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Abstract

The synthesis, cell origin, and physiologic role of eicosanoids
were investigated in a model of mesangial cell immune injury
induced by a monoclonal antibody against the rat thymocyte
antigen Thy 1.1 also expressed in rat mesanial cells. A single
intravenous injection of the antibody resulted in enhanced glo-
merular synthesis ofthromboxane (Tx)B2, leukotriene (LT)B4,
and 12-hydroxyeicosatetraenoic acid (HETE), whereas that of
PGE2 and PGF2a was either unaltered or impaired. The en-
hanced eicosanoid synthesis was associated with decrements in
glomerular filtration rate (GFR) and renal blood flow (RBF).
Complement activation mediated both the increments in TxB2,
LTB4, and 12-HETE and the decrements in GFR and RBF.
The decrements in GFR were abolished by the TxA2 receptor
antagonist SQ-29,548. Although both neutrophiles and Ia (+)
leukocytes infiltrated glomeruli, glomerular LTB4 originated
mainly from the latter. Platelets entirely accounted for the en-
hanced 12-HETE synthesis in isolated glomeruli and to a lesser
extent for that of LTB4 and TxB2. Glomerular PGE2 and
PGF2a originated from mesangial cells as their impaired syn-
thesis coincided with extensive mesangial cell lysis. The obser-
vations indicate that in mesangial cell immune injury vasoactive
and proinflammatory eicosanoids originate from recruited or
activated Ia (+) leukocytes and platelets and may exert para-
crine effects on mesangial cells. (J. Clin. Invest. 1991. 88:623-
631.) Key words: mesangial cell - nephritis - eicosanoids * leu-
kocytes - platelets

Introduction

The Thy-1 gene is a member of the immunoglobulin "super
family" of genes and is expressed in a number of different cell
types (1). The expression product is a 17-kD cell surface anti-
genic glycoprotein (the Thy-l antigen) that is expressed in thy-
mocytes, young lymphocytes, and their precursor hematopoi-
etic stem cells, in fibroblasts and in neurons ofthe central ner-
vous system (1). Rat glomerular mesangial cells have also been
shown to express the Thy-1.l antigen (2). In Thy-1-bearing
cells this antigen is anchored to the acyl chains of membrane
phosphatidylinositol and can be cleaved by a phosphatidylino-
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sitol-specific phospholipase C (3). A monoclonal antibody
(ER4, IgG2A), raised against the rat thymocyte antigenic deter-
minant Thy 1.1, binds to rat glomerular mesangial cells and
induces a complement-dependent injury resulting in mesangial
cell lysis, followed by a mesangioproliferative phase (4). This
model of glomerular immune injury can, therefore, be re-
garded as the experimental equivalent ofnephropathies involv-
ing primarily the glomerular mesangium, and provides the op-
portunity to investigate the biology ofmesangial cell injury as it
relates to synthesis of proinflammatory mediators and renal
hemodynamic perturbations. We, therefore, investigated the
biosynthesis, cell origin, and role of vasoactive and proinflam-
matory arachidonate cyclooxygenation and lipoxygenation
products.

Methods

Induction ofmesangial cell immune injury. Mesangial cell injury was
induced by a single intravenous administration ofthe mouse monoclo-
nal antibody (ER&) raised against the rat thymocyte antigenic determi-
nant Thy 1.1 and generously provided by Dr. W. Bagchus, Department
of Pathology, University of Groningen, The Netherlands. This anti-
body (molecular weight 25 kD) binds to thymocytes, bone marrow
cells, peripheral blood lymphocytes, and to mesangial cells, and also
demonstrates complement binding capacity (4). Male Munich-Wistar
rats (165-290 g body wt) were employed and, in most experiments, two
antibody doses were employed: a 2.5 and a 6 mg/kg body wt. Both
doses induced proteinuria (urine protein excretion: 207±9 mg/24 h)
and glomerulonephritis. The 6-mg/kg dose also induced decrements in
glomerular filtration rate and renal blood flow (see below). Glomerular
and mesangial cell lesions were assessed in cortical sections by routine
methods of light and immunofluorescence microscopy. Light micros-
copy assessed changes in glomerular and mesangial cell morphology in
4-5-M cortical sections stained with the Hematoxylin-Eosin and Peri-
odic acid Schiffstains as well as the presence ofblood-borne leukocytes
in sections stained with the Giemsa stain. Immunofluorescence micros-
copy (direct) was performed in 7-8-A cortical sections and assessed
deposition and distribution of the ER4 antibody using FITC-labeled
goat anti-mouse IgG and of rat complement component C3 using
FITC-labeled goat anti-rat C3. The presence of Ia (+) cells was also
assessed by direct immunofluorescence using an FITC-labeled mouse
monoclonal antibody against the rat monocyte/macrophageladetermi-
nant (Sera-Lab, Sussex, England). The presence of Ia (+) and blood-
borne leukocytes (neutrophils) was expressed as number of cells per
glomerulus (mean±SEM, n = 20 glomeruli).

Biochemistry studies. These studies were performed at two early
points (1 and 2 h) and at two late points (day 4 and day 14) after ER4
antibody administration. At these time points, animals were nephrec-
tomized and the kidneys were placed in RPMI-1640 at 4°C. Glomeruli
were isolated by differential sieving, suspended in 2 ml ofRPMI-1640,
and incubated under constant stirring at 37°C for 30 min. At the end of
this incubation period, an aliquot of the medium (100-200 ul) was
sampled and assayed directly for PGE2, PGF2a, and TxB2 using spe-
cific RIA for these eicosanoids as previously described (5). In the re-
maining glomerular suspension, the phospholipase A2 activator A23187
was added (final concentration 2 MM) in order to assess synthesis ofthe
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arachidonate lipoxygenation products 12-hydroxyeicosatetraenoic
acid (HETE)' and leukotriene (LT)B4. A second incubation in the pres-
ence ofA23187 was performed at 370C for 45 min and was terminated by
the addition of 2 vol of acidified absolute ethanol. After prolonged
agitation at 40C, the ethanolic mixture of the glomerular suspensions
was centrifuged in order to separate glomeruli and precipitated pro-
teins. The supernatant was dried under vacuum, suspended in 1 ml
of methanol:water:acetic acid (64:34:2 vol/vol/vol), and injected in
a gradient HPLC system in order to separate and isolate HETE and
leukotrienes, as previously described (6). HPLC-isolated 12-HETE and
LTB4 were subsequently measured using specific RIAs as previously
described (6). The glomerular pellet was solubilized in 0.1 N sodium
hydroxide and used for protein determination by a colorimetric
method. Results were expressed in nanograms of eicosanoid/mg
glomerular protein. Sensitivities and cross-reactivities of the RIAs
employed for the above eicosanoids were previously assessed and re-
ported (6). The antiserum for PGE2 was purchased from the Institute
Pasteur (Paris, France). The antiserum for thromboxane (Tx)B2 was a
gift from Dr. W. Campbell (University ofTexas Southwestern Medical
School, Dallas, TX). The antiserum for PGF2a was a gift from Dr. A.
Hassid (New York Medical College, Valhalla, NY). The antiserum for
LTB4 was generously provided by Dr. A. Ford-Hutchinson (Merck-
Frosst/Canada, Dorval, Quebec, Canada). The antibody for 12-HETE
was generously provided by Dr. L. Levine (Brandeis University, Wal-
tham, MA).

Physiology studies. These studies assessed the effect of intravenous
ER4 antibody administration on changes in glomerular filtration rate
(GFR) and renal blood flow (RBF). Animals were anesthetized with
intraperitoneal thiobutabarbitol (Inactin; Byk, Gulden Konstanz,
FRG), 12-15 mg/100 g body wt, and maintained at 37°C by warming
on a constant temperature table. After tracheostomy, a catheter was
placed in the right jugular vein for infusion of 2% albumin in 0.9%
sodium chloride at a rate of20 ml/kg per h throughout the experiment.
Tritiated inulin, 0.5 ,Ci/ml, was added to the infusion solution for
measurement of GFR. The right femoral artery was cannulated for
measurement of systemic blood pressure via a transducer connected to
a digital pressure monitor and for collection of blood samples. Cath-
eters were inserted into the right and left ureters for urine collection. A
flow probe (1.5-2.0 mm) was placed around the left renal artery and
RBF was measured using an electromagnetic flow meter (model 501;
Carolina Instruments, King, NC). After completion of surgery and a
60-min stabilization period, two baseline clearance periods (15 min
each) were obtained. Animals subsequently received a single intrave-
nous injection of ER4 antibody (6 mg/kg) or mouse IgG (controls, 6
mg/kg) and urine and plasma samples were collected for determination
ofGFR at 1 h after administration of ER4.

In a second group of animals, GFR and RBF were assessed after
decomplementation in order to determine the role of complement in
mediating the ER4 antibody-induced changes in these parameters. De-
complementation was achieved by the intraperitoneal injection of co-
bra venom factor (CVF; Cordis, Miami, FL) purified by ion exchange
and gel filtration chromatography (7). 100 U per 100 g body wt was
administered in four divided doses over the 24-h period preceeding
measurements ofGFR and RBF. Animals were subsequently instru-
mented and GFR and RBF were measured as described above. Upon
completion of these measurements rats were nephrectomized and glo-
meruli were isolated for assessment ofeicosanoid synthesis as described
above. Systemic decomplementation was assessed by a modified hemo-
lytic assay, performed in serum samples obtained from the tail vein at
baseline and before initiation ofthe physiologic studies. To perform the
assay, sensitized sheep red blood cells, 1 X I09 cells/ml, were incubated
with varying dilutions of serum samples at 37°C for 1 h and subse-

1. Abbreviations used in this paper: CVF, cobra venom factor, GFR,
glomerular filtration rate; GBM, glomerular basement membrane;
HETE, hydroxyeicosatetraenoic acid; LT, leukotriene; PG, prostaglan-
din; RBF, renal blood flow; Tx, thromboxane.

quently centrifuged for 10 min. Absorbance (spectrophotometry) was
measured at A = 540 nm. Decomplementation was considered com-
plete when absorbance readings from CVF-treated animals were less
than 5% baseline samples. Decomplementation was also confirmed by
the absence of immunofluorescence staining for glomerular C3 de-
posits.

In a third group of animals, the ER4 antibody was given after pre-
treatment with the TxA2 receptor antagonist SQ-29,548 ([lS-[la,2#
(5Z), 3#, 4a]]-7- [-3-[[2-[(phenylamino) carbonyl] hydrazino] methyl]-
7-oxabicyclo [2.2.1] hept-2-yl]-5-heptenoic acid; Squibb Institute for
Medical Research, Princeton, NJ). This compound was given as an
intravenous bolus of 2 mg/kg, followed by a constant infusion of 2
mg/kg per h for 20 min before the administration of ER4 antibody (6
mg/kg). GFR and RBF were determined before the infusion of SQ-
29,548, before ER4 antibody, and at 1 h after infusion of ER4. Upon
completion ofthese measurements, glomeruli were isolated for analysis
and quantification of eicosanoids as described above.

Leukocyte and platelet depletion studies. Glomerular Ia (+) leuko-
cytes were depleted by the use ofa whole animal x irradiation protocol
as previously described (8). Specifically, animals were subjected to 250
KVp orthovoltage x rays with a halfvalue of 1 mm Cu at a dose rate of
133 rad/min for a total dose of 900-1,100 rad, using parallel opposed
fields. Kidneys were shielded with 6-mm thick lead blocks that covered
the kidneys within 5 mm margins. Positioning of the blocks was veri-
fied with diagnostic x rays done simultaneously with treatment (port
fields). Dosimetry was done in a plexiglass phantom using a Farmer-
type ionization chamber. The effect of x irradiation was assessed on
peripheral leukocyte counts determined by an automated hematology
analyzer (Coulter Electronics, Hialeah, FL) before administration of
ER4 and on glomerular Ia (+) cells, neutrophil counts, and LTB4 syn-
thesis at 2 h after ER4. These studies employed three groups ofrats that
were studied at 24, 72, and 96 h after the x irradiation dose.

To deplete animals of circulating platelets, a rabbit anti-rat throm-
bocyte immune serum was employed (Accurate Co., Westbury, NY). A
single intraperitoneal injection of 1.5 ml of this serum resulted in
marked and selective systemic platelet depletion within 18-24 h and
was associated with prolongation in the bleeding time. After platelet
depletion was confirmed in each animal by an automated hematology
analyzer (Coulter Electronics), ER4 antibody (2.5 mg/kg) was injected
and glomeruli were isolated 2 h later for determination of eicosanoid
synthesis as described above.

In vitro eicosanoid synthesis. To assess whether binding ofanti-Thy
1 antibody in the glomerular mesangium in vitro induces eicosanoid
synthesis, glomeruli isolated from normal animals were subjected to
mild enzymatic permeabilization in Hank's balanced salt solution con-
taining 1% Hepes, collagenase Type 11, 50 U/ml (Sigma Chemical Co.,
St. Louis, MO), and DNAse 0.01% (Sigma Chemical Co.). After wash-
ing off the permeabilization solution, glomeruli were incubated with
ER4 antibody (2 mg/ml; n = 4) or mouse IgG (2 mg/ml; n = 4) in the
presence of 10% rat serum or plasma as a source ofcomplement. Incu-
bations were performed at 37°C for 45 min in a manner similar to that
employed in glomeruli isolated from animals that had received ER4
injections. Binding of ER4 antibody and of rat complement C3 to the
glomerular mesangium was documented by immunofluorescence mi-
croscopy in an aliquot ofglomeruli at the end ofthe incubations. Glo-
merular incubations were terminated by the addition of 2 vol of abso-
lute ethanol, and extracts were processed for isolation and quantifica-
tion of LTB4 and 12-HETE using HPLC and RIA as described above.

EXPERIMENTAL GROUPS
1. Time course studies. Animals receiving 2.5 mg/kg of antibody ER4
and killed at 1 h (n = 6), 2 h (n = 10), 4 d (n = 4), and 14 d (n = 4) after
antibody administration. Parallel controls receiving mouse IgG and
studied at 1 h (n = 5), 2 h (n = 10), 4 d (n = 8), and 14 d (n = 4).

2. Physiology studies. (a) Animals receiving ER4 antibody 6 mg/kg
(n = 8) or nonimmune mouse IgG (controls, n = 6) and studied at 1 h.
(b) Decomplemented animals receiving ER4 antibody 6 mg/kg (n = 8)
and decomplemented controls receiving nonimmune mouse IgG (n
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= 6) and studied at 1 h. (c) Animals pretreated with the TxA2 receptor
antagonist SQ-29,548, subsequently given ER4 antibody 6 mg/kg (n
= 6) and studied at 1 h.

3. Studies in x irradiated animals. These were performed at 24 h (n
= 6), at 72 h (n = 6), or at 96 h (n = 6) after x irradiation. At these time
points animals received ER4 antibody (2.5 mg/kg) and glomerular eico-
sanoid synthesis was assessed 2 h later.

4. Platelet depletion studies. Animals received a single injection of
anti-thrombocyte serum 18-24 h before ER4 antibody (2.5 mg/kg; n
= 6). Glomerular eicosanoid synthesis was assessed at 2 h after injec-
tion of ER4.

Statistical analyses employed the two-way analysis of variance for
repeated measurements followed by a Duncan multiple range test and
the Student's t test for unpaired observations, as dictated by the experi-
mental designs. Results were expressed as mean±SEM.

Results

Effects of ER4 on glomerular histopathology. Fig. 1 demon-
strates glomerular deposition of the monoclonal antibody ER4
at 1 h (Fig. 1 A) and 14 d (Fig. 1 B) after a single intravenous
injection. The antibody initially localized in the glomerular
mesangium (Fig. 1 A). It subsequently redistributed towards
peripheral glomerular capillary loops (Fig. 1 B). Fig. 2 demon-
strates the presence of glomerular Ta (+) cells in a control glo-
merulus (Fig. 1 A), at 2 h (Fig. 2 B), and on day 14 (Fig. 2 C)
after a single intravenous injection of the ER4 antibody. There
was an increase in Ta (+) cells throughout the glomerulus at 2 h
and a sustained increment in these cells on day 14, at which
point their location was peripheral. Fig. 3 demonstrates the
changes in glomerular cellularity at various time points after
ER4 antibody administration. Increased cellularity was noted
at 1 to 2 h (Fig. 3 B) compared with control (Fig. 3 A). On day 4
(Fig. 3 C), glomerular hypocellularity with marked absence of
mesangial cells was apparent. On day 14 (Fig. 3 D), glomerular
cellularity recovered and there was also an increase in mesan-
gial matrix.

Effects ofER4 on glomerular eicosanoid synthesis: correla-
tion with leukocyte infiltration. In Fig. 4 the changes in glomer-
ular synthesis of TxB2, PGE2, and PGF2a compared with
pooled synchronous controls are shown at the various time
points after a single intravenous administration of ER4 anti-
body (2.5 mg/kg). There was a progressive and sustained incre-
ment in TxB2 that spanned all time points ofstudy. In contrast,
the synthesis of PGE2 and PGF2a progressively declined and
reached a nadir on day 4. The synthesis of these two eicosan-
oids subsequently recovered (day 14) to control levels.

In Fig. 5 the glomerular synthetic profiles ofLTB4 and 12-
HETE, at the various time points after a single intravenous
injection of ER4 (2.5 mg/kg), are shown in parallel with LTB4
and 12-HETE values obtained in synchronous controls. The
synthesis of 12-HETE in animals receiving ER4 was signifi-
cantly enhanced at 2 h after antibody administration and re-
mained increased at statistically significant levels at all subse-
quent time points compared with synchronous controls. In
contrast to 12-HETE, significant increments in glomerular
LTB4 synthesis occurred earlier (1 h) but spanned a shorter
period of time and returned toward control levels on day 4.
LTB4 synthesis remained significantly higher than synchro-
nous controls on day 4 (0.51+0.10 vs. 0.24±0.04; P< 0.05) and
was no different than controls on day 14. Fig. 6 demonstrates
changes in glomerular Ta (+) and neutrophil cell counts.

Figure 1. Immunofluorescence microscopy employing FITC-labeled
goat anti-mouse IgG demonstrating glomerular ER4 antibody depo-
sition after a single intravenous dose. The antibody deposits in the
mesangium at 1 h (A), with subsequent localization toward peripheral
glomerular capillary loops on day 14 (B).

Counts of both cell types were significantly higher at all time
points compared with synchronous controls. Whereas the in-
crements in glomerular 12-HETE and LTB4 were temporarily
associated with the increments in glomerular Ta (+) and neutro-
phil cell counts at 1 and 2 h after administration ofER4 (Figs. 5
and 6), at later time points (days 4 and 14), LTB4 values re-
turned toward control levels (Fig. 5) despite a sustained in-
crease in glomerular Ta (+) cell and neutrophil counts (Fig. 6).
12-HETE synthesis remained significantly increased at all time
points.
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Figure 2. Immunofluorescence localization of glomerular Ia (+) cells in a control glomerulus (A), at 2 h (B), and on day 14 (C) after ER4 ad-
ministration.

Effects ofx irradiation and ofplatelet depletion on glomeru-
lar eicosanoid synthesis. Table I demonstrates the correlation
between glomerular LTB4 synthesis and glomerular neutrophil
and Ia (+) cell counts determined 2 h post-ER4 and peripheral
leukocyte counts assessed before ER4 administration in the
three groups of animals studied at 24, 72, and 96 h after x
irradiation dose. Peripheral leukopenia and a relative reduc-
tion in glomerular neutrophils after x irradiation were present
in all groups. Post-ER4 glomerular LTB4 synthesis was signifi-

cantly reduced only in glomerular preparations isolated from
animals studied 96 h after x irradiation. In this group glomeru-
lar Ia (+) cell counts were also abolished. In the groups studied
24 and 72 h post-x irradiation, although marked peripheral
leukopenia and glomerular reduction ofneutrophils were pres-
ent, glomerular LTB4 synthesis measured 2 h post-ER4 was not
different compared with levels obtained in glomeruli isolated
from nonirradiated rats studied 2 h afterER4 antibody adminis-
tration (Table I).
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Figure 3. Light microscopy dem-
onstrating changes in glomerular
cellularity after a single adminis-
tration of ER4 antibody. (A) Con-
trol glomerulus; (B) 2 h post-ER&;
(C) day 4, post-ER4; (D) day 14,
post-ER4.
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20- Figure 4. Effects of ER4
administration (2.5 mg/
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synthetic profiles of
these three eicosanoids most notable on day 4. *P < 0.05, TxB2 com-
pared with pooled controls. tP < 0.05, PGE2 and PGFu compared
with pooled controls.

The effect of platelet depletion and of x irradiation on glo-
merular TxB2, 12-HETE, and LTB4 synthesis assessed at 2 h
after administration ofER4 (2.5 mg/kg) is shown in Fig. 7. The
ER4-induced increments in glomerular 12-HETE synthesis
were abolished in the platelet-depleted group compared with
the group that received ER4 antibody alone (Fig. 7). In this
group, glomerular TxB2 and LTB4 synthesis were also signifi-
cantly reduced; however, they remained significantly higher
compared with control values. In the x irradiated group (96 h
postirradiation), glomerular TxB2 and 12-HETE synthesis
were not significantly different compared with the group that
received ER4 antibody alone. In contrast, LTB4 synthesis was
significantly reduced.

The antiplatelet antibody employed markedly reduced cir-
culating platelet counts (from 929±37 to 8.3±2.1 x 103 per gl;
n = 6) and had an insignificant effect on circulating leukocyte
counts (from 10.9±0.8 x 103 to 8.6±1.3 x 103 pergl; n = 6)
assessed at 18 h after a single intraperitoneal injection of the
antibody. X irradiation had no effect on circulating platelet
counts assessed at 96 h (940±15 X I03/#d) or on serum comple-
ment assessed by hemolytic assay at the same time point (he-
molysis ofsensitized sheep RBCs measured spectrophotometri-
cally as hemoglobin absorbance units: base line = 0.700±0.005
vs. post-x irradiation = 0.727±0.024).

In vitro effect of ER4 antibody on glomerular eicosanoid
synthesis. Fig. 8 demonstrates binding ofER4 antibody (Fig. 8
A) and of rat C3 (Fig. 8 B) in isolated enzymatically permeabi-
lized glomeruli incubated with the monoclonal antibody ER4
(2 mg/ml) in the presence of 10% rat serum (source ofcomple-
ment). Fig. 8 C is a control glomerulus incubated with mouse

24- - 2410 Figure S. Effects of ER4
administration (2.5 mg/

2- 12-N20 0 kg) on glomerular LTB4
and 12-HETE synthesis

I

- - I compared with synchro-
12- \o= nous controls. Signifi-

cant increments in 12-
I 8-i\HETE synthesis oc-

curred at 2 h after ERilk . administration and were
sustained on days 4 and
14. Significant incre-

ments in LTB4 synthesis occurred at 1, 2 h, and 4 d and they were
no different than controls on day 14.

Figure 6. Changes in
glomerular Ia (+) cell
and neutrophil (PMN)
counts at I h, 2 h, 4 d,
and 14 d.The Ia(+)and
neutrophil cell counts

/ \ were significantly higher
_______ at all time points com-
r8-_! pared with synchronous

I how 2 Dayst4 Day 14 controls.

IgG and stained for rat C3. There was no change in glomerular
LTB4 synthesis in permeabilized glomeruli incubated with ER4
antibody compared with control glomeruli incubated with
mouse IgG (LTB4: 0.9±0.2 ng/mg glomerular protein in glo-
meruli incubated with ER4 and 1.7±0.2 ng/mg glomerular pro-
tein in glomeruli incubated with mouse IgG). Because the rat
serum used as a source of complement was found to contain
high levels of 12-HETE (866 ng/ml of serum containing me-
dium), two additional experiments using rat plasma as a com-
plement source were performed in order to assess changes in
glomerular 12-HETE synthesis in response to ER4 binding.
The levels of 12-HETE in rat plasma containing media were 47
ng/ml. In permeabilized glomeruli incubated with ER4 (2 ng/
ml) in the presence of 10% rat plasma 12-HETE synthesis was
206 ng/mg glomerular protein. In control glomeruli incubated
with mouse IgG 12-HETE synthesis was 260 ng/mg protein.

Effects ofER4 on GFR andRBF: role ofcomplement and of
Tx receptor antagonism. Fig. 9 demonstrates the effect ofcom-
plement depletion and of thromboxane receptor antagonism
with SQ-29,548 on ER4 antibody-induced decrements in GFR
and RBF. The glomerular eicosanoid synthetic profiles corre-
sponding to the four groups ofanimals studied and determined
upon completion of the GFR and RBF measurements are
shown in Table II. In both the complement-depleted group and
the SQ-29,548-treated group the decrements in GFR and RBF
were ameliorated to levels not different from each other and
significantly higher than the group receiving ER4 alone. In the
SQ-29,548-pretreated rats, GFR and RBF values were no dif-
ferent compared with the decomplemented group of rats re-
ceiving mouse IgG (controls). In the decomplemented group
receiving ER4, the glomerular synthesis of TxB2, LTB4, and
12-HETE were significantly lower compared with the comple-
ment replete group receiving ER4 (Table II). In the SQ-29,548-
pretreated group the synthesis of these eicosanoids was no dif-
ferent than the group receiving ER4 alone.

Discussion

Enhanced eicosanoid synthesis in isolated glomeruli has been
demonstrated in various forms of experimental and clinical
glomerulopathies. Studies have focused on identifying the type
of eicosanoid(s) synthesized after initiation of immune injury
and their role in mediating vasoactive and proinflammatory
events occurring in the progression ofinjury. Increased synthe-
sis of both arachidonate cyclooxygenation and lipoxygenation
metabolites has been demonstrated (9). Of the former, in-
creased glomerular synthesis ofthromboxane has been consis-
tently shown in most forms of antibody-mediated renal injury
and has been implicated in effecting adverse hemodynamic
effects such as decrements in GFR and RBF (9). Ofthe arachi-
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Table L Effect ofX-Irradiation on Peripheral Leukocyte Counts (WBC) before ER4 Administration and on Glomerular Ia (+) Cell
and Neutrophil Counts and Glomerular LTB4 Levels, 2 h after ER4 Administration

WBC x 103/Ml Ia(+) cels/glomerular PMN/glomerular LTB4:ng/mg protein

Pre-ER4 2 h Post-ER4 2 h Post-ER4 2 h Post-ER4

No irradiation (n = 10) 10.45±0.4 7.3±2.1 5.0±0.7 13.7±2.7
24 h post-irradiation (n = 8) 2.20±0.7* 4.8±2.2 1.6±0.5* 12.9±0.1
72 h post-irradiation (n = 6) 1.90±0.4* 2.5±1.4* 1.4±0.4* 12.3±1.7
96 h post-irradiation (n = 6) 1.97±0.3* 0.8±0.6* 2.1±0.3* 4.6±0.3*

PMN, polymorphonuclear leukocyte. * P < 0.05 compared with no irradiation.

donate lipoxygenation metabolites, HETE and leukotrienes
have been best characterized (6, 10). Both vasoactive and
proinflammatory roles have been attributed to these metabo-
lites. Thus, antagonism ofthe LTD4 receptor prevents anti-glo-
merular basement membrane (GBM) antibody-mediated
acute decrements in GFR (11), and essential fatty acid-defi-
cient diets inhibit glomerular LTB4 synthesis and ameliorate
the hemodynamic and histopathological severity ofanti-GBM
glomerular injury (12).

The cell of origin of "glomerular" eicosanoids has been an
issue of debate. In antibody-mediated models of glomerular
immune injury, it seemed reasonable to assume that the in-
jured glomerular cell was a likely source of eicosanoids. This
was a particularly reasonable assumption in models employing
antibodies directed against antigens of specific glomerular cells
(i.e., antibodies against the FxlA antigen ofglomerular epithe-
lial cells) that, when cultured, were capable of eicosanoid syn-
thesis. This assumption was strengthened further when the role
of hematogenous cells capable of eicosanoid synthesis was as-
sessed in infiltrative models of glomerular immune injury.
Thus, in anti-GBM disease, an infiltrative form of experimen-
tal glomerulonephritis, it was demonstrated that platelets did
not contribute to the enhanced glomerular 12-HETE synthesis
(13) and, in the same disease model, neutrophil depletion only
partially contributed to the enhanced glomerular LTB4 synthe-
sis (6). Likewise, in a different model of infiltrative glomerulo-
nephritis, inducedby administration ofcationizedgamma glob-
ulin, enhanced glomerular LTB4 synthesis persisted in neutro-
penic rats (10). Several lines ofevidence, however, indicate that
cells other than those on which immunologic reactants (i.e.,
antibody and complement components) bind may account for
the enhanced eicosanoid synthesis observed in glomeruli iso-
lated after initiation of injury. (a) Isolated normal glomeruli

20 3000 Figure 7. Effect of

* platelet depletion and
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synthesize measurable amounts of LTB4 and 12-HETE when
incubated with the phospholipase A2 activator, A23187 (6), yet,
none of the glomerular cell populations in culture (epithelial,
mesangial, endothelial) express the arachidonate 5-lipoxygen-
ase gene (14, 15). (b) In glomerular epithelial cell injury me-
diated by anti-FxlA antibody, there is enhanced glomerular
LTB4 synthesis despite the fact that glomerular epithelial cells
in culture do not synthesize LTB4 and glomeruli do not show
infiltration by leukotriene-producing cells (i.e., leukocytes)
after anti-FxlA administration (16). (c) Diets deficient in es-
sential fatty acids, or bone marrow depletion using whole ani-
mal x irradiation, abolish glomerular LTB4 synthesis, and this
event was convincingly correlated with depletion ofglomerular
Ia-bearing monocytes (17), an observation that points to this
cell type as a likely source ofarachidonate lipoxygenation prod-
ucts in glomeruli.

On the basis of these controversial observations, we rea-
soned that because the eicosanoid synthetic profile of mesan-
gial cells is well characterized (18) and the role of mesangial
cells in regulating glomerular filtration emphasized (19), the
model of anti-Thy 1 antibody-induced mesangial cell injury is
most suitable to study origin and physiologic role of eicosan-
oids. The demonstration that the Thy- I antigen is specifically
linked to membrane phosphatidylinositol in Thy-l-bearing
cells (3), lends further suitability to this model of immune in-
jury for study of the origin and role of eicosanoids.

Our observations indicate that in mesangial cell immune
injury induced by the monoclonal anti-Thy 1 antibody ER4,
cells other than the injured mesangial account for the enhanced
glomerular eicosanoid synthesis. Moreover, different cells ac-
count for the synthesis of different eicosanoids. This is best
illustrated in Fig. 4, where the dichotomy in the synthesis ofthe
three arachidonate cyclooxygenation products, PGE2, PGF2a,
and TxB2 is shown. This dichotomy is most apparent on day 4,
when TxB2 synthesis was at a maximum, while that of PGE2
and PGF2a was at a minimum and at levels lower than con-
trols. As the nadir in PGE2 and PGE2a synthesis (Fig. 4) corre-
lated with glomerular hypocellularity and mesangial cell deple-
tion (Fig. 3 C), we propose that the origin ofthese two eicosan-
oids is the mesangial cell. This contention is supported by the
well established profile of eicosanoids in cultured mesangial
cells that includes primarily PGE2 and PGF2a (18). The recov-
ery in PGE2 and PGF2a synthesis on day 14 after administra-
tion of ER4 (Fig. 4) could be due to a mesangioproliferative
phase (Fig. 3 D), which follows the mesangiolytic phase as previ-
ously described in this model (4, 20).

That the Ia (+) leukocyte is a likely source of glomerular
LTB4 is supported by the following two observations: (a) In x
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Figure 8. Binding of the ER4 antibody (A) and rat C3 (B) in isolated enzymatically permeabilized normal glomeruli. C is a control glomerulus
stained for C3.

irradiated animals, enhanced glomerular LTB4 synthesis deter-
mined 2 h post-ER4 continued in a manner independent of
peripheral leukocyte counts and of glomerular neutrophil
counts (Table I). It was abolished only in animals studied 96 h
after x irradiation, when glomerular Ia (+) cell counts were also
abolished (Table I); (b) binding of ER4 in permeabilized glo-
meruli (Fig. 8) originating from normal animals and in the
presence of rat serum did not result in enhanced LTB4 or 12-
HETE synthesis. Cell types possessing the Ia antigen that could
account for the enhanced glomerular LTB4 synthesis include:
elicited monocyte-macrophages, activated lymphocytes, acti-
vated glomerular endothelial cells, and the mesangial cell itself
(21). As there is no evidence that lymphocytes synthesize 5-
HETE or LTB4 (22), or that glomerular epithelial, endothelial,
or mesangial cells express the 5-lipoxygenase gene ( 14), we pro-
pose that the Ia (+) monocyte-macrophage is the likely source
ofLTB4. Our observations do not entirely rule out the neutro-
phil as a potential source of LTB4. As shown in Figs. 5 and 6,
the increments in glomerular LTB4 at 1 and 2 h coincided with
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increments in both glomerular la (+) and neutrophil counts.
However, on days 4 and 14 after ER4, LTB4 synthesis returned
toward control levels despite significant glomerular infiltration
by neutrophils (Fig. 6). Moreover, in x irradiated leukopenic
animals, glomerular depletion of neutrophils did not result in
decreased glomerular LTB4 synthesis after ER4 (Table I). These
observations indicate that the infiltrating neutrophil does not
entirely account for the enhanced glomerular LTB4 synthesis
after administration of ER4. The reason for the discrepancy
between glomerular Ta (+) and neutrophil cell counts and LTB4
levels on days 4 and 14 (Figs. 5 and 6) is not clear. Specifically,
it is not clear why LTB4 synthesis returned toward control lev-
els despite the sustained increase in glomerular Ia (+) and neu-
trophil counts. A similar phenomenon was previously de-
scribed in anti-GBM antibody-induced injury, an infiltrative
type ofglomerular immune injury, in which the enhancement
in glomerular LTB4 synthesis was again short lived and did not
correlate with glomerular neutrophil infiltration (6).

The enhanced glomerular LTB4 synthesis was complement
dependent (Table II) and this might be accounted for by the
effect of complement activation and anaphylatoxin release on
glomerular leukocyte infiltration. In addition, it is possible that
binding of anaphylatoxin (CSa), generated after intraglomeru-
lar complement activation, on Ia-bearing macrophages results
in enhanced LTB4 synthesis either directly or via a mechanism
involving IL-1. Specific receptors for C5a have been demon-
strated on murine Ia-bearing macrophages and binding ofC5a
on these receptors induces IL- I secretion (23). IL- 1, in turn, is a
known eicosanoid synthesis agonist.

Table II. Glomerular Eicosanoid Synthesis (ng/mg Glomerular
Protein) I h after ER4 or Mouse IgG Administration in Normal,
Decomplemented (CVF + ER), and Tx Receptor Antagonist
(SQ-29,548 +ER4)-pretreated Rats

Controls ER4 CVF + ER4 SQ-29,548 + ER4

n=6 n=8 n=8 n=6

TxB2 4.9±0.6* 11.4±1.0 7.4±1.1* 14.4±2.0
LTB4 0.7±0. 1 * 11.4±2.6 4.9±0.8* 11.1±3.0
12-HETE 46±12* 988±75 263±57* 1532±308

* P < 0.05 compared with ER4.
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The dependence ofglomerular LTB4 synthesis on platelets
is intriguing (Fig. 7), mainly because platelets do not synthesize
LTB4. Thus, this observation raises the possibility for a plate-
let/leukocyte interaction resulting in LTB4 synthesis. The plate-
let could generate an eicosanoid synthesis agonist (i.e., PDGF
or TGF-fl). It may provide arachidonate, which can subse-
quently undergo 5-lipoxygenation to LTB4 by 5-lipoxygenase-
containing leukocytes (24), or it may augment LTB4 produc-
tion by leukocytes through a mechanism involving generation
of 12-HPETE (25). In the latter case, however, one would ex-
pect the enhanced glomerular 12-HETE synthesis to preceed
that of LTB4, an event that was not noted in our time course
studies (Fig. 5), which demonstrate that the enhanced LTB4
synthesis preceeded that of 12-HETE. The complement system
may also play a role in mediating platelet recruitment and/or
activation, thereby promoting platelet-leukocyte interactions.
In mesangial cell injury induced by a polyclonal rabbit anti-rat
thymocyte antibody, it was demonstrated that complement de-
pletion using CVF reduced glomerular platelet infiltration (26).
As can be concluded from Fig. 7, platelets accounted for the
glomerular 12-HETE and TxB2 synthesis. Of these two eico-
sanoids, the effect on 12-HETE was the most striking. In con-
trast, TxB2 levels remained elevated compared with controls.
In contrast to platelet depletion, x irradiation, followed by a
96-h waiting period, had no effect on glomerular TxB2 or 12-
HETE synthesis (Fig. 7). As this x irradiation protocol depletes
glomeruli of Ia-bearing monocytes (reference 8 and Table I),
our observations indicate that this cell population does not
entirely account for the sustained increments in glomerular
TxB2 or 12-HETE synthesis after administration of ER4. This
contrasts with the observations of Stahl and co-workers, who
reported a monocyte dependence ofglomerular TxB2 synthesis
in a model of mesangial cell injury using rabbit polyclonal anti-
body against the rat thymocyte (27). This discrepancy could be
due to the different experimental approaches employed in
order to deplete monocytes, namely, immune monocytopenia
(27) versus x irradiation, which causes bone marrow depletion
and progressive glomerular Ia (+) cell depletion.

Our data indicate that the protective effect of complement
depletion on GFR and RBF was associated with decreased glo-
merular synthesis of TxB2, LTB4, and 12-HETE (Table II).
The protective effect of decomplementation can be accounted
for by the decrements in thromboxane synthesis, as pretreat-
ment with the TxA2 receptor antagonist SQ-29,548 amelior-
ated the ER4-induced decrements in GFR to an extent similar
to that noted in decomplemented animals (Fig. 9) and had no
effect on TxB2, LTB4, or 12-HETE synthesis (Table II). That
thromboxane mediates the acute decrements in GFR is also
supported by the recent observations of Stahl and co-workers,
who demonstrated that thromboxane synthase inhibition ame-
liorated the anti-thymocyte antibody-induced decrements in
GFR (27). Whether the enhanced synthesis of LTB4 or 12-
HETE have a vasoactive effect and contribute to the decre-
ments in GFR is speculative. A synergistic effect to thrombox-
ane is likely because 12-HETE has recently been shown to va-
soconstrict the rat vasculature (28) and essential fatty
acid-deficient diets inhibit glomerular LTB4 and ameliorate
decrements in GFR and RBF in glomerular immune injury
induced by anti-GBM antibody (12). The availability of spe-
cific 12-lipoxygenase or 5-lipoxygenase inhibitors should allow
definitive conclusions to be made on the role of 12-HETE and
LTB4 in mediating the decrements in GFR and RBF. More-

over, study of the effect of platelet depletion on renal hemody-
namic perturbations occurring in mesangial cell immune in-
jury would allow unravelling ofthe role of platelet-derived va-
soactive eicosanoids, such as Tx and 12-HETE.

In summary, we have demonstrated that the enhanced syn-
thesis ofeicosanoids in glomeruli isolated from rats with mesan-
gial cell immune injury originates from cells other than the
mesangial cell. The la (+) leukocyte is a likely source ofLTB4
by a mechanism involving interactions with the complement
system and the platelet. The stimulus for LTB4 synthesis, how-
ever, is short lived and the participation ofthe neutrophil can-
not be entirely ruled out. The platelet entirely accounts for the
enhanced 12-HETE and partially accounts for the enhanced
thromboxane synthesis. Complement activation mediates the
acute decrements in GFR and RBF after mesangial cell injury
via a mechanism involving enhanced eicosanoid synthesis and
specifically thromboxane.

Our observations are of significance in that they implicate
the platelet and the leukocyte as sources of proinflammatory
and vasoactive eicosanoids in mesangial cell immune injury.
Both cell types are capable ofsynthesizing and releasing potent
noneicosanoid proinflammatory factors that can mediate pro-
liferation (i.e., PDGF), matrix synthesis (i.e., TGF-#l), cytotox-
icity (i.e., TNF), and immunoregulation (interleukins). The
timed or sustained synthesis of specific eicosanoids by these
cells may, therefore, play an important role in regulating the
synthesis or release of these proinflammatory factors in an au-
tocrine or paracrine manner.
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