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Poly(ADP-ribose) polymerase 1 (PARP-1) is the predominant NAD-
dependent modifying enzyme in DNA repair, transcription, and apo-
ptosis; its involvement in development has not been defined. Here,
we report expression and cellular localization of PARP-1 in developing
rat and human fetal lung, in vivo and in explant culture, and effects of
inhibiting PARP-1 activity on lung surfactant protein (SP) expression.
PARP-1 was expressed as 113-kD (p113) and 85-kD (p85) fragment
in both rat and human lung. In rat lung, p113 content by Western
was maximal at Embryonic Days 16-18, decreased sharply by Embry-
onic Day 20, and continued to decrease postnatally. p85 level was
constant in the fetus and decreased postnatally. In human fetal
lung, both PARP-1 mRNA expression and protein content changed
little between 15 and 24 wk. Immunohistochemistry for PARP-1 in
Embryonic Day 18 rat lung showed predominantly nuclear staining
in most cells. In later gestation and postnatally, PARP-1 staining
was primarily cytoplasmic and progressively restricted to a subset
of cells, mainly bronchial epithelial and smooth muscle cells. Cell
subfractionation showed that p113 localized to nucleus and p85
to cytoplasm. Inhibition of PARP-1 activity by 5-iodo-6-amino-1,2-
benzopyrone in fetal rat lung explant culture did not affect SP-A
and -B mRNA, but significantly increased SP-C mRNA. These findings
indicate that in lung (i) PARP-1 is abundantly expressed during
fetal development; (ii) p113 and p85 levels are differentially regu-
lated; (iii) PARP-1 undergoes complex developmental changes in
cellular and subcellular expression, including extensive cytoplasmic
localization; and (iv) inhibition of PARP-1 activity differentially af-
fects expression of SPs.

Poly (ADP-ribose) polymerase-1 (PARP-1) is a 113-kD enzyme
that catalyzes the covalent attachment of ADP-ribose units [poly
(ADP-ribosyl)ation] to acceptor molecules, using NAD+ as a
substrate. Studies over the last decade indicate that PARP-1 has
a prominent role in the process of apoptosis (1). Because
PARP-1 is a target of caspases, such as caspase 3, which are
important for execution of the apoptotic pathway, evaluating
PARP-1 cleavage products by Western analysis has been a useful
way of confirming and following the process of apoptosis (2).
Additionally, other studies have been aimed at defining the role
PARP-1 plays in a broad range of biological processes important
for the genomic integrity, differentiation, and functioning of
nonapoptotic cells (3).

The gene encoding PARP-1 is highly conserved and present
in almost all eukaryotes, which is consistent with its playing an
important role in fundamental biological events (4). Although
the exact physiologic roles remain to be defined, PARP-1 and
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poly (ADP-ribosyl)ation have been associated with a number
of functions, including DNA repair (5) and replication (6, 7),
cell cycle regulation (8), cell proliferation (9), differentiation
(10-12), and cell death (13, 14). The drosophila PARP-1—/—
phenotype develops to the end of embryogenesis but does not
grow into the adult fly, indicating an essential developmental role
for PARP-1 in this model (15). The mouse PARP-1 knockout has
provided limited insight into the involvement of PARP-1 in
mammalian development (16-18) due to the redundancy of poly
(ADP-ribosyl)ating enzymes with similar biochemical activity
(19); multiple knockouts, with poly(ADP-ribosyl)ation com-
pletely abolished, have not been described. Thus, the role of
PARP-1 in mammalian developmental events, including differ-
entiation and programmed cell death, remains to be established.

We previously demonstrated that apoptosis is a normal com-
ponent of development in rat and human fetal lung (20). PARP-1
has been implicated in the induction of apoptosis (1), and its
cleavage by caspases into specific fragments has been viewed as
a critical event in this process (21). In preliminary experiments
using a fetal lung explant culture system in which there is acceler-
ated type II cell maturation (22) and increased apoptosis (20),
we found that PARP-1 content was highly regulated, and that
its catabolism could not be explained solely by apoptotic caspase
cleavage. This suggested that PARP-1 expression may undergo
developmental regulation in the lung. In vitro studies of adipo-
cyte differentiation have shown that PARP-1 expression and
activity are regulated at the onset of differentiation (12). In the
in vivo chick limb differentiation model, PARP-1 activity shows
developmental regulation (11). However, the ontogenic expres-
sion and cellular localization of PARP-1 in mammalian develop-
ment in general, and in lung specifically, have not been described.
Determining the temporal expression and spatial distribution of
PARP-1 is fundamentally important as a first step to understand-
ing the physiologic functions of PARP-1.

This study was undertaken to characterize PARP-1 expres-
sion and cellular localization in rat fetal and postnatal lung (RFL
and RPNL) and human fetal lung (HFL). The results demon-
strate that PARP-1 is expressed in RFL, RPNL, and HFL and
that PARP-1 is developmentally regulated in vivo and in vitro.
In addition, inhibiting PARP-1 activity in late gestation differ-
entially affects the expression of surfactant protein (SP)-A, -B,
and -C mRNA. A preliminary report has appeared (23).

Materials and Methods

Fetal and Postnatal Rat Lung and Explant Culture

All studies were approved by the Committee on Animal Research at the
University of California, San Francisco. Time dated pregnant Sprague
Dawley rats were obtained from Charles River Labs (Gilroy, CA) and
housed at the UCSF Animal Care Facility. We examined specimens
from fetal rats delivered at Gestational Days 16-22 (Embryonic Days
16 to 22) (n = 19 pregnant rats) and from postnatal rats ages 1, 4, 7,
21 d and 3 mo (n = 14 rats). Pregnant females and their fetuses were
anesthetized with a mixture of ketamine (87.5 mg/kg) and xylazine
(1.25 mg/kg) intramuscularly. Fetuses were delivered by hysterotomy
at Embryonic Days 16-22, pithed, weighed, and the lungs dissected.
After fetuses had been delivered, dams were killed by intracardiac
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injection of 1 ml of euthanasia solution containing 67 mg/ml pentobarbi-
tol, followed by bilateral pneumothoraces. Postnatal rats were killed
with pentobarbital and the lungs dissected. Some lungs were promptly
frozen in liquid nitrogen and stored at —70°C for use in biochemical
studies. Other lungs were fixed for microscopy by immersion in freshly
prepared 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS), pH 7.4 overnight. Lungs were cryoprotected with 30% sucrose
in 4% paraformaldehyde/0.1 M PBS, pH 7.4 at 4°C overnight. Individual
lobes were placed in O.C.T. compound from Tissue-Tek (Elkhorn, IN),
frozen under liquid nitrogen, and stored at —70°C. For explant culture,
lungs were minced into 1-mm cubes and cultured in Waymouth +10%
fetal bovine serum with either the specific inhibitor of PARP activity,
5-iodo-6-amino-1,2-benzopyrone (INH,BP) (24) (kindly provided by
Dr. E. Kun, University of California, San Francisco), or DMSO vehicle
in 95%/5% CO, as previously described (22). The tissue was harvested
at times indicated, snap frozen, and stored at —70°C.

HFL and Explant Culture

All studies were approved by the Committee on Human Research
at the University of California, San Francisco. For HFL, pathologic
specimens were available only during the canalicular stage (15-24 wk
gestation). As a complement to the in vivo HFL samples, we used an
HFL explant system that shows accelerated maturation of type II cells
(22, 25, 26), architectural remodeling (22), and an increased rate of
interstitial apoptosis (20). Lung tissue was harvested on wet ice and
stored overnight at 4°C in serum-free Waymouth MB 752/1 from
GIBCO-BRL (Gaithersburg, MD) before processing. Lung tissue was
minced under sterile conditions into 1-mm cubes and cultured in serum-
free Waymouth MB 752/1 medium in 95% air/5% CO,, as previously
described (22). The tissue was harvested at times indicated, snap frozen,
and stored at —70°C.

Protein Extraction and Western Immunoblot Analysis

Frozen tissue (HFL and RFL) was transferred to 3X volumes of homog-
enization buffer (0.5% NP-40, 0.3 M NaCl, 0.1 mM EDTA, 20 mM
HEPES, 10% glycerol, 1 mM dithiothreitol [DTT], and 2% protease
inhibitor cocktail) (Sigma, St. Louis, MO) and Dounce homogenized
on ice. Samples were sonicated for 20 s on ice on a setting of 30%
power followed by mixing at 4°C for 60 min on a rocker platform. The
samples were centrifuged for 5 min and the supernatant stored at —70°C.
An aliquot was removed to determine protein concentration using the
Bradford assay (Bio-Rad, Richmond, CA). Equal amounts of protein
extract were mixed with 2X sample buffer containing 6 M urea (0.35
M TrisCl, 4% SDS, 20% glycerol, 2.0% betamercaptoethanol, pH 6.8)
and incubated at 60°C for 15 min. Proteins were separated on a 10%
SDS-PAGE with a 4% stacking gel and blotted electrophoretically onto
0.45 micron nitrocellulose (MSI, Westboro, MA). After blocking in
freshly prepared 5% milk-TRIS-buffered saline (TBS, pH 7.4), the
blots were incubated with C2-10 anti-PARP-1 mAb (PharMingen, San
Diego, CA) diluted 1:250in 2.5% milk-TBS, for 2 h at room temperature
with rocking. The C2-10 mAb binds both the full-length 113-kD
PARP-1 and 85-kD apoptotic cleavage fragment (27). The blots were
washed extensively with TBS-Tween-20 (0.05%, TBS-T) and incubated
with anti-mouse IgG, horseradish peroxidase conjugated (Amersham,
MA), diluted 1:2,000 in 2.5% milk-TBS, for 1 h at room temperature
with rocking. Membranes were washed with TBS-T and developed
with an enhanced chemilumenescence detection kit (ECL+; Amersham
International, Amersham, UK). Images were recorded on Hyperfilm
MP (Amersham) or captured using a phosphorimager system (Storm
840; Molecular Dynamics, Sunnyvale, CA) and analyzed using Image-
Quant Software (Molecular Dynamics).

Immunohistochemistry

Immunohistochemistry was performed on 3 pm sections of fixed, cryo-
protected rat lung using primary antibodies to PARP-1 and RTIIy, a
protein specific in the lung to the apical surface of rat type II cells (28).
For PARP-1, sections were treated with 1% H,O, for 10 min at room
temperature and washed with TBS. Antigen retrieval was performed
in 10 mM Na Citrate, pH 6.0 (target retrieval solution; Dako, Carpint-
eria, CA) at 95°C for 10 min followed by a cooling phase of 20 min at
room temperature. Sections were washed with TBS and incubated with
blocking solution (TBS/0.1% BSA/0.3% Triton X-100/10% rabbit se-

rum) for 1 h at room temperature to block nonspecific binding. The
tissue sections were incubated with C2-10 mAb, diluted 1:500 in TBS/
0.1% BSA/0.3%Trition/1.5% rabbit serum, at 4°C overnight. After
extensive washing in TBS/0.1% BSA/0.3% Triton X-100, the sections
were incubated with rabbit anti-mouse IgG biotin-conjugated for 1 h
at room temperature. For histochemical localization of PARP-1, we
used the Vectastain ABC kit (Vector Laboratories, Burlingame, CA)
for 3,3'-diaminobenzidine (DAB) staining of tissue sections. To label
nuclei, sections were counterstained with Gill’s No. 2 hematoxylin
(Sigma). Sections were air dried and mounted with Glycergel (Dako)
and analyzed with a Leitz Orthoplan 2 microscope. For RTII,, sections
were treated as previously described (28) with the modification that,
for detection by direct immunofluorescence, the sections were incu-
bated with isotype specific goat anti-mouse IgG; Alexa Fluor 488 (Mo-
lecular Probes, Eugene, OR). The antigen retrieval process, used for
PARP-1 and described above, interfered with detection of RTII,.
Therefore, to co-localize PARP and RTII;, serial sections were exam-
ined using the Leitz Orthoplan 2 microscope.

For confocal microscopy, sections were prepared as described above
for PAPR-1 except that, instead of diaminobenzidine, a 1:500 dilution
of FITC-conjugated avidin (Jackson Immunoresearch, West Grove,
PA) in PBS (pH 7.4) was added for 30 min at room temperature
followed by extensive washing. Sections were counterstained with pro-
pidium iodide (10 pg/pl; Sigma) for 15 min to label all nuclei, washed
sequentially with PBS and distilled H,O, and coverslipped using 1,4-
diazabicyclo(2,2,2)octane (DABCO) (Sigma).

Cellular Subfractionation

Cells were subfractionated as previously described by Bohinski and
coworkers (29) with the following modifications. Rat lungs (21pd) were
finely powdered in liquid nitrogen using mortar and pestle and Dounce
homogenized on ice in 4 vols of isotonic buffer (10 mM HEPES pH
7.9, 10 mM KCl, 0.1 mM EDTA, 1.5 mM MgCl,, 0.2% Nonidet P-40,
1 mM DTT, and proteinase inhibitor cocktail; Sigma). Nuclei were spun
down at 720 X g for 5 min at 4°C, and the supernatant was saved for
the cytoplasmic fraction. The pellet of nuclei was resuspended in 4 vols
of buffer (20 mM HEPES pH 7.9, 420 mM NacCl, 0.1 mM EDTA, 1.5
mM MgCl, 25% glycerol, 1 mM DTT, and protease inhibitor cocktail),
and both cytoplasmic and nuclear fractions were sonicated at 30%
power for 20 s on ice. The nuclear fraction was centrifuged at 16,000 X
g for 10 min at 4°C and the supernatant used for further analysis.

Isolation and Analysis of Lung RNA

Total RNA was isolated from HFL by the RNazol method (CINNA/
BIOTECX Laboratories, Friendswood, TX). Tissue samples were re-
moved from —70°C, homogenized directly in RNazol solution, extracted
with chloroform-isoamyl alcohol, centrifuged at 14000 X g at 4°C for
15 min, and precipitated with isopropanol at —20°C. RNase inhibitor
RNasin (Promega, Madison, WI) was added directly onto the final
RNA pellet (40 U/pellet) to inhibit any residual RNase activity. RNA
pellets were resuspended in 1 mM DTT and the quantity and purity
of RNA was determined by optical density at 260 and 280 nm. The
quality and quantitation of the RNA was verified by electrophoresis
of 0.5 pg aliquot in a 1% agarose—formaldehyde gel that was stained
with ethidium bromide to visualize the 18S and 28S rRNA bands.
Multiplex reverse transcriptase-polymerase chain reaction (RT-
PCR) was used for the analysis of human PARP-1, rat SP-A, SP-B,
and SP-C mRNA in combination with 18S rRNA using Competimer
technology (Ambion, Austin, TX) as previously described (28). Total
RNA was reverse transcribed using random primers. cDNA was ampli-
fied with specific oligonucleotides for rat SP-A, SP-B, and SP-C as
previously described (30) and for human PARP-1 as follows: 5’ GAAG-
CTCAGAGAACCCATCC (GenBank nm001618, bp# 372-391) (anti-
sense) and 5'-AAGCTCTATCGAGTCGAGTACG (bp# 178-199)
(sense). For each gene we determined the linear range of amplification
and the optimal 18S Primer: Competimer ratio (PARP-1 = 1:9, SP-A =
2:8, SP-B = 2:8, and SP-C = 2:8). Radiolabeled PCR products were
produced using direct incorporation of «-*P-dCTP (3,000 Ci/mmol,
NEN, Boston, MA) during amplification (18 cycles for PARP-1 and
SP-A, 17 cycles for SP-B and SP-C). PCR products were resolved on
6% polyacrylamide gel containing 8 M urea. After drying the gel, PCR
products were quantified using the Storm 840 phosphoimager equipped
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with a blue fluorescence/chemifluorescence detector and ImageQuant
software (Molecular Dynamics).

Statistical Analysis

Student’s unpaired ¢ test was used for comparing group values from
the rat developmental series. Regression analysis was used to analyze
PARP-1 protein levels during development in rat. HFL culture values
were compared by ANOVA using Bonferroni/Dunn post hoc test. Data
are presented as ratios = SE, except where stated otherwise. All statisti-
cal analyses were done using Statview (Abacus Concepts, Berkeley,
CA). P values < 0.05 were considered significant.

Results

Content of PARP-1 Protein in Fetal and Postnatal Rat Lung

The lung content of 113-kD PARP-1 (p113) (expressed as a
ratio to Postnatal Day 1) was maximal at Embryonic Days 16-18,
decreased sharply from 3.3 = 0.7 (mean = SD) at Embryonic
Day 18 to 1.08 = 0.1 at Embryonic Day 20 (P < 0.001), and
continued to diminish in the postnatal period, becoming mini-
mally detectable in the adult (Figures 1A and 1B). For the entire
period, Embryonic Day 16 to adulthood, the decrease in p113
was significant (n = 28, R*> = 0.27, P < 0.005). The 85-kD
fragment (p85) was also detected (Figure 1A), consistent with
observations that both fetal (20) and neonatal rat lung undergo
apoptosis (31-33). However, the content of p85 did not increase
proportionately to the decrease in p113 in late gestation (Figure
1B); p85 content was relatively constant prenatally (n = 16,
R? = 0.003) and decreased after birth through adulthood (n =
16, R? = 0.86, P < 0.001).

Cellular Localization of PARP-1 during Development

To characterize expression at the cellular level, PARP-1 protein
was localized in fetal and postnatal rat lung by immunohisto-
chemistry. At Embryonic Day 16 (pseudoglandular phase), in-
tense nuclear staining was evident in peripheral parenchyma and
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Figure 1. PARP-1 content in fetal and postnatal rat lung. (A) PARP-1
protein detected by Western immunoblot. Fifteen or 30 pg of total
protein/lane were subjected to electrophoresis on SDS-10% PAGE,
transferred, and immunoblotted. Data are representative of four obser-
vations. (B) Optical densitometry of Western immunoblots. Values are
expressed as ratio to Postnatal Day 1. Values are means = SE; Fetal:
n = 4 fetuses from different pregnant rats; postnatal: n = 4 rats. Filled
bars, 113 kD; shaded bars, 85 kD. *P < 0.05 compared with Postnatal
Day 1. See text for discussion.

in cells along the branching epithelial tubules (Figure 2A); both
groups of cells also showed weak cytoplasmic immunoreactivity.
Weaker nuclear staining was observable in most other cells.
Consistent with previous observations (3), nucleated erythrocytes
displayed little or no immunoreactivity (Figures 2A and 2B).

A striking change was seen at the transition between the
pseudoglandular and the canalicular stage (Embryonic Day 18),
with almost all cells showing intense nuclear stain (Figure 2B).
At Embryonic Day 20, the transition between canalicular and
saccular stages, there was differentially decreased staining be-
tween cell compartments, with interstitial cells showing reduced
nuclear staining, whereas most epithelial cells displayed intense
nuclear immunoreactivity (Figure 2C). At Embryonic Day 22,
there was decreased staining in all cell types, although many
epithelial cells continued to show marked PARP-1 signal (Figure
2D). On Postnatal Day 1, PARP-1 nuclear immunostaining was
significantly diminished in most cells of the parenchyma (Figure
2E). Lungs from Postnatal Day 4, Postnatal Day 7, and Postnatal
Day 21 showed minimal staining, with most cells having low or
undetectable PARP-1 expression (Figures 2F and 2G), except
for rare epithelial cells (Figure 2G). In contrast to the overall
decrease in expression postnatally, most smooth muscle cells
began to display marked PARP-1 staining on Postnatal Day 1
(Figure 3B). In general, adult lung showed weak PARP-1 stain-
ing, although macrophages were markedly positive (Figure 2H).

Subcellular Localization of PARP-1 during Development
in Rat Lung

In conducting airway epithelial cells PARP-1 immunostaining
shifted from primarily nuclear at ed18 (Figure 3A) to cytoplasmic
perinuclear at Postnatal Day 1 (Figure 3B), which persisted,
along with weaker nuclear staining, in adult lung (Figure 3C).
The smooth muscle cells that began to display marked PARP-1
staining on Postnatal Day 1 demonstrated predominantly cyto-
plasmic localization of PARP-1 (Figure 3B). The distribution
and appearance of cytoplasmic PARP-1 staining was variable in
different cell types. Intense, non-nuclear staining was observed
in dividing cells, in apparent association with mitotic-phase chro-
matin (Figure 4A). In smooth muscle cells, PARP-1 cytoplasmic
immunoreactivity was evenly distributed and appeared to be
arrayed in linear patterns (Figure 4B), whereas in airway epithe-
lial cells granular, perinuclear staining was predominant. Macro-
phages showed abundant cytoplasmic staining that appeared to
fill most of the cytoplasm (Figure 4C).

Confocal Microscopy

To determine whether the postnatal perinuclear signal observed
in conducting airway epithelial cells in rat lung was intra- or
extranuclear, we performed confocal microscopy on fluores-
cently labeled cryosections. The results showed that the perinu-
clear distribution in Postnatal Day 1 lung was cytoplasmic and
the intensity of staining much stronger than in the nucleus
(Figure 5).

Subcellular Fractionation in Rat Lung

To characterize further the cytoplasmic distribution of PARP-1
in postnatal lung, Postnatal Day 21 lungs were subfractionated
into nuclear and cytoplasmic fractions and analyzed by Western
immunoblot. As shown in Figure 6, p113 localized to the nuclear
and p85 to the cytoplasmic compartments.

Expression of PARP-1 mRNA and Protein in HFL In Vivo

HFL specimens were available from 15-24 wk of gestation, which
represents primarily the canalicular stage of lung development.
Expression of PARP-1 mRNA in HFL was relatively constant
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Figure 2. Immunohistochemical localization of PARP-1 in the paren-
chyma of fetal and postnatal rat lung. Positive signal was visualized by
dark brown color. (A) Embryonic Day 16: intense nuclear PARP-1
signal observed in peripheral cells and epithelial tubules (arrowheads),
moderate staining in most other cells, nucleated erythrocytes negative
(arrows). (B) Embryonic Day 18: intense nuclear signal in almost all
cells, nucleated erythrocytes negative (arrows). (C) Embryonic Day 20:
decreased staining in interstitial cells, most epithelial cells showing intense
signal. (D) Embryonic Day 22: decreased staining overall, but many
epithelial cells still markedly positive. (E) Postnatal Day 1: substantially
decreased signal in all cell types. (F) Postnatal Day 4: further decrease
in the postnatal period, with positive signal limited to a few epithelial
cells and alveolar macrophages. (G ) Postnatal Day 7 (arrows point to
epithelial cells). (H) Adult (arrows point to macrophages). Data were
replicated in four separate experiments. Bar = 50 pm.

from 15 through 22 wk gestation, followed by an apparent de-
crease at 24 wk (Figure 7A). PARP-1 protein was expressed
predominantly as p113 and showed no clear pattern of change
from 13.5 wk through 20 wk, followed by a trend of modestly
reduced levels at 21 and 22.5 wk (Figure 7B).

PARP-1 Expression in HFL Explant Culture

In HFL explant culture, p113 content was relatively constant
over the first 2 h, decreased significantly at 4 h (P < 0.02 com-
pared with 0 h), and was minimally detectable at 24 h (P < 0.005
compared with 0 h) (Figures 8A and 8B). p85 was detectable in
the preculture sample, in accordance with previous observations

Figure 3. Cellular and subcellular localization of PARP-1 in conducting
airway epithelial cells in fetal and postnatal rat lung. PARP-1 expression
was detected by immunohistochemistry; positive signal was visualized
by dark brown color. (A) Embryonic Day 18: intense nuclear PARP-1
signal, with more moderate cytoplasmic staining. (B) Postnatal Day 1:
reduced staining in epithelial cells and a marked shift from nuclear to
cytoplasmic, perinuclear granules (arrows); increased expression in smooth
muscle cells (arrowheads). (C) Adult: positive PARP-1 staining in epithe-
lial cells, with perinuclear granules evident (arrows). Bar = 20 pum.

that HFL undergoes apoptosis (20), and tended to increase at
2 and 4 h (P = 0.25 and 0.46, respectively, versus 0 h control),
consistent with apoptosis in a subset of interstitial cells (20).
However, the striking reduction in p113 content by 24 h did not
result in a proportional increase in p85 levels.

Effect of the PARP-1 Inhibitor, INH,BP, on Surfactant Protein
mRNA Expression

We analyzed the effect of the specific PARP-1 inhibitor,
INH,BP, on mRNA expression for SP-A, SP-B, and SP-C in late
gestation fetal rat lung. Embryonic Day 21 lungs were cultured as
explants in the presence of 200 uM INH,BP and harvested at
0, 4, 24, and 48 h. Results are shown in Figure 9. INH,BP did
not affect SP-A mRNA expression. With INH,BP, SP-B mRNA
content showed no change at 4 h and 24 h, and tended to increase
at 48 h (P = 0.05). With INH,BP, SP-C mRNA expression was
unchanged at 4 h but increased significantly at 24 h (P < 0.05)
and at 48 h (P < 0.05) compared with their respective control
values.

Effect of the PARP-1 Inhibitor, INH,BP, on PARP-1 Content
and Localization

Because PARP-1 expression is regulated during fetal develop-
ment, the effects observed in SP mRNAs may have been due
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Figure 4. Cytoplasmic immunohistochemical localization of PARP-1 in
fetal and postnatal rat lung. (A ) Dividing cell at Embryonic Day 16
(arrow). (B) Airway smooth muscle cells at Postnatal Day 21 (arrow-
heads), typical of almost all smooth muscle cells; perinuclear signal in
epithelial cells (arrows). (C) Alveolar macrophage in adult, typical of
most macrophages (arrow) (see Figure 2H). Bar = 10 pm.

to effects by INH,BP on PARP-1 expression rather than activity.
To clarify this issue, PARP-1 content and localization were ana-
lyzed in Embryonic Day 21 RFL explants cultured as above.
Results are shown in Figure 10. In control cultures, p113 content
tended to decrease at 4 h to ~ 50% of the content at time zero
(P = 0.05) and showed little further change at 24 h and 48 h
(Figure 10A). Compared with control, INH,BP did not signifi-
cantly affect p113 content at any time point. Similarly, p85 con-
tent decreased in control cultures at 4 h (P < 0.05) and showed
no further change at 24 h and 48 h (Figure 10B). As with p113,
compared with control, INH,BP did not significantly affect p85
content at any time point. Figure 10C shows that by immunohis-
tochemistry, PARP-1 colocalized with RTII,, a protein specific
in the lung to alveolar type II cells, in control and INH,BP
cultures at 48 h. Findings were similar after 4 and 24 h of culture
(results not shown).

Discussion

The prevailing opinion has been that PARP-1 is a uniformly
abundant nuclear enzyme activated by random DNA breaks

Figure 5. Immunofluorescent subcellular localization of PARP-1 in rat
lung parenchyma on Postnatal Day 1 by confocal microscopy. Green:
PARP-1; red: nuclei stained with propidium iodide. (A) xy; (B) yz; (C)
xz. Arrows indicate perinuclear cytoplasmic localization of PARP-1.
Bar = 10 pm.

Figure 6. Analysis of pl13 and
p85 distribution by subcellular
fractionation in postnatal 21 d rat
lung. Tissues were subfraction-
ated into nuclear and cytoplasmic
fractions as described in MATERI-
ALS AND METHODS, and 20 wg of
total protein/lane were analyzed
by Western immunoblot. Data are
representative of n = 3 rats.
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(reviewed in Ref. 3). This view has been recently brought into
question by in vitro studies showing significant non-nuclear
PARP-1 activity (34), as well as activation by DNA structures
lacking DN A breaks but associated with development (35). Con-
sistent with this emerging concept of increased complexity, our
results show that PARP-1 exhibits marked ontogenic changes
in abundance, cellular distribution, and subcellular localization,
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Figure 7. PARP-1 expression in human fetal lung from 15-24 wk gesta-
tion. (A ) mRNA detected by RT-PCR and analyzed by optical densitom-
etry. A quantity of 0.250 pg of total RNA was subjected to Multiplex
RT-PCR for PARP-1 and 18S with primer and Competimer ratios as
described in MATERIALS AND METHODS. Values are normalized to 18S
rRNA. Data are representative of three different autoradiographs. Num-
bers in parentheses indicate n values as shown in blot. (B) Protein de-
tected by Western immunoblot and analyzed by optical densitometry.
Thirty micrograms of total protein/lane were subjected to electrophoresis
on SDS-10% PAGE, transferred, and immunoblotted. Values are rela-
tive densitometric units. Filled bars, 113 kD; shaded bars, 85 kD.
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Figure 8. PARP-1 protein content in human fetal lung explant culture
detected by Western immunoblot. (A ) Time course of PARP-1 content
from a 17-wk HFL in explant culture. Forty micrograms of total protein/
lane were subjected to electrophoresis on SDS-10% PAGE, transferred,
and immunoblotted. Data are representative of three experiments. (B)
Optical densitometry analysis of Western blots. Values are expressed
as ratio of time in culture to 0 h control and are means = SE; n = 3
HFLs, except for 15 and 30 min where n = 1. Filled bars, 113 kD; shaded
bars, 85 kD. *P < 0.05 compared with time zero.

in differential regulation as p113 and p85, and in expression of
cytoplasmic p85, previously associated with apoptosis (2). In
addition, the maximal expression of PARP-1 in late fetal life,
and the effect of the modulation of its activity on SP expression,
suggest an involvement for PARP-1 in lung differentiation.

PARP-1 protein showed marked developmental changes
both by Western blot and by immunohistochemistry. In RFL at
Embryonic Day 16, PARP-1 was expressed mainly in peripheral
lung parenchyma and in epithelial tubules, regions associated
with cell proliferation in pseudoglandular lung (36), as well as
dividing cells (Figure 4A), findings consistent with previous ob-
servations in vitro of upregulation of PARP-1 in dividing cells
(9). In proliferating acute promyelocytic leukemia cells PARP-1
regulates cell cycle progression (6). By Western immunoblot,
p113 content was high at Embryonic Days 16 and 18, decreased
sharply at Embryonic Day 20, and then progressively decreased
through adulthood; p85 content was constant during fetal devel-
opment and showed a decrease postnatally (Figures 1A and 1B).
By immunohistochemistry, PARP-1 staining was most intense at
Embryonic Day 18 with almost all cells showing intense nuclear
staining and moderate cytoplasmic staining (Figure 1B). By Em-
bryonic Day 20, there was still intense nuclear staining of epithe-
lial cells but interstitial cells showed reduced staining (Figure
2C). On initial examination of Figure 2, there appears to be
more intense staining at Embryonic Day 20 (Figure 2C) than at
Embryonic Day 16 (Figure 1B). This apparent conflict with the
data in Figure 1 is due to two factors. (i) In the Western immu-
noblot, PARP-1 is normalized to total protein, and the lung
protein concentration at Embryonic Day 16 is much lower than
at Embryonic Day 20. Therefore, the immunohistochemical sig-
nal is less intense at Embryonic Day 16. (if) Careful inspection
of Figure 2C reveals that many of the nuclei (especially intersti-
tial cells) do not express PARP-1.
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Figure 9. Effects of the PARP-1 inhibitor, INH,BP (200 »M), on SP-A,
-B, and -C mRNA expression in explant culture of Embryonic Day 21
fetal rat lung. Total lung RNA (0.25 pg) was subjected to Multiplex
RT-PCR for target gene and 18S with primer and Competimer ratios
as described in MATERIALS AND METHODS. Values are normalized to 18S
rRNA. Optical densitometry analysis is shown for (A ) SP-A, (B) SP-B,
and (C) SP-C. Values are normalized to the respective 0 h and are
means = SD; n = 3. #*P < 0.02 and P = 0.05 compared with control.
Filled bars, control; shaded bars, INH,BP.

Immunolocalization showed that PARP-1 expression became
progressively more restricted with maturation, so that fewer cells
expressed PARP-1, whereas those that continued to express it
did so at relatively high levels. The high PARP-1 expression at
ed18 corresponds with the onset of terminal differentiation of
the gas exchange epithelium (36, 37). This finding is consistent
with results from the adipocyte (12) and chick limb differentiation
models (11), in which predifferentiation peaks in PARP-1 ex-
pression and activity were demonstrated. Several proteins in-
volved during differentiation in remodeling chromatin, and in
transcriptional and post-transcriptional events, have been shown
to be poly(ADP-ribosyl)ated (3, 38). Recently, Butler and Ordahl
demonstrated that PARP-1 binds to specific muscle gene ele-
ments and activates the transcription factor that binds the same
site and activates transcription (10). They hypothesized that
PARP-1 integrates the two levels of control of gene expression,
remodeling of chromatin and activation of gene transcription,
to produce cell-specific gene expression in striated muscle (10).

We observed a marked developmental subcellular shift in
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Figure 10. The effect of the specific PARP-1 inhibitor INH,BP (200
wM) on PARP-1 protein content and localization in explant culture of
Embryonic Day 21 fetal rat lungs. Optical density of Western blots are
shown for p113 (A) and for p85 (B) at 0, 4, 24, and 48 h in culture.
Data are shown as a ratio to time 0 and are expressed as mean *+ SE;
n = 3, except for INH,BP at 4 h, where n = 2. *P < 0.05 compared
with time 0; P < 0.02 compared with time 0. None of the differences
between Control and INH,BP explants is significant. (C') Immunofluo-
rescent (green) localization of RTIIy, a protein specific in lung to the
apical membrane of alveolar type II cells (a, d), immunhistochemical
staining (brown) of PARP-1 (b, e), and composite photomicrograph of
serial sections (c, f) of fetal rat lung explants cultured for 48 h. Control,
a, b, ¢; cultures with INH,BP, d, e, f. Note that both RTII;; and PARP-1
co-localize to the same cells. Filled bars, control; shaded bars, INH,BP.

PARP-1 localization from nucleus at Embryonic Day 18 to cyto-
plasmic granules at Postnatal Day 1 and in adult rats in airway
epithelial cells (Figure 3). Although the cytoplasmic staining
was more prominent, PARP-1 was also detectable in nuclei in
postnatal lung. Cytoplasmic localization for PARP-1 has been
previously reported in a subset of CNS motor neurons (39). A
recent report described PARP-1 activity that was more abundant
in mitochondria than nuclei of primary corticol neuron cultures
in response to oxidative stress (34). In addition, cytoplasmic
distribution has been observed for other ADP-ribosylating fam-
ily members, including tankyrase and vVPARP (2, 40). The role
of PARP-1 in cytoplasmic perinuclear granules remains to be

defined. Experiments are underway to test the hypothesis that
cytoplasmic PARP-1 provides a readily available reserve in cells
that are likely to be exposed to environmental factors that could
cause cellular damage (17, 18, 41).

Although PARP-1 in RFL began to progressively decrease
at Embryonic Day 20, there was increased expression of PARP-1
in smooth muscle cells, primarily in cytoplasm, starting in late
gestation and continuing postnatally (Figures 3 and 4). In con-
trast to the granular and perinuclear appearance in airway epi-
thelial cells, PARP-1 in smooth muscle cells was distributed in
regular, linear patterns throughout the cytoplasm. Althaus and
associates showed that poly(ADP-ribose) inhibits the formation
of actin filaments and suggested that this happens through bind-
ing to MARCKS proteins, which regulate the organization of
the actin cytoskeleton (42). In Drosophila, overexpression of
PARP-1 disrupted organization of cytoskeletal F-actin and tissue
polarity (43). Thus, it is possible that cytoplasmic PARP-1 may
play a role in cytoskeletal organization in the lung.

The relative abundance of PARP-1 as p113 and p85 in RFL
changed with development. In mid-gestation, p85 was present
at lower levels than p113, whereas in late gestation and postna-
tally, p85 was comparable in abundance to p113. In a previous
study, Stiles and associates described the content of PARP-1,
both pl13 and p8S, in fetal rats from Embryonic Day 15 to
Embryonic Day 21. They reported that p113 content was more
abundant than p83, except at Embryonic Day 18 and Embryonic
Day 21 when there were marked increases in p85 and a marked
decrease in p113 at Embryonic Day 21 (44). We did not detect the
changes that they described (see Figure 1). Stiles and associates
suggested that these changes at Embryonic Days 18 and 21 were
secondary to apoptosis (44). In that report, the methods used
for sample selection, protein solubilization, and the antibodies
used for PARP-1 detection were different from those used in
the present experiments. Therefore, technical reasons may ex-
plain the differences between the two studies. In prototypical
models of apoptotic cell death, as p113 decreases due to cleavage
by caspase-3, p85 increases proportionately (2). Therefore, some
of the p85 content we observed is consistent with previous obser-
vations that apoptosis is part of normal development in both
fetal (20) and neonatal lung (31-33). We observed that in RFL
pl13 content decreased significantly in late gestation, but without
a proportional increase in p85 (Figures 1A and 1B). A possible
explanation for these findings is that the dynamics of cleavage
of p113 and of the clearance of p85 in vivo are different, and
simple measurement of tissue levels of the two forms of PARP-1
is not indicative of these dynamics. However, other results in
our study suggest that p85 may have a functional role. Subcellular
fractionation showed that the cytoplasmic signal was due to p85
(Figure 6). In addition, immunohistochemical studies showed
that there was abundant cytoplasmic PARP-1 localization in
cells not known to undergo apoptosis in developing lung (i.e.,
smooth muscle cells, Figures 3B and 4B) (9, 24, 30, 32). As noted
above, the cytoplasmic appearance of PARP-1 differs in different
cell types, granular in epithelial cells and diffusely throughout
the cytoplasm in smooth muscle cells. These findings indicate the
need for further studies (i) to identify and characterize possible
nonapoptotic mechanism(s) that produce p85, and (if) to define
its possible cytoplasmic function(s). In support of these possibilit-
ies are the facts that p85 retains basal poly(ADP-ribosyl)ating
function in the absence of the DNA binding domain (4, 45), and
that inhibiting caspase-mediated cleavage of PARP-1 into p85
in Drosophila results in disrupted tissue polarity during develop-
ment but has no effect on apoptosis (43).

HFL showed relatively constant expression of PARP-1 both
at the level of mRNA and protein during the period examined
(13.5-24 wk), with a modest decreasing trend in mRNA and
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protein levels in the second half (Figure 7). In HFL explant
culture, PARP-1 content decreased rapidly after 1 h and was
minimally detectable at 24 h (Figure 8). PARP-1 content de-
creased in fetal rat lung in explant culture (Figures 10A and
10B), although the decrease was not as marked as in HFL. In
explant cultures of human and rat fetal lung as well as in devel-
oping rat lung in vivo (Figures 1A and 1B), the marked reduction
in pl13 content was not accompanied by a corresponding in-
crease in the p85 product, as would be expected if apoptosis
were the sole mechanism by which p113 were degraded.

Previous results from in vitro models have shown that
blocking poly (ADP-ribosyl)ation after the onset of differentia-
tion can accelerate the rate of subsequent differentiation (re-
viewed in Ref. 3). This effect is believed to derive from the
elimination of a repressive effect of PARP-1 activity that be-
comes evident once the differentiated state has been established
(3). In Embryonic Day 21 lung, PARP-1 was localized to alveolar
type II cells (Figure 10), and blocking PARP-1 activity with
INH,BP affected expression of SP mRNAs (Figure 9). These
effects ranged from no change in SP-A, to a modest increase in
SP-B and a marked upregulation of SP-C. These different effects,
with the addition of a specific PARP-1 inhibitor on the expres-
sion of SP-A, SP-B, and SP-C mRNA, imply differential regula-
tion of the SP genes. During development, the three SPs undergo
differential expression, with SP-C mRNA upregulation first, fol-
lowed by SP-B and then SP-A (46). In addition, exogenous agents
that accelerate SP expression, such as glucocorticoid and retinoic
acid, also produce differential expression of SPs (46, 47). Further
studies will be necessary to clarify the mechanisms involved in
the differential regulation of SPs by PARP-1.

In summary, we have observed marked changes during devel-
opment in lung expression of PARP-1 and in the cellular and
subcellular distribution of this protein. Furthermore, the addi-
tion of the PARP-1 specific inhibitor, INH,BP, to explant cul-
tures of fetal rat lung differentially affects expression of SP
mRNAs. These findings indicate the possibility of important
physiologic roles for PARP-1 in lung development. Further stud-
ies will be required to define these possible roles and their mecha-
nisms of action.
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