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Glomerular Macrophages Express Augmented Procoagulant Activity
in Experimental Fibrin-related Glomerulonephritis in Rabbits
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Abstract

Glomerular fibrin deposition and augmentation of procoagu-
lant activity (PCA) are dependent on glomerular macrophage
infiltration in anti-glomerular basement membrane antibody-
induced glomerulonephritis (anti-GBM GN) in rabbits. Ex-
pression of PCA on the surface of glomerular macrophages
and/or augmentation of intrinsic glomerular cell PCAby mac-
rophage cytokines (such as IL 1) are potential mechanisms by
which macrophages may augment glomerular PCA. Macro-
phages were isolated from glomeruli of rabbits developing
anti-GBM GNto measure their PCAexpression. These mac-
rophages were characterized by morphological and functional
criteria. Glomerular macrophages expressed markedly aug-
mented PCA (2.8±0.7 mU/103 cells) compared with blood
monocytes (0.05±0.02 mU/103 cells) and alveolar macro-
phages (0.09±0.02 mU/103 cells) from the same rabbits. Glo-
merular macrophage PCA was functionally identical to the
PCAof whole glomeruli, and was consistent with that of tissue
factor. Supernatants from nephritic glomeruli contained IL 1
bioactivity and augmented endothelial cell PCAin vitro. How-
ever, these supernatants and purified IL 1 failed to augment
the PCA of normal and macrophage-depleted nephritic glo-
meruli. These studies demonstrate that, in this model of anti-
GBMGN, glomerular macrophages contribute directly to the
augmented glomerular PCA by their expression of surface
membrane PCA, and have the potential to indirectly augment
glomerular PCA by their production of cytokines capable of
enhancing endothelial cell PCA.

Introduction

Fibrin is an important mediator of glomerular injury in prolif-
erative forms of human and experimental glomerulonephritis
(GN)' in which macrophage infiltration is prominent (1-4).
Glomerular fibrin deposition has been shown to be macro-
phage dependent in a model of anti-glomerular basement

Address reprint requests to Dr. P. G. Tipping, Monash University
Department of Medicine, Prince Henry's Hospital, St. Kilda Road,
Melbourne, Australia 3004.

Receivedfor publication 31 March 1987 and in revisedform 9 May
1988.

1. Abbreviations used in this paper: Anti-GBN GN, anti-glomerular
basement membrane antibody-induced glomerulonephritis; GBM,
glomerular basement membrane; GN, glomerulonephritis; PAM, pul-
monary alveolar macrophages; PBM, peripheral blood monocytes;
PCA, procoagulant activity; TNF a, tumor necrosis factor a.

membrane antibody-induced GN(anti-GBM GN) in rabbits
(5). However, the mechanism(s) by which macrophages initi-
ate glomerular fibrin deposition is unknown.

In general terms, there are two potential mechanisms for
initiation of tissue fibrin deposition, the intrinsic and extrinsic
coagulation pathways. In both human (6) and experimental
GN(7, 8), the participation of intrinsic pathway coagulation
factors has not been demonstrated. On the other hand, aug-
mented levels of procoagulant activity (PCA) have been dem-
onstrated in isolated glomeruli in experimental (8, 9) and
human GN(10). This glomerular PCAinitiates the extrinsic
coagulation pathway, and has the functional characteristics of
tissue factor, which is also expressed by activated macrophages
(10, 11).

In delayed-type hypersensitivity reactions, lymphocytes
may induce macrophages to express augmented PCAand initi-
ate local fibrin deposition (12-15). In GN, however, the cell of
origin of the augmented glomerular PCAis unknown. Surface
expression of PCAon macrophages and/or PCAinduced on
intrinsic glomerular cells, such as endothelial cells, by macro-
phage-derived cytokines, may potentially contribute to aug-
mented glomerular PCA. The expression of PCAby isolated
glomerular macrophages and the ability of glomerular macro-
phage cytokines to stimulate the PCAof intrinsic glomerular
cells has not been studied previously.

In these studies, a technique has been developed to isolate
macrophages from the glomeruli of rabbits, developing a fi-
brin-related model of GN(autologous phase anti-GBM GN).
The PCAof these isolated glomerular macrophages has been
quantitated, characterized, and compared with the PCAcon-
tent of circulating monocytes and other tissue macrophages
(pulmonary alveolar macrophages [PAM]) in these rabbits, at
the same stage of their disease. Further, the capacity of soluble
products from nephritic glomeruli and of purified IL 1 to aug-
ment the PCA of normal and nephritic rabbit glomeruli has
been assessed.

Methods

Experimental model
Anti-GBM GNwas induced in New Zealand white rabbits as pre-
viously described (8). Anti-rabbit GBMglobulin, raised in a sheep by
immunization with rabbit GBMin Freund's complete adjuvant (FCA)
(Commonwealth Serum Laboratories, Parkville, Victoria, Australia),
was administered to rabbits at a dose shown to bind a mean of
73.6±10.5 ,g of specific kidney fixing antibody per gram wet weight of
kidney. Rabbits were killed 6 d later.

Isolation of glomerular macrophages
Renal cortical tissue was aseptically collected into tissue culture me-
dium (Eagle's MEM, Flow Laboratories, Melbourne, Australia) con-
taining 10% FCS (Flow Laboratories). This culture medium was used
for all glomerular and macrophage cultures. Isolated glomeruli were
prepared under sterile conditions by a graded sieving technique (2, 3)
to obtain - 101 glomeruli, with < 5%contamination by tubular frag-
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ments (assessed by phase contrast microscopy). Glomeruli were then
cultured in 120 X 75 X 35 mmpolystyrene tissue culture flasks (Steri-
lin Limited, Teddington, Middlesex, UK) at 370C in a 5% C02/air
atmosphere, at a concentration of I04 glomeruli per flask. The follow-
ing culture periods were studied: 1, 4, and 24 h and 3 and 5 d. At the
end of each culture period, glomeruli from two flasks were removed by
decanting the culture medium after vigorous agitation. After a second
wash with warm culture medium, < 1%of glomeruli remained in the
tissue culture flask. Adherent macrophages were removed by washing
with culture medium at 4VC or by incubation for 3 min with trypsin-
versene solution (Commonwealth Serum Laboratories). Cells har-
vested by trypsin were washed twice in fresh culture medium. Trypsin
removal did not affect the expression of PCAby macrophages (PCA of
1 h, glomerular macrophages removed with trypsin, 2.80±0.74
mU/103 cells; removed by 4VC medium, 2.75±0.82 mU/103 cells). As
this technique yielded more cells, it was adopted in preference to the
cold shock technique. Macrophages were counted using a modified
Neubauer hemocytometer, and used immediately for characterization
studies or stored at a concentration of 101 cells/ml at -20'C (lysed
cells), or at 4VC overnight (unlysed cells), for later determination
of PCA.

Isolated nephritic glomeruli were also cultured individually in
droplet culture (2, 3) for the same time periods to determine the num-
bers of macrophages per glomerulus that migrated onto the tissue
culture flask. The glomerular macrophage numbers determined by this
technique represent the mean of counts from a minimum of 20 glo-
meruli per animal. The maximumglomerular macrophage count (seen
after 3 d in culture) correlates well with the estimation of glomerular
macrophage numbers by histochemical staining (16).

Isolation of peripheral blood monocytes (PBM)
20 ml of heparinized blood was collected aseptically from each rabbit
at the same time as renal tissue was taken. Mononuclear cells were
isolated by the method of Boyum (17). Blood was mixed with an equal
quantity of PBSand carefully layered onto dextran/sodium metrizoate
(Lympho-paque, Nyegaard Co., Oslo, Norway). After centrifugation at
800 g for 15 min, the mononuclear cell layer was aspirated, resus-
pended in culture medium, and washed twice. The cells were then
cultured in plastic tissue culture flasks for 60 min at 37°C in a 5%
C02/air atmosphere. After this period, the flasks were agitated vigor-
ously and washed twice with warm culture medium to remove nonad-
herent cells. The incubation of the adherent cells was then continued
for the same total periods as the glomerular cultures. Adherent cells
were removed by 3 min of exposure to trypsin-versene solution,
washed twice in fresh culture medium, counted using a hemocyto-
meter, and stored at -200C.

Isolation of PAM
After blood and renal tissue were collected, broncho-alveolar lavage
was performed by endotracheal instillation and subsequent aspiration
of 50 ml of sterile tissue culture medium. These cells were 98%esterase
positive after cytochemical staining. Cells were washed twice in sterile
culture medium and cultured for various periods at 37°C in a 5%
C02/air atmosphere. After vigorous agitation, nonadherent cells were
decanted off and adherent cells were removed by 3 min exposure to
trypsin, washed twice in culture medium, enumerated, and stored in
an identical fashion to PBMcells.

Characterization of isolated glomerular macrophages
Nuclear morphology. Cells were smeared on glass slides, stained with
the Giemsa stain (18), and the nuclear morphology was assessed by
light microscopy.

Nonspecific esterase. Cells were smeared on microscope slides and
air dried for 16 h. The slides were then fixed with formalin/acetone
buffer for 30 s and stained for nonspecific esterase by the method of
Yamet al. (19).

Phagocytosis. Fresh cells (104/ml) were incubated with latex parti-
cles (1.1 mdiam, Sigma Chemical Co., St. Louis, MO) at 370C, with

gentle agitation. After 20 min, cells were washed, smeared, and exam-
ined at high power by light microscopy. Cells with two or more intra-
cellular latex particles were considered to be phagocytic.

Surface Fc receptors. Cell suspensions (104/ml) were washed twice
in PBS and incubated with fluorescein-labeled, intact rabbit IgG
(Sigma Chemical Co.) or with fluorescein-labeled Fab2 rabbit IgG
fragments (Behring, Marburg, FRG) at 20'C. After 20 min, the cells
were washed in PBS, smeared, and examined by fluorescence micros-
copy.

Measurement of PCA
Cell lysates were prepared by sonication using a sonifier cell disruptor
(B30; Branson Sonic Power Co., Danbury, CT). Both lysed and un-
lysed cells were assayed for their PCAcontent. Unlysed cells were kept
overnight at 4VC, and aspirated through a Pasteur pipette to disperse
any clumps before assay. PCAwas assayed using a standard one-stage
clotting assay as previously described (8, 11). Cells or cell lysate (103
cells in 100 Ml) were prewarmed at 370C for 2 min, together with 100 Ml
of 0.025 Mcalcium chloride in 76 X 9 mmpolystyrene tubes. Fresh,
citrated, platelet-poor rabbit plasma (100 Al), prewarmed to 370C, was
then forcibly added and the clotting time was determined by the man-
ual-tilt method. Cells and cell lysates were assayed in duplicate and
diluted 1 in 10 when necessary to extend the clotting time to > 25 s. A
value for the PCAwas derived by comparison of the clotting times with
the coagulant activity of standard thromboplastin (Sigma Chemical
Co.) prepared from an acetone extract of rabbit brain. 100 Ml of this
standard was assigned a value of 1,000 mUof PCA. A 1:100 dilution
(10 mU) gave a mean clotting time of 23.9±0.4 s. The activity of the
standard (assayed in triplicate) was linear on a log/log plot of clotting
time against units of PCAover the range of 0.1 to 100 mU. The PCAof
cells and cell lysates was calculated from this standard plot and ex-
pressed as mU/ 103 cells.

Characterization of PCA
Coagulation factor dependence. Factor-deficient human plasmas were
used to determine the factor dependency of the glomerular PCA as
previously described (11). The following reconstituted lyophilized
plasmas were used: (a) congenital Factor VII-deficient plasma (Dade
Diagnostics Inc., Aguada, PR [Factor VII activity < 2% of normal
human levels]); (b) congenital Factor VIII-deficient plasma (General
Diagnostics, Div. of Warner-Lambert Co., Morris Plains, N. J.); (c)
aged Factor V-deficient plasma (Sigma Chemical Co. [Factor V activ-
ity < 1% of normal human plasma]); and (d) congenital Factor XII-
deficient plasma (General Diagnostics).

Reconstituted lyophilized normal human plasma (Citrol Coagula-
tion Control Level 1; Dade Diagnostics) was used as a control in these
experiments.

Effect of inhibitors
Con A. Cell lysates (100 Ml) were incubated before assay with 100 g
con A (Pharmacia Fine Chemicals, Uppsala, Sweden) in 100 Ml of 0.9%
saline for 30 min at 20°C. Incubations were also performed with con A
in the presence of 100-fold excess (by weight) of a-methyl-D-manno-
side (Sigma Chemical Co.) and controls, incubated with saline alone,
were included.

Phospholipase C. Phospholipase C type III from Bacillus Cereus
(Sigma Chemical Co.) was dissolved in veronal saline buffer containing
1.0 mMZnSO4. Cell lysates (100 Ml) were incubated with phospholi-
pase C (0.1 Ml in 100 Ml) or buffer alone at 37°C for 15 min before assay
of PCA.

Effect of cell culture on PCAexpression
by glomerular macrophages
Experiments were performed to determine the effect of culture per se
on the expression of PCA by isolated glomerular macrophages.
Nephritic glomeruli were cultured for 1 h as previously described. After
this time, all glomeruli were removed by washing, leaving adherent
macrophages behind. Culture of these cells was then continued for a
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further 3 or 23 h under the same conditions, before they were har-
vested. After this time, macrophages were harvested, enumerated, and
stored at -200C before assay for PCA. The PCAof these macrophages,
subject to extended periods of culture, was compared with the PCAof
the same population of macrophages (those emigrating from glomeruli
within 1 h) harvested immediately.

Experimental design
Glomeruli were isolated from seven individual rabbits on separate
occasions. PBMand PAMwere isolated from six of these rabbits. Cell
numbers and PCAdata represent the mean (±SEM) of these pooled
data. Functional studies and cytochemical staining were performed on
glomerular macrophages isolated from four rabbits on separate occa-
sions. Statistical significance was analyzed by the unpaired t test.

Effect of soluble factors from nephritic glomeruli
on glomerular PCA
Cell supernatants and IL 1. Supernatants were collected from 2 X I04
isolated nephritic glomeruli (day 6, anti-GBM GN) maintained in
tissue culture for 4 or 24 h. Supernatants were also collected from
macrophage depleted nephritic glomeruli cultured in the same man-
ner. The preparation of these glomeruli is detailed later. These were
stored at -70°C. Culture supernatants from 2 X 04 normal glomeruli
were also collected and stored in the same manner. The endotoxin
content of culture supernatants was measured using the Limulus ame-
bocyte lysate assay (Whittaker M. A. Bioproducts, Inc., Walkersville,
MD) and was < 0.05 Ag/ml.

IL 1 from Staphylococcus albus-stimulated cultured human mono-
cytes purified by ion-exchange chromatography, was purchased from
Genzyme Corp. (Boston, MA).

IL 1 bioassay. The IL 1 bioactivity of the culture supernatants and
the human cell line-derived IL 1 was compared with purified human
recombinant IL 1 (Genzyme Corp.) in a standard mouse thymocyte
proliferation assay (20). A cell suspension of thymocytes from 5-7-
wk-old C3H/HeJ mice was prepared in RPMI culture medium con-
taining 10% FCS (Flow Laboratories). Thymocytes (5 X 106 per well)
were cultured with culture supernatants or known amounts of IL 1 in
microtiter plates in the presence of 1 gg/ml PHA(Wellcome Diagnos-
tics, Dartford, England) for 72 h at 37°C in a 5%C02/air atmosphere.
The cells were pulsed with [3H]thymidine (code TRK-6 1; Amersham
International, Amersham, England) for the final 4 h of the culture.
Cells were then harvested on an automatic cell harvester (Titertek;
Skatron A. S., Liebyen, Norway), dispersed in toluene based liquid
scintillant, and the 3H activity was counted on a liquid scintillation
counter (1210 Ultrabeta; LKB Wallac, Turku, Finland). Controls in-
cluded cells in culture medium alone and cells incubated with IL 1 in
the absence of PHA. All samples were assayed in quadruplicate.

Normal rabbit glomeruli. Glomeruli were isolated from normal
rabbits by graded sieving and used at a concentration of I04 per ml in
16-mm-diam tissue culture wells, to assess the effect of nephritic glo-
merular supernatants on the PCAof intrinsic glomerular cells.

Macrophage-depleted nephritic glomeruli. Anti-GBM GNwas ini-
tiated in rabbits as described earlier. Mustine hydrochloride (Boots
Company, Nottingham, UK) was administered intravenously 72 h

later, at a dose of 1.75 mg/kg. A second dose of 1 mg/kg was given after
a further 30 h. Rabbits were killed 6 d after initiation of the disease.
Glomeruli were isolated by graded sieving and used at a concentration
of I04 per ml.

Circulating white blood cell counts at the time of killing were
< 500/41. Glomerular macrophage numbers (assessed by droplet cul-
ture of individual glomeruli) were < 2 macrophages per glomerulus.
Complement, sheep IgG, and rabbit IgG (assessed by direct immuno-
fluorescence) were present in glomeruli from macrophage-depleted
rabbits. The extent of their deposition was similar to that seen in intact
rabbits 6 d after initiation of anti-GBM GN.

Isolated endothelial cells. Cultured bovine endothelial cells were
generously provided by Dr. G. Campbell (Department of Anatomy,
University of Melbourne, Melbourne, Australia). These cells were ob-
tained by mechanical abrasion of the endothelial surface of fresh bo-
vine aortas, and grown to confluence in RPMI culture medium con-
taining 15% FCS. The cells had been passaged 25-30 times before use,
and had typical morphological features of endothelial cells as pre-
viously described (21). The cells were seeded into 16-mm tissue culture
wells at a dilution of 1 in 4, and allowed to grow to confluence before
experiment. Wells contained a mean of 4.8 X I0O endothelial cells (per
well) at the time of experiment.

Experimental design. Isolated normal rabbit glomeruli (104) and
macrophage-depleted nephritic glomeruli (104) were cultured with su-
pernatants from I04 nephritic glomeruli in a total volume of 1 ml for 4
and 24 h. Controls included glomeruli cultured with culture medium
alone, supernatants from normal glomeruli, and with human cell line
derived IL 1 (5 U/ml). Glomeruli were aspirated after culture, washed
in PBS, sonicated, and stored at -20°C before assay for PCA.

Bovine endothelial cell cultures were used as further controls. En-
dothelial cells (4.8 X l10) were incubated with supernatants from nor-
mal, nephritic, and macrophage-depleted nephritic glomeruli and with
IL 1 for 4 h. Supernatants were also heated at 80°C for 15 min to
inactivate IL 1 as previously described (22). Endothelial cells were
harvested by incubation for 3 min with trypsin-versene solution,
washed in PBS, and kept at 4°C before assay for PCA.

All cultures were performed in duplicate. Glomerular supernatants
from six nephritic rabbits, five macrophage-depleted rabbits, and four
normal rabbits, as well as appropriate controls, were included in each
experiment. Experiments were performed on two separate occasions.
Statistical significance was analyzed using the unpaired t test.

Results

Glomerular macrophage yield (Table I). The yield of purified
glomerular macrophages after varying culture times is shown
in Table I. The yield increased with longer culture times; how-
ever, at 72 h and beyond, intrinsic glomerular cells, identified
by their characteristic spreading morphology (2), were also
present in the cellular outgrowths. At 72 h, intrinsic cells repre-
sented - 20% of the outgrowing cells and at day 5, - 75%.

Characterization studies. The cells collected for further
studies were those that were firmly adherent after washing and

Table I. Yield of Glomerular Macrophages with Time in Culture

I h 4h 24h 3d 5d

Macrophages isolated per glomerulus 2.4±1.0 2.6±0.6 10.3±3.5 26.0±8.8 26.2±8.0
Macrophages in outgrowth from individual glomeruli (per glomerulus) 2.4±0.8 4.5±0.4 14.3±3.8 54.0±6.5 33.0±7.8
%recovery of glomerular macrophages* 100 58 72 48 79
%of total glomerular macrophagest 4.4 4.8 19 48 49

* Derived from macrophages isolated/macrophages in individual glomerular outgrowths, X 100. * Derived from macrophages isolated/maximum
glomerular macrophages (54 per glomerulus, at 3 d) X 100.
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Table II. PCAof Isolated Glomerular Macrophages, Monocytes, and Alveolar Macrophages

Cultureperiod I h 4h 24 h 3d 5 d

Glomerular macrophages (mU/J0 cells) 2.80±0.74 1.76±0.46 0.40±0.13 0.15±0.06 0.20±0.10
Alveolar macrophages (mU/10J cells) 0.09±0.02 0.11±0.04 0.04±0.02 0.07±0.08 0.05±0.04
Monocytes (mU/1J cells) 0.05±0.02 0.07±0.03 0.05±0.03 <0.01 0.01±0.01

agitation of the cultured glomeruli. These cells were > 95%
mononuclear. Occasional PMNwere present at 1 and 4 h.
Cells were largely esterase positive (85, 87, and 92%) and
phagocytic (76, and 80 to 88%) and exhibited surface binding
of rabbit IgG (70, 75, and 79%) at 1, 4, and 24 h, respectively.

PCA of glomerular macrophages, PBM, and PAM(Table
II). Isolated glomerular macrophages (g. macs) expressed sig-
nificantly more PCAthan blood monocytes (monos) from the
same animals, collected after 1 h (g. macs 2.80±0.74, monos
0.05±0.02 mU/103 cells, P < 0.001) 4 h (g. macs 1.76±0.46,
monos 0.07±0.03 mU/ 103 cells, P < 0.005), and 24 h (g. macs
0.40±0.13, monos 0.05±0.03 mU/103 cells, P < 0.05). The
PCAof glomerular macrophages was also significantly greater
than the PCAof alveolar macrophages collected after the same
periods in culture (alveolar macrophage PCA, 0.09±0.02
mU/ 103 cells at 1 h, 0. 11+0.04 mU/103 cells at 4 h, and
0.04±0.02 mU/103 cells at 24 h; P < 0.05 compared with
glomerular macrophage PCAat corresponding times). Alveo-
lar macrophage PCAand blood monocyte PCAwere not sig-
nificantly different at any time. The expression of PCA by
unlysed glomerular macrophages compared with lysed cells
was 70±28% at 1 h, 54±9% at 4 h, and 77±12% at 24 h
indicating that the majority of PCA of glomerular macro-
phages is expressed on the cell surface membrane.

The apparent decrease in PCA expression by glomerular
monocytes with increasing time in culture did not appear to be
due to loss of PCAby cultured cells. Glomerular macrophages
collected after 1 h from a further four rabbits did not show any
significant change in their PCA(PCA 2.13±1.21 mU/ 103 cells)
compared with 1-h macrophages cultured for a further 3 h
(PCA 1.75±0.64 mU/102 cells) or 23 h (PCA 2.50±1.03
mU/103 cells) in culture medium containing 10% FCS.

Table III. Functional Characteristics of Glomerular
Macrophage PCA

A. Effect of factor-deficicnt plasma

Factor %of activity in normal plasma

V 0.5±0.1
VII 2.3±0.6
VIII 76±11
XII 84±15

B. Effect of inhibitors

Inhibitor %of control

Con A 15±3
Con A + a methylmannoside 95±5
Phospholipase C <1%

Characteristics ofglomerular macrophage PCA(Table III).
PCAof isolated glomerular macrophages exhibited the func-
tional characteristics of tissue factor and was functionally
identical to glomerular PCA. The coagulant activity of both
glomerular macrophage PCAand whole glomerular PCAwas
inhibited by the absence of Factors V and VII (glomerular
macrophage PCA in Factor V-deficient plasma, 0.5±0.1% of
activity in normal plasma, PCA in Factor VII-deficient
plasma, 2.3±0.6% of normal) and substantially unaffected by
the absence of Factors VIII and XII (PCA in Factor VIII-defi-
cient plasma, 76±1 1%, Factor XII-deficient, plasma 84±15%
of normal). Both PCAs were inhibited by preincubation with
Con A (PCA 15±3% of control) and phospholipase C (PCA
< 1% of control). Con A inhibition was blocked by the addi-
tion of the conjugate sugar a-methylmannoside (PCA 95±5%
of control). Further, as indicated by comparing lysed and un-
lysed glomerular macrophages, the majority of the PCAwas
present on the cell surface membrane.

Effect of soluble factors from nephritic glomeruli on glo-
merular PCA (Tables IV and V). The PCAcontent of normal
glomeruli was not significantly augmented by glomerular su-
pernatants or by purified human IL 1. The PCA of macro-
phage-depleted nephritic glomeruli was also unaffected by
culture with these glomerular supernatants or IL 1 (Table IV).
However, culture supernatants from nephritic glomeruli con-
tained significant IL 1 bioactivity in the thymocyte prolifera-
tion assay. The IL 1 bioactivity of nephritic glomerular super-
natants was 2.7±1.9 U/ml (4-h culture) and 3.3±1.9 U/ml

Table IV. Effect of Glomerular Supernatants and IL I
on Glomerular PCA

A. Normal glomeruli
Glomerlar PCA

mU/10Wglomenrdi

Supernatant source 4 h 24 h
Culture medium (control) 52±18 17±3
Normal glomeruli 51±9 16±2
Nephritic glomeruli (4 h) 65±9 18±2

(24 h) 58±10 24±5
IL 1 (5 U/ml) 53±10 18±2

B. Macrophage-depleted nephritic glomeruli

Supernatant source 4 h 24 h
Culture medium (control) 52±9 20±7
Normal glomeruli 43±5 16±1
Nephritic glomeruli (4 h) 62±15 18±1

(24 h) 55±9 15±2
IL 1(5 U/ml) 63±12 18±6
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Table V. Effect of Glomerular Supernatants and IL 1
on Endothelial Cell PCA

Supernatant source Endothelial cell PCA

mU/106 cells

Culture medium (control) 0.33±0.07
Normal glomeruli 0.64±0.47
Nephritic glomeruli (4 h) 3.6±0.8 (0.36±0.05)*

(24 h) 2.1±0.7 (0.36±0.07)*
Macrophage-depleted nephritic

glomeruli (24 h) 0.29±0.13
IL 1 (S U/ml) 1.2±0.2

* Effect of heat treatment of supernatants.

(24-h culture). Supernatants from normal glomeruli contained
0.2±0.3 U/ml of IL I bioactivity. Supernatants from normal
and nephritic glomeruli contained < 0.05 mUPCA/ml.

The PCAof bovine endothelial cells was significantly stim-
ulated by culture with IL 1 (control, 0.33±0.07 mU/106 cells;
IL 1, 5 U/ml 1.2±0.2 mU/106 cells, P < 0.01). Supernatants
from nephritic glomeruli also stimulated endothelial cell PCA
(4-h supernatants 3.6±0.8 mU/106 cells, P < 0.005, 24-h su-
pernatants 2.1±0.7 mU/106 cells, P < 0.005). This effect was
abolished by heat treatment of glomerular supernatant (heated
4-h supernatants, 0.36±0.05 mU/106 cells, heated 24-h super-
natants, 0.36±0.07 mU/106 cells). Supernatants from macro-
phage-depleted nephritic glomeruli failed to stimulate the
PCA of bovine endothelial cells (0.29±0.13 mU/106 cells)
(Table V).

Discussion

Fibrin is an important mediator of glomerular injury, asso-
ciated with loss of renal function and crescent formation in
GN. Macrophage-dependent glomerular fibrin deposition and
PCAaugmentation have previously been demonstrated in pas-
sively induced anti-GBM GNin rabbits (5). The clinical rele-
vance of these observations has been highlighted recently by
studies demonstrating markedly augmented levels of tissue
factor in glomeruli from patients with fibrin- and macro-
phage-associated GN(10). Local (intraglomerular) augmenta-
tion of macrophage PCA and/or augmentation of intrinsic
glomerular cell PCAby macrophage cytokines provide poten-
tial mechanisms for augmentation of glomerular PCAand ini-
tiation of intraglomerular fibrin deposition by macrophages.

Studies were performed to explore these two potential
mechanisms. Macrophages were isolated from glomeruli of
rabbits developing anti-GBM GNand their PCAexpression
was measured. Further, the ability of soluble products from
isolated nephritic glomeruli to stimulate PCA expression by
endothelial cells and normal and macrophage-depleted
nephritic glomeruli in vitro was assessed. The results demon-
strate that glomerular macrophages express augmented levels
of PCAcompared with circulating monocytes or other tissue
macrophages from these nephritic rabbits. PCA levels were
increased between 2- and 50-fold compared with blood mono-
cytes. The presence of large numbers of macrophages in
nephritic glomeruli indicates the possibility that these cells
may make a substantial contribution to total glomerular PCA.

They also demonstrate the capacity of soluble factors in super-
natants from nephritic glomeruli to augment the PCAof endo-
thelial cells. Although this suggests the potential for these su-
pernatants to augment the PCAof intrinsic glomerular cells,
they produced no measurable effect on glomerular PCA in
vitro.

Increased PCAwith the functional characteristics of tissue
factor has been previously demonstrated in glomeruli of ani-
mals developing both immune complex-induced GNand
anti-GBM GN(8, 9, 1 1). Similar findings have been reported
in human GN(10). The PCA of isolated glomerular macro-
phages in this study was also characterized as tissue factor, by
its dependence on coagulation Factors VII and V, indepen-
dence of Factors XII and VIII, inhibition by con A and phos-
pholipase C, and its presence largely on the cell surface mem-
brane. The PCAof glomerular macrophages thus contributes
to the augmented glomerular PCApreviously observed in this
model (8).

Blood monocyte PCAmaybe induced by immunoglobulin
and immune complexes (23), complement components (24),
and T lymphocytes (25), as well as other stimuli (26, 27). FCS
has been shown to augment macrophage PCAat low concen-
trations (1%) but not at higher concentrations (> 10%), such as
those used in these studies (28). Deposition of both immuno-
globulin and complement is prominent in this model of GN
and may stimulate macrophage PCA expression. T cell and
lymphokine participation has previously been demonstrated
in anti-GBM GNin rats (29, 30), and recently in a nephro-
toxic model of crescentic nephritis in rabbits (31). The poten-
tial role of glomerular T cells to augment macrophage PCA
and glomerular fibrin deposition requires further investiga-
tion.

The expression of PCA by glomerular macrophages ap-
peared to decline with increasing time in culture. Blood mono-
cytes and alveolar macrophages did not show a similar-decline.
Further experiments demonstrated that glomerular macro-
phages collected after 1 h did not decrease their PCAexpres-
sion when cultured for further periods. This suggests that these
cells do not rapidly shed or internalize this surface membrane
procoagulant under these culture conditions. The decline in
the average PCAcontent of glomerular macrophages therefore
probably represents heterogeneity in PCAexpression, the mac-
rophages collected after short culture periods expressing much
higher PCA per cell. Heterogeneity of PCA expression has
previously been demonstrated amongst alveolar macrophages
(32). There is also some preliminary evidence to suggest heter-
ogeneity of glomerular macrophages with regard to their sur-
face membrane activation markers in rabbits developing cres-
centic GN(33).

The potential for cytokines released from glomerular mac-
rophages to augment glomerular PCAhas been suggested by
previous studies showing that purified IL 1 (22) and tumor
necrosis factor a (TNFa) (34) are capable of stimulating PCA
expression by cultured endothelial cells. IL 1 and TNFa
bioactivity have been demonstrated in supernatants of cul-
tured glomeruli of rabbits developing crescentic GN(35). Mes-
angial cells and macrophages have the potential to synthesize
IL 1 (36, 37). In these studies, supernatants from nephritic
glomeruli were shown to contain IL 1 bioactivity. The capacity
of these supernatants to stimulate endothelial cell PCA ex-
pression was also demonstrated. This stimulating activity was
heat labile and therefore not due to endotoxin. IL 1, TNFa, or
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the combination of these cytokines may contribute to this
PCA-stimulating capacity. These results establish the potential
for soluble factors from nephritic glomeruli to increase endo-
thelial cell PCA expression. Since the augmented glomerular
PCA in this model is dependent on macrophage infiltration
(5), glomerular macrophages are the likely source of any PCA
stimulating cytokines.

These studies provide evidence for each of the two poten-
tial mechanisms (direct macrophage expression of PCA and
release of PCA-stimulating cytokines from macrophages) to
contribute to the augmentation of glomerular PCA. Evidence
for the direct contribution of macrophage PCAis provided by
the demonstration of the vastly augmented PCAof glomerular
macrophages isolated from nephritic glomeruli. Evidence for
stimulation of glomeruliar intrinsic cell PCAby macrophage
cytokines is less conclusive. The capacity of supernatants from
nephritic glomeruli to increase the PCAof isolated endothelial
cells has been demonstrated; thus, the potential for this mecha-
nism clearly exists. However, these supernatants did not cause
any measurable increase in the PCA of glomeruli in vitro.
Inability to reproduce in vivo monokine concentrations and
cellular interactions in these in vitro experiments may have
accounted for the lack of stimulation of glomerular PCA. Fur-
ther studies are necessary to determine the relative contribu-
tions of these two mechanisms to the augmented glomerular
PCAin this model of anti-GBM GN.

In conclusion, these studies demonstrate that glomerular
macrophages collected from rabbits developing a fibrin-de-
pendent model of GNexpress augmented levels of PCAcom-
pared with other tissue macrophages and blood monocytes.
This' expression of PCA indicates that these macrophages are
activated within the glomerulus and suggests a potential mech-
anism by which macrophages may induce intraglomerular fi-
brin deposition in this model of GN. The variable PCA ex-
pressed by glomerular macrophages collected at different times
provides evidence of macrophage heterogeneity in this disease.
Further, supernatants from nephritic glomeruli were shown to
contain IL 1 bioactivity, and to stimulate endothelial cell PCA
expression, suggesting the potential for macrophage-derived
cytokines to stimulate PCAexpression by intrinsic glomerular
cells.
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