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Abstract

The possibility of Fc-dependent uptake of IgG immune com-
plexes was examined in subcultured rat mesanial cells free of
monocytes. "5Au-labeled colloidal gold particles were coated
either with BSA only or with BSA followed by rabbit anti-
BSA-IgG or the F(ab')2 fragment of the IgG. Mesangial cells
preferentially took up "5Au particles covered with BSA-anti-
BSA-IgG over those covered with BSA or the F(ab')2 frag-
ment. This uptake was a time-dependent and saturable process
inhibitable by sodium azide or cytochalasin B. Using phase-
contrast microscopy in the light reflectance mode, it was es-
tablished that essentially all mesangial cells took up IgG-
coated gold particles. By electron microscopy the process was
shown to consist of vesicular uptake with delivery to endo-
somes. Mesangial binding-uptake of the IgG-covered particles
was associated with stimulation of PGE2synthesis and produc-
tion of platelet-activating factor, a lipid mediator of inflamma-
tion. To characterize the potential Fc receptor for IgG we used
the rosetting technique with sheep red blood cells coated with
IgG subclass-specific mouse monoclonal antibodies. 50% of
mesangial cells exhibited resetting with red cells coated with
mouse IgG2a, whereas negligible rosetting was observed with
IgG2b or IgG1. Competition experiments confirmed the speci-
ficity of IgG2a binding. Weconclude that cultured rat mesan-
gial cells exhibit specific receptors for IgG and that occupancy
of Fc receptors results in endocytosis and is associated with
generation of PGE2 and platelet-activating factor. These ob-
servations may be of significance for immune-mediated glo-
merular diseases.

Introduction

Macromolecular uptake by mesangial cells was demonstrated
by Farquhar and Palade (1) in their initial studies identifying
the glomerular mesangial cell. They also established that va-
soactive agents and glomerular injury could alter the amount
of the macromolecules localizing to the mesangium (1). These
pioneering observations have since been confirmed in numer-
ous in vivo studies (2-5). The mesangium is only separated
from the glomerular capillary blood stream by a fenestrated,
leaky endothelium without an intervening basement mem-
brane (1, 2, 6). The mesangium is therefore constantly bathed
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by plasma, so that mesangial localization of macromolecules
could just represent exposure to the glomerular filtrate.
Clearly, however, immune complex formation and deposition
in the mesangium is observed in many forms of glomerulone-
phritis. This had led to the proposal that mesangial cells repre-
sent specialized vascular pericytes that may contribute to the
pathophysiology of certain forms of glomerular diseases (7, 8).
In this context it has been debated whether mesangial cells are
capable of actively taking up macromolecular complexes and
specifically immunoglobulins. One view is that only bone
marrow-derived macrophages that reside in the glomerulus
and represent a small percentage of glomerular cells are capa-
ble of phagocytosis of immune complexes (9). An argument in
favor of this interpretation has been the failure to demonstrate
Fc receptors for immunoglobulins on mesangial cells by use of
immunofluorescence microscopy (10). Although the glomeru-
lar resident macrophages may play a major role in the han-
dling of macromolecules and immune complexes, it has been
proposed that the mesangial cell proper may also have specific
uptake mechanisms for such molecules.

In vitro macromolecular uptake has been examined in cells
isolated from glomeruli (11) and in primary cultures of rat
mesangial cells. Baud et al. (12) first described uptake of
serum-treated zymosan particles by cultured mesangial cells.
Studies from several groups have shown that this is associated
with generation of prostaglandins, lipoxygenase products of
arachidonic acid, and release of reactive oxygen species
(12-14). Recently we demonstrated uptake of serum-coated
gold particles by cultured mesangial cells that proceeded in a
typical coated pit, coated vesicle, endosome, lysosome path-
way (15). Again, this was associated with stimulation of PGE2
synthesis by the mesangial cells. The stimulation of PGE2pro-
duction only required surface binding of the serum-coated
gold particles, and not the actual endocytosis, as demonstrated
by experiments with cytochalasin B (15). These observations
would indicate that a ligand in the serum coat of the particles
bound to a specific surface receptor triggering the subsequent
events. Wetherefore considered the possibility that one of the
ligands present on serum-coated gold particles might be an
IgG. This possibility also received support from simultaneous
studies by Sedor et al. (16) who showed stimulation of reactive
oxygen production by mesangial cells exposed to IgG immune
complexes. In these studies, surface binding was also sufficient
to trigger the cellular response. Using '25I-labeled IgG, these
authors further provided evidence that mesangial cells in cul-
ture express Fc receptors.

In the present study we examined Fc-dependent uptake of
[195Au] colloidal gold particles coated with IgG-BSA immune
complexes. In parallel, we determined generation of PGE2and
platelet-activating factor (PAF).' PAF is a lipid mediator of

1. Abbreviations used in this paper: KR, Krebs-Ringer (buffer); PAF,
platelet-activating factor.
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inflammation that can be generated by a number of white cells
upon stimulation (17, 18). It is of interest that macrophages
will generate PAFduring phagocytosis (1 9) and that mesangial
cells can produce PAF (20). In addition, we attempted to char-
acterize a potential Fc receptor by evaluating rosette formation
with sheep red blood cells (SRBC) coated with IgG subclass-
specific mouse monoclonal antibodies. Our results provide ev-
idence that cultured rat mesangial cells preferentially take up
IgG-coated ['9"Au] gold particles and contain IgG subclass-
specific receptors. Furthermore, uptake of the IgG immune
complexes is associated with generation of PGE2 and PAF,
findings that may be of significance for immune-mediated
glomerular diseases.

Methods

Culture of glomerular mesangial cells
The culture of rat mesangial cells was carried out as previously de-
scribed (20). After 3 wk in primary culture the mesangial cells were
detached from the flask by adding a 0.25% trypsin-EDTA solution
(Gibco, Grand Island, NY) and transferred to a plastic flask containing
5 ml of growth medium including RPMI 1640 (Gibco), 10% fetal calf
serum, penicillin (50 U/ml), and streptomycin sulfate (50 ug/ml)
(Gibco). Culture flasks were kept in a 95% air, 5%CO2environment at
370C. Within 7-10 d the mesangial cells grew to confluence. Subse-
quent subcultures were at 7-1 0-d intervals by the above method. Only
third- to fifth-passage cells were utilized for our experiments. The
mesangial cells used represent an apparently uniform cell population
as evaluated by the following criteria: (a) morphology, (b) uniform
fluorescence with FITC-phallacidin for F-actin, (c) uniformly positive
immunofluorescence with the monoclonal antibody Thy 1. 1, (d) pat-
tern of binding for specific lectins, (e) absence of immunofluorescence
with factor VIII antibody, with antibodies for Ia or commonrat leuco-
cyte antigen (21). For uptake and morphologic studies, mesangial cells
were seeded onto round, 13-mm diam sterile plastic tissue culture
coverslips (Miles Laboratories, Inc., Naperville, IL) kept in six-well
tissue culture plastic dishes (35 X 10 mm), (Vanguard International
Inc., Neptune, NJ). Cells were seeded at a density of 50,000 cells per
well. Cells were used after having reached confluence (usually 8-10 d).
For the various conditions in any given experiment, coverslips or indi-
vidual wells from the same plate were used. Within the aliquots of an
experimental series these varied by < 10%as evaluated by cell count or
determination of cellular protein.

Preparation of gold particles
Colloidal gold particles, ranging in diameter from 10 to 40 nm were
prepared by the method of Horisberger et al. (22), except that ['9"Au]
(783 mCi/mg; NewEngland Nuclear, Boston, MA) was included. The
['95Au] colloidal gold particles were then coated with BSAby incubat-
ing them in Krebs-Ringer's (KR) buffer with 20 mg/ml of fatty acid-
free BSA for 60 min with stirring at room temperature. The gold
particles were sedimented at 20,000 g for 10 min and washed three
times with KRbuffer. The gold particles were then resuspended in KR
and divided into three aliquots. The first one was left as such, i.e.,
['9Au] gold particles covered with BSA only. The second and third
aliquots were incubated for 2 h with either the F(ab')2 fragment of a
rabbit anti-BSA-IgG (150 ,g/ml); Cappel Laboratories, Cochranville,
PA), or intact rabbit anti-BSA-IgG (150 ,g/ml; Cappel Laboratories).
The three preparations of coated ['9Au] gold particles were again
sedimented at 20,000 g, washed three times with KRbuffer, and then
utilized for experiments. Comparability of the number of ['9"Au] gold
particles in the three different solutions were verified by determination
of radioactivity. The different preparations were labeled as BSA-gold,
F(ab')2-gold and IgG-gold, respectively.

In two experimental series, a standard curve for '"Au radioactivity
per IgG-gold particle was established. This was achieved by submitting

aliquots of serial dilutions of the ['95Au]IgG-gold to (a) radioactivity
determination and (b) to counting of gold particles deposited on an
electron-microscopic grid. These were examined by electron micros-
copy at 10,000-fold final magnification. This resulted in a standard
curve for '"Au radioactivity versus the number of gold particles, thus
allowing an extrapolation from the radioactivity to the number of
particles taken up by mesangial cells.

Incubation of cells with ["9'Au] gold particles for
determination of uptake and PGE2generation
The mesangial cells grown on coverslips were transferred onto 24-well
culture plates so that each well contained one coverslip. They were
washed thrice very gently with KRbuffer at 370C and then allowed to
equilibrate for 30 min at 370C in 0.5 ml of KRbuffer. Aliquots of the
appropriate ['"Au] gold suspension (0.5 ml) were then added to the
wells and left to incubate for the times indicated in Results. The
amount of '9"Au added ranged from 100,000 to 400,000 cpm of '9Au
in different series of experiments but varied by < 5% within each
experiment. Incubations were terminated by removal of buffer, five
rapid washings with cold KR buffer, and fixing the coverslips in 1%
glutaraldehyde for 12 h at room temperature. The number of cells per
coverslip ranged from 100 to 300 between different experimental
series, but varied by < 20% within each experimental series. Blank
experiments were always performed in parallel in an identical fashion,
except that coverslips without cells were used. Radioactivity on the
coverslips was determined in a gammacounter. Counts were corrected
for those from the blank incubations, which amounted to < 10%of the
experimental values.

For evaluation of PGE2production, aliquots (0.2 ml) of buffer were
removed from the incubations after 15 min and immediately extracted
twice with 1 ml of ethylacetate. Recoveries were monitored by the
addition of 500 cpm of [3H]PGE2 (140 mCi/mmol; Amersham Corp.,
Arlington Heights, IL) and were > 90%. After drying under a stream of
nitrogen samples were stored at -20°C until determination of PGE2by
enzyme immunoassay. Enzyme immunoassay for PGE2 was per-
formed in duplicate and usually at two different dilutions by the
method of Pradelles et al. (23) as previously reported (24).

Determination of PAFgeneration
For PAFgeneration mesangial cells (third subcultures) were grown to
confluence in six-well plates (Inter-Med NUNC, Roskilde, Denmark).
After removal of culture medium, the cells were washed three times
with KRbuffer and left to equilibrate for 30 min in KRbuffer at 37°C.
Aliquots of the three different gold preparations were then added to
duplicate wells and incubations continued for the times indicated in
Results. Incubations were terminated by removal of the buffer into
cold methanol, the cells were washed once with cold buffer which was
added to the buffer/methanol mixture. 2 ml of cold methanol was
added to the cells, and the cells were scraped with a rubber policeman
and collected into a glass extraction tube. The wells were washed with
an additional 2 ml of methanol, which was added to the cell extract.
Both incubation buffer and cell extract were spiked with 2,000 cpm of
[3H]PAF (179 mCi/mg; Amersham Corp.) for monitoring of recovery.
Incubation buffer and cells were extracted, purified and assayed sepa-
rately for PAF.

Methods of lipid extraction
All samples (buffer or cell fractions) in methanol were homogenized in
a Polytron (Brinkmann Instruments Co., Westbury, NY) on power
output setting no. 6 for 30 s, then centrifuged at 1,300 g for 5 min. The
pellet was saved for protein determination by the Bio-Rad Laborato-
ries (Richmond, CA) kit. The supernate samples were extracted by the
methods of Bligh and Dyer (25) as described previously in detail (20).
Extracted samples were further purified by either of two methods: (a)
samples were spotted on TLCplates (LK6D silica gel plates, Whatman,
Inc., Clifton, NJ) that had previously been heated to 180°C for 1 h,
allowed to cool and run in a system of chloroform/methanol/water
(165:35:6). In other lanes of the TLCplates '4C-labeled PAF, lyso-PAF,
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and phosphatidylcholine standards were run. Positions of the `4C
standards were visualized by autoradiography and areas corresponding
to the ['4C]PAF standard were scraped off the sample lanes, and ex-
tracted from the TLC silica by incubation with methanol/water (95:5).
Alternatively, the samples were purified over an open silicic acid col-
umn containing 500 mgof silicic acid (40 Am, J. T. Baker Chemical,
Phillipsburg, NJ) as described (20). In brief, the dried samples were
resuspended in 0.5 ml of chloroform/methanol (3:1) and applied to the
column, followed by another 0.5 ml of the same to rinse the sample
tube. The column was eluted sequentially with 10 ml of chloroform/
methanol (1:1), 5 ml of methanol, and 5 ml of methanol/water
(3:1). This last fraction containing PAFwas collected and dried under
nitrogen.

Bioassay for PAFactivity
For PAFbioassay we used aggretagion of rabbit platelets, as previously
described (20). Platelet aggregation was determined in a four-channel
aggregometer (Bio/Data Platelet Aggregation Profiler-4, Bio/Data
Corp., Hatboro, PA) using 0.45 ml of the platelet suspension, and
adding standards or samples resuspended in the Tris-Tyrode's buffer
with calcium and magnesium. A standard curve of PAFbioactivity was
obtained using this method, from 10-10 to l0-7 MPAF. In some
experiments half of the sample was subjected to alkaline hydrolysis ( 15
min in 0.5 MKOHat 45QC) followed by reextraction and bioassay, a
treatment that destroys the platelet aggregating ability of standard PAF
(17). Results extrapolated from the PAFstandard curve were expressed
as picomoles of PAFbioactivity generated per milligram of mesangial
cell protein.

Mass spectrometry for PAF
The lipid extract of experiments that tested positive for PAFbioactivity
was further analyzed as the pentafluorbenzoyl ester by negative ion
chemical ionization mass spectrometry (26). By this method, the hex-
adecyl PAF species yields an ion peak at m/z 552, the octadecyl PAF
species at m/z 580, and the C18:1 species at m/z 578. Approximately 8
ng of deuterated PAF (D3) was added to each sample before analysis,
as this gives an m/z ion at 555, clearly separated from the hexadecyl
PAF, and allows standardization (26).

Preparation of cells for electron microscopy
In some experiments endocytosis of ["'Au] BSA-IgG gold particles
was verified by transmission electron microscopy as previously de-
scribed in detail (15). In brief cells on the coverslips were fixed at the
end ofthe experimental incubation in PBSwith 1%glutaraldehyde and
0.2% tannic acid for 1 h at room temperature. Sequential dehydration
was carried out in ethanol. The cells were embedded in Epon 812
(Polysciences, Inc., Warrington, PA). Thin sections were made with an
ultramicrotome (LKB Instruments, Inc., Gaithersburg, MD) and ob-
served with a 1200EX electron microscope (JEOL USA, Peabody,
MA) after being counterstained by uranyl acetate and lead citrate.

Evaluation of uptake by polarized light reflectance
microscopy
Mesangial cells, grown on glass coverslips, were washed thrice with KR
buffer and preincubated in 1 ml of KRwith 100 mg%of glucose for 1 h
at 370C. Aliquots (20 Al) of the three different types of gold particles
were then added to the buffer and incubations continued for 0, 10, 20,
or 30 min. Incubations were terminated by three washes with cold PBS
and cells fixed with 1%glutaraldehyde for 1 h. The cells on the cover-
slips were then evaluated under a microscope (Carl Zeiss, Inc., Thorn-
wood, NY) in the polarized light reflectance mode and photographs
were taken.

Determination of Fc receptor by rosetting with SRBC
Preparation of Ig-coated SRBC. 1 ml of a 5% (vol/vol) solution of
SRBCwas incubated for 12 h at 4VC with 10 IAl of ascitic fluid con-
taining BALB/c mouse monoclonal anti-SRBC antibodies of different
IgG subclasses directed against SRBC. The amounts of antibodies used

saturated binding sites on SRBC(see below). The IgG subclasses were
IgGl, IgG2a, and IgG2b as previously described (27). After three
washes in PBSthe SRBCwere tested to assure that they did not sponta-
neously agglutinate. The actual amount of mouse monoclonal anti-
body absorbed on the SRBCwas determined by radioimmunoassay
using a mixture of two ["S]methionine-radiolabeled rat monoclonal
antibodies directed against the mouse K light chain as reported (27).
The amount of I'S-labeled antibodies binding to the coated SRBCwas
comparable for SRBC-IgG2a (21,000 cpm) and SRBC-IgG2b (23,000
cpm), but less for SRBC-IgGl (12,000 cpm). However, this repre-
sented saturating amounts of subclass IgG binding to the SRBCas
coating with double the amount of the respective monoclonal antibod-
ies did not increase the amount bound to SRBC.

Fc rosetting of SRBCon mesangial cells. Mesangial cells (third to
fifth subculture) on their culture dishes had their medium removed
and were washed three times with PBS. They were then incubated with
PBS containing 4 mg/ml of type IV collagenase (Worthington Bio-
chemical Corp., Freehold, NJ) for 1 h at 370C, resulting in lifting off of
the cells from the culture dish. Cells were pelleted, washed three times
in PBS, and then resuspended in PBS to yield approximately 50,000
cells/ml. Aliquots of 0.5 ml of mesangial cell suspensions were then
mixed with 10 Ml of the different IgG coated SRBCand incubated for 1
h at 4VC. Rosetting was then evaluated by counting 100 mesangial cells
in a hemocytometer under a microscope. Mesangial cells associated
with at least three SRBCwere considered as rosette-positive.

Results

Uptake of["95Au] gold particles. Initially we examined the ef-
fect of different concentrations of ['95Au]IgG gold particles on
uptake by cultured mesangial cells grown on plastic culture
coverslips. Serial dilutions of the ['95AujIgG and of ["'Au]
F(ab')2 were prepared and incubated with mesangial cells for
15 min, and uptake was determined by counting of the radio-
activity incorporated into the mesangial cells on the coverslips.
As shown in Fig. 1 uptake of ['95Au]IgG-covered particles
proceeded in a concentration-dependent and saturable man-
ner. ['"Au] F(ab')2 particle uptake was much less and nonsa-
turable. In this series of experiments the specific activity of the
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1000- F(ab')2
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Dilution of [1 95Au] IgG

Figure 1. Uptake of ["'Au] colloidal gold particles covered with BSA
and anti-BSA-IgG or its F(ab')2 fragment by rat mesangial cells.
Mesangial cells were grown on coverslips to confluency and then ex-
posed to the gold particles in serial dilutions. Uptake was determined
after 15 min of incubation at 37°C. Results are expressed as '"Au
uptake in counts per minute by the mesangial cells on the coverslips,
and represent the means±SEMfrom three series of experiments.
Where SEMare not apparent they fall within the limits of the sym-
bols used. For details refer to Methods. *P < 0.05 or better compared
to ['95Au] F(abV)2.
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[195Au]IgG particles corresponded to 100 cpm per 30,000 par-
ticles, so that each cell took up about 10,000 particles of
[195Au]IgG at the 1:1 dilution. For all subsequent experiments
a 1:1 dilution of the respective colloidal gold particles was
used.

In the next series of experiments we evaluated the time
course for uptake of [195Au]IgG particles and compared it to
that for ['95Au] BSA and ['95Au] F(ab')2. As shown in Fig. 2
['95Au]IgG uptake increased during the initial 30 min and then
leveled off. '95Au particles coated with F(ab')2 (Fig. 2) were
incorporated by mesangial cells to a lesser extent. Uptake of
['95Au] BSAafter 30 min was also significantly lower (560±90
cpm per coverslip n = 4; P < 0.02).

To compare the effect of different coatings of '"Au parti-
cles, mesangial cells were exposed to equal concentrations of
either ['95Au]gold, ['95Au]F(ab')2 gold, or ['95Au]IgG gold for
30 min and uptake was determined together with PGE2 syn-
thesis (see below). As shown in the bottom panel of Fig. 3
mesangial cells took up significantly more ['95Au]IgG-coated
particles (IgG-gold) than either '9"Au particles coated with
BSA only (BSA gold) or with BSA F(ab')2 fragment (F(ab')2-
gold). This would be consistent with an Fc receptor-mediated
uptake process. The slight and statistically insignificant in-
crease of ['95Au] F(ab')2 gold over ['95Au] BSA-gold uptake
may be related to some intact IgG remaining in the F(ab')2
preparation. The amounts of [195Au]BSA and ['95Au]
BSA-F(ab')2 associated with mesangial cells may represent
nonspecific, non-receptor-mediated binding or endocytosis of
macromolecules by mesangial cells (15) or uptake by albumin
or albumin associated receptors.

In order to assure that ['95Au]IgG associated with mesan-
gial cells represented active uptake, cells were pretreated with
either sodium azide (l0-5 M) or cytochalasin B (10-5 M) for 15
min before a 30-min exposure to the ['95Au]IgG. This pre-
treatment did not result in detachment of cells from the cover-
slips. As shown in Table I, pretreatment with sodium azide
markedly reduced uptake of ['95Au]BSA-IgG by mesangial
cells, indicating that uptake is an energy-requiring process.
Similarly, pretreatment with cytochalasin B significantly di-
minished ['95Au]BSA-IgG uptake, consistent with a require-
ment for an intact cytoskeleton in order to incorporate the
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Figure 2. Time course of uptake of ['95Au]IgG and ["'Au] F(ab')2
particles by mesangial cells grown on coverslips. Results are

means±SEMof three series of experiments. Where standard errors

are not apparent they fall within the limits of the used symbols. *P
< 0.05 or better as compared to ["'Au] F(ab')2.
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Figure 3. Comparison of mesangial cell uptake of '"Au-labeled col-
loidal gold particles covered with BSA (BSA-gold), BSAand anti-
BSA-IgG (IgG-gold), or BSAand F(ab')2 fragment of the IgG
(F(ab')2-gold) and the concomitant synthesis of PGE2or PAF. All in-
cubations were carried out for 30 min. Results are means±SEM
from 12 series of experiments for "'Au particle uptake, 6 series for
PGE2synthesis, and 4 series for PAFgeneration. For comparison
PGE2synthesis by mesangial cells under control conditions (i.e., in
absence of any "'Au particles) was 2.6±0.5 ng/ml. *P < 0.05 or bet-
ter as compared to BSA-gold or (F(ab')2 gold using Bonferoni modifi-
cation for paired data.

['95Au]IgG particles into mesangial cells, as previously de-
scribed for serum-coated gold particles (15). For comparison
results with ['95Au] BSA particles were also performed (Table

Table I. Effect of Pretreatment with Sodium Azide
or Cytochalasin B on ['95Au]IgG Uptake by Mesangial Cells

Preincubation Buffer only Buffer±Cyto B Buffer+Na' azide
Incubation [I95Au]IgG [195Au]IgG [195Au]IgG

(cpm/coverslip) 1310±60 70±30* 130±60*
Incubation ['95Au]BSA ['95Au]BSA [195Au]BSA

(cpm/coverslip) 280±30 100±20* 50±20*

Mesangial cells cultured on coverslips were preincubated for 15 min
with either buffer only, or with buffer containing cytochalasin B
(10-1 M) or sodium azide (10-5 M). Subsequently cells were incu-
bated with buffer containing ['95Au]IgG or [193Au]BSA for 30 min at
370C. After washing and fixation radioactivity incorporated by the
mesangial cells on the coverslips was determined. Results are
means±SEMof four series of experiments.
* P < 0.01 or better by Student's t test for unpaired data compared
to respective controls (i.e., preincubation with buffer only).

Fc Receptors on Rat Mesangial Cells 939

0.
-
4o
0

4)
0.

02(L

V. | l -an ~eVZZZZZZZZZZ^XAAl

T

I



Table II. Comparison of ['95Au]IgG Uptake by Mesangial Cells and Peritoneal Macrophages

Time of incubation (min) 5 15 30 60
Mesangial cells (cpm/5OO cells) 500±100 750±300 900±100 1,150±250
Peritoneal macrophages (cpm/5OO cells) 14,800±2,600 23,600±2,950 34,200±2,100 53,200±6,900

Mesangial cells grown on coverslips and rat peritoneal macrophages adherent to coverslips were incubated with buffer containing ['95Au]IgG
for the times indicated at 370C. After washing and fixation radioactivity incorporated was determined and expressed per 500 cells. Results rep-
resent means±SEMof three sets of experiments.

I). Again uptake of these particles was significantly lower (P
< 0.02) than ['9Au] BSA-IgG particles, but was also inhibited
by cytochalasine B or sodium azide. These results also confirm
our previous observations (15), that mesangial cells will take
up gold particles to some extent by ligand-independent endo-
cytossis, though to a much smaller degree than by receptor-
mediated endocytosis. Uptake of '"Au particles by mesangial
cells was also compared with that by rat peritoneal macro-
phages. Peritoneal macrophages were obtained by lavage of the
peritoneal cavity of Sprague Dawley rats with buffer. After
washing, the peritoneal macrophages were left to adhere to
culture coverslips for 6 h and were then washed and handled in
parallel with the mesangial cells grown on coverslips. As shown
in Table II peritoneal macrophages incorporated 40 times
more ['95Au]IgG than mesangial cells over a 60-min incuba-
tion. Both macrophages and mesangial cells showed a 50%
decrease in incorporation of ['95Au]IgG when incubated with
cytochalasin B (four experiments each).

In the next series of experiments, we evaluated whether
preaddition of heat-aggregated rabbit IgG would influence
subsequent handling of ['95Au]IgG. Heat-aggregated IgG was
prepared by incubating 2 mg of rabbit IgG (Sigma Chemical
Co., St. Louis, MO) in 4 ml of KRbuffer at 63°C for 30 min,
clearing it of precipate by centrifugation, and, after cooling,
adding 0.5 ml to the mesangial cells. After 30 min of preincu-
bation ['95Au]IgG was added and uptake evaluated after 15
min. Preincubation with heat-aggregated rabbit IgG reduced
19'Au uptake/binding from 670±30 cpm per coverslip (n = 4)
to background. These results indicate that the preincubation
with aggregated IgG blocked subsequent binding and uptake of
['95Au]IgG, most likely by occupancy of receptor sites on mes-
angial cells. To confirm this finding, studies were performed at
4°C to prevent endocytosis of the gold particles. Mesangial
cells were preincubated for 2 h at 4°C with either buffer only,
buffer with rabbit IgG, buffer with heat-aggregated rabbit IgG,
or buffer with ['95Au]IgG. They were then extensively washed
with cold KRbuffer. Subsequently, they were incubated for 1
h at 40C with ['95Au]IgG, except for the cells which had been

preincubated with ['95Au]IgG. The latter were exposed to
buffer with heat-aggregated IgG, to see if previously bound
['95Au]IgG could be displaced by heat-aggregated IgG. As
shown in Table III, preincubation of mesangial cells with ei-
ther monomeric IgG or heat-aggregated IgG reduced subse-
quent binding of ['95Au]IgG by 50% or more. Furthermore,
prebound ['95Au]IgG could be displaced to 50%by incubation
with aggregated IgG for 1 h. These results are consistent with
competition for common binding sites by ['"Au]IgG with
both monomeric and aggregated IgG.

Some murine Fc receptors can be removed by limited
trypsinization (27, 28). Limited trypsinization was, there-
fore, performed on mesangial cells before subsequent binding
studies. In four experiments mesangial cells were first exposed
to trypsin in the cold for 30 min, then washed and incubated
with ['95Au]IgG for 2 h at 4°C. Under those conditions
['95Au]IgG binding was reduced by 20-30% but that
of ['95Au]BSA remained unaffected. Thus it appears that
the binding sites for ['95Au]IgG on mesangial cells are par-
tially sensitive to trypsin, similar to some murine Fc recep-
tors (27, 28).

Light and electron microscopic studies. In order to evaluate
what percentage of mesangial cells take up ['95Au]IgG we em-
ployed the technique of light microscopy in the mode of po-
larized light reflectance (29). This allows observation of the
cells directly by phase contrast and of ['95Au] particles taken
up by light reflectance. By comparing these two, the percent-
age of cells having incorporated gold particles can be evalu-
ated. It should be noted though that the size of the colloidal
['"9Au] gold particles employed in our studies (10-40-nm
diam) is probably too small to give a discernible light reflec-
tance for individual gold particles. However, the gold particles
conglomerate in endosomes and lysosomes (see below) and
these conglomerates should be big enough to provide for a
clear reflectance signal. As shown in Fig. 4 incubation of mes-
angial cells with ['95Au]IgG showed a time-dependent increase
of light reflectant particles in mesangial cells. Both the number
of reflectant particles per cell and their size appeared to in-

Table III. Effect of IgG on Binding (4QC) of [ '95Au]IgG to Mesangial Cells

First addition Buffer Heat-aggregated IgG (0.5 mg/ml) Monomeric IgG (0.5 mg/ml) ['"Au]IgG
Second addition [195Au]IgG [I95Au]IgG ['95Au]IgG Heat-aggregated IgG

(cpm/coverslip) 500±45 220±15* 160±35* 250±50*

Mesangial cells cultured on coverslips were incubated for 2 h at 4VC with the first additions as indicated. Cells were then washed ten times with
cold buffer, followed by a second incubation at 4VC for 1 h with the additions indicated. After washing and fixation radioactivity bound to the
mesangial cells was determined. Results are means±SEMof four series of experiments. * P < 0.01 or better by Student's t test for unpaired data.
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Figure 4. Photomicrographs taken in the mode of polarized light re-
flectance microscopy of mesangial cells incubated with IgG-gold par-
ticles. The cell outlines appear as dark contours and particle aggre-
gates as bright spots overlying the cells. The numbers indicate the
time of incubation with IgG-gold in minutes.

crease. In two sets of experiments essentially all mesangial cells
(involving a total of about 600 cells) took up ['95Au]IgG as
evaluated by light reflectance microscopy. In contrast no light
reflectance-positive particles could be observed when mesan-
gial cells were incubated up to 30 min with either ['95Au]BSA
or ['95Au]F(ab')2 particles. Possibly the absence of light reflec-
tance-positive signals with these gold particles is related to less
uptake and perhaps also to lesser conglomeration into endo-
somes.

To verify that the reflectance-positive signals do indeed
represent cellular uptake of gold particles transmission elec-
tron microscopy was performed after 30 min of incubation
with [195Au]IgG. As shown in Fig. 5 the mesangial cells had
incorporated the gold particles into vesicles and endosomes, as
previously described in detail for serum-coated gold particles
(15). Thus these experiments demonstrate that essentially all
mesangial cells can take up ['95Au]IgG particles.

PGE2 and PAFformation by mesangial cells incubated
with ['95Au]gold particles. In previous experiments we had
observed that incubation of mesangial cells with serum-treated
zymosan (14) or serum-treated gold particles (15) stimulated
PGE2 production. Wetherefore evaluated whether uptake of
[195Au]BSA, [195Au]F(ab')2, and ['95AuJIgG resulted in PGE2
synthesis. As shown in the middle panel of Fig. 3, PGE2pro-

Figure 5. Transmission electron micrograph of mesangial cell that
had been incubated with IgG-gold particles for 30 min. Gold parti-
cles are apparent on the surface, in a coated pit forming a vesicle (on
the left), and conglomerated in an endosome (on the right). Initial
magnification 33,000, final 90,000.

duction was significantly stimulated by ['95Au]IgG over
['95Au]BSA or ['95Au]JF(ab')2, similar to the pattern of uptake
for these differently coated gold particles. Synthesis of PGE2by
mesangial cells incubated under control conditions (i.e., with-
out addition of any gold particles) was 2.6±0.5 ng/ml per 30
min, a value not significantly different from PGE2 synthesis
with ['95Au]BSA or ['95Au]F(ab')2.

During phagocytosis macrophages can generate PAF (19).
Wehad previously demonstrated the capacity of stimulated
mesangial cells to produce PAF (20). We, therefore, investi-
gated the possibility that uptake of the coated gold particles by
mesangial cells might result in PAF formation. As shown in
the top panel of Fig. 3, no bioactivity for PAF could be de-
tected after exposure of mesangial cells to BSA-gold and very
little after F(ab')2-gold. In contrast, after exposure to IgG-gold
considerable amounts of PAFwere measured in partially puri-
fied lipid extracts from the mesangial cells by the platelet ag-
gregation bioassay. Due to the limited sensitivity of the bioas-
say no bioactive PAF could be determined in the extracts of
the incubation buffer. Identity of the bioactive material as PAF
was verified by loss of bioactivity after alkaline hydrolysis (17)
and by identification with negative ion chemical ionization
mode of mass spectrometry (26). A single species of PAFwith
a 16-carbon saturated alkyl group in position one was found.
By comparison with the deuterated PAF standard 40 pmol of
PAF per mg mesangial cell protein had been generated after
exposure to IgG-gold (Fig. 6). This exceeds the PAF values
obtained by bioassay (Fig. 3) which may represent an underes-
timation due to the limits of the bioassay. With the negative
ion chemical ionization method PAFcould also be determined
in incubation buffer. 5 pmol of PAFper mgprotein of mesan-
gial cells was detected in the buffer after incubation with IgG
gold (Fig. 6). No PAF was detectable in the buffer after incu-
bation with either BSAgold or F(ab')2 gold.

Characterization of Fc receptors on mesangial cells. The
experiments with ['95AuJIgG particle binding to and uptake by
mesangial cells indicated the potential presence of Fc receptors
on these cells. In order to confirm the presence of Fc receptors
on mesangial cells and to characterize their specificity we em-
ployed the rosetting technique with SRBCcoated with subclass
specific mouse monoclonal IgGs. As shown in Table IV
- 50% of mesangial cells in suspension showed rosetting with
SRBCcoated with mouse IgG2a, whereas essentially no roset-
ting was observed with IgG2b- or IgG 1-coated SRBC.

To validate this finding competition experiments were
performed with IgG2a, IgG2b, or IgGl before exposure to
coated SRBC. As shown in Table V preincubation of mesan-
gial cells with IgG2a abolished subsequent rosetting of IgG2a-
coated SRBCto these cells. In contrast, neither IgG2b nor
IgGl preincubation diminished the percentage of IgG2a ro-
sette-positive mesangial cells, showing that mesangial recep-
tors bind mouse IgG2a to the exclusion of IgG2b or IgG 1. We
also compared rosetting of the differently coated SRBCto rat
peritoneal macrophages (Table V). 85% of rat peritoneal mac-
rophages were rosette-positive with IgG2a-coated SRBC. In
contrast to the results obtained with mesangial cells, the per-
centage of IgG2a rosette-positive macrophages was consider-
ably diminished by preincubation with either IgG2b or IgGl.
Thus the Fc receptors on rat mesangial cells and peritoneal
macrophages differ in their specificity for binding of mouse
IgG subclasses. Wenext evaluated the effect of trypsinization
of mesangial cells on subsequent rosetting with IgG2a-coated
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Figure 6. Mass fragmentograms of PAF synthesized by mesangial
cells incubated with IgG-gold particles. PAFwas extracted separately
from the incubation buffer and the mesangial cells, purified, deriva-
tized, and analyzed by gas chromatography-negative ion chemical
ionization mass spectrometry as described under Methods. The m/z

ions represent the molecular anion of the individual PAF species an-

alyzed, i.e., m/z 552 corresponding to the hexadecyl PAF species and
m/z 555 to the deuterated standard added (8 ng). There are two
peaks in each ion channel because of isomerization of the diglycer-
ides occurring during derivatization. Note the different scales for the
relative responses in the four ion channels recorded on the ordinate
which are due to the different sensitivities adjusted to the amounts of
PAFin the samples.

SRBC. Mesangial cells were either released from their culture
support by 30 min of incubation at 370C with collagenase (the
routine method of suspending mesangial cells for rosetting
experiments), or by 30 min of incubation with 0.25% trypsin.
Collagenase or trypsin were subsequently removed by exten-
sive washings and rosetting assays were then performed. In two
sets of experiments 52% and 46% of mesangial cells detached

Table IV. Percentage of Mesangial Cells Showing Rosette
Formation with SRBCCoated with IgG2a, IgG2b, or IgGI

IgG2a IgG2b IgGI

45±5 1±1 2±2

Results are means±SEMof four series of experiments.

Table V. Effect of Preincubation with Different IgGs
on Subsequent Rosette Formation with IgG2a-coated SRBC
on Mesangial Cells and Peritoneal Macrophages

Preincubation Buffer IgG2a IgG2b IgGl

Mesangialcells(n= 3) 53±1 9±6 43±3 51±7
Peritoneal macrophages

(n = 2) 85±4 36±2 72±6 44±5

Results are means±SEMof three series of experiments for mesangial
cells and two for peritoneal macrophages. They are given as percent-
age of the respective cells with rosettes.

by collagenase were positive for rosetting with IgG2a-coated
SRBC, whereas only 3% and 4% of cells detached by trypsin
showed rosetting. These results indicate that the receptor on
mesangial cells responsible for binding of mouse IgG2a-coated
SRBCis sensitive to trypsinization.

Discussion

The present results support the existence of a specific Fc re-
ceptor for IgG on an apparently homogenous population of
cultured rat mesangial cells. Also, receptor-mediated binding/
uptake of IgG immune complexes by the mesangial cells was
associated with production of PGE2and PAF. These observa-
tions support the hypothesis that the contractile mesangial cell
may represent a specialized pericyte with paraimmunologic
potentials. The cells used in our experiments were smooth
muscle-derived mesangial cells and not bone marrow-derived
resident macrophages. All mesangial cells used in our studies
were of third to fifth subculture after the initial glomerular
explant. Under our culture conditions rat peritoneal macro-
phages did not survive in subculture. Furthermore, the mesan-
gial cells used were uniformly positive for (a) stress fibers dem-
onstrated by FITC-phallacidin labeling, (b) a mesangial cell-
specific lectin-binding pattern; (c) immunofluorescence with
Thy 1.1 antibody. All of these markers have also been shown
on mesangial cells in kidney sections and this pattern can be
used to identify mesangial cells in culture (21). The mesangial
cells used in our studies were uniformly negative for Ia antigen
or common leukocyte antigen which further distinguishes
them from resident macrophages. The subcultured mesangial
cells used also show a different profile of eicosanoid produc-
tion than macrophages. Mesangial cells produce almost exclu-
sively PGjE2 whereas macrophages in addition produce throm-
boxane and leukotrienes (30). Finally, contraction in response
to angiotensin II, vasopressin, and leukotrienes distinguishes
the mesangial cells from macrophages (6, 7, 9).

In support of an Fc receptor are our observations of prefer-
ential uptake of [195Au] colloidal gold covered with BSA-anti-
BSA IgG complexes. Also both uptake and surface binding at
4°C of [195Au]IgG could be blocked by excess IgG consistent
with competition for a commonreceptor. Based on the corre-
lation between ['95Au]IgG binding and particle number deter-
mined by electron microscopy we estimate that about from
1,000 to 10,000 particles were taken up per mesangial cell.
This represents, however, a 404fold lower degree of phagocyto-
sis than that observed for peritoneal macrophages (see Table
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II). The electron microscopic studies confirm the uptake of the
immune complex-coated gold particles into vesicles and endo-
somes of mesangial cells. The use of light microscopy in the
polarized light reflectance mode allowed us to evaluate the
percentage of mesangial cells involved in phagocytosis. By this
method essentially 100% of the mesangial cells ingested gold
particles covered with BSA-anti-BSA IgG, ruling out that only
a subpopulation of cells was responsible for the uptake of
['95Au]IgG. In the experiment using reflectance light micros-
copy none of the cells incubated with BSA- or BSA-F(ab')2-
coated gold particles showed evidence for uptake, while in
experiments using ['95Au]BSA or ['95Au]F(ab')2, some uptake
always occurred. A possible explanation for this discrepancy
may relate to the particle size requirement for reflectance
mode microscopy in order to give a positive signal. Most of the
colloidal gold particles employed were of 10-20-nm diam. The
resolution limit for polarized light reflectance microscopy is
between 50 and 100 nm. Thus aggregation of colloidal gold
particles in endosomes, as occurs with BSA-anti-BSA IgG-
coated gold particles, is required in order to detect the uptake.
It is possible that gold particles taken up by a mechanism not
involving Fc receptors (i.e., the BSA- or F(ab')2-gold) are han-
dled differently by the mesangial cell. Also the possibility exists
that some of the BSA- or F(ab')2-gold particles were bound
nonspecifically to cell surface or matrix. This would be de-
tected by '95Au experiments, but not by reflectance micros-
copy. The fact that cells became positive after 10-min incuba-
tions with BSA-anti-BSA IgG-coated colloidal gold indicates
that at this time the particles are already collecting in endo-
somes, a time course supported by our earlier studies with
serum-coated gold particles (15).

The presence of Fc receptors on mesangial cells suggested
by the preferential uptake of BSA-anti-BSA IgG-coated gold
particles was further demonstrated by the rosetting studies. In
these experiments we took advantage of IgG subclass-specific
monoclonal mouse antibodies directed against SRBC (27).
While this study uses mouse antibodies and rat mesangial cells,
it nonetheless allows some characterization of the Fc receptor.
Mesangial cells showed positive rosetting only with mouse
IgG2a-coated SRBC. The specificity of this rosetting was fur-
ther supported by the ability of IgG2a to inhibit IgG2a SRBC
rosettes and the failure of either mouse IgG2b or IgGl to
inhibit IgG2a rosette formation. Rosetting of IgG2a-coated
SRBCon rat peritoneal macrophages was, however, reduced
by preincubation with either mouse IgG2a or IgGl, confirm-
ing that rat mesangial cells have different Fc receptors than rat
macrophages. It is also of interest that in our studies the rat
mesangial Fc receptor responsible for rosetting with mouse
IgG2a-coated SRBCwas lost after trypsinization, a finding
similar to the mouse macrophage IgG2a receptor (27). The
presence of Fc receptors on cultured rat mesangial cells is also
in agreement with recent studies by Sedor et al. (16). These
authors reported Fc receptor-dependent binding of radioio-
dinated immune complexes to cultured rat mesangial cells.
The immune complexes consisting of BSA- and anti-BSA-IgG
from rabbit were closely comparable to the ones we used. In-
terestingly, binding of the radioiodinated immune complexes
in the studies by Sedor et al. (31) was associated with genera-
tion of reactive oxygen species by mesangial cells. In our pre-
vious studies with serum-coated gold we had observed that
stimulation of PGE2synthesis only required surface binding of
the serum-treated gold but not actual uptake. These observa-

tions would indicate that, similarly to leukocytes (31) in mes-
angial cells, binding of specific ligands to surface receptors
triggers intracellular events that stimulate PGE2synthesis and
reactive oxygen generation.

The stimulation of PGE2 synthesis requires activation of
phospholipase A2 (32), which is also the initial step in PAF
formation (17). Wehave previously reported that mesangial
cells can produce PAF (20) and PAF formation occurs during
phagocytosis by macrophages (31). It is therefore of interest
that meshangial cells generated considerable amounts of PAF
when exposed to ['95Au]IgG, but not when exposed to ['9"Au]-
BSA or ['95Au]F(ab')2. This finding again implicates an Fc-
mediated trigger event on mesangial cells. The PAF formed
was authenticated by loss of bioactivity after alkaline hydroly-
sis and by gas chromatograph-mass spectrometry. The PAF
generated was exclusively of the hexadecyl species, i.e., con-
taining a 16-carbon saturated alkyl group in position 1. This is
similar to the results we had obtained with ionophore-stimu-
lated PAF generation (20). About 80-90% of the PAF gener-
ated remained cell associated and 10-20% was released into
the incubation buffer. These findings are also similar to those
obtained with PAF generation by cultured endothelial cells
(33, 34). The significance of intracellular PAF remains unclear
but could change surface adherence of cells (34). Formation of
PAFby mesangial cells during exposure to immune complexes
could contribute to glomerular immune injury. For example,
PAF can reduce glomerular filtration rate and can alter ultra-
filtration characteristics and glomerular capillary permselec-
tivity (17, 18). Furthermore, blockage of PAF by specific re-
ceptor antagonists has been reported to improve experimental
glomerulonephritis (1 7, 18).

Taken together it appears that exposure of cultured mesan-
gial cells to serum-treated zymosan or colloidal gold particles
or to IgG immune complexes triggers various cellular re-
sponses that include phagocytosis, release of reactive oxygen
metabolites, formation of lipoxygenase products of arachi-
donic acid, prostaglandin synthesis, and generation of PAF.
These findings are highly reminiscent of Fc-receptor triggered
events in neutrophils and macrophages (31, 35, 36). Thus mes-
angial cells may represent a specialized pericyte that, while
clearly distinct from monocyte-macrophages, exhibits a num-
ber of characteristics that may allow it to participate in immu-
nologic and inflammatory processes within the glomerulus.
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