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Unilateral changes in mammary cell number are elicited when one gland is milked more or
less frequently than the contralateral gland in lactating goats. These changes were
investigated using histochemical and immunocytochemical markers of mammary cell types,
and the degree of mammary apoptosis was determined by end-labelling of fragmented DNA.

Histological analysis confirmed that unilateral cessation of milking initiated involution and
cell loss preferentially in the unmilked gland. The presence of fragmented DNA and
morphological characteristics consistent with apoptosis demonstrated that these changes in
mammary cell number in unmilked glands were, in part, the result of programmed alveolar
cell death.

De-differentiation of the remaining secretory cells to ductal epithelial cells occurred with an
increase in staining of cytokeratin markers and decreased staining by peanut lectin and
casein antisera.

Differential once- and thrice-daily milking of lactating goats was also associated with
unilateral changes in mammary cell number and milk yield. Milk yield and alveolar size
were reduced after 4 weeks of infrequent milking. The latter was due to the increased loss of
secretory cells by apoptosis, as indicated by a higher degree of fragmented DNA laddering.

After 10 weeks of differential milking, a homogeneous secretory morphology, albeit with
smaller alveoli, was maintained in thrice-daily milked glands. Once-daily milked glands
possessed a heterogeneous composition of terminal structures, resulting in the simultaneous
presence of secretory and involuting alveoli as well as resting ductules.

The differences in programmed cell death and mammary morphology between unmilked
and twice-daily milked glands, and between once- and thrice-daily milked glands, suggests
that mammary apoptosis is subject to modulation by intra-mammary mechanisms sensitive
to the frequency of milk removal.
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Frequency of milk removal by suckling or milking regulates
the rate of milk secretion locally, in each mammary gland,
during lactation (Peaker et al. 1998). When the change in
milking frequency is prolonged, the milk yield response is
sustained by sequential developmental adaptations, initially
as an up- or downregulation of cellular differentiation and
later as a net change in mammary cell number (Wilde et al.
1987). A higher cell number in ruminant mammary glands
milked more frequently can occur against a background of
declining cell number after peak lactation (Wilde & Knight,
1990), suggesting that it may result partly from a reduced
rate of cell loss.

Mammary cell loss is also observed during tissue involution
after cessation of milk removal. In these circumstances, the

decline in secretory cell number is due to programmed cell
death (Strange et al. 1992; Quarrie et al. 1996; Wilde et al.
1997). This cell death, which occurs by apoptosis, involves a
series of ultrastructural changes (Walker et al. 1988), and is
associated with the fragmentation of genomic DNA into
oligonucleosomal fragments of 180—200 base pair lengths
which, on electrophoresis and staining with ethidium
bromide, form a characteristic DNA laddering pattern
(Arends et al. 1990). Induction of apoptosis on cessation of
milk removal is in part a response to local mechanisms
operating within the tissue. In both rodents (Quarrie et al.
1996) and ruminants (Quarrie et al. 1994), tissue involution
and cell death were induced unilaterally when milk removal
from one mammary gland was stopped. That mammary cell
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loss after termination of lactation is by apoptosis, and
subject to local, intra-mammary control, raises the possibility
that milking frequency modulates cell number in each
lactating mammary gland by a similar mechanism.

Analysis of mammary tissue from animals subjected to
different milking regimens was based on biochemical assays
of whole mammary tissue extracts (Wilde et al. 1987). It
was not possible, therefore, to determine if epithelial
differentiation was regulated co-ordinately, or if cell
turnover was restricted to a particular cell type. The
mammary gland consists of luminal epithelial and myo-
epithelial cells, and cells intermediate between epithelial
and myoepithelial phenotypes (Warburton et al. 1982;
Rudland & Hughes, 1989; Li et al. 1999). The relationships
of these mammary cell types have been studied using histo-
chemical and immuno-cytochemical markers of cell type.
Epithelial cells have been stained with antisera raised to
milk fat globule membrane protein (Foster et al. 1982),
epithelial membrane antigen (EMA) (Sloane & Ormerod,
1981) and cytokeratins 7, 8, 18 and 19 (Taylor-
Papadimitriou & Lane, 1987). Antisera specific to cyto-
keratins 5 and 14 (Nagle et al. 1986; Taylor-Papadimitriou
& Lane, 1987), smooth muscle actin (Bussolati et al. 1980),
myosin (Gusterson et al. 1982) and the common acute
lymphoblastic leukaemia antigen (CALLA) (Gusterson et al.
1986) stain myoepithelial cells. Intermediate stem cells
occur predominantly in budded structures of growing
glands and are identified by immunocytochemical staining
for both epithelial- and myoepithelial-specific markers
(Ormerod & Rudland, 1984; Rudland, 1991). A population
of cuboidal epithelial cells, possessing epithelial and
myoepithelial characteristics, has been identified by staining
with antisera to c-erbB-2 in the alveoli of lactating
ruminant mammary glands (Li et al. 1999). Peanut lectin
and casein antisera stain secretory alveolar cells, which arise
by differentiation of luminal epithelial cells and are
responsible for the synthesis and secretion of milk during
lactation (Earl & Mcllhinney, 1985; Rudland, 1992).

This study was undertaken to define at a cellular level the
developmental responses in lactating mammary tissue to
changes in milking frequency, using radioisotopic and
fluorimetric DNA end-labelling to detect apoptosis (Quarrie
et al. 1995) and immunocytochemistry with histochemical
and immunocytochemical markers to characterise the
mammary cell population (Warburton et al. 1982; Rudland
& Hughes, 1989; Li et al. 1999).

METHODS
Unilateral and differential milking of lactating goats

The effects of unilateral twice-daily milking and differential once-
and thrice-daily milking were investigated in two separate
experiments. FKight non-pregnant British Saanen goats in their
sixth lactation were used in the unilateral milking experiment.
They were fed 1-8 kg of concentrates daily (Goat Mix-1, Edinburgh
School of Agriculture, Edinburgh, UK), with hay and water

available ad libitum. Until week 34 of lactation, both glands were
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milked twice daily at 07.00 and 15.00 h. Thereafter, milking was
stopped in one gland, whilst twice-daily milking was continued in
the contralateral gland for up to 3 weeks. The milk yield of the
glands and the time of milking were recorded. Mammary biopsies
from both glands (Knight & Peaker, 1984) were taken at 4 days
before the start of unilateral milking, and again post mortem, in
animals killed by captive bolt, after 3, 7, 14 or 21 days of unilateral
milking. In the differential milking experiment, six non-pregnant
British Saanen goats in their fourth to sixth lactation were milked
twice daily until week 20—22 of lactation. Thereafter, one gland of
each goat was milked thrice daily at 07.00, 15.00 and 23.00 h for
10 weeks; the other gland was milked at 15.00 h only. At each
milking, the yield of each gland and time of milking were recorded.
Mammary biopsies were taken from both glands before and 4 and
10 weeks after the start of differential milking. The time of biopsy
was routinely 30 min after the morning milking. Experiments
were performed under Home Office licence, and with local ethical
committee approval.

Tissues

One centimetre cubes of goat mammary tissue were removed from
goats post mortem, or by biopsy under sodium pentobarbitone
anaesthesia (36 mg kg™ 1.v) (Knight & Peaker, 1984) and fixed
overnight in modified Methacarn (60 % methanol, 30% Inhibisol
(BDH Chemicals, Liverpool, UK)), 10% (v/v) acetic acid, or 5%
(v/v) formalin for 2 h at room temperature. The following standard
protocol was then used to dehydrate and embed tissues in paraffin
wax on a Shandon tissue processor (Life Sciences International,
Uxbridge, UK): three 2h washes of absolute ethanol at room
temperature; one 2 h wash with ethanol-1,1,1-trichloroethane (1:1,
v/v); one 1 h wash with 1,1,1-trichloroethane; 2 h incubation with
two changes of paraffin wax at 60 °C, the last stage being in a
vacuum incubator; final embedding of the tissue in a block of fresh
wax. Blocks were cooled to 4 °C and 3 gm sections of tissue were
cut on a rotary microtome using disposable steel blades. Sections
were floated onto a waterbath at 50 °C and mounted onto 3-amino-
propyltriethoxysilane (Sigma)-coated slides and dried overnight at
37°C. Every tenth serial section was stained with haematoxylin
and eosin so that the glandular system could be traced and different
structures readily located.

Antibodies and histochemical reagents

Keratin 7 MAb OVTL 12/30 was purchased from Europath Ltd
(Cornwall, UK). Bovine keratin 18 MAb KS.B17.2 and human
keratin 18 MAb CY-90 were obtained from Sigma, as were smooth-
muscle actin MAb, 1A4, and myosin MAb, hSV-M. MAb CIV22 to
type IV collagen, MAb LP34 reactive to keratins 4, 5, 6, 10 and 18,
and MAb V9 reactive to vimentin were purchased from DAKO Ltd
(Cambridge, UK). MAb PKK3 reactive to keratin 18 and MAb
PKK2 specific for keratins 7, 16, 17 and 19 were acquired from
Labsystems (Uxbridge, UK). Peroxidase-conjugated peanut lectin
was obtained from EY Labs (San Mateo, CA, USA). Horseradish
peroxidase (HRP)-conjugated peanut lectin bound preferentially to
oligosaccharides  containing the terminal sequence Galg
(17,3)GalNAc, principally terminal Gal (Newman et al. 1979). Gifts
of rabbit antisera to rodent laminin and type IV collagen
(Warburton et al. 1982) were from M. J. Warburton (St. George’s
Hospital Medical School, London). Polyclonal antiserum to goat
caseins was prepared at the Hannah Research Institute and affinity
purified before use.

Non-immune serum (IgG) fraction was used as a control. In
addition, the specificities of the antibodies were checked by pre-
absorption with the appropriate antigen and the antigen—antibody
complex was then used for immunocytochemistry (Rudland &
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Hughes, 1989). Antisera to laminin and type IV collagen were
absorbed with 1 mg ml™ reconstituted Englebreth-Holm-Swarm
(EHS) matrix (Universal Biologicals Ltd, UK). Keratin MAbs CY-
90, KS.B17-2, LP34, OVTL 12/30, PKK2 and PKK3 were
absorbed with 1 mg ml™ human callus keratin (Sigma). MAbs V9,
1A4 and hSV-M were absorbed with sonicated 107 Rama 29
myoepithelial-like cells ml™. The cells and debris were removed by
centrifugation before use. The specificity of peanut lectin binding
was checked by prior incubation with 4 % (w/v) galactose.

Immunocytochemical and histochemical staining

All sections were dewaxed in xylene for 20 min and rehydrated
through a graded series of alcohols to water (Rudland & Hughes,
1989). For staining with antisera to cytokeratins, type IV collagen
and laminin, sections were pre-treated with Pronase (Warburton et
al. 1982). Sections were incubated in phosphate-buftered saline
(PBS) at 37 °C for 15 min followed by a second incubation in PBS
containing 50 g mI™ Pronase (Sigma). Sections were then rinsed
in running tap water. All sections were pre-incubated with 0-1%
(w/v) phenylhydrazine-HCI (Sigma) for 5 min to inhibit endogenous
peroxidases, and washed with PBS. Sections were incubated with
the primary antibody diluted in 0:5% (w/v) bovine serum albumin
(BSA) in PBS for 1-5 h and then washed with PBS. Immuno-
cytochemical staining was carried out with the avidin—biotin
detection system (Hsu et al. 1981), using either donkey anti-rabbit
or sheep anti-mouse biotinylated Ig, where appropriate, diluted
1:200 with 0-5% (w/v) BSA in PBS. Histological sections were
incubated with the secondary antibodies for 1 h and washed with
PBS. Sections were then applied with the avidin—biotin complex,
prepared according to the manufacturer’s instructions, for 45 min,
and washed with PBS. The peroxidase activity was localised by
incubating sections with 0-5mgml™ 3’,3-diaminobenzidine
dihydrate (DAB), 0:0003 % (v/v) H,O, in 0:05 m Tris-HCI, pH 7-6,
for 5min. Cell nuclei were counterstained with Mayer’s
haematoxylin, and the sections were dehydrated, cleared and
mounted in DPX mountant (BDH).

Peroxidase-conjugated peanut lectin was incubated for 2 h on fixed
and paraftin-embedded sections directly or with neuraminidase-
treated sections (Newman et al. 1979) as for the first antibody
reactions above. Both sets of sections were then incubated directly
with DAB/H,0, before counterstaining and mounting. Sections
were photographed on Ilford Pan F film with a Kodak Wratten No.

44 green filter using a Reichert Polyvar microscope.

TUNEL detection of apoptotic cells in tissue sections

Apoptotic cells were visualised in tissue sections using the In Situ
Cell Death detection kit from Boehringer Mannheim (East Sussex,
UK), according to the manufacturer’s instructions. Briefly, formalin-
fixed, paraffin-embedded mammary tissue sections were dewaxed,
rehydrated, and digested with 50 ug mI™ Pronase. Endogenous
peroxidases were blocked as described in the previous section.
Tissue sections were rinsed in PBS and incubated with the TdT-
mediated dUTP-X nick-end labelling (TUNEL) reaction mixture
for 1h. After washing with PBS, sections were incubated with
HRP-conjugated sheep anti-fluorescein immunoglobulins, diluted
1:20 with BSA/PBS, for 30 min. After washing with PBS, the
bound antibody was visualised with DAB, and cell nuclei were
counterstained and mounted, as described in the previous section.
Apoptotic cell numbers were compared by Student’s ¢ test.

DNA analysis
Fragmented DNA was detected by nick-end labelling following by

agarose gel electrophoresis using a method adapted from Quarrie et
al. (1995). Mammary DNA was isolated using Gentra Systems
Puregene DNA isolation kit (Flowgen, Lichfield, UK), according to
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the manufacturer’s instructions, except that frozen mammary
tissue was homogenised in liquid nitrogen prior to incubation with
the cell lysis solution. Ten micrograms DNA was measured spectro-
photometrically and diluted with an equal volume of 100 mm Tris-
HCI, pH 8:0, containing 10 mm MgCl, in an Eppendorf tube and
incubated with 100 nCi of [**P]JdCTP (ICN Pharmaceuticals Ltd,
Oxfordshire, UK) and 2:5U of DNA polymerase I (Klenow
fragment) (Promega, Southampton, UK) for 10 min at room
temperature. The reaction was stopped by addition of EDTA (final
concentration, 10 mm), and the reaction volume was adjusted to
100 ul with water. DNA was recovered by adding 250 gl of
absolute ethanol and 35 gl of 7-5 mM ammonium acetate in the
presence of 20 ug of glycogen (Boehringer Mannheim), and
resuspended in 10 mm Tris-HCI, pH 8:0, containing 100 mm EDTA.
DNA (1 ug) was separated by electrophoresis in a 1:8% (w/v)
agarose gel prepared with 40 mm Tris-HCl (pH 8:2) containing
20 mu acetate, 1 mm EDTA and 5 ug m1™ ethidium bromide, until
the Bromophenol Blue marker ran about two-thirds of the distance
along the gel. Equal loading of DNA was confirmed under UV
illumination before the gel was fixed with 7% (w/v) trichloroacetic
acid for 30 min. The gel was flattened overnight, sealed in plastic
and subjected to autoradiography at —70 °C using X-Omat-AR film
(Kodak) and an intensifying screen. Exposure time was adjusted
according to the intensity of the signal.

Presentation of data

Unless otherwise stated, data are given as means + s.E.M.

RESULTS

Unilateral cessation of milking in lactating goats

Before single gland milking, the mean daily milk yields of
the eight late-lactating goats, milked twice daily, were
088 + 0:12 kg day ™ (n =8) in the left glands and 1-06 +
0-10 kg day™ (n =8) in the right glands (Fig.14). After
milking was discontinued in the left glands, mean milk
yield of the twice-daily milked right glands was maintained
at 1-07 + 0-13 (n = 6), 1:21 £ 0-13 (n = 4) and 1-06 kg day ™"
(n = 2) during weeks 1, 2 and 3, respectively (Fig. 1 4).

Mammary tissue from glands milked twice daily was
lactating in morphology, composed of closely packed
secretory alveoli separated by small amounts of interstitial
connective tissue (Fig. 1 B). Alveolar cells were columnar in
shape and possessed a large, apical secretory vesicle. This
level of parenchymal organisation was maintained in glands
which continued to be milked twice daily throughout the
3 weeks of unilateral milking (Fig. 1 B).

After cessation of milking, the unmilked gland maintained a
lactating morphology for 3 days (Fig. 1 (). However, alveolar
size was reduced, which resulted in less-distended myo-
epithelial cells and more intralobular stromal tissue
separating each alveolus compared to those in twice-daily
milked glands (Fig.1B). Residual secretion was present
within the lumen of unmilked alveoli, and body defence
cells, in particular polymorphic neutrophils, had infiltrated
the mammary parenchyma at this stage of milk stasis
(Fig. 10). One week after the cessation of milking, alveolar
cells in unmilked glands had lost their columnar shape, and
their pale cytoplasm contained a large apical vesicle (Fig. 1 D).



388 P Li, P.S. Rudland, D. G. Fernig, L. M. B. Finch and C. J. Wilde

Their nuclei were intensely stained by haematoxylin, were
shrunken in appearance and possessed an ill-defined
nucleolus (Fig.1D). Small, spherical, intensely stained
structures characteristic of apoptotic bodies were observed
within some alveoli, adjacent to alveolar cells (Fig. 1.D). Two
weeks after the cessation of milking, alveolar cells in
unmilked glands were reduced to an intensely stained
pyknotic nucleus and an indistinct cell membrane (Fig. 1 E).
The myoepithelial cells were prominent and formed a band
around each alveolus (Fig. 1 £'). Numerous body defence cells
were present amongst the structurally compromised alveolar

1.4

Y
W]
1

Milk yield
I

(kg day~T gland™")

=
el
]

s

J. Physiol. 519.3

cells. By the third week, the parenchymal structure of the
unmilked mammary gland was reminiscent of ductal
structures of the resting stage of mammary development,
since mammary tissue consisted of distended ducts and
ductules composed of a single layer of cuboidal epithelium
(Fig. 1F). Apoptotic bodies were present in most ductal
structures, as were localised masses of body defence cells in
and around the mammary parenchyma. Both ducts and
ductules were separated by substantial amounts of intra-
and interlobular stroma in the form of fibrocollagenous
tissue (Fig. 1.F).

Figure 1. Milk yield and histology of goat mammary glands after unilateral cessation of milking
A, mean daily milk yield of left (L) and right (R) glands before and after unilateral cessation of twice-daily
milking for 1, 2 or 3 weeks. Values are means + s.E.M. when n 2 2 (values of n are given inthe text). B—F,
morphology of mammary tissue from glands milked twice daily (5) or unmilked for 3 days (C), 1 week (D),
2 weeks (E) or 3 weeks (F). B, arrow, large secretory alveolus; s, alveolar secretion. C, arrow, columnar
alveolar cell; n, polymorphic neutrophil. D, large arrow, alveolar cells; arrow, alveoli; small arrow, apoptotic
bodies. E, arrow, alveolar cell with pycnotic nucleus and indistinct cell membrane; a, alveolar lumen
containing flocculent material; m, myoepithelial cell; n, neutrophil. F, large arrows, lobules of ductules; e
cuboidal epithelial cell; f, fibrocollagenous stroma; small arrows, body defence cells; arrowhead, apoptotic

bodies. Scale bar, 50 gm; applies to all panels.
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Figure 2. Immunocytochemical and histochemical staining of tissue from unmilked glands after
unilateral cessation of milking

A and B, MAb OVTL 12/30 cytokeratin 7 staining 1 week (4) and 3 weeks (B) after cessation of milking.
Arrow, alveolar cell luminal membrane; e, epithelial cell. ¢ and D, horseradish peroxidase-conjugated
peanut lectin staining 3 days (C) and 2 weeks (D) after cessation of milking. £ and F, smooth muscle
myosin Mab hSV-M staining 1 week (£) and 3 weeks (F') after cessation of milking. Arrow, myoepithelial
cells; arrowheads, blood vessels; e, alveolar epithelial cells; f, stromal fibroblasts. ¢ and H, type IV collagen
MAD CIV22 staining 1 week () and 3 weeks (H) after cessation of milking. Arrows, basement membrane;
arrowheads, blood vessels; e, alveolar epithelial cells; f, stromal fibroblasts. Scale bar, 50 um; applies to all
panels.
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Table 1. Immunocytochemical staining of lactating goat mammary tissue from glands
0 and 21 days after cessation of milking

0 days 21 days, involuting

Marker/reagent Epithelial Myoepithelial ~ Epithelial ~Myoepithelial
Epithelial related

Cytokeratin 7 -2 — + —

B-Casein 444 — _ _

Peanut lectin +++ - 4 _

Peanut lectin + N +++ — + —
Myoepithelial related

Vimentin — + — 44

Smooth muscle actin/myosin - ++ - 4+

Type IV collagen/laminin — ++° - 44P
Epithelial /myoepithelial related

Cytokeratin 18 = ++ + +++

Mab LP34 = ++ — 44

Abbreviations: Mab, monoclonal antibody; N, neuraminidase. Key: +++, 80—100% cells intensely
stained; ++4, 10-70% cells intensely stained; 4+, 80—100% cells diffusely stained; +* 5-10% cells
intensely stained, remainder diffusely stained; —, < 5% cells stained. *Cuboidal epithelial cells in alveoli
stained; "basement membrane adjacent to myoepithelial cells.

The staining pattern of mammary tissue from glands
milked twice daily did not change during 3 weeks of
unilateral milking, and was identical to that of normal
lactation tissue (not shown). Despite no immediate changes
in histology, immunocytochemical staining for epithelial,
myoepithelial and alveolar cell markers changed in unmilked
glands after the initiation of involution. Three days after the
cessation of milking, less than 5% of alveolar cells were
stained by antisera raised against cytokeratin 7. After
1 week, 25-50% of alveolar cells were moderately stained
along the luminal membrane (Fig.24). Following a second
week of milk stasis, staining for cytokeratin 7 was localised
on the apical half in 50—75% of alveolar cells. After 21 days,
staining for cytokeratin 7 occurred in 25 % of epithelial cells
in some ductules (Fig.2B). In contrast, antiserum to goat
f-casein failed to stain any cells 1 week after cessation of
milking. Peanut lectin staining patterns in sections not
treated with neuraminidase was similar to that of f-casein.
The staining in both cases was present along the luminal
membrane of the alveolar cells on the third day after the
cessation of milking (Fig. 20), but not thereafter (Fig. 2D).
When histological sections of tissue collected 1 or 2 weeks
after cessation of milking were treated with neuraminidase
to remove terminal sialic acid residues, 10—70% of alveolar
cells were stained. Antisera raised against smooth muscle
actin, myosin (Fig. 2E and F) and vimentin stained myo-
epithelial cells in unmilked glands at all stages of induced
involution (Table 1). Alveolar and epithelial cells were
unstained. Myoepithelial cells possessed a distended
appearance before and on day 3 of milk stasis, and
thereafter became irregular in shape (Fig. 2E and F). This
was mirrored by changes in the shape of the basement

membrane, which became irregular and convoluted, but
remained continuous around each regressing alveolus and
ductule, as shown by anti-type IV collagen (Fig.2¢) and
anti-laminin staining. Three weeks after cessation of
milking, ductules were continuously surrounded by both the
myoepithelial cells and the basement membrane (Fig. 2H).
Antisera raised to cytokeratin 18 and pan-cytokeratin
stained most myoepithelial cells (75-90%) at all stages of
induced involution (Table 1). The number of regressing
alveolar cells stained by anti-cytokeratin 18 increased
during 2 weeks of milk stasis (results not shown), whilst
occasional epithelial cells (5—10%) were strongly stained in
ductules after 3 weeks (Table 1). Pan-cytokeratin antisera
did not stain any regressing alveolar or epithelial cells
during induced involution (Table 1).

The intensity of DNA laddering in lactating goat mammary
tissue depended upon the frequency of milking. A higher
degree of DNA laddering was present in unmilked glands
compared to that in twice-daily milked glands after
unilateral cessation of milking (Fig.34). Laddering of DNA
in unmilked glands increased after the cessation of milking,
and was most prominent after the second week (Fig.34).
This result correlated with the incidence of TUNEL-positive
cells in paraffin-embedded tissue sections. End-labelled,
fragmented DNA was detected predominantly in alveolar
cell nuclei of unmilked glands (Fig. 3 5). Thus, nuclei in less
than 1% of alveolar cells were stained for end-labelled
fragmented DNA in glands not milked for 3 days, whereas
1 week after cessation of milking, discrete alveolar cell
nuclei (2—3 %) and isolated groups of apoptotic bodies were
stained in regressing alveoli. TUNEL-positive cells accounted
for ~5% of cells in each alveolus 2 weeks after the cessation
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of milking (Fig. 3B). By the third week of involution, the
intensity of DNA laddering was reduced, and fewer stained
apoptotic cells and bodies were detected. No myoepithelial
cell nuclei were end-labelled in twice-daily milked and
unmilked glands. Lactating and involuting mouse mammary
glands were used as controls (Fig. 34, C and D) (Quarrie et
al. 1996).

Effect of differential once- and thrice-daily milking in
lactating goats

The mean daily milk yields of the left and right glands
during twice-daily milking in the week preceding differential
milking were 1:87 + 0-11 and 1:94 4+ 0-20 kg day™ (n = 6),
respectively (Fig. 44). When once- (right glands) and thrice-
daily (left glands) milking was initiated, the milk yield of
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the more frequently milked glands increased whilst that of
the infrequently milked gland declined rapidly. Thereafter,
milk yield of both once- and thrice-milked glands declined
progressively (Fig. 4 4), as expected at this stage of lactation,
such that after 10 weeks of differential milking, the milk
yield in thrice-daily and once-daily milked glands was
1:74 4+ 0412 and 1:03 + 0-14 kg day ", respectively (n = 6;
P < 0:001; ANOVA).

Prior to differential milking, the left and right mammary
glands were similar in morphology and possessed an
appearance typical of lactating tissue (Fig.4B). Mammary
tissue from both glands was composed of a branched ductal
system terminating in lobules of secretory alveoli which
consisted of columnar alveolar cells surrounding a secretion-

Control Days after cessation of milking
Mse 3 7 14 21
L 1 UM UM UM UM

Intact
DNA

DNA
fragments

Figure 3. DNA laddering and TUNEL-positive cells in milked and unmilked glands after

cessation of milking

A, DNA laddering in glands milked twice daily (M) or unmilked (U) for 3, 7, 14 and 21 days. Results are
representative of 2 animals at each time point. Mammary tissue from 10 day lactating (L) and 4 day
involuting (I) mice (Mse) were used as controls. B and D, TUNEL detection of apoptotic cells in goat tissue
14 days after cessation of milking (B), and in mouse mammary tissue on day 10 of lactation (C') and 4 days
after litter removal on day 10 (D). Arrows, TUNEL-positive cells. Scale bar, 50 #m; applies to all panels.
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filled lumen (Fig.4B). After 4 weeks of differential milking,
a lactating morphology was retained by both glands, but the
once-daily milked glands possessed smaller alveoli (Fig.4D)
compared to those in thrice-daily milked glands (Fig.40). To
quantify this difference in alveolar size between glands, the
numbers of alveolar cells were counted in approximately 100
separate randomly selected alveoli in once- and thrice-daily
milked glands. There were more alveolar cells in alveoli from
thrice-daily than in alveoli from once-daily milked glands
(26 £ 7 and 19 + 4 cells per alveolus in thrice-daily and once-
daily milked glands (n = 6), respectively; P < 0:05; Student’s
paired ¢ test).

When differential milking was continued for a total of
10 weeks, once-daily milked glands contained terminal
structures which were heterogeneous in composition (Fig. 4 F).
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Some structures consisted of small, regressing alveoli, which
contained alveolar cells that had lost their columnar shape
and appeared to be involuting, but some structures retained
a lactating morphology. In addition, some terminal
structures, based on their histological appearance, consisted
of resting ductules and contained a single layer of cuboidal
epithelial cells (Fig. 4F). The majority of terminal structures
in thrice-daily milked glands after 10 weeks consisted of
secretory alveoli which were also smaller than those at
4 weeks of thrice-daily milking (Fig. 4 F).

Immunocytochemically, mammary tissue from glands
milked twice daily was characteristic of lactating tissue
(Table 2). Cytochemical staining of mammary tissue
produced by once- and thrice-daily milking changed
unilaterally during the 10 weeks of differential milking.

Figure 4. Milk yield and mammary histology in goats milked once and thrice daily from the two
glands

A, mean + s.EM. (n = 6) daily milk yield of glands milked twice daily for 2 weeks before milking of one
gland thrice daily (O) and the other once daily () for 10 weeks. B—F, histology of alveoli in tissue sections
from glands milked twice daily (B), then thrice daily (C'and E) or once daily (D and F) for 4 weeks (C'and
D) or 10 weeks (K and F). s, secretory alveoli; r, regressing alveoli. Scale bar, 50 ym; applies to all panels.
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Table 2. Immunocytochemical staining of mammary tissue from lactating goats milked twice daily at 0 weeks

once and thrice daily at 10 weeks

0 weeks 10 weeks
Twice Thrice Once
Alveolar Alveolar Alveolar Alv, involuting Ductule
Marker/reagent Epithel Myo Epithel Myo Epithel ~ Myo Epithel  Myo Epithel Myo
Epithelial related
Cytokeratin 7 = - ++* = ++ - ++ - +* —
p-Casein +++ - +++ - ++ - - - - -
Peanut lectin +++ - +++ - +++ - - - - -
Peanut lectin + N +++ - +++ - +++ - ++ - + -
Myoepithelial related
Vimentin - + - + - + - ++ - ++
Smooth muscle actin/myosin — ++ - ++ — ++ — +++ - +++
Type IV collagen/laminin - +4+4° - +4+4° - +44" - +4° - +4°
Epithelial /myoepithelial-related
Cytokeratin 18 e +* 4+ +* 4+ ++ ++ +++ 4+
Mab LP34 +* 4 +* 4 +* ++  ++ +++
TUNEL’ - - + - - - +* - - -

Paraffin-embedded tissue sections were obtained from both twice-daily milked mammary glands prior to
differential milking (r =6 goats). Abbreviations: Epithel, epithelial; Myo, myoepithelial; N,
neuraminidase. Key: +++, 80—-100% cells intensely stained; ++4, 10-70% cells intensely stained; +,
80—100% cells diffusely stained; +* 5—10 % cells intensely stained, remainder diffusely stained; —, < 5%
cells stained. *Cuboidal epithelial cells in alveoli stained; "basement membrane adjacent to myoepithelial
cells; “in situ end-labelled DNA strand breaks in nuclei.

Immunocytochemical staining for cytokeratin 7 was observed
in 50-75% of columnar alveolar and epithelial cells in
secretory and regressing alveoli and in resting ductules of
once-daily milked glands at 4 weeks (Fig. 55) and 10 weeks
(Fig.5D) of differential milking. In contrast, only 5—25%
of alveolar cells were stained by antisera for cytokeratin 7 at
4 weeks of thrice-daily milking (Fig.54) and this
proportion increased to 25—50% of alveolar cells in alveoli
at 10 weeks of frequent milking (Fig. 5C). HRP-conjugated
peanut lectin stained columnar alveolar cells intensely in
secretory alveoli from once- and thrice-daily milked glands
after 4 and 10 weeks of differential milking (Fig. 56—H).
The large numbers of regressing alveoli and resting ductules
which were present in glands after 10 weeks of once-daily
milking did not, however, bind peanut lectin (Fig.5H). A
proportion of regressing alveolar/epithelial cells (5—25 %) in
these terminal structures were stained by HRP-conjugated
peanut lectin only on desialylation of the sections by
neuraminidase treatment (Table 2). Antiserum to goat
casein stained 90—100 % of alveolar cells in secretory alveoli
in once- and thrice-daily milked glands after 4 weeks, but it
did not stain alveolar/epithelial cells of involuting alveoli
and regressing ductules in once-daily milked glands after

10 weeks (Table 2).

Antisera to smooth muscle actin, myosin and vimentin
stained myoepithelial cells. These appeared smooth and
distended around each alveolus in thrice-daily milked

glands (Fig. 6 4), whereas those in once-daily milked glands
(Fig. 6 B) were irregular in shape and continuous around
each alveolus after 4 weeks of differential milking. After a
further 6 weeks of once-daily milking, myoepithelial cells
assumed a cube-like shape and their continuity round each
resting ductule and secretory and regressing alveolus was
maintained (Fig.6.D), whilst little or no changes in shape
were observed in those of thrice-daily milked glands for the
same time period (Fig. 6C). Changes in the structure of the
anti-laminin-stained and anti-type IV collagen-stained
basement membrane were also observed during differential
milking. In thrice-daily milked glands, the basement
membrane surrounding each alveolus was smooth and highly
defined after 4 weeks of milking (Fig. 6 £). The structures of
the basement membrane after 4 weeks of once-daily milking
(Fig.6F) and after 10 weeks of thrice-daily milking
(Fig. 6G) were similar, being smooth and continuous but
slightly convoluted around each secretory alveolus. After
10 weeks of once-daily milking, however, the basement
membrane was irregular in shape around each terminal
structure (Fig. 6. H).

Immunocytochemical staining of alveolar cells by antisera
to cytokeratin 18 and pan-cytokeratin varied according to
the morphological state of the terminal structure. Alveolar
cells in secretory alveoli of once- and thrice-daily milked
glands after 4 and 10 weeks were moderately stained by
anti-cytokeratin 18 (Table 2). However, regressing alveolar
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Figure 5. Immunocytochemical and histochemical staining of mammary tissue from lactating
goats milked once and thrice daily

A-D, with MAb OVTL 12/30 to cytokeratin 7 and with horseradish peroxidase-conjugated peanut lectin.
Cytokeratin 7 staining with MAb OVTL 12/30 in glands milked thrice daily (4 and C) or once daily (B
and D) for 4 weeks (4 and B) or 10 weeks (C'and D). s, secretory alveoli; large arrow, columnar alveolar
cells; small arrow, cuboidal alveolar cells; r, resting ductules. £—H, peanut lectin staining in glands milked
thrice daily (£ and ) or once daily (F and H) for 4 weeks (£ and F) or 10 weeks (G and H). Arrow,
secretory alveoli; r, resting ductule. Scale bar, 50 gm; applies to all panels.
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Figure 6. Immunocytochemical staining of myosin and actin in goat mammary glands milked
once and thrice daily

A-D, smooth muscle myosin staining with MAb hSV-Min in glands milked thrice daily (4 and C) or once
daily (B and D) for 4 weeks (4 and B) or 10 weeks (C and D). Arrows, myoepithelial cells; arrowheads,
blood vessels; e, epithelial cells. E-H, type IV collagen staining with MAb CIV22 in glands milked thrice
daily (£ and @) or once daily (F and H) for 4 weeks (£ and F) or 10 weeks (G and H). Arrows, basement
membrane; arrowheads, blood vessels; e, epithelial cells; r, resting ductules. Scale bar, 50 um; applies to all
panels.
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cells in involuting alveoli and epithelial cells in ductules of
once-daily milked glands were intensely stained by
cytokeratin 18 antisera (Table 2). Antisera to pan-
cytokeratin stained epithelial-related cells in regressing
ductules and, occasionally, cuboidal epithelial cells in alveoli
after 10 weeks of once-daily milking (Table 2). Both anti-
sera to cytokeratin 18 and pan-cytokeratin strongly stained
75-90% of myoepithelial cells in all terminal structures
during once- and thrice-daily milking (Table 2).

Laddering of fragmented DNA detected by end-labelling
differed between glands milked once and thrice daily. Prior
to differential milking, both twice-daily milked glands
contained small amounts of fragmented DNA (Fig. 7). After
4 weeks of differential milking, significant DNA laddering
was present in once-daily milked glands, but not in thrice-
daily milked glands (Fig. 7). This was consistent with the
presence of moderately stained, end-labelled alveolar cell
nuclei (~2-5%) and apoptotic bodies only in once-daily
milked glands, and not in thrice-daily milked glands. After
10 weeks of once-daily milking, weak staining of alveolar
cell nuclei and of apoptotic bodies was restricted to discrete
lobules of alveoli which possessed an involuting morphology
(Table 2). Isolated compacted nuclei of regressing alveolar
cells were also weakly stained in alveoli from thrice-daily
milked glands at this stage (Table 2). Both once- and thrice-
daily milked glands had small amounts of DNA
fragmentation after 10 weeks of differential milking,
similar to those observed before differential milking was
undertaken (Table 2). Myoepithelial cell nuclei were not end-
labelled in glands milked once or thrice daily for 4 or
10 weeks (Table 2).

Control
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DISCUSSION

A heterogeneous pattern of immunocytochemical and
histochemical staining by epithelial, myoepithelial and
alveolar cell markers was observed in lactating goat
mammary tissue influenced by unilateral and differential
milking. A similar staining pattern was found in mammary
tissue fixed in modified Methacarn and buffered formalin
(results not shown), so this cellular heterogeneity is unlikely
to be an artifact of tissue preservation. No changes in
staining pattern were observed when the concentrations of
antisera were increased, and different antisera raised to the
same or similar molecules gave identical staining patterns.
All staining was inhibited when each antiserum was blocked
by the appropriate antigen/competitor. The proteolytic
treatment of sections for cytoskeletal, intermediate
filamental and basement membrane proteins enhanced, but
did not alter the overall staining pattern of individual cells.

In late lactation, milk stasis in one gland caused rapid,
ipsilateral, regression of the secretory alveoli. Alveolar
regression was associated with apoptosis of the secretory
cells, as demonstrated by histology, by DNA fragmentation
in tissue extracts, and by the presence of TUNEL-positive
alveolar cells. Apoptosis was not, however, restricted to the
unmilked gland. Occasional TUN EL-positive cells and a low
level of DNA laddering were observed prior to unilateral
milking, and persisted in the milked gland throughout the
treatment period. The presence of apoptotic cells in milked
glands probably accounts for the net decrease in goat
mammary cell number during declining lactation (Knight &
Peaker, 1984). As falling cell number is the principal
determinant of declining milk yield at this stage of

Milking frequency
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Figure 7. DNA laddering in goat mammary tissue before and after differential once- and thrice-

daily milking

Both glands were milked twice daily before milking of one gland thrice daily and the other once daily for
10 weeks. Results are representative of tissue sampled bilaterally in 6 goats at each stage. Controls are
10 days lactating (L) and 4 days involuting (I) mouse (Mse) mammary tissue.
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lactation (Wilde & Knight, 1989), apoptosis is, therefore,
likely to be an important determinant of ruminant milk
yield. The late stage of lactation at which unilateral milk
stasis was imposed is likely to account for the absence of any
compensatory increase in milk yield in the contralateral
gland, and has been ascribed to a relative insensitivity to
developmental stimuli at this stage of lactation (Hamann &

Reichmuth, 1990).

The apoptotic response differed from that previously
reported for goat mammary tissue (Quarrie et al. 1994) in
that apoptosis was induced within days, rather than after
2 weeks of milk stasis. This apparent difference is due to the
sensitivity of the methods employed to detect apoptosis.
Ethidium bromide staining of DNA ladders used in the
previous study is considerably less sensitive than the
radioisotopic labelling employed here (Gavrieli et al. 1992;
Quarrie et al. 1995). Visualisation of fragmented DNA after
3 and 7 days of milk stasis indicates that in the goat, as in
rodents, apoptosis is not necessarily a late response to milk
stasis. In mice, teat-sealing induced apoptosis within
1-2days, coincident with loss of differentiated gene
expression (Travers et al. 1996). By comparison, milk protein
gene expression in ruminants fell over 7 days when milking
was stopped (Wilde et al. 1997), and DNA laddering appears

to be induced by milk stasis with a similar time course.

Local control of mammary development was also evident in
lactating goats milked once and thrice daily from the two
glands. Whereas thrice-daily milking maintained a
uniformly lactating histological appearance, once-daily
milking of lactating glands resulted in regression of alveolar
cells in selected alveoli, an observation consistent with gross
biochemical measurements indicating that the reduction in
milk yield with once-daily milking was due to partial de-
differentiation of secretory alveolar cells (Wilde & Knight,
1990). The presence of a heterogeneous population of
secretory and non-secretory terminal structures, i.e.
involuting alveoli and resting ductules, in once-daily milked
glands, was substantiated by variations in the ability of
these terminal structures to bind peanut lectin, to be
stained cytochemically by monoclonal antibodies against
cytokeratins, by antisera to goat casein and by end-labelling
of DNA in cell nuclei. However, the present study also
showed that adaptation to infrequent milking also involves
a decrease, within 4 weeks, in the number of alveolar cells.
The temporary increase in DNA laddering evident at this
time, and the presence of TUNEL-positive cells, indicates
that this cell loss, during lactation, was by apoptosis. After
the initial rapid divergence of the yields of thrice- and once-
daily milked glands, milk yield in the two glands then
declined at similar rates. This suggests that after 10 weeks
of differential milking, a new dynamic balance may have
been established. After an initial accelerated loss of
secretory cells in the once-milked gland, the two glands may
then have lost cells at similar rates, such that there was no
further divergence of milk yield between glands at this
point.
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The heterogeneity of alveolar structures observed in goat
mammary glands milked once daily has parallels in other
species. Asynchronous alveolar function and development
has been reported in ultrastructural studies of the mid-
pregnant rodent mammary gland (Mills & Topper, 1970),
and in situ hybridisation demonstrated a heterogeneous
pattern of milk protein gene expression in sheep and bovine
mammary tissue (Molenaar et al. 1992). Joseph & Collet
(1994) observed in Tammar wallaby mammary tissue that
for any secretory alveolus, all milk proteins could be
produced, but not necessarily at the same levels in adjacent
alveoli. This is in contrast to immuno-histochemical studies
of mammary tissue from lactating women (Rudland &
Hughes, 1989) which showed that mammary alveolar cells in
all alveoli appeared homogeneous and were able to secrete
milk proteins simultaneously. These reports may indicate
interspecies differences development and
differentiation between rodents, primates and marsupials,
possibly related to the hierarchy of systemic and local control
mechanisms. However, because of the different experimental
approaches used, the results may not be wholly comparable
to those of this present study.

in alveolar

The results of the study show that one fate of secretory cells
in lactating mammary tissue is cell death by apoptosis.
Another possible fate is dedifferentiation to an uncommitted
epithelial cell phenotype. This is suggested by our
observation that some ductal epithelial cells bound peanut
lectin cytochemically, albeit only after digestion with
neuraminidase, whereas normally ductal epithelial cells do
not bind to this lectin. In these cells, the carbohydrate
receptor for peanut lectin, which is present on the apical
surface of the alveolar cell in secretory alveoli, had been
masked by sialic acid and had moved into the cytoplasm
during involution. This is the converse of that observed in
rodent alveolar development, where epithelial cells in
alveolar buds are stained by HRP—peanut lectin only after
treatment with neuraminidase but alveoli generated from
alveolar buds during pregnancy do not require neuraminidase
treatment for cells to be stained by the lectin. This
observation is explained by the existence of a sialylated
form of the peanut lectin receptor on the surface of
epithelial cells in alveolar buds, and the desialylation of this
receptor on the secretory cell surface in alveoli during
lactation (Rudland, 1992). Goat alveolar dedifferentiation
during the late stages of gradual and induced involution is
also supported by the presence of ductules of epithelial cells
that, like virgin and pregnant mammary epithelia (Li et al.
1999), were stained by cytokeratin antisera. Thus, staining
for cytokeratin was reinstated in ductal epithelial cells
which had originated by dedifferentiation of alveolar cells
during involution. That a population of secretory alveolar
cells revert back to an epithelial phenotype agrees with
studies of mammary growth using magnetic resonance
imaging, which showed that the goat’s udder does not revert
back to its virgin state after the first lactation (Fowler et al.
1990). The udder commenced the second lactation larger
than at the start of the first cycle, a finding which suggests
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that some pre-alveolar epithelial cells were carried over to
the succeeding lactation.

Myoepithelial cells were present in goat mammary tissue at
all stages of gradual involution induced by infrequent
milking and throughout induced involution precipitated by
milk stasis. This is in agreement with other studies which
have suggested that myoepithelial cells act as a framework
to hold surviving alveolar cells together, and therefore
contribute to the organisation of the glandular structure.
Ultrastructural studies show that this was achieved by the
myoepithelial cell processes across the gaps in alveolar
structures where secretory cells had degenerated or become
detached (Radnor, 1972). It is not known whether all
myoepithelial cells present in lactating goat mammary
gland prior to regression are also present at the end of
involution, but in situ end-labelling methods did not detect
any myoepithelial cell apoptosis during gradual or induced
goat involution. This observation agrees with the increased
cytochemical staining for myoepithelial markers, and
suggests a higher proportion of myoepithelial cells to
alveolar/epithelial cells are present as involution progressed.
It is possible that some myoepithelial cells, particularly
those that may not be completely differentiated, could
revert into ductal epithelial cells during this stage of
mammary development. The observation that antisera to
cytokeratin 18 and pan-cytokeratin stain both myoepithelial
and ductular epithelial cells during involution, but only
myoepithelial cells during early lactation (Li et al. 1999),
malkes this interpretation plausible.

Gradual involution induced by infrequent milking, and
rapid involution caused by milk stasis were each associated
with changes in bagement membrane structure. From a thin,
well-defined appearance in lactation, the basement
membrane became thicker and convoluted in shape, whilst
remaining continuous around each alveolus during involution.
This appears to contrast with involution in rodent
mammary tissue, in which removal of the basement
membrane through degradation by activated metallo-
proteinases (Martinez-Hernandez et al. 1976; Talhouk et al.
1992) coincides with the time of maximal cell death by
apoptosis (Strange et al. 1992). It is now clear, however, that
rodent mammary apoptosis following litter removal precedes
basement membrane degradation (Lund et al. 1996;
Quarrie et al. 1996), such that there are protease-dependent
and -independent phases of mammary involution (Lund et
al. 1996). Secretory cell apoptosis in bovine mammary tissue
also proceeds without widespread tissue degeneration (Wilde
et al. 1997). Therefore, basement membrane degradation
appears not to be a prerequisite for mammary apoptosis,
although it may promote it (Pullan et al. 1996). Changes in
basement membrane composition not detected by immuno-
histochemistry in the present study may, however, influence
the susceptibility of individual cells or particular alveoli to
involution and apoptosis. For example, milk stasis initially
causes alveolar distension and basement membrane
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stretching, and may thereby alter the contact between
epithelial cells and the basement membrane.

The present study highlights the importance of local
mechanisms in the control of mammary development, both
at individual-gland and alveolar levels. It is apparent that
both cellular differentiation and apoptosis are controlled at
these levels by mechanisms that modulate the strategic
control of mammary development by mammogenic and
galactopoietic hormones. The adaptations to infrequent
milking and milk stasis also substantiate circumstantial
evidence that a proportion of secretory alveolar cells
undergo dedifferentiation, and so
mammary cell population in the following lactation. There
is at present no mechanistic explanation for the asynchronous
involution observed during infrequent milking, but it may
be due to localised milk stasis, and mediated by physical
distension or local chemical feedback by milk constituents in
poorly drained alveoli. One candidate regulator is FIL, the
feedback inhibitor of lactation (Wilde et al. 1995). FIL
regulates milk secretion acutely, but has also been found to
influence both cellular differentiation and apoptosis in
mammary cell cultures (C. J. Wilde, unpublished), an action
that may be mediated by local modulation of mammogenic
hormone receptors (Bennett et al. 1991). It may therefore be
significant that Molenaar et al. (1992) suggested that the
alveolar heterogeneity in bovine milk protein gene
expression they observed in ruminant mammary tissue
could be explained on the basis of interalveolar differences
in prolactin binding. These putative mechanisms are the
subject of further investigation.
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