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Abstract It is a given in biology that structure and function
go hand-in-hand. At the level of the mammary alveoli,
copious milk production depends on the proliferation of
mammary epithelial cells and the biochemical and structur-
al differentiation of these cells after parturition. For
example, data from quantitative structural studies demon-
strate that differences in milk production between beef and
dairy cows correspond with a relative failure of alveolar cell
differentiation in cattle not specifically selected for milk
yield. It is likely, but not proven, that production differ-
ences within or between dairy breeds are also determined
by differences in the capacity of alveolar cells to differen-
tiate or to maintain an adequate state of differentiation.
These observations strongly support the belief that insults
from mastitis that lead to losses in mammary function are
directly related to disruption of alveolar cell integrity,
sloughing of cells, induced apoptosis, and increased
appearance of poorly-differentiated cells. Ironically, re-
duced milk production in cases of subclinical mastitis, is
also associated with increases in milk somatic cell count.
Thus the elevated neutrophil migration evoked to fight
inflammation can inadvertently rendered alveolar epithelial
cells non-secretory. A challenge to future researchers will
be to devise mastitis treatments and therapies that prevent
and/or repair damage to alveolar structure and maximize
subsequent secretory cell differentiation.
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Introduction

The purpose of our paper is to consider relationships
between structure and function of the bovine mammary
gland, and in particular, the impact of mastitis. For the dairy
industry, mastitis is the most costly common disease, and
the economic loss due to mastitis in dairy cattle is estimated
at $185/cow/year annually in the US [1]. This totals more
than 2 billion dollars annually in the US alone. Losses are
in the form of discarded abnormal milk from clinically
infected quarters and as the result of antibiotic therapy, cull
cow replacement costs, extra labor to handle mastitic cows,
antibiotic and other treatment costs, veterinary services, and
most importantly, reduced milk production in subclinically
infected cows, which contributes to two-thirds of mastitis
losses. In fact, a single quarter infected throughout lactation
may reduce milk production of a cow by 10 to 12%.
Disease status is usually monitored via changes in the so-
called somatic cell count of milk (MSCC). In milk from
healthy uninfected glands, the cell count is typically <200,000
cells per ml. Most of these cells are lost epithelial cells,
macrophages, and neutrophils. With the onset of inflamma-
tion, dramatic increases in MSCC are accounted for by
increases in neutrophils. For most dairies, mastitis monitoring
depends on evaluation of apparent udder health at the time of
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milking i.e. appearance of the udder and foremilk, periodic
(typically monthly) measurement of MSCC in milk samples
collected as part of production evaluation programs (milk
yield, as well as concentrations of protein and fat), and in
some situations measurement of milk electrical conductivity
and lactose concentration. The MSCC is valuable because
increases in MSCC are typically the result of an influx of
neutrophils into the milk from the blood stream. The
relationship between MSCC and milk production loss was
established by a many workers in the 1970s and 80s as
illustrated in the Jones et al. study [2] (Table 1).

The function of the neutrophil influx via chemotaxis is to
combat inflammation. There is evidence however, that this
defense response can also impair and disrupt mammary
function [3-5]. Figure 1 illustrates the dramatic change in
milk production, MSCC and passage of the milk proteins («-
lactalbumin) and casein into blood serum resulting from the
intramammary infusion of sterile bacterial endotoxin [6].
Indeed, concentrations of «-lactalbumin in the blood serum
of lactating cows are highly correlated with MSCC [6] and
correspond with changing mammary development and
function [7]. To establish relationships between mammary
structure and function, we will discuss studies that quanti-
tatively describe links between alveolar cell differentiation
and milk production. Our assumption is that intramammary
infections that impair alveolar development or reduce
alveolar cell differentiation correspondingly reduce capacity
of the secretory epithelium to synthesis and secrete milk. We
begin with a description of intramammary infection.

Bacterial Invasion

Intramammary infection results once bacteria pass
through the teat duct of a mammary quarter, multiply

Table 1 Relationship between MSCC, DHI cell counts score and
milk production in dairy cows

MSCC DHI score Milk yield Milk yield
daily (kg) 305 d (kg)
12,500 0 29.2 8906
25,000 1 28.6 8723
50,000 2 28.0 8540
100,000 3 27.4 8357
200,000 4 26.9 8205
400,000 5 26.2 7991
800,000 6 25.4 7747
1,600,000 7 24.6 7503
3,200,000 8 23.6 7198
6,400,000 9 225 6863

Adapted from Jones et al., [2]
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Figure 1 The upper panel shows changes in milk somatic cell count
following intramammary infusion of sterile endotoxin. The middle
panel shows the corresponding changes in milk production. The lower
panel shows changes in serum concentrations of «-lactalbumin and
casein before and after infusion. Adapted from McFadden et al. [7]

in the teat and gland cisterns, and progress dorsally to
the milk-producing tissues. These microorganisms
breach the teat duct in several ways during the milking
process as well as during the intermilking period. For
example, during machine milking, microorganisms may
be propelled into or through the teat duct into the teat
cistern via milking machine-induced droplet impacts,
which can occur toward the end of milking when the
fluid volume in the udder decreases.

Also, during milking, the lower teat skin surfaces are
exposed to any contagious bacteria that might remain in
teat cup liners from cows previously milked cows.
Immediately after the teat cups are removed from an
udder, these contaminating bacteria remain on the distal
teat surface, pool in milk residues, and concentrate at the
teat opening due to gravity, remaining in an opportunistic
position to cause mastitis. Microorganisms can also be
introduced through the teat duct when animals are being
treated by the intramammary infusion process. Also,
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between milkings, microorganisms may pass through the
teat duct by multiplying inside the ductal lumen, or by
physical movement resulting from pressure placed on the
teat end as the cow moves about. Lastly, potential for
bacterial invasion is greatly increased by bacteria that
reside in or colonize the teat skin, teat orifice, and teat
duct, such as Staphylococcus aureus and the coagulase-
negative staphylococci.

Establishment of Infection

Once the organisms breach the teat duct and the cisternal
spaces of the udder, adherence of bacteria to tissues lining
the interior of the mammary gland may affect their ability
to remain inside the gland, especially during lactation when
the contents of the udder are periodically flushed during
each milking; up to 4 times a day, or more with robotic
milking. Streptococcus agalactiae and S. aureus adhere
well to tissues lining the milk collecting spaces. Escher-
ichia coli do not adhere but multiply rapidly in quarters
with low MSCC. Bacteria initially affect tissues lining the
large milk-collecting ducts and cisterns by inflicting
damage to small areas of tissue. Then the microorganisms
enter small ducts and alveolar areas of the ventral portions
of the gland, probably by multiplication and via milk
currents produced by cow movement.

Interaction of bacteria with milk leukocytes affects the
establishment of infection. In milk of uninfected, healthy
mammary glands, macrophages are the predominant
leukocyte type, and serve as nonspecific sentinels for
the detection of invading pathogens. After detection of
bacteria, macrophages release chemoattractants that re-
cruit polymorphonuclear neutrophilic leukocytes (PMN)
from the vasculature into the area of infection. The PMN
extravasate in large numbers, and initially accumulate
around alveoli, with the goal of migrating across the
alveolar, ductal, and cistrnal lumina to contact, engulf,
and kill the invading pathogens. Inflammation that
ensues in response to bacterial presence is initiated by
the release of interferons, interleukins, and tumor
necrosis factor (TNF-«).

Structure and Function Relationships

It seems intuitive to reason that, in the lactating animal, that
milk production depends on the number of active milk
secreting alveolar cells in the mammary gland and the
corresponding degree to which these cells are fully
differentiated. Certainly mastitis can impact secretory cell
differentiation and alveolar structure. But is there direct
evident to link such changes with function? Since mastitis

can and does occur throughout the lactation cycle, disease
impacts on both mammary development and function
occur. By way of background, alveolar epithelial cells
require both the structural and biochemical elements to
allow for the copious milk secretion after parturition.
Lactogenesis is largely driven by the removal of inhibitory
progesterone in coordination with stimulatory increases in
secretion of prolactin, glucocorticoids, growth hormone,
and estradiol [8-11]. Thus, the primary endocrine and
growth factor drivers of mammogenesis, lactogenesis, and
galactopoiesis [12] are well defined.

Despite this knowledge base, irrespective of insults from
mastitis, there is little quantitative information to determine
if differences in milk production either between animals
within a breed or between breeds are due to differences in
the number of alveolar cells in the mammary gland or the
functionality of the cells. Nor do we have a good grasp on
precise mechanisms responsible for the typical lactation
curve i.e. increasing to peak production (typically 60 to
90 days postpartum in dairy cows) that is followed by a
gradual decline. For example, there is some evidence that
cows treated with recombinant bovine somatotropin exhibit
increased milk production in part because these animals
have more persistent lactations. This may reflect changes in
rates of cell turnover or apoptosis, but this explanation is far
from certain [13].

While milk production capacity is usually not a focus for
mammary biologists working in the breast cancer area, it is
central to those interested in mammary development and
function in agricultural research centers and in universities
and colleges with dairy science and animal science depart-
ments. Successful lactations are also central to the repro-
ductive performance of nearly all mammals [14], with the
minor exceptions of animals that are bottle fed rather than
suckled. To evaluate the role of differentiation status on
milk production, Akers et al. [15] utilized mammary tissues
collected from beef and dairy heifers that were milked twice
daily in a standard milking parlor. Groups of beef
(Hereford) and dairy (Holstein) heifers were slaughtered at
150, 180, and 260 days of gestation and at day 49 of
lactation. The goal of the study was to address the
following questions. Has the structure or function of the
bovine mammary gland been impacted by long-term
selection for increased milk production? Can the dramatic
improvements in milk production in dairy cattle apparent in
the past 50 years be explained by changes in the mammary
gland? Based on milk production and composition, mea-
surement of rates of casein and «-lactalbumin synthesis and
radiolabeled acetate incorporation into fatty acids in
mammary explants and mammary DNA and RNA [16] it
was estimated that 22% and 55% of the 5.8-fold greater
milk production in Holstein heifers were due to differences
in cell mass and biochemical function, respectively.
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A specific objective of the structure study [15] was to
determine if milk production differences were related to
cytological differentiation of the secretory epithelium. Cells
from lactating animals were characterized as (E1) poorly
differentiated, (E2) intermediately differentiated or (E3)
fully differentiated as described previously [17-19]. Briefly,
E1 cells would be similar to the alveolar cells typical of the
later portion of gestation. There is a nearly full complement
of alveolar epithelial cells but the cells have few organelles
(often irregular nuclei, scattered mitochondria, minimal
RER and Golgi, few lipid droplets or secretory vesicles). E3
cells exhibit a rounded, basally displaced nucleus, lacy
appearing apical region (indicating many secretory vesicles
and fat droplets), and much smaller nuclear to cytoplasmic
ratio than E1 rated cells. E2 cells would have some of these
characteristics but to a lesser degree than E3.

Results of this analysis (Table 2) showed that while
about half of the alveolar cells in both breeds were
intermediately differentiated (E2), the proportions of fully
(E3) and poorly differentiated (E1) cells were essentially
reversed between breeds. More than half of the epithelial
cells in Holstein heifers were classified as fully differenti-
ated. Consequently, nearly all the epithelial cells of the
Holsteins were either fully or intermediately differentiated.
For the beef heifers, more than 40% of the cells had little
evidence of secretory activity. These poorly differentiated
cells were correspondingly rare in dairy heifers. These data
support the idea that much of the difference in milk
production between beef and dairy animals depends on
not only increased parenchymal mass in dairy animals but
to a greater degree, increased mammary cell function. Is it
possible that selection for increased milk production has
allowed for the maximization of differentiation signals
during the critical periparturient period? It is unclear if
similar effects on cell differentiation are apparent when
Holsteins selected for milk production are compared with
Holsteins not selected (or heavily selected) for milk
production. However, Filep and Akers [20] demonstrated
that mammary explants from Holstein bulls selected for
high milk production produced more casein and showed
droplet containing epithelial cells when explants were

Table 2 Percentage of alveolar epithelial cells in each of three
differentiation classes in lactating Holstein and Hereford heifers

Differentiation class Breed SEM
Hereford Holstein

Poor (E1) 44.5 1.2% 4.2

Intermediate (E2) 54.8 47.3 4.0

Full (E3) 1.3 52.9% 1.7

Adapted from Akers et al., [9]. * Significantly different P<0.001
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incubated in the presence of prolactin compared with bulls
from a control genetic line.

Data from Nickerson and Akers [19] show that treat-
ments that interfere with the usual course of lactogenesis
around the time of parturition have negative impacts that
carry on into the subsequent lactation. Specifically, they
showed that intramammary infusions of colchicine in the
period before calving markedly reduced subsequent milk
production. During the third week of lactation, milk
production was 3.5-fold lower (60 vs. 17 kg) in
colchicine-treated compared with placebo-treated udder
halves. This difference corresponded with dramatic reduc-
tions in the rates of protein and fatty acid synthesis and
utilization of acetate for energy (CO, generation) in
mammary tissue slices [21]. But in particular mammary
tissue samples showed that fully differentiated alveolar cells
increased from 45% to 81% of cells between days 5 and 21
postpartum in control glands but fully differentiated
alveolar cells were rare (4 and 5% of alveolar cells on
days 5 and 21, respectively) in treated glands. Indeed, in
treated glands, nearly half of the alveolar cells remained
undifferentiated on day 21 compared with only 7% in
control glands. Differences in cytological based evaluations
of differentiation were confirmed with ultrastructural
analysis. These results suggest that mastitis may be
especially harmful when it occurs in the periparturient
period when alveolar cell proliferation and secretory cell
differentiation is particularly active.

These data provide good examples linking structure
and function at the level of alveolar cell cytology.
Namely characteristics of well differentiated cells evident
at the light microscopic level correspond with copious
milk secretion. Thus these lines of evidence support the
idea that mastitis cases that interfere with either alveolar
development or alveolar cell differentiation will corre-
spondingly reduce function. Further, although lost milk
production due to mastitis is usually associated with
damage or destruction of alveolar epithelial cells, mastitis
effects that create blockages of mammary ducts or
impairment of milk letdown also reduce milk production.
Similarly, systemic effects due to mastitis (or other
diseases for that matter) that alter feed intake, digestion,
or blood flow to the mammary gland reduce milk
production.

Histological Response of Mammary Tissues to Presence
to Infection

As stated previously, the presence of microbial infection in
the mammary gland of the dairy cow has been shown to
decrease milk yield, but how is this reduction in milk
synthesis brought about? Paradoxically, it is believed that
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the host immune response and toxins produced by mastitis-
causing bacteria are the causal mechanisms that have
deleterious effects on mammary tissue. The mammary
tissue response to mastitis in dairy cows as a result of both
natural and experimental infections has been quantified
using histological and cytological techniques. In general,
quarters with natural infections demonstrate reduced ability
of secretory tissue to synthesis and secrete milk; namely,
decreased percentages of tissue areas occupied by alveolar
epithelium and lumina, and increased interalveolar stromal
areas. Helmbolt et al. [22] reviewed the progress made on
the histopathology of bovine mastitis from the late 1800 s
through 1950 and summarized pathogenesis as follows.
After penetration of bacteria into the quarter, neutrophils
migrated from the blood into the interalveolar stroma. The
secretory epithelium became vacuolated resulting from
build-up of milk constituents, and then sloughed off the
basement membrane as the stoma thickened due to
multiplication of fibroblasts. With advancing involution,
mononuclear leukocytes infiltrated the tissue to clean up
tissue debris and then disappeared as the glandular tissue
assumed a non-secretory or undifferentiated state.

The histopathological differences between acute and
chronic mastitis were reviewed by Spencer [23], who found
that in acute infections, medium and small ducts became
occluded with fibrin, leukocytes, and bacteria. Epithelial
cells were vacuolated and alveolar lumina became dis-
tended due to milk stasis but later decreased in size due to
interstitial edema. As a result of duct blockage, bacteria
multiplied and spread to produce microscopic foci of
infection resulting in involution and necrosis. Pathology
of chronic mastitis was observed as scattered foci of
infection due to duct blockage of small ducts. Areas of
infection were kept localized by infiltrating phagocytes.

A more detailed study of the progressive pathology of
streptococcal and staphylococcal mastitis was made by
Pattison [24], who found that after bacterial penetration,
multiplication, and invasion of the mammary ductal system,
neutrophils infiltrated the infected tissues. Bacteria were
observed within the ductal lumina and within neutrophils.
As infection progressed, macrophages were more numerous
and the ductal epithelium became hypertrophied. Fibroblast
activity was stimulated, and the subsequent increase in
stromal area and concurrent damage to the alveolar
epithelium led to depressed secretory activity, milk stasis,
and involution. In many cases, large ducts became
thickened and cornified, and in smaller ducts, the epitheli-
um and connective tissue cells had multiplied and invag-
inated into the alveolar and ductal lumina, which
completely blocked milk flow. In later stages of infection,
hypertrophied ducts and intraductal invaginations broke
down and were passed from milk as clots. Damaged areas
of the affected quarter were nonfunctional due to fibrosis or

involution. Eventually, ducts regained a normal epithelial
lining and became patent again. Pathological changes due
to staphylococcal and streptococcal mastitis were similar;
however, changes in staphylococcal mastitis were more
severe since staphylococci were more resistant to phagocy-
tosis and released more powerful toxins. Defense mecha-
nisms generated in response to staphylococci were more
intense, and neutrophils and macrophages obliterated the
secretory structure in attempts to wall off infection.

Chandler and Reid [25] made the first ultrastructural
observations on the pathology of naturally occurring
staphylococcal and streptococcal bovine mastitis. Histolog-
ical study of S. aureus mastitis revealed numerous
neutrophils in alveoli and ducts. Several luminal areas
contained large epithelial-like cells and hyaline-like mate-
rial, as well as corpora amylacea. Cocci were only rarely
seen. Complete loss of secretory structure was observed in
some areas due to cytolysis, and fibrosis in connective
tissues was frequently observed. Such changes represented
reduced secretory potential, regional milk stasis, and
inflammation. Electron microscopic observations showed
reduced activity of the mammary epithelium as evidenced
by reductions in cytoplasmic areas occupied by rough
endoplasmic reticulum and in size and content of Golgi
components. The chromatin was condensed in some
epithelial nuclei, but junctional complexes and basement
membranes appeared intact. However, intercellular spaces
between basal portions of alveolar cells showed swelling at
times. Alveolar luminal contents consisted of amorphous
material derived from milk components, few casein
micelles, very few lipid droplets, and numerous neutrophils.
Neutrophils were also observed in the stroma beneath the
epithelial cells. In some alveolar epithelia, complete
degeneration of organelles was observed, leading to
sloughing of cells from the basal lamina and subsequent
fibrin deposition. Milk protein particles were sometimes
observed in the connective tissue adjacent to the alveolar
epithelium.

In addition to natural exposure studies, experimental
challenge studies have been conducted to better assess
mammary tissue damage at specific times after an infection
is initiated. For example, in an attempt to develop a model
for studying S. aureus mastitis and to describe cytologic
changes at 12 and 24 h after challenge, Heald [26]
inoculated bacteria (500-5,000 cfu) using a hypodermic
needle directly into the mammary parenchyma. Inoculated
tissues showed swelling and cytolysis of the mammary
epithelia, an increase in the interalveolar stromal area, a
reduction in luminal areas, and the presence of cellular
debris in alveolar lumens. At 12 h after injection, the
percentage of secretory epithelial area was reduced by half
and the percentage of involuted epithelial areas doubled. By
24 h, the effects were more dramatic, with an increase in
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stromal area, a decrease in secretory epithelial area, a
decrease in open luminal area, and an increase in debris-
filled luminal area. The presence of S. aureus was
associated with increases in stromal areas and involuting
epithelial areas. Thus, by 24 h, the secretory parenchyma
had, in part, been replaced by an epithelial population
without secretory characteristics along with a decrease in
alveolar luminal areas and an increase in stroma, all of
which was interpreted as a decrease in accumulated
secretory product in lumina, an increase in cellular debris
in milk, and swelling of stromal areas. The challenged cows
eventually recovered and returned to normal milk produc-
tion. The author (Heald [26]) attributed this recovery to 1)
the possible redevelopment of secretory potential in
damaged alveoli and/or 2) compensatory hypertrophy of
remaining healthy tissue or 3) both of these possibilities.
More recent research Capuco [27] would suggest that stem
cells associated with the mammary tissue, which are
responsible for growth and maintenance of the mammary
epithelium, may differentiate into milk-producing cells a
part of the recovery process

Subsequently, Nickerson [28] and Nickerson and Heald
[29] induced S. aureus mastitis in dairy cattle by intra-
cisternal inoculation of 240 cfu of bacteria. At 2 and 10 days
after initial infection, mammary tissue from 2 zones in
infected quarters was morphometrically compared with
similar zones in contralateral control quarters. Zone 1 (deep
parenchyma) was approximately 5—10 cm dorsal to the gland
cistern, whereas Zone 2 (cisternal parenchyma) was approx-
imately 1 cm dorsal to the gland cistern. In comparison with
control tissue, infected tissue exhibited more interalveolar
stromal area, reduced alveolar luminal area, more damaged
and involuted alveolar epithelial area (poor state differenti-
ation), and more neutrophil infiltration (Fig. 2).

Much of the luminal areas were filled with cellular
debris and leukocytes. These changes appeared more
advanced at 10 days than at 2 days after infection was
induced, indicating that by day 10, glandular parenchyma
was losing its secretory potential. Quarter zones differed
greatly in the responses to infection. Parenchyma taken
from a zone of an infected quarter close to the gland cistern
appeared to undergo involution more rapidly than a zone
further from the gland cistern. Involuted parenchyma
displayed reduced secretory activity, diminished luminal
areas, and abundant connective tissue.

Ultrastructural damage to infected tissue included epi-
thelial cells that were very loosely adhered to the basal
lamina and swollen cytoplasm as well as swollen mito-
chondria. The rough endoplasmic reticulum assumed a
vesicular form instead of flattened parallel cisternae, and
Golgi components were indistinct, sometimes appearing in
the form of scattered, flattened stacks of membranes. Cells
classified as nonsecretory that were common in infected
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tissues displayed a paucity of organelles, e.g., few Golgi
components and secretory vesicles, reduced rough endo-
plasmic reticulum, and few lipid droplets. See Fig. 3.

Thus, challenging the bovine mammary gland with a
relatively mild bacterial inoculum revealed drastic histo-
logical changes, which varied depending on location within
the quarter. As the mammary alveoli became affected by
bacterial toxins or byproducts of inflammation, they
underwent lytic and involutionary changes at 2 and 10 days
of infection. Secretory potential decreased and stromal
tissue displaced inactive alveoli as disrupted cells sloughed
into alveolar lumina. Neutrophils infiltrated alveoli in
attempts to eliminate bacteria as well as milk constituents.
By day 10, the damage originally inflicted upon the
secretory tissue had not been reversed or repaired, and
had slightly increased as evidenced by an increase in the
percentage area occupied by damaged epithelial cells.
Additionally, the area occupied by nonsecretory tissue was
increased on day 10 compared to day 2. Thus, infection
continued to cause further destruction of epithelial cells
resulting in involution through day 10. It remains to be
determined if damaged tissue repairs itself, if involuted
tissue redevelops secretory potential, or if there is compen-
satory hypertrophy of the remaining healthy tissue.

Cytologic Response to Intramammary Infection In Vivo

The migration of leukocytes, namely PMN, across the
alveolar epithelial lining is thought to cause mechanical
and/or chemical damage to the milk secretory cells as well
as to the ductal cells. One of the first in vivo investigations
to study PMN migration in mammary tissues was con-
ducted by Harmon and Heald [30] incident to a study on
experimentally-induced S. aureus mastitis in lactating dairy
cows. They used both light and electron microscopic
methods and observed PMN in various stages of margin-
ation (accumulation and adhesion to blood vessel endothe-
lium at the site of injury) in capillary lumina and migration
of cells into the perivascular space. These leukocytes
encountered up to 6 structural barriers while crossing the
vascular system and into alveolar lumina. The first was the
capillary endothelial cell (1) that surrounded the vessel
lumen, followed by the basal lamina (2) that enveloped the
endothelium. The PMN were able to breach these barriers
by squeezing through small gaps in these structures. Then,
the PMN had to traverse a periendothelium (3) that often
surrounded the basal lamina. The PMN then migrated
through the connective tissue (4) before encountering the
basal lamina (5) that enveloped each milk-producing
alveolus. The last structural barrier was the alveolar
epithelial cell lining (6) through which PMN must traverse
to migrate into the alveolar lumen.
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Figure 2 a. Uninfected control mammary parenchymal tissue
exhibiting large luminal area, minimal cellular debris, and limited
stromal area (625X); b. Portions of an alveolus from control tissue
characterized by polarized secretory cells with a large cytoplasmic:
nuclear ratio and round medially to basally located nuclei (2500X); c.
Tissue from an infected gland characterized by large stromal areas and
small luminal areas, portions of which contain cellular debris (625X);
d. Portions of an alveolus from infected tissue characterized by
irregular epithelium, some of which has degenerated and sloughed
into the alveolar lumen that contains some cellular debris (2500X); e.

Harmon and Heald [30] observed that in tissue areas
infected with S. aureus showing little evidence of
epithelial damage, PMN had accumulated in the perivas-
cular connective tissue space after 24 h and had aligned
themselves against the basal lamina of alveoli, but not in
the alveolar lumen. This suggested that PMN did not pass
freely into all alveoli, but accumulated around these
structures. Other areas of infected tissue showed progres-
sive degeneration of alveolar epithelial tissue (autophagic
vacuoles, vesiculation of endoplasmic reticulum, and
cellular debris in the luminal milk) along with accumula-
tion of PMN in alveolar lumina. The PMN that had
traversed the alveolar basal lamina were observed between

Tissue from a nonsecretory area of an infected gland characterized by
a large stromal area and a limited, open luminal area (625X); f.
Portions of an alveolus from an infected area of the gland undergoing
involution, characterized by non-secretory alveolar epithelium. Poly-
morphonuclear leukocytes (PMN) and macrophages are observed in
the lumen; a few PMN were observed within the alveolar epithelial
lining (2500X). Abbreviations: D—Cellular debris, E—Alveolar
epithelium, L—Lumen, M—Macrophage, N—PMN, S—Stroma.
Nickerson, 1980 [28]

the basal ends of adjacent epithelial cells having intact
tight junctions but showing signs of damage, and appeared
to be migrating toward the alveolar lumen. These cells
were never seen traversing the junctional complexes
between the epithelial cells, and it was suggested that this
process, if it occurs, must be rapid and allow for
immediate reclosure. However, alveoli with a portion of
the epithelium sloughed off the basement membrane and
into the lumen were frequently seen, and PMN appeared
to be entering alveolar lumina in large numbers at these
damaged sites. Here in the lumens, PMN were observed
with phagocytosed S. aureus in various stages of diges-
tion. Marked PMN infiltration in tissues lining the teat and
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Figure 3 a. Alveolar epitheli-
um from uninfected control
tissue characterized by well
polarized cells with a supranu-
clear Golgi apparatus and para-
nuclear to basally located rough
endoplasmic reticulum (4200X);
b. Epithelium from a nonsecre-
tory area of infected tissue
characterized by a large
cytoplasmic:nuclear ratio, a few
cisternae of rough endoplasmic
reticulum, and limited Golgi
components (4300X); ¢. Dam-
aged epithelium from infected
tissue characterized by swollen
cytoplasm with swollen mito-
chondria, vesicular rough endo-
plasmic reticulum, indistinct cell
borders, and flattened stacks

of Golgi membranes (4800X);
d. Remains of a damaged
alveolus from infected tissue
consisting of a bare basal lamina
with portions of adhering secre-
tory cell cytoplasm; note
swelling of the interalveolar
stroma (7400X). Abbreviations:
Bl—basal lamina, Ga—Golgi
apparatus, L—lumen, Ld—lipid
droplet, M—mitochondria,
My—myoepithelial cell, N—
nucleus, R—rough endoplasmic
reticulum. Nickerson, 1980 [28]

gland cisterns was also observed in addition to infiltration
into the mammary parenchymal areas. The authors
suggested that the cisternal areas in the udder should be
considered to be the first sites of PMN migration after
bacteria breach the teat canal during the initial stages of
infection.

Thus, findings of this study suggested two mechanisms
by which leukocytes migrated across the alveolar epithelial
layer and into milk to phagocytose S. aureus. One
mechanism was via migrating through gaps or holes
remaining in the epithelial lining as a result of lysis or
degeneration of individual milk-producing alveolar cells.
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The other mechanism was through sloughing of portions of
the epithelial lining. When traversing the epithelium, many
PMN were often observed arranged end-to-end as if
following one another, suggesting that the presence of
some weakness or gap in the tissue barriers provided for
PMN migration en masse. Likewise, Seelig and Beer [31]
suggested that gaps in the alveolar epithelium in the
lactating mammary gland of the rat allowed leukocytes to
enter into alveolar lumina. Similarly, Frost et al. [32]
observed that PMN migrated through such epithelial lesions
in the teat and gland cisterns of cows, and not through
intact epithelial tissues.
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This initial work by Harmon and Heald [30] was
subsequently supported by Nickerson and Heald [33]. After
experimentally infecting cows with S. aureus for 2 and
10 days, a study of leukocyte infiltration from blood
capillaries into mammary parenchymal tissues was made.
At 2 days, PMN were widespread in tissues exposed to S.
aureus and observed to penetrate the alveolar epithelium
where many of the phagocytes became lodged and
appeared to degenerate. Intact PMN were observed in
spaces of the alveolar lining that had been previously
occupied by epithelial cells that had sloughed off the basal
lamina or that had been dislodged by these leukocytes. See
Fig. 4.

As the infection progressed, alveolar luminal areas
became populated with PMN, and as they degenerated,
more monocytes and macrophages appeared in the lumens.
These mononuclear cells were observed more frequently
penetrating the secretory parenchyma and entering alveolar

Figure 4 a. Neutrophils and
lymphocyte in large gap
between myoepithelium and
secretory epithelium of an
alveolus (4900X); b. Mononu-
clear and polymorphonuclear
phagocytes filling lumina and
original epithelial lining of
alveolus (4900X). Abbrevia-
tions: Ep—epithelium, L—
alveolar lumen, Ly—lympho-
cyte, Ma—macrophage,
My—myoepithelial cell,
N—neutrophil. Adapted from
Nickerson and Heald, 1982 [29]

lumina at 10 days following infusion of bacteria. As with
PMN, the monocytes appeared to migrate through damaged
epithelia or entered lumina as the epithelium sloughed off
the basement membrane.

Lymphocytes infiltrating the mammary tissues were
more numerous at 10 days than at 2 days following
infection, where they were observed wedged between the
basal ends of alveolar epithelial cells and adjacent to
myoepithelial cells, the contraction of which may play a
role in leukocyte movement across epithelial linings. In
areas where swelling and damage to the epithelium was
more evident, lymphocytes were observed displacing the
basal secretory cell cytoplasm or they were seen in open
spaces between, or basal to, adjacent secretory cells. The
occurrence and size of such spaces increased as damage to
epithelial cells became greater, and such spaces frequently
contained monocytes, neutrophils, and epithelial cell debris
as well as lymphocytes. It was suggested that this cellular
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immune response may have contributed to the sloughing or
degeneration of the secretory cell layer. Lymphocytes were
also observed free among cellular constituents of damaged
epithelia as well as in collapsed alveolar lumina. The
damage caused by cytoplasmic swelling in apparently intact
epithelia with invaginated lymphocytes suggested that the
lymphocytes had actually caused the damage. All leuko-
cytes preferentially infiltrated the zone of the infected
quarter closest to the route of bacterial entry.

Leukocyte migration has also been studied in teat
cisternal tissues of bovine mammary quarters experimen-
tally challenged with S. aureus for 24 h as well as those
with chronic, long-term infections [34]. After crossing the
vascular system and into the connective tissue adjacent to
the 2-celled epithelial linings of the distal teat cistern,
PMN were observed to penetrate the epithelial basal
lamina and migrate between basal epithelial cells to gain
access to the luminal cell layer. Holes or gaps in the
lamina penetrated by neutrophils were approximately half
the diameter of the cell. Because no tissue damage was
observed in the basal cell layer, it is doubtful that
weakness in the basal lamina or epithelial degeneration
preexisted to accommodate neutrophils. Once within the
basal lamina, neutrophils appeared to migrate freely
between the double-layered epithelium.

Some neutrophils as well as other leukocytes (macro-
phages and lymphocytes), accumulated below the luminal
epithelial cells and were frequently observed in spaces
adjacent to degenerated epithelial cells where they pro-
jected through degenerate epithelial cell cytoplasm into the
teat cisternal lumen. Other neutrophils were positioned
among apparently intact healthy luminal cells, several
having free access to the teat cistern lumen. In areas where
metaplasia of the cisternal epithelium was observed,
neutrophils were observed below the loosely-anchored
luminal cell layer that had undergone a squamous transfor-
mation. A few neutrophils were in a state of lysis at
intraepithelial sites. There were no differences in mecha-
nisms of neutrophil infiltration and migration between
tissue from quarters with chronic infections and those
collected from quarters infused with S. aureus 24 h before
collection. However, the degree of neutrophil infiltration in
infused quarters was much more pronounced, and cells
appeared to be concentrated in the epithelial linings
between the 2 cell layers of the teat cistern.

Possible modes of migration through these luminal cells
and into milk included: 1) projection through individual,
degenerate luminal cells in milk-producing parenchymal
tissues as suggested by Harmon and Heald [30] in milk-
producing parenchymal tissues; 2) penetration between
intact epithelia via tight junctions; and 3) passage into milk
as luminal cells desquamated in areas of epithelial
metaplasia under which neutrophils accumulated. In the
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first instance, the cause of degeneration of individual
luminal cells, which allows neutrophil migration is largely
unknown. However, the spaces or areas of swelling in the
epithelial layer occupied by neutrophils and other leuko-
cytes, such as lymphocytes, may be caused by factors
released by these leukocytes, and contribute to lysis of the
adjacent epithelial cells. The frequent observation of these
associations indicates some type of influence of leukocytes
on intact epithelial cells. See Fig. 5.

Direct penetration of neutrophils into necrotizing epithe-
lia adjacent to lymphocytes might imply that the lympho-
cytes were the cause of the damage [33, 35]. Similarly, it
was observed that individual hepatocyte degeneration in the
liver resulted from penetration of cytotoxic lymphocytes
through the parenchyma in chronic liver disease [36]. The
second mode of migration (penetration between tight
junctions) was suggested based on light and electron
morphologic study, but conclusive ultrastructural evidence
by electron microscopy was not found (Nickerson and
Heald, [29]). See Fig. 6.

McKenzie and Anderson [37] and Harmon and Heald
[30] also failed to observe neutrophils traversing tight
junctions between intact alveolar cells and suggest that if
this did occur, the process must be very rapid and allow for
quick reclosure of the junctions. This may occur in
conjunction with myoepithelial cell contraction during milk
let-down. The third mode of penetration, wherein neutro-
phils were present in sufficient numbers to cause separation
of the luminal cell layer, probably led to sloughing of this
layer and subsequent release of the neutrophils (Fig. 6d).
This same observation was made in mammary parenchymal
areas infected with S. aureus in which a massive neutrophil
migration contributed to sloughing of the secretory cell
layer [29].

In the study by Nickerson and Heald [29], the first method
(projection through individual, degenerate luminal cells)
appeared to be the predominant mechanism of neutrophil
migration. These data suggested that elevated numbers of
neutrophils in distal teat end epithelium and in cisternal milk
may be instrumental in the initial events that prevent
establishment of infection in the bovine mammary gland.

In a subsequent study, Nickerson and Pankey [38]
evaluated neutrophil migration in teat duct tissues of cows
chronically infected with S. aureus. After entering the
subepithelial dermal tissues from capillaries, neutrophils
penetrated the basal lamina and migrated between cells of
the stratum germinitivum of the teat duct epidermis. These
leukocytes then penetrated the stratum spinosum and
stratum granulosum by traversing intercellular bridges and
migrating between the cells comprising these layers toward
the teat duct lumen. As the neutrophils approached the
luminal surface of the stratified squamous epithelium of the
teat duct, they often accumulated beneath the outermost
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Figure 5 Electron micrograph
of leukocytes in the epithelial
lining illustrating the progres-
sion from a. Leukocyte
accumulation below intact
luminal epithelial cell layer
(3200X); b. Formation of space
below degenerating luminal cell
(DE) (3900X); ¢. Bulging and
further lysis of luminal cell
(3200X); and d. Projection
through degenerated epithelial
cell cytoplasm (3200X).
Adapted from Nickerson and
Pankey (1984) [34]

luminal cell layer in massive numbers, sometimes separated Other neutrophils were observed below breaks in the
from the teat duct lumen by only a narrow rim of squamous  stretched cytoplasm of the squamous epithelial cells. In
cell cytoplasm, which appeared to impede cellular migra-  some areas, neutrophils were observed in close association
tion. See Fig. 7. with degenerating epithelial cells as well as with apparently

Figure 6 a. Electron micro-
graph of neutrophil (N)
approaching teat cistern luminal
surface

between intact epithelial cells
(4550X). b. Light micrograph
of neutrophil (arrow) at luminal
surface between intact epithelial
cells (1125X). ¢. Electron
micrograph of neutrophil (N)
similar to that in Fig. 6b
(8600X). d. Light micrograph
illustrating neutrophils in
various stages of migration
through the metaplastic
epithelium from the basal cell
layer (arrow 1) to the luminal
surface (arrow 2) (950X).
Adapted from Nickerson and
Pankey, (1984) [34]
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Figure 7 a. Accumulation of
neutrophils at the epithelial
surface below teat duct lumen
(L) (3960X); b. Neutrophils
migrating under a thin rim of
squamous cell cytoplasm
adjacent to teat duct lumen
(L) (2785X). Adapted from
Nickerson and Pankey, 1985
[38]

healthy epithelial cells containing internalized staphylococci. ~ mammary parenchyma [29] or in those of the teat cistern
On a few occasions, neutrophils were seen penetrating  [34]. See Fig. 8.

junctional complexes between luminal squamous cells, a This investigation concluded that neutrophil migration
phenomenon not observed in epithelial linings of the  into the teat duct lumen appeared to be accomplished by

Figure 8 a. Neutrophil adjacent
to a break in the luminal cell
surface (5135X); b. Neutrophils
adjacent to a degenerate (D)
surface cell (2785X); ¢. Neutro-
phil migrating through degener-
ate (D) surface cell cytoplasm
(5960X); d. Neutrophil in close
association with squamous cell
containing internalized cocci.
Dividing cells are observed at
arrows (2785X); e. Luminal
surface illustrating neutrophil
penetrating between surface
epithelia (arrow) into teat duct
lumen (4870X); f. Serial
section of neutrophil in Fig. 8f
illustrating penetration of the
tight junction between cells
(17835X). Adapted from
Nickerson and Pankey, 1985
[38]
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one or more of several mechanisms. The first was through
neutrophil pressure exerted on the thinly-stretched cyto-
plasm of a squamous epithelial cell that was blocking its
path, followed by subsequent rupture and release of the
neutrophil. These squamous cells had transformed into
scale-like keratin, and may have been less structurally
sound than living cells. However, the authors cautioned that
ultrastructural evidence for this theory was hampered by
possible artifacts of tissue fixation and processing, causing
breaks in the squamous lining. Alternatively, in areas of
marked neutrophil accumulations, cell numbers may have
been sufficient to separate the superficial epithelia layer,
causing it to slough off, and release neutrophils. Another
mode of migration was by way of lysis of individual
surface epithelial cells and subsequent neutrophil migration
as observed in the teat cistern [34] and alveolar epithelium
[29]. A final possibility for neutrophil migration was by
breaching cell junctions between adjacent luminal epithelial
cells, leaving these luminal cells intact.

In a study using sheep, Akers and Thompson [3] studied
the effect of induced leukocyte migration on mammary cell
morphology and milk synthesis following intramammary
infusion of sterile oyster glycogen in lactating ewes.
Infusion of oyster glycogen following each of six consec-
utive milkings had no direct effect on mammary tissue
utilization of acetate, but did increase MSCC (6-fold) and
increased percent fat and protein but decreased milk lactose
concentration. In addition, the quantity of damaged or
nonsecretory mammary epithelial cells was increased.
Infused glands had increased concentrations of neutrophils
(3-fold) and plasma cells (1.3-fold) in the subepithelial
stroma, and of neutrophils (2.7-fold) within the epithelial
lining of alveoli. Infusion of oyster glycogen every 3 d for
30 d elicited similar changes in MSCC count and mammary
histology. These authors suggested that loss of functional
mammary cells associated with leukocytosis may explain
lost milk production associated with increased MSCC.

Cytologic Response to Intramammary Infection In Vitro

Lin et al. [35] investigated the process of bovine neutrophil
diapedesis or migration across bovine mammary gland
epithelium using an in vitro model. They used the bovine
mammary epithelial cell line MAC-T, grown on collagen-
coated filters, which formed a confluent monolayer with
characteristic tight junctions, basal-apical polarity, and
functional cell barriers. Neutrophils, which were added on
the apical surface of the monolayer, were stimulated to
migrate across the epithelium by the addition of 107 cfu of
S. aureus to the basal compartment of the culture chamber.
Light and transmission electron microscopy revealed the
following series of events for neutrophil transmigration.

Initially there was an accumulation of neutrophils on the
surface of the epithelial monolayer, followed by projection
of pseudopodia into intercellular junctions and movement
of neutrophils between adjacent epithelial cells. This was
followed by reapproximation of the lateral epithelial cell
membranes and reformation of the apical tight junctions
after neutrophils crossed the epithelium. Morphologically,
epithelial cell damage caused by neutrophil diapedesis was
not evident. This in vitro model provided a two-
dimensional epithelial sheet by which neutrophil diapedesis
could be qualitatively studied under defined conditions.
Results suggested a major mode by which bovine neutro-
phils may migrate across the alveolar epithelia into milk
during mastitis.

Capuco et al. [4] also studied the effects of neutrophils
on mammary tissue of lactating cows in vitro. The
leukocytes were isolated from mammary glands of nullip-
arous heifers given an injection of 5 micrograms of E. coli
endotoxin, and mammary tissue explants were obtained
from uninfected quarters of 5 lactating Holstein cows.
Mammary explants were treated by addition of lysed
neutrophils (105, 10, 107/ml) or intact neutrophils (10,
107/ml), which were allowed to phagocytose opsonized
zymosan. Controls included cultures of mammary tissue
alone, neutrophils alone, and mammary tissue plus zymo-
san. Cultures were incubated at 37 C for 3, 8, or 24 h.
Tissue from 1 randomly selected culture/treatment was
weighed and processed for microscopy. Tissue from
remaining cultures was incubated with *™amino acids or
[14Clacetate to determine rates of protein and fatty acid
synthesis. Media from all cultures were assayed for activity
of the lysosomal enzyme, N-acetyl-beta-D-glucosamini-
dase. An increase in the activity of this enzyme was
detected in the medium of explant cultures treated with 10’
phagocytosing neutrophils/ml at 3 and 8 h and with 10’
intact or lysed neutrophils/ml at 8 h. Treatment did not
inhibit the rates of protein or fatty acid synthesis.
Microscopic examination indicated that epithelial cell
damage resulted from treatment with 10° and 107 intact,
lysed, or phagocytosing neutrophils/ml. Greatest morpho-
logic damage resulted from treatment with phagocytosing
neutrophils. It was concluded that, even in the absence of
mammary epithelial damage caused by neutrophil migra-
tion across the alveolar lining and into the lumen,
neutrophil phagocytic function may itself damage the
epithelial cells.

To differentiate the mammary alveolar cell response to
bacterial products of infection between intact tissue in vivo
and isolated alveoli in vitro, Heald and Harmon [39]
cultured isolated rat mammary alveoli with increasing
concentrations of cell-free staphylotoxin containing - and
p-hemolysins for 90 min. The use of the isolated alveoli
allowed the examination of the effect of the toxin on milk
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secretory epithelial cells without the complications of an
intact system, thereby excluding the bacteria themselves,
the indirect effects of a toxin-induced inflammatory
response, leukocytosis and accompanying tissue migration,
and the associated ischemia or a decrease in blood supply
due to constriction of the vascular system. With increasing
concentrations of toxin (0, 10, 100, 1,000 pg/ml), decreas-
ing rates of protein synthesis and secretion by alveoli were
observed, along with decreasing areas of epithelial cell
cytoplasm occupied by rough endoplasmic reticulum, Golgi
dictyosomal membranes, and Golgi secretory vesicles. Such
changes demonstrated a decrease in milk synthetic and
secretory activities. The cytoplasmic to nuclear ratio increased
with increasing toxin concentrations, and was most likely due
to swollen areas of cytoplasm as well as vacuolation of the
epithelial cells. In this in vitro study, coagulative necrosis or
disintegration of the alveolar epithelium and sloughing into
lumina was rarely observed, even at the highest dose of toxin.
This suggests that, although cell-free toxin had significant
detrimental effects on alveolar epithelium at the ultrastructural
and biochemical levels, this effect was not as destructive as
that observed when influenced by the inflammatory response
and ischemic necrosis in vivo. Thus, components of the
inflammatory reaction, e.g., leukocytes, as well as vascular
destruction may be more harmful to mammary tissue than the
bacterial toxins themselves. However, after incubating mouse
mammary tissue with staphylotoxin for 2 h, Harmon and
Heald [39] demonstrated epithelial lysis with as little as
0.1 pg/ml of toxin. Although this was an in vitro model,
authors suggested that tissue damage may have been caused
by degenerate neutrophils, which may have been present
between alveolar epithelial cells and in lumina. Upon lysis,
these phagocytes could have released their lysosomal
contents of hydrolytic enzymes, causing subsequent secretory
cell lysis.

Conclusions

For the dairy industry despite progress in mastitis control
associated with milking management and hygiene, mastitis
remains as a primary cause of less than optimal milk
production and premature culling of cows. Quantitative
morphology studies have emphasized the significance of
development of well differentiated alveolar epithelial cells
to meet full milk production potential as well as the
negative impacts of bacteria, their toxins and cellular
immune responses in structural disruption and destruction
of mammary alveolar cells following mastitis. Advanced
cellular, genomic, and imaging techniques offer new tools
to better understand and possibly mitigate the severity of
mastitis cases and in particular repair or prevent appearance
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of nonsecretory (undifferentiated) secretory epithelial cells
which occur following mastitis.
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