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Summary 

 

Postlactational involution of the mammary gland is characterized by two distinct physiological 

events: apoptosis of the secretory, epithelial cells undergoing programmed cell death, and 

proteolytic degradation of the mammary gland basement membrane. We examined the spatial 

and temporal patterns of apoptotic cells in relation to those of proteinases during involution of 

the BALB/c mouse mammary gland. Apoptosis was almost absent during lactation but became 

evident at day 2 of involution, when -casein gene expression was still high. Apoptotic cells 

were then seen at least up to day 8 of involution, when -casein gene expression was being 

extinguished. Expression of sulfated glycoprotein-2 (SGP-2), interleukin-1converting enzyme 

(ICE) and tissue inhibitor of metalloproteinases-1 was upregulated at day 2, when apoptotic cells 

were seen initially. Expression of the matrix metalloproteinases gelatinase A and stromelysin-1 

and the serine proteinase urokinase-type plasminogen activator, which was low during lactation, 

was strongly upregulated in parallel starting at day 4 after weaning, coinciding with start of the 

collapse of the lobulo-alveolar structures and the intensive tissue remodeling in involution. The 

major sites of mRNA synthesis for these proteinases were fibroblast-like cells in the periductal 

stroma and stromal cells surrounding the collapsed alveoli, suggesting that the degradative phase 

of involution is due to a specialized mesenchymal-epithelial interaction. To elucidate the 

functional role of these proteinases during involution, at the onset of weaning we treated mice 

systemically with the glucocorticoid hydrocortisone, which is known to inhibit mammary gland 

involution. Although the initial wave of apoptotic cells appeared in the lumina of the gland, the 

dramatic regression and tissue remodeling usually evident by day 5 was substantially inhibited 

by systemic treatment with hydrocortisone. mRNA and protein for gelatinase A, stromelysin-1 

and uPA were weakly induced, if at all, in hydrocortisonetreated mice. Furthermore, mRNA for 

membrane-type matrix metalloproteinase decreased after hydrocortisone treatment and paralleled 

the almost complete inhibition of activation of latent gelatinase A. Concomitantly, the gland 

filled with an overabundance of milk. Our data support the hypothesis that there are at least two 

distinct phases of involution: an initial phase, characterized by induction of the apoptosis-

associated genes SGP-2 and ICE and apoptosis of fully differentiated mammary epithelial cells 

without visible degradation of the extracellular matrix, and a second phase, characterized by 

extracellular matrix remodeling and altered mesenchymal-epithelial interactions, followed by 

apoptosis of cells that are losing differentiated functions. 
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Introduction 

 
When sexually mature mice become pregnant, the mammary gland begins a fascinating cycle of 

lobulo-alveolar development and maturation that finally results in full functional differentiation 

and production of milk by the secretory epithelium during lactation. The extracellular matrix 

(ECM) maintains these structures in a functional conformation (Barcellos-Hoff et al., 1989; 

Streuli and Bissell, 1990; Talhouk et al., 1992; Walker et al. 1989). Equally remarkable are the 

morphological, ultrastructural and biochemical changes in the mammary gland after cessation of 

lactation. The involution that follows weaning results in the quenching of milk protein gene 

expression, collapse of the alveolar structures, removal of the secretory luminal epithelial cells 

and endothelial and myoepithelial cells by programmed cell death, phagocytosis by 

macrophages, proteolytic degradation of the basement membranes, and replacement of most of 

the epithelial cells by adipose tissue (Helminen and Eriksson, 1968; Lascelles and Lee, 1978; 

Marti et al., 1994; Strange et al., 1992; Talhouk et al., 1992; Walker et al., 1989; Williams, 

1942). The structure of the involuting gland becomes almost identical to that of the resting virgin 

gland after 10-15 days, depending on the mouse strain studied (Lascelles and Lee, 1978). 

 

Although the molecular mechanisms underlying the gain of function during mammary 

epithelium differentiation have been investigated intensively in recent years, the events during 

the loss of function have received much less scrutiny. During the maturation of the mammary 

gland, interactions between the mesenchyme and epithelium are important for normal 

development (Sakakura, 1991). The matrix metalloproteinases (MMPs) stromelysin-1, 

stromelysin-3 and gelatinase A and the serine proteinase urokinase-type plasminogen activator 

(uPA) increase during involution (Busso et al., 1989; Dickson and Warburton, 1992; Lefebvre et 

al., 1992; Li et al., 1994; Strange et al., 1992; Talhouk et al., 1992) and are probably responsible 

for the degradation of the ECM and basement membranes. The localization of stromelysin-3 in 

fibroblastic cells during involution (Lefebvre et al., 1992) suggests an active role for the 

mesenchyme, although no known function of stromelysin-3 has been described; similarly, 

stromelysin-1 and gelatinase A have been localized to the stromal or myoepithelial cells by 

immunohistochemical analysis (Dickson and Warburton, 1992; Talhouk et al., 1992; Li et al., 

1994). In transgenic mice overexpressing stromelysin-1 during pregnancy or in mammary 

epithelial cells in culture, the degradation of ECM initiates apoptosis in part by inducing 

expression of interleukin-1converting enzyme (ICE) (Boudreau et al., 1995). The increase in 

ICE and stromelysin-1 during involution is believed to be related to the apoptotic process. The 

aim of the present study was to explore the relationship of apoptosis of mammary epithelium to 

tissue remodeling during involution and to investigate mesenchymal-epithelial interactions 

during involution. We have examined the temporal and spatial expression and function of 

stromelysin-1, gelatinase A and uPA in relation to the other physiological events that take place 

during involution of the mammary gland. 

 

Materials and Methods 
 

Materials 
 

T7, T3 and SP6 RNA polymerases, RNase inhibitor, restriction endonucleases, a random DNA 

labeling kit and monoclonal antibodies specific for macrophages (Mac-1 and Mac-2) were 



obtained from Boehringer Mannheim, Germany. A monoclonal antibody directed against mouse 

smooth muscle -actin (clone no. 1A4), amiloride, -estradiol 17-acetate, progesterone, 

testosterone acetate and hydrocortisone 21-acetate were obtained from Sigma Chemical 

Company (St Louis, MO). The Apoptag kit for detection of apoptotic cells was obtained from 

Oncor Inc. (Gaithersburg, MD) and Superfrost
+
 slides were obtained from Fisher Scientific 

(Pittsburgh, PA). All other materials used were described earlier (Rømer et al., 1991; Kristensen 

et al., 1991a,b; Pyke et al. 1994; Talhouk et al., 1992; Sympson et al., 1994). 

 

Animal and tissue treatment procedures 
 

Tissue from mammary glands was isolated from BALB/c mice in their first pregnancy. The mice 

were obtained either from the Fibiger Institute (Copenhagen, Denmark) or from Charles River 

(Wilmington, MA). The tissue was collected from mice at various stages of lactation or during 

involution of the mammary gland after cessation of lactation. The number of pups was adjusted 

to 7 for each mouse; they were allowed to lactate for 7 days in order to reach a state of full 

lactation, before the offspring were removed. The intervals for involution are indicated for each 

experiment. Tissue samples from at least 3 mice were collected and analyzed separately for each 

stage in the experiment. The mice were anesthetized by intraperitoneal injection of avertin and 

perfused intracardially with 20 ml ice-cold phosphatebuffered saline (PBS). The inguinal and 

abdominal mammary glands were removed for RNA isolation or protein extraction as described 

below. The mice used for in situ hybridization and immunohistochemistry were treated similarly, 

except that perfusion with cold PBS was followed by intracardial perfusion-fixation with 4% 

(w/v) paraformaldehyde in PBS. The mammary glands were removed and postfixed for 16 hours 

in 4% paraformaldehyde in PBS. The tissue was then rinsed in PBS, dehydrated and embedded 

in paraffin. For all the morphological analyses, only the left and right inguinal (number 4) 

mammary glands were used. For histological analyses, sections from all tissue samples were 

routinely stained with hematoxylin and eosin, Gomori’s one-step trichrome stain or toluidine 

blue. The percentage of collapsed alveoli versus intact secretory alveoli at each time point 

postweaning was determined by analyzing 200 alveoli and assessing their physiological state in 

sections from two different animals. In some cases, either at the start of involution or at various 

times after weaning, the mice were treated daily with subcutaneous injection of 0.5 mg of 

hydrocortisone 21-acetate in PBS per g body weight. All experiments were performed under 

protocols approved by the Danish Animal Research Committee, the Animal Welfare and 

Research Committee (Lawrence Berkeley Laboratory) or the Committee on Animal Research 

(University of California, San Francisco). 

 

Preparation of RNA probes 
 

The following fragments of mouse uPA (Belin et al., 1985), mouse gelatinase A (Reponen et al., 

1992), mouse gelatinase B (Reponen et al., 1994) and mouse stromelysin-1 (Hammani et al., 

1992) were subcloned: for uPA, pMUPA07 fragment (608-1642) in pGEM5z, or pMUPA09 

fragment (37-428) in pBluescript KS(+); for gelatinase A, (604-1165) fragment in pSP64 and 

pSP65 or the HaeIII fragment (1924-2259) in pGEM-3; for gelatinase B, (805-1099) fragment in 

pSP64 and pSP65; for stromelysin-1, pmTRM11 fragment (3115-4051) and pmTRM12 fragment 

(2205-2918) in pBluescript KS(+). Pure plasmid preparations were made by banding through a 

CsCl gradient and, before transcription, the plasmids were linearized by using the following 



restriction endonucleases: pMUPA07, PstI or EcoRI; pMUPA09, BamHI; pSP64, EcoRI; pSP65, 

HindIII; pmTRM11, SacI or KpnI; pmTRM12, SacI or XhoI. The in vitro RNA transcriptions 

were performed as described previously (Rømer et al., 1991) and the labeled probes were stored 

at 20°C until use. 

 

In situ hybridization analysis of mRNA 
 

In situ hybridization was performed essentially as described by Kristensen et al. (1991a). Briefly, 

5 m paraffin sections on Superfrost
+ 

slides were treated as described by Pyke et al. (1994). 

After hybridization overnight at 47°C with radiolabeled RNA probes, the sections were washed, 

treated with RNase A (20 g/ml) and RNase T1 (20 U/ml), dehydrated and air-dried. 

Autoradiographic emulsion was applied, and sections were developed after 10 days of exposure, 

lightly counterstained with either hematoxylin and eosin or Gomori’s trichrome stain and 

mounted with Permount. The presence of apoptotic cells was detected by means of the Apoptag 

kit (Oncor). 

 

Immunohistochemical analysis 
 

The sections were deparaffinized in xylene, rehydrated with ethanol, rinsed in water and 

incubated for 10 minutes at 37°C with 0.1% (w/v) trypsin in 0.05 M Tris/HCl and 0.1% (w/v) 

CaCl2, pH 7.4. Macrophages were stained with antibodies against Mac-1 and Mac-2 antigens, as 

described previously (Feiken et al., 1995), by using the alkaline phosphatase anti-alkaline 

phosphatase method (Cordell et al., 1984). Smooth muscle -actin was stained with a biotin-

conjugated monoclonal primary antibody, followed by streptavidin-AP complex (D396; Dako, 

Copenhagen, Denmark). For all the immunohisto-chemical analyses, control experiments were 

performed in which primary or secondary antibodies were omitted. 

 

RNA isolation and analysis 
 

Total RNA was isolated from the inguinal and abdominal mammary glands from at least three 

mice at each stage of involution or treatment, by the acid guanidine-thiocyanate-phenol-

chloroform method (Chomczynski and Sacchi, 1987). The concentration of total RNA in the 

samples was determined spectrophotometrically, and either RNA was used directly for RNA 

blotting analysis (Talhouk et al., 1992) or poly(A)+ RNA was isolated (Rømer et al., 1991) and 

used for reverse transcription-polymerase chain reaction (RT-PCR) analysis (Ploug et al., 1992). 

Total RNA (20 g) was denatured and separated in 1.5% agarose/formaldehyde gels. The RNA 

blots were hybridized with the antisense RNA probes used for the in situ hybridizations for 

gelatinase A, stromelysin-1 or uPA, or with the following random-primed labeled cDNA probes: 

mouse ICE (Boudreau et al. 1995), mouse stromelysin-2 (Gack et al., 1994), -casein (pBCL- 

1), mouse tissue inhibitor of metalloproteinases (TIMP)-1 (Gewert et al., 1987) and TIMP-2 

(Alexander and Werb, 1992), mouse sulfated glycoprotein-2 (SGP-2) (Strange et al., 1992), 

mouse plasminogen activator inhibitor (PAI)-1 (Prendergast and Cole, 1989) and mouse PAI-2 

(Belin et al., 1989), or a cDNA for human membrane-type (MT)-MMP (Sato et al., 1994). For 

the latter, less stringent conditions were used in the washing procedure: 1 hour with 2SSC 

(1SSC=0.15 M sodium chloride, 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS) 

at 42°C, 1 hour with 2SSC, 0.1% SDS at 68°C, and finally for 1 hour with 0.5SSC, 0.1% 



SDS at 68°C. The blots were exposed to Kodak X-AR 5 film for various times, as indicated in 

the figure legends. As a control for equal loading, the blots were stripped and rehybridized 

with a cDNA probe for 28S RNA. For quantification of the signals, the RNA blots were 

analyzed in a Molecular Dynamics PhosphorImager SF. Detection of uPA receptor (uPAR), PAI- 

1 and PAI-2 mRNA by means of RT-PCR generally followed the scheme described previously 

(Ploug et al., 1992). 

 

Mammary gland protein extract 
 

The extracts used for gelatinolytic assays were prepared as described previously (Talhouk et al., 

1991) from the inguinal and abdominal mammary glands from at least three mice for each stage. 

The extracts for uPA fibrin zymography and enzyme-linked immunosorbent assay (ELISA) were 

isolated as described (Andreasen et al., 1990a). The protein concentrations of the extracts were 

determined by the Folin-Ciocalteu phenol reagent, with bovine serum albumin as a standard. 

 

Zymography 
 

The gelatinolytic assays were carried out as described in detail previously (Talhouk et al., 1991), 

and plasminogen activator activity was detected in casein gels with plasminogen added (Talhouk 

et al., 1991). As control for specificity, plasminogen was omitted from the substrate gel, and 

mouse bladder urine was used as a positive control for uPA activity. Alternatively, plasminogen 

activator activity in the SDSpolyacrylamide gels was detected by fibrin zymography as described 

by Andreasen et al. (1990a). 

 

Enzyme-linked immunosorbent assay for uPA 
 

A Nunc 96-well immunoplate (Maxisorp) was coated overnight at 4°C with 2 g/ml rabbit anti-

mouse uPA IgG in 0.1 M Na2CO3, pH 9.8. Remaining protein binding sites were saturated with 

1% (w/v) bovine serum albumin in PBS for 3 minutes at 37°C. Extract samples with unknown 

concentrations of mouse uPA were analyzed either alone or together with a mouse uPA standard 

(concentration determined by amino acid analysis) diluted in 1% (w/v) bovine serum albumin in 

PBS, 0.1% (v/v) Tween 20 (buffer A) and incubated for 1 hour at ambient temperature with 

shaking. The bound uPA was measured by adding biotinylated rabbit anti-mouse uPA IgG (2 

g/ml in buffer A) for 1 hour at ambient temperature with shaking, followed by peroxidase-

conjugated avidin (P347; Dako) diluted in buffer A and incubated for 1 hour at ambient 

temperature with shaking. The ELISA was developed as described previously (Andreasen et 

al., 1990a). 

 

Results 
 

Relationship of morphological changes to expression of mRNA and protein for ECM 
remodeling proteinases in the mammary gland during involution 
 

At the time of weaning, the lactating mammary gland of BALB/c mice consisted mainly of 

clusters of alveoli lined by a cuboidal epithelium secreting milk proteins, carbohydrates and 

lipids into the lumina of the alveoli (Fig. 1A,B). There was a well-branched ductal system, with 



the larger ducts surrounded by a basement membrane and thicker layers of connective tissues. 

The lobules were enclosed by fibrous septae. In addition, there was an extensive vascular and 

lymphatic network. The well-organized, secretory lobuloalveolar structures characteristic of 

lactating animals remained intact for the first 3 days after weaning (Fig. 1C-F). Up to day 3 

postweaning, more than 95% of all alveoli remained intact, followed by collapse of 60% of the 

alveoli at day 4, 70% at day 5, 85% at day 7, and 95% at day 10. By trichrome staining, we 

found connective tissue collagens around major ducts and vessels, whereas only very faint 

staining or none was observed around the intact lobules and the interstitial septae (Fig. 1D). 

Severe distension was observed in all alveoli at days 1 and 2 after weaning, owing to the 

continuous synthesis and secretion of milk for up to 2 days after weaning; partial disruption 

of some of the alveolar basal membranes and flow of liquid into the interstitium was seen after 2 

or 3 days of involution. Infiltration of adipocytes began at day 2 after weaning. 

 

The number of epithelial cells undergoing apoptosis and shedding into the alveolar lumina 

increased dramatically between 2 and 3 days after weaning, as detected both by conventional 

morphological criteria (Fig. 1C-F) and by specific staining for apoptopic cells (Fig. 1K,L). This 

occurred without visible changes in the relationship between mesenchymal and epithelial 

compartments. There followed a distinct second phase of involution involving very intensive 

tissue remodeling that started at 4 days after weaning, when the lobuloalveolar structure 

collapsed (Fig. 1G-J). At day 4, the parenchyma consisted mainly of ducts, vessels and clusters 

of epithelial cords, some with small lumina, all surrounded by condensed connective tissue and 

increasing numbers of adipocytes (Fig. 1H). Further degradation of the secretory structures and a 

dramatic increase in the number of adipocytes continued up to day 8 (Fig. 1I,J). A few, isolated 

secretory alveoli and ducts containing secretory material surrounded by adipocytes and 

interspersed by thickened stromal elements remained present for up to 16 days after weaning. 

The mammary gland was fully regressed after 21 days and reorganized with ducts, ready for 

another cycle of pregnancy and lactation (data not shown). 

 

Molecular analysis of gene expression also revealed two distinct phases of involution. 

Differentiated function, as measured by -casein mRNA expression, decreased from the very 

high levels during lactation to one fourth by day 3 after weaning, a level similar to that at the end 

of pregnancy, and then to even lower levels over the next 2 days (Fig. 2C,D). Whereas ICE, 

SGP-2 and TIMP-1 mRNA increased during the first 2 days after lactation and then decreased 

(Fig. 2A,B), stromelysin-1 and uPA mRNAs were low in lactating mammary gland and during 

the first 3 days after weaning, then increased 30-fold on day 4, followed by a gradual decrease up 

to day 10 (Fig. 2C,D). Gelatinase A mRNA was expressed at much lower levels, although with 

an induction pattern similar to that of stromelysin-1 and uPA (Fig. 2C,D). In contrast, the single 

3.5 kb MT-MMP mRNA band, which we detected in mammary gland after 7 days of lactation 

and throughout involution, remained unchanged (Fig. 2C). TIMP-2 mRNA was not regulated 

and was present at low levels throughout the 16 days after weaning (Fig. 2A). No signal for 

stromelysin-2 was detected (data not shown). As measured by RT-PCR analysis on poly(A)+ 

RNA samples, uPAR mRNA increased after the start of involution, whereas little PAI-1 and 

PAI-2 mRNA was detected during lactation and involution (data not shown). These data suggest 

that the initial involution events at 1 to 3 days after weaning have a pattern of gene expression 

that is distinct from that of the major remodeling phase from days 4-10. 

 



Protein extracts prepared from the same mice used for RNA isolation were analyzed by 

zymography. Although no active gelatinase A was present in extracts isolated from lactating 

mice, active gelatinase A began to be observed at day 2 of involution (data not shown). The 

amount of both latent and active forms of gelatinase A increased between days 2 and 3 after 

weaning and increased further with involution time. The highest activity was present at day 10 

after weaning, consistent with the RNA data. A sandwich ELISA was used to obtain a 

quantitative measurement of the amount of uPA in the mammary gland. As shown in Fig. 3, the 

concentrations of uPA, normalized against the total protein concentration in the extracts, 

increased during the first 7 days after weaning, then declined. Analysis of the same extracts by 

fibrin overlay zymography showed a similar expression pattern for uPA, with the highest activity 

in extracts from day 7 involuting mammary gland (Fig. 3, inset). A single band of uPA activity, 

with molecular mobility corresponding to 4810
3
 Mr, and the 6810

3
 Mr band corresponding to 

tissue-type plasminogen activator (tPA) were detected (Talhouk et al., 1992). 

 

Expression of stromelysin-1, gelatinase A and uPA mRNA in the mesenchymal 
compartment during lactation and involution 
 

Because the initial apoptotic events and the rapid remodeling phases of involution appeared to be 

distinct, we next used in situ hybridization to determine which cell types expressed stromelysin-

1, gelatinase A and uPA mRNA. First, we examined the distribution of proteinase mRNA during 

lactation. Using serial sections of 7-day lactating glands, we detected gelatinase A and 

stromelysin-1 mRNA in the same fibroblast-like periductal stromal cells that surrounded most 

but not all intact ducts (Fig. 4A,B), as well as around some blood vessels (data not shown). 

Higher magnification showed no signal was detected in epithelial or myoepithelial cells (Fig. 

5A-D), and no specific signal above background was seen when sense probes for stromelysin-1 

(Fig. 5E), gelatinase A or uPA (data not shown) were used. Notably, the myoepithelial cells and 

most stromal cells surrounding the secretory alveoli were negative for stromelysin-1 and 

gelatinase A mRNA. The localization of stromelysin-1 mRNA mainly to cells in the stroma was 

further confirmed by following in situ hybridization with trichrome staining, which showed that 

the positive cells were enmeshed in connective tissue (see Fig. 7E,F). uPA mRNA was present in 

very few scattered fibroblast-like cells, not necessarily the same cells that were positive for 

gelatinase A and stromelysin-1 (Fig. 5B). The few uPA-positive fibroblast-like cells were found 

equally in the periductal and alveolar stroma. It should be noted that, in areas where the alveoli 

were distended by secretory material, the interalveolar space was very compressed; in such areas 

it was difficult to distinguish between a fibroblast-like stromal cell and myoepithelial cell as the 

source of the signal. 

 

The number and intensity of cells positive for gelatinase A, stromelysin-1 and uPA mRNA 

increased dramatically throughout involution of the mammary gland, particularly after day 4, 

although with a heterogeneous and focal distribution mainly in fibroblast-like stromal cells (Fig. 

6). Stromelysin-1 was detected mainly in the stromal compartment of clusters of degenerating 

alveoli and in the connective tissue around some of the ducts, as shown by in situ hybridization 

followed by positive trichrome staining (Fig. 7D). None of the cells (apoptotic cells and 

macrophages) present in the alveolar and ductal lumina were positive for either stromelysin-1 or 

gelatinase A, although some cells in the lumina were positive for uPA mRNA at day 5 and later 

stages of involution (Figs 7,8A,B). From serial sections, it was evident that the same clusters of 



stromal cells were positive for stromelysin-1, gelatinase A and uPA mRNA on day 7 of 

involution (Fig. 7A-C), but it was not clear if the same cells were positive for the three 

proteinases. We were unable to detect uPAR, PAI-1, PAI-2 and gelatinase B mRNA by in situ 

hybridization in either lactating or involuting glands (data not shown). 

 

Cellular sources of proteinases in the mammary gland during lactation and involution 
 

To determine the specific cells that expressed mRNA as seen by in situ hybridization, we 

identified specific cell types in the mammary gland. Few macrophages staining for Mac-2, a 

macrophage-specific antigen, were seen during lactation and during the first phase of involution, 

but their number increased dramatically from day 3 of involution. At day 6, the macrophages 

were localized mainly to the connective tissue around and within collapsed alveoli (Fig. 8C) and 

in the lumina of the larger ducts (Fig. 7C) and, by day 10 after weaning, the number of 

macrophages had increased further (data not shown). However, in adjacent serial sections, it was 

clear that the macrophages were not a major source of mRNA for uPA (Fig. 8A,B), stromelysin-

1 or gelatinase A (data not shown). 

 

The myoepithelial cells, identified by immunohistochemical staining for smooth muscle -actin 

(Gugliotta et al., 1988), were seen in basket-like formations around collapsed alveoli (Fig. 

8E,G,I). Some single cells were also strongly positive for smooth muscle -actin. Because most 

of the cells positive for smooth muscle -actin were negative for uPA mRNA and most of the 

cells positive for uPA mRNA were negative for smooth muscle -actin, we concluded that 

myoepithelial cells cannot be the major source of uPA mRNA (Fig. 8D,E). Similarly, most of the 

cells positive for smooth muscle -actin were also negative for both gelatinase A and 

stromelysin-1 (Fig. 8F,G and H,I, respectively). 

 

Regulation of involution by systemic treatment with Glucocorticoids 
 

To analyze the contribution of these proteinases to involution, we treated mice with 

glucocorticoids, which have been shown to downregulate MMPs and uPA in other systems (for 

reviews, see Andreasen et al., 1990b; Mignatti and Rifkin, 1993). Systemic daily treatment of the 

postlactating mice with hydrocortisone, starting on day 1 of weaning, delayed the massive 

remodeling, apoptosis and regression of the gland at least up to day 10 in a dose-dependent 

manner (Fig. 9B). Macroscopically, the glands were white and enlarged, owing to the 

accumulation of milk proteins in the gland. In histological sections, day 5 involuting glands from 

hydrocortisone-treated mice were clearly distinguishable from normal day 5 involuting gland and 

resembled normal day 3 involuting gland (see Fig. 1F). There were many apoptotic cells in the 

lumina of the alveoli and ducts, but the lobular-alveolar structures were still intact and there were 

few infiltrating and maturating adipocytes. The start of hydrocortisone treatment could be 

delayed up to 3 days after weaning and still delay the regression of the gland considerably, as 

judged by morphological and biochemical criteria (data not shown). The hydrocortisone-treated 

mice, as compared with the saline-treated normal involuting mice, showed little or no induction 

of uPA, gelatinase A and stromelysin-1 mRNAs at day 5 after weaning. Moreover, in the 

hydrocortisone-treated gland, -casein decreased only to approximately 35% of its lactating 

level, similar to that of a normal day 2 involuting gland, whereas in the saline-treated involuting 

mice it decreased to 5% (Figs 2C,D, 9D). Interestingly, the signal for MT-MMP mRNA was 



totally abolished by the hydrocortisone treatment (Fig. 9D). This contrasts with untreated and 

saline-treated mice, which expressed this gene during lactation, when no tissue remodeling takes 

place (Fig. 2C). By zymography, no active gelatinase A was detected in extracts prepared from 

the hydrocortisone-treated mice, whereas latent gelatinase A was still detectable, but at lower 

levels than in the saline-treated controls. Identical results were obtained in all mice tested (n=5). 

Similarly, uPA and, to a lesser extent, tPA activity was reduced (Fig. 9C). Thus, hydrocortisone 

maintained an early involuting phenotype while preventing the main remodeling phase. 

Hydrocortisone had no visible effect on the morphology of the mammary gland or gelatinolytic 

activity of age-adjusted virgin mice for up to 5 days (data not shown). No effect was detected 

after treatment of involuting mice with -estradiol, progesterone or testosterone for 5 days (data 

not shown). 

 

Discussion  
 

Involution of mammary gland is characterized by two distinct phases 
 

By a combination of biochemical and histological analysis and pharmacological interventions, 

we have demonstrated that the postlactational involution of the mammary gland can be divided 

into two distinct phases, each characterized by specific gene expression: an early phase 

characterized by engorgement of the gland with milk and initial apoptosis of epithelial cells, 

which accumulate in the lumina, and a second phase characterized by biosynthesis of proteinases 

and intensive tissue remodeling. During the first phase, mammary gland-specific differentiated 

functions, characterized by -casein mRNA expression, remained relatively high, declining to 

about one fourth of the lactating level at day 3 after weaning, comparable to the levels in late 

pregnancy. At this time in the involution process, very low levels of MMPs, uPA and tPA were 

present in the gland, whereas TIMP-1 was upregulated, shifting the proteolytic balance in favor 

of inhibition. During this initial phase of involution there was a strong, transient induction of 

SGP-2 and ICE mRNA, two genes participating in the apoptotic process (Fig. 2A,B); a third 

gene, p53, shows a more prolonged induction (Boudreau et al., 1995; Guenette et al., 1994; 

Strange et al., 1992). The second phase began at day 4 of involution in BALB/c mice and was 

characterized by upregulation of mRNA and activity for proteolytic enzymes, including 

gelatinase A, stromelysin-1 and uPA, and downregulation of the inhibitor TIMP-1, resulting in 

active tissue remodeling, including destruction of basement membranes and alveolar structures 

and irreversible loss of the differentiated function of the mammary gland (Martinez-Hernandez et 

al., 1976, Warburton et al., 1982). 

 

Regulation of proteolytic activity during involution 
 

Both MMPs and uPA and their specific inhibitors have been implicated in a number of 

degradative processes, such as wound healing, ovulation, trophoblast invasion, involution of the 

prostate and cancer invasion (for reviews see Alexander and Werb, 1991; Andreasen et al., 

1990b; Birkedal-Hansen et al., 1993; Danø et al., 1985, 1994; Matrisian, 1990; Vassalli et al., 

1991; Woessner, 1991). The results reported here also strongly support a physiological role of 

the proteinases in active tissue remodeling. The overall proteolytic activity is regulated at 

different, independent levels. Both MMPs and uPA are secreted as latent proenzymes with very 

little or no enzymatic activity. Activation of the proenzymes is an important regulatory step in 



the control of proteolytic activity. Although the mechanism by which the latent proenzymes 

are activated in vivo is unknown, in vitro experiments have indicated that plasmin and other 

proteolytic enzymes are able to activate prourokinase and procollagenase (Petersen et al., 1988; 

Werb et al., 1977). Recently, MT-MMP has been shown to activate progelatinase A in vitro 

(Sato et al., 1994). Furthermore, the enzymatic activity of MMPs and uPA is controlled by 

specific inhibitors. Members of the MMP family are inhibited by TIMP-1, TIMP-2 or TIMP-3, 

whereas uPA is inhibited by PAI-1 or PAI-2. Expression of gelatinase A, stromelysin-1 and 

uPA and of their specific inhibitors is regulated by a number of growth factors and cytokines in 

vitro (for reviews, see Andreasen et al., 1990b; Laiho and Keski-Oja, 1989; Mignatti and Rifkin, 

1993), but which factors are responsible for the concerted increase in mRNA and protein levels 

during involution of the mammary gland are unknown. It has been shown that protein kinase A 

and c-Fos/c-JunD are induced during involution of the mammary gland (Marti et al., 1994), 

suggesting that these transduction signal pathways are involved in the regulation of specific gene 

expression. During development of the mammary gland, a number of growth factors are 

implicated in the mesenchymal-epithelial interactions, including members of the transforming 

growth factor-and fibroblast growth factor families (Coleman-Krnacik and Rosen, 1994; 

Jhappan et al., 1993; Maier et al., 1991; Robinson et al., 1991; for a review see Topper and 

Freeman, 1980). Similar studies are required to elucidate the molecular mechanisms involved 

during involution of the mammary gland.  

 

Interestingly, we were able to detect uPA only in its high molecular weight form during 

mammary gland involution. Most of the uPA detected in the involuting ventral prostate occurs in 

the low molecular weight form (Andreasen et al., 1990a), which, although enzymatically active, 

cannot bind to uPAR (Stoppelli et al., 1985). A recent study has shown that matrilysin, a 

metalloproteinase of the stromelysin subclass, which is able to cleave uPA in vitro into low 

molecular weight uPA and its amino terminal fragment (Marcotte et al., 1992), is also induced 

during involution of the ventral prostate after hormonal ablation (Bowden et al., 1995). The level 

of uPA in the involuting mammary gland in the present study was approximately one tenth of 

that in the involuting prostate (Andreasen et al., 1990a). These data suggest that uPA may have 

different physiological roles in these two involuting organ systems. 

 

Mesenchymal-epithelial interaction in involution 
 

We have identified the cells responsible for the synthesis of gelatinase A, stromelysin-1 and 

uPA. In contrast to earlier studies (Busso et al., 1989; Dickson and Warburton, 1992; Li et al., 

1994; Ossowski et al., 1979; Strange et al., l992), we found that, for gelatinase A, stromelysin-1 

and uPA, both mRNA and protein were expressed during lactation, although at a low level, as 

detected by zymograms and RNA blots. By in situ hybridization, we found that the mRNA 

for gelatinase A, stromelysin-1 and uPA in lactating mammary glands was synthesized by some 

but not all fibroblastlike periductal stromal cells. Similarly, during involution, the signals for the 

three proteinases were found in both periductal and perialveolar fibroblastlike stromal cells, 

although with a very focal and heterogeneous distribution. The data described here are in 

apparent disagreement with findings described by Dickson and Warburton (1992) and Li et 

al. (1994). By immunohistochemical analysis, these investigators found that myoepithelial cells 

were the source of positive immunoreactivity for both stromelysin-1 and gelatinase A during 



involution of the rat and mouse mammary gland, respectively. We also observed that 

immunoreactive gelatinase A and stromelysin-1 are enriched in myoepithelial cells (data not 

shown). Similarly, uPA immunoreactivity was localized to the epithelial cells (Larsson et al., 

1984). A possible explanation for the apparent discrepancy between the immunocytochemistry 

and in situ hybridization could be that, although fibroblasts synthesize and secrete the 

proteinases, after secretion these enzymes are bound to other cell types or to ECM components in 

the mammary gland. It is interesting to note that similar discrepancies exist for mRNA and 

protein localization for MMPs in tumor tissue (Garbisa et al., 1990; Pyke et al., 1993; Stetler-

Stevenson et al., 1993). Our data directly confirm the indirect observation by Ossowski et al. 

(1979) that macrophages cannot be the major source of uPA production. In agreement with 

earlier observations (Mayberry, 1964), we also demonstrated that the influx of macrophages into 

the mammary gland is a late event during involution. Furthermore, we have shown that 

macrophages are not the source of either stromelysin-1 or gelatinase A, supporting the role of 

macrophages as scavengers. 

 

A similar, but not identical, temporal and spatial expression pattern has been described for 

stromelysin-3 during development, differentiation and involution of the mammary gland. 

Although no mRNA for stromelysin-3 was detected during development and pregnancy or 

lactation, during involution it was detected at day 3, with maximal expression by day 6 in 

fibroblasts around the disorganized clusters of epithelial cells (Lefebvre et al., 1992). As we 

observed for stromelysin-1 and gelatinase A, epithelial cells were negative for stromelysin-3. 

Taken together, these data suggest a major contribution of both the epithelium and the 

neighboring fibroblasts in the proteolytic degradation of the ECM during involution. Thus, like 

development (Sympson et al., 1994) and cancer invasion (Danø et al., 1994), involution of 

epithelia requires the collaboration of mesenchymal and epithelial cells. In the cell culture model 

system for apoptosis and involution that we have developed (Boudreau et al. 1995), the CID-9 

mammary cell strain contains populations of both epithelial and mesenchymal-like cells. It will 

be interesting to see if such an interaction can be reconstituted in culture models of involution, 

using defined populations of mammary and epithelial cells and fibroblastic cells such as those 

described by Desprez et al. (1993). 
 

Regulatory mechanisms involved in glucocorticoid inhibition of tissue remodeling during 
involution 
 
We used hydrocortisone treatment to separate the two phases of involution. Hydrocortisone had 

no effect on the initial apoptosis, even though it decreased the already low basal levels of 

proteinases. However, it completely blocked the second, remodeling phase, even when added as 

late as day 3 of involution. Two observations support the hypothesis that hydrocortisone has a 

specific action in inhibiting the proteolytic phase, rather than just maintaining the lactational 

state: (1) the fact that MT-MMP mRNA was abolished by hydrocortisone, and (2) the 

observation that the early involutional phase, characterized by the release of apoptotic cells into 

the alveolar and ductal lumina, was not completely inhibited by hydrocortisone. Hydrocortisone 

treatment had multiple physiological effects, although they all worked in a concerted manner: the 

treatment downregulated gelatinase A, stromelysin-1 and uPA mRNAs and protein. These data 

suggest that gelatinase A, stromelysin-1 and uPA gene expression is under hormonal control in 

vivo.  



A new observation with important implications was the almost complete inhibition of activation 

of latent gelatinase A by hydrocortisone treatment. With the downregulation of all 

the MMPs, the relative tissue concentrations of TIMP-1 and-2 would increase, possibly affecting 

activation. In this context, it is an important finding that MT-MMP, a potential activator of 

progelatinase A (Sato et al., 1994; Cao et al., 1995), is also downregulated by hydrocortisone 

treatment. In a recent study MT-MMP and gelatinase A, but not stromelysin-1 and interstitial 

collagenase, were shown to be co-expressed by stromal cells in human colon, breast and head 

and neck cancer (Okada et al., 1995). These data suggest that this newly discovered member of 

the MMP family could play a significant role in the regulation of overall proteolytic activity. 

Future studies are required to determine the cells responsible for the synthesis of MT-MMP in 

the mammary gland and the biochemical effects of this potential activator of progelatinase A in 

vivo. Glucocorticoid treatment has earlier been shown to inhibit the involution of the ventral 

prostate gland after castration and to affect apoptosis-related gene expression (Rennie et al., 

1989; Freeman et al., 1990). Glucocorticoid treatment reduces the plasminogen activity in the 

ventral prostate by decreasing the level of uPA mRNA and protein, whereas no effect on PAI-1 

protein level can be detected (Freeman et al., 1990). Similar analyses are required for a detailed 

molecular understanding of the inhibitory effect of glucocorticoids on the involution of the 

mammary gland. 
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Figures 

 
FIGURE 1 

 

 
 

Hematoxylin-eosin and trichrome staining of lactating and involuting mouse mammary gland. 

(A,B) Mammary gland after 7 days of lactation. Open arrow indicates fibroblasts; solid arrow 

indicates myoepithelial cells. (C,D) Mammary gland after 2 days of involution. (E) Mammary 

gland after 3 days of involution. Arrow indicates apoptotic cells in the lumen of an alveolus 

shown in higher magnification in F. (G,H) Mammary gland after 4 days of involution. Straight 

arrow indicates a group of collapsed alveoli; curved arrow indicates adipocytes. (I,J) Mammary 

gland after 8 days of involution. (K,L) Staining for apoptotic cells after 3 days of involution. (K) 

control without and (L) with terminal deoxynucleotidyl transferase added. A,C,D,E,G,H,I, bar, 

100 µm; B,F,J,K,L, bar, 25 µm. A,B,C,E,G,I,J were stained with hematoxylin and eosin; K,L 

were counterstained with hematoxylin; D,H were stained with trichrome. 



FIGURE 2 

 

 
 

Analysis of mRNA isolated from mouse mammary gland involuting for various times. (A) RNA 

blot analysis for ICE, SGP-2, TIMP-1 and TIMP-2 in extracts of lactating or involuting 

mammary glands. The day within each stage is indicated below in arabic numerals. 20 g of total 

RNA was loaded in each lane. The blots were exposed for the following times: ICE, 8 days; 

SGP-2, 2 days; TIMP-1, 2 days; TIMP-2, 8 days. (B) Quantification of the mRNA signals 

obtained for the specific proteinase inhibitor TIMP-1 and the apoptosis marker SGP-2 in A. 

Probed blots were scanned in a PhosphorImager. The values obtained at day 7 lactation (L7), at 

the start of the involution, have been set equal to 1, and the subsequent time points are indicated 

as -fold induction or reduction after normalization against the value obtained for the 28S RNA 

hybridization, in order to correct for the slight difference in loading and transfer of the various 

RNA samples. (C) RNA blot analysis for uPA, gelatinase A, stromelysin-1 (SL-1), MT-MMP, -

casein mRNA and 28S RNA. The blots were exposed for the following times: uPA, 3 days; 

gelatinase A, 2 days; stromelysin-1, 1 day; MT-MMP, 10 days; -casein, 2 hours; 28S, 12 hours. 

(D) Quantification of the mRNA signals obtained for the proteinases and -casein in C, as 

described above, except that the value obtained for -casein at L7 was set to 100. Numbers on 

the left indicate -fold induction of the proteinases, and on the right the reduction of -casein 

expression. 

 

 

 

 

 

 



FIGURE 3 

 

 
 

The uPA content of involuting mammary gland as determined by ELISA and fibrin zymography. 

Extracts were prepared from the inguinal and abdominal glands from mice that had been 

lactating for 7 days, followed by weaning for the indicated number of days. The concentration of 

uPA was determined by ELISA, and the protein concentration with the Folin-Ciocalteu reagent, 

as described in Materials and Methods. (Inset) Fibrin overlay zymography analysis of uPA and 

tPA activity in extracts of mammary glands. Tissue extracts (100 g protein) or 5 l rat bladder 

urine were subjected to SDS-polyacrylamide gel electrophoresis and zymography as described in 

Materials and Methods. 

 

 

 

 

 

 

 

 

 

 

 

 



FIGURE 4 

 

 
 

Distribution of gelatinase A and stromelysin-1 in 7-day lactating mouse mammary gland as 

detected by in situ hybridization. The sections were hybridized using antisense gelatinase A 

RNA (A) or antisense stromelysin-1 RNA (B). Straight arrows in A and B indicate ducts positive 

for gelatinase A and stromelysin-1, respectively. Curved arrows indicate areas shown at higher 

magnification in Fig. 5A,C. Bar, 100 m. 

 

 

 

 

 

 

 

 

 

 



FIGURE 5 

 

 
 

Distribution of gelatinase A, stromelysin-1 and uPA in 7-day lactating mouse mammary gland as 

detected by in situ hybridization. Higher magnification of the in situ hybridization shown in Fig. 

4. The sections were hybridized by using antisense gelatinase A RNA (A,A*), antisense uPA 

(B,B*), antisense stromelysin-1 RNA (C,C*), or sense stromelysin-1 RNA (E) as described in 

Materials and Methods. Tissue sections were viewed by bright-field (A-D) or dark-field 

(A*,B*,C*,E) microscopy. Arrow in C indicates area shown at higher magnification in D. 

Positive control experiments were performed by application of two different antisense probes, 

covering nonoverlapping parts of each of the three cDNAs, as described in Materials and 

Methods. These probes were adjusted to the same specific activity and applied to adjacent 

sections of the mammary gland. In all cases, the two probes showed identical hybridization 

patterns for each specific mRNA (data not shown). As a negative control, sense RNA probes 

transcribed from each of the three cDNAs were applied to adjacent sections of all specimens, and 

in these sections no signal was obtained above background. In sections treated with RNase A 

before hybridization, no signal was detected with the antisense probes. A,A*,B,B*,C,C*,E, bar, 

25 m; D, bar, 5 m. 



FIGURE 6 

 

 
 

In situ hybridization for gelatinase A, stromelysin-1 and uPA mRNA in mouse mammary gland 

during involution. In situ hybridization analysis was performed on tissue isolated at day 3 (A-C, 

A*-C*), day 5 (D-F, D*-F*) or day 7 (G-I, G*-I*) after weaning. Photomicrographs of (A,D,G) 

gelatinase A expression; (B,E,H) stromelysin-1 expression; (C,F,I) uPA expression. Bar, 100 

m. Arrows in G-I indicate areas shown at higher magnification in Fig. 7A-C. (A-I) Bright-field 

microscopy; (A*-I*) dark-field microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 



FIGURE 7 

 

 
 

Localization of gelatinase A, stromelysin-1 and uPA mRNA in the mammary gland after 7 days 

of involution. A-C are higher magnifications of the in situ hybridizations shown in Fig. 6G-I for 

mRNA for gelatinase A (A), stromelysin-1 (B) and uPA (C). (D) In situ hybridizations for 

stromelysin-1 mRNA in transversal sections of day 7 involuting mammary gland, followed by 

trichrome staining. (E,F) In situ hybridizations for stromelysin-1 mRNA in longitudinal sections 

of day 7 lactating mammary gland, followed by trichrome staining in bright-field (E) or dark-

field (F) microscopy. A-D, bar, 10 m; E,F, bar, 25 m. 

 

 

 

 

 

 



FIGURE 8 

 

 
 

Immunohistochemical identification of cell types in involuting mammary gland. 

Immunohistochemical staining for macrophagespecific antigens and smooth muscle -actin and 

in situ hybridization for uPA, stromelysin-1 and gelatinase A were performed as described in 

Materials and Methods. (A-C) In situ hybridization for uPA mRNA and immunohistochemical 

staining for Mac-2 antigen on day 6 of involution. Adjacent serial sections of involuting 

mammary gland were hybridized with an antisense uPA RNA probe (A,B) or were stained with 

Mac-2 antibody (C). Curved arrows in A,B show areas positive for uPA mRNA, but with no 

macrophage-positive cells. Straight arrows in (C) point to macrophages present, but no uPA 

mRNA. (D-I) In situ hybridization for uPA, gelatinase A and stromelysin-1 and 

immunohistochemically staining for smooth muscle -actin antigen on day 6 of involution. 

Sections of involuting gland were hybridized with antisense RNA probes for uPA (D), gelatinase 

A (F) or stromelysin-1 (H), and adjacent sections were immunohistochemically stained for the 

presence of smooth muscle -actin (E,G,I). A-E,H,I, bar, 25 m; F,G, bar, 10 m. 

 

 



FIGURE 9 

 

 
 

Effect of systemic treatment with hydrocortisone on the involution of the mammary gland. (A,B) 

Histological analysis of the mammary gland after involutioninhibitory treatment. Hematoxylin 

and eosin staining of mammary gland involuting for 5 days after daily subcutaneous injections of 

saline (A) or after daily subcutaneous injections of hydrocortisone (B). Bar, 100 m. (C) Effect 

of hydrocortisone treatment on gelatinase and plasminogen activator activity. Substrate 

zymograms for gelatinases and plasminogen activators. (Lane 1) Involuting day 5, (lane 2) 

involuting day 5 + hydrocortisone. +/indicates in vitro 4-aminophenylmercuric acetate 

activation of the extract for 1 hour (+) or no activation (). Samples from two different mice are 

shown for the plasminogen activator zymogram. The mobility of both uPA and tPA are slightly 

higher in substrate gels than in SDS-PAGE gels. (D) Effect of hydrocortisone treatment on 

specific gene expression. RNA blot analysis for gelatinase A, stromelysin-1, uPA, MT-MMP, -

casein and 28 S RNA. (Lane 1) Involuting day 5, (lane 2) involuting day 5 + hydrocortisone. 

After hybridization of the RNA blots with the various probes, the blots were analyzed in a 

PhosphorImager analyzer. After normalization to the level obtained for the 28S RNA, the value 

obtained at day 5 of involution without treatment was set equal to 1 for each probe, and the 

values after hydrocortisone treatment are indicated as -fold induction or reduction. The results 

shown are from a typical single experiment, which included pooled tissue extracts from at least 3 

mice to reduce the effect of variability between individual mice. 


