with IgA nephropathy, 2 were from patients with Henoch- 
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Sch6nlein purpura nephritis, 2 were from patients with non-IgA 
mesangial proliferative glomerulonephritis, and 2 were from pa- 
tients with anti-neutrophil cytoplasmic antibody-positive glomeru- 
lonephritis). Nontumour tissue from four kidneys that were resect- 
ed because of localized carcinoma served as a normal control. 

VCAM-1 and CD68 were detected using a mouse IgGlk anti- 
body for recombinant soluble VCAM-1 [9] (4B9: Genzyme, Cam- 

bridge, Mass.) and a mouse IgGlk antibody for CD68 (KPI: Dak- 
opatts, Glostrup, Denmark). The secondary antibody was horse- 
radish peroxidase-labelled goat antimouse IgG/Fab' (MBL, Nag- 
oya, Japan). For all samples, negative controls for immunohisto- 
chemical procedures consisted of substitution of the specific anti- 
bodies with specific pathogen-free mouse serum (Dakopatts) or 
phosphate-buffered saline (PBS). In order to rule out the possibili- 

Fig. l a - e  Immunohistochemistry. a A glomerulus showing mild 
proliferative change. VCAM-1 expression is seen focally in the 
mesangium, on endothelial cells, and throughout the glomerular 
parietal epithelium. Also note VCAM-1 expression by a leucocyte 
in the capillary (arrow). x 340. b A glomerulus showing moderate 
proliferative change with a focal cellular crescent. VCAM-1 ex- 
pression is prominent both in the crescent and throughout the 
glomerular parietal epithelium. Also note VCAM-1 expression in 
the mesangium (predominantly glomerular hilar region) and on the 
basal surface of a few tubular cells (arrow). x 340. c VCAM-1 ex- 
pression in the proximal tubules. VCAM-1 is expressed predomi- 
nantly on the basal and lateral surfaces of all the cells within some 
proximal tubular cross sections, x 340. d A glomerulus showing 
focal proliferative change. CD68-positive cells are localized with- 
in the upper half of the mesangial area of the glomerulus, where 
cell proliferation and/or matrix expansion is prominent and capil- 
lary lumina are collapsed, and are also seen in the periglomerular 
spaces. In the lower right and left portions of the same glomerulus, 
both proliferative changes and positive cells are largely absent ex- 
cept for intracapillary leucocytes (arrowheads). x 340. e In a sin- 
gle-stained serial section, a glomerulus showing severe prolifera- 
tive change with a circumferential cellular crescent, and periglom- 
erular inflammatory cell infiltration. A few CD68-positive cells 
are present in the glomerulus. More cells are concentrated in both 
the crescent and the periglomerular spaces, x 340 
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ty of cross-reaction between 4B9 and immunoglobulins in glomer- 
ular immune complexes, a potential problem because of the immu- 
noglobulin-like domains in the VCAM-1 molecule, all specimens 
were incubated with an isotype-matched irrelevant antibody, a 
mouse IgGlk antibody for Aspergillus niger glucose oxidase 
(DAK-GOI: Dakopatts) that recognized neither VCAM-1 nor 
CD68. 

All specimens were assessed immunohistochemically in sin- 
gle-stained serial sections. In brief, biopsy specimens were fixed 
in periodate-lysine-paraformaldehyde for 6 h at 4°C and washed 
successively in PBS containing 10%, 15%, and 20% sucrose. The 
specimens were then embedded in O.C.T. compound (Miles, Elk- 
hart, Ind.) and rapidly frozen in liquid nitrogen. Serial cryostat 
sections (6 gm thick) were cut using a microtome, mounted on 
poly-L-lysine-coated glass slides, and air-dried. Sections were in- 
cubated in a moist chamber with the primary antibodies at 4°C for 
48 h. After inactivation of endogenous peroxidase activity by incu- 
bation for 15 min with 0.3% hydrogen peroxide in methanol, the 
sections were incubated with the secondary antibody for 24 h at 
4°C. The slides were washed thoroughly in PBS between each 
step. Reaction products were developed with 0.03% 3,3'-diamino- 

Fig. 2 Immunoelectron micrograph showing three mononuclear 
cells with a large nucleocytoplasmic ratio. VCAM-1 is expressed 
at the interfaces between these cells in the mesangial area. The ul- 
trastructural morphology suggests that two of the cells are of the 
monocyte/macrophage lineage (L) and the other is a mesangial 
cell (M). VCAM-1 is also expressed at the interface between a 
monocyte/macrophage-like cells and an endothelial cell. The for- 
mer cell has extended many processes into the VCAM-l-positive 
matrix (large arrows). VCAM-1 expression is seen along the lu- 
minal surface of capillary endothelial cells adjacent to the infiltrat- 
ing macrophage-like cell (arrowheads), while it is sparse on the 
other endothelial cells (arrows). Also note amorphous immunore- 
active granules in the capillary lumina (C). x 6,700, bar 2 ~tm 

benzidine tetrahydrochloride (Dojin, Kumamoto, Japan) and 
0.02% hydrogen peroxide, after which the sections were counter- 
stained with methyl green and mounted for light microscopy. 

The staining procedure for immunoelectron microscopy was 
the same as for light microscopic immunohistochemistry. After vi- 
sualization of the reaction products, the sections were fixed in 2% 
osmium tetroxide for 1 h at room temperature, dehydrated in a 
graded ethanol series, and embedded in Epon 812. Ultrathin sec- 
tions were then cut straight from the surface of the block, lightly 
stained with lead citrate, and examined with an electron micro- 
scope (H-7100, Hitachi, Tokyo, Japan). 

Results 

In the normal  control kidneys, VCAM-1  expression was 
restricted to a few of  the parietal epithelial cells and 
proximal tubules. In addition, a few CD68-posi t ive  cells 
were seen within the glomeruli  and the interstitium. 

In the diseased glomeruli  with mild proliferative 
changes,  V C A M - 1  expression was seen focally in the 
mesangium, on endothelial cells, throughout  the glomer-  
ular parietal epithelium, and occasional ly  on intracapil- 
lary leucocytes (Fig. la). With the progression of  glom- 
erular damage,  VCAM-1  expression became more  in- 
tense at all sites, and increased markedly in the cellu- 
lar/fibrocellular crescents (Fig. lb). In the tubules, 
V C A M - 1  expression was confined to the basal and later- 
al surfaces o f  a few proximal tubules (Fig. l c). A few 
CD68-posi t ive cells were scattered in mesangium,  peri- 
glomerular  spaces, tubules, and perivascular sites 
(Fig. ld). In serial sections, CD68-posi t ive cells were 
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Fig. 3 At a higher magnifica- 
tion, an infiltrating cell (proba- 
bly a monocyte/macrophage) 
shows many cell surface pro- 
cesses. VCAM-I is evenly dis- 
tributed on the outer surface of 
the plasma membrane, and 
there is also immunoreactivity 
in the mesangial matrix (aster- 
isks). The arrow indicates an 
immunoreactive multivesicular 
body (N nucleus), x 34,000, 
bar 0.5 gm 

Fig. 4 Immunoelectron micrograph of VCAM-1 expression in a 
cellular crescent. The infiltrating cells (morphologically mono- 
cyte/macrophages) are clustered together. Immunoreactivity is 
present along the surface of the cell membrane, x 5,500, bar 2 gm 

seen in a VCAM-l-posit ive glomerulus, and CD68-posi- 
rive cells were often present within the VCAM-l-posi-  
rive cellular crescents and on the surrounding infiltrating 
inflammatory cells (Fig. le). 

In the negative control sections, there was no relevant 
staining of either the glomeruli or the tubulointerstitium. 

Immunoelectron microscopic examination of the nor- 
mal control kidneys, revealed no expression of VCAM-1 
by any cells within the glomeruli, although it was ex- 
pressed on the free surface of the parietal epithelial cells 
of Bowman's capsule. 

In diseased kidneys, VCAM-1 was expressed on the 
free surface of the parietal and visceral epithelial cells, 
on the luminal surface of the capillary endothelial cells, 
on and around infiltrating monocyte/macrophage-like 
cells, on parts of the surface of the mesangial cells 
(Fig. 2), and in the matrix of the expanded mesangium 
(Fig. 3). However, it was not expressed in the parts of the 
mesangium without proliferative change, even in the 
same glomerulus. In the cellular and fibrocellular cres- 
cents, VCAM-1 expression was found on the surface of 
almost all cells, including monocyte/macrophage-like 
cells, fibroblast-like cells, and epithelial cells (Fig. 4). 
Some cells also showed VCAM-1 positivity within the 
rough endoplasmic reticulum and the perinuclear space 
as well as on the surface of the plasma membrane 
(Fig. 5). The infiltrating monocyte/macrophage-like cells 
and fibroblast-like cells contained small vesicles that fea- 
tured tiny immunoreactive granules on their inner surfac- 
es. Exocytosis of VCAM-l-positive materials was also 
often seen (Fig. 6). Additionally, both the glomerular 
capillary lumen and the urinary spaces in Bowman's cap- 
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Fig. 5 Another part of the glomerulus shown in Fig. 4. VCAM-1 
is evenly distributed on the outer surface of the plasma membrane 
of the infiltrating cells, which are probably monocyte/macro- 

phages (L). Immunoreactivity is present in well-developed rough 
endoplasmic reticulum (arrows) and in the perinuclear space (ar- 
rowheads), x 20,000, bar 1 btm 

Fig. 6 A high magnification of 
a cell (probably a macrophage) 
in a cellular crescent. VCAM-1 
is evenly distributed on the 
plasma membrane. Small vesi- 
cles (arrowheads) contain im- 
munoreactive granules on their 
inner surface. The arrow indi- 
cates exocytosis of VCAM-1. 
x 60,000, bar 0.3 btm 
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Fig. 7 VCAM-1 expression on 
the exposed surface of a pari- 
etal epithelial cell. Expression 
is also seen in the rough endo- 
plasmic reticulum, the perinu- 
clear space, the Golgi complex, 
and the basal surface of the 
plasma membrane (N nucleus, 
BM Bowman's basement mem- 
brane), x 22,000, bar 0.5 gm 

Fig. 8 VCAM-I expression on the luminal plasma membrane of 
visceral and parietal epithelial cells. Exocytosis of VCAM-1 by a 
visceral epithelial cell is seen (arrows). A membrane-limited small 
structure contains tiny immunoreactive granules on its inner sur- 
face (arrowheads'). Also note that there is no VCAM-1 expression 

by epithelial cells on the surface adjacent to the basement mem- 
brane or on the luminal surface of the capillary endothelial cells. 
Immunoreactive amorphous granules are seen in both the capillary 
lumen and the urinary space (Ep parietal epithelial cell, C capil- 
lary lumen), x 12,600, bar 1 gm 



Fig. 9 A leucocyte (probably a 
monocyte; L) is seen adjacent, 
but not adherent, to the glomer- 
ular capillary endothelium. 
There is VCAM-1 expression 
on the luminal surface (artvw- 
heads), while there is no ex- 
pression on the surface close to 
the endothelial cells or on the 
luminal surface of the endothe- 
lial cells themselves. Also note 
the amorphous immunoreactive 
granules in the capillary lumen 
(C capillary lumen, US urinary 
space), x 10,000 bar 1 ~tm 

289 

sule contained amorphous positive reaction products, 
which were often associated with exocytosis by the sur- 
rounding capillary endothelial cells and by the parietal 
and visceral epithelial cells (Figs. 7, 8). Nonadherent cir- 
culating monocytic cells also occasionally showed 
VCAM-1 expression on the surface of the plasma mem- 
brane (Fig. 9). In the tubules, VCAM-1 was expressed 
predominantly on the basal and lateral surfaces of a few 
proximal tubules at the light microscopic level, but we 
could not determine its ultrastructural localization owing 
to the limitations of the frozen sections examined. 

Discussion 

Although a marked increase of VCAM-1 expression has 
been detected in some of the proximal tubular cells in 
patients with interstitial nephritis [6, 7, 19], there have 
been few reports on the types of cells within the glomer- 
ulus that express this molecule [1]. 

In contrast to the widespread expression of ICAM-1 
in glomerulonephritis [15], VCAM-1 staining was re- 
stricted to relatively small areas corresponding to the le- 
sions of diseased glomeruli. However, more cell types 
showed VCAM-1 expression than were reported previ- 
ously in experimental models and human nephritis [19, 
21], including infiltrating cells of the monocyte/macro- 
phages series as well as resident glomerular cells. 

In mesangial areas showing cell proliferation and/or 
an increase of the matrix, VCAM-1 expression was 
markedly increased both at the interface between infil- 
trating macrophage-like cells and the mesangial or endo- 
thelial cells and on the luminal surface of adjacent capil- 
lary endothelial cells. In contrast, no VCAM-1 expres- 

sion was seen in mesangial areas without proliferative 
changes. If VCAM-1 has an important role in leucocyte 
adhesion and migration into the interstitium, as was re- 
ported previously in allograft rejection [ 12], our findings 
suggest that it may also have a pathogenic role in the me- 
sangial expansion associated with proliferative glomeru- 
lonephritis by promoting the migration of circulating 
monocytic cells and their adhesion to mesangial cells af- 
ter initial adhesion to the endothelium. This hypothesis is 
in agreement with the in vitro findings of Brady et al. 
[4]. 

VCAM-1 expression on the surface of nonadherent 
circulating monocytic cells was an unexpected finding. It 
appeared to be inconsistent with previous reports that 
circulating lymphocytes and monocytes show surface ex~ 
pression of VLA-4, the tigand for VCAM-1 [11, 18]. We 
have no definite explanation for this phenomenon, but 
the following facts may suggest an explanation. First, in- 
creased soluble VCAM-1 levels have been found in the 
serum of patients with the glomerular disease [14], and 
some of our patients also had a high serum VCAM-I 
level (data not shown). Second, the glomerular capillar- 
ies occasionally contained amorphous VCAM-l-positive 
reaction products, which might have represented soluble 
VCAM-1. Third, exocytosis of VCAM-1 by endothelial 
cells and by visceral or parietal epithelial cells was often 
detected. These findings suggest that soluble VCAM-1 
secreted by local tissue cells may bind to receptors on 
the surface of monocytic cells rather than being actively 
produced by the monocytic cells themselves. Binding of 
VCAM-1 to other cells in the glomerulus may also have 
occurred. Thus, it was difficult to determine whether our 
antibody (4B9) detected expression of VCAM-1 by renal 
cells and infiltrating leucocytes or simply stained soluble 
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VCAM-1 trapped in the kidney, and this should be kept 
in mind when our results are interpreted. 

Crescents consist of  a variety of  cells, such as mono- 
cyte/macrophages, polymorphonuclear  leucocytes, lym- 
phocytes, fibroblast-like cells, and visceral and parietal 
epithelial cells. During crescent formation, cells of  the 
monocyte/macrophage lineage may be prominent [13]. 
In our patients, cells positive for CD68, a common 
monocyte antigen, were often concentrated in the cellu- 
lar crescents and in the expanded mesangium. As with 
intracapillary monocytic cells, VCAM-1 expression was 
also detected on the surface of the macrophage-like cells 
in crescents. This may have simply been because soluble 
VCAM-1 secreted by the surrounding cells was bound to 
receptors on the macrophages. However, the following 
findings suggested that VCAM-1 was synthesized in the 
rough endoplasmic reticulum of macrophage-like cells, 
transported intracellularly, incorporated into the plasma 
membrane,  and discharged by exocytosis into the urinary 
space: VCAM-l-pos i t ive  reaction products were detect- 
ed within the rough endoplasmic reticulum, the perinu- 
clear space, and cytoplasmic multivesicular bodies, while 
exocytosis was noted at the plasma membrane.  The fac- 
tors that trigger the local synthesis of VCAM-1 are not 
known. However, activated cells of the monocyte/macro-  
phage lineage can produce some cytokines with the abili- 
ty to induce expression of adhesion molecules [16, 21], 
so cytokines secreted by infiltrating macrophages may 
have an autocrine effect. Mulligan et al. [16] have also 
suggested that in a certain phase of nephritis, the pro- 
gression of monocytic cell accumulation, cytokine pro- 
duction, and adhesion molecule expression may all be 
coordinated. VCAM-1 may play an important part in 
crescent growth by facilitating the adhesion of macro- 
phages to resident glomerular cells as well as to other 
macrophages. 

We found that VCAM-1 was expressed predominant- 
ly on the basal and lateral surfaces of  a few proximal tu- 
bules at the light microscopic level, as previously report- 
ed, but we failed to detect its precise ultrastructural lo- 
calization because of the limitations of  the frozen section 
material that was available for study. Despite this, the 
different pattern of expression from that of ICAM-1, 
which was confined to the brush border [15], suggests 
that VCAM-1 may have a different role in glomerulone- 
phritis from this other ligand. 

In conclusion, our findings suggest that the local pro- 
duction and secretion of VCAM-1 by both infiltrating 
monocyte/macrophages and resident glomerular cells 
may be related to the pathogenesis of  proliferative and 
crescentic glomerulonephritis, both through promotion 
of the accumulation of macrophages in the mesangium 
and through facilitation of interactions between macro- 
phages and resident glomerular cells or other macro- 
phages in the crescents. However, since our data are 
purely morphological,  we are unable to determine 
whether VCAM-1 expression has a key role in glomeru- 
lar damage or is a consequence of such damage. Further 

studies in experimental models of glomerulonephritis are 
needed to determine the effect of  blocking antibodies di- 
rected against VCAM-1. 
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