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ABSTRACT

Efficient milk production is temporarily compromised during the inflammatory
response to lipopolysaccharide (LPS). Generally, the most severe losses are localized to
individual mammary glands with overt cases of mastitis. However, systemic
inflammation arising from an inflamed gland can negatively impact lactation in healthy
neighboring glands. This interdependence between glands highlights the importance of
systemic inflammation in regulating lactation, yet the underlying mechanisms and
mediators remain poorly understood. To determine these systemic mechanisms, paired
cows were randomly assigned to LPS treatment (T) or saline control (C). Within each
treatment, two ipsilateral quarters received one of 2 intramammary sub-treatments: in T
cows, infusion of 50ug LPS (T-L) or saline (T-S); in C cows, infusion of saline (C-S) or
no infusion (C-N). Front quarters were sampled for milk production and composition
while rear quarters were biopsied at 0, 3, and 12 h, relative to infusions. Mammary tissue
from 3 and 12 h biopsies was then subjected to RNA sequencing. Results from milk
confirmed that LPS induced a characteristic immune response, with a local increase in
milk somatic cells and total protein concentrations only in T-L quarters. In comparison,
components associated with lactation were affected in both T-L and T-S quarters, with
concentrations of milk fat and lactose being lower by 3 and 12 h post-infusion,
respectively. Further, milk yields declined steadily over 24 h with similar losses in both
T-L and T-S quarters. Induction of transient fever at 3 h, followed by changes in plasma
antioxidant capacity and glucose concentrations, provided additional evidence of

systemic responses to inflammation. Collectively, these results confirmed that localized
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mastitis affected neighboring glands and demonstrated that each milk component was
affected by unique time- and treatment- dependent effects.

Analyzing changes in the mammary transcriptome provided further insight into
the regulation of the immune response and lactation during mastitis. Most genes were
differentially expressed (DE) only in T-L glands and were associated with pro-
inflammatory, cell signaling, and metabolic pathways. There was no direct link between
expression of lactation-specific genes and hypogalactia or altered milk composition;
however, genes unrelated to lactation were upregulated in T-S glands, suggesting that
differential expression of other genes may have impacted lactation. At 3 h, the
upregulation of negative feedback inhibitors of pro-inflammatory pathways in T-S tissue
indicated unidirectional signaling from T-L to T-S glands, likely mediated by cytokines.
Later, at 12 h, increased expression in T-S quarters of genes linked to one carbon
metabolism and glucocorticoid stimulation indicated that other mediators may also
impact milk production. From 3 to 12 h, expression of immune genes diminished in both
glands despite increasing somatic cells in T-L quarters. Given the similar decline in
quarter milk yields through 24 h, results suggested that an acute, transient inflammatory
signal was sufficient to induce delayed effects on lactation. In summary, localized
mastitis impaired lactation in non-inflamed, neighboring quarters through both direct and

indirect actions of pro-inflammatory mediators.
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CHAPTER 1: LITERATURE REVIEW

Introduction

Mastitis remains a prevalent and costly disease affecting the dairy industry. In the
United States alone, mastitis is estimated to cost producers over $600 million per year
(Hogeveen et al., 2019), of which 35-60% of lost revenue is due to impaired milk
production (Aghamohammadi et al., 2018; Hogeveen et al., 2019). Because each quarter
in the udder is a separate gland, lower milk yields and poorer quality milk are generally
attributed to quarters with active cases of mastitis (Hoeben et al., 2000; Burvenich et al.,
2003). However, physical independence does not equal functional independence because
milk production can be reduced in all glands by systemic inflammation (Shuster et al.,
1991b; Mitterhuemer et al., 2010). Despite decades of research, the mechanisms
controlling mammary function during inflammation remain unclear, particularly in
clinically healthy glands exposed to systemic inflammation. For the purpose of this
review, | will focus primarily on the dairy cow, briefly covering relevant aspects of the
physiology of lactation and mammary defense, then addressing the kinetics of local and
systemic inflammation on mammary function and the current understanding of factors
and genes regulating lactation during mastitis. From there, | will discuss transcriptomic
studies as a tool to identify key mechanisms and novel genes, emphasizing the lack of
studies in neighboring glands. Ultimately, understanding how systemic inflammation
affects mammary function may lead to the development of interventions that enable more

efficient milk production without sacrificing the benefits of inflammation.



Overview of Mammary Physiology

The bovine udder is comprised of four anatomically distinct glands. The
parenchymal tissue of the left and right udder halves is clearly separated by the median
suspensory ligament. The division between fore and rear quarters is less defined but is
maintained by a thin connective tissue septum that prevents diffusion of milk between
quarters. Further, this division between glands is confirmed by the embryonic
development of four separate mammary buds. Consequently, each gland can function
individually. However, it is typical for all quarters to respond similarly to an external
stimulus, such as temperature, or to an internal stimulus carried in blood. Thus, mammary
function is determined by both local and systemic factors (Turner, 1934).

Within a mammary gland, the parenchyma is organized into hollow lobulo-
alveolar structures drained by progressively larger ducts that empty into the gland and
teat cisterns. Each alveolus is comprised of an inner layer of secretory mammary
epithelial cells (MEC) and a discontinuous outer layer of contractile myoepithelial cells.
Surrounding the alveoli, capillaries deliver nutrients, hormones, and circulating
leukocytes, whereas stromal cells provide protection, form structural extracellular matrix
(ECM), and regulate epithelial cells (Chen et al., 2016). The blood-milk barrier, formed
by tight junctions between MEC (Reid and Chandler, 1973), separates milk from extra-
alveolar fluid and all stromal tissues except migratory leukocytes.

Milk synthesis and secretion

Total milk production is determined by the number of MEC in the gland and their

secretory activity (Capuco et al., 2001). More specifically, the three major milk

components, i.e. fat, protein, and lactose, are synthesized by MEC through different



mechanisms, depicted in Figure 1.1. Although milk synthesis and secretion are typically
synchronous and maintained within defined ranges, individual components can be
regulated independently by unique transcription factors and protein modifications (Osorio
et al., 2016). Lower abundance or activity of any enzyme involved in milk synthesis may
therefore have a downstream effect on milk production.

Milk fat. Milk fat is the most variable of the major milk components. The lipids
present in milk are mainly in the form of milk fat globules (MFG) composed almost
exclusively of triacylglycerides (TAG) surrounded by a tri-layer membrane. In cows,
TAG are synthesized by MEC from a pool of de novo and preformed fatty acids (FA). De
novo synthesis by the enzymes acetyl-CoA carboxylase (ACACA) and fatty acid
synthase (FASN) contributes short to medium chain FA (Cs-C14). In addition to de novo
FA, preformed FA are taken up from the blood by FA transporters (Bauman and Davis,
1974; Figure 1.1). The resulting aggregate of FA is transported to the smooth
endoplasmic reticulum (ER) for synthesis into TAG through a series of transfers and
modifications by lipins and acyltransferases (Osorio et al., 2016). As TAG accumulate,
the ER releases them as microlipid droplets contained within a single layer of ER
membrane. Lipid droplets coalesce into larger droplets while being transported toward
the apical surface. Once associated with the apical surface, lipid droplets begin budding
into the lumen surrounded by the plasma membrane (Figure 1.1). Finally, stimulation of
myoepithelial cells by oxytocin causes mechanical pinching of the plasma membrane and
the release of membrane-bound lipid droplets as MFG (Masedunskas et al., 2017).

Protein. In healthy glands, approximately 80% of the total proteins in milk are

caseins. All proteins synthesized by MEC, including caseins, are translated by the rough



ER and transported to the Golgi apparatus to be packaged into vesicles. Synthesis
depends on the availability of amino acids and the regulation of mMRNA transcription and
translation (Rhoads and Grudzien-Nogalska, 2007). After some proteins undergo post-
translational modifications, packaged proteins are transported to the apical membrane for
release into the lumen through exocytosis (Figure 1.1).

Lactose. The least variable milk component, lactose, is synthesized by the enzyme
lactose synthase from glucose and its derivative, UDP-galactose. Two proteins, f1,4-
galactosyltransferase 1 (B4GALTL1) and a-lactaloumin (a-LA, LALBA), are required to
form lactose synthase. Several isoforms of the family of facilitative glucose transporters
(GLUT, SLC2A), particularly the insulin-independent GLUT1, are expressed in MEC to
supply glucose (Zhao, 2014). Lactose synthesis occurs within the lumen of the Golgi
apparatus (Kuhn and White, 1975), allowing lactose to be concentrated within vesicles
for transport to the apical surface (Figure 1.1). Because lactose cannot diffuse out of
vesicle, this concentration of lactose leads to an influx of water, as lactose is the main
osmotic molecule controlling water content and milk volume (Stinnakre et al., 1994).
Post-secretion

Between milkings, milk initially accumulates in the lumen of the alveoli, where
somatic cells join secreted milk components. In cows, a small but variable proportion of
somatic cells are exfoliated MEC, both senescent and viable (Herve et al., 2016). The
remainder are leukocytes which migrate through tight junctions between MEC.

Over the course of 12 h, milk is gradually released into the collecting ducts and
gland cistern for storage. Notably, this accounts for less than 20% of the total milk held in

the udder at milking (Ayadi et al., 2004). Two milk fractions, cisternal and alveolar, can



thus be removed from the gland. Cisternal milk is the first milk to be expressed, requiring
only the opening of the teat to drain freely. On the other hand, contraction of the
myoepithelial cells in response to oxytocin is necessary to overcome the forces holding
alveolar milk in the parenchyma (Bruckmaier and Blum, 1998; Macuhova et al., 2004).
As milk switches from cisternal to alveolar fractions, milk composition changes. Milk
lactose and total protein concentrations decline slightly, whereas milk fat concentration
increases to nearly 4 times the concentration of pre-milking strip samples (Ontsouka et
al., 2003; Nielsen et al., 2005).
Regulation of Lactation

Galactopoiesis, i.e. maintenance of lactation, is controlled by both local factors
originating within the gland and systemic factors. A classic example of local control over
galactopoiesis is frequency of milk removal, where only glands subjected to the treatment
respond. Compared to standard twice-daily milkings, less frequent milking reduces milk
yields and secretion rates (Stelwagen and Knight, 1997), whereas additional milkings
result in greater milk production (Wall and McFadden, 2007). As such, milking
reinforces galactopoiesis for individual glands. In contrast, introducing a substance into a
mammary gland through the teat can induce local but anti-galactopoietic effects. Whereas
some substances, such as Na* or K*, may affect milk production only in the treated gland
(Stelwagen et al., 1999), foreign substances commonly trigger innate immune responses
(see Mammary Defense). An immune response may begin as a local response but can
rapidly develop into a systemic response, wherein all quarters are affected by systemic

factors.



Like local factors, systemic factors may enhance or hinder lactational
performance. Galactopoietic hormones, such as prolactin and growth hormone, can
maintain or increase milk and milk protein yields. Current evidence suggests that these
hormones have direct effects on MEC, increasing their proliferation and inducing the
transcription of caseins and a-LA (Lacasse et al., 2016; McCoard et al., 2016). When
these galactopoietic signals decline or are opposed by inhibitors, the mammary gland
may transition to involution. Involution is characterized by morphological and metabolic
changes in the alveoli and MEC. In non-ruminants, involution consists of two phases: a
reversible phase where tight junctions between MEC weaken as macrophages arrive to
promote an inflammatory environment, and an irreversible phase where MEC commit to
apoptosis and the gland is completely remodeled to a non-lactating state (Hughes et al.,
2012). In dairy cows, which are typically pregnant during lactation, involution is less
drastic; compromised junctions and inflammation develop but apoptosis is moderated by
proliferative signals, ensuring a degree of cell turnover and retention that allows
involuted quarters to resume milking up to 28 d after milking has ceased (Singh et al.,
2015).

Mammary Defense

As an exocrine gland, the mammary gland is exposed to the external environment
at every milking. Physical barriers in the teat provide the primary defense against
infection. When this defense fails, an array of humoral and cellular defenses stems the
multiplication of pathogens and enables their destruction.

Healthy mammary glands are surveilled by a dynamic population of leukocytes.

Though the proportion of each cell type fluctuates with stage of lactation and health



status, milk from healthy glands contains a majority of macrophages (20-50%) and
lymphocytes (20-60%), followed by polymorphonuclear leukocytes (PMNL,; 15-30%)
(Merle et al., 2007; Schwarz et al., 2011). Macrophages and PMNL are phagocytic cells
that coordinate the innate immune response to pathogens and noxious stimuli via
cytokines and chemokines. Pleiotropic cytokines promote or inhibit inflammation by
activating various intracellular pathways, whereas chemokines, a subset of cytokines,
recruit circulating leukocytes to the site of the pathogen or stimulus (Bannerman, 2009).
The first leukocytes to be recruited are mainly PMNL, which when activated by pro-
inflammatory cytokines release oxidizing agents and cytotoxic enzymes (Burvenich et al.,
2003). Once the pathogen is eliminated, macrophages clear damaged and dead cells and
release anti-inflammatory cytokines to restore homeostasis (Porcheray et al., 2005;
Aitken et al., 2011).

Mammary epithelial cells contribute to mammary defense by coordinating
cytokine production with resident leukocytes. Cultured MEC express pathogen
recognition receptors and an extensive selection of cytokines when exposed to bacterial
challenges (Ibeagha-Awemu et al., 2008; Ginther et al., 2011). The immunocompetence
of MEC serves a dual purpose: increasing recruitment of leukocytes to the affected gland
and providing a mechanism for MEC to respond appropriately to inflammation.

Overview of Mastitis

Mastitis is defined as inflammation of the mammary gland and is predominantly
caused by an intramammary infection (IM1). Due to the anatomy of the udder, the
causative mastitis pathogen is typically isolated only from infected glands. Detection of

the pathogen by host recognition of its pathogen associated molecular patterns (PAMPS)



triggers the recruitment of PMINL and causes the milk somatic cell count (SCC) to rise.
In most cases, the mammary gland clears the pathogens with few, if any, symptoms. If,
however, the gland is exposed to greater numbers of pathogens or the immune system is
compromised, the pathogens can multiply more rapidly and increase the risk of more
severe symptoms (Burvenich et al., 2003).

Notably, different mastitis pathogens cause different responses in terms of
severity and resolution. An analysis of mastitis incidence on two commercial farms found
that Gram-negative coliforms, such as Escherichia coli and Klebsiella species, provoked
greater acute drops in milk yield than more persistent infections caused by Gram-positive
bacteria, e.g. Staphylococcus aureus (Grohn et al., 2004). Experimental infections of E.
coli or S. aureus provide greater insight into this difference in severity. For example, one
study measuring milk yields before and 24 h after a bacterial challenge found an 84%
reduction during E. coli infections compared to 30% in S. aureus infections (Petzl et al.,
2008). This difference can mainly be attributed to the presence of lipopolysaccharide
(LPS) in E. coli, a major structural component of the outer lipid membrane of Gram-
negative bacteria. Upon destruction of the bacteria, LPS is released from the outer
membrane. Greater amounts of LPS are released from larger colonies of E. coli (Van Den
Berg et al., 1992), emphasizing that early detection and removal of pathogens is critical
to limiting exposure and symptoms. Importantly, LPS itself is not cytotoxic; rather, the
host response to the endotoxin determines the downstream effects.

Action of LPS
Each LPS unit contains a hydrophobic lipid A moiety, a core region of

oligosaccharides, and a highly variable O-antigen region of repeating polysaccharide



units (Rietschel et al., 1994). The lipid A moiety of bioactive LPS binds to Toll-like
receptor 4 (TLR4), an LPS-specific pattern recognition receptor present on leukocytes
and epithelial cells (Ibeagha-Awemu et al., 2008). Activation of TLR4 by LPS is
catalyzed by three cofactors: LPS-binding protein (LBP), myeloid differentiation-2
(MD2) and cluster differentiation-14 (CD14). Once activated, the signaling cascade
induces the activation of nuclear factor kp (NFKB) transcription factors (Verstrepen et
al., 2008).

The highly conserved family of NFKB transcription factors regulate inflammatory
and stress-related genes. Inhibitor of kB (IKB) proteins normally maintain NFKB in an
inactive state outside the nucleus. When LPS activates TLR4, Ixp kinases (IKK) are
activated and phosphorylate IKB to release NFKB (Verstrepen et al., 2008).
Translocation of NFKB to the nucleus causes upregulation of both pro-inflammatory
mediators and regulatory proteins (Bonizzi and Karin, 2004). The resulting collection of
pro-inflammatory mediators, acting through different receptors and secondary
messengers, reinforce the initial stimulus of LPS binding and activate related
inflammatory branches.

Detoxification and Clearance of LPS

Once in the body, the fate of LPS depends on its localization. In blood, LPS can
be detoxified through four mechanisms: (i) sequestration by binding proteins, (ii)
enzymatic alteration of lipid A, (iii) uptake and catabolism by macrophages, particularly
Kupffer cells of the liver, and (iv) modification of cellular responses to a more tolerant
state (Hampton and Raetz, 1991; Munford, 2005). In the mammary gland, LPS can be

detoxified, cross the blood-milk barrier to enter systemic circulation, or be removed



through milking. Ziv et al. (1976) showed that after administering a high dose of LPS (10
mg into each of two quarters), concentrations of LPS in milk from challenged glands
began to fall within 1 h yet remained detectable after 48 h; in comparison, blood
remained negative or showed only trace amounts, matching the negligible concentrations
in milk from the non-infused glands. A later study found that experimental E. coli
mastitis induced significant but sporadic increases in plasma LPS in only 3 out of 12
treated cows (Dosogne et al., 2002). This indicates that LPS is either detoxified within
the mammary gland, rapidly detoxified upon entering circulation, or both. Therefore, LPS
induces local effects but may not have direct systemic effects. Rather, the mediators
released in response to LPS may hold the key to unlocking systemic mechanisms.
Altered Physiology During Mastitis

Severe cases of mastitis induced by LPS or E. coli infections are characterized by
systemic, clinical symptoms. Fever, elevated heart rate, lethargy, reduced feed intake, and
hypersalivation can develop within hours of an LPS challenge and persist for several
additional hours (Jacobsen et al., 2005; Aditya et al., 2017). Pathophysiological changes
in blood accompany physiological responses to LPS, wherein concentrations of cells and
molecules may increase (e.g. cytokines, eicosanoids, acute phase proteins), decrease
(PMNL), or exhibit variable responses (glucose) (Lohuis et al., 1988; Aitken et al., 2011).
Naturally, early studies compared spatiotemporal changes in milk against blood
components and clinical symptoms to establish relationships.
Manifestation of Local and Systemic Effects in Milk

The local response of a mammary gland to an intramammary bolus infusion of E.

coli or LPS is well-documented. A timeline of the earliest identified changes in milk is
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presented in Figure 1.2. The earliest changes reflect a change in the permeability of the
blood-milk barrier, wherein concentrations of ions and albumin increase in milk,
followed closely by migration of immune cells into the lumen (Figure 1.2). Merely 12 h
after administration, milk yields of challenged quarters are reduced by 30-75%, with at
least 50 times the number of somatic cells as pre-challenge (Hoeben et al., 2000;
Mehrzad et al., 2001; Petzl et al., 2008). In comparison, the response of non-inflamed
neighboring glands is less drastic, with weak drops in milk yield and slight increases in
SCC.

Expanding upon earlier studies reviewed by Lohuis et al. (1988), a series of
experiments led by Shuster in Harmon’s lab progressed the hypothesis that non-inflamed
neighboring glands undergo hypogalactia during LPS-induced mastitis. At 12 h post-
infusion, quarter milk yields declined nearly 20% in both LPS-challenged and
neighboring saline-infused glands, after which 24 h yields recovered slightly in
neighboring glands but continued to fall in LPS-challenged glands to 67% of pre-infusion
yields (Shuster et al., 1991c). Further, markers of inflammation (e.g. SCC, albumin,
lactoferrin) were increased only in milk from LPS-challenged glands. To account for
these changes, the authors proposed that milk production in all glands was affected by
“systemic suppression”, with an additional “local suppression” related to inflammation in
only LPS challenged glands (Shuster et al., 1991c). These researchers recognized,
however, that several inflammatory responses occur within the first 12 h of an LPS
challenge. Thus, these researchers conducted a second experiment to better characterize
the temporal response in milk production to an LPS challenge by increasing milkings

from 2 to 4 times daily (Shuster et al., 1991a). Treated and neighboring quarters had a
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similar decline in milk production at 12 h post-challenge but not before. Yields of milk
components declined as well. Notably, milk fat yields dropped at 6 h, well before
changes in other components, suggesting differential regulation of milk components
(Shuster et al., 1991a). Having established a more complete timeline, their third
experiment focused specifically on the systemic induction of inflammation by recording
milk production in response to an intravenous (i.v.) bolus infusion of LPS (Shuster et al.,
1991b). Similar to the preceding experiments, milk yields declined by 33% by 12 h post-
infusion. Most importantly, there was no indication of an immune response in milk
(Shuster et al., 1991b). Therefore, further experiments were warranted to identify the
systemic mediators of hypogalactia.

Of the various systemic factors that could play a role in mediating hypogalactia in
all quarters, Shuster and colleagues decided to investigate cytokines and glucocorticoids
(Shuster and Harmon, 1992; Shuster et al., 1993). Interestingly, both regulate glucose.

In cows, the mammary gland requires plasma-derived glucose for lactose
synthesis. Bovine mammary epithelial cells lack the necessary enzyme, glucose-6-
phosphatase, to perform intracellular gluconeogenesis (Scott et al., 1976). Given this
limitation, lactose yields depend on the amount of glucose supplied to the mammary
gland and the utilization of glucose by MEC. Some researchers have proposed that
reduced milk yields result from lower glucose availability because cows with mastitis
often have hypoglycemia (Lohuis et al., 1988; Waldron et al., 2003). In fact, an activated
immune system was estimated to utilize over 1 kg of glucose in the first 12 h following
an i.v. infusion of LPS (Kvidera et al., 2017), which should theoretically limit the supply

reaching the mammary gland. However, Kvidera et al. (2017) also reported that
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maintaining euglycemia during the LPS-challenge did not prevent hypogalactia. Thus,
glucose utilization by MEC may be directly regulated by factors present during systemic
inflammation whether glucose is limiting or not.

Timing and Mechanisms of Systemic Factors

Cytokines. In blood, pro-inflammatory cytokines are among the earliest indicators
of an inflammatory response. Plasma tumor necrosis factor a. (TNF-a) increases within 1
h of infusion of LPS (Paape et al., 2002; Waldron et al., 2003), which is earlier than any
cytokines have been detected in milk (Figure 1.2). Interleukins (IL) 1 and 6 are elevated
within 3-4 h after an LPS challenge (Shuster et al., 1993). In healthy cows, subcutaneous
injections of recombinant bovine TNF-a caused a 16% reduction in milk yield, increased
IL-1B concentrations, and altered the response of growth hormone, thyroid hormones,
and cortisol to their stimulating hormones (Kushibiki et al., 2006). With this association
between cytokines and milk production, researchers soon discovered that these cytokines
could potentially mediate hypogalactia through control of lactose synthesis, either by
dysregulation of glucose transporters or by interfering with mammary utilization of
glucose.

Facilitative glucose transporters, particularly insulin-independent GLUTL, are
highly expressed during lactation (Komatsu et al., 2005; Zhao 2014). Treatment of
cultured murine MEC with TNF-a and IL-1B can induce internalization and degradation
of GLUT1 from the basolateral membrane (Kobayashi et al., 2016; Matsunaga et al.,
2018), limiting glucose uptake. On the other hand, because mammary glucose transport is
mainly facilitative, glucose must be converted into a product, such as lactose, to maintain

the concentration gradient into the cell. Conversion of glucose and galactose to lactose
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requires both subunits of lactose synthase, B4GALT1 and a-LA. In addition to GLUT1,
TNF-a treatment of cultured murine MEC also reduced transcript expression of LALBA
(Kobayashi et al., 2016). Similarly, bovine mammary tissue after intramammary LPS
challenges showed negative regulation of LALBA (Schmitz et al., 2004; Gross et al.,
2015). This appears to be a direct inhibition of LALBA due to inflammation, rather than
reduced glucose availability, because altering the concentration of glucose affected
expression of BAGALT1 but not LALBA in bovine MEC (Lin et al., 2016). Ultimately, it
remains unclear whether lactose production is regulated in vivo by cytokines induced by
LPS and, if so, whether the mechanism regulates transport and/or utilization of glucose.
Glucocorticoids. In cows administered an i.v. bolus of LPS, plasma cortisol
increases in 1-2 h, peaks by 3-4 h, then returns to baseline within 24 h post-challenge
(Waldron et al., 2003; Vernay et al., 2012). A similar response in cortisol levels is
observed after intramammary administration of LPS (Shuster et al., 1993; Waldron et al.,
2006). Notably, treatment of cows with the potent synthetic glucocorticoid,
dexamethasone, or supraphysiological doses of adrenocorticotropic hormone (ACTH)
decreases milk yield (van der Kolk, 1990; Shamay et al., 2000). As noted for cytokines,
Hartmann and Kronfeld (1973) determined that dexamethasone affected milk production
because the mammary gland utilized less glucose. It must be noted, however, that
physiological doses of ACTH that induce a spike in plasma cortisol comparable to those
observed during LPS challenges do not affect milk yield (van der Kolk et al., 1991;
Shuster and Harmon, 1992). Thus, if cortisol is involved in the systemic control of milk

production, it is likely in conjunction with other factors.
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Timing and Mechanisms of Local Response to LPS

Whereas systemic factors should affect all glands, local changes in the inflamed
quarter may cause additional losses in milk and milk component yields. Although
physical changes in the mammary gland are apparent, the mechanisms behind these
effects remain debatable.

Tight junctions: During lactation, tight junctions between the lateral membranes
of MEC limit paracellular transit of blood and milk components. Greater recovery of
albumin and Na* in milk (Lengemann and Pitzrick, 1986), in conjunction with elevated
concentrations of a-lactaloumin and lactose in plasma and urine (Shuster et al., 1991c;
Wellnitz et al., 2015), is therefore associated with an increase in permeability, or
leakiness, of the blood-milk barrier. Perhaps the simplest explanation for hypogalactia in
glands with leaky tight junctions is the loss of lactose into blood. As the major osmolyte
in milk, a smaller amount of lactose present in milk would theoretically reduce the
volume of milk. However, blocking the leakiness of tight junctions and escape of lactose
into blood with ACTH did not lessen the reduction in milk yield associated with milk
stasis (Stelwagen et al., 1998). Indeed, an imbalance in the Na:K ratio in milk also
impairs milk production. Increasing Na* concentrations in healthy quarters reduced milk
lactose concentrations and milk yield without affecting tight junction integrity or plasma
lactose (Stelwagen et al., 1999). Therefore, it is unlikely that the loss of lactose through
leaky tight junctions is a major factor causing hypogalactia.

Somatic Cells: Milk SCC is significantly increased within 3 h of an LPS
challenge (Wellnitz et al., 2015). Furthermore, the distribution of somatic cells shifts

from a heterogeneous mixture of macrophages, lymphocytes, and PMN to a majority of
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PMN within 6 h post-challenge (Mehrzad et al., 2001; Schwarz et al., 2011). This drastic
change in somatic cell composition and concentration is associated with compositional
(Fernandes et al., 2004) and metabolic (Xi et al., 2017) changes in milk from inflamed
glands. One factor in this response is the increase in enzymes produced by activated
PMNL. Plasmin concentration and proteolytic activity in milk closely follows the rise in
SCC after intramammary administration of LPS (Mehrzad et al., 2005). Collectively,
these enzymes act upon a broad range of substrates, from caseins to components of
connective tissue. Activation of the plasmin system and hydrolysis of caseins has been
proposed to explain the local suppression of milk synthesis because hydrolyzed casein
significantly increased Na* and reduced lactose concentrations by 8 h after infusion
(Shamay et al., 2003). On the other hand, degradation of the extracellular matrix
anchoring MEC triggers apoptosis, impairing overall milk production through reduced
synthetic capacity of the gland.

Another factor connected to elevated somatic cells is the release of reactive
oxygen and nitrogen species (RONS) by PMNL. Production of RONS by milk somatic
cells can increase significantly after intramammary administration of LPS, even
compared to production by circulating leukocytes (Mehrzad et al., 2001). The local,
indiscriminate release of RONS by PMNL results in oxidative damage to all
biomolecules, whether of bacterial or host origin. Thus, RONS that destroy pathogens
may also damage MEC and impair milk production. For example, administration of
RONS to cultured human mammary alveolar structures induced apoptosis of the luminal
MEC but not basal layers (Thomas et al., 2011). It must be noted, though, that this

mechanism might not translate across species into an in vivo loss of MEC in cows.
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Lastly, the release of RONS into surrounding tissues and circulation during mastitis can
induce oxidative stress, wherein antioxidants are inadequate to counter oxidants (Ibrahim
et al., 2016). However, it remains unknown whether oxidative stress directly regulates
mammary function or is merely a consequence of inflammatory mediators (Sordillo and
Aitken, 2009).

In searching for the local and systemic factors that regulate milk production
during mastitis, results are equivocal. The most promising mediators of hypogalactia in
neighboring quarters are pro-inflammatory cytokines, yet the underlying mechanisms
regulating lactose synthesis remain unclear. Additionally, the most frequently studied
factors largely ignore changes in other milk components, particularly milk fat. Studies
must continue to investigate the effects of these and novel factors on lactating mammary
tissue to understand the regulation of lactation in response to systemic inflammation.

Gene Expression and Transcriptomics to Study Impact of Mastitis on Lactation

Due to the diversity of potential factors involved in the local and systemic
regulation of mammary physiology, research has recently turned to broad approaches to
identify targets of interest and mechanistic relationships. Microarrays and RNA
sequencing are powerful tools to assess global gene expression and answer complex
biological questions. Unsurprisingly, the main focus of transcriptomic studies on mastitis
has been to unravel the immune response, as reviewed by Rinaldi et al. (2010b). Most
studies have emphasized the kinetics of the immune response to different mediators, such
as LPS, E. coli, or S. aureus, in order to better understand the host response (Table 1.1).
With few exceptions, glands with acute mastitis show an increased expression of immune

responsive and pro-inflammatory genes. From a phenotypic standpoint, this matches the

17



local response observed in milk. What differs between different mediators are the kinetics
of the immune response and the specific genes that are altered. For example, studies that
infused mammary glands with LPS identified differential expression of genes for
cytokines, chemokines, and acute phase proteins hours earlier than studies that infused
glands with E. coli (Zheng et al., 2006; Mitterhuemer et al., 2010; Buitenhuis et al.,
2011). Fewer genes were differentially expressed in response to S. aureus than to E. coli
in primary bovine MEC (Ginther et al., 2011), matching the severity of responses in milk
yield. Moreover, even within an inflamed gland, different regions of the mammary gland
responded differently over time, with expression of pro-inflammatory genes appearing
first in teat tissues and later in distal parenchyma (Rinaldi et al., 2010a; Petzl et al.,
2016). Thus, the local transcriptional response to a pathogen can be distinct but at the
same time induce common inflammatory pathways.

Several studies looked beyond the local responses within the inflamed mammary
gland to investigate systemic effects, including changes in the liver during experimental
mastitis (Jiang et al., 2008; Minuti et al., 2015; Moyes et al., 2016). Similar to mammary
tissue, inflammatory and immune responses were the earliest pathways affected in the
liver. Further, the expression patterns of genes encoding acute phase proteins and
metabolic enzymes confirmed previous evidence of elevated concentrations of acute
phase proteins and altered hepatic metabolism during mastitis (Lohuis et al., 1988;
Waldron et al., 2003).

For the liver to respond to a distant, localized source of inflammation, it is logical
to assume that other organs may respond as well. In reviewing the literature, however,

few transcriptomic studies on mastitis have been designed to assess systemic changes in
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the non-inflamed neighboring glands, either by comparison against a pre-challenge
sample or to a separate, healthy animal. Out of 9 in vivo transcriptomic studies, only one
by Mitterhuemer et al. (2010) utilized an appropriate design to quantify changes in
neighboring glands and none compared responses against a pre-challenge sample from
the same animal (Table 1.1). To assess a local inflammatory response, it is valid to
compare a challenged quarter against an unchallenged, healthy quarter from the same
animal; the popularity of this comparison is reflected in the typical design for these
studies (Table 1.1). The issue with this comparison arises when attempting to determine
underlying mechanisms of systemic responses, including hypogalactia, without an
appropriate control for neighboring samples.

Recognizing the need to understand the kinetics of LPS effects on gene
expression, Schmitz et al. (2004) employed a biopsy technique for frequent sampling of
mammary tissue. One rear quarter was infused with 100ug LPS whereas the contralateral
gland was infused with saline. Biopsies were collected every 3 h, starting just prior to
infusions, to measure expression against 0 h in both treated and neighboring control
quarters. Using gPCR, the authors confirmed a local immune response in LPS-challenged
glands by the upregulation of inflammatory mediators (TNF-a and COX2) at 3 h post-
challenge. Further, genes specific to lactation (LALBA and CSN3) were significantly
downregulated by 9 h in the challenged glands. Interestingly, when the authors analyzed
the adjacent control quarters, minor but similar changes in TNF-a and LALBA expression
were apparent, indicating some systemic effects of the immune response on lactation
(Schmitz et al., 2004). However, a limitation of this study was the lack of a synchronous

negative control, which meant that all changes in gene expression over time were
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potentially confounded with biopsy- or saline-induced inflammation. Additionally, the
response in milk from sampled quarters could not be measured over time due to blood
contamination caused by biopsies.

A later design by Mitterhuemer et al. (2010) used a different approach to
determine the systemic effect of E. coli mastitis on neighboring glands. In two groups of
healthy cows, a single quarter was infused with E. coli. After 6 or 24 h, cows were
sacrificed to collect mammary tissue from the E. coli-challenged and neighboring glands.
A third group of cows was maintained under the same conditions but received infusions
of saline to allow collection of healthy control tissue. By comparing tissue from cows
with mastitis against healthy tissue, the authors not only identified the expected local
inflammatory response to an E. coli infection but also 476 differentially expressed genes
in the neighboring glands, of which 294 were identified in both quarters. Crucially, these
common, systemically regulated genes were associated with a protective immune
response and with the negative regulation of lactation (Mitterhuemer et al., 2010).
Moreover, the unique experimental design allowed milk to be collected prior to tissue
harvest, unlike in the design used by Schmitz et al. (2004), allowing actual decreases in
milk yields from both challenged and neighboring glands to support changes in gene
expression.

A third study by Jensen et al. (2013) supported the influence of systemic
inflammation on non-inflamed, neighboring quarters after failing to find an expected
local immune response. In this experiment, cows were administered three intramammary
infusions, one each in the right front, right hind, and left hind quarters, at three timepoints

over 24 h, leaving the final quarter as a non-infected control. Cows received either E. coli
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or S. aureus infusions for comparison of the inflammatory response to each pathogen.
However, the small number of differentially expressed genes in challenged quarters
compared to the within-animal control, especially for S. aureus infections, led the authors
to run post-hoc analyses on the different control quarters. In doing so, they found 187
differentially expressed genes in “control” quarters, suggesting that gene expression was
not stable but differed depending on the type of infection in challenged glands (Jensen et
al., 2013). Further, over 25% of the genes identified the E. coli control glands were also
systemically regulated in the study by Mitterhuemer et al. (2010), indicating that
responses to systemic inflammation in neighboring glands can be unique to different
infections.

The slow transition in transcriptomic studies from an exclusive focus on local
inflammation to more subtle systemic responses is a natural progression as more
powerful technigues become available and new studies build upon previous findings.
Having reliable annotations to compare against allows researchers to validate new models
and pursue novel findings. Indeed, recent studies by Brenaut et al. (2012, 2014)
suggested that isolation of RNA from milk fat provides a non-invasive method for
frequently sampling the MEC transcriptome. Compared against RNA from whole
mammary tissue, RNA from milk fat had lower contamination from immune cells but a
similar expression of genes required for milk synthesis (Brenaut et al., 2012). In response
to S. aureus infection, immune-responsive genes were mainly up-regulated (Brenaut et
al., 2014), indicating a direct immune response by MEC previously found in cultured
MEC (Glnther et al., 2011). On top of this transcriptional validation, the non-invasive

aspect is intriguing both as a method to improve understanding of kinetic and spatial
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changes to MEC in vivo and to simultaneously collect milk production data for biological
validation.

Overall, each transcriptomic study has brought a different aspect to the regulation
of the mammary gland. As the majority have advanced our understanding of the local
mammary response to inflammation, so it is important to continue such investigations
into the response of neighboring glands to systemic inflammation. If subtle changes can
be found in glands neighboring inflamed glands, perhaps other systemic sources of
inflammation affect gene expression as well.

Summary

Our understanding of the regulation of lactation during mastitis has progressed
over the past century with advancements in technology, from clinical observations to
biochemical analyses to transcriptomics. Each study has built upon previous findings, yet
the factor or factors causing transient hypogalactia in both inflamed and neighboring
quarters remain elusive. Observational and hypothesis-driven studies provided the first
evidence that neighboring glands could also be affected during a localized case of
mastitis. As connections between potential mediators and responses grew, targeted
studies of cytokines and glucocorticoids provided incomplete clues to explain how
hypogalactia occurs during mastitis. Most recently, a few global transcriptomic studies
have highlighted the changes that occur in neighboring quarters, but the development of
this transcriptomic response to LPS-mediated inflammation has yet to be measured over
time. Thus, this experiment was designed to compare spatiotemporal changes in milk
production against potential systemic factors and transcriptomic data to identify the

systemic mediators affecting lactation. The first objective was to determine the local and
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systemic responses of lactating mammary glands to an LPS challenge over the initial 24 h
following the challenge. Within this context, the second objective was to determine how
the mammary transcriptome of neighboring glands responds to systemic inflammation

over time.
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Table 1.1. Comparison of

lobal transcriptomic studies on mammary tissue after experimental mastitis challenge

Source Species | Type Tissue! | Timing? h Control Quarter® Other tissue
Internal | External
Zheng et al., 2006 Mouse | LPS MAP 4 Y N N
Minuti et al., 2015 Cow LPS Biopsy 2.5 N Y Liver
Mitterhuemer et al., 2010 | Cow E. coli MAP 6, 24 Y Y N
Rinaldi et al., 2010a Cow E. coli MAP/teat | 12, 24 Y N N
Jensen et al., 2013 Cow E. coli/S. | MAP 6,12, 24,72 Y N N
aureus
Moyes et al., 2016 Cow E. coli Biopsy 24 Y N Liver
Buitenhuis et al., 2011 Cow E. coli Biopsy 24,192 Y N N
Brenaut et al., 2012 Goat S. aureus | MFG 6,12,18,24,30 | Y N N
Brenaut et al., 2014 Goat S. aureus | MFG 6,12,18,24,30 | Y N N
Glnther et al., 2011 Cow E. coli/S. | ppbMEC 1,3,6,24 - - -
aureus

Mammary alveolar parenchyma (MAP), milk fat globules (MFG), primary bovine mammary epithelial cells (pbMEC)
2Time of mammary tissue sampling after intramammary challenge

3Control quarter represents samples collected from unchallenged quarters in the challenged animal (internal) or from a healthy animal

(external)
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Figure 1.1. Milk fat, protein, and lactose synthesis in the mammary epithelial cell.
Milk fat synthesis: All fatty acids (FA) are either formed de novo from acetic acid and f3-
hydroxybutyrate (BHBA) in the cytosol or taken up preformed from blood.
Triacylglycerol (TAG) synthesis in the smooth endoplasmic reticulum (SER) requires a
series of acyl transfers and modifications. Once formed, TAG coalesce to form microlipid
droplets. Lipid droplets released from the SER interact with other lipid droplets and the
apical membrane prior to budding into the lumen. Acetyl-CoA carboxylase alpha
(ACACA), fatty acid synthase (FASN), lipoprotein lipase (LPL), very-low density
lipoproteins (VLDL), long-chain fatty acids (LCFA), fatty acid transporter (SLC27A),
fatty acid binding protein (FABP), stearoyl-CoA desaturase (SCD), glycerol-3-phosphate
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acyltransferase (GPAM), 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT), lipin
(LPIN), 1,2-diacyl-sn-glycerol (DAG), diacylglycerol O-acyltransferase (DGAT1),
adipophilin (or perilipin 2; PLIN2), xanthine dehydrogenase (XDH), butyrophilin
(BTN1AZ1), acyl-CoA synthetase (ACS), fatty acid translocase (CD36);. Protein
synthesis: Amino acids (AA) are imported into the cytosol (Shennan and Boyd, 2014).
Activation of ribosomes for translation of milk proteins is regulated by the mammalian
target of rapamycin (mMTOR) and some AA, such as leucine (Leu). Newly formed
proteins are shuttled to the Golgi apparatus by vesicular transport for further
posttranslational modifications. The mature proteins are packed within exocytotic
vesicles and transported to the apical membrane, where they are released into

milk. Lactose synthesis: Glucose transporters (GLUT or SLC2A) facilitate uptake of
glucose from the basolateral membrane. Synthesis occurs in the Golgi, where the
interaction of B1,4-galactosyltransferase 1(B4GALT1) and a-lactaloumin (LALBA)
forms lactose synthase, which synthesizes lactose from glucose and UDP-galactose.
Glucose can be directly transported into the Golgi or converted first to UDP-galactose in
the cytoplasm, then transported by UDP-galactose transporter 2 (SLC35A2). Uridine-
diphosphate (UDP); UDP-glucose pyrophosphorylase 2 (UGP2); and
phosphoglucomutase 1 (PGM1). Figure from Osorio et al. (2016).
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Figure 1.2. Timeline of earliest known changes in milk following intramammary
infusion of LPS. Following intramammary infusion of LPS, the earliest evidence of
mastitis in milk begins with increases in concentrations of blood-borne proteins,
including albumin and immunoglobulin G (IgG), and Na* (Lengemann and Pitzrick,
1986; Shuster et al., 1993; Wellnitz et al., 2015). The first detection of cytokines varies
between 2 to 4 h depending on the dose of LPS, the specific cytokine, and sensitivity of
the assay (Shuster et al., 1993; Persson Waller et al., 2003). By 3 h, milk SCC is elevated
compared to control quarters and continues to rise, peaking 12-24 h post-challenge
(Mehrzad et al., 2001; Wellnitz et al., 2015). The increase in B-N-acetyl-glucosaminidase
(NAGase), a hydrolytic enzyme, correlates with SCC (Bouchard et al., 1999). This is then
followed by decreased concentrations of milk fat and lactose. Finally, the effects of LPS
culminate in reduced milk yields at 12 h, which may decline further (Shuster et al.,
1991a).
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Abstract

Each quarter of the bovine mammary gland is an anatomically and functionally
distinct gland. However, mastitis in one quarter affects the function of adjacent,
uninfected glands. To investigate the mechanisms and potential mediators of these
effects, we quantified early responses of the mammary gland to intramammary LPS
challenge, distinguishing between local and systemic effects. Ten multiparous cows over
70 days in milk were blocked into pairs by breed, cow-level somatic cell count (SCC),
and milk yield. Within block, one cow was assigned to LPS treatment (T), such that both
the front and the rear quarter of a randomly selected udder-half received an infusion of 50
ug LPS in 10 mL saline, these quarters were designated (T-L); the contralateral quarters
received only 10 mL saline and were designated (T-S). Similarly, each paired control
cow (C) received either 10 mL saline (C-S) or no infusion (C-N), into udder halves.
Cows were quarter-milked twice daily, with foremilk samples (~30 mL, front quarters)
taken at -24, 0, 3, 6, 12, and 24 h relative to infusions. At 24 h, average milk yield in T-L
and T-S quarters fell to 23 and 32% of pre-infusion levels, respectively. For T cows,
systemic effects were observed by 3 h post-infusion as rectal temperature was elevated
and foremilk fat concentration was reduced in both T-L and T-S. However, SCC and
concentrations of L-lactate and total protein in foremilk indicated a local response to
LPS: protein was transiently higher at 3 h while SCC and lactate were higher at 6 h in T-
L compared to T-S. Lactose concentration showed a local effect at 6 h, being lower in T-
L than in T-S, and then a systemic effect at 12 h, being lower in both T-L and T-S than C
quarters. Concomitant with changes in milk, systemic effects were also observed in

blood. Plasma antioxidant potential and glucose concentration were lower in T than C
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cows at 6 or 12 h, respectively, although neither variable remained different at 24 h. In
summary, unilateral LPS infusion induced distinct, time-dependent effects on each milk
component. Depending on the component, effects were local, systemic, or both,
suggesting involvement of multiple, different mediators that collectively result in
systemic inhibition of milk production.
Introduction

In dairy cows, acute coliform mastitis remains an obstacle to efficient milk
production, premium milk quality, and animal health. Infection by coliforms, particularly
Escherichia coli, often leads to the rapid onset of clinical symptoms and altered
production in infected quarters, comprising hypogalactia, elevated SCC, and reduced
milk components (Burvenich et al., 2003). Mastitis places a financial and managerial
burden on producers, who must absorb the costs of lost milk production while making
swift and appropriate decisions to prevent further losses and restore cow health. To aid
decision-making, research involving experimentally-induced mastitis has greatly
expanded knowledge of the disease, whether through infection by live bacteria (Hoeben
et al., 2000; Mitterhuemer et al., 2010) or infusion of bacterial-derived, pro-inflammatory
lipopolysaccharides (LPS; Guidry et al., 1983; Shuster et al., 1991b). Similar to severe
cases of mastitis, LPS infusion affects not only the infused glands but also the uninfused
adjacent glands, termed the systemic effect (Shuster et al., 1991a; Hoeben et al., 2000).
However, due to the complex pathophysiology of mastitis, the cause of these systemic
responses remains incompletely understood.

Each quarter of a bovine udder is an anatomically independent, functionally

distinct gland. Generally, after unilateral experimental infusion, bacteria can only be
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isolated from the milk of infused quarters while cultures from neighboring quarters
remain negative (Mitterhuemer et al., 2010), illustrating that milk and bacteria are unable
to cross from one gland into another. For this reason, many studies have used individual
quarters or udder-halves as separate experimental units to compare treatments within cow
(Bouchard et al., 1999; Persson Waller et al., 2003; Schmitz et al., 2004). However, when
one gland is infused with LPS, the endotoxin itself, along with several pro-inflammatory
molecules, can escape into blood (Ziv et al., 1976) and lymph (Persson Waller et al.,
2003). Supporting this evidence of systemic inflammatory mediators, several studies have
argued against quarter independence, noting increased SCC (Schultze and Bramley,
1982), altered milk composition (Paixao et al., 2017) and differentially expressed genes
(Mitterhuemer et al., 2010) in adjacent glands, which were previously presumed
unaffected.

Several milk components, including fat, protein, and lactose, are known to change
depending on quarter health status (Bruckmaier et al., 2004; Nielsen et al., 2005) or in
response to LPS. Additionally, most responses to an LPS challenge occur within the first
24 h (Guidry et al., 1983; Shuster et al., 1991a). However, despite the rapid onset of
clinical symptoms, few studies have included measurement of milk components at
intervals earlier than 12 h post-challenge. Experiments that included sampling earlier and
more frequently than 12 h have been focused mainly on immune responses (Shuster et al.,
1993; Bouchard et al., 1999; Persson Waller et al., 2003), although two included
measurement of proteins (Wellnitz et al., 2015) and lactose (Guidry et al., 1983). To our
knowledge, 6 h post-LPS infusion is the earliest timepoint at which milk composition has

been examined and results indicated that different milk components are regulated
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independently at this time (Shuster et al., 1991a). Thus, acute changes in milk
composition provoked by an LPS challenge are worth investigating to understand local
and systemic effects.

Our long-term goal is to identify mechanisms causing the acute local and systemic
reactions of mammary glands to intramammary LPS. In the present experiment, we
designed a unilateral challenge model with sample collection at 3 and 6 h post-infusion to
capture relatively early temporal responses. Our objectives were to determine if and when
each milk component responded to local or systemic effects over an acute time course so
that relationships between components and potential mediators could be identified.
Further, we tested several previous hypotheses proposed to explain the systemic changes
in lactation.

Materials and Methods

All procedures involving animals were approved by the University of Missouri
Institutional Animal Care and Use Committee (Protocol #9283).

Animals and Management

Ten multiparous Holstein-Friesian (n = 8) or Jersey x Holstein (n = 2) cows were
paired by breed, udder-level SCC, and daily milk yield. All cows included in the study
had cow-level SCC < 174,000 cells/mL based on the most recent monthly DHIA testing
(Mid-South Dairy Records, Springfield, MO) and all had reached mid-lactation (range:
157 to 373 DIM) except one (75 DIM). All quarters of eligible cows were aseptically
sampled at d -14 and -8 prior to infusions and all quarters of enrolled cows were culture-

negative for major mastitis pathogens.
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Cows were moved from free-stall housing and temporarily housed in a straw-
bedded pack barn. Cows had free access to water and were fed ad libitum a TMR
formulated to meet or exceed lactational requirements. All cows were milked twice daily
prior to and during experiment. For two mornings prior to initiation of the experiment,
cows were milked in a portable chute to familiarize each cow with the novel routine.
Design

Paired cows were randomly assigned to one of two cow-level treatments: 1) LPS
treatment (T) or 2) control (C). Within the respective treatment, udder-halves were
assigned one of two sub-treatments (Figure 2.1). For T cows, the left or right udder-half
was randomly assigned to receive an infusion of 50 pg E. coli-LPS (serotype O55:B5;
Sigma-Aldrich, St. Louis, MO) in 10 mL 0.9% sterile saline into both of the ipsilateral
front and rear quarters; these quarters were designated (T-L). The contralateral quarters
received only 10 mL sterile saline and were designated (T-S). For C cows, ipsilateral
quarters of one udder-half received infusions of 10 mL saline and were designated (C-S),
whereas the contralateral quarters were not infused, and designated (C-N). All quarters of
each cow were infused within 1 min, defined as 0 h.

Cows were quartermilked at 12 h intervals, relative to infusions. Individual
quarter milk samples were collected from front quarters at milkings and at 3 and 6 h post-
infusions. Rectal temperature and blood samples were collected at milk sampling times.
As part of another study, cows were sedated and both rear quarters were biopsied at 0, 3
and 12 h post-infusions. Biopsies compromised the blood-milk barrier thus precluding

meaningful measurement of milk components in blood as indicators of inflammation.
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Accordingly, milk yield and composition was determined from the non-biopsied, front
quarters.

At the morning milking on the initial day of the experiment, cows were randomly
assigned a milking order. After milking, cows were restrained in a stationary stanchion
and sedated by i.v. injection of 20-30 pg/kg BW of xylazine (Akorn Inc., Lake Forest,
IL) in preparation to obtain mammary biopsies from both rear quarters, following the
method of Farr et al. (1996). Immediately after biopsy, quarters were aseptically infused
with LPS or saline or remained uninfused according to the experimental design described
above. All cows were infused approximately 49 min after milking (range: 30 to 90 min).
After infusion, teat ends were held closed and the udder was massaged for 10 s to
distribute solutions. Cows were released back to the pack barn with free access to TMR
and water until the next sampling time.

Milking and Milk Sampling

For milk sampling (-24 and -1 h pre-infusion; 3, 6, 12, and 24 h post-infusion),
teats were dipped in iodine, manually stripped 2-3 times, and thoroughly dried with a
clean paper towel. Then, 25-30 mL foremilk was manually expressed into a container and
preserved with a bronopol tablet for DHI analysis. Immediately thereafter, an additional
80-90 mL was collected into two 50 mL conical tubes. When sampling coincided with
milking times (-24 and -1 h pre-infusion; 12 and 24 h post-infusion), the quarter milking
unit was attached immediately after foremilk collection and the remaining milk was
harvested by portable machine milking into collapsible bottles corresponding to each
quarter. Cows were milked out with 10-20 IU of oxytocin given i.v. after unit attachment.

After milking, each milk bottle was weighed to obtain milk yields per quarter, then
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agitated before removal of 25 mL milk for DHI analysis. Thus, two types of quarter milk
samples were collected: 1) foremilk, representing strippings taken before machine
milking and 2) harvested milk, defined as samples drawn from bottles after milking.

Preserved milk samples were left at ambient temperature up to one week until
shipment for milk composition analysis (Mid-South Dairy Records, Springfield, MO).
Milk from one 50 mL tube was centrifuged at 2,200 g for 15 min at 4°C within 5 min of
collection to separate milk fat, then 1 mL aliquots of skimmed milk were frozen at -20°C,
and stored at -80°C.
Blood Sampling

At 1 h pre-infusion and 3, 6, 12, and 24 h post-infusion, blood was taken from the
coccygeal vein into vacutainer tubes (Covidien, Mansfield, MA) for serum (no additive)
and plasma (K3-EDTA). Plasma was processed within 5 min of collection whereas serum
was refrigerated overnight at 4°C. Samples were centrifuged at 2,200 g for 15 min at 4°C.
Supernatants were aliquoted into 1.5 mL tubes and stored at -80°C.
Assays

Milk L-lactate was measured in skimmed milk as described by Shapiro and
Silanikove (2010) using L-lactic dehydrogenase (Sigma, St. Louis, MO) and diaphorase
(Worthington Biochemical Corp., Lakewood, NJ). Fluorescence was read at EX/Em =
530/590. Intra- and inter-assay coefficients of variation were 4.8 and 5.4%.

Urea nitrogen concentration was analyzed in serum and skimmed foremilk
samples using the colorimetric BUN procedure no. 580 (Stanbio Laboratory, Boerne,
TX), which is based on acid catalyzed diacetyl monoxime methodology. Serum was

analyzed directly. Milk was diluted 1:5 with the supplied acid reagent
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(sulphuric/phosphoric acids), then deproteinized by centrifugation at 17,000 x g for 5
min. The clear milk/acid supernatant was then analyzed. Absorbance was read at 520nm.
Intra- and inter-assay coefficients of variation were 1.8 and 2.3% for serum, and 3.2 and
1.7% for milk, respectively. For validation, selected milk samples were spiked with 3
known concentrations of urea nitrogen and subjected to precipitation and analysis. Spike
recoveries averaged 113 + 19% over a range of 11.5 to 26.2 mg/dL.

The antioxidative potential of blood was analyzed by the ferric reducing ability of
plasma (FRAP) assay adapted from Benzie and Strain (1996). Working FRAP reagent
was freshly prepared and plasma was diluted 1:2 with double distilled water. Forty puL of
the diluted plasma or standard was incubated in 200 uLL FRAP reagent for 20 min before
reading absorbance at 593nm. Known aqueous concentrations of Fe?* (50-500 uM) were
used to generate a standard curve. Intra- and inter-assay coefficients of variation were 4.2
and 2.4%.

Plasma glucose was analyzed using PGO enzymes and o-dianisidine
dihydrochloride, according to manufacturer’s instructions (Sigma, St. Louis, MO). Five
pl of sample or standard was incubated in 200 pl of reaction solution for 60 min at 37°C
before reading absorbance at 450 nm. A standard curve was prepared from serial
dilutions of glucose with double distilled water (20-100 mg/dL). Intra- and inter-assay
coefficients of variation were 4.1 and 9.2%. All assays were read by spectrophotometer
(Synergy HT; BioTek Instruments, Winooski, VT).

Statistical Analyses
All component yields were calculated per quarter by multiplying the component

percent by the quarter milk yield. For foremilk samples, concentrations of protein and
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lactose were calculated as the percentage in fat-free milk according to the following
equation: [X/(100-fat)] x 100%, where X is the concentration of protein or lactose, and
fat is the fat concentration for a given sample. Covariate values for rectal temperature,
milk yield, and component-related variables were then calculated as means of -24 and 0
h. Lactate, MUN, and blood constituents were not measured at -24 h and thus covariates
were based on 0 h values.

Data were analyzed for normal distributions and outliers beyond 3 standard
deviations were removed; SCC and lactate data were logio-transformed. Data were
analyzed as a randomized complete block design in SAS 9.4 (SAS Institute, Inc.) using
the PROC MIXED procedure with repeated measures. For rectal temperature and blood
constituents, the statistical model included fixed effects of treatment, time, the interaction
of treatment and time, and the pre-infusion covariate, with block as the random effect.
Cow within treatment was the subject for repeated measurements over time. The
covariance structure selected was first order autoregressive. For all milk data, the
statistical model was slightly modified with quarter as the experimental unit and random
effects of cow over time within block. The covariance structure selected was compound
symmetry. For variables with missing data, degrees of freedom were calculated using the
Kenward-Roger approximation method. When main effects or interactions were
significant, differences between means were determined using the PDIFF option.
Covariate-adjusted least-squares means and standard errors of the means are reported.

Significance was declared at P < 0.05.
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Results

By 3 h post-infusion, T cows developed hyperthermia (P < 0.01), which persisted
for at least three hours and had resolved by 12 h (Figure 2.2). The following morning (24
h), T cows had lower rectal temperatures compared to C cows (P < 0.05). Temperatures
in C cows remained stable over the duration of the experiment.
Milk Production

Prior to infusions, quarter-level milk yield did not differ between cow treatment
groups (T vs C; P > 0.25) or udder-halves (P = 0.12). Individual front quarter milk yield
(12 h interval) for all treatments averaged 3.14 £ 0.27 kg per quarter at 0 h. To assess
potential effects of saline infusion on mammary function, we compared C quarters, C-S
and C-N. Overall milk yield in C-N was lower than C-S (Table 2.1) because yields were
numerically lower throughout the experiment and significantly lower (P = 0.03) at 12 h.

Overall milk yield was lower in T than C cows (Table 2.1; P <0.05). At 12 h,
milk yields of T-L and T-S quarters were lower than their pre-infusion yields (P = 0.04)
but not different from yields of C quarters (Figure 2.3). By 24 h, yields of T-L and T-S
quarters were less than yields of C quarters (Figure 2.3; P < 0.001).

Harvested Milk. These samples were obtained from machine-milkings at normal
12 h intervals. By 12 h post-infusion, milk somatic cell concentration was substantially
higher in T-L compared to T-S and C quarters (P < 0.001) and remained elevated at 24 h,
with most samples from T-L quarters exceeding the maximum detection limit of 10
million cells/mL. On the other hand, there was no difference between quarters in fat, total

protein, or lactose concentration of milk obtained at these milkings (Table 2.1).
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Yield of somatic cells was higher in T-L than T-S and C quarters at 12 and 24 h
milkings (P < 0.001), but yield of T-S quarters did not differ from C quarters until 24 h,
when T-S yield was lower (Table 2.1; P = 0.01). Compared to 12 h, both T-L and T-S
quarters yielded fewer cells at 24 h, concomitant with the further decline in milk yield. In
comparison, all yields of fat, protein, and lactose in both T-L and T-S declined over time,
becoming significantly different to both C quarters at 24 h (Table 2.1; P < 0.01).
Foremilk Components

Somatic Cells. SCC increased over 30-fold in LPS treated quarters by 6 h (Figure
2.4A). At 3 h, SCC in foremilk increased in all quarters except T-S (P < 0.01), before C
quarters began to return to pre-infusion levels. By 6 h, SCC in T-L was higher than all
other quarters (P < 0.001). The SCC in T-S quarters was not different from C quarters,
though it was numerically higher by 12 h.

Lactate. Milk lactate concentration reflected the increased SCC in T-L quarters
(Figure 2.4B). By 6 h, lactate in T-L quarters increased 6-fold from 0 h (P < 0.001).
Lactate continued to rise in T-L for the remainder of the experiment. Lactate
concentration in T-S was not different from C quarters.

Fat. Foremilk samples had lower fat concentrations than harvested samples at 0 h
(2.2+£0.31vs 3.8% £ 0.21, P < 0.01). Unlike harvested samples, a treatment by time
interaction (Figure 2.4C; P = 0.03) in foremilk revealed treatment differences at 3 and 6
h. Compared to 0 h, milk from both C quarters had higher fat concentration at 3 and 6 h
with roughly 3- and 2-fold increases, respectively. In contrast, the normal increase in fat

concentration was almost entirely blocked in both T-L and T-S, being lower (P < 0.05)
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than C quarters at 3 and 6 h. By 12 h, fat concentration returned to 0 h levels with no
difference between treatments.

Protein. A treatment by time interaction (P < 0.01) for protein concentration
indicated a transient effect on T-L quarters at 3 h (Figure 2.4D). Compared to 0 h, all
quarter treatments except T-L had lower protein concentration at 3 h (P < 0.01), whereas
T-L quarters declined more gradually and were not lower than pre-infusion until 12 h.
Although there was no difference between treatments after 3 h, treatments evoked
different patterns of response in protein concentration: C quarters increased to near pre-
infusion levels by 12 h, T-S quarters remained unchanged from 3 h on, and T-L quarters
decreased, reaching T-S levels by 12 h.

Lactose. In contrast to fat and protein, lactose concentration of foremilk decreased
in T-L and T-S over time to different degrees (Figure 2.4E). An interaction between
treatment and time (P < 0.001) revealed distinct changes in lactose concentration within
and across treatments (Figure 2.4E). In C quarters, lactose fell slightly between milkings
(P < 0.05) before returning to pre-infusion levels at 12 h. In T-L and T-S, lactose
concentration fell below pre-infusion levels (P < 0.01) at 6 h in T-L quarters, preceding
the drop in T-S quarters at 12 h. Lactose concentration from both T-L and T-S was lower
than C quarters by 12 h (P < 0.05) and was further reduced by 24 h. In addition, lactose
remained lower in T-L compared to T-S quarters from 6 h on; the difference reaching
significance at 24 h (P < 0.01).

Urea Nitrogen
Concentrations of BUN and MUN increased over time (Figure 2.5, P <0.001).

Compared to pre-infusion levels, MUN increased earlier in C than T cows (6 vs 24 h; P <
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0.001). This followed changes in BUN concentrations, as results indicated a positive
relationship between BUN and MUN (r = 0.84, P < 0.001) but no interaction between
treatment and time for BUN (P = 0.14) or MUN (P = 0.10). In comparing the ratio of
quarter MUN to BUN, there was a time effect but not a treatment effect, with the greatest
difference between milk and blood at 3 h post-infusions.
Plasma Components

Plasma glucose concentration in T cows was not different from C cows through 6
h, but then declined from 6 to 12 h (Figure 2.6A; P < 0.001) before returning to pre-
infusion levels by 24 h. Likewise, the antioxidant potential of plasma was lower in T
compared to C cows at 6 and 12 h (Figure 2.6B; P < 0.01) but was no longer different by
24 h,

Discussion

The collection of two types of milk samples, coupled with the unilateral
treatments, enabled us to identify distinct local and systemic responses to LPS. Our
results agreed with previous studies, wherein LPS-treated cows had significantly elevated
SCC only in LPS-infused glands (Guidry et al., 1983; Shuster et al., 1991a; Mehrzad et
al., 2001) but milk yield and components were depressed in both infused and non-infused
quarters (Shuster et al., 1991a). Foremilk samples in particular revealed time-dependent
effects of treatment on components, corroborating a prior report of lower fat and lactose
concentrations at 6 h (Shuster et al., 1991a). Further, changes in protein concentration of
milk from LPS-infused glands preceded the increase in SCC (Guidry et al., 1983;

Wellnitz et al., 2015). As a first step toward identifying the underlying mechanisms, we
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identified several variables that were affected by local or systemic effects and improved
the temporal resolution of acute responses.

Our collection of foremilk was designed to allow analysis of an acute time course
while mitigating effects on 12 h milk yields. By not fully milking quarters at 3 and 6 h,
we avoided changes in composition due to frequent milk removal (Linzell, 1967) at the
expense of determining yields at those times. This sampling design proved successful, as
LPS treatment affected all components in foremilk. Foremilk fat and protein
concentration responded the earliest, at 3 h post-infusion, before subsequent changes in
SCC and lactose at 6 h. However, unlike protein, fat was affected not only in LPS-infused
but also the contralateral saline-infused glands; we will refer to the effect on these saline-
infused glands as the systemic response. When a component was only affected in LPS-
infused glands, e.g. SCC, or affected to a greater extent in the LPS-infused glands, e.g.
lactose, we will refer to this as the local response.

Because fat concentration is known to be higher in hind and residual milks
(Nielsen et al., 2005), milk collected between milkings was expected to have a higher fat
concentration, as observed in control cows (Figure 2.4C). However, this normal increase
appeared to be blocked by a systemic effect. This effect must be rapid to affect cisternal
milk present in the udder after milking. Further, the effect should be reversible, as fat
yields rebound to pre-infusion levels sooner than protein and lactose without evidence of
hypersecretion (Shuster et al., 1991a). The simplest explanation, dilution, was not
supported by our data as neither protein nor lactose showed a simultaneous systemic
change in concentration. We therefore suggest three possible mechanisms: increased

lipolysis, suppressed release of milk fat globules (MFG) from the apical membrane, or
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stronger adhesion of MFG to each other or to the luminal epithelium. Of these, only
lipolysis has been studied, though increased concentrations of free fatty acids in milk
were attributed more to increased influx from blood or mechanical damage post-
harvesting than catabolism of MFG (Needs and Anderson, 1984). If there is a post-
secretory effect on milk fat, then the decline in fat yields over 24 h may not be due solely
to reduced synthesis or secretion from alveoli, as previously interpreted (Shuster et al.,
1991a). Given the nature of the systemic effect, further studies designed to analyze all
aspects of milk fat, from synthesis to post-secretion, are warranted to understand the
regulation of milk fat synthesis and secretion during mastitis.

In contrast to fat, our results suggest that protein concentration was primarily
regulated by local effects. This was mainly consistent with previous findings (Guidry et
al., 1983; Shuster et al., 1991a), though the latter also found systemic regulation of
protein concentration. Leakage of albumin and transport of immunoglobulins across the
blood-milk barrier occurs in LPS-infused glands by 2-4 h post-infusion and before the
rise in SCC (Guidry et al., 1983; Wellnitz et al., 2015). However, the subsequent
increased migration of polymorphonuclear neutrophils may balance protein influx with
proteolysis (Mehrzad et al., 2005). These changes are consistent with our results
regarding timing and pattern of changes in protein concentration relative to SCC.

Compared to fat and protein, LPS effects on lactose concentration were delayed
and this was true of both local and systemic effects. As the main determinant of milk
volume, lactose is the least variable component in terms of concentration. For lactose
concentration to decrease, there must be a rise in other osmotically-active molecules,

such as electrolytes (Stelwagen et al., 1999; Bruckmaier et al., 2004). Guidry et al. (1983)
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reported similar local and systemic reductions in lactose concentration, which generally
correlated with increased Na* and CI- concentrations. What remains unknown is the cause
of the reduced lactose, reflected in lower yields at milking. Lactose is known to leak into
blood (Stelwagen et al., 1994) and be excreted in urine (Fetherston et al., 2006) when the
integrity of the blood-milk barrier is compromised. On the other hand, a systemic effect
on lactose synthesis cannot be ruled out. In cultured murine mammary epithelial cells,
addition of inflammatory cytokines known to respond to LPS negatively affected the
lactose synthesis pathway (Kobayashi et al., 2016). While both may explain our
responses in lactose yield, this experiment was not designed to test the sources of this
effect.

Milk urea nitrogen, a hydrophilic molecule known to readily equilibrate across the
blood-milk barrier (Spek et al., 2016), was largely unaffected by LPS. The rise in serum
urea nitrogen in all cows likely reflected changes in blood chemistry or urea metabolism
possibly due to normal diurnal variation or in response to the stress of biopsies, repeated
sampling, and, in the case of treated cows, altered feed intake. The apparent delay in
equilibration of MUN to BUN concentrations is in accordance with the urea flux model
proposed by Spek et al. (2016), which predicts a period of 4 h for a difference of 3.5
mg/dL to disappear. For LPS to affect MUN, levels should equilibrate either faster or
slower than predicted within the same cow. It is interesting that our results appear to
show that at 3 h, when the ratio of MUN to BUN was lowest, LPS-infused quarters had
the highest ratio, suggesting faster equilibration.

Although components were initially regulated differently in response to LPS,

yields of milk, lactose, protein, and fat were all systemically reduced by the first milking
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post-infusions. This confirms that a systemic factor(s), released into blood from either the
LPS-infused gland or from non-mammary tissue, causes hypogalactia. In fact, infusing
LPS intravenously also induced an overall reduction in milk yield and components
without triggering an influx of leukocytes (Shuster et al., 1991b), confirming that local
mammary inflammation and elevated SCC is not required to elicit this response. Rather
than acting via post-secretory effects, such as leakage through the blood-milk barrier or
destruction of components, some have proposed that this systemic factor reduces the
synthetic or metabolic capacity of the gland (Shuster et al., 1991a; Silanikove et al., 2011;
Kvidera et al., 2017). We therefore chose three theories to test.

We measured antioxidant potential by FRAP to determine if systemic oxidative
stress could reduce the synthetic capacity of the mammary gland. Oxidative stress results
from an excess of reactive oxygen species (ROS) relative to antioxidants and has been
associated with cellular and lipid damage (Sordillo and Aitken, 2009). Mehrzad et al.
(2001) reported that PMN generate more ROS in the first 12 h following activation by
LPS, which coincides with our finding of lower antioxidant potential from 6 to 12 h post-
LPS infusion (Figure 2.6B) while SCC was elevated locally. Although FRAP alone
cannot confirm oxidative stress, intramammary LPS might cause the release of ROS into
circulation prior to systemic effects on mammary function.

Another proposed cause of hypogalactia is a limited availability of milk
precursors, particularly glucose. Although our transient drop in blood glucose
concentration agrees with Waldron et al. (2003) and may explain lower milk yields at 12
h, it did not correlate to changes in composition or the lowest yields at 24 h. Moreover,

Kvidera et al. (2017) reported that infusing glucose to maintain euglycemia did not rescue
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milk production in an LPS-infusion study, casting doubt on blood glucose concentration
controlling milk synthesis. Instead, this could imply a lower mammary extraction of
glucose from blood, which would explain why glucose concentrations had returned to
normal at the time of most severe hypogalactia.

Rather than nutrient availability or extraction directly limiting production,
Silanikove et al. (2011) proposed that the mammary gland switches to glycolysis during
mastitis, thereby utilizing less energy for milk production and conserving glucose for
immune function. They theorized that increasing levels of L-lactate in milk indicated that
mammary epithelial cells had shifted to glycolytic metabolism (Silanikove et al., 2011).
However, we observed an increase in lactate only in milk from LPS-infused glands
despite the systemic reduction in milk production and component synthesis, so this theory
clearly cannot account for systemic effects. Furthermore, increased milk lactate
concentrations have been associated with elevated SCC (Davis et al., 2004), presumably
because neutrophils rely on glycolysis for energy metabolism and generate lactate as the
end product (Borregaard and Herlin, 1982). Thus, while we cannot exclude the possibility
that epithelial cells undergo altered metabolism during mastitis, our milk lactate results
do not support a switch to glycolysis.

Several previous studies and lines of evidence suggested that cytokines elicited by
LPS could function as mediators of local and systemic effects (Shuster et al., 1993;
Persson Waller et al., 2003; Vernay et al., 2012). Indeed, the changes we and others
observed in milk yield and components coincide with or follow changes in the expression
and concentrations of various cytokines. Leukocyte-recruiting interleukins (IL-1, -6 and -

8) can increase markedly in challenged glands by 2 h (Shuster et al., 1993; Persson
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Waller et al., 2003) which may explain the subsequent local rise in SCC. Different
cytokines also cause different effects. For example, lactose synthesis-related genes may
be strongly down-regulated by one cytokine but differentially-regulated by another
(Kobayashi et al., 2016). Cytokines are also not limited to local quarters, because as
concentrations of 1L-8 in milk rose, a small but simultaneous increase occurred in both
afferent and efferent lymph (Persson Waller et al., 2003), potentially affecting
neighboring quarters. Our results show that each major milk component responded
distinctly, in terms of local, systemic, and temporal effects, implying the action of a
single mediator on different pathways, differences in sensitivity between pathways, or,
most likely, multiple mediators that act uniquely on milk components but collectively
cause an overall reduction in milk yield.
Conclusions

All major milk components were regulated uniquely, responding to local or
systemic effects within the first 12 h after unilateral LPS infusion. Changes in milk fat
concentration were the first indication of systemic effects, which occurred within 3 h of
LPS-infusion. Changes in antioxidant capacity, plasma glucose, and lactate did not
account for the systemic suppression of mammary function. We conclude that different

mediators exert unique effects on milk components during the acute response to LPS.
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Table 2.1. Effects of intramammary LPS, saline, or no infusion on milk components
from harvested samples at 12 and 24 h!

Treatment? P-value

Pooled Trt x
Item?® Time  T-L T-S C-S C-N SEM Trt Time  Time

Milk, kg 12h 2.10° 1.90° 2742 229° 028 0.004 <0.001 0.06
24h  0.96° 1.18° 2958 2732
Fat,g 12h 855 814 1131 985 160 005 0.07 0.27
24h 361" 45.0° 108.3* 106.72
Protein,g 12h 65.7° 58.4° 86.820 729° 91  0.005 <0.001 0.11
24h 323" 436° 9122 8552
Lactose,g 12h 90.4°> 88.6° 127.3*® 105.0° 121 0.001 <0.001 0.03
24h 432" 516° 1357% 12542
SCC% 12h 10.14* 8.42° 845" 859 016 <0.001 0.001 <0.001
cells
24h 9.65* 8.16° 873" 887°
Fat,% 12h 445 473 403 401 065 036 001 0.14
24h 597 578 369  3.78
Protein, 12h 320 314 325 322 020 056 030 0.30
%
24h 383 398 321 318
Lactose, 12h 434 465 463 460 009 049 016  0.08
%
24h 439 436 460 459
Scc* 12h 6.83* 516° 504° 525° 0.14 <0.001 <0.001 <0.001
cellssmL 24h 6.91* 532° 530" 545°

abCovariate-adjusted LSmeans within row with different superscripts differ (P < 0.05).
!Data are covariate-adjusted LSmeans + pooled SEM. Covariates calculated as described
in methods

2Quarter treatments: T-L = treated cow, LPS-infused quarter (50 pg LPS/10 mL saline);
T-S = treated cow, saline-infused quarter (10 mL saline); C-S = control cow, saline-
infused quarter (10 mL saline); C-N = control cow, non-infused quarter.

3per front quarter at regular machine milkings (12 h milking interval).

*SCC data logso transformed.
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C Cow

Front

Rear

Figure 2.1. Experimental design. Cows were paired (see methods) and one cow of each
pair was randomly assigned to receive intramammary infusions of LPS in both quarters
of one udder-half. These cows were designated (T) to indicate LPS treatment. Quarters of
T cows that were infused with LPS (50 pg in 10 mL saline) were designated (T-L) and
their contralateral quarters, that received 10 mL saline, were designated (T-S). The other
cow of each pair was designated as control (C). Udder-halves of C cows either received
infusions of 10 mL saline (quarters designated C-S) or no infusions, designated (C-N).
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Figure 2.2. Rectal temperature relative to LPS infusion in treated (T) or control (C)
cows. LSmeans + SEM. Treatment x time effect, P < 0.001. *Means within time differ
significantly P < 0.05.
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Figure 2.3. Front quarter milk production at milkings relative to treatment: control, no
infusion (C-N) or saline (C-S); treated, 50 ug LPS (T-L) or saline (T-S). LSmeans +
SEM. Treatment effect, P < 0.01. *Means within time differ significantly between cow
treatment P < 0.05.
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Figure 2.4. Foremilk concentration of A) SCC, B) L-lactate, C) fat, D) protein, and E)
lactose, relative to treatment: control, no infusion (C-N) or saline (C-S); treated, 50 ug
LPS (T-L) or saline (T-S). SCC and lactate logio-transformed. LSmeans + SEM. A-E:
treatment x time effects, P < 0.05. Within time, significant difference of P < 0.05
indicated by * between cow treatment and # between T-L and T-S.
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Figure 2.5. Urea nitrogen concentrations in A) serum, and B) foremilk, and C) the ratio
of quarter MUN to BUN, relative to LPS infusion. Cow treatment: treated (T) or control
(C). Quarter treatment: control, no infusion (C-N) or saline (C-S); treated, 50 ug LPS (T-
L) or saline (T-S). LSmeans + SEM. Time effect, P < 0.01.
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Figure 2.6. Plasma A) glucose and B) antioxidant potential (FRAP) relative to LPS
infusion in treated (T) or control (C) cows. LSmeans + SEM. Treatment x time effects, P
< 0.05. *Means within time differ significantly P < 0.01.

54



CHAPTER 3: HYPOGALACTIA IN MAMMARY QUARTERS
ADJACENT TO LPS-INFUSED QUARTERS IS ASSOCIATED WITH

TRANSCRIPTIONAL CHANGES IN IMMUNE GENES

Abstract

Infusion of lipopolysaccharides (LPS) into a mammary gland can provoke
inflammatory responses and impair lactation in both the infused gland and in neighboring
glands. To gain insight into the mechanisms controlling the spatiotemporal response to
localized mastitis in lactating dairy cows, we performed RNA sequencing on mammary
tissue from quarters infused with LPS, neighboring quarters in the same animals, and
control quarters from untreated animals at 3 and 12 h post-infusion. Differences in gene
expression were declared significant at false discovery rate (FDR) P < 0.05, log2 fold
change > 1.0, and were annotated to KEGG pathways. Comparing mammary
transcriptomes from all three treatments revealed 3,088 and 1,644 differentially expressed
(DE) genes at 3 and 12h, respectively. Of these genes, > 95% were DE only in LPS-
infused quarters and represented classical responses to LPS: inflammation, apoptosis,
tissue remodeling, and altered cell signaling and metabolism. Although relatively few
genes were DE in neighboring quarters (56 at 3 h; 74 at 12 h), these represented several
common pathways. At 3h, TNF, NF-kp and NOD-like receptor signaling pathways were
identified by the upregulation of anti-inflammatory (NFKBIA, TNFAPI3) and cell
adhesion molecule (VCAM1, ICAM1) genes in neighboring glands. Additionally, at 12h,
several genes linked to one-carbon and serine metabolism were upregulated. Some

responses were also regulated over time. The pro-inflammatory response in LPS-infused
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glands diminished between 3 and 12 h, indicating tight control over transcription to
reestablish homeostasis; in contrast, two glucocorticoid-responsive genes, FKBP5 and
ZBTB16, were among the top DE genes upregulated in neighboring quarters at both
timepoints, indicating potential regulation by glucocorticoids. We conclude that a
transient, systemic immune response was sufficient to disrupt lactation in neighboring
glands, which may be mediated directly by pro-inflammatory factors from the LPS-
infused gland or indirectly by secondary factors released in response to systemic
inflammation.
Introduction

The bovine mammary gland is regulated by both local and systemic factors during
mastitis. At the individual quarter level, a targeted immune response is often required for
efficient elimination of opportunistic pathogens. Recognition of pathogen-associated
molecular patterns by mammary epithelial cells (MEC) and surveilling immune cells
triggers the rapid induction of an innate immune response. Consequently, transcriptomic
analyses consistently identify a local upregulation of genes encoding pro-inflammatory
cytokines, acute phase proteins, and complement factors (Gunther et al., 2009;
Mitterhuemer et al., 2010; Minuti et al., 2015). Concentrations of cytokines, vasodilators,
antimicrobial proteins, and phagocytic immune cells subsequently increase (Bouchard et
al., 1999; Mehrzad et al., 2001; Persson Waller et al., 2003). However, this immune
response is not exclusive to the inflamed quarter. Mastitis provokes several systemic
effects, including fever, elevated plasma cytokines (Persson Waller et al., 2003), and the
production of acute phase proteins in the liver (Suojala et al., 2008; Moyes et al., 2016).

Moreover, quarters neighboring inflamed glands show enhanced expression of protective

56



immune genes (Mitterhuemer et al., 2010; Jensen et al., 2013) which may limit bacterial
multiplication in the event of a subsequent infection (Suojala et al., 2008).

Notably, the systemic effects of mastitis are not restricted to immune responses.
When one gland responds to a source of inflammation, lactation can be compromised in
all glands, resulting in lower milk yields and altered concentrations of milk components
(Shuster et al., 1991a; Paixdo et al., 2017; Shangraw et al., 2020). Even when all glands
are healthy, hypogalactia and compositional changes result from intravenous infusion of
lipopolysaccharide (LPS), a potent endotoxin (Shuster et al., 1991b). Several mechanisms
have been proposed to explain the dysregulation of lactation in inflamed quarters,
including apoptosis of MEC (Long et al., 2001), loss of epithelial integrity (Lehmann et
al., 2013), and the direct antagonism of milk synthesis and secretion (Kobayashi et al.,
2013; Silanikove et al., 2016), yet it remains unclear how factors involved in systemic
inflammation control lactation in non-inflamed glands.

Based on our previous results, the differential regulation of milk components
depends on the quarter and time after LPS infusion, implying that different mediators
exert unique effects on lactation (Shangraw et al., 2020). We hypothesized that changes
in the mammary transcriptome would reveal potential regulatory mechanisms underlying
the observed impacts of LPS-mediated inflammation on milk production and
composition. The objectives of this experiment were, first, to determine how gene
expression in LPS-challenged and neighboring glands changes over time with respect to
milk production; and second, to identify systemically-regulated mechanisms that affect

the neighboring glands.
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Materials and Methods
Animals and Design

All procedures involving animals were approved by the University of Missouri
Institutional Animal Care and Use Committee (Protocol #9283). Full details on
experimental design and animal management were recently reported (Shangraw et al.,
2020). Briefly, 10 multiparous cows were blocked into pairs and randomly assigned to
one of two treatments: 1) LPS treatment (T) or 2) control (C). Within cow, udder-halves
were randomly assigned to one of two sub-treatments. For T cows, ipsilateral front and
rear quarters were treated with 50 pug LPS (E. coli serotype O55:B5) in 10 mL 0.9%
saline (T-L), whereas contralateral quarters were treated with 10 mL saline (T-S). For C
cows, ipsilateral quarters in one half-udder were treated with 10 mL saline (C-S) whereas
the contralateral quarters were not infused.

Cows were milked twice daily. On the morning of infusions, rear quarters were
biopsied for mammary tissue collection and front quarters remained unbiopsied for milk
sample collection.

Mammary Biopsies

After the morning milking on the initial day of the experiment, cows were
restrained in a stanchion and sedated by i.v. injection of 20-30 pg/kg BW of xylazine
(Akorn Inc., Lake Forest, IL). Following methods described by Farr et al. (1996), biopsy
sites at approximately mid-height of both rear quarters were clipped, shaved, and
disinfected by alternately scrubbing with 70% ethanol and surgical scrub, rinsing with
ethanol. Each biopsy site was line-blocked with 1.5mL lidocaine HCI (VetOne, MWI

Animal Health, Boise, ID). A 2.5 cm incision was made through the skin and udder
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capsule, then 0.5-1.0 g of mammary tissue was removed using a biopsy tool driven by an
electric drill, as described (Wall and McFadden, 2007). Immediately after biopsy,
incisions were sutured closed and udder halves were aseptically infused via the teat with
LPS or saline, according to the experimental design, with infusions marking time 0 h. At
3 and 12 h post-infusion, cows were again restrained and biopsied as above at sites
located ~5 cm dorsal to the previous incision. Within 5 min of collection, 20-30 mg of
trimmed mammary tissue was frozen in liquid nitrogen and stored at -80°C for
subsequent RNA extraction.
RNA Sequencing

Total RNA from mammary tissue of T-L, T-S, and C-S at both 3 and 12 h post-
infusion (n = 5 per group) was extracted using the RNeasy Plus Mini Kit (Qiagen Inc.,
Valencia, CA). Following manufacturer’s instructions, frozen tissue samples were
disrupted and homogenized, followed by DNA removal and RNA purification before
storage at -80°C in nuclease-free water. RNA concentration was measured by NanoDrop
(Thermo Scientific, Waltham, MA) and quality was determined by Fragment Analyzer
(Advanced Analytical Technologies Inc., Ankeny, IA). RNA integrity number averaged
7.5+ 0.7. RNA library preparation and high-throughput sequencing services were
performed by the University of Missouri DNA Core Facility using an lllumina TruSeq
mMRNA kit and sequencing on a NextSeq 500 instrument (Illumina Inc., San Diego, CA),
which generated 2 x 75 bp paired-end reads.
Alignment of Sequences and Analysis of Differential Gene Expression

The computation for this work was performed on the high-performance

computing infrastructure provided by Research Computing Support Services at the
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University of Missouri. Raw sequences (fastq) were subjected to adaptor removal and
quality trimming using the paired-end mode in the software tool Trimmomatic (version
0.38; Bolger et al., 2014). Trimming occurred to a quality score of 15 in a 4-base sliding
window and minimum read length of 25 bp. Remaining reads were assessed for quality
using FastQC, then mapped to the Bos taurus genome reference ARS-UCD 1.2 using
STAR read aligner (version 2.7.0e; Dobin et al., 2012). Aligned paired and unpaired
reads were merged using samtools (version 1.9; Li et al., 2009), before quantifying
transcript abundance for each sample using featureCounts (version 1.6.3; Liao et al.,
2014).

Differentially expressed (DE) genes were detected between treatments within
time and within treatments across time using the R package DESeq?2 (version 1.22.2;
Love et al., 2014) in R version 3.5.2 (R Core Team, 2018). Genes were filtered out if not
expressed in at least 5 samples. Statistical models analyzed the effects of treatment at 3 or
12 h and the effects of time within treatment (3 and 12h) with block considered a term in
the reduced model. Genes were declared significantly differentially expressed at log. fold
change > |1.0] and false discovery rate (FDR), g < 0.05.
Functional Annotation

Differentially expressed genes were separated by Venn diagram
(http://bioinformatics.psb.ugent.be/webtools/VVenn/) into common or uniquely regulated
sets of genes across time and treatment (Figure 3.1). Functional annotation of genes
corresponding to these sets was performed by mapping genes to Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways using DAVID 6.8 (Huang et al., 2008). All

pathways with EASE scores P < 0.1 were examined.
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Results

Physiological and Production Responses

Full details on the physiological and milk production responses for non-biopsied
front quarters were reported previously (Shangraw et al., 2020). Prior to infusions, milk
yield of individual rear quarters averaged 4.23 £ 0.53 kg/ 12 h milking interval with an
SCC of 95 + 24 x 10° cells/mL. At 3 h post-infusion, T cows displayed pyrexia. Front
quarter foremilk samples from T cows showed depressed milk fat concentration but no
difference in milk SCC compared to C cow quarters. By 6 h, T-L but not T-S quarters
showed a significant increase in SCC along with lower lactose concentrations. At the first
milking 12 h post-infusion, SCC remained locally elevated only in T-L, while lactose
content was reduced in both T-L and T-S; T quarter milk yields were reduced relative to
pre-infusion but were not significantly different from C quarters. Later, at the second
milking 24 h post-infusion, milk yields in T-L and T-S quarters were significantly
reduced compared to C quarters, being 23 and 32% of pre-infusion levels, respectively,
which marked acute systemic hypogalactia.
Overview of Gene Expression

Sequencing of the libraries (n = 5 per group) yielded 39.2 to 49.3 million quality
reads per sample that mapped at a ~94% rate to the Bos taurus reference genome.
Transcriptomic analysis of mammary tissue from all treatment comparisons at 3 or 12 h
post-infusion revealed a total of 3,088 and 1,644 unique DE genes, respectively (Figure
3.2). Broadly, DE genes commonly identified in T-L glands compared to either T-S or C-
S were defined as the local response, whereas all DE genes identified in T-S compared to

C-S were defined as the adjacent response of the neighboring gland. Within these
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definitions, DE genes were further classified by commonality or uniqueness between
treatment comparisons (Figure 3.1). In particular, genes that were DE in both T-L and T-
S compared to C-S showed a systemic response, wherein both quarters must have been
exposed to a common factor.
Comparison at 3 h

At 3 h, the local response to LPS revealed 1,524 DE genes, of which 16 genes
also showed differential expression in T-S compared to C-S (Figure 3.2A). Upregulated
genes (n=956) were associated with immune signaling, chemotaxis, apoptosis, ribosome
biogenesis, MAPK signaling, and insulin resistance pathways. Of the top 20 pathways,
TNF signaling was the most overrepresented, along with the cytokine-cytokine,
chemokine, Toll-like receptor, and RIG-I-like receptor signaling pathways, and apoptosis
(Table 3.1). These pathways represent a core innate immune response common to
intramammary E. coli infection and LPS infusion. Genes enriching these pathways
encode pro-inflammatory cytokines (CSF3, TNF, LIF, IL6, IL1B), chemokines (CCL1,
CCL5, CCL20, CXCL2, CXCLB8), cell-adhesion molecules (CAM; ICAM1, VCAM1),
transcription factors (NFKB1, JUNB, STAT3), and caspases (CASP3, CASP8), among
others. On the other hand, downregulated local DE genes (568) were associated with fatty
acid metabolism (FASN, EHHADH) and tight junctions (CLDN8, TJP3), again
representing common pathways differentially regulated in response to localized mastitis.
As noted above, these changes coincided with depressed concentrations of milk fat.

In contrast to the local response, there were relatively few DE genes in T-S tissue
compared to C-S (n=56; Figure 3.2A, Figure 3.3). Nevertheless, six genes were

associated with the TNF signaling pathway, of which four (CX3CL1, TNFAIP3, NFKBIA,
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and ICAM) represented a “graded” systemic response; direct exposure to LPS in T-L
quarters caused the greatest increase in expression for these genes whereas an indirect
exposure to inflammatory mediators, presumably via systemic circulation, also induced a
moderate yet significant response in T-S (Figure 3.4, Table 3.2). Notably, the major
cytokines influencing this pathway were DE in T-L but not T-S glands compared to C-S,
confirming an indirect response to inflammation in the neighboring glands. Another
pathway identified in both the local and adjacent response was p53 signaling.
Interestingly, two genes in this pathway, SESN1 and GADD45G, showed a unique
adjacent response, being DE only in T-S glands compared to T-L or C-S. Collectively,
these results support unidirectional signaling between glands while emphasizing the
differential regulation of individual genes within common pathways.

Downregulated genes in the adjacent response did not reveal enriched pathways,
although several transcription factors (GATA2, SOX18, HHEX), a water transporter
(AQP1), and apelin receptor (APLNR) were identified.

Comparison at 12 h

By 12 h, fewer DE genes were identified, mainly due to a decrease in the number
of genes found in the local response to LPS. Of the 538 DE genes comprising the local
response in T-L, upregulated genes (n=399) were mostly associated with immune
signaling pathways, along with HIF-1 signaling, arginine and proline metabolism, and
linoleic acid metabolism (Figure 3.2B). Several cytokines (IL1B, TNFSF9) and
chemokines (CCL1, CCL5, CXCL2) remained DE, whereas others were no longer
different (TNF) or newly identified (1L10). Only 5 of the 139 commonly downregulated

local DE genes were associated with an enriched pathway, either xenobiotic or taurine
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metabolism. Expanding our criteria to include all downregulated DE genes in T-L
compared to either T-S or C-S (n=738) further identified PPAR (CPT1C, SLC27A1,
SLC27A5, FABP5) and calcium (OXTR, HTR6) signaling, among other pathways.

Functional analysis of all 74 DE genes in T-S compared to C-S revealed several
metabolic pathways (Table 3.3, Figure 3.3). Unlike at 3 h, genes upregulated in both T-S
and T-L compared to C-S (n=21) were no longer enriched for immune pathways, but
instead for folate-mediated one carbon metabolism (Figure 3.5). Other upregulated genes
included a potassium transporter regulatory subunit (KCNMB4) and amino acid
transporter (SLC1A4). Additionally, genes uniquely upregulated in T-S (n=20) were
associated with glycine, serine, and threonine metabolism pathway (CBS, PSPH) or no
common pathway, including lipin 1 (LPIN1) and pseudokinase (TRIB3). Of the
downregulated genes found in T-S (n=33), CPT1C, APOAL, and ACSBG1 were
associated with PPAR signaling, which may regulate lipid homeostasis.
Comparison within treatment over time

Most DE genes regulated over time were identified in T-L (n=3,482), followed by
T-S (n=466), with relatively few in C-S quarters (n=18) (Figure 3.3). For this analysis,
direction of regulation describes the change in expression from 3 to 12 h. In T-L, most
genes linked to immune function were downregulated from 3 to 12 h. As noted above,
although the expression of these genes was diminished by 12 h, most remained DE in T-L
compared to T-S or C-S (Figure 3.4). Other downregulated DE genes in T-L were
associated with extracellular matrix interaction, ribosome biogenesis, and second
messenger signaling; on the other hand, upregulated DE genes were related to

metabolism of amino acids, lipids, and carbon. In comparison, DE genes identified in T-S
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also showed downregulated immune pathways during this interval, likely reflecting the
decline in T-L glands, whereas regulatory proteins and transporters (KCNMB4,
CAMK2G, KCNNZ2) were upregulated.

As the baseline for our comparisons, we assessed the response over time in C-S
tissue. Among the eighteen DE genes (Figure 3.3), expression of IL6 and CCL8 declined
from 3 to 12 h, indicating an initial inflammatory response to biopsy, sedation or saline
infusion that subsided over time. At the same time, increased expression of CYR61,
CTGF, and ADAMTS1, which are involved in wound healing, presumably reflects healing
of the biopsy sites.

A small proportion of genes in T-L and T-S, relative to C-S, were DE at both
timepoints. These genes represented ~17% and 7% of the total DE genes in T-L vs C-S
and T-S vs C-S, respectively. In T-L, most of these genes were associated with immune
pathways, hence the overlap in significantly enriched pathways at 3 and 12 h. However,
the 8 genes DE in T-S at both times did not enrich any pathways. These genes encode
proteins (SESN1, FKBP5, MUCL1), receptors (NOD2, LYVEL), a transcription factor
(ZBTB16), a pseudogene of HSP 90-a (LOC781339), and an uncharacterized non-coding
RNA (LOC100847981).

Discussion

The udder undergoes spatiotemporal changes during a localized episode of
mastitis. Effects related to immune function, such as elevated milk SCC, are specific to
the inflamed or challenged gland, i.e. local response, yet lactation can be affected in all
glands through a systemic effect (Shuster et al., 1991a; Shangraw et al., 2020). Although

various transcriptomic studies have captured the immune response of the mammary gland
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to mastitis, the mechanisms regulating lactation, both locally and systemically, remain
elusive (Mitterhuemer et al., 2010; Jensen et al., 2013; Kobayashi et al., 2013). In
agreement with previous results, most DE genes were only identified in the LPS-
challenged (T-L) gland, representing the greater local impact of intramammary LPS on
the mammary transcriptome. However, by capturing the transcriptomic response of
neighboring (T-S) glands, we show that: (1) unidirectional signaling between glands
exists prior to the decline in milk yield, (2) a transient inflammatory response provokes
delayed effects not only on gene expression but also lactation in neighboring glands, and
(3) other, non-mammary sources affected by systemic inflammation may contribute
systemic factors that alter lactation.

The top pathways induced in LPS-challenged quarters confirmed the induction of
a local, pro-inflammatory immune response. The binding of LPS to its pathogen
recognition receptor, TLR4, activates nuclear factor-kpp (NFKB) transcription factors and
leads to the rapid transcription of a network of pro-inflammatory cytokines. A major
source of the transcripts enriching these pathways are the resident MEC, which express
TLR4 and can upregulate transcription of most cytokines and chemokines (Ibeagha-
Awemu et al., 2008; Gunther et al., 2009, 2011). However, MEC are not the sole source
of inflammatory mediators. Chemokines released in response to LPS attract circulating
leukocytes to the challenged quarters (Zheng et al., 2006); these recruited immune cells
represent a significant source of immune-related transcripts (Prgomet et al., 2005). By 3
h, histological sections from challenged, but not neighboring, quarters showed a
significant increase in neutrophils, which preceded the detectable increase in milk SCC

(Choudhary et al., unpublished). As such, the dynamic, heterogeneous tissue of our T-L
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samples represented a pool of all potential signaling molecules which could directly or
indirectly affect neighboring glands.

At 3 h, immune signaling pathways were commonly identified in both the LPS-
challenged and neighboring glands but a closer inspection of the individual genes
enriching these pathways revealed spatial differences in function. Unlike in LPS-
challenged glands, genes found differentially expressed in neighboring glands were
characterized by protective or anti-inflammatory functions. Two genes upregulated in the
TNF signaling pathway, NFKB inhibitor alpha (NFKBIA) and TNF-a-induced protein 3
(TNFAIP3), encode proteins that suppress or terminate TNF- and NFKB-mediated
signaling (Boone et al., 2004). Both are transcribed by activated NFKB as part of the
negative feedback response to control inflammation. Another negative feedback inhibitor
showing similar changes in expression, suppressor of cytokine signaling 1 (SOCS1),
regulates several JAK/STAT signaling cytokines and interferons and is necessary to
suppress LPS-mediated inflammation (Gingras et al., 2004). In LPS-challenged glands,
LPS or any of its downstream inflammatory mediators could act as autocrine or paracrine
mediators to induce these inhibitors. In neighboring glands, however, no genes encoding
inflammatory mediators were differentially expressed, implying that this negative
feedback response was caused by systemic signals originating from outside the gland.
Cross-talk between an inflamed mammary gland and the liver has also been proposed
(Minuti et al., 2015; Moyes et al., 2016), wherein cytokines identified in mammary tissue
were predicted as upstream regulators. Given that cytokines and other mediators
expressed in the LPS-challenged quarter must become diluted upon entry into the

circulation, we speculate that the graded expression observed in these genes across
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treatments is due to a dose effect, where lower concentrations of a systemic factor act on
neighboring glands than in glands with mastitis.

In addition to spatial differences, the strength of the inflammatory response was
greater at 3 h post-infusion than at 12 h, despite the progressive decline in milk yields.
Clearance of LPS from the gland or refractoriness of the resident cells to inflammation
may account for this change. The amount of intramammary LPS declines steadily over a
12 h milking period mainly through cellular internalization and enzymatic cleavage rather
than escape into blood (Ziv et al., 1976), leaving fewer ligands to bind to TLR4 and
trigger immune responses. At the same time, immunocompetent cells become refractory
to LPS, as observed by the lower expression of pro-inflammatory cytokines over
prolonged or repeated exposures (Paape et al., 2002; Biswas and Lopez-Collazo, 2009;
Gunther et al., 2012). The conserved kinetics of immune gene activation should
theoretically prevent excessive signaling and promote the transition from acute
inflammation toward resolution (Hao and Baltimore, 2009). Further, the downregulation
of immune genes appears to be independent of the presence of leukocytes in the gland
because milk SCC increased substantially between 3 and 12 h. This suggests that an
increase in somatic cells is a symptom of inflammation but not the cause of hypogalactia.
Indeed, the absolute number of somatic cells in a mammary gland can remain stable
while milk yield drops in response to intravenous LPS (Shuster et al., 1991b). Thus, the
initial inflammatory response to LPS may have a greater impact on immune-related gene
expression and lactation than is currently appreciated.

In our search for possible mechanisms and causative relationships between

inflammation and lactation, we confirmed the presence of two putative mechanisms that
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affect only infected or LPS-challenged glands. Although these mechanisms cannot
explain the systemic effects in neighboring glands, some may account for the commonly
observed earlier and greater local effects on milk yield and composition (Shuster et al.,
1991b; Hoeben et al., 2000). The first, apoptosis, was enriched at 3 h in challenged
glands by the upregulation of several pro-apoptotic genes (CASP3, CASP8, BID, LIF,
OSM, STAT3). This agrees with previous reports that intramammary LPS upregulated
caspase MRNA expression at 2.5 h (Minuti et al., 2015) and 3-6 h post-infusion (Didier
and Bruckmaier, 2004). In mice, upregulation of signal transducer and activator of
transcription 3 (STATS3) by the cytokines leukemia inhibitory factor (LIF) and
oncostatin-M (OSM) promotes apoptosis and tissue remodeling, leading to involution
(Hughes et al., 2012). Although a loss of MEC via apoptosis could directly impact the
total synthetic capacity of the gland, our results cannot confirm whether, or to what
extent, cell death occurred. In fact, several of the genes also identified in the apoptosis
pathway are anti-apoptotic (BIRC2, BIRC3, NGF) or have context-specific functions.
Perhaps more revealing was that, at 12 h, apoptotic genes were no longer identified and
were absent in neighboring quarters, despite milk yields declining markedly from 12 to
24 h in both T-L and T-S glands (Shangraw et al., 2020). Thus, apoptotic processes might
be activated at certain stages of localized mastitis but are opposed by proliferative signals
and resolve as signals of active inflammation diminish. Similarly, the downregulation of
fatty acid and lipid metabolism is commonly reported in inflamed mammary tissue
(Mitterhuemer et al., 2010; Moyes et al., 2016), of which the earliest difference was
detected 4 h after an intramammary LPS infusion (Zheng et al., 2006). Generally, this

pathway is enriched for genes with roles in milk fat synthesis, e.g. fatty acid synthase
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(FASN) and lipoprotein lipase (LPL). However, although our gene expression data agreed
with these studies, we note that the downregulation of these genes alone does not indicate
causation. Indeed, milk fat concentrations appeared to be controlled by post-secretory
mechanisms, rather than reduced synthesis, during the initial 12 h period after infusion of
LPS (Shangraw et al., 2020). While we cannot rule out reduced synthesis, this indicates
that other mechanisms control the concentration of milk fat during mastitis.

To account for systemic changes in lactation, we hypothesized that the mediator
would affect downstream genes in both glands. As discussed above, the most likely cause
is a cytokine or similar inflammatory mediator. For example, whereas NFKBIA and
TNFAIP3 showed a graded systemic response at 3 h, lactose concentrations in milk
displayed an opposite, if delayed, response at 12 h, being lowest in T-L but also
significantly reduced in T-S (Shangraw et al., 2020). Given the transient nature of
cytokine expression in LPS-challenged glands, this suggests inhibition of lactose
synthesis. Recent in vitro work with murine MEC has shown that TNF-a reduces the
expression of glucose transporters and a-lactalbumin, both necessary for the synthesis of
lactose (Kobayashi et al., 2016). Although some mastitis and LPS studies show a
decrease in mMRNA expression of lactose-related genes (Gross et al., 2015; Moyes et al.,
2016), our data and others do not (Mitterhuemer et al., 2010; Buitenhuis et al., 2011).
Further research is needed to determine if lactose is regulated by an inflammatory
mediator.

In addition to direct stimulation of MEC, systemic inflammatory mediators might

initially interact with other organs and tissues to release secondary factors. As a result,
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both glands would have equal exposure to the factor. In neighboring glands, we identified
two potential secondary factors: glucocorticoids and oxidative stress.

At both 3 and 12 h, glucocorticoid-responsive genes, promyelocytic leukemia zinc
finger (ZBTB16) and FK506 binding protein 51 (FKBP5), were upregulated in
neighboring glands. Previous studies reported strong upregulation of ZBTB16 and
FKBP5, including in neighboring quarters (Mitterhuemer et al., 2010; Jensen et al., 2013)
and liver (Moyes et al., 2016). Notably, both have pleiotropic functions. As
immunomodulators, these genes encode proteins with opposing functions in the
inflammatory response: ZBTB16 acts as a transcriptional cofactor to restrain transcription
of cytokines (Sadler et al., 2015) whereas FKBP5 acts as a scaffold protein to maintain
transcription by NFKB (Romano et al., 2015) and as a co-chaperone to inhibit
glucocorticoid receptor binding (Denny et al., 2000). Additionally, both reduce the
phosphorylation of the serine/threonine kinase Akt; ZBTB16 appears to act indirectly
(Chen et al., 2014), while FKBP5 again acts as a scaffold protein to promote interaction
between Akt and the phosphatase PHLPP (Pei et al., 2009). Among its many
interactions, phosphorylated Akt blocks apoptosis (Baxter et al., 2006) and promotes
glucose uptake (Wieman et al., 2007). Negative regulation of phosphorylated Akt through
these genes could therefore impact mammary function in both inflamed and neighboring
glands; however, additional experiments are necessary to test this hypothesis. We note
that these genes might have no impact on mammary physiology but may simply indicate
a response to stress-induced secretion of glucocorticoids. Indeed, plasma cortisol levels
increased within 2 h of an intramammary infusion of LPS (Shuster and Harmon, 1992)

and the synthetic glucocorticoid, dexamethasone, can induce similar changes in milk as
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those observed during mastitis (Shamay et al., 2000), but it remains debatable whether
the endogenous release of glucocorticoids affects lactation during mastitis (van der Kolk
et al., 1991; Shuster and Harmon, 1992).

Lastly, one of the few pathways enriched at 12 h in neighboring glands was one
carbon metabolism. In addition to synthesizing energy and purines to support cell
proliferation, one carbon metabolism generates antioxidants (Ducker and Rabinowitz,
2017). This was of interest because we initially anticipated that oxidative stress would
play a role in disrupting lactation, given LPS stimulation induces the generation and
release of reactive oxygen species (Bouchard et al., 1999; Mehrzad et al., 2001; Jin et al.,
2016) and upregulates genes encoding antioxidants in all quarters (Mitterhuemer et al.,
2010). As predicted, the upregulation of cystathionine B-synthase (CBS) and the
mitochondrial 10-formyl-tetrahydrofolate (THF) dehydrogenase (ALDH1L2) followed
our detection of reduced plasma antioxidant levels in LPS-treated cows (Shangraw et al.,
2020). CBS is the rate-limiting enzyme for entry of homocysteine into the
transsulfuration pathway, which ultimately generates glutathione and taurine for
protection against reactive oxygen species (McFadden et al., 2020). ALDH1L2
metabolizes 10-formyl-THF to produce NADPH, a cofactor necessary for the
regeneration of the antioxidative, reduced form of glutathione (Fan et al., 2014;
Piskounova et al., 2015). These results could indicate that neighboring glands were
responding to oxidative stress, but like glucocorticoids, further research is necessary to

determine if this factor affects lactation.
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Conclusions
Our data support the hypothesis that all mammary glands are affected by systemic
factors during localized mastitis. The upregulation of inhibitors in neighboring glands
suggested that unidirectional signaling may occur between glands through inflammatory
mediators. Further, the kinetics of the inflammatory response indicated that acute but
transient inflammation in some glands is sufficient to disrupt the mammary transcriptome
and lactation in all quarters. Future studies are required to determine the role of cytokines

and secondary factors, such as glucocorticoids, in regulating lactation.
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Table 3.1. Top KEGG pathways enriched for up-regulated local DE genes (T-L vs T-S or
C-S)! at 3 h post-LPS challenge

Name Count P-Value? Genes FDR®
TNF 41 0.00 TRAF1, TRAF2, TNF, CCL2, PTGS2, CSF1, 0.00
signaling CXCL3, MMP9, CXCL2, NFKBIA, NFKBL1,
pathway CX3CL1, CCL5, LIF, BAG4, CASP3, CCL20,
CASP7, CASP8, MAP3K8, BCL3, IL1B, PIK3R5,
FAS, PIK3R3, ICAML, IL18R1, CFLAR, IL6,
CEBPB, MAP2K3, CREB1, FADD, GRO1, BIRC3,
BIRC2, JUNB, RIPK1, TNFAIP3, IKBKB
Cytokine- 47 0.00 CSF3, TNFRSF6B, IL1R2, CCL3, TNF, CCL2, 0.00
cytokine TNFRSF12A, OSMR, CSF1, TNFSF15, TGFB3,
receptor CXCL8, CXCR1, CCL8, CXCR2, CX3CL1, CCLS5,
' _ IL7R, CCL4, IL12RB2, LIF, CCL20, CXCR4, IL4R,
Interaction ILIRAP, TNFRSF18, IL15RA, IL1B, IL2RG, FAS,
LOC510185, LTB, IL1A, IL18R1, IL6, IL18RAP,
IL2RA, CCL19, CD40, TNFSF9, CCL11, IFNAR?2,
TNFSF13B, CXCL16
Chemokine 38 0.00 CCL1, CCL3, CCL2, CXCL5, NFKBIB, CXCL3, 0.00
signaling BCAR1, CXCL2, CXCR1, NFKBIA, CCL8, CXCLS,
pathway CXCR2, NFKB1, CX3CL1, CCL5, CCL4, SRC,
CCL22, CCL20, CXCR4, PIK3R5, GNG4, PIK3R3,
GNGS5, LYN, NCF1, HCK, CCL19, GRO1, STAT3,
CCL11, CRKL, CXCL16, IKBKB
TLR 27 0.00 CCL3, TNF, TLR2, NFKBIA, CXCL8, NFKBL, 0.00
signaling TLR4, CCL5, CCL4, MAP3KS8, TICAM1, CASPS,
pathway IL1B, PIK3R5, PIK3R3, IL6, MAP2K3, FADD,
CD40, IKBKE, IFNAR2, CD80, IRF7, RIPK1,
IKBKB, CD14
Apoptosis 20 0.01 BID, CFLAR, TRAF2, TNF, CYCS, NFKBIA, 0.00
FADD, NFKB1, BIRC3, BIRC2, CASP3, CASP7,
RIPK1, CASPS8, PIK3R5, FAS, PIK3R3, IKBKB,
NGF
RIG-I-like 18 0.01 TRAF2, IL6, IFIH1, TNF, NFKBIB, CXCLS8, 0.00
receptor NFKBIA, FADD, TRIM25, NFKB1, TANK, IKBKE,
signaling ISG15, IRF7, RIPK1, CASP8, IKBKB, DHX58

T-L: LPS-infused (50 pg) gland of treated cow; T-S: saline-infused gland of treated cow;
C-S: saline-infused gland of control cow

2 EASE Score
3Benjamini-corrected false discovery rate
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Table 3.2. KEGG pathways enriched for DE genes in neighboring glands (T-S vs C-S)*
at 3 h post-infusion. Log fold change between T-S and C-S for each gene is reported in
parentheses

Name Count %>  P-Value* Genes FDR*
TNF signaling 6 0.08 0.00 VCAML (1.61), ICAM1 (1.88),  0.00
pathway NOD?2 (1.51), NFKBIA (1.81),

CX3CL1 (2.12), TNFAIP3 (1.96)
NF-kappa B 4 0.06 0.00 VCAM1 (1.61), ICAM1 (1.88), (.13
signaling pathway NFKBIA (1.81), TNFAIP3 (1.96)
Epstein-Barr virus 4 0.06 0.01 ICAML1 (1.88), CDKN1A (2.07),  0.17
infection NFKBIA (1.81), TNFAIP3 (1.96)
NOD-like receptor 3 0.04 0.01 NOD2 (1.51), NFKBIA (1.81),  0.23
signaling pathway TNFAIP3 (1.96)
p53 signaling 3 0.04 0.02 CDKN1A (2.07), GADD45G 0.32
HTLV-I infection 4 0.06 0.06 VCAMLI (1.61), ICAM1 (1.88),  0.56

CDKN1A (2.07), NFKBIA

(1.81),
Cell adhesion 3 0.04 0.09 VCAMLI (1.61), ICAM1 (1.88), (.68
molecules (CAMs) CD274 (2.03)
Chemokine signaling 3 0.06 0.07 CCL1 (2.74), NFKBIA (1.81), 0.48
African 2 0.04 0.08 VCAM1 (1.61), ICAM1 (1.88) 0.51

trypanosomiasis
T-L: LPS-infused (50 pg) gland of treated cow; T-S: saline-infused gland of treated cow;
C-S: saline-infused gland of control cow
2 percent of DE genes identified in pathway
$EASE Score
“Benjamini-corrected false discovery rate
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Table 3.3. KEGG pathways enriched for DE genes in neighboring glands at 12 h (T-S vs
C-S)! post-infusion. Log. fold change between T-S and C-S for each gene is reported in
parentheses

Name Count  9%? P-Value®  Genes FDR*
Up
Metabolic pathways 9 0.19 0.01 MTHFD2 (1.33), PRODH 0.38

(2.27), CYP2B6 (3.11),
GALNT15 (3.35), CYP4F2
(3.05), PSPH (2.05), LPIN1
(2.87), CBS (1.39)

Arachidonic acid 2 0.04 0.02 CYP2B6 (3.11), CYP4F2 (3.05), 0.25
metabolism

One carbon pool by 2 0.04 0.05 MTHFD2 (1.33), ALDH1L2 0.43
folate (2.27)

Down

PPAR signaling 3 0.08 0.00 CPT1C (-1.99), APOAL (-2.50),  0.12
pathway ACSBG1 (-2.15)

Fatty acid 2 0.05 0.06 CPTIC (-1.99), APOAL (-250)  0.59

degradation

Fatty acid metabolism 0.05 0.07 CPT1C (-1.99), APOA1 (-2.50)  0.50
Adipocytokine 2 0.05 0.10 CPTIC (-1.99), APOA1 (-2.50)  0.54
signaling pathway

N

T-L: LPS-infused (50 pg) gland of treated cow; T-S: saline-infused gland of treated cow;
C-S: saline-infused gland of control cow

2 percent of DE genes identified in pathway

$EASE Score

“Benjamini-corrected false discovery rate
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Gene Set Regulation Statistical significance ~ T-LvsC.

1 Common local T-L#T-Sand C-S

2 Graded T-L#T-S#C-S

3 Systemic T-Land T-S #C-S

4 Unique local T-L#C-S

5 Unique local T-L#T-S \

6 Unique adjacent T-S#C-S N o
7 Unique adjacent T-S#T-Land C-S TSvsCS

Figure 3.1. Overview of gene sets for comparison of local response to intramammary
LPS in challenged gland or adjacent response in neighboring gland. Local response
(gene sets 1 and 2) includes all genes DE in T-L compared to T-S or C-S. Adjacent
response in neighboring gland (gene sets 2, 3, 6 and 7) includes all genes DE in T-S
compared to C-S. Genes DE between treatments (#) at FDR g < 0.05, log. fold change >
1.0. T-L: LPS-infused (50 pg) gland of treated cow; T-S: saline-infused gland of treated
cow; C-S: saline-infused gland of control cow.

77



-Lvs T-S T-L vs C-

A T-Svs C-S B T-Svs C-S

Figure 3.2. Transcriptome analysis of mammary biopsies from LPS-treated and
control cows. Total RNA was extracted from five T-L, T-S, and C-S quarters at A) 3 h
and B) 12 h post-LPS infusion. Normalized and log>-transformed read count data and DE
genes (FDR, P < 0.05) were determined by DESeq2 analysis. Venn diagrams show
common and unique DE genes between treatments (see Figure 3.1). T-L: LPS-infused (50
Kg) gland of treated cow; T-S: saline-infused gland of treated cow; C-S: saline-infused
gland of control cow.
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Figure 3.3. Number of genes in mammary tissue DE between treatments at 3 or 12 h
after intramammary infusions of LPS or saline. Total number of DE genes for each
comparison is shown in black font, with number of upregulated or downregulated genes
shown in red or blue font, respectively. T-L: LPS-infused (50 pg) gland of treated cow;
T-S: saline-infused gland of treated cow; C-S: saline-infused gland of control cow.
Mammary histology courtesy of R. K. Choudhary.
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Figure 3.4. Normalized expression of immune genes in the TNF signaling pathway at
3 h post-infusion. Represented genes show local (TNF, IL1B, IL6) or graded (TNFAIP3,
NFKBIA, CX3CL1, ICAM1) response to LPS-mediated inflammation. T-L: LPS-infused
(50 pg) gland of treated cow; T-S: saline-infused gland of treated cow; C-S: saline-
infused gland of control cow. Letters denote significant difference between treatments at
3 h, g <0.05. Asterisks denote significant difference in gene expression between 3 and 12
h within treatment, g < 0.05.
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Figure 3.5. Normalized expression of genes DE at 12 h post-infusion in neighboring
glands relative to control. T-L: LPS-infused (50 pg) gland of treated cow; T-S: saline-
infused gland of treated cow; C-S: saline-infused gland of control cow. Letters denote
significant difference between treatments at 12 h, g < 0.05. Asterisks denote significant
difference in gene expression between 3 and 12 h within treatment, g < 0.05.
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CHAPTER 4: GENERAL DISCUSSION

The regulation of mammary function during the systemic response to
intramammary LPS highlights the multi-factorial nature of inflammation. The earliest
responses to intramammary LPS observed in this study supported the systemic action of
pro-inflammatory mediators, given the increased expression of immune genes in both
challenged and non-inflamed quarters. Subsequent systemic responses indicated that non-
inflammatory factors, e.g. glucose, cortisol and oxidative stress, changed as well, which
might also have affected mammary function in non-inflamed glands. Collectively, these
results emphasize the need to investigate both the primary immune response and
secondary responses to inflammation in pursuit of the mechanisms that regulate lactation
physiology.

Based on milk production, the systemic response to intramammary LPS induced
hypogalactia and exerted unique effects on milk fat and lactose in non-inflamed quarters.
Although further research is required to determine the cause of these effects, some factors
can be ruled out due to their absence in neighboring glands. One factor that has been
misinterpreted as a cause of hypogalactia is milk SCC. Milk SCC is negatively correlated
with milk production (Burvenich et al., 2003); however, milk SCC does not need to be
elevated in neighboring glands for mammary function to be compromised. Similar
conclusions have been reached for milk production (Shuster et al., 1991b; Hoeben et al.,
2000) as well as for other physiological outcomes. For example, neutrophil infiltration of
intrauterine tissues in response to local inflammation is associated with preterm labor. To
determine if inflammation-induced infiltration was necessary to cause preterm labor,

mice were depleted of circulating neutrophils prior to an intrauterine LPS challenge
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(Rinaldi et al., 2014). Interestingly, the researchers found that preterm labor was not
delayed despite the absence of neutrophils in decidual tissues. Thus, the presence of
immune cells may be useful as a diagnostic marker but should not be misinterpreted as
the cause of a response to inflammation.

Rather than an influx of immune cells, the release of pro-inflammatory mediators
into systemic circulation could impact neighboring glands directly or indirectly. The early
induction of TNFAIP3, NFKBIA, and SOCS1 in the neighboring glands provides
evidence for the direct action of inflammatory mediators throughout the body and was
notable for two reasons. First, the increased expression of negative feedback regulators,
but not pro-inflammatory cytokines, is consistent with an LPS-sensing mechanism
described in macrophages. Low and high doses of LPS can be distinguished by cells,
leading to differential expression of genes in the NFKB pathway either to dampen or
activate an immune response (Sung et al., 2014). Second, reduced lactose synthesis by
mammary tissue and the lower expression of genes related to lactose synthesis have been
linked to the NFKB pathway after treatment with LPS or pro-inflammatory cytokines
(Kobayashi et al., 2013, 2016). Taken together, these reasons could indicate that different
doses of pro-inflammatory mediators alter milk production through direct interactions
with MEC, providing an explanation for differences between LPS-infused and saline-
infused glands in LPS-treated cows. On the other hand, the direct effects of inflammatory
mediators appeared relatively transient in comparison to changes in non-inflammatory
factors and the development of hypogalactia. Further investigation is required to
determine if the acute, transient action of inflammatory mediators causes hypogalactia,

either directly or indirectly. Additionally, how hypogalactia is induced in the non-
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inflamed glands remains unknown. The lack of changes in genes related to milk synthesis
in non-inflamed glands probably indicates that systemic hypogalactia is not controlled at
the level of transcription but instead by metabolic, hormonal, or biochemical changes.
Whereas some factors have been controlled during an LPS challenge, i.e. plasma glucose
(Vernay et al., 2012; Kvidera et al., 2017) or cortisol concentrations (Shuster and
Harmon, 1992), other potential factors released in response to inflammation have not.
This presents ongoing challenges for research to distinguish between controlling and
confounding factors.

Establishing temporal relationships remains a key element to determining causal
mechanisms. Although frequent sampling of foremilk improved the resolution of effects
on milk components, milk yields were collected too infrequently to determine the cause
of hypogalactia. Because milk must accumulate over time to obtain yields, any factor
present prior to the development of hypogalactia could be the regulatory factor. Thus,
more frequent milking during systemic inflammation is necessary to determine the
underlying physiology and develop effective interventions. The timing of when the
regulatory factor acts on mammary tissue may also determine whether hypogalactia can
be avoided once an inflammatory state is activated. Sepsis models have shown that
appropriate treatments can be ineffective or even harmful if given too late (Tisoncik et
al., 2012). The same principle likely applies to milk production: if the determining factor
is not opposed or corrected early enough, yields will be reduced until homeostasis is
restored.

In addition to more frequent sampling, combining physiological data with global

omics data is a powerful method to determine mechanisms. However, collecting samples
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to compare these responses has limitations. In this study, biopsies introduced
confounding variables, including heterogenous tissue and systemic effects from
analgesics and handling stress. The contamination of milk with blood further limited the
strength of the analysis, as milk production and gene expression could not be directly
compared from the same glands. Isolating RNA from milk fat, as demonstrated by
Brenaut et al. (2014), presents a non-invasive method to confirm and extend the data
presented here. In comparison to biopsy, milk fat can be collected non-invasively through
regular milkings, providing both a milk sample and RNA for further analysis.
Additionally, milk fat RNA is derived from MEC cytosol (Masedunskas et al., 2017).
Theoretically, this provides a clearer picture of the MEC transcriptome and the secretory
capacity of the gland when compared against a random sampling of secretory and stromal
cells in mammary biopsies. However, milk fat does have limitations which would need to
be accounted for, including contamination by somatic cells and the inability to capture a
specific moment in time. Therefore, milk fat should be explored as an alternative to
traditional samples to enable more holistic in vivo studies of mammary function.

Among the pathways identified by this study, the most interesting was one carbon
metabolism because of its link to oxidative stress. One carbon metabolism has been
studied extensively in transition and early lactation cows because supplementation of
diets with methyl donors improves metabolic health, immune status, and milk production
(McFadden et al., 2020). Notably, the peripartal period is also when inflammation and
oxidative stress are most prevalent (Bradford et al., 2015). If supplementation reduces
inflammation and improves antioxidant status, then feeding methyl donors might reduce

the severity of systemic inflammation. However, further research is needed to determine
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if oxidative stress, and by extension one carbon metabolism, plays a role in regulating
mammary function.

In addition to the regulation of milk production, the initial systemic response to
inflammation may confer protection against future insults. The refractory state of the
immune response 12 h after LPS infusion suggested the development of a tolerant state.
LPS tolerance is hypothesized to limit excessive inflammation while ensuring protection
against pathogens through selective feedback mechanisms and epigenetic modifications.
Treating mammary glands with low doses of LPS protected those glands against a
subsequent E. coli infection and significantly reduced clinical symptoms (Petzl et al.,
2011). Furthermore, Shuster and Harmon (1991) repeatedly challenged two mammary
glands with LPS and reported that milk production partially recovered in challenged
glands and fully recovered in neighboring, unchallenged glands. However, it is uncertain
whether the systemic response to either LPS or coliform mastitis protects non-inflamed
glands from developing an IMI and clinical mastitis. Although transcriptomic evidence
from Mitterhuemer (2010) suggested a protective effect, my data showed that by 12 h,
immune-responsive genes were no longer differentially expressed in the non-inflamed
gland. Moreover, chronically elevated plasma levels of LPS did not protect glands against
hypogalactia upon intramammary infusion of LPS (Aditya et al., 2017). This could
indicate that i) non-inflamed glands are not exposed to levels of pro-inflammatory
mediators necessary to reach a protective threshold, and/or ii) LPS must act directly on
epithelial tissue from within the gland to confer tolerance. Therefore, measuring milk

synthesis and the immune response of non-inflamed glands after prolonged systemic
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inflammation or a subsequent intramammary challenge may help to identify mechanisms
of local LPS tolerance and improve prophylactic treatments.

Limiting the effects of systemic inflammation remains a priority to improve
productivity and promote health in lactating dairy cows. The influence of inflammation-
inducing mediators and secondary metabolic, hormonal, and oxidative responses on
mammary tissue remain unclear, but each may contribute to the regulation of milk
production. Ultimately, understanding the mechanisms that alter mammary function in
non-inflamed glands may lead to breakthroughs in interventions to protect against acute

coliform mastitis and its attendant effects on milk production.
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