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Abstract

Objective: Weaning is a process that results in a reduction in milk secretion, an increase in mammary epithelial
cell (MEC) apoptosis, and involution of the mammary gland. The local mechanisms initiating MEC apoptosis and
involution are unclear, although the physical morphology of the MEC may influence cell-cell and cell-extracellular
matrix communication and thus may alter function. This study examined the effect of physical distension of alveoli on
the early molecular events that occur at the onset of involution of rat mammary glands.

Methods: Mammary tissue was collected post-mortem from lactating Sprague-Dawley rats at 0, 1, 3, and 6 h
(n=6 per time point) following acute physical distension of an inguinal gland with isosmotic sucrose solution (0.8 ml;
equivalent to ~6 h worth of milk accumulation) via the teat canal followed by sealing with adhesive (infused). The
remaining teats on each rat were either left unsealed for pups to suckle (control), or were sealed to induce milk
accumulation and mammary engorgement (engorged).

Results: There was a low number of positive in situ-end labeled (ISEL) nuclei in suckled control glands indicating
they had a low number of cells with fragmented DNA or were apoptotic. However, there was a greater number of
ISEL nuclei in sucrose-infused and milk-engorged teat-sealed glands by 1 and 6 h, respectively, such that these
changes were accelerated by sucrose infusion, compared with milk accumulation alone. The timing of the decline in
abundance of β1-integrin (cell-extracellular matrix protein) and occludin (tight junction protein), and increase in
abundance of the activated apoptotic marker signal transducer and activator of transcription factor-3 (pSTAT3)
protein were also accelerated by sucrose infusion.

Conclusion: Physical distension by sucrose infusion accelerated the onset of the first stage of mammary
apoptosis and involution, supporting a role for mechanotransduction during these processes.

Keywords: Mammary involution; Dairy cow; Mechanotransduction;
Tight junctions; Rat

Abbreviations: EMC: Extracellular Matrix; ISEL: In-situ End
Labelling; MEC: Mammary Epithelial Cell; pSTAT3: Phosphorylated
Signal Transducer and Activator of Transcription Factor-3; SED:
Standard Error of the Difference; TJ: Tight Junction; ZO-1: Zonula
Occludens-1.

Introduction
Post-lactational involution in the rodent mammary gland requires

the coordination of several processes including cessation of milk
production, elimination of secretory mammary epithelial cells (MEC)
by apoptosis, and extensive proteolytic degradation of the basement
and extracellular matrix (ECM) membranes. At the onset of
involution, milk accumulates within alveolar lumens. This locally-

derived signal is sufficient to down-regulate prolactin receptors thereby
down-regulating milk synthesis [1,2], milk protein genes [3], and cell
survival factors, and up-regulating pro-apoptotic signals [4] and
apoptosis [5-7]. It is uncertain whether milk accumulation activates
these processes via an autocrine mechanism or stretch-sensitive
pathways due to physical alveolar engorgement.

Studies indicate that the increased milk production response to
more frequent milk removal was due to removal of a chemical
inhibitor in milk of lactating goats [8,9] or casein-derived
phosphopeptides causing local disruption of tight junction (TJ)
integrity and inhibition of milk secretion in goats and cows [10,11].
The local synthesis of serotonin has also been implicated to disrupt TJ
and regulate mammary function in cows [12,13]. However, other
studies in lactating goats and cows have reported that during extended
periods of milk accumulation, physical distension of the mammary
gland rather than chemical inhibition is responsible for reductions in
TJ integrity and milk secretion [14-16].
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It has been proposed that physical distension causes changes in
MEC shape, which may activate mechanotransduction pathways,
resulting in loss of TJ integrity and ECM survival signalling [17,18]. To
maintain secretory activity, the MEC require communication with the
ECM via integrins and adjacent MEC through junctional complexes
that consist of desmosomes, intermediate junctions and TJ [19].
Integrins have been shown to be mechanosensors in other cell types
[20], and occludin, an integral transmembrane TJ protein, was down-
regulated during stretch in lung alveolar epithelial cells [21]. Thus, the
down-regulation of β1-integrin [22,23] and TJ proteins [24,25] during
mammary engorgement could be implicated in this
mechanotransduction cascade. Furthermore, the stretching of MEC in
vitro, results in the induction of apoptotic pathways [26], and
morphological changes in the mechanosensors primary cilia occur
during involution of the mammary gland [27,28].

In the rodent mammary gland, processes initiating the progressive
reduction in milk secretion, the loss of survival signals and the gain of
pro-apoptotic signals occur within the first 6-12 h of milk
accumulation [6,22,29,30]. Therefore, in this study, rat mammary
glands were acutely distended to the equivalent of approximately 6 h
milk accumulation, using an isosmotic sucrose solution, with the aim
of accelerating involution and, at the same time, diluting any potential
chemical feed-back factors in the milk. The role of
mechanotransduction will be supported if early mammary involution
events, such as acute changes in β1-integrin, TJ components (occludin,
claudin-1 and ZO-1), pro-apoptotic marker signal transducer and
activator of transcription factor-3 (pSTAT3), and the initiation of
apoptosis are observed following induced physical distension.

Materials and Methods

Animals and tissue collection
All animal manipulations were conducted in compliance with the

rules and guidelines of the Ruakura Animal Ethics Committee
(Hamilton, New Zealand). Litter size of female Sprague-Dawley rats
was adjusted to 10-12 pups at parturition (d 1 lactation). At peak
lactation (d 13-17), twenty-four rats were randomly allocated post-
suckling (i.e. with emptied mammary glands) to four groups (n=6 per
group) and all rats had two teats (a caudal thoracic and an abdominal
gland) sealed with surgical adhesive (Loctite 454 gel PRISM, Loctite
Australia Pty. Ltd., Caringbah, NSW, Australia) to induce mammary
engorgement. At the same time, an inguinal gland was acutely
distended by injecting 0.8 ml of sterile isosmotic (i.e., to milk,
measured as 300 mOsm) sucrose solution (BDH Laboratory Supplies,
Poole, England), via the teat canal into the mammary gland and the
teat sealed with surgical adhesive. Nine pups of each litter were
returned to their dam and allowed to suckle the remaining unsealed
teats, which served as controls.

The infusion volume of 0.8 ml isosmotic sucrose solution was
calculated as follows using raw mammary weight data kindly provided
by Dr C. McMahon from previous mammary engorgement studies
[22,25]. Milk secretion rate was measured from the increase in
mammary mass of three abdominal inguinal glands after 6 h of teat-
sealing (mean 8.17 ± 0.52 g) compared with three suckled contralateral
glands (mean 5.65 ± 0.23 g) from rats (n=6) at peak lactation (d 16).
The mean 6 h milk secretion rate was calculated to be 0.84 ± 0.11 g per
gland, which is in agreement with values of 0.84 to 1.30 g calculated
from previously reported milk secretion data [29,30-33]. Therefore, a
volume of 0.8 ml was chosen to induce distension of rat mammary

glands equivalent to approximately 6 h of milk accumulation. Rat
mammary glands were previously reported to be compliant to a
volume of 1.0-1.2 ml during incremental (0.2 ml) intra-mammary
infusion of skim milk, with greater volumes resulting in rapid rises in
intra-mammary pressure and possible gland rupture [34].

Dams were killed by carbon dioxide asphyxiation and subsequent
cervical dislocation either immediately or 1, 3, and 6 h after sealing
teats (n=6 rats per time point). Mammary tissue was collected post-
mortem for each treatment (control, engorged, infused) per rat and
snap-frozen in liquid nitrogen before storage at -80°C for subsequent
protein extraction. A 5 mm thick slice through a mammary gland was
also collected for each treatment per rat and fixed for 24 h in 4%
paraformaldehyde for histological analysis and in situ end-labelling
(ISEL).

Intra-mammary infusion procedure
Animals were restrained in a plastic rat cone and anaesthetized with

propofol (15 mg/kg bodyweight i.v. Rapinovet, Schering-Plough
Animal Health Ltd., Upper Hutt, New Zealand) for the duration of the
procedure (10-15 mins). To assist visualization of the teat orifice and
facilitate even distribution of infused sucrose in the mammary gland,
100 mu i.v. oxytocin (Oxytocin V, Vetpharm (NZ) Ltd., Glenfield,
Auckland, New Zealand) was also administered. The rat was placed on
a warmed platform (37°C) beneath a dissecting microscope and an
inguinal gland illuminated using a fiber-optic light source. Any excess
fur was clipped to expose the teat area, which was then washed with
70% ethanol. The teat was gently grasped between thumb and
forefinger and a small amount of milk ejected to visualize the opening
of the teat canal. The fine tip of a glass capillary tube (1.0 mm OD,
Fisher Scientific, Pittsburgh, Pennsylvania, USA) that had been drawn
out over a flame and fire-polished to ~0.2-0.3 mm was gently inserted
into the teat orifice. The sucrose solution (0.8 ml) was slowly injected
into the mammary gland lumen from a syringe attached to the glass
capillary tube via polyvinyl tubing (Dural Plastics and Engineering,
Auburn, New South Wales, Australia). The teat was then sealed using
surgical adhesive to prevent pups from removing the gland’s contents.

In situ end-labelling (ISEL) analysis
Haematoxylin and eosin stained sections of alveolar mammary

tissue from each time point (n=6 per group) were prepared from fixed
tissue, examined under a microscope, and representative serial sections
were chosen for ISEL studies described previously [23,25]. The ISEL
was performed on suckled (control), teat-sealed (engorged) and
acutely distended (infused) mammary sections, as described previously
[23]. The Klenow fragment of a DNA polymerase was used to
incorporate digoxigenin-11-2’-deoxy-uridine-5’-triphosphate (alkali
stable, DIG-11-dUTP; Roche Applied Science, Mannheim, Germany),
into fragmented or damaged DNA, a characteristic of apoptosis.
Randomly selected fields (n=10; 100X and 200X magnification) were
photographed per sample using a ProgRes C14 digital camera
(JENOPTIK Laser, Optik, Germany) and visualized using Paint Shop
Pro 7.02 software (Jasc Software Inc., Minnesota, USA). Quantitative
analysis of the number of positive ISEL nuclei was carried out for each
section using 100X magnification, as described previously [23]. Briefly,
the numbers of ISEL nuclei and alveoli in each field were counted in
ImageJ (US National Institute of Health, http://rsb.info.nih.gov/nih-
image). The ISEL nuclei were identified as either located within the
secretory epithelial layer or the lumen of mammary alveoli. Each count
of ISEL nuclei per 100X magnification field was incremented by one
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(to correct for counts of zero during log10-transformation) followed by
a correction for the number of alveoli per field to obtain the mean
number of ISEL nuclei per alveolus.

Figure 1: In situ end-labelling (ISEL) of apoptotic nuclei in rat
mammary tissue following acute physical distension. Representative
sections are shown at 200X magnification for suckled (control)
glands and corresponding teat-sealed (engorged) and acutely
distended (infused) glands at 0 h (A-C); 1 h (D-F); 3 h (G-I); and 6
h (J-L), respectively. Positive ISEL nuclei are labelled blue-black and
indicate apoptosis. The omission of Klenow enzyme during ISEL
was used to provide concurrent negative controls, with
representative sections shown for 6 h control (M) and 6 h infused
(N) glands. Sections are counterstained with nuclear fast red.
Examples of epithelial ISEL nuclei (→), and luminal ISEL nuclei
(single or regions →) are shown. Scale bars are at 100 μm.

Western blot analyses
Protein was isolated from 100 mg aliquots of ground mammary

tissue and the concentration determined as described previously
[22,25]. Western analyses were performed according to Laemmli [35]
using 8%, 15% and 7% SDS-PAGE separating gels for occludin,
claudin-1 or ZO-1 detection, respectively. For β1-integrin, STAT3 and
pSTAT3 detection, samples were electrophoresed on 7.5% SDS-PAGE
separating gels as described previously [36]. Twenty μg protein was
loaded in each lane for all analyses except for claudin-1 where 40 μg
was used. Separated proteins were then transferred, using either semi-
dry (occludin and claudin-1 detection) or wet (β1-integrin, STAT3,

pSTAT3 and ZO-1 detection) blotting systems, onto nitrocellulose
membranes. Duplicate gels were used to demonstrate even loading
using Coomassie blue staining.

Figure 2: Quantitative analysis of the number of in situ end-labelled
(ISEL) apoptotic nuclei located within alveolar epithelia or lumina
following the acute physical distension of rat mammary glands.
Data are expressed as the back-transformed mean number of
epithelial (A) and luminal 1+ISEL nuclei per alveolus (B) for the
suckled (control), teat-sealed (engorged) and acutely distended
(infused) glands of each animal at 0, 1, 3 and 6 h (n=3 per time
point) following teat sealing. The SED is shown for comparing
numbers of ISEL nuclei between control, engorged and infused
glands within a type (i.e., epithelial or luminal; **P<0.01,
***P<0.001 relative to control glands, }=P-value significant for
infused glands relative to engorged glands), and for comparing type
(i.e., epithelial vs. luminal) within a treatment (i.e., control or
engorged or infused) at each time point.

The membranes were probed with primary antibodies to rabbit anti-
human occludin (1:50,000 dilution), claudin-1 (1:30,000 dilution), and
ZO-1 (1:50,000 dilution), all from Zymed Laboratories Inc. (California,
USA); and with rabbit anti-human β1-integrin (1:3,000 dilution), and
pSTAT3 (Tyr 705; 1:2,000 dilution), and rabbit anti-mouse STAT3
(1:10,000 dilution), all from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Membranes were then incubated with goat anti-rabbit
secondary antibody conjugated to horseradish peroxidase (Sigma
Chemical company, St. Louis, MO), followed by enhanced
chemiluminescence, as described by McMahon et al. [22]. Developed
films were scanned and immunoreactive bands subjected to
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densitometric analyses using a GS-800 densitometer (Bio-Rad
Laboratories) and Quantity One software (Bio-Rad Laboratories).

Figure 3: The pattern of abundance of β1-integrin protein following
the acute physical distension of rat mammary glands.
Densitometric analyses of western blots are shown for the
abundance of β1-integrin in NP-40-soluble protein fractions in
suckled (control), teat-sealed (engorged) and acutely distended
(infused) mammary glands of animals at 0, 1, 3, and 6 h (n=6 per
time point) following teat sealing. Densitometry for β1-integrin was
performed on the top immunoreactive band at ~80 kDa. Results are
presented as: (A) a representative western blot and duplicate gel
stained with Coomassie blue to indicate uniformity of loading with
molecular masses (kDa) indicated to the left of the panel and (B)
back-transformed mean relative densitometric units with the SED
to compare control, engorged and infused glands at each time point
(+P<0.1, *P<0.05 relative to control glands, }=P-value significant for
infused glands relative to engorged glands).

Statistical analyses
Data were analyzed by ANOVA in GenStat [37], with blocking on

animal to detect differences between control, engorged and infused
glands at each time point. For the quantitative analysis of ISEL
apoptotic nuclei, data were log10-transformed, analysed by ANOVA
and then expressed as the back-transformed mean (1+ISEL nuclei) per
alveolus and per 100X magnification field. Densitometry results from
western blotting were also log10-transformed and adjusted for between

gel variations. The abundance of protein was then expressed as back-
transformed mean relative units. Data are presented as means for the
control, engorged and infused glands at each time point with the SED
between means. The least significant differences identify the means
significantly different from each other (*P<0.05, **P<0.01, or
***P<0.001).

Figure 4: The pattern of abundance of pSTAT3 and STAT3 protein
following the acute physical distension of rat mammary glands.
Densitometric analyses of western blots are shown for the
abundance of pSTAT3 and STAT3 in NP-40-soluble protein
fractions in suckled (control), teat-sealed (engorged) and acutely
distended (infused) mammary glands of animals at 0, 1, 3, and 6 h
(n=6 per time point) following teat sealing. Results are presented as:
(A) representative western blots and (B) back- transformed mean
relative densitometric units with the SED to compare control,
engorged and infused glands at each time point (+P<0.1, *P<0.05,
**P<0.01, ***P<0.001 relative to control glands, }=P-value
significant for infused glands relative to engorged glands).
Duplicate gels were stained with Coomassie blue to indicate
uniformity of loading per lane and a representative example is
shown in Figure 3.
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Results

Time course of onset of apoptosis following the acute
physical distension of rat mammary glands

Representative sections of ISEL used to detect apoptosis in rat
mammary tissue following acute physical distension are presented in
Figure 1 at 200X magnification. Apoptotic nuclei were not labelled in
negative controls (Figure 1M, 6 h control and N, 6 h infused).
Numbers of positive ISEL nuclei, analyzed using 100X magnification
are presented in Figure 2. A low frequency of apoptotic cells was
detected in suckled (control) glands (Figures 1A, D, G and J and 2),
with no changes in the number of total ISEL nuclei per alveolus
(epithelial and luminal) during the course of the experiment. However,
by 1 h, there was an increase in the total number of ISEL nuclei per
alveolus (P<0.001) for infused glands compared with control glands.
By 3 h and 6 h this difference was dramatic, with 17.7-fold and 11.2-
fold increases (P<0.001) for infused glands compared with control
glands. The total number of ISEL nuclei per alveolus was also increased
for engorged glands compared with controls by 6 h (P<0.001).
Furthermore, by 3 h and 6 h the numbers of total ISEL nuclei per
alveolus in infused glands compared with engorged glands were
increased by 12.4-fold and 3.7-fold (P<0.001), respectively, indicating
that the acute physical distension procedure had accelerated the
induction of apoptosis in rat mammary glands.

Within epithelia, the number of ISEL nuclei increased (P<0.001) at
1, 3 and 6 h for infused glands, while luminal ISEL nuclei increased
(P<0.001) at 3 and 6 h, compared with control glands (Figure 2A). The
number of epithelial ISEL nuclei per alveolus was also greater in
engorged glands compared with control glands at 1 (P<0.01) and 6 h
(P<0.001, Figure 2A), but there were no significant differences for
luminal ISEL nuclei (Figure 2B). Moreover, by 3 and 6 h there were a
greater (P<0.001) number of epithelial and luminal ISEL nuclei per
alveolus in infused glands compared with engorged glands (Figure 2).
For all treatments, the number of apoptotic cells was greater (P<0.001)
in the epithelial layer than within alveolar lumens. Luminal ISEL
apoptotic nuclei in infused glands at 6 h (Figure 2B) were associated
with a small number of neutrophils (Figure 1L) and sloughed epithelial
cells, although we were unable to distinguish between the apoptosis of
these cell types.

The number of alveoli per 100X magnification field (data not
shown) was used to correct counts of ISEL nuclei per field for changes
in alveolar lumen size following induced physical distension and teat
sealing. There was a significant decrease in the number of alveoli per
field in infused glands compared with control glands at 3 (P<0.001)
and 6 h (P<0.05), and compared with engorged glands at 0 and 3 h
(P<0.05). A reduced number of alveoli per field were detected in
engorged glands compared with control glands at 3 h only (P<0.001).
However, the number of alveoli per field was greater (P<0.01) in
control glands at 3 h compared with 0, 1 and 6 h, suggesting that the
differences between treatments at 3 h should be interpreted carefully.
The lower number of alveoli per field in infused glands at 0, 3 and 6 h
reflects the accelerated distension of mammary glands following an
infusion of sucrose equivalent to 6 h worth of milk secretion, which
was visualized as an increased alveolar lumen size and flattening of the
secretory epithelium in stained histological sections (Figure 1).

Figure 5: The pattern of abundance of occludin protein following
the acute physical distension of rat mammary glands.
Densitometric analyses of western blots are shown for the
abundance of occludin in NP-40-soluble protein fractions in
suckled (control), teat-sealed (engorged) and acutely distended
(infused) mammary glands of animals at 0, 1, 3, and 6 h (n=6 per
time point) following teat sealing. Results are presented as: (A) a
representative western blot and (B) back-transformed mean relative
densitometric units with the SED to compare control, engorged and
infused glands at each time point (+P<0.1, *P<0.05, **P<0.01,
***P<0.001 relative to control glands, {=P-value significant for
infused glands relative to engorged glands). Duplicate gels were
stained with Coomassie blue to indicate uniformity of loading per
lane and a representative example is shown in Figure 3.

Time course of changes in β1-integrin, STAT3 and TJ protein
expression following the acute physical distension of rat
mammary glands
The abundance of β1-integrin (Figure 3) and pSTAT3 (Figure 4)

following induced physical distension of rat mammary glands were
examined as examples of proteins well known to be down-regulated
and up-regulated, respectively, during mammary apoptosis and
involution. A band for β1-integrin was detected at ~80 kDa (Figure
3A). A lower MW band was also detected in, although only the ~80
kDa band of β1-integrin altered consistently with treatment as
reported previously (McMahon et al. [22]). Antibodies against pSTAT3
detected multiple bands at ~90 kDa consistent with phosphorylation,
while a single immunoreactive band was detected at ~90 kDa for total
STAT3 (Figure 4A). The abundance of β1-integrin was reduced in
infused glands compared with control (3.3-fold, P<0.05) and engorged
(2.5-fold, P<0.1) glands by 6 h (Figure 3B). In contrast, pSTAT3 was
increased in infused glands compared with control and engorged
glands by 1 h (4.5-fold, P<0.01 and 11.0-fold, P<0.001; respectively), 3
h (8.7-fold, P<0.001 each) and 6 h (14.5-fold, P<0.001 and 5.5-fold,
P<0.01; respectively) (Figure 4B). However, abundance of total STAT3
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was down-regulated at 1 h in infused glands compared with control
(1.7-fold, P<0.1) and engorged (1.8-fold, P<0.05) glands, with no other
differences between treatments during the course of the experiment
(Figure 4B). The STAT3 abundance in control glands was lower
(P<0.05) at 3 h compared with 6 h and pSTAT3 expression was higher
(P<0.01) at 1 h than 0 and 6 h, although no other differences were
detected between time points (Figure 4B).

Immunoreactive bands for TJ proteins occludin (~60 kDa),
claudin-1 (~22 kDa and ~28 kDa) and ZO-1 (~225 kDa) are shown in
Figures 5A-7A, respectively. The abundance of occludin protein was
up-regulated (1.6-fold, P<0.05) in infused glands compared with
control and engorged glands immediately following physical distension
at 0 h (Figure 5B). The abundance then declined in infused (2.6-fold,
P<0.001) and engorged (1.6-fold, P<0.05) glands to be down-regulated
relative to controls within 6 h of teat-sealing (Figure 5B). Furthermore,
abundance was decreased (1.6-fold, P<0.05) in infused glands
compared with engorged glands at 6 h. The abundance of claudin-1
~28 kDa band decreased in engorged glands (4.2-fold, P<0.05), but not
in infused glands, compared with controls by 6 h. However, there were
no changes in abundance of the claudin-1 ~22 kDa band between
treatments (Figure 6B). The ZO-1 protein abundance was decreased by
1.6-fold (P<0.05) in engorged glands, but not in infused glands,
compared with controls by 6 h (Figure 7B).

In control glands, there were no significant differences detected
between time points for β1-integrin, occludin and ZO-1 proteins
(Figures 5B-7B, respectively). However, the abundance of claudin-1
~28 kDa band was lower (P<0.01) at 3 h than 0 and 1 h for control
glands, with no other differences between time points (Figure 6B). The
abundance of the claudin-1 ~22 kDa band declined between 0 and 6 h
time points for all treatments (Figure 6B).

Discussion
Overall, this study demonstrated that acute physical distension of

rat mammary glands with an infusion of isosmotic sucrose solution
accelerated the onset of apoptosis, the loss of abundance of β1-integrin
and occludin protein, and the increase in pro-apoptotic pSTAT3
protein, compared with milk accumulation alone. This procedure
would have diluted any chemical inhibitor(s) in milk and the intra-
mammary volume would have been sufficient to distend the mammary
epithelium to the equivalent of 6 h worth of milk accumulation
following the cessation of milk removal. Therefore, these results
support the hypothesis that physical distension of the mammary
epithelium during extended periods of milk accumulation is a trigger
of mammary apoptosis and involution [17-18]. This outcome is
consistent with earlier studies in goats, in which progressive induction
of distension without milk stasis (by isosmotic lactose replacement of
milk removed at successive milking’s) stopped milk secretion within
1-2 days [14], and acute distension of the mammary gland, with
isosmotic sucrose solution to increase the intra-mammary pressure to
levels normally observed following the cessation of milking, reduced
the rate of milk secretion within 6 h [15]. Furthermore, in cows where
milk removal was reduced to once daily, infusion of an intra-
mammary solution of sucrose and lactose equivalent to “5 hours-
worth” of milk secretion resulted in mammary TJ becoming leaky
much earlier (after 7 h instead of 17 h post-milking) and a greater
inhibition of milk secretion [16]. Again, in these experiments, dilution
of potential chemical inhibitor(s) in milk would have occurred and
these results would argue against a chemical feedback mechanism and,
instead, suggest that physical distension plays a major role in

regulating mammary function during infrequent milking or the
cessation of milk removal.

Figure 6: The pattern of abundance of claudin-1 protein following
the acute physical distension of rat mammary glands.
Densitometric analyses of western blots are shown for claudin-1 in
NP-40-soluble protein fractions for the ~28 kDa and ~22 kDa
bands, in suckled (control), teat-sealed (engorged) and acutely
distended (infused) mammary glands of animals at 0, 1, 3, and 6 h
(n=6 per time point) following teat sealing. Results are presented as:
(A) a representative western blot and (B) back-transformed mean
relative densitometric units with the SED to compare control,
engorged and infused glands at each time point (*P<0.05 relative to
control glands, }=P-value significant for infused glands relative to
engorged glands). Duplicate gels were stained with Coomassie blue
to indicate uniformity of loading per lane and a representative
example is shown in Figure 3.
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Figure 7: The pattern of abundance of ZO-1 protein following the
acute physical distension of rat mammary glands. Densitometric
analyses of western blots are shown for ZO-1 in NP-40-soluble
protein fractions in suckled (control), teat-sealed (engorged) and
acutely distended (infused) mammary glands of animals at 0, 1, 3,
and 6 h (n=6 per time point) following teat sealing. Results are
presented as: (A) a representative western blot and (B) back-
transformed mean relative densitometric units with the SED to
compare control, engorged and infused glands at each time point
(+P<0.1, *P<0.05 relative to control glands). Duplicate gels were
stained with Coomassie blue to indicate uniformity of loading per
lane and a representative example is shown in Figure 3.

The validity of using intra-mammary infusions of isosmotic sucrose
or lactose solutions to replace milk secretions and test chemical
inhibition or physical distension hypotheses has been discussed
previously [14,15]. It is unlikely that either sucrose or lactose
themselves act as chemical inhibitors, as neither crosses the apical
membrane into MEC [14,38]. Although the dilution of milk
components in the alveolar lumen may cause some movement of ions
(along concentration gradients) across the apical membrane, the use of
an isosmotic solution should minimize osmotic water movements
[39,40]. Furthermore, it is also unlikely that the observed changes in
abundance of protein and degree of apoptosis in the present study were
caused by mechanical rupture of the mammary epithelium, as no
evidence of this was observed during post-mortem mammary tissue
collection. Previous studies have also shown that the rat mammary
gland is compliant to a volume of 1.0-1.2 ml [34].

Instead, these changes in abundance of TJ and ECM proteins and
apoptosis were most likely induced by physical stretching of the
mammary epithelium, which is confirmed by histological observations
that most alveoli were distended, and, accordingly, there were reduced
numbers of alveoli per field, and MEC were flattened after isosmotic
sucrose infusion. Furthermore, in the hours following the infusion
procedure there was reduced staining of milk components within

alveolar lumens compared with teat-sealed glands, indicating that
dilution of milk components, and possibly a reduction in milk
secretion, had occurred. This histology was supported by gross
observations during tissue collection that teat-sealed glands were pale
pink in colour and engorged with milk secretion, whereas infused
glands were very pale and contained a clear solution, presumably the
infused sucrose along with diluted milk. Moreover, within 6 h of the
infusion procedure, obvious gaps were visible between MEC, and some
alveoli had started to collapse with large milk vesicles (containing
coalescing fat droplets and proteins) apparent within alveolar lumens,
indicating that a loss of TJ integrity had occurred consistent with the
gradual decrease in occludin protein abundance within 3-6 h post-
infusion.

In contrast, the immediate up-regulation of occludin protein in
infused glands following the acute physical distension procedure may
reflect an initial attempt to maintain mammary TJ integrity before the
system was overwhelmed. Rapid increases in occludin protein,
presumably to enhance TJ synthesis and repair, have also been
reported in response to TJ breakdown induced by low-calcium
conditions in mouse MEC in vitro [41]. Furthermore, TJ have
previously been reported to respond to mechanical tension as
alterations in TJ strand arrangement and orientation occur when MEC
are stretched in vitro [42]. In lung alveolar epithelial cells increased TJ
permeability occurs during cyclic stretch [21,43,44]. The latter was
associated with a decline in abundance of occludin protein, but no
differences were detected in ZO-1 protein [21]. Although there was a
transient increase and then decline in occludin protein in the current
study, there were no changes in the abundance of either ZO-1 or
claudin-1 within 6 h following acute mammary physical distension.

Instead, there were decreases in occludin, claudin-1 ~28 kDa band
and ZO-1 by 6 h in engorged teat-sealed glands compared with suckled
controls, which is similar, albeit earlier, to the recently reported gradual
decrease in these proteins in response to mammary engorgement [25].
However, only changes in the protein abundance of occludin, but not
claudin-1 and ZO-1, appear to be accelerated by physical distension
compared with milk accumulation alone. Although both claudin-1 and
occludin are transmembrane TJ proteins and play a role in maintaining
epithelial barrier function, occludin may also have a protective
function and its disruption may play a role in initiating apoptosis and
cell death signaling [45].

A rapid loss of cell-ECM survival signaling through decreased
expression of integrins (β1, α6 and α5), and down-stream signal
transduction factors FAK and 14-3-3, also occurs during the initial
phase of mammary apoptosis and involution [22,23,36]. The present
study indicates that in the rat mammary gland, the loss of β1-integrin
protein is accelerated by induced physical distension of the secretory
epithelium. Cell-ECM interactions mediated by integrins are essential
for MEC survival, control of milk protein mRNA expression and
maintenance of differentiated state [46-48]. Moreover, integrins can
function as mechanotransducers in response to mechanical stress in
other cell/tissue types (reviewed by [20,49]); with β1-integrin-signaling
pathways mediating mechanical stretch-induced apoptosis in vascular
smooth muscle cells [50].

Therefore, the changes in occludin and β1-integrin following
physical distension of the mammary epithelium support the theory
that cell-cell and cell-ECM contacts act as mechanosensors and/or
participate in mechanotransduction pathways. Furthermore, these
mechanisms may be indirectly linked via a close association with the
cytoskeleton of the cell. F-actin (the polymerized, fibrous form of
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actin) is a component of the cytoskeleton protein framework which
gives the cell its shape, and is also thought to be an important sensor of
mechanical stress in many cell types, including epithelia [21,51,52]. In
this regard, cyclic stretch in lung alveolar epithelial cells alters F-actin
distribution and increases TJ permeability [21,43,53]. These
mechanisms are related as disruption of the F-actin cytoskeleton
perturbs TJ structure and function [21,54], and stabilizing F-actin
during cell stretching reduces the stretch-induced permeability
increase [43]. In agreement, the abundance of ZO-1, a scaffolding
protein linking occludin to the cytoskeleton [55], was also down-
regulated in the current study, at 6 h, albeit that the effect was only
statistically significant in the engorged group.

This study also indicated that mammary apoptosis can be induced
by physical stretching of the mammary epithelium as increases in the
number of epithelial, and to a lesser extent, luminal, apoptotic nuclei
were observed by 3 and 6 h in infused glands compared with engorged
and control glands. While the effect was very rapid, the ISEL technique
can detect apoptosis in cells at a very early stage, before they have
entered the actual point of cell death [56], and a similar induction in
apoptosis in thymus glands has been documented within 2 h following
dexamethasone treatment of adrenalectomized rats [57].

The active, phosphorylated, form of STAT3, but not total STAT3,
was up-regulated within 1 h following the acute physical distension
procedure. Phosphorylated STAT3 is a marker of apoptosis and the
acute phase immune response, and is greatly increased during the early
stages of both rodent [6,58,59] and bovine [60] mammary involution.
In the present study, STAT3 is activated in response to induced
physical distension of the mammary epithelium, which is in agreement
with Quaglino et al. [26] who reported that mammary cell stretching
in vitro also resulted in the activation of STAT3. Taken together, these
studies indicate that STAT3 participates in mechanotransduction
pathways during extended periods of milk accumulation.

In the present study, physical distension accelerated the onset of the
first stage of mammary apoptosis and involution, compared with milk
accumulation alone; however, an adjunct role for autocrine inhibitory
mechanism(s) in the control of local mammary function cannot be
excluded. In lactating goats, the milk secretion rate was increased
when milk was removed at an extra daily milking, even when the milk
was replaced immediately by an equal volume of an inert sucrose
solution to maintain the gland’s distension [8]. This suggests that the
response was not due to relief from the physical presence of
accumulated milk. Similarly, when milk stored in the mammary gland
was diluted with an isosmotic sucrose solution, the milk secretion rate
increased suggesting that dilution of a chemical inhibitor occurred [9].
Casein phosphopeptides derived from activation of the milk protease
plasmin disrupt TJ and inhibit milk secretion during extended periods
of milk accumulation in goats and cows [10,11,61], although the exact
mechanism by which this occurs remains to be determined.

However, β-casein (fraction 1-28), a phosphopeptide peptide
derived from mild activation of plasmin activity, reduces milk
secretion by a process associated with its ability to block potassium
channels in the apical membranes of MEC [62]. Furthermore, a
separate mechanism that regulates TJ during milk stasis implicates
local synthesis of serotonin by the mammary epithelium in a negative
feedback, autocrine-paracrine loop that opposes endocrine stimulation
of milk production and secretion in lactating mice [63] and dairy cows
[12,13]. Hence, while the current study supports physical distension
(i.e. mechanotransduction) as a regulator of mammary function
during extended periods of milk accumulation, it is likely that both,

chemical and physical mechanisms, acting either independently or in
concert, finely control mammary responses to the frequency and
completeness of milk removal. Although the results from our in vivo
study are in agreement with those from an in vitro study showing that
mechanical stress resulted in the induction of other mammary
involution-associated factors, such as c-FOS, ERK1/2, AKT and
leukemia inhibitory factor [26], it is unclear how physical distension
would impact on the various involution-associated cell signaling
pathway.
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