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Abstract

 

Fetal membranes usually rupture during the process of la-

bor. Premature fetal membrane rupture occurs not infre-

quently and is associated with significant fetal and maternal

morbidity. The mechanisms of normal and pathologic fetal

membrane rupture are not well understood. We have exam-

ined structural and biochemical changes in the rat amnion

as labor approaches in order to characterize this process in

normal pregnancy. Here we report that before the onset of

active labor the amnion epithelial cells undergo apoptotic

cell death which encompasses degradation of 28S ribosomal

subunit RNA and associated P proteins and fragmentation

of nuclear DNA. Concurrent with these cellular changes,

the amnion type I collagen matrix is degraded with the ac-

cumulation of three-quarter length type I collagen frag-

ments in extraembryonic fluid, characteristic of the cleav-

age of fibrillar collagen by interstitial collagenase. Western

blot and immunohistochemical analyses confirmed that in-

terstitial collagenase protein appears in association with the

loss of amnion type I collagen. We conclude that amnion

epithelial cells undergo a process of programmed cell death

associated with orchestrated extracellular matrix degrada-

tion which begins before the onset of active labor. Thus, fe-

tal membrane rupture is likely to be the result of biochemi-

cal changes as well as physical forces. (

 

J. Clin. Invest.

 

 1996.
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Introduction

 

The fetal membranes encapsulate the fetus and secure its in-
trauterine environment. During labor, the membranes usually
rupture, a process that has been attributed frequently to me-
chanical forces (1). Recently, we characterized the histological
and ultrastructural features of the rat fetal membranes, the

amnion and visceral yolk sac placenta, at the end of pregnancy
and discovered striking changes in the cells comprising the
membranes as well as the extracellular matrix before the onset
of active labor (2). These structural changes were particularly
marked in the amnion and included delamination of amnion
epithelial cells from the amnion basement membrane, ultra-
structural signs of apoptosis, and a dramatic loss of fibrillar
collagen from the amnion matrix. Coincident with these mor-
phological changes, the texture of the amnion was transformed
from a resilient membrane to an amorphous gel. These find-
ings strongly suggested that fetal membranes undergo a pro-
gram of terminal remodeling in preparation for parturition,
challenging the notion that the fetal membranes break prima-
rily because of physical forces (1).

The goals of this study were to determine if cells of the am-
nion display characteristic biochemical features of apoptosis at
term, including nuclear DNA fragmentation (3) and degrada-
tion of ribosomal RNA (4), and if these changes are associated
with the activation of collagenolytic enzymes that degrade the
primary amnion fibrillar collagen, type I collagen (2, 5).

 

Methods

 

Animals.

 

Timed pregnant Sprague-Dawley rats were purchased from
Zivic-Miller Laboratories, Inc. (Allison Park, PA). These animals de-
liver between 1300 and 1600 h on day 21 of gestation. Animals were
killed by CO

 

2

 

 asphyxiation between 0900 and 1000 h according to In-
stitutional Animal Use and Care Committee guidelines, on days 18–21
of pregnancy. Extraembryonic fluid was collected from individual
sacs into syringes through 21-gauge needles as described previously
(6). The amnions and visceral yolk sac placentae were then isolated
and generally pooled for biochemical and histological analyses. Ex-
periments were routinely repeated on at least two separate occasions
using tissues collected from different animals to establish the general-
ity of the results.

 

Immunohistochemical determination of nuclear DNA fragmenta-

tion by in situ end labeling.

 

The method of Wijsman et al. (7) was
used to detect nuclear DNA fragmentation in formalin-fixed, paraf-
fin-embedded tissue. To quantitate the extent of nuclear DNA frag-
mentation, sections from fetal membranes on each day of pregnancy
studied were blindly analyzed for positive nuclear staining. 10 high
power fields (

 

3

 

400) were randomly selected and the number of posi-
tive nuclei in each field was counted.

 

Electrophoretic analysis of genomic DNA internucleosomal frag-

mentation.

 

DNA was isolated as described by Tilly and Hsueh (8).
Amnions and yolk sac placenta were homogenized in cold homogeni-
zation buffer consisting of 0.1 M NaCl, 0.01 M EDTA, 0.3 M Tris-
HCl, 0.2 M sucrose, pH 8.0, and then incubated with SDS (0.65 mg in
100 ml buffer) at 65

 

8

 

C for 30 min in a shaking water bath. The samples
were extracted twice with phenol/chloroform/isoamyl alcohol (24:24:1)
and ethanol precipitated. RNase treatment was used to remove RNA
contamination. The DNA samples obtained were analyzed for inter-
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nucleosomal cleavage using the terminal transferase DNA labeling re-
action as described by Tilly (9). 250 ng of labeled DNA from each sam-
ple was subjected to electrophoresis through a 2% agarose gel. The
gel was dried and subjected to autoradiography after which DNA frac-
tions from each lane 

 

,

 

 10 kb were excised and counted with a liquid
scintillation counter.

 

Analysis of 28S ribosomal subunit RNA and ribosome-associated

proteins.

 

Total RNA was extracted from amnions and yolk sac placen-
tae and size-fractionated on agarose gels (10). After Northern trans-
fer, the blots were probed sequentially with a human 28S rRNA cDNA
and an 18S rRNA oligonucleotide (6).

Proteins extracted from amnions with RIPA buffer (50 mM Tris, 1%
NP-40, 0.1% deoxycholate, 0.1% SDS, 150 mM NaCl, 10 

 

m

 

g/ml apro-
tinin, 1 mM EDTA) were subjected to Western blotting using an auto-
immune serum derived from a patient with systemic lupus erythema-
tosus that recognizes the ribosome-associated proteins Po, P1, and P3
(11) or an antibody against ezrin, kindly provided by Dr. Anthony Bret-
scher (Cornell University). Protein was quantitated by the method of
Bradford (12).

 

Western blot analysis of type I collagen and interstitial collagenase

expression.

 

Fibrillar collagens were extracted from amnion according
to the method of Bass et al. (13) with modifications. In brief, the rat
amnions (18–30 mg of tissue) were dissolved in 0.5 M acetic acid con-
taining 1 mM PMSF and 5 mM EDTA. All samples were extracted
for 2 d with stirring at 4

 

8

 

C, followed by centrifugation at 10,000 rpm
for 10 min. The supernatants were collected and then precipitated by
10 vol of ethanol. The pellets were dissolved in SDS-PAGE loading

buffer. Equal aliquots of the extract suspended in sample buffer were
subjected to SDS-PAGE and the gels were either Silver stained or
used for Western blotting as described below.

Interstitial collagenase of rat amnion was extracted in RIPA
buffer containing 2 M guanidine HCl. After centrifugation, the super-
natants were collected and dialyzed overnight against water at 4

 

8

 

C.
Equal aliquots of the collagen extract or equal amounts of protein or

equal volumes of amniotic fluid were subjected to Western blotting using
specific antibodies against rat type I collagen or interstitial collagenase
(14, 15). The anti–rat type I collagen antibody was prepared by injection
of acid-soluble rat tail type I collagen, prepared according to the method
of Bornstein (16) into rabbits (500 

 

m

 

g initial injection and a 500 

 

m

 

g boost
21 d later). The Amersham ECL system was used to detect antibody
bound to antigen (6) (Amersham Corp., Arlington Heights, IL).

 

Immunohistochemical localization of type I collagen and intersti-

tial collagenase.

 

Paraffin-embedded tissue sections were used for im-
munostaining using the avidin-biotin-peroxidase complex technique
(17). Tissues were fixed in Bouin’s solution for 24 h. The fixed tissues
were embedded in paraffin, and 3–5-

 

m

 

m sections were prepared. Sec-
tions were deparaffinized and rehydrated. After blocking of endoge-
nous peroxidase activity with 2% hydrogen peroxide in methanol for
20 min, the slides were incubated with normal goat serum for 20 min
at 37

 

8

 

C. Primary antibody was incubated for 45 min at 37

 

8

 

C and fol-
lowed by 30- and 45-min incubations with the biotinylated secondary an-
tibody and avidin-biotin-peroxidase complex, respectively, at 37

 

8

 

C. Re-
action product was developed with diaminobenzidine tetrahydrochloride
and sections were counterstained with Harris hematoxylin. Negative

Figure 1. Demonstration of nuclear DNA fragmentation by detection of 39-end-labeled fragments. Sections of rat amnion were processed for 
ISEL as described in the text. Nuclear DNA fragmentation was not detected on days 18 and 19. An occasional nucleus was stained on day 20, but 
stained nuclei (arrowheads) were frequently seen in sections of amnion collected on day 21.
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controls consisted of exclusion of the primary antibody. To corrobo-
rate the specificity, the antibodies were neutralized with purified rat
interstitial collagenase and type I collagen, respectively, overnight at 4

 

8

 

C.
The controls were subjected to the same treatment without antigens.

 

Results

 

Endonuclease cleavage of amnion epithelial cell genomic DNA

before the onset of labor.

 

Immunohistochemical localization of
in situ 3

 

9

 

-end-labeled DNA fragments (ISEL)

 

1

 

 revealed that
these fragments were not detectable in amnion on days 18 and 19
of pregnancy (Fig. 1). An occasional nucleus was labeled on day
20, whereas labeled nuclei in the amnion epithelium were fre-
quently encountered on sections of amnion collected on the
morning of day 21. Quantitative analysis of the number of nuclei
showing DNA fragmentation revealed none in sections from day
18 and 19 amnions, 1.4% of the nuclei stained on day 20, and
9.2% of the nuclei stained on day 21. Nuclear DNA fragmenta-
tion in visceral yolk sac placenta was not detected on days 18–20
and was only sporadic on day 21 (Fig. 2). Quantitative analysis of
nuclear DNA fragmentation revealed no stained nuclei on days
18 and 19, 0.1% stained on day 20, and 0.2% on day 21.

DNA isolated from amnions on days 20 and 21 demon-
strated the characteristic 180–200-bp internucleosomal cleav-
age fragments (18), which were most prominent on day 21
(Fig. 3). These were not evident on days 18 or 19 of pregnancy
nor in DNA extracted from visceral yolk sac placentae. These
findings are consistent with the analysis of nuclear DNA frag-
mentation by ISEL.

 

Catabolism of 28S ribosomal subunit RNA and ribosomal

proteins.

 

Apoptotic cell death has been shown recently to in-
clude degradation of ribosomal subunit components. We ex-
amined the 18S and 28S rRNA and ribosomal P proteins in
amnions and visceral yolk sac placentae on different days of
pregnancy. On day 21, there was a pronounced degradation of
28S rRNA evident by Northern blotting using a 28S rRNA
specific probe (Fig. 4). On day 20, the 28S rRNA appeared to
be intact. In contrast, 18S rRNA, although subject to some
degradation on day 21, remained more intact than the 28S
rRNA. Degradation of 28S rRNA was not evident in visceral
yolk sac placenta on day 21.

The gross degradation of 28S rRNA occurred after a de-
cline in ribosomal P proteins, which comprise a pentavalent
complex (P1

 

2

 

?

 

P2

 

2

 

?

 

Po) situated on the stalk of the large subunit
of ribosomes (19). The three different P proteins, P0 (38 kD),
P1 (19 kD), and P2 (17 kD), were all reduced by day 20 com-
pared with day 18 samples and were markedly depleted by day
21 (Fig. 5). Despite the loss of these amnion ribosome-associ-

 

1. 

 

Abbreviations used in this paper:

 

 ISEL, in situ end labeling; MMP,
matrix metalloproteinase.

Figure 2. Nuclear DNA fragmentation in the visceral yolk sac placenta. No evidence of nuclear DNA fragmentation was observed by ISEL in 
the visceral yolk sac placenta on days 18–20 of pregnancy. Occasional nuclei were stained on day 21 (arrowheads).
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ated proteins on days 20 and 21, Western blot analysis of the
80-kD cytoskeleton-associated protein, ezrin, and Coomassie
blue staining of the amnion extracts revealed that other pro-
teins remained intact. These observations, in conjunction with

the catabolism of the 28S rRNA, suggest that breakdown of
amnion ribosomes occurs before delivery.

 

Loss of amnion type I collagen.

 

Our previous histological
and ultrastructural studies of the rat amnion at term indicated
that there was a dramatic loss of fibrillar collagen from the am-
nion matrix by day 21 of pregnancy. Immunohistochemical
studies documented a striking reduction in type I collagen
from the amnion on day 21 compared with day 18 (Fig. 6).
These findings were substantiated by analysis of fibrillar col-

Figure 3. Genomic DNA fragmentation in the amnion by day 21. 
DNA was isolated from amnions (A) and visceral yolk sac placenta 
(YS), labeled using the terminal transferase reaction and 250 ng/lane 
subjected to electrophoresis. Autoradiography revealed internucleo-
somal cleavage, reflected by a laddering of DNA fragments in am-
nion DNA only on days 20 and 21. Quantitation of radioactive DNA 
fragments of , 10 kbp in size as counts per minute yielded the follow-
ing results: day 18: A 5 788; YS 5 550; day 19: A 5 686; YS 5 508; 
day 20: A 5 1322; YS 5 578; day 21: A 5 3504; YS 5 583.

Figure 4. Degradation of 28S rRNA in amnion on day 21. Total RNA 
was extracted from amnions and visceral yolk sac placentae on the in-
dicated days of pregnancy and size fractionated on a 0.8% agarose 
gel. RNA was transferred to a nylon membrane and then probed se-
quentially with specific 28S and 18S rRNA probes. Two different 
RNA samples prepared from amnions collected on day 21 were ana-
lyzed.

Figure 5. Loss of ribosomal P proteins from amnion on days 20 and 21 of pregnancy. Western blot analysis was carried out on protein extracts 
isolated from amnions on the indicated days of pregnancy using an autoimmune serum recognizing P proteins (A) or an antibody to ezrin (B). 
C shows a Coomassie blue stained gel. Each lane was loaded with 20 mg of protein.
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lagen extracts of amnion by SDS-PAGE followed by Silver
staining and Western blotting. These analyses demonstrated
loss of 

 

a

 

1

 

(I) and 

 

a

 

2

 

(I) collagen monomers by day 20 and a
marked reduction by day 21 (Fig. 7). Analysis of extraembry-
onic fluid from the same animals revealed type I collagen im-
munoreactivity migrating with a molecular mass of 75 kD, rep-
resenting the three-quarter length tropocollagen fragment
generated by the action of interstitial collagenase on fibrillar
collagen (20), first on day 19, with increased levels on days 20

and 21. The expected 30-kD one-quarter length fragment was
not detectable in these studies.

 

Appearance of immunoreactive interstitial collagenase in

amnion and extraembryonic fluid.

 

The loss of type I collagen
immunoreactivity from amnions by day 21 as demonstrated by
immunohistochemistry and Western blot analysis and the
simultaneous accumulation of type I collagen fragments char-
acteristic of the cleavage reaction of interstitial collagenase in
extraembryonic fluid strongly suggested that an interstitial col-
lagenase was induced in amnion immediately before the onset
of labor. Western blot analysis of amnion extracts with a poly-
clonal antibody directed against rat interstitial collagenase
demonstrated immunoreactive protein migrating in SDS-
PAGE with a molecular mass of 45 kD, characteristic of the
activated enzyme (Fig. 8) (5, 21, 22). This protein was not de-
tected on earlier days of pregnancy, but may have been
present before day 21 in an unextractable form. Extraembry-
onic fluid contained an immunoreactive 55-kD protein, reflect-
ing the interstitial collagenase proenzyme, on days 20 and 21,
but not on days 18 and 19. This suggests secretion of some
proenzyme from the fetal membranes. Immunohistochemistry
using the same antibody indicated the presence of interstitial
collagenase in amnion cells on days 20 and 21, but not on day
18 (Fig. 9).

 

Discussion

 

The present observations provide strong evidence for a pro-
gram of cell demise and extracellular matrix catabolism in the
rat amnion before the onset of active labor. This program in-
cludes catabolism of 28S ribosomal subunit components, the
endonuclease cleavage of genomic DNA, and the accumula-
tion of a matrix metalloproteinase (MMP). The net results of
these changes are death of the amnion epithelial cells and di-
gestion of the underlying collagenous matrix. These events
turn the amnion from a resilient translucent sheet into a form-
less gel.

An immunohistochemical assay based on the detection of
3

 

9

 

-end-labeled DNA fragments (ISEL) revealed significant
nuclear DNA degradation in the amnion epithelium on day 21,
a process which was initiated on day 20. The visceral yolk sac
placenta was affected to a far lesser extent, suggesting that dis-
tinct mechanisms underlie the structural changes in the two fe-
tal membranes at term. The results of the ISEL analysis were
corroborated by the demonstration of internucleosomal DNA
fragments of 180–200 bp in DNA extracted from amnion on
days 20 and 21 (18). These fragments were not detected in am-
nion on days 18 or 19 or in the visceral yolk sac placentae, even
on day 21. Collectively, these observations demonstrate the
characteristic endonuclease digestion of nuclear DNA associ-
ated with apoptotic cell demise.

The catabolism of ribosomal subunit components in the
amnion before labor is of interest in light of recent observa-
tions of specific cleavage of 28S ribosomal RNA during apop-
tosis in other systems (4). Before the gross degradation of 28S
rRNA, ribosomal P proteins were depleted. These proteins are
thought to be required for all phases of protein synthesis: initi-
ation, translation, and termination (23). The almost complete
degradation of 28S rRNA observed on day 21 is clearly a far
advanced stage of rRNA catabolism which may be the end re-
sult of the initial specific cleavage flanking the hypervariable
domains described by Houge and colleagues (4, 24). The 70-kD

Figure 6. Loss of type I collagen from the amnion by day 21. Sections 
of amnion collected on day 18 (A and B) or day 21 (C) were stained 
with an antibody to rat tail type I collagen. Intense staining in the am-
nion matrix is seen on day 18 (A) and markedly reduced immuno-
staining was found on day 21 (C). Adsorption of the antiserum with 
native type I collagen abolished immunostaining of the amnion on 
day 18 (B), demonstrating specificity of the procedure.



 

1976

 

Lei et al.

 

protein component of the U1 small nuclear ribonucleoprotein
is also characteristically degraded during apoptotic cell death
(25). Thus, it is evident that apoptosis encompasses significant
changes in RNA and associated proteins as well as genomic
DNA. Although degradation of 28S ribosomal RNA occurs,
many mRNAs accumulate as the amnion cells undergo apop-
tosis. Preliminary analysis of amnion mRNAs by differential
display demonstrated a number of transcripts that increased
on day 21 of pregnancy while others declined (26).

Collagens are broken down by a family of MMPs (21, 22,
27). Collagenases are the primary members of this family that
degrade fibrillar collagens, collagens types I, II, and III. Type I
collagen is the major structural component of the amnion (5).
The cleavage of native type I collagen by interstitial collage-
nase occurs at a very specific site, the peptide bonds between
Gly

 

775

 

 and Ile

 

776

 

 of the 

 

a

 

1

 

(I) chain and Gly

 

775

 

 and Leu

 

776

 

 of the

 

a

 

2

 

(I) chain (18). This cleavage releases two fragments: three-
quarters (TC

 

A

 

) and one-quarter (TC

 

B

 

) of the total length of
the type I collagen triple helix. Our SDS-PAGE analysis of
amnions and extraembryonic fluid indicated that type I col-

lagen fibrils were depleted from the amnions and that three-
quarter length fragments accumulated in the extraembryonic
fluid. These findings, in conjunction with the above-noted ap-
pearance of immunoreactive interstitial collagenase, strongly
suggest that the degradation of type I collagen is the result of
the increase in interstitial collagenase activity, although roles
for other enzymes cannot be excluded at this time. The source
of this enzyme appears to be the amnion epithelial and fibro-
blast cells, based upon the localization of immunoreactive in-
terstitial collagenase.

Our earlier studies demonstrated an increase in the type IV
collagenase, MMP-9, in rat (6) and human (28) amnion at
term. In the rat amnion, MMP-9 mRNA, protein, and activity
were induced by day 21. This enzyme may participate in the
degradation of basement membrane collagens and cause the
detachment of the epithelial cells from the collagenous matrix.
Thus, other matrix degrading enzymes in addition to intersti-
tial collagenase are induced as part of the terminal changes in
the amnion.

This study provides a compelling argument for terminal re-

Figure 7. Analysis of type I collagen extracted from amnions and present in extraembryonic fluid. Collagens were extracted from amnions (18 
mg) collected on the indicated days of gestation and then subjected to SDS-PAGE followed by Silver staining (A) or Western blotting with an 
anti–rat type I collagen antibody (B). Extraembryonic fluids (3 ml/lane) collected on the same days were also analyzed by Western blotting (C). Type I 
collagen a1(I) and a2(I) were progressively lost from the amnion and three-quarter length type I collagen fragments, TCA, accumulated in ex-
traembryonic fluid reflecting degradation of the amnion matrix.

Figure 8. Immunoreactive interstitial col-
lagenase appears in the amnion on day 21. 
(A) Extracts of amnion prepared on the in-
dicated days were subjected to Western 
blotting with a specific anti–rat interstitial 
collagenase antibody. An immunoreactive 
45-kD protein, representing the activated 
form of interstitial collagenase, was de-
tected only on day 21. (B) Extraembryonic 
fluid (10 ml) was also subjected to Western 
blotting using the anti–interstitial collage-
nase antibody. An immunoreactive 55-kD 
band is detected on days 20 and 21, repre-
senting the proenzyme.
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modeling of the fetal membranes as a prelude to normal partu-
rition. This notion contrasts with the widely held idea that fetal
membrane structure is altered as a consequence of physical
forces (1) rather than molecular and biochemical phenomena.
These concepts are not necessarily at odds, since physical
forces could activate a cascade of biochemical changes through

alterations in gene expression, and thus not simply break the
membranes.

This study has catalogued some of the major events that
take place in the amnion, particularly the amnion epithelium
and fibrillar collagen matrix, as labor approaches. The exact
temporal relationships of these alterations and their functional

Figure 9. Localization of interstitial collagenase in the amnion. Immunohistochemical localization of interstitial collagenase to amnion epithe-
lium and fibroblast cells on days 18 (A), 20 (B), and 21 (C). Neutralization of the antiserum with purified antigen abolished immunostaining on a 
section of day 21 amnion (D). Bar, 10 mm.
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relationships, if any, remain to be determined. It would appear
that some of these changes begin on or before day 20, becom-
ing progressively more marked on day 21. Others seem to rep-
resent more terminal events. Thus, 28S ribosomal subunit P
proteins are significantly reduced by day 20, but 28S rRNA is
not yet grossly degraded. Evidence for increased interstitial
collagenase action is apparent by day 20, but most marked on
day 21. Genomic DNA fragmentation was also detected on
day 20, but was most striking on day 21. These observations in-
dicate that selective changes in gene expression are initiated by
day 20, progressing to extensive degradation of ribosomal
RNA and genomic DNA in later stages.

Our analyses could not disclose the precise sequence of
changes in the amnion cells as labor approaches, particularly the
relationships among onset of ribosome large subunit catabolism,
the appearance of interstitial collagenase, and fragmentation
of nuclear DNA. However, we can speculate on the sequences
of changes based on our data. Our immunohistochemical studies
suggested the presence of interstitial collagenase in amnion
cells by day 20, but more sporadic nuclear DNA fragmentation
at this time. Thus, it is probable that the appearance of intersti-
tial collagenase precedes endonuclease activation. Since the
collagenase mRNA must be translated, its upregulation and its
translation most probably occur before the large ribosome
subunits are degraded. Therefore, induction of MMPs may be
one of the earliest events in the coordinated dismantling of the
amnion.

The factors that trigger these striking changes in the am-
nion before the onset of labor have not yet been elucidated.
They may include changes in steroid hormones or various cy-
tokines. The rodent model we have used promises to be a use-
ful system for the understanding of this process. Since similar
changes in the amnion occur in the mouse, the roles of specific
genes in the remodeling of the amnion can now be examined
using transgenic animals and gene knockouts (29).

The premature rupture of fetal membranes represents a
significant clinical problem that frequently leads to premature
delivery and fetal and maternal morbidity (30). Structural
changes in the human amnion not unlike those we have de-
scribed in the rat are localized to the site of normal membrane
rupture (31). However, it is not yet known whether the
changes in the amnion reported here are reflective of changes
that occur in pathological conditions.
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