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Abstract

At weaning, milk producing mammary epithelial cells undergo apoptosis and are removed by phagocytosis. Here, we show that mouse

mammary gland involution is associated with mitochondrial cytochrome c release and processing of numerous caspases, including caspase-1,

-3, -7, -8 and -9. Induction of caspase-3-like activity paralleled cleavage of poly-(ADP±ribose) polymerase. Dexamethasone inhibited

processing of caspase-3, -7 and -8 and apoptosis, but had no effect on caspase-1 accumulation and cytochrome c release. In Bcl-2 transgenic

animals, cytochrome c release, caspase activation and apoptosis were impaired. Thus, the pro-apoptotic signaling pathway in mammary

epithelial cells during involution involves the release of cytochrome c and activation of caspases. It is inhibited by Bcl-2 at the mitochondrial

level and by dexamethasone at a post-mitochondrial level. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Programmed cell death or apoptosis is an essential

process for organogenesis, tissue homeostasis, development

and function of the immune system and the nervous system.

Deregulated apoptosis contributes to many severe diseases,

like AIDS, cancer and many forms of degeneration. Origin-

ally described by pathologists on a morphological basis,

apoptosis is characterized by cell shrinkage and chromatin

condensation, followed by the formation of membrane-

bound nuclear and cellular fragments (Kerr et al., 1972).

Most signi®cantly, since cellular membranes remain intact,

an in¯ammatory response is avoided during apoptosis

(Wyllie et al., 1980; Vaux, 1993; Wyllie, 1995). As a

process, apoptosis can be structured into the reversible

induction phase, the irreversible execution phase and a

clean-up phase in which the cellular fragments are disposed

(Vaux and Strasser, 1996).

A family of intracellular proteases, termed caspases, has

been recognized as being essential for the rapid progression

through apoptosis and for the exhibition of the typical apop-

totic morphology. Caspases are aspartate-speci®c proteases

with a catalytic cysteine in the active site (Alnemri et al.,

1996; Salvesen and Dixit, 1997; Kidd, 1998; Thornberry

and Lazebnik, 1998). Activation of caspases involves

hetero- or auto-proteolytic processing of pro-caspases,

usually at aspartate residues, to give rise to active caspase

fragments that join to form an active caspase. To date, over

50 caspase substrates beside the caspases themselves have

been implicated in various cell systems. They include such

diverse proteins as DNA repair enzymes, structural proteins

and protein kinases (Kidd, 1998; Porter and JaÈnicke, 1999).

A major breakthrough in the understanding of how

caspases are activated was the discovery that during apop-

tosis, cytochrome c was released from mitochondria into the

cytosol, where it acts as a potent activator of caspases (Liu

et al., 1996; Li et al., 1997b; Zou et al., 1997). Cytochrome c

release can be induced by a variety of pro-apoptotic signals,

such as death receptor-mediated signaling, ionizing radia-

tion, chemotherapeutic agents and kinase inhibitors such as
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staurosporine (Green and Reed, 1998). Once released from

mitochondria, cytochrome c forms a multimeric complex

with the apoptosis-activating factor, Apaf-1, that recruits

and activates pro-caspases (e.g. pro-caspase-9) to generate

a functional apoptosome (Li et al., 1997b; Zou et al., 1997;

Cecconi, 1999). The role of the apoptosome during apopto-

sis has been well-described in cells in culture. Studies in

vivo have been hampered by the fact that animals de®cient

in cytochrome c, Apaf-1 or caspase-9 die very early during

development or after birth (Cecconi et al., 1998; Hakem et

al., 1998; Kuida et al., 1998; Yoshida et al., 1998; Li et al.,

2000). However, the Apaf-1 and the caspase-9 knockout

studies both indicate an important role for the apoptosome

during nerve cell development and, in addition, Apaf-1

knockout animals display a delayed development of digit

formation. To our knowledge, there is presently no study

that has directly addressed the role of cytochrome c during

developmentally controlled cell death, such as during digit

formation, nerve cell death in newborns, apoptosis in the

ovary, or involution of the mammary gland after lactation.

Different protein families have been implicated directly

or indirectly in regulating cytochrome c release or caspase

activity, such as members of the Bcl-2/Bax family of

proteins (Green and Reed, 1998), competitive FLICE-like

inhibitory proteins (FLIPs; Tschopp et al., 1998) and inhi-

bitor of apoptosis proteins (IAPs; Deveraux and Reed,

1999). Members of the Bcl-2/Bax family are membrane-

localized and may function as membrane pores (Reed,

1997, 1998). A major site of action of Bcl-2 members

seems to be the mitochondrial membrane (Green and

Reed, 1998). Anti-apoptotic members of the Bcl-2 family,

like Bcl-2 itself, have the ability to inhibit, whereas pro-

apoptotic members, i.e. Bax, promote cytochrome c release

from mitochondria (Reed, 1998).

Mammary gland development is characterized by prolif-

eration of the epithelium during puberty, pregnancy and

during each estrus cycle, and by terminal differentiation of

secretory epithelial cells and milk production during late

pregnancy and lactation. After the lactation period, the

gland undergoes an extensive remodeling process that

leads to the involution of epithelial structures until a state

is reached resembling that of a virgin gland (Walker et al.,

1989; Strange et al., 1992). The involution process occurs in

two phases. During the ®rst phase, accumulation of milk is

associated with an engorgement of the gland, with a marked

change in the pattern of gene expression and with massive

apoptosis of epithelial cells (Walker et al., 1989; Strange et

al., 1992; Marti et al., 1994, 1999b). Accumulation of

factors in the milk, the shape change of epithelial cells

due to the engorgement, changes of hormone levels and

loss of survival factor function are possible triggers of this

initial phase of apoptosis (Ossowski et al., 1979; Topper and

Freeman, 1980; Feng et al., 1995; Li et al., 1997a; Marti et

al., 1997; Chapman et al., 1999; Marti et al., 1999b).

However, it remains still unclear how these changes are

translated into an apoptotic response in milk producing

mammary epithelial cells. During the second phase, extra-

cellular matrix (ECM) degrading proteases are produced

that may be responsible for the collapse of lobulo-alveolar

structures and the subsequent tissue remodeling (Talhouk et

al., 1992; Lund et al., 1996; Li et al., 1997a).

We previously showed that mammary epithelial cell

apoptosis at weaning is associated with caspase activity

(Marti et al., 1999a). Here, we studied the release of cyto-

chrome c as a possible trigger of caspase activation in vivo

in the involuting mouse mammary gland. We present

evidence that processing and possible activation of numer-

ous caspases, including caspase-1, -3, -7, -8 and -9, and

cleavage of caspase substrates, such as poly-(ADP±ribose)

polymerase (PARP), are paralleled or preceded by a release

of mitochondrial cytochrome c in the involuting gland.

Overexpression of Bcl-2 in the mammary gland results in

an inhibition of cytochrome c release, caspase processing

and PARP cleavage. Inhibition of involution by implanta-

tion of dexamethasone-release pellets into glands similarly

impairs caspase processing and apoptosis, but not the

release of cytochrome c from mitochondria, suggesting

that dexamethasone inhibits involution by blocking caspase

activation at a step downstream or independent of mitochon-

drial cytochrome c release.

2. Results

2.1. Involvement of cytochrome c and caspase-9 during

mammary gland involution

We investigated the potential role of cytochrome c and

caspases for epithelial cell apoptosis during mouse

mammary gland involution. Mitochondria-enriched

samples were prepared from glands of MORO mice at lacta-

tion or at 1, 2 and 3 days after removing the pups, and

cytochrome c was analyzed by Western blot analysis (Fig.

1, panel A). The levels of cytochrome c strongly decreased

during involution (lanes 2±4) as compared with lactation

(lane 1). In contrast, the levels of mitochondrial cytochrome

oxidase IV (COX IV) decreased only moderately from

lactation to day 3 of involution (panel B, lanes 1±4) in

these mitochondria-enriched fractions.

Pro-caspase-9 is activated by binding to the cytochrome

c/Apaf-1 complex (Li et al., 1997b) that forms after cyto-

chrome c is released by mitochondria. Activation of pro-

caspase-9 is paralleled by a processing of the 49 kDa zymo-

gen to a large and a small subunit of about 20 and 10 kDa,

respectively. We measured caspase-9 in cytoplasmic

mammary extracts with two different antibodies, one react-

ing preferentially with pro-caspase-9 zymogen and one

reacting with the large subunit of about 20 kDa. Panel C

shows that the levels of pro-caspase-9 protein decreased

during involution (lanes 2±4) as compared with the levels

at lactation (lane 1). The loss of caspase-9 zymogen during

involution was paralleled by an accumulation of the
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processed 20 kDa subunit (panel D). These results indicate

that mammary epithelial cell death during involution is

associated with mitochondrial loss of cytochrome c and

activation of pro-caspase-9.

2.2. Effects of dexamethasone on cytochrome c release and

caspase-9 processing during mammary gland involution

We previously described that dexamethasone-releasing

plastic pellets inhibit involution when implanted into the

lactating mammary gland (Feng et al., 1995). To test

whether dexamethasone inhibits cytochrome c release, we

implanted dexamethasone-release plastic pellets into the

fourth inguinal gland of lactating mice. Fig. 1 documents

that the levels of cytochrome c were decreased in mitochon-

dria-enriched fractions of dexamethasone-treated glands

(panel A, lane 5) similar to 3 days of involution in untreated

glands (lane 4). Likewise, implantation of control pellets

containing only the carrier protein bovine serum albumin

(BSA) had no effect on the cytochrome c release 3 days after

pellet implantation and removal of the pups (lane 6). As a

control for the presence of mitochondria, the level of COX

IV remained comparable in mitochondria-enriched fractions

at all conditions (panel B, lanes 4±6). In the presence of

dexamethasone, pro-caspase-9 expression levels were

reduced to the levels of untreated glands at 3 days of involu-

tion (panel C, compare lane 4 with lane 5). However, the

appearance of the small 20 kDa caspase-9 subunit was

signi®cantly impaired by dexamethasone (panel D, lane

5). Implantation of BSA control pellets had no effects on

the accumulation of processed caspase-9 subunits during

involution (compare lane 4 with lane 6). These results indi-

cate that dexamethasone may affect directly or indirectly the

processing of pro-caspase-9.

2.3. Effects of dexamethasone on caspase processing and

activity during involution

To further study the effect of dexamethasone on caspases,

additional members of the caspase family of proteins were

analyzed. Caspase analyses were performed in cytoplasmic

and nuclear extracts prepared from mammary glands. A

direct substrate of caspase-9 is pro-caspase-3, which repre-

sents a classical executioner caspase, similar to caspase-7

(Kidd, 1998). Fig. 2 shows the protein levels of caspase-3

(panel A) and caspase-7 (panel B) in cytoplasmic extracts

prepared from glands at lactation (lane 1), normal involution

days 1±3 (lanes 2±4) and at 3 days of involution after

implantation of dexamethasone-release (lane 5) or BSA

control pellets (lane 6). Pro-caspase-3 and pro-caspase-7

were expressed during lactation (lane 1) and protein levels

were reduced during involution (lanes 2±4). No processed

fragments of caspase-3 could be detected in mammary

extracts derived from involuting glands with the available

antibody. Processed fragments of caspase-7 were detected

during involution in both cytoplasmic and nuclear fractions,

however, the appearance of mature processed forms and

intermediate forms varied from animal to animal (data not

shown). Implantation of dexamethasone-release pellets

prevented processing of pro-caspase-3 and pro-caspase-7

(lane 5). In contrast, BSA control pellets did not prevent

caspase processing (lane 6).

Caspase-8 acts as an initiator caspase, e.g. in the Fas and

TNF receptor pathways (Boldin et al., 1996; Muzio et al.,

1996). However, caspase-8 can also be activated as a late

event in the cytochrome c pathway (Slee et al., 1999). We

found a partial processing of pro-caspase-8 at day 3 of invo-

lution (panel C, lane 4) which was completely prevented in

dexamethasone-exposed glands (lane 5), but not in BSA

control pellet-implanted glands (lane 6). Cleavage of

caspase-8 seems to be a relatively late event since no

processed caspase-8 fragments were detectable in mammary

glands at day 1 (lane 2) or day 2 (lane 3) of involution.

The level of caspase-1 proform increased during involu-

tion (panel D, short exposure) and partially processed

caspase-1 fragments were detected from day 1 of involution

(panel E, lane 2, long exposure). At day 3 of involution,

caspase-1 processing was even more pronounced with the

appearance of a 26 kDa subunit (panel E, lane 4). Although

dexamethasone could not prevent the accumulation of pro-

caspase-1 protein (panel D, lane 5), it inhibited the accumu-

lation of the 26 kDa form (panel E, lane 5). Caspase-11 has

been reported to be responsible for activation of pro-

caspase-1 (Wang et al., 1998). No signal was detected in

mammary gland extracts using a caspase-11-speci®c anti-

body (data not shown).
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Fig. 1. Cytochrome c release and caspase-9 processing during normal

mouse mammary gland involution and in dexamethasone-exposed glands.

Extracts were prepared from mammary glands at lactation (lane 1), and at 1

(lane 2), 2 (lane 3) and 3 days of normal involution (lane 4), and 3 days after

dexamethasone (lane 5) or control BSA-pellet implantation (lane 6).

Western blot analyses were performed with mitochondria-enriched frac-

tions (panels A and B) and cytoplasmic extracts (panels C and D) using

antibodies speci®c for cytochrome c (cyto c; panel A), COX IV (panel B),

and caspase-9 (panels C and D).
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The results described above indicate that dexamethasone-

exposure of mammary epithelial cells during involution

impairs apoptosis by inhibiting caspase processing at a

level downstream or independent of the mitochondrial

ef¯ux of cytochrome c. In order to monitor caspase activity,

we analyzed nuclear PARP (panel F), a well-characterized

caspase substrate that was reported to be processed during

apoptosis by caspase-mediated cleavage (Rosen and

Casciola-Rosen, 1997). PARP was clearly processed at

days 2 and 3 of involution (lanes 3 and 4), but not at lacta-

tion (lane 1). PARP processing was inhibited by dexametha-

sone (lane 5), whereas BSA control pellets were without

effect (lane 6). Although several different PARP-speci®c

antibodies detected a p85 PARP cleavage product in apop-

totic human and mouse cells in culture (data not shown), we

never detected the expected p85 product in vivo in the invo-

luting mammary gland.

We monitored caspase activity in mammary extracts by

measuring the cleavage of a synthetic Asp-Glu-Val-Asp±

amino-methyl-coumarin (DEVD±amc) peptide predomi-

nantly recognized by caspase-3. Essentially, the same

results were obtained with cytoplasmic and nuclear extracts

of lactating and involuting glands. However, in nuclear

extracts, the caspase activity was consistently stronger.

Caspase-mediated DEVD±amc cleavage results in the

release of ¯uorescent amc that can be measured in a ¯uo-

rometer. As shown in panel G, DEVD±amc cleavage activ-

ity (depicted as relative activity during 50 min of

incubation) was low in nuclear extracts prepared from

glands during lactation (lane 1) and was transiently

increased during involution, reaching maximal activity at

day 2 (lanes 2±4). Implantation of dexamethasone-release

pellets resulted in a complete inhibition of caspase activa-

tion (lane 5), whereas the induction of caspase cleavage

activity in BSA-pellet-implanted glands (lane 6) was

comparable with untreated glands at 3 days of involution

(lane 4). A peptide that is cleaved by caspase-9 (LEHD±afc)

was also tested in cytoplasmic and nuclear extracts. Similar

results were obtained as with the DEVD±amc peptide (data

not shown).

The CM-1 antibody was previously shown to selectively

detect active caspase-3 on paraf®n sections (Srinivasan et

al., 1998). We used the CM-1 antibody on sections of

mammary glands at lactation (Fig. 3, panel A) and 3 days

after weaning (panel B); or of mammary glands 3 days after
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Fig. 3. Inhibition of caspase-3 by dexamethasone during involution.

Sections derived from mammary glands at lactation (panel A), 3 days of

involution (panel B), 3 days of involution in the presence of dexametha-

sone-release pellets (panel C) or 3 days of involution in the presence of

BSA control pellets (panel D) were stained for activated caspase-3 with

CM-1 antibody. The bar represents 100 mm.

Fig. 2. Caspase processing and activity during normal mouse mammary

gland involution and in dexamethasone-exposed glands. Extracts were

prepared from mammary glands at lactation (lane 1), and at 1 (lane 2), 2

(lane 3) and 3 days of normal involution (lane 4), and 3 days after dexa-

methasone (lane 5) or control BSA-pellet implantation (lane 6). Western

blot analyses were performed with cytoplasmic preparations using antibo-

dies speci®c for caspase-3 (panel A), caspase-7 (panel B), caspase-8 (panel

C), caspase-1 (short exposure panel D; and long exposure of the same blot

panel E). PARP was determined in nuclear extracts (panel F). Arrows

indicate processed forms of caspase-1. Caspase activity was analyzed by

incubating nuclear extracts in the presence of DEVD±amc (panel G). Fluor-

escence was measured over a period of 50 min, and shown are the relative

DEVD cleavage activities as arbitrary units of ¯uorescence. Values at 3

days of involution were set to 100%. Error bar, SD.
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weaning that were either implanted with dexamethasone

containing pellets (panel C) or BSA control pellets (panel

D). In sections of lactating glands, epithelial cells were

negative for active caspases, with the exception of cells

that fell into the alveolar lumen (panel A). In contrast, at

3 days of involution, alveoli in untreated glands and in BSA

control glands were mostly collapsed and many epithelial

cells stained positive for active caspases (panel B and D).

Apoptotic nuclei were frequently detected, and terminal

transferase-mediated labeling of free DNA ends (TUNEL

staining) indicated that DNA fragmentation occurs in

dying epithelial cells (data not shown; and Feng et al.,

1995). In dexamethasone-treated glands, the alveolar struc-

ture remained intact and the glands were strongly engorged

due to the accumulation of milk (panel C). However, only

very few apoptotic nuclei were detected and TUNEL stain-

ing was negative (data not shown). Almost no epithelial

cells stained positive with the CM-1 antibody. These results,

together with the Western blot analyses shown in Fig. 2A,

indicate that signal transduction pathways normally leading

to caspase-3 processing were effectively blocked in vivo in

the intact gland by dexamethasone.

2.4. Cytochrome c and caspase-9 during mammary

involution in Bcl-2 transgenic glands

Bcl-2, a member of a larger family of pro- and anti-apop-

totic proteins, is a potent inhibitor of apoptosis and mito-

chondrial release of cytochrome c in many systems (Reed,

1997, 1998). It was previously reported that Bcl-2 delayed

mammary gland involution in transgenic mice expressing

the human bcl-2 gene under the control of the whey acidic

protein (WAP) gene promoter in the mammary gland (JaÈger

et al., 1997). We analyzed the consequences of Bcl-2

expression on cytochrome c release, caspase activation

and apoptosis in mammary glands of C57BL/6 mice at

lactation and at 3 days of involution. Transgenic Bcl-2

protein was expressed at lactation (Fig. 4A, lane 3) and 3

days of involution (lane 4), whereas no signal was detected

in wildtype animals (lanes 1 and 2). Interestingly, the Bcl-2

protein migrated as a doublet in extracts derived from

glands at lactation (lane 3). During involution, the lower

band was reduced (lane 4). At day 3 of involution, apoptosis

was clearly inhibited in Bcl-2 overexpressing glands as

compared with glands of wildtype animals (data not

shown; and JaÈger et al., 1997). Mitochondria-enriched frac-

tions were prepared from wildtype and Bcl-2 transgenic

mammary glands at lactation and at 3 days of involution.

The amount of mitochondrial cytochrome c that was

released at 3 days of involution was reduced in Bcl-2 trans-

genic glands (panel B, lane 4) as compared with wildtype

control glands (lane 2). COX IV was analyzed to normalize

for mitochondrial proteins (panel C, lanes 1±4). Caspase-9

was analyzed in cytoplasmic fractions of lactating and invo-

luting mammary tissue. Caspase-9 processing was markedly

inhibited in Bcl-2 transgenic glands at 3 days of involution

(panel D, lane 4) as compared with wildtype glands (lane 2).

Together, these results suggest that Bcl-2 overexpression

delays apoptosis during mammary gland involution by redu-

cing the mitochondrial ef¯ux of cytochrome c and subse-

quent impairment of pro-caspase-9 processing.

2.5. Caspase processing and activity during involution in

Bcl-2 transgenic glands

We further analyzed caspase-associated events that are

expected to occur downstream of cytochrome c release

and pro-caspase-9 processing in wildtype and Bcl-2 trans-

genic mammary glands during involution. Fig. 5 shows that

the processing of pro-caspase-3 (panel A), pro-caspase-7

(panel B) and possibly pro-caspase-8 (panel C) were inhib-

ited at 3 days of involution in Bcl-2 transgenic glands (lane

4) as compared with wildtype animals (lane 2). The levels of

pro-caspase expression at lactation were comparable in

wildtype (lane 1) and Bcl-2 transgenic glands (lane 3). Inter-

estingly, the accumulation of caspase-1 during involution

was similar in wildtype (panel D, lanes 1 and 2) and trans-

genic glands (lanes 3 and 4). In order to monitor caspase
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Fig. 4. Cytochrome c release and processing of caspase-9 during mammary

gland involution in wildtype and Bcl-2 transgenic animals. Mitochondrial

and cytoplasmic fractions were prepared from wildtype (lanes 1 and 2) and

Bcl-2 transgenic mammary glands (lanes 3 and 4) at lactation (lanes 1 and

3) and at 3 days of involution (lanes 2 and 4). Western blot analyses were

performed with cytoplasmic (panels A and D) and mitochondria-enriched

fractions (panels B and C) using antibodies speci®c for Bcl-2 (panel A),

cytochrome c (cyto c; panel B), COX IV (panel C), and caspase-9 (panel

D).
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activity, cleavage of nuclear PARP was analyzed (panel E).

In wildtype glands, PARP was clearly reduced at day 3 of

involution (lane 2). Similar to MORO mice, the expected

p85 PARP fragment was not detected in extracts derived

from involuting C57BL/6 mammary glands. The levels of

PARP expression were similar at lactation (lane 3) and at 3

days after weaning (lane 4) in Bcl-2 transgenic glands,

suggesting that caspase activity was impaired by overex-

pression of Bcl-2 during involution. This issue was further

explored by monitoring caspase activity in a DEVD±amc

cleavage assay. In wildtype animals, DEVD±amc cleavage

activity was low in extracts prepared from glands at lacta-

tion (panel F, lane 1) and elevated at 3 days of involution

(lanes 2). Bcl-2 overexpression resulted in an almost

complete inhibition of caspase activation at 3 days of invo-

lution (lane 4).

The CM-1 antibody was used to analyze, in situ, the

presence of active caspase-3 in wildtype and Bcl-2 trans-

genic glands. Mammary sections were stained with the CM-

1 antibody, and Fig. 6 shows that caspase-3 activation is

much reduced in Bcl-2 transgenic glands at day 3 of involu-

tion (panel D) as compared with wildtype control animals

(panel B). Almost no signals were detected in lactating

glands of wildtype (panel A) or transgenic animals (panel

C). These results indicate that apoptosis of mammary

epithelial cells during involution strongly correlates with

the presence of active caspases.

3. Discussion

In this study, we investigated the release of cytochrome c

as a possible trigger of caspase activation in vivo in the

involuting mouse mammary gland (see also Fig. 7). Over-

expression of Bcl-2 in the mammary gland results in an

inhibition of cytochrome c release and subsequent proces-

sing of caspases, including caspase-1, -3, -7, -8 and -9.

Inhibition of involution by implantation of dexametha-

sone-release pellets into glands similarly impairs caspase

processing and apoptosis, but not the release of cytochrome

c from mitochondria.

Possible triggers of mammary gland involution and

epithelial cell apoptosis are systemic changes of lactogenic

hormones and the local accumulation of milk, resulting in

an engorgement of the gland and prominent shape change of

epithelial cells (Topper and Freeman, 1980; Marti et al.,

1997, 1999b). How these extracellular signals are biochemi-

cally coordinated and converted into an apoptotic response

of the epithelium is presently unknown. An attractive
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Fig. 5. Caspase processing and activity during mammary gland involution

in wildtype and Bcl-2 transgenic animals. Extracts were prepared from

wildtype (lanes 1 and 2) and Bcl-2 transgenic mammary glands (lanes 3

and 4) at lactation (lanes 1 and 3) and at 3 days of involution (lanes 2 and 4).

Western blot analyses were performed with cytoplasmic extracts using

antibodies speci®c for caspase-3 (panel A), caspase-7 (panel B), caspase-

8 (panel C), caspase-1 (panel D). PARP was determined in nuclear extracts

(panel E). Caspase activity was analyzed by incubating nuclear extracts in

the presence of DEVD±amc (panel F). Fluorescence was measured over a

period of 50 min and shown are the relative DEVD cleavage activities.

Values at 3 days of involution were set to 100%. Error bar, SD.

Fig. 6. Inhibition of caspase-3-like activity during involution by Bcl-2.

Sections derived from wildtype (panels A and B) and Bcl-2 transgenic

mammary glands (panels C and D) at lactation (panels A and C) or 3

days of involution (panels B and D) were stained for active caspases with

CM-1 antibody. The bar represents 50 mm.
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hypothesis predicts that local changes in hormone levels and

epithelial cell shape changes in¯uence the epithelial cell/

ECM interactions. Streuli and co-workers showed in

cultured mammary epithelial cells, that such changes result

in a translocation of cytosolic Bax into mitochondrial

membranes, resulting in a release of cytochrome c, activa-

tion of caspases and apoptosis (Gilmore et al., 2000).

3.1. Cytochrome c release and caspase activity during

mammary involution

Apoptosis of mammary epithelial cells in vivo is asso-

ciated with a loss of mitochondria-derived cytochrome c.

Most likely, released cytochrome c associates in the cytosol

with Apaf-1, forming the apoptosome that mediates the

conversion of pro-caspase-9 into the processed, and most

likely, active caspase-9 enzyme complex. This has been

well-described during apoptosis of cells in culture, but to

the best of our knowledge, it has not been conclusively

shown during developmentally controlled programmed

cell death in vivo. Due to the fact that cytochrome c gene-

knockout animals do not survive, it will be dif®cult to ulti-

mately prove whether the cytochrome c release is an initial

and central caspase-activating event or the consequence of a

caspase activation cascade, e.g. involving caspase-1 or

caspase-8, initiated by death signals elsewhere in cells.

However, in both cases, the loss of mitochondrial cyto-

chrome c ensures the breakdown of the cellular metabolism

and the irreversible execution of mammary epithelial cell

death.

Our data suggest an involvement of caspase-9 during

mammary epithelial cell death. Cleaved caspase-9 subunits

become detectable at day 2 of involution, indicating an acti-

vation of caspase-9, most likely due to the accumulation of

cytochrome c and the formation of an apoptosome in the

cytosol. The accumulation of processed caspase-9 is paral-

leled by a transient increase of caspase-9 and caspase-3-like

activity, as monitored by an induction of LEHD±afc and a

DEVD±amc cleavage activity, peaking at day 2 of involu-

tion. In C57BL/6 mice, processed caspase-9 was not detect-

able. This may be due to the fact that apoptosis occurs in a

less coordinated manner in this mouse strain as compared

with MORO mice where the involution process is essen-

tially terminated within a period of about 7 days.

Western blot analyses, immunohistochemical data and

DEVD-assays suggest a role for caspase-3 during mammary

epithelial cell death. Signals for activated caspase-3 can

only be detected in the involuting epithelium and inhibition

of involution and apoptosis either with dexamethasone or

Bcl-2 overexpression results in a strong reduction of

caspase-3 processing and activity in the gland.

Caspase-1 is, so far, the only caspase known to accumu-

late during involution. An induction of caspase-1 at the

mRNA level in mammary epithelial cells during cell death

was previously reported by Bissell and co-workers

(Boudreau et al., 1995; Lund et al., 1996). Here, we show

that caspase-1 also accumulates at the protein level during

involution. Induction of caspase-1 was more pronounced in

MORO mice as compared with C57BL/6 mice, most likely

re¯ecting a strain-speci®c variation. Caspase-1 processing is

an early event, already detectable at 1 day of involution.

This is remarkable in the sense that caspase-1 was shown

to have the ability to induce mitochondrial changes in

certain cell types (Susin et al., 1997). Therefore, activation

of caspase-1 may contribute to the loss of mitochondrial

cytochrome c during mammary gland involution.

PARP represents a well-characterized caspase substrate.

Our results indicate that PARP is cleaved during involution,

however, we have not been able to detect the p85 kDa

fragment in extracts derived from involuting mammary

glands. The reason may be that epithelial cell apoptosis in

the involuting mammary gland is a complex process invol-

ving phagocytosis of dying cells and tissue remodeling.

Apoptosis in the involuting mammary gland occurs over a

period of several days and is therefore much less synchro-

nized than in cells in culture. Furthermore, many epithelial
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Fig. 7. Schematic diagram summarizing caspase-activating events and

tissue remodeling during involution. After weaning, milk accumulation

and hormonal changes result in the release of mitochondrial factors such

as cytochrome c, activation caspases and subsequent epithelial cell apop-

tosis. These events are paralleled by processes leading to tissue remodeling,

such as induction of metalloproteinase expression. Whereas Bcl-2 inhibits

apoptosis at the level of mitochondria, dexamethasone inhibits caspase

activation downstream of cytochrome c release, as well as tissue remodel-

ing.
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cells are phagocytosed very early in vivo by neighboring

epithelial cells or professional phagocytes (unpublished

observation) and cellular fragments are removed to comple-

tion.

3.2. Dexamethasone inhibits caspase activity but not

cytochrome c release

Glucocorticoids may act as survival factors of mammary

epithelial cells and the administration of dexamethasone

potently inhibits involution and apoptosis-associated induc-

tion of DNA fragmentation and the induction of tissue

remodeling-associated proteases, such as stromelysin

(Feng et al., 1995). The induction of other markers of invo-

lution such as activation of protein kinase A-like kinases

and induction of AP1 (Fos/Jun) transcription factors are

not inhibited in the presence of dexamethasone (Feng et

al., 1995). Here, we show that dexamethasone potently inhi-

bits caspase processing and DEVD cleavage activity.

However, dexamethasone does not prevent the accumula-

tion and partial processing of caspase-1 protein or the

release of cytochrome c from mitochondria. Dexametha-

sone and possibly other glucocorticoids may therefore

block the apoptotic pathway of mammary epithelial cells

downstream or independent of mitochondria. Our results

further demonstrate that the release of mitochondrial cyto-

chrome c occurs independently of the activity of down-

stream executioner caspases, such as caspase-3 and -7.

The fact that dexamethasone also inhibits caspase-8 proces-

sing indicates that caspase-8 activity may not be needed for

cytochrome c release in dying mammary epithelial cells.

Together, these results strongly suggest that cytochrome c

release is an early event during apoptosis of mammary

epithelial cells in the involuting gland and not merely the

consequence of the activity of executioner caspases.

3.3. Bcl-2 inhibits cytochrome c release and caspases

during mammary gland involution

To further characterize the role of cytochrome c in the

apoptotic pathway during involution, transgenic animals

were used that overexpress Bcl-2 in the mammary gland.

It was previously shown that apoptosis is inhibited in Bcl-2

transgenic glands up to day 3 of involution, correlating with

the expression of the transgene (JaÈger et al., 1997). At later

stages, involution also occurs in Bcl-2 transgenic animals,

most likely due to inactivation of transgene expression in

the gland. It is well-established that Bcl-2 controls the

release of mitochondrial cytochrome c (Green and Reed,

1998) and it is very likely that Bcl-2 overexpression in the

gland acts primarily by preventing cytochrome c release

during involution in vivo. As expected, our studies reveal

that inhibition of apoptosis by Bcl-2 is associated with a

partial inhibition of cytochrome c release from mitochon-

dria. The fact that caspase-9, -3 and -7 are not or only

marginally processed and that caspase activity is impaired

in transgenic glands corroborates the central role of cyto-

chrome c. Interestingly, induction of caspase-1 protein is not

inhibited in the transgenic gland. Therefore, caspase-1

induction is a very early or Bcl-2 independent event in the

coordinated process of mouse mammary epithelial cell

death. Since caspase-1 expression is not an absolute require-

ment for mammary gland involution (Li et al., 1995), addi-

tional studies are needed to clarify the contribution of

caspase-1 for mammary gland involution. Future studies

now need to address the question of which caspases are

essential for mammary gland involution and epithelial cell

death. Mammary gland-speci®c overexpression of distinct

caspase inhibitors may shed light on the functional role of

individual caspases during mammary gland involution.

4. Experimental procedures

4.1. Animals and tissue preparation

Involution was induced in MORO, C57BL/6 and WAP±

Bcl-2 transgenic C57BL/6 mice after 5±7 days of lactation

by removing the litter. Mammary gland tissue was prepared

from wildtype or transgenic animals at the indicated time

points, ®xed in freshly prepared 4% paraformaldehyde

phosphate-buffered saline and embedded in paraf®n.

Sections, 4 mm thick, were stained with hematoxylin and

eosin or used for immunohistochemistry. Part of the tissue

was frozen in liquid nitrogen and stored at 708C.

4.2. Preparation and implantation of Elvax release pellets

Dexamethasone (Sigma) was dissolved in 70% ethanol,

mixed with BSA and lyophilized. Elvax (10%) dissolved in

methylene chloride was added, and the mixture was again

lyophilized. Pellets were cut to a size of approximately 1.0

mg. One pellet contained 0.5 mg BSA in combination with

60 mg steroid hormone. Control pellets contained 0.5 mg

BSA. Lactating animals were anesthetized by intraperito-

neal injection (50 ml/10 g body weight) of a mixture

containing ketamin (Ketasol-100, 2.4 £ diluted in PBS,

Graeub AG, Bern, Switzerland) and xylazin (Rompun, 6.3 £
diluted in PBS, Bayer AG, Leverkusen, Germany). Two

Elvax pellets were implanted into one of the fourth inguinal

mammary glands by cutting a small pocket with an iris

scissors. Implanted and matched glands were analyzed at

the indicated time points.

4.3. Immunohistochemistry

For immunohistochemistry, 4 mm thick sections were

treated with 0.6% H2O2 in methanol for 30 min at room

temperature to inactivate endogenous peroxidase. Non-

speci®c binding was blocked with normal goat serum

(Kirkegaard & Perry, Gaithersburg, MD). Sections were

incubated overnight at 48C with rabbit polyclonal CM-1

antibody (dilution, 1:2000; a gift from A. Srinivasan) that

recognizes active caspase-3-like caspases (Srinivasan et al.,
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1998). Antigen±antibody complexes were detected with the

dextran-based, biotin free horseradish peroxidase conjugate

(EnVisione 1 System; DAKO, Glostrup, Denmark) using

3-amino-9-ethylcarbazole as substrate.

4.4. Extract preparation and Western blot analysis

Frozen tissue (approximately 300 mg) was homogenized

with a polytrone on ice in 600 ml solution A (10 mM HEPES

(pH 7.9), 1.5 mM magnesium chloride, 10 mM potassium

chloride, 1 mM b-mercaptoethanol, 1 mM DTT) in the

presence of protease inhibitors (5 mg/ml leupeptin, 50 mg/

ml aprotinin, 1 mM amino-hexanoic acid, 5 mg/ml antipain,

5 mg/ml pepstatin, 5 mg/ml chymostatin, 5 mM benzami-

dine, 0.125 mM PMSF). After incubation on ice for 10 min,

extracts were vortexed for 10 s and centrifuged (Sigma 202-

MK) at 3500 revs./min for 2 min at 48C to pellet nuclei. The

supernatant was centrifuged at 13 000 revs./min at 48C for

30 min. The cleared supernatant was taken as the cytoplas-

mic extract and the pellet as the mitochondria-enriched frac-

tion. The mitochondria-enriched fraction was directly

dissolved in SDS-sample buffer and boiled. Nuclear pellets

were incubated in 50 ml Solution C (20 mM HEPES (pH

7.9), 420 mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 5 mg/ml

leupeptin, 50 mg/ml aprotinin, 1 mM amino-hexanoic acid,

5 mg/ml antipain, 5 mg/ml pepstatin, 5 mg/ml chymostatin, 5

mM benzamidine, 0.125 mM PMSF and 25% glycerol) on

ice for 30 min and centrifuged at 15 000 £ g for 30 min at

48C (Sigma 202-MK). The supernatant was taken as nuclear

extract. Protein concentrations in cytoplasmic and nuclear

extracts were determined using the Bio-Rad protein assay.

Extracts were stored at 708C. For Western blot analysis, 30

mg cytoplasmic or nuclear extract or the corresponding

amount of protein from the mitochondria-enriched fraction

(as judged by Ponceau staining) was separated on a 12%

SDS polyacrylamide gel. After transfer to nitrocellulose,

proteins were detected with the corresponding antibodies

using the Western blot chemiluminescence reagent plus,

following the manufacturer's instructions (NEN, Life

Science Products, Boston, MA). Non-speci®c binding was

blocked with PBS, 5% milk and 0.2% Tween 20 prior to

incubation with the ®rst antibody. The following antibodies

were used for Western blot analyses: mouse monoclonal

anti-cytochrome c (7H8.2C12, Pharmingen, San Diego,

CA), mouse monoclonal COX IV (20E8-C12, Molecular

Probes, Eugene, OR), mouse monoclonal anti-PARP (C-2-

10, Biomol, Plymouth Meeting, Philadelphia, PA), rabbit

polyclonal anti-caspase-9 (Krajewski et al., 1999), rabbit

polyclonal anti-human-Bcl-2 (a kind gift from J.C. Reed),

rabbit polyclonal anti-caspase-9 (a kind gift from D. Green),

mouse caspase-speci®c rabbit polyclonal anti-caspase-1, -3,

-7, and -8 (generated in the laboratory of P. Vandenabeele).

4.5. Fluorometric caspase assays

Nuclear extracts (30 mg protein) were mixed with 32 ml

caspase buffer (Promega, Madison, WI), 2 ml DMSO, 1 ml 1

M DTT, 1 ml synthetic DEVD±amc caspase-3 substrate (10

mM DEVD±amc stock solution in DMSO, Calbiochem, La

Jolla, CA) and ®lled up to 100 ml with H2O. The emitting

¯uorescence was kinetically measured at 308C for 50 min

with a Spectramax Gemini Fluorometer (Molecular

Devices, Sunnyvale, CA). The relative cleavage was deter-

mined by calculating the slope of the accumulation of amc

¯uorochrome during the assay. For statistical analyses, at

least three series of animals (lactation and 1±3 days of invo-

lution) were analyzed. In each series, caspase activity at 3

days of involution was set to 100% and the other values

were calculated relative to 3 days of involution.
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