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ABSTRACT

In degrading the extracellular matrix, matrix metal-
loproteinases (MMP) and the plasminogen activator
(PA) system may play a critical role in extensive remod-
eling that occurs in the bovine mammary gland during
development, lactation, and involution. Therefore, the
aim of our study was to investigate the mRNA expres-
sion of MMP-1, MMP-2, MMP-14, MMP-19, tissue in-
hibitor of metalloproteinases (TIMP)-1, TIMP-2, uroki-
nase-type PA, tissue-type PA, urokinase-type PA recep-
tor, and PA inhibitor-1 by quantitative PCR and to
localize with immunohistochemistry MMP-1, MMP-2,
MMP-14, and TIMP-2 proteins in the bovine mammary
gland during pubertal mammogenesis, lactogenesis, ga-
lactopoiesis, and involution. Expression of mRNA for
each of the studied factors was relatively lower during
galactopoiesis and early involution but was markedly
increased during mammogenesis and late involution, 2
stages in which tissue remodeling is especially pro-
nounced. The localization of proteins for MMP-1, MMP-
14, and TIMP-2 showed a similar trend with strong
staining intensity in cytoplasm of mammary duct and
alveolar epithelial cells during pubertal mammogenesis
and late involution. Interestingly, MMP-2 protein was
localized only in the cytoplasm of endothelial cells dur-
ing late involution. Our study demonstrated clearly
that expression of extracellular matrix-degrading pro-
teinases coincides with a concomitant expression of
their inhibitors. High expression levels of MMP, TIMP,
and PA family members seem to be a typical feature of
the nonlactating mammary gland.
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INTRODUCTION

The mammary gland undergoes substantial morpho-
logical changes during development, lactogenesis, ga-
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lactopoiesis, and involution. At puberty, the extent of
mammary gland development accelerates with ductal
elongation and branching, followed by lobulo-alveolar
development and maturation during pregnancy. This
results in fully functional differentiation and produc-
tion of milk by the secretory epithelium during lacta-
tion. Degenerative events then take place during invo-
lution of the gland following cessation of lactation after
weaning or the end of milking. These different stages
of normal mammary development require a finely con-
trolled degradation and remodeling of the extracellular
matrix. Several proteinases are implicated in the turn-
over of the extracellular matrix. The matrix metallopro-
teinases (MMP) are considered the key enzymes in this
process and can be divided into 8 groups according to
their structure. Metalloproteinases are zinc-dependent
endopeptidases that are usually secreted as soluble la-
tent proenzymes, 6 of which are membrane bound. They
are then activated in the extracellular environment by
avariety of factors, including members of the plasmino-
gen activator (PA) system. This system belongs to the
serine proteinase family, the second main family of ma-
trix-degrading proteinases. These proteins are involved
in direct degradation of extracellular matrix substrates
(Sternlicht and Werb, 2001) and the activation of MMP
precursors at the cell surface through the urokinase-
type PA (uPA), uPA receptor (uPAR)/plasminogen cas-
cade (Murphy et al., 1999). Plasmin is produced from
its inactive zymogen precursor, plasminogen, through
2 PA, uPA and tissue-type PA (tPA). Plasminogen acti-
vation is limited by the action of PA inhibitor (PAI).

In addition to their classical role, the matrix-degrad-
ing proteinases also function to release growth factors
and cytokines. This expands the repertoire of MMP
actions to include modulation of cell growth (Sternlicht
and Werb, 2001; Green and Lund, 2005).

Regulation of most of the MMP family members is
tightly controlled and is 3-fold: at the level of gene tran-
scription, enzyme activation, and the balance between
MMP and their natural inhibitors, the tissue inhibitors
of metalloproteinases (TIMP). Activation of the proen-
zymes and the function of the mature MMP can be
inhibited by the binding of TIMP.
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Because extracellular matrix proteinases have been
associated with tumor growth and metastasis (Egeblad
and Werb, 2002), a considerable body of research exists
concerning the expression and role of the MMP and
inhibitors in the mammary gland in murine models
(Benaud et al., 1998; Rudolph-Owen and Matrisian,
1998; Green and Lund, 2005). However, very few data
concerning the bovine mammary gland are available,
although events occurring during development of the
mammary gland are critical to the success of the first
lactation, and those occurring during involution are
likely to influence the following lactating period. In the
mouse, mammogenesis and early involution are clearly
associated with an up-regulation of the expression and
activity of ECM-degrading proteinases and a down-reg-
ulation of their inhibitors. This study aimed to verify
whether these observations were also true for the bo-
vine. To test this hypothesis, we established the expres-
sion pattern of some MMP and inhibitors in the bovine
mammary gland in an attempt to further elucidate their
role and possible importance in mammary development
and mammary function. Profiles of mRNA expression
of MMP-1, MMP-2, MMP-14, and MMP-19; TIMP-1 and
TIMP-2; and members of the PA system, uPA, tPA,
uPAR, and PAI-1 were determined for the bovine mam-
mary gland at well-defined stages of development (lac-
togenesis, galactopoiesis, and involution) by real-time
PCR. In addition, we analyzed the localization patterns
of MMP-1, MMP-2, MMP-14, and TIMP-2 to evaluate
the correlation with gene expression data and to deter-
mine which cell types were involved. By selecting differ-
ent proteinases and their inhibitors, we tried to cover a
wide range of substrates that could be degraded during
development and remodeling associated with invo-
lution.

MATERIALS AND METHODS
Animals

The mammary glands from nonpregnant German
Fleckvieh and Holstein Friesian cows (38 in total) were
removed within 20 min of slaughter during defined
stages. The classification of the animals was estab-
lished as follows: 1) M: pubertal mammogenesis (18-mo-
old heifers, n = 4); 2) L: lactogenesis (onset of secretion
during d 4 to 8 postpartum, n = 5); galactopoiesis: 3)
G1: peak lactation (2 to 8 wk postpartum, n = 5); 4)
G2: mid lactation (4 to 5 mo, n = 4); 5) G3: late lactation
(8 to 12 mo, n = 4); involution (after dry off): 6) I1: 24
to 48 h (n = 5); 7) 12: 96 to 108 h (n = 3); 8); I3: 14 to
28 d (n = 8). Small pieces (1 to 2 g) of mammary tissue
were frozen in liquid nitrogen and stored at —80°C for
RNA extraction or were fixed for immunohistochemis-
try study.
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Total RNA Extraction and Reverse Transcription

Total RNA was isolated from tissues using an
adapted guanidinium thiocyanate/phenol method as de-
scribed previously (Plath et al., 1997). To quantify the
amount of total RNA extracted, the optical density (OD)
was determined with a spectrophotometer (Eppendorf,
Hamburg, Germany) at 3 different dilutions of the final
RNA preparations at 260 nm, corrected by the 320-
nm background absorption. The integrity of RNA was
verified electrophoretically by ethidium bromide stain-
ing and by an ODyg5:0Dggo nm absorption ratio of >1.7.

Synthesis of the first strand cDNA was performed in
a volume of 40 pL containing 1 pg of RNA and 2,000 U
of M-MLYV reverse transcriptase (Promega, Mannheim,
Germany) according to the manufacturer’s instructions.
A reaction without the reverse transcriptase enzyme
was performed to detect residual DNA contamination.

Real-Time PCR

Primers for housekeeping and target genes were de-
signed by use of a software program (HUSAR program;
DKFZ, Heidelberg, Germany) according to published
bovine sequences (Table 1). Quantitative real-time PCR
was performed with a Rotor-Gene 3000 system (Corbett
Research, Sydney, Australia). Polymerase chain reac-
tions were carried out using a LightCycler DNA Master
SYBR Green I kit (Roche Diagnostics, Mannheim, Ger-
many) with 1 pL of each ¢cDNA in a 10-pL reaction
mixture (3 mM MgCl,, 0.4 uM of each forward and
reverse primer, 1x LightCycler DNA Master SYBR
Green I). After initial incubation at 95°C for 10 min
to activate the Taq DNA polymerase, templates of all
specific transcripts were generated with a 3-segment
amplification and quantification program (95°C for 10
s, 60°C for 10 s, 72°C for 15 s with a single fluorescence
acquisition point) repeated for 40 cycles.

Confirmation of PCR product identity and specificity
was obtained through melting curve analysis (Rotor-
Gene 3000 software, version 5.0; Corbett Research) and
subsequent gel electrophoresis separation, in which
PCR products showed a single band at the expected
length.

The cycle threshold (CT) for the target gene and the
CT for an endogenous control, the housekeeping gene
(-actin, were determined for each sample (Rotor-Gene
3000 software, version 5.0; Corbett Research). Values
were then normalized to the endogenous control ac-
cording to the ACT equation, where ACT = CTiaget —
CTsactin (Leutenegger et al., 2000; Livak and
Schmittgen, 2001).
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Table 1. Sequences of primers used in PCR amplification reactions

Product EMBL?
size, accession

Gene'! Sequence (5" to 3") bp number

(-Actin For AACTCCATCATGAAGTGTGACG 234 U39357
Rev GATCCACATCTGCTGGAAGG

MMP-1 For CAAACCAGGTGCAGGTATCG 232 NM174112
Rev AAGGTCCGTAGATGGCCTG

MMP-2 For CCCAGACAGTGGATGATGC 248 NM174745
Rev TTGTCCTTCTCCCAGGGTC

MMP-14 For ACTTGGAAGGGGGACACC 236 AF144758
Rev AGGGGGCATCTTAGTGGG

MMP-19 For TTTCAAGGGGGACTATGTGTG 240 X92521
Rev CAATAGAGAGCTGCATCCAGG

TIMP-1 For CATCTACACCCCTGCCATG 231 AF144763
Rev CAGGGGATGGATGAGCAG

TIMP-2 For GGGTCTCGCTGGACATTG 256 AF144764
Rev TTGATGTTCTTCTCCGTGACC

tPA For GGGGAAGCACAACCACTG 263 X85800
Rev AGCTGATCAGGATCCCCC

uPA For TGCAGCCATCTACAGGAGG 240 X85801
Rev TGGTGAGCAAGGCTCTCC

uPAR For TGTTTCCAGAAACCGCTACC 234 S70635
Rev AAGTGGAAGGTGTGGTTGTTG

PAI-1 For CAGCGACTTACTTGGTGAAGG 231 X52906

Rev TCCAGGATGTCGTAGTAACGG

IMMP = matrix metalloproteinase; TIMP = tissue inhibitor of metalloproteinases; tPA = tissue-type
plasminogen activator; uPA = urokinase-type plasminogen activator; uPAR = uPA receptor; PAI = plasmino-

gen activator-inhibitor.

2EMBL = European Bioinformatics Institute (Cambridge, UK).

Statistical Analyses

The statistical significance of differences in the ACT
values of examined factors was assessed by ANOVA,
followed by the Holm-Sidak test. Differences were con-
sidered significant if P < 0.05. A high cycle number
indicated a low level of gene expression and vice versa.
We expressed our experimental data as 20 minus the
mean of the normalized cycle threshold (20 — ACT) *
standard error of the means (SEM). Consequently, the
more template present at the beginning of the reaction,
the larger the 20 — ACT value.

Immunohistochemistry

For histology and immunohistochemistry, tissue
samples (approximately 5 mm thick) were fixed in Bou-
in’s solution for 48 h, dehydrated in a graded series of
ethanol, cleared in xylene, and embedded in paraffin.
Serial sections (5-pm) were cut on a Leitz microtome
and mounted on gelatine/chrom alum-coated glass
slides.

Following deparaffinization, the presence of the pro-
teinases was demonstrated immunohistochemically by
the streptavidin-biotin horseradish peroxidase complex
(ABC) technique (Hsu et al., 1981). To expose antigenic
sites for proteinases, dewaxed sections were heated 4
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times to 95°C in a 600-W microwave oven, maintained
for 5 min, and allowed to cool for 20 min. Endogenous
peroxidase activity was then eliminated by incubation
with a 0.5% (vol/vol) hydrogen peroxide solution in abso-
lute methanol for 10 min at 20°C. Nonspecific protein
binding was eliminated by incubation with Protein
Block Serum-Free (Dako, Hamburg, Germany) for 10
min at room temperature. Sections were then incubated
overnight at 4°C with first antibodies, dilution 1:100:
polyclonal anti-MMP-1, monoclonal anti-MMP-2 (clone
Ab-4); polyclonal anti-TIMP-2; polyclonal anti-MMP-14
(clone Ab-1; NeoMarkers, Fremont, CA). Incubation for
30 min with biotinylated porcine antirabbit IgG at a
1:100 or 1:300 dilution and with biotinylated rabbit
antimouse IgG, 1:300 (Dako) followed. The sections
were then reacted with ABC reagent from a commercial
kit (Dako). The bound complex was made visible by
reaction with 0.05% 3,3’-diaminobenzidine hydrochlo-
ride and 0.0006% hydrogen peroxide in 0.1 M PBS.
Between each step, sections were washed 3 times in
PBS. All incubations were carried out in humidified
chambers to prevent evaporation. Sections were coun-
terstained in Mayer’s hematoxylin, dehydrated,
cleared, and mounted.

Controls were performed by 1) replacing the primary
antibody with nonimmune serum; 2) substituting the
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primary antibody with buffer; 3) replacing the second-
ary antibody with buffer; and 4) incubating with diami-
nobenzidine reagent alone to exclude the possibility of
nonsuppressed endogenous peroxidase activity. Lack of
detectable staining of tissue elements in the controls
demonstrated the specificity of the reactions. Positive
controls were performed with bovine placental tissue
to test the primary antibodies.

RESULTS

Expression and Tissue Distribution
of MMP Family Members

The mRNA expression data for MMP and TIMP are
shown in Figure 1, and the localization and staining
patterns of the proteins are shown in Figure 2. The
level of expression of MMP-1 transcripts did not change
significantly across the stages examined (Figure 1A).
By immunohistochemistry, during pubertal mammo-
genesis (heifers), the mammary duct epithelial cells
were strongly immunoreactive (Figure 2, panel 2),
stained weakly during lactation (Figure 2, panel 3),
and strongly stained again during involution (Figure
2, panel 4). The protein was distinctly detected in the
cytoplasm of the epithelial cells. The negative control
of heifer tissue (replacement of the primary antibody
with nonimmune serum) showed no staining at all (Fig-
ure 2, panel 1).

Expression of MMP-2 mRNA was highest during pu-
bertal mammogenesis and lactogenesis, significantly
decreased during galactopoiesis, and further decreased
during early involution (I2), followed by a significant
increase (I3; Figure 1B). The only positive staining for
MMP-2 detected in the mammary gland was during
involution and was restricted to endothelial cells of
blood vessels (Figure 2, panel 5).

Matrix metalloproteinase-14 and TIMP-2 presented
the same profile of mRNA expression. Their mRNA
levels decreased constantly from mammogenesis to ga-
lactopoiesis, were stable until the latest stage of involu-
tion, and tended to recover to a level comparable to that
in mammogenesis (Figure 1C and 1D). Mammary duct
epithelial cells of heifers were distinctly stained with
antibody to MMP-14 (Figure 2, panel 6) but alveolar
epithelial cells were poorly stained at all other stages
examined (data not shown). The insert in Figure 2,
panel 6, shows a positive control for MMP-14 (giant
cells of bovine placenta). In contrast, mammary duct
epithelial cells in heifers (Figure 2, panel 7) and alveolar
cells (data not shown) of all other stages stained only
weakly to TIMP-2. In Figure 2, panel 8, a negative
control is presented in heifer tissue as well as a positive
control in the insert (bovine placenta with stained giant
cells). Table 2 summarizes the immunochemistry data
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indicating the relative intensity of staining and the cell
types concerned.

Expression of MMP-19 transcripts was high during
mammogenesis but was strongly down-regulated dur-
ing lactation until the last stage of involution, when
the transcripts recovered their initial level of expression
(Figure 1E). Tissue inhibitor of metalloproteinase-1
mRNA was also expressed with a significantly higher
value during pubertal mammogenesis, followed by
down-regulation during lactation until early involution,
with an increase again in late involution (Figure 1F).

Expression of PA Family Members

The mRNA expressions for PA, PAI-1, and uPAR are
shown in Figure 3. The expression of uPA mRNA was
consistently high during pubertal mammogenesis and
lactogenesis but was significantly decreased during late
lactation and early involution, followed by a significant
increase in late involution (Figure 3A). In contrast, tPA
expression remained constant across stages (Figure
3C). Expression of mRNA ofthe uPAR was up-regulated
during mammogenesis and late involution and exhib-
ited relatively low expression during other stages (Fig-
ure 3B). Similarly, PAI-1 mRNA was significantly
higher during mammogenesis and lactogenesis but also
tended to be higher during late involution (Figure 3D).

DISCUSSION
Prelactational Development

Mammogenesis occurs in 2 steps: the first one, early
mammogenesis, consists of the construction of a
branched ductal network throughout the mammary fat
pad. The final developmental fate of the udder is ful-
filled only when pregnancy occurs, under the impulse
of reproductive hormones. As expected, our study dem-
onstrates that matrix-degrading proteinases are ex-
pressed and up-regulated in the glands of virgin cows.
Matrix metalloproteinase-2 expression and activity
were also detected in developing mouse mammary tis-
sue (Witty et al., 1995; Fata et al., 1999). Despite evi-
dence in our study that mRNA expression of MMP-2
was up-regulated during mammogenesis and lactogen-
esis, the protein was not detected at this stage. The
failure to detect MMP-2 protein is puzzling and unex-
plained. However, because MMP-14 is an activator of
MMP-2 activity (Rudolph-Owen and Matrisian, 1998;
Egeblad and Werb, 2002), it is logical to detect a syn-
chronized expression of this factor.

Up-regulation of MMP-19 expression in nonlactating
mammary tissue (i.e., that from virgin cows and postin-
volution glands) corresponds with the study by Djonov
et al. (2001) on human mammary tissue. High uPA and
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Figure 1. Messenger RNA expression of matrix metalloproteinase (MMP) family members in bovine mammary gland tissue. M: pubertal
mammogenesis (18-mo-old heifers, n = 4); L: lactogenesis (onset of secretion during d 4 to 8 postpartum, n = 5); G1: galactopoiesis peak
lactation (2 to 8 wk postpartum, n = 5); G2: galactopoiesis midlactation (4 to 5 mo, n = 4); G3: galactopoiesis late lactation (8 to 12 mo, n =
4); I1: early involution (24 to 48 h after the end of milking, n = 5); I12: involution (96 to 108 h, n = 3), I3: late involution (14 to 28 d, n = 8).
Results represent 20 minus means of ACT (cycle threshold) + SEM from n = 3 to 8/group. Different letters indicate different means (P <

0.05). TIMP = Tissue inhibitor of metalloproteinases.

tPA levels in the developing bovine mammary gland
are consistent with the fact that plasminogen plays an
important role in branching morphogenesis (Busso et
al., 1989; Delannoy-Courdent et al., 1996; Simian et
al., 2001). Given that the PA system was also proposed
to participate in activating MMP (Simian et al., 2001;
Curry and Osteen 2003), it is not surprising to observe
an elevation of the expression of its members when
MMP are active.

Journal of Dairy Science Vol. 90 No. 2, 2007

Interestingly, TIMP are up-regulated during mam-
mogenesis, although they have an inhibitory effect on
morphogenesis (Fata et al., 1999). This most likely is
to facilitate normal udder growth rather than uncon-
trolled proliferation. The up-regulation of TIMP-2 ex-
pression is expected because this factor, along with
MMP-14, is required for the activation of MMP-2 (Wang
et al., 2000). However, the TIMP-2 protein seems to be
present at a constant level throughout the development
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Figure 2. Immunohistochemical localization of matrix metalloproteinase (MMP)-1, MMP-2, and tissue inhibitor of metalloproteinase
(TIMP)-2. Matrix metalloproteinase-1: Pubertal mammogenesis (heifers). No signal is visible on the negative control where MMP-1 primary
antibody has been replaced with nonimmune serum (panel 1; bar: 100 um). The ductular epithelial cells are strongly stained for MMP-1
at pubertal mammogenesis (panel 2; bar: 50 pm), appear moderately stained at galactopoiesis, 2 to 8 wk postpartum (panel 3; bar: 50 pm),
and show a strong signal again in late involution, 28 d (panel 4; bar: 35 pm). Matrix metalloproteinase-2: Only vascular endothelial cells
display distinct immunostaining at late involution (panel 5; bar: 50 pm). Matrix metalloproteinase-14: Duct epithelial cells are distinctly
stained during pubertal mammogenesis. The insert shows giant cells of bovine placenta as the positive control (panel 6; bar: 100 pm). Tissue
inhibitor of metalloproteinase-2: Epithelial cells from the mammary duct show a weak staining during pubertal mammogenesis (panel 7;
bar: 100 pm). Negative and positive (insert, giant cells of bovine placenta) controls for TIMP-2 antibody (panel 8, bar: 100 pm).

Journal of Dairy Science Vol. 90 No. 2, 2007



746

RABOT ET AL.

Table 2. Summary of the intensity of the immunostaining for each antibody, tissue area, and stage of

development in bovine mammary gland tissue!

Antibody? Tissue area Mammogenesis Lactation Involution

MMP-1 Ductal epithelial cells +++ + +++

MMP-2 Endothelial cells - - +++

MMP-14 Ductal epithelial cells ++ - -
Alveolar cells + + +

TIMP-2 Ductal epithelial cells + + +
Alveolar cells + + +

From — (no staining) to +++ (very strong intensity).

2MMP = Matrix metalloproteinase; TIMP = tissue inhibitor of metalloproteinase.

period. This suggests that the formation of branching
ducts requires a tightly regulated ratio of MMP and in-
hibitors.

The case of MMP-1 is quite interesting. Sorrell et
al. (2005) demonstrated in the mouse that expression
levels of most MMP genes are actually low and, more-
over, that they stay constant throughout development.
Therefore, the absence of significant variation of MMP-
1 expression in the cow would not be unexpected if

11, A a uPA
10-%b I
-
abc ab
S o b
o 8 c
o cC c
| 11
6 T T T T T T T 1
M L G1G2G3 1 12 13
13- ¢ tPA
121
-l
2 111
o 101
o™
9-
8

M LGIG2G3 1 12 I3

the protein were not remarkably up-regulated at late
involution. We cannot reach a conclusion regarding reg-
ulation at the zymogen level because the anti-MMP-1
recognized both the zymogen and the active form of the
protein. Because mRNA expression and the presence
of the protein were not correlated for MMP-2 and MMP-
1, we assume that regulation at the transcript level is
probably not the most important in the mechanisms
controlling the activity of the MMP.
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Figure 3. Messenger RNA expression of plasminogen activator (PA) system members in bovine mammary gland tissue. M: pubertal
mammogenesis (18-mo-old heifers, n = 4); L: lactogenesis (onset of secretion during d 4 to 8 postpartum, n = 5); G1: galactopoiesis peak
lactation (2 to 8 wk postpartum, n = 5); G2: galactopoiesis midlactation (4 to 5 mo, n = 4); G3: galactopoiesis late lactation (8 to 12 mo, n =
4); I1: early involution (24 to 48 h after the end of milking, n = 5); I12: involution (96 to 108 h, n = 3), 13: late involution (14 to 28 d, n = 8).
Results represent 20 minus the means of ACT (cycle threshold) + SEM from n = 3 to 8/group. Different letters indicate different means (P
< 0.05). uPA = Urokinase-type PA; uPAR = urokinase-type PA receptor; tPA = tissue-type PA; PAI = PA inhibitor.
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Lactation

Most of the matrix-degrading proteinase transcripts
studied were down-regulated during different stages of
lactation in the bovine mammary gland. Our data are
in agreement with studies showing low levels or no
detection at all of MMP in the lactating murine mam-
mary gland (Strange et al., 1992; Li et al., 1994; Lund
et al., 1996). This is consistent with the presence of a
well-defined, intact basement membrane supporting
the differentiated, milk-secreting epithelial cells. The
need for an intact basement membrane in the mainte-
nance of a functional, differentiated phenotype in mam-
mary epithelial cells is known (Sympson et al., 1994).
During all stages of lactation, expression of MMP inhib-
itors, as well as members of the PA-plasmin system,
is also repressed except for uPA and tPA, which are
expressed at a stable level. This last observation is in
contradiction with the study of Busso et al. (1989), in
which both uPA and tPA expression decreased in lactat-
ing murine glands, but the data are in accordance with
the increased concentrations of plasmin and plasmino-
gen during lactation in cows detected by Politis et al.
(1989).

Involution

After cessation of lactation by removing suckling
young or by suspending milking (dry period), the mam-
mary gland undergoes involution. In rodents, involu-
tion has been characterized as a 2-stage process. The
first stage is characterized by induction of apoptosis of
mammary epithelial cells without visible degradation
of the extracellular matrix, and the second phase is
characterized by activation of proteinases that destroy
the lobular-alveolar structure of the gland and trigger
remodeling of the extracellular matrix (Lund et al.,
1996). Epithelial cells lose their adhesion to a basement
membrane, which is destroyed by the increased protein-
ase activity and, as a result, the cells lose survival sig-
nals generated by the extracellular matrix (Wiseman
and Werb, 2002). These events result in a return to the
fully regressed, nonfunctional stage of the mammary
gland in preparation for a new reproductive cycle. Sev-
eral matrix-degrading proteinases have been impli-
cated in the degradation and remodeling of mouse mam-
mary stroma during involution, including MMP-2
(Dickson and Warburton, 1992; Talhouk et al., 1992)
and uPA (Busso et al., 1989). Indeed, PA play an im-
portant role during involution because postlactational
involution has been demonstrated to be profoundly com-
promised in the absence of plasmin (Lund et al., 2000).
Mammary involution proceeds more slowly in dairy ani-
mals than in rodents, and morphological changes that
occur during the dry period are less pronounced. There
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is no significant tissue regression during the dry period
prior to parturition in dairy cows, and even without the
protective effect of a concurrent pregnancy, the alveolar
structure is partially maintained for several weeks
after cessation of milking (Capuco and Akers, 1999).
Our data suggest that involution in the bovine occurs
in 2 phases, consistent with those noted in mice: an
initial one corresponding to the stages of I1 and 12 (1
to 5 d of involution), when expression of MMP and their
inhibitors are strongly down-regulated, and another
one corresponding to the later stage, I3 (14 to 28 d of
involution), with an up-regulation of proteinases and
members of the PA system. This is also reflected in
immunohistochemistry data in which MMP-1 and
MMP-2 proteins are more abundant during involution,
in the epithelium for the first one and, interestingly,
in the endothelial cells for the second one. This suggests
different activities for these 2 proteinases. Matrix met-
alloproteinase-2 has also been detected in stroma, epi-
thelial, and myoepithelial cells in the murine model
(Dickson and Warburton, 1992; Wiseman et al., 2003).

Despite a difference in timing between rodents and
ruminants, involution involves similar physiological
events in both species. Our data suggest that high ex-
pression of MMP and inhibitors is a characteristic fea-
ture of the “resting” mammary gland. Because this ex-
pression also corresponds with an elevation of morpho-
genic growth factor expression as transforming growth
factor «, fibroblast growth factor, and IGF (Plath et al.,
1997, 1998; Plath-Gabler et al., 2001), one can assume
that matrix-degrading proteinases are working syner-
gistically with such factors. Studies to determine the
nature of this relation and the influence that lactogenic
hormones might have on their expression are war-
ranted.

In general, the fluctuation in expression of the differ-
ent transcripts measured were much less dramatic than
in rodents. This can be explained by the fact that devel-
opment and lactation periods of the bovine mammary
gland are much longer than in the murine mammary
gland (weeks for the mouse to a month for the cow).
Consequently, in the cow, the action of matrix-degrad-
ing proteinases does not need to be as acute and intense
as it is in the mouse.

CONCLUSIONS

This characterization study shows that all of the
tested matrix-degrading proteinases and their inhibi-
tors are up-regulated in stages in which the mammary
gland undergoes extensive morphological modeling.
Their localization is not confined to the alveolar epithe-
lial cells but can also be observed in mammary duct
epithelial cells and vascular endothelial cells. This indi-
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cates that matrix-degrading proteases might play a cell-
specific role that highlights another level of control of
their action. Matrix-degrading proteinases are under
complex regulation to prevent inappropriate degrada-
tion as well as inappropriate proliferation of mammary
tissue. Both growth factors and reproductive hormones
influence this regulation, but by largely unknown mech-
anisms.
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