
American Journal ofPathology, Vol. 145, No. 3, September 1994
Copyrigbt X) American Societyfor Investigative Pathology

Sequential Expression of Cellular Fibronectin by
Platelets, Macrophages, and Mesangial Cells
in Proliferative Glomerulonephritis

Jeffrey L. Barnes,*t Rhonda R. Hastings,* and
Melissa A. De La Garzat
From the Department ofMedicine,* Division of Nephrology,
the University of Texas Health Science Center, San
Antonio, Texas, and the Audie Murphy Memorial Veterans
Medical Center,t San Antonio, Texas

Fibronectin (Fn) regulates cel migration, prolif-
eration, and extracellular matrixforniation dur-
ing embryogenesis, angiogenesis, and wound
healing. Fn also promotes mesangial ceU migra-
tion andproliferation in vitro and contributes to
extracelular matrixformation and tissue remod-
eling duringglomerular disease. In this study, we
examined, by immunohistochemistry and in situ
hybridization, the temporalglomerular localiza-
tion and celular sources of Fn in Habu snake
venom (HSV)-induced proliferative glomerulone-
phritis. Early HSV-induced glomerular lesions
consisted of microaneurysms devoid of resident
glomerular ceUs and fiUed with platelets, leuko-
cytes, and erythrocytes. Over the course of the
disease, mesangialceUs migrated into the lesions,
proliferated, and formed a confluent celular
mass. Fn was present in lesions beginning at 8
hours, with highest intensity at 72 hours and
diminishing at 2 weeks after HSV. Staining forFn
at 8 and 24 hours after HSV was attributed to
platelets and macrophages. In situ hybridization
andphenotypic identification ofceU types within
lesions revealed macrophages as the predomi-
nant source ofcelularFn mRNA at these times. At
48 hours after HSV, Fn mRNA was expressed in
proliferating mesangial cells in addition to mac-
rophages. Most ceUs in lesions at 72 hours after
HSV were mesangial, at a time when expression
ofFn mRNA peaked. Celular expression for Fn
mRNA and translatedprotein declined at 2 weeks
after HSV These studies support the hypothesis
that Fn, derived from platelets and macro-
phages, provides a provisional matrix involved

with mesangial ceU migration into glomerular le-
sions. Fnproduced by mesangial ceUs might con-
tibute to theformation ofa stable extracelular
matrix. (AmJPathol 1994, 145:585-597)

Fibronectin (Fn) is a multifunctional extracellular ma-
trix glycoprotein thought to play an important role in
embryogenesis, angiogenesis, and cell remodeling
in tissue repair and wound healing. 1-3 Fn has a variety
of biological properties that may be important in the
mediation of the above events through cell-matrix in-
teractions involving cell-cell adhesion, adhesion to
connective tissue components, cell migration, prolif-
eration, and differentiation.16
A variety of cell types synthesize Fn, including mes-

enchymal cells, epithelial, and endothelial cells1' 36
and inflammatory cells including monocyte/macro-
phages7-9 and megakaryocytes (secretory product
in platelets).10 During embryogenesis or wound heal-
ing, expression of Fn is often abundant and occurs
along tracts associated with cell migration and
proliferation. 1` Fn also forms an important part of nor-
mal extracellular matrix composition in a variety of
organs and is frequently overexpressed during
wound healing and in disease states including ath-
erosclerosis,11 pulmonary fibrosis,12 and in various
glomerulopathies.13-17 During injury or wound heal-
ing, Fn can be derived from the plasma (pFn) as an
exudate from injured blood vessels or synthesized
directly by cells (cFn) in the local microenviron-
ment.1-3 The structure of these Fns is very similar, but
through alternative gene splicing up to 12 distinct
forms of Fn can be synthesized in the rat, each with
potentially different specific functions.16,19 Fn gene
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transcript can be alternatively spliced in three regions
(EIIIA, EIIIB, and V). EIIIA and EIIIB are excluded in
hepatocytes that produce pFn, whereas Fn, synthe-
sized by cultured cells and platelets, is a mixture of
forms with and without these domains.18'19

Fn is a normal component of glomerular extracel-
lular matrix and is localized primarily around me-

sangial cells in the mesangial matrix and to a lesser
extent in the glomerular basement membrane.2>25
Localization of Fn is accentuated in a variety of
experimental26-32 and clinical forms13-17 of glomer-
ular diseases involving matrix expansion. The source

of Fn has been controversial and both pFn and cFn
derived from cells in the local microenvironment may
play a role in cell function during remodeling over the
course of glomerular injury and glomerulosclerosis.
Currently, most studies have examined Fn localiza-
tion in glomerular injury using polyclonal antibodies
to Fn that recognize Fn in general but do not distin-
guish between pFn and cFn.1417'26-31 Northern
analysis of mRNA encoding Fn in kidney or isolated
glomeruli from diseased renal tissue has identified
an increase in expression endogenous Fn26'28'31 but
the cellular sources of Fn synthesis have not been
specifically identified.

Because Fn has been implicated in a number of
facets of cell remodeling after injury and has been
shown to stimulate mesangial cell migration33'34 and
mesangial cell spreading and proliferation35 in vitro,
we were interested in examining the course of cFn
localization by immunohistochemistry and cellular
sources of mRNA encoding Fn in glomerular lesions
in an accelerated model of proliferative glomerulo-
nephritis induced by Habu snake venom (HSV). This
model has previously been shown to have cell mi-
gration and proliferation as features of tissue remod-
eling during the disease process.36-38

Materials and Methods

Induction of Glomerulonephritis

Glomerular lesions were induced in male Sprague-
Dawley rats (Charles River, Willmington, MA) weigh-
ing 200 to 250 g, as previously reported.36 Briefly, the
rats were unilaterally nephrectomized and 24 hours
later were injected with HSV (Trimeresurus flavoviri-
dis; Sigma Chemical Co., St. Louis, MO) at a dose of
3 mg/kg intravenously. At 8 (n = 4), 24 (n = 4), 48 (n =
4), and 72 (n = 4) hours and 2 weeks (n = 4) after
injection of HSV, the rats were sacrificed and slices of
renal cortex obtained and immersed in 10% neutral-
buffered formalin for subsequent processing, paraffin
embedding, and light microscopical evaluation. Ad-

ditional slices of cortex were snap-frozen in liquid ni-
trogen for subsequent immunoperoxidase identifica-
tion of cell types and the presence of cFn within
glomerular lesions. Separate frozen slices of renal
cortex were obtained for in situ hybridization.

Characterization of Cell Types Within
Glomerular Lesions

The principal cell type in HSV-induced glomerular le-
sions was previously determined to be mesangial in
origin, however, macrophages were also present in
early lesions.36 38 Cell types in glomerular lesions
were identified by immunoperoxidase histochemistry
using the following primary antibodies (20 pg/ml) to
cell-specific phenotypic markers. Mesangial cells:
mouse monoclonal antidesmin (Dako Corporation,
Carpinteria, CA), mouse monoclonal anti-rat Thy-1 1,
clone OX 7 (Accurate Chemical & Scientific Corp.,
Westbury, NY), and mouse monoclonal anti-a smooth
muscle actin, clone IA4 (Sigma Chemical Company,
St. Louis, MO). Monocytes and macrophages: mouse
monoclonal anti-rat myeloid cell, clone ED-1 (Sero-
Tech, Bioproducts for Science, Inc., Indianapolis, IN).
Blocking treatments and incubation with biotin-
labeled secondary antibodies were as previously de-
scribed.37 Sections were developed using 3-amino-
9-ethylcarbozole as substrate and counterstained
with hematoxylin.

Quantitation of Macrophages Within
Glomerular Lesions

Because macrophages have been observed to ex-
press Fn mRNA and secrete a provisional matrix in
healing wounds9 and macrophages might similarly
contribute Fn to glomerular lesions, the number of
macrophages present within lesions throughout the
course of HSV-induced glomerulonephritis was de-
termined. Sections stained with ED-1 antibody, as
above, were examined for positive cells and the num-
ber of macrophages per glomerulus recorded. Ap-
proximately 30 glomeruli/section were analyzed.

Glomerular Localization of cFn

Glomerular localization of cFn was assessed using a
mouse monoclonal antibody specific for cFn (clone
FN-3E2; Sigma). Immunoperoxidase localization of
cFn was examined in frozen sections as described
above using anti-cFn antibody and biotinylated rat
anti-mouse IgM (Zymed, South San Francisco, CA) as
second antibody followed by avidin-biotin complex
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amplification (Vector Laboratories, Burlingame, CA).
Controls consisted of mouse IgM ascites or
phosphate-buffered saline (PBS) in place of primary
antibody. The antibody recognizes the 240-kd band
of cFn using immunoblotting assays and does not
cross-react with pFn, as stated by the manufacturer.
Also, we determined a lack of the antibody to stain
hepatocytes (principal source of pFn) in normal liver
using the same immunodetection methods used in
these experiments. Adsorption of the anti-cFn anti-
body with rat plasma Fn at 5 and 10 times antigen
excess did not alter the intensity or distribution of
staining in glomerular lesions, indicating the speci-
ficity of the antibody to cellular forms of Fn. The speci-
ficity of the antibody to domain(s) (EIIIA or EIIIB)
unique to cellular Fn have not been determined.

In Situ Hybridization

Preparation of Riboprobes

A 270-bp segment of Fn complementary DNA sub-
cloned into pGEM-2 plasmid (generously provided by
Richard 0. Hynes, Massachusetts Institute of Tech-
nology) was used for the generation of labeled ribo-
probes to detect cellular localization of Fn transcript
within glomerular lesions. The antisense transcript
(complementary to mRNA) corresponds to a region
(C) in the type 1 repeats near the COOH-terminal end
of Fn common to all known forms of mRNA.6 A 438-bp
cDNA fragment in pGEM-3 representing murine ly-
sozyme (generously provided by Livingston Van De
Water, Harvard University, reference 9) and a 130-bp
cDNA segment in pGEM-1 (generously provided by
Giulio Gabbiani, University of Geneva)39 representing
a-smooth muscle cell actin were used to generate
riboprobes for in situ phenotypic identification and
verification of macrophages and mesangial cells
within lesions. All experiments were performed simul-
taneously with labeled sense riboprobe (anticomple-
mentary to mRNA) as a negative control.

In vitro transcription of cDNA for [35S]-labeled an-
tisense and sense riboprobes was performed using
a Riboprobe system 11 kit (Promega, Madison, WI),
according to the manufacturer's instructions. Briefly,
300 pC of [35S]uridine-5'-(a-thio)-triphosphate (1300
Ci/mmol; New England Nuclear, Boston, MA) was
added to a 20 pl reaction mixture containing 0.5
mmol/L each of adenosine-, guanosine-, cytosine-
5'triphosphate, 10 mmol/L dithiothreitol, 20 U RNasin
ribonuclease inhibitor, 500 ng linearized plasmid, and
15 U of either SP6 or T7 RNA polymerase using a

transcription buffer supplied with the kit. The reaction
mixture was incubated for 60 minutes at 40 C then the
DNA template removed by digestion with 0.5 U
RNase-free DNase, followed by removal of unincor-
porated nucleotides by phenol/chloroform extraction
and ethanol precipitation. RNA probes (specific ac-
tivity approximately 4 x 106 cpm/pl) were stored at
-70 C and used within 3 days.

Tissue Preparation

Frozen sections (6 p) were cut and collected onto
aminosilane-glutaraldehyde-treated slides, dried for
30 seconds on a hot plate at 80 C, and fixed for 20
minutes in 4% paraformaldehyde in 0.01 M PBS, pH
7.4. The sections were washed twice in PBS, dehy-
drated through a graded series of ethanols, air-dried,
and immediately used for in situ hybridization.

Tissue Hybridization

In situ hybridization procedures involving prehy-
bridization, hybridization, and removal of nonspecifi-
cally bound probe were performed using the proto-
col of Hogan et a140 as adapted by Milani et al.41
Air-dried sections were treated with 0.2 N HCI for 20
minutes followed by 5-minute washes with H20. The
sections were digested with proteinase K (1 pg/ml)
for 10 minutes, washed in PBS, 0.1 M glycine in PBS,
and fixed for 20 minutes in 4% paraformaldehyde in
PBS. Sections were then washed in PBS for 5 min-
utes and acetylated in a freshly prepared solution of
acetic anhydride diluted 1:400 in 0.1 M triethano-
lamine, pH 8, for 10 minutes. The sections were
washed in PBS for 5 minutes, dehydrated in graded
ethanols, and air-dried for subsequent hybridization.
Twenty-five microliters of hybridization mixture con-
taining 50% formamide, 10% dextran sulfate, 10
mmol/L dithiothreitol, 0.1 M Tris-HCI, pH 7.5, 0.1 M
NaPO4, 0.3 M NaCI, 50 mmol/L EDTA, 1 x Denhardt's
solution, 0.2 mg/ml yeast tRNA, and 2 x 105 cpm of
[35S]-labeled riboprobe was applied to each section
and covered with a siliconized coverslip. Hybridiza-
tions were performed in a sealed humid chamber for
18 hours at 50 C. Excess probe was removed by
washing for 4 hours at 50 C in 0.1 M Tris-HCI, pH 7.5,
0.1 M NaPO4, 0.3 M NaCI, 50 mmol/L EDTA, 1 x
Denhardt's solution, and 10 mmol/L dithiothreitol.

Slides were digested for 30 minutes at 37 C with 20
pg/ml of RNase A in 0.1 M Tris-HCI, pH 7.5, 1 mmol/L
EDTA, and 0.5 M NaCI to decrease nonspecific back-
ground activity. After a 30-minute wash at 37 C in the
same buffer without the enzyme, sections were rinsed
in 2x standard saline citrate, 0.1% sodium dodecyl



588 Barnes et al
AJP September 1994, Vol. 145, No. 3

sulfate for 30 minutes each, dehydrated in graded
ethanols containing 0.3 M ammonium acetate, and
air-dried. Sections were immersed in the dark in
Kodak NTB-2 photographic emulsion (Eastman-
Kodak, Rochester, NY) diluted with equal parts of 0.6
M ammonium acetate and prewarmed to 45 C. The
slides were kept in the dark, allowed to air dry, then
exposed for a maximum of 2 weeks. The emulsion
was developed and stained with hematoxylin and eo-
sin for subsequent light microscopical analysis.

Results
Morphology
Glomerular pathological alterations after injection
of HSV agreed with previously published stu-
dies.36 38,42 Early (8 and 24 hours) lesions were char-
acterized by capillary dilatation and ballooning result-
ing in microaneurysms filled with platelet aggregates,
leukocytes, erythrocytes, and plasma proteins (Fig-
ure la). The microaneurysms develop into prolifera-
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Figure 1. Glomenrlar histopathology over the course ofHSV-inducedproliferative glomerulonephritis. a: Lesions 24 hours after HSV are character-
ized by microaneurysms (arrows) filled with platelet aggregates, leukocytes, erythrocytes, and plasma proteins (x 600). b: Lesions (arrows) 48
bours after HSV contain numerous cells throughout the central aspects of the microaneurysm (x550). C: At 72 hours after HSV, lesions contain a

conluhent mass of cellsforming a micronodule (X550). d: Micronodules at 2 ueeks after HSV contain numerous cells with expanded extracellular
spaces (X 440). Sections stained with hematoxylin and eosin.
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Cell Types Within Glomerular Lesions
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Figure 2. Macropbage infiltration in glomerular lesions over the
course of HSV-induced glomerular disease. The number of macropb-
ages (detected by immunoperoxidase stainingfor ED-1) peaked at 48
bours and diminisbed at 72 bours and 2 weeks after HSV.

tive lesions by 48 hours, characterized by the pres-

ence of numerous individual cells or clusters of cells
surrounded by platelets and blood elements (Figure
1 b) followed by development of micronodular lesions
consisting of a confluent mass of proliferative cells.
Most lesions at 72 hours and all lesions at 2 weeks
after HSV were of the micronodular type (Figure 1, c

and d). Spaces between cells in lesions at 2 weeks
after HSV were expanded (Figure id).

These studies agree with previous reports that
showed a sequential presence of macrophages and
mesangial cells within glomerular lesions.37 Mac-
rophages, identified by ED-1 staining, were observed
in the central aspects of microaneurysms, increasing
in number from 8 to 48 hours after HSV, declined at
later periods and were uncommon in micronodular
lesions (Figures 2 and 3). Mesangial cells, identified
by Thy-1 .1 surface antigen (Figure 4), were observed
at the margins of lesions 24 hours after HSV (Figure
4a), followed by the proliferation of these cells at 48
and 72 hours filling the lesions forming micronodules
consisting of confluent masses of cells (Figures 4,
b-d). By 48 hours and after, cells in lesions acquired
expression of a-smooth muscle actin, a specific
marker of smooth muscle cells, and activated mes-

angial cells in vivo43 (Figure 4, c and d). Tissue
stained with PBS or nonimmune IgG in place of pri-
mary antibody was negative.

Cell types were verified by in situ hybridization
using lysozyme antisense riboprobe to detect mac-

rophages throughout the time course of the disease
(Figure 3a) and a-smooth muscle cell actin to detect
mesangial cells in advanced lesions (Figure 4d). Ex-
pression of lysozyme mRNA showed the same spatial
and temporal distribution of macrophages within le-
sions as detection of ED-1 surface antigen by immu-
noperoxidase histochemistry. As with immunodetec-
tion of a-smooth muscle cell actin protein, expression
of a-actin mRNA by in situ hybridization identified
mesangial cells only in advanced lesions (48 hours
and after) (Figure 4d). Control tissue hybridized with
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Figure 3. Verification of macrophages witbin lesions by in situ bvbridization using 3IS-labeled antisense riboprobe for lysozyme. Glomerular le-
sions 24 hours after HSV (a) sbow macrophages, identified by abundant lvsozyme mRNA (silver grains, arrows), within central aspects of microa-
neurysms. Tissue hybridized with -35S-labeled sense probe as a control is negative in glomerular lesions (b). Hematoxylin counter stain ( x350).
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Figure 4. Localization of mesangial cells (detected by Thy-1.1 antigen and a-smooth muscle cell actin) over the course ofHSV-induced glomerular
injury. At 24 hours after HSV(a), Thy-1.1 is present in mesangial cells at the margins of lesions (short arrows) (x380). Lesions at 72 hours after
HSV(b) show Thy-1.1 staining throughout micronodules (long arrows) (x380). Mesangial cell origin ofcells within micronodules (long arrows) at
72 hours after HSV is verfied by staining for a-smooth muscle cell actin protein by immunoperoxidase (c) (x 480) and by mRNA expression by in
situ hybridization (d) (X380). Immunoperoxidasce staining with 3-amino-9-ethylcarbazole as substrate (a-c). Hematoxylin counter stain (a-d).

labeled riboprobes transcribed in the sense orienta-
tion were negative (Figure 3b).

Immunolocalization of cFn

Immunodetection of cFn protein paralleled the distri-
bution and intensity of mRNA signal detected by in
situ hybridization (see below). Glomerular lesions at
8 hours after HSV showed only faint staining for cFn
associated with platelet aggregates within microan-
eurysms (Figure 5a). By 24 hours after HSV, cFn stain-
ing was more intense (Figure 5b) and appeared dif-
fuse in central aspects of lesions. At 48 and 72 hours
after HSV, cFn staining was more abundant and lo-
calized in central aspects of lesions, peaking in in-
tensity at 72 hours after HSV (Figure 5, c and d). Lo-

calization of cFn in glomerular lesions at 2 weeks was
less intense than at 72 hours after HSV (Figure 5e). In
many glomeruli, the parietal epithelium of Bowman's
capsule and adjoining interstitial space showed en-

hanced staining for cFn, particularly in aspects of the
epithelium immediately adjacent to glomerular le-
sions (Figures 5, b-e). Controls stained with PBS or

nonimmune IgM in place of primary antibody were

negative (Figure 5f).

Expression of Fn mRNA by In Situ
Hybridization

Early (8 hours) lesions were generally devoid of cells
expressing Fn mRNA (Figure 6a). However, occa-

sional cells within the central aspects of microaneu-

Figure 5. Immunoperoxidase localization of cFn protein throughout the course ofHSV-induced glomerulopathy. (a): Platelets (arrows) in glomer-
ular lesions 8 hours after HSV stain weaklyfor cFn. cFn immunolocalization within microaneurysms (long arrows) at 24 (b) and 48 (c) hours is
progressively more intense and corresponds with an increase cellularity within glomerular lesions. Intensity of staining for cFn is most intense at
72 hours after HSV(d). By 2 weeks after HSV(e), the intensity of cFn staining diminishes. Enhanced immunostaining for cFn is shown in Bow-
man's capsule immediately adjacent to glomerular lesions at 24, 48, and 72 hours after HSV(C, d, short arrows). A control section ( 72 hours after
HSV exposed to mouse IgM in place ofprimary anti-cFn antibody is negativefor reaction product within glomerular structures (f) 7The 3-amino-
9-ethylcarbazole substrate, hematoxylin counter stain (a-c, f X 400; d and e x 330).
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Figure 6. In situ detection of cFn mRNA in cells within glomerular lesions (long arrows) and intact glomerlar capillary tufts (G) over the course
of HSV-induced proliferative glomerulonephritis. (a). Most glomerular lesions at 8 hours after HSV are negative. (b): Glomerular lesions 24 hours
after HSV show several cells within the central aspects ofglomerular lesions (long arrous) expressing Fn mRNA; cells in Bouman 's capsule (short
arrouws) also express message for Fn. (C): Glomerular lesions at 48 hours after HSV shou an inicrease in cells expressinig FE nmRNA uithin the mi-
croaneurysm (long arrous) and Bouwmans capsule. (d): The most intense signalforFn mRNA was observed in microniodules (arrouls) at 72 hours,
diminishing in intensi(y at 2 weeks (e) and corresponditng to the staining intensity of translated protein by immunohistochemistry. (f): Control sec
tionis hybridized with iboprobe transcribed in the sense orientation are negative (05S-labeled sense riboprobe for Fn, 72 hours after HSV). Hema-
toxylin counterstain (X 420).

rysms expressed Fn message. These cells were iden-
tified as mononuclear cells or macrophages based on
the temporal location of macrophage markers (ED-1
and lysozyme) by immunohistochemistry and in situ

hybridization, respectively, and absence of resident
glomerular cells in this region at this time. Neutrophils
(identified by their distinct nuclear morphology) did
not express Fn mRNA.
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By 24 hours after HSV, the expression of Fn mes-
sage increased (Figure 6b), associated with the in-
crease in the number of macrophages within lesions.
Mesangial cells at margins of lesions tended not to
express Fn message above that observed in the
mesangium in intact glomerular capillary tufts. How-
ever, occasional positive cells were identified with en-
hanced amounts of message compared with adja-
cent mesangium in the intact glomerular tuft.

At 48 hours after HSV, the number of cells express-
ing Fn mRNA within central aspects of lesions in-
creased, correlating with the increase in macro-
phages and mesangial cells within lesions and with
the increased expression of translated protein de-
tected by immunoperoxidase histochemistry (Figures
5c and 6c). Cells at the interface between the intact
capillary tuft and glomerular lesions frequently ex-
pressed Fn mRNA. The most abundant message was
detected 72 hours after HSV, at a time when lesions
became filled with a confluent mass of mesangial
cells and expression of Fn protein was maximal (Fig-
ures 5d and 6d). By 2 weeks after HSV, signal for Fn
mRNA and translated protein declined (Figures 5e
and 6e) but remained above basal levels in adjacent
capillary tufts.

At 24 hours after HSV and subsequent intervals,
signal for Fn mRNA was frequently observed in the
parietal epithelium lining Bowman's capsule (Figure
6). As with immunohistochemical detection of cFn,
the most abundant mRNA message in Bowman's
capsule was observed directly adjacent to the lesion
(Figure 5), suggesting enhanced expression medi-
ated by substances diffusing from the contents of the
lesion.

Discussion
These studies show that cFn localized within glomer-
ular lesions throughout the course of HSV-induced
proliferative glomerulonephritis. cFn in glomerular le-
sions can potentially be derived from several sources:
platelets, infiltrating leukocytes, and resident glomer-
ular cells including mesangial, epithelial, and endo-
thelial cells. With the aid of immunohistochemistry
and in situ hybridization, we showed differential and
sequential cellular sources of Fn over the course of
HSV-induced glomerular injury. Fn was first derived
from platelets followed by macrophages then mes-
angial cells. Glomerular epithelial or endothelial cells
did not appear to contribute to the localization of Fn
within glomerular lesions.

Platelets have been shown to contain a type of Fn
distinct from pFn and similar to Fn purified from fi-

broblasts in that they demonstrate the V and EIIIA
spliced regions that are not associated with pFn.18 19

In this study, the contribution of platelet Fn detected
by immunoperoxidase histochemistry in glomerular
lesions was minimal compared with that of macro-
phages and mesangial cells. In early glomerular le-
sions (8 hours after HSV) immunolocalization of cFn
was observed to be weak and restricted to platelets
in the central aspects of microaneurysms. We did not,
however, detect Fn mRNA in platelet aggregates by
in situ hybridization. The inability to detect Fn mRNA
in platelet aggregates might reflect published data
showing detectable levels of mRNA by Northern
analysis encoding abundant platelet proteins such as
PF4 and actin but only trace amounts of mRNA en-
coding thrombospondin and no detectable levels of
platelet Fn mRNA.44 The low copy number of platelet
Fn mRNA in platelets is probably below the sensitivity
of in situ hybridization, despite the immunodetection
of translated platelet secretory product.

The first cellular source of increased expression of
Fn mRNA during the early stages of the disease pro-
cess (8 and 24 hours) appeared to be blood borne
monocytes/macrophages. Occasional cells in the
central aspects of glomerular lesions at 8 hours after
HSV were observed to contain Fn mRNA, however,
most glomeruli were negative for cellular expression
of Fn mRNA. The Fn-positive cells were deduced to
be macrophages based on the immunodetection of
the phenotypic marker ED-1, the monocyte-specific
expression of lysozyme mRNA by in situ hybridiza-
tion, and the lack of cells expressing mesangial mark-
ers desmin and Thy-1. 1 antigen in central aspects of
lesions at this time.37,38 Also, a marked enhancement
in cFn protein within lesions at 24 hours corresponded
with an increase in the number of cells (macroph-
ages) containing Fn mRNA. As observed at 8 hours
after HSV, Fn mRNA in cells within lesions at 24 hours
after HSV was determined to be derived from mac-
rophages based on the phenotypic markers and the
absence of mesangial cells from central aspects of
glomerular lesions at this time.

Blood monocytes generally do not express Fn
mRNA, however, mature or activated mononuclear
phagocytes such as alveolar and peritoneal mac-
rophages derived from patients with idiopathic pul-
monary fibrosis45 or peritoneal exudates46 express
abundant Fn mRNA message. Also, previous studies
by Brown et a19 reported an enhanced expression of
Fn in macrophages during cutaneous wound healing,
the first in vivo description of expression of Fn mRNA
by macrophages as a response to acute injury. Our
studies provide additional evidence that activated
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macrophages have the ability to synthesize Fn in vivo
in a setting of glomerular injury.

By 48 hours after HSV, the population of cell types
within the central aspects of microaneurysms
changed to include mesangial cells in addition to
macrophages. Our studies also showed that expres-
sion cFn protein in glomerular lesions increased at 48
hours and staining was most intense 72 hours after
HSV. Mesangial cells expressed abundant message
and cFn protein during and after the proliferative
phase (48 and 72 hours) in repopulating glomerular
lesions. The most abundant staining for cFn protein
and mRNA by in situ hybridization occurred 72 hours
after HSV at a time when mesangial cells were the
predominant cell population within glomerular lesions
and the macrophage population within glomerular le-
sions declined. These findings closely parallel obser-
vations by Brown et a19 showing that macrophages
are the first cells in wound healing to express in-
creased amounts of Fn mRNA followed by the as-
sumption of the role of expression of Fn by fibroblasts
at later stages of repair. In our studies, mesangial cells
(like fibroblasts in wound healing) assumed the ex-
pression of abundant Fn mRNA after glomerular in-
filtration of macrophage and their expression of Fn.

The exact roles of Fn deposition in wound healing
and glomerular injury and how they might differ from
pFn are poorly understood. However, cFn may have
specific roles that facilitate cellular function in terms
of cell migration, proliferation, and formation of ex-
tracellular matrix. Fn is chemotactic for a variety of
cell types in vitro including endothelial, vascular
smooth muscle, and epithelial cells. 1-6,33,34 In vivo
observations in embryos show that Fn is present in
large amounts associated with cell migratory path-
ways.1 2425 Also, Fn synthesis and deposition in cu-
taneous wound healing suggests that it may have a
role in promoting cell migration in developing granu-
lation tissue.1' 2'69 Similarly, mesangial cell migration
in early glomerular lesions might in part be regulated
by Fn derived from platelets and macrophages.
We have shown a progressive sequence of events

from early mesangial cell margination to cell prolif-
eration in HSV-induced proliferative glomerulonephri-
tis.38 The early microaneurysms are filled with platelet
aggregates, neutrophils, and macrophages but de-
void of mesangial cells. As the lesions progress
mesangial cells marginate along the periphery of the
glomerulus-lesion interface before cell proliferation.
Cell margination was retarded and proliferation
blocked by prior platelet depletion, suggesting that
mesangial cells migrate from intact glomerular struc-
tures toward a milieu replete with platelet secretory
products.36'38 A number of platelet secretory prod-

ucts might potentially influence cell migration in
vivo.33 We have shown that mesangial cells migrate
in vitro in response to platelet releasate in general and
specifically to platelet-derived growth factor and
platelet Fn but not to platelet factor 4, epidermal
growth factor, or transforming growth factor-a or
-_.34'47 Also, platelet Fn was determined to be a po-
tent constituent of platelet releasate responsible for
cell migration by the ability to inhibit migration with
arg-gly-asp-ser tetrapeptide.34

Fn might also be involved in cell proliferation during
tissue remodeling and wound healing.1-3 A variety of
cell types, including mesangial cells, proliferate in re-
sponse to Fn.1-335 As in the case for cell migration,
Fn localizes at sites of proliferation in embryogenesis
and wound healing.1-6 Mesangial cells have been
shown to proliferate in response to Fn,35 however, a
role for Fn in cell proliferation in glomerular disease
remains to be determined. Because of the abun-
dance of Fn mRNA and translated protein throughout
the course of development of proliferative lesions, a
case for cFn either as an autocrine or paracrine
growth factor for mesangial cell hyperplasia cannot
be ruled out.

Fn has been shown to be a constitutive extracel-
lular matrix protein comprising the glomerular base-
ment membrane and mesangial matrix. Glomerular
mesangial cells have the ability to synthesize Fn in
culture.21'48'49 Endothelial and epithelial cells in gen-
eral also synthesize Fn and glomerular epithelial and
endothelial cells have integrin receptors for Fn.51 52
However, in our in situ hybridization studies, glomer-
ular epithelial or endothelial cells did not express Fn
mRNA. On the other hand, mesangial cells in glo-
merular tufts showed small amounts of Fn mRNA that
increased slightly in HSV-treated rats. Mesangial cell
synthesis of cFn within glomerular lesions peaked at
72 hours, indicating that the largest amount of Fn syn-
thesized during glomerular injury, at least in this
model, is derived from mesangial cells. These studies
corroborate reports in other models of glomerular dis-
ease that increased amounts of Fn in extracellular ma-
trix is derived from mesangial cells.2632

Equally important, however, is the finding of Fn
synthesis by macrophages in a glomerular disease
setting. Macrophages are a frequent cellular compo-
nent in a variety of clinical50 and experimen-
tal28,29,31,32'53'54 glomerular diseases and have
recently been associated with fibrosis. In several
models, Fn mRNA obtained from diseased kidney
cortex has been shown to be elevated around the
time of macrophage influx into glomerular struc-
tures.28 3032 Increased extracellular matrix produc-
tion in these and other models of renal fibrosis has
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been attributed to a direct role of release of trans-
forming growth factor-,8 from intrinsic glomerular cells
and macrophages28,29,31,32,53,54 followed by synthe-
sis of extracellular matrix by resident glomerular cells.
Our studies indicate that macrophages can in addi-
tion contribute to increased extracellular matrix by di-
rectly secreting this extracellular matrix protein at
sites of injury. This becomes even more important
when one considers that cFn has been suggested to
provide a provisional extracellular matrix and forms a
foundation for further laying down of additional ex-
tracellular matrix proteins such as collagen and lami-
nin 55,56

Previous studies in our laboratory showed that me-
sangial cell proliferation subsided 72 hours after HSV
at a time when immunodetection of collagen in-
creased.37 We have also shown that expression of
transforming growth factor-4 mRNA by Northern
analysis is most abundant at 48 hours and persists at
72 hours after HSV, coinciding with the immunolocal-
ization of collagen type IV. This study shows that me-
sangial cell synthesis of Fn was also most abundant
at 48 and 72 hours after HSV and agrees with other
in vitro and in vivo experiments, indicating that trans-
forming growth factor-: is a potent promoter of me-
sangial cell synthesis of extracellular matrix.28'29'31-33

These studies have shown that cFn localization
and cell synthesis follows a sequential pattern similar
to that described in wound healing in general. Glo-
merular localization of cFn is first derived from plate-
lets, followed by macrophages then mesangial cells.
Early localization of cFn from platelets and macro-
phages occurs at a time associated with mesangial
cell migration and before mesangial cell proliferation.
Mesangial cell synthesis of cFn occurred primarily at
a time when mesangial cells are proliferating and syn-
thesizing extracellular matrix. The precise roles of cFn
on mesangial cell behavior in the pathogenesis of this
model of proliferative glomerulonephritis remain to be
elucidated.
These studies do not address which specific forms

of Fn are expressed by macrophages and mesangial
cells over the course of the disease process. Because
alternatively spliced regions of Fn might influence cell
behavior,5 6'91819 studies are underway to examine
the cellular expression of the different variants of Fn
over the course of HSV-induced glomerulonephritis.
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