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Platelet-derived growth factor (PDGF) is postu-
lated to play a role in the patbophysiology of pul-
monary fibrosis. Recombinant buman PDGF-BB
administered as a single intratracheal infection in
rats causes an increase in peribronchial and
perivascular stromal cells on days 2 and 3 after
injection as evaluated by bematoxylin and eosin
bistology and 5-bromodeoxyuridine incorpora-
tion. Proliferation of bronchial epitbelial cells and
arterial smooth muscle cells, although not evident
by routine bistological examination alone, is de-
tected on days 2 and 3 by increased 5-bromode-
oxyuridine incorporation. A mild increase in 5-bro-
modeoxyuridine labeling is observed in peripberal
alveolar parenchyma after injection of PDGF. The
proliferative peribronchial and perivascular mes-
enchymal cells appear by light microscopic and
ultrastructural criteria to be fibroblasts that are
immunoreactive for vimentin but negative for
o-smooth muscle actin and desmin. Daily intratra-
cheal injection of PDGF-BB for 3 days causes a
slightly more pronounced peribronchial and
perivascular spindle cell proliferation accompa-
nied by collagen deposition as evaluated by Mas-
son’s tricbrome stain. PDGF-induced increases in
cellularity and collagen resolve within 5 days after
the last PDGF injection. In conclusion, intratra-
cheal injection of PDGF-BB causes transient prolif-
eration of pulmonary mesenchymal and epitbelial
cells accompanied by collagen deposition. (Am J
Patbol 1996, 149:539-548)

Platelet-derived growth factor (PDGF) is a potent
mitogen and chemoattractant for mesenchymal cells
and induces gene expression of cell matrix-related
molecules such as fibronectin, collagen, and glycos-
aminoglycans." Structurally, PDGF forms a dimeric
molecule consisting of A and B chains that are ap-
proximately 60% homologous at the amino acid lev-
el.2 PDGF-AB heterodimer predominates in human
platelets whereas PDGF-BB homodimer prevails in
serum and platelets of most nonhuman species.’

PDGF induces diverse functions by binding to
specific high-affinity cell surface receptors.® The
PDGF receptors belong to a family of tyrosine ki-
nases that consist of a- and B-subunits in three pos-
sible combinations: aa, aB, and BB.* The a-receptor
subunit can bind to either the A or B chain of PDGF,
whereas the B-subunit is capable of binding only to
the PDGF-B chain.* Thus, the PDGF-BB used in the
present study should be able to act upon target cells
bearing any type of PDGF receptor. PDGF receptors
have been found on most mesenchymal cells includ-
ing fibroblasts, osteoblasts, chondroblasts, smooth
muscle cells, glial cells, and capillary endothelial
cells.® Although epithelial cells have been generally
considered to be unresponsive to PDGF, there have
been recent studies reporting PDGF receptor ex-
pression in human lung carcinoma cell lines,®” skin
epithelial cells,®. mouse mammary epithelial cell
lines,® and fetal rat lung epithelial cells.®

Abnormal expression of PDGF has been postu-
lated to play an important role in idiopathic or sec-
ondary fibrotic lung diseases. PDGF has also been
suggested to contribute to tumor growth and to the
stromal reaction surrounding lung carcinomas.'©~'4
In this study, exogenous PDGF is demonstrated to
exert a trophic effect upon pulmonary epithelial and
mesenchymal cells in vivo.
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Figure 1. Peribronchial and perivascular stromal cell byperplasia (arro

) is evident 3 days after a single i.t. injection of PDGF (right column). The

paucity of cells in normal perivascular or peribronchial spaces in saline-injected control rats is illustrated in the left column. PDGF-induced bronchial
epithelial cell byperplasia is suggested by a nuclear crowding in bronchial mucosal cells of PDGF-treated rats as compared with controls. Bronchial,
arterial, and venous lumens are labeled as B, A, and V, respectively. HEE stain.

Materials and Methods

Injection of Rats with Intratracheal and
Intravenous PDGF

Pathogen-free male Lewis rats (Harlan Sprague-
Dawley, Indianapolis, IN) weighing approximately
225 g were injected intratracheally (i.t.) with recom-
binant human PDGF-BB at a dose of 0.6 mg/rat in 0.5
ml of phosphate-buffered saline (PBS). The recom-
binant PDGF-BB (Amgen, Thousand Oaks, CA) con-
tained less than 2.5 EU/mI. Control rats received an
i.t. injection of the same volume of PBS or bovine
serum albumin diluted in PBS. After a single i.t. in-
stillation (n = 19 rats receiving PDGF; n = 14 con-

trols) or three consecutive daily i.t. instillations (n =
15 rats receiving PDGF; n = 14 controls), the rats
were sacrificed at various time points ranging from 1
to 5 days. 5-Bromodeoxyuridine (BrdU) at a dose of
12.5 mg/rat was injected in selected rats (PDGF or
control (n = 3 each)) atdays 1, 2, and 3 (total n = 18)
at 24 hours before sacrifice, and BrdU incorporation
was detected immunohistochemically with anti-BrdU
antibody (Amersham, Arlington Heights, IL) as an
indication of in vivo DNA synthesis. Intravenous
PDGF-BB was injected at doses of 0.5 (n = 10) and
1 (n = 10) mg/rat either once or three times a week
for 10 weeks. Control rats (n = 10) received intrave-
nous saline three times a week for 10 weeks.



compared with control lungs (upper panels). Masson’s trichrome stain.

Histology, Immunohistochemistry, and
Ultrastructural Study

The lungs were removed in toto at the time of sacri-
fice and fixed overnight after infusion of 15 ml of 10%
neutral buffered formalin via the trachea to inflate
alveoli. Lung sections for histological examination
and BrdU counting were taken at the midsaggital
plane of the right and left lungs encompassing the
largest surface area. Formalin-fixed, paraffin-em-
bedded lung sections were examined with hematox-
ylin and eosin (H&E) and Masson’s trichrome stains.
Immunohistochemical staining was performed on se-
lected paraffin-embedded tissues using primary an-
tibodies against a-smooth muscle actin (Dako,
Carpinteria, CA), desmin (Dako), and vimentin
(BioTek Solutions, Santa Barbara, CA) followed by
biotinylated secondary antibody and 3,3’-diamino-
benzidine tetrachloride (Sigma Chemical Co., St.
Louis, MO) as a chromogen with the standard avidin-
biotin complex method as previously described.®
An alkaline phosphatase detection system was used
for anti-BrdU antibody. A transmission electron mi-
croscopic study was performed on selected lung
tissues after the examination of plastic-embedded
1-um-thick toluidine-blue-stained sections.

Figure 2. The lungs of PDGF-treated rats show an increased deposition of peribronchial and perivascular collagen (blue staining in lower two panels) as
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Quéntitation of BrdU Incorporation

BrdU labeling index was quantitated separately in
bronchial epithelial cells, peribronchial and perivenular
mesenchymal cells, and pulmonary arterial smooth
muscle cells by light microscopic examination. The
number of BrdU-stained nuclei in the 10 most promi-
nently labeled bronchi, peribronchial, and perivenular
spaces and pulmonary arteries were counted using the
20X objective lens. The average numbers out of BrdU-
labeled cells in 10 structures (BrdU counts/anatomical
structure) are presented separately for each compart-
ment. The average BrdU counts in peripheral alveolar
parenchyma were obtained by counting BrdU-stained
nuclei in 10 random noncontiguous high power fields
(40X objective lens) and presented as BrdU counts/
field. BrdU-positive cells were counted in the 10 most
prominently labeled bronchovascular structures in
each section of lung for the following two reasons: 1)
not every labeled cell in each anatomic structure in
each bronchovascular structure in each midsagagital
section could be counted because of the laborious
nature of the task, and 2) the mean labeling of cells in
all bronchovascular structures would have been a mis-
leading number as some structures did not contain any
labeled cells. The absence of proliferation in these
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Figure 3. PDGF-induced BrdU incorporation is mainly localized in bronchial epithelial cells (arrows) and stromal cells surrounding bronchi (B),

anteries (A), and veins (V). Some arterial smooth muscle cells and a few venous endothelial cells (arrowhead) also show positive BrdU staining.
Saline-injected control rats (bottom panels) show little or no BrdU labeling. Anti-BrdU stain.

unlabeled structures, however, in our opinion repre-
sents the liklihood that i.t. instillation does not provide a
completely uniform distribution of administered protein
throughout the lung and therefore PDGF never
reached these structures. The data are presented as
the mean = 1 SD of the mean. The probability value
was determined by the two-tailed t-test (Systat, Evan-
ston, IL).

Results

The most striking histological feature after i.t. instil-
lation of PDGF was an increase in peribronchial and

perivascular mesenchymal cells (Figure 1). Mitoses
were occasionally seen in the peribronchial and
perivascular mesenchymal cells of PDGF-treated
rats. Cellular proliferation in peripheral alveolar pa-
renchyma was not remarkable by H&E histology.
Daily injection of PDGF for 3 consecutive days also
caused a similar or slightly more pronounced degree
of histological changes as for a single injection. Peri-
bronchial and perivascular collagen deposition was
demonstrated by Masson’s trichrome stain (Figure
2). The histological changes induced by either single
or daily PDGF injections were no longer evident 5
days after the last PDGF injection.



®
-~
,&v* " F & : {’
3 > ”: " - b iy |
v .4 p ) ‘9
& Lo -4t ’
e et ] x L b
e 4 _,},: 2\
S A i - Bl o
el o U S R
T s / ol % .
3 % k-
b _ » o b
}_ — N » -y o v
e Xy b e d
)" J‘c:: »™-a J ’ v
‘ Pl G ~
, s Wiy “ b
U bl 5 $ B g
- i o Iha ot e .
\.'50.' o 5\“ oy b AR g e
E 4 ,i‘g." ‘\':‘ L . ‘4-"‘ - - : 1
- L . AT " St
- X » - -
7wt L I i.," &8 o e ‘:.;l B -
¥ i .
D Pt a1
E - »t » - h 4 . ’
w =Rl -8 e e v
i3 ";_f..?f (47 ';;" 2
. IS =9 [
R i b e ¢ KR 44
~ = b o 2 5 ™ b 4
[_PDGF__JEes : s
o -"
5 .:;, o
_ e 4‘ o T
- ’ *
-, o ! o »
% 'J" -
- LY - % -~ 2 }, »
$ 3 Ty
5 - . Y
- {3 i £, — -~
o e 4 ~ - <
* o 4 ‘t, B f Qe F o
PR o -, PP [
L 3 o ny -«%» oy
< [ '; : I3
\ \(‘{ 5 v .t & P8
A P & »? . y
3 L
‘:\ t 25 NS .
- s
e Jw. " - h‘ g
- . \

Figure 4. Saline-injected control rats (top panel) show little or no BrdU
incorporation in the alveolar parenchyma. In contrast, PDGF-injected
lungs show frequent BrdU-positive cells in the alveoli as well as in the
adventitia of small venules (middle panel). Anti-BrdU stain.

A single i.t. injection of PDGF-BB into rats
caused marked increases in BrdU incorporation in
bronchial epithelial cells, peribronchial and perive-
nular mesenchymal cells, and pulmonary arterial
smooth muscle cells at days 2 and 3 as compared
with control rats (Figures 3 to 5). PDGF-injected
lungs at 2 days contained greater than 10 BrdU-
positive bronchial epithelial cells in 77.6 * 6.6% of
bronchi/lung section as compared with 7.3 * 5.3%
in control lungs (P < 0.0001). Thus, PDGF-in-
duced BrdU incorporation was noted in approxi-
mately 70% of bronchovascular structures in any
given midsaggital section. Arterial endothelial
cells generally did not show BrdU uptake, whereas
venular endothelial cells occasionally showed
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BrdU incorporation (Figure 3). BrdU labeling in
bronchial epithelial cells appeared to peak at day
2, whereas BrdU labeling of mesenchymal and
smooth muscle cells peaked at days 2 to 3 (Figure
5). At days 1 to 3, peripheral alveolar parenchyma
of PDGF-injected rats also showed an increase in
BrdU-labeled cells (Figures 4 and 6) that are com-
posed of spindle-shaped interstitial cells and oc-
casional alveolar epithelial cells. Peribronchial
lymphoid tissue in PDGF-injected and control rats
showed no significant differences in BrdU incor-
poration at any time points (data not shown).

The proliferating mesenchymal cells around
bronchi and vessels were composed of fibrocytic
cells that are diffusely positive for vimentin but
negative for a-smooth muscle actin and desmin on
immunohistochemical staining (Figures 7 and 8).
On electron microscopic examination, the new
stromal cells showed features of fibroblasts char-
acterized by spindle-shaped cells with abundant
branching rough endoplasmic reticulum (Figure
9). Occasional neutrophils, lymphocytes, eosino-
phils, and mast cells were also present. Scattered
collagen fibers were noted in intercellular spaces
(Figure 9).

The potential effect of systemic PDGF on the lung
was tested by intravenous administration of PDGF at
doses of 0.5 and 1 mg/rat either once or three times a
week for 10 weeks. PDGF given systemically in this
fashion did not cause any mesenchymal or epithelial
cell proliferation in the lung as judged histologically
either by H&E-stained sections or by BrdU incorpora-
tion.

Discussion

Recombinant human PDGF-BB administered as a
single i.t. injection in rats caused an increase in
peribronchial and perivascular stromal cells on days
2 and 3 after injection as evaluated by H&E histol-
ogy. BrdU incorporation into bronchial epithelial
cells, peribronchovascular mesenchymal cells, and
vascular smooth muscle cells was remarkably in-
creased in PDGF-injected rats as compared with
control rats that show little or no BrdU labeling in the
lung. The PDGF-induced increase of BrdU labeling
in the peripheral alveolar parenchyma is significant
but is not as obvious as in the bronchial or vascular
compartments. Intravenous administration of PDGF
caused neither histologically discernible pulmonary
cell proliferation nor increased BrdU incorporation in
the lung.

PDGF is well recognized as a potent mitogen for
cells of mesenchymal origin, but recent findings
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Figure 5. BrdU labeling peaks at day 2 in bronchial epithelial cells and
at days 2 to 3 in peribronchovascular stromal cells and vascular
smooth muscle cells.

indicate that it may also induce the growth of some
epithelial cells.®>~® A previous study reported that
exogenous PDGF is a direct mitogen for fetal lung
epithelial cells by demonstrating a dose- and time-
dependent stimulatory effect of PDGF-AA and -BB
on epithelial cell [®H]thymidine incorporation that
was abrogated by preincubation with an antibody
against an extracellular domain of the rodent
PDGF receptor.® Our study demonstrates a
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Figure 6. BrdU labeling is significantly increased in the alveolar pa-
renchyma of PDGF-injected as compared with control rats.

marked proliferative effect on airway epithelial
cells in normal adult rat lungs. As the intrapulmo-
nary airways in rats lack cartilage in their walls, the
histological distinction between bronchi and bron-
chioles based on the presence of cartilage is dif-
ficult.’® Both bronchial and bronchiolar epithelial
cells are most likely stimulated by PDGF to incor-
porate BrdU. In contrast to keratinocyte growth
factor, which causes marked type Il pneumocyte

Figure 7. The spindle cells in the peribronchial and perivascular spaces of PDGF-injected lungs are diffusely immunoreactive for vimentin, indicating
a mesenchymal origin of these cells. B, bronchus; A, artery; V, vein. Anti-vimentin stain.



In Vivo Effects of PDGF 545
AJP August 1996, Vol. 149, No. 2

Figure 8. The vimentin-positive stromal cells are negative for a-smooth muscle actin (top panel) and desmin (bottom panel). Bronchial and vascular
smooth muscle cells serve as internal positive controls. B, bronchus; A, artery. ’

hyperplasia as well as bronchial epithelial cell pro-
liferation,’” PDGF-BB does not cause striking type
Il pneumocyte hyperplasia.

PDGF-BB-induced fibroblastic proliferation and
collagen fibrosis is mainly localized in the peribron-
chial and perivascular areas with relative sparing of
alveolar septa. The accumulation of fibroblast-like
cells in peribronchial and perivascular adventitia has
been described as an early change in bleomycin-
induced pulmonary fibrosis model.'® A role for PDGF
in the pathogenesis of idiopathic pulmonary fibrosis
has been suggested by the up-regulation of PDGF
gene expression and PDGF release in alveolar mac-
rophages of patients.'® Human PDGF-B overexpres-
sion in the lungs of Wistar rats after i.t. administration
of an expression vector caused significant prolifera-
tion of fibroblasts and deposition of collagen in alve-
olar septa after 14 days.2° In the same study, trans-
forming growth factor-B was a more potent inducer
of fibrosing alveolitis than PDGF, and transforming
growth factor-B secondarily caused rat PDGF-B ex-
pression in the rat lung cells.?°

Vimentin-positive, «-smooth-muscle-actin- and
desmin-negative fibroblasts made up most of the peri-
bronchial and perivascular proliferating mesenchymal
cells after i.t. instillation of PDGF. Although the impor-

tance of myofibroblastic transformation during lung fi-
brosis has been reported by many investigators,2'-2%
no significant myofibroblastic differentiation was ob-
served in our material as judged by either immunohis-
tochemistry or electron microscopy.

PDGF also caused BrdU incorporation in vascu-
lar smooth muscle cells. Less commonly, BrdU
incorporation was noted in endothelial cells. PDGF
receptors have been reported to be present in
capillary endothelial cells.?® Previous investigators
such as Reidy et al and Libby et al have reported
the expression of PDGF isotypes and their recep-
tors in normal and injured vascular smooth muscle
cells in balloon catheter injury and endothelial de-
nudation models.2”~32 Antibody to PDGF has been
reported to inhibit neointimal smooth muscle ac-
cumulation after angioplasty.®® The nature of the
PDGF-induced BrdU-positive cells in the periph-
eral alveolar parenchyma is not clear. As capillary
endothelium and microvascular pericytes have
been shown to express PDGF-B receptors,®* these
cells might participate in the response to PDGF.
However, some cells appeared to be type Il pneu-
mocytes based on their cuboidal shape and typi-
cal location in the corners of alveoli.



546 Yietal
AJP August 1996, Vol. 149, No. 2

X ‘

Figure 9. PDGF-induced proliferation of mesenchymal spindle cells is illustrated in a perivenular space (A and B). A, alveoli; V, venular lumen.

Occasional collagen fibers are present in the perivenular space (C). The PDGF-induced spindle cells appear to be fibroblasts with well developed rough
endoplasmic reticulum (D). Peripberal actin microfilaments characteristic of myofibroblastic differentiation were not identified. Bars, 50 um (A),

10 pm (B), 2 um (C), and 1 um (D).

In summary, exogenous PDGF-BB administered
i.t. into normal adult rats mainly causes prolifera-
tion of bronchial epithelial cells, peribronchial and
perivascular mesenchymal cells, and vascular
smooth muscle cells. Peribronchial and perivascu-
lar stromal cells reveal fibroblastic differentiation
with intercellular collagen deposition. PDGF-in-
duced fibroblastic proliferation and collagen fibro-
sis is reversible by 5 days after the cessation of
PDGF stimulation. Repeated PDGF injections does
not cause more than a slight increase in the de-
gree of fibrosis as compared with a single PDGF

injection. This might be partly due to the saturation
of PDGF receptors in the target cells or to an
unknown compensatory homeostatic mechanism.
Conditions such as the intra-alveolar fibroblastic
plugs in organizing pneumonia and the interstitial
fibrosis in the organizing phase of diffuse alveolar
damage are also reversible. The effects of exoge-
nous PDGF on the lung in vivo support the hypoth-
esis of previous authors that endogenous PDGF
may play a role in the pathogenesis of pulmonary
fibrosis. The observation that the proliferative ef-
fects of PDGF were seen after i.t. but not after



intravenous administration suggests that any
effects of endogenous PDGF most likely would
be mediated locally in a paracrine or autocrine
fashion.
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