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ABSTRACT
The transition from lactation to the dry period in dairy cows is a period of high risk for

acquiring new intramammary infections. This risk is reduced when the involution of the
mammary gland is completed. Accordingly, approaches that speed up the involution process
after drying-off could reduce the incidence of mastitis. The research presented in this thesis
aimed at developing a biological response modifier that could be injected into cow teats to
promote immune cell migration and speed up mammary gland involution. Chitosan, a natural
polysaccharide derived from chitin, is able to triggers host innate immunity. We developed 2
formulations, made from either high- or low- viscosity chitosan. Both are liquid at room
temperature but form a hydrogel at the body temperature. In the first experiment, each udder
quarter of 7 Holstein cows in late lactation was randomly assigned at drying-off to receive one of
the following intra-mammary infusions: 2.5 or 5 mL of low-viscosity chitosan hydrogel, 5 mL
of high-viscosity chitosan hydrogel, or 5 mL of water. Milk (mammary secretion) samples of
each quarter were collected on days before and after drying-off to measure different immune and
involution markers. The chitosan hydrogel infusions significantly hastened the increases in
somatic cell count, serum albumin and lactoferrin concentrations, and the lactate dehydrogenase
activity in mammary secretions. No major differences between sources or volumes of chitosan
were observed for the measured parameters. These results suggest that chitosan hydrogel
infusion hastened mammary gland involution, which may reduce the risk of acquiring new intra-
mammary infection during the dry period. The compatibility of chitosan hydrogel with an
internal teat sealant was verified in the second experiment. Each udder quarter of 8 Holstein
cows in late lactation was randomly assigned at drying-off to administration of an intra-
mammary infusion of 5 mL of low viscosity chitosan hydrogel, 4 g of an internal teat sealant,
combination of sealant and chitosan, or 5 mL of water. Milk (mammary secretion) samples of
each quarter were collected on days before and after drying-off to measure different involution
markers. As in the first experiment, chitosan induced changes in involution and immune
responses markers. Those parameters were not affected by the presence of the teat sealant,
showing that both could be used in combination. Further studies are needed to determine whether
administration of chitosan hydrogel could also reduce the incidence of new cases of intra
mammary infections during the dry period. Ultimately, this approach could be used as an

alternative to dry cow antibiotic therapy for non-infected cows.



RESUME

La transition entre la lactation et le tarissement est une période a risque élevé pour la
vache laitiére de contracter de nouvelles infections intra-mammaires. Ce risque est réduit lorsque
I'involution de la glande mammaire est terminée. Par conséquent, une approche permettant
d’accélérer le processus d'involution apres le tarissement pourrait réduire l'incidence de la
mammite. Notre programme de recherche vise a développer un modificateur de la réponse
biologique pouvant étre injecté dans les trayons de la vache afin de promouvoir la migration
rapide des cellules immunitaires, accélérant ainsi I'involution mammaire. Le chitosan est un
polysaccharide naturel dérivé de la chitine capable de stimuler I'immunité innée de 1’hdte. Nous
avons développé deux formulations; fabriqué a partir de chitosane ayant une viscosité faible ou
élevé. Ces formulations sont liquides & température ambiante mais forment un hydrogel a la
température du corps. Dans une premiere expérience, Chaque quartier de 7 vaches Holstein en
fin de lactation a été assigné de maniére aléatoire a une infusion intra-mammaire de 2.5ml ou
5ml de chitosan ayant une viscosité faible, 5ml de chitosan ayant une viscosité élevee ou 5ml
d'eau. Des échantillons de lait (sécrétions mammaires) de chaque quartier ont été recueillis lors
des jours précédents et suivants le tarissement afin de mesurer plusieurs marqueurs de
I’involution mammaire. Les infusions d'hydrogel de chitosan ont toutes accéléré 1’augmentation
des teneurs des sécrétions mammaires en cellules somatiques, albumine sérique et lactoferrine,
ainsi que de I’activité de la lactate déshydrogénase. Aucune différence notable n’a été observée
entre les différents traitements de chitosan. Ces résultats indiquent que la perfusion d'hydrogel de
chitosan accélére le processus d’involution de la glande mammaire. La compatibilité de cette
approche avec un scellant a trayon interne a été vérifiée dans une seconde expérience. Chaque
quartier de 8 vaches Holstein en fin de lactation a été assigné de maniére aléatoire a une infusion
intra-mammaire de 5 ml de chitosan ayant une viscosité faible, 4 g de scellant, une combinaison
de sellant et de chitosan, ou 5 ml de I'eau. Des échantillons de lait (sécrétions mammaires) de
chaque quartier ont été recueillis lors des jours précédents et suivants le tarissement. Les effets
du chitosan sur les marqueurs d'involution et les réponses immunitaires ont été similaires a la
premiére expérience. Ces effets n’ont pas été affectés par la présence du scellant a trayon, ce qui
montre que les deux approches sont entierement compatibles et peuvent étre utilisés en
combinaison. Bien que cela devra étre évalué, ces résultats suggerent que I'administration d'un
hydrogel de chitosan au tarissement pourrait réduire I'incidence des nouveaux cas de infection
intra mammaire durant la période de tarissement. Finalement, cette approche pourrait étre utilisée
comme une alternative au traitement antibiotique au tarissement pour les vaches non infectées.
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CHAPTER 1. INTRODUCTION
The lactation cycle of a dairy cow must include a dry period for optimal milk production

in the following lactation (Andersen et al., 2005). Although milking cessation is essential for
proper cell renewal, during early involution, the cow mammary gland is vulnerable to new
intramammary infection (IM1) (Smith et al., 1985; Leelahapongsathon et al., 2016).

When early involution of the mammary gland is completed, the risk of acquiring a new
IMI is minimalized (Tatarczuch et al., 2002). Consequently, Oliver and Smith (1982) have
proposed that accelerating the involution process after drying-off could enhance the resistance of
the mammary gland to new IMI during early involution. This acceleration can be achieved by
using a biological response modifier (BRM) (Dallard et al., 2010). However, the BRMs tested so
far are of short duration (Shamay et al., 2003; Dallard et al., 2010). Ideally, the
immunostimulation should last for the whole period of active involution. Therefore, developing a
BRM which hasten involution as well as induce and sustain a moderate recruitment of immune
cells is important.

Chitosan is a natural biocompatible polysaccharide produced from chitin (Rinaudo,
2006). Chitosan can be formulated to be injectable at room temperature but forms a
biodegradable hydrogel at body temperature (Chenite et al., 2000). Moreover, chitosan has
bacteriostatic, bioadhesive and bioactive properties (Senel and McClure, 2004). Our research
program aimed to develop a chitosan-based BRM formulation that could be injected into the cow
teat to promote sustained immune cell migration and hasten involution at drying-off. In addition,
the effect of combining the chitosan-based BRM with an internal teat sealant was verified.

The present thesis includes information on bovine dry-periods and mastitis as well as an

article which covers the experiments design, results and discussion.



CHAPTER 2. REVIEW OF THE LITTERATURE

2.1 The Dairy industry

The Canadian’s dairy industry is a major part of the agricultural sector. In 2015, its net
farm receipts represented 6.02 billion. Based on farm cash receipts, the dairy industry ranks the
third most important agriculture sector in Canada. At that time, there were 11,683 farms milking
959,600 dairy cows in Canada. The Canadian dairy industry is world renowned for its superior
animal genetic and excellence in dairy products. In 2015, the Canadian average milk production
for all dairy cow breeds was 10, 043 kg per 305-days lactation period with an average of 3.95%
fat and 3.23% protein (Agriculture and Agri-Food Canada, 2015).

Genetic selection and better management led to the improvement of milk production
performance. However, selection for milk production has increased metabolic stress,
reproduction problems, lameness and mastitis cases throughout the lactation period (Oltenacu
and Broom, 2010).

2.2 Bovine mammary gland
2.2.1 Lactation

Although lactation begins at calving, synthesis of milk components is initiated a few
weeks before, during a period called lactogenesis. Once lactation is established, milk production
increases drastically and peaks between two and eight weeks after parturition. After the lactation

peak, milk production decreases gradually until complete dry-off (Craplet, 1960).

The activity and number of mammary secretory cells change over the lactation cycle.
During gestation and early lactation, the volume of secretory tissue increases exponentially
(Knight and Wilde, 1993). After parturition, milking stimulus causes activation of secretory
cells, hence leading to milk production increase before the lactation peak (Tucker, 1980).
Throughout the lactation period, apoptosis and proliferation of secretory cells occur
simultaneousy, where half of original secretory cells are replaced over that period (Capuco et al.,
2001). After the milk production peak, an amplified apoptosis death and a reduced cell
proliferation result in a gradual mammary epithelial cell loss. Consequently, it is the decline of
mammary cell number and not a reduced cellular activity that causes observed milk yield

decrease from peak until the end of lactation (Capuco et al., 2001).
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2.2.2 Dry period
In nature, when mammals’ offsprings stop suckling, the mother’s milk production ceases.

When milk is not being produced during the dry period, the mammary gland regenerates itself
for the next lactation. In the dairy industry, this period is crucial for a better performance during
the next lactation. Cows continuously milked between calving produce less milk during the
following early lactation period (Andersen et al., 2005). Moreover, continuous milking does not
allow for colostrum production and would reduce offspring survival chances (Santschi and
Lefebvre, 2014). Studies showed that cows should stop being milked 8 weeks before calving, in
order to allow renewal of epithelial cells and optimize milk production for next lactation (Capuco
etal., 1997).

In most mammals, involution is induced quickly. For instance, rats and mice initiate it
within 24h. However, this process is slower for cows, and milk production can completely
reinitiated within 7 days of milk stasis (Singh et al., 2015). Afterward, normal milk secretion
cannot be resumed without loss of milk production (Noble and Hurley, 1999). Lack of milking
more than 7 days induces mammary gland morphological changes in mammals. As opposed to
other type of mammals, such as mice and rats, bovine mammary glands undergo less tissue
regression. This difference probably results from the fact that the cow is already in late
pregnancy during the dry period (Capuco and Akers, 1999). The involution process in bovine is
mostly characterized by cell turnover and changes in their secretory state and volume. The dry
period can be divided into three different phases: active involution, steady state involution and

redevelopment/colostrogenesis (Hurley, 1989).

2.2.2.1 Active involution
The active involution can be divided in two stages. The first stage, named acute

involution, begins when milk removal from the mammary gland is ceased. Since milk secretion
continues for some time, milk accumulates in the mammary gland during two to four days
(Hurley, 2010). After two days, formation of large intracellular vacuoles of lipid droplets and
secretory vesicles can be observed (Holst et al., 1987). Gradually, tight junctions between
epithelial cells become more permeable. This can be assessed by measuring concentrations of

serum albumin and immunoglobulin in milk secretion (Hurley, 2010).
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The second stage begins around 7 days without milking. After this period, mammary
secretory state and volume change and lactation cannot be completely recovered (Singh et al.,
2015). As the second stage progress, Secretory epithelial cells’ cytoplasmic organelles implicated
in milk synthesis such as rough endoplasmic reticulum, Golgi and secretory vesicles regress. As
a result, concentrations of milk components decrease. For example, citrate, an indicator of
mammary gland activity, decreases as involution progresses (Hyvonen et al., 2010). However,
cells still preserve viable and intact organelles to maintain metabolic and other secretory
functions (Holst et al., 1987). For instance, they produce lactoferrin, a protein which binds iron;
hence, making it unavailable for iron-dependent bacteria (Capuco and Akers, 1999). Another
natural protection molecule produced in the mammary gland is keratin. As involution progresses,

keratin accumulates in the teat canal and acts as a natural sealant (Capuco et al., 1992).

Also, antimicrobial proteins and leukocytes enter into the mammary gland to protect it
from potential invading pathogens. In fact, most of the cells found in milk secretion are immune
cells. Epithelial cells contribution is less than 2% of the somatic cells (Hurley, 1989). During the
first 3-7 days, polymorphonuclear neutrophils (PMN) are the main type of leukocytes entering
into the mammary gland. After 7 days, macrophages become the major type of leukocytes in the
mammary gland (Hurley, 1989). Both are phagocytic cell types which eat most of the remaining
milk components such as lipid droplets casein and cellular debris (Sordillo and Nickerson, 1988;
Tatarczuch, 2002). As for lymphocytes, they are always present. However, their concentration
rises as macrophage concentration increases (Hurley, 1989). Since neutrophils and macrophages
engulf milk components, their capacity to phagocyte bacteria is diminished. This contributes to
cows’ high vulnerability to new mammary gland infection during early involution (Tatarczuch,
2002)

2.2.2.2 Steady state involution
During the steady state involution, macrophages regain phagocytic capacity, and

vulnerability to infection decreases (Tatarczuch, 2002). During this period, most teats are sealed
and the mammary gland contains small volume of fluid (Hurley, 2010). Epithelial cells are in a
non-secretory state and contain no secretory vesicles or fat droplets. Moreover, the number of

mammary cells does not change throughout this period (Capuco et al., 1997).
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2.2.2.3 Redevelopment/colostrogenesis

During the redevelopment and colostrogenesis, the mammary gland undergoes drastic
changes to resume milk secretion. This period, referred as lactogenesis, can be divided into two
stages. The first stage (2-3 weeks before parturition) comprises a gradual cytological and
enzymatic differentiation of the epithelial cells (Gao, 2013). Moreover, a limited milk secretion
of milk proteins and pre-colostrum can be observed during this stage (Finucane, 2008). The
second stage occurs near parturition. Throughout this stage, the integrity of tight junctions
between the alveolar cells is re-established, secretory organelles are restored, secretory cells
undergoes histological structures changes, colostrum secretion accumulates in the alveolar
lumen; and finally, abundant secretion of milk is produced (Gao, 2013). During the fluid
accumulation, teats can leak; as a result, vulnerability to new infection of the mammary gland
increases during this period (Hurley, 2010).

2.3 Intramammary infection
Intramammary gland infections (IMI) result from pathogens invading the mammary

gland via the teat canal. Once the pathogens overcome the host’s natural defences, they establish
in the mammary gland and start to proliferate. After pathogen recognition, the host innate
immune response causes inflammation and substantial increase of milk somatic cells. At this
point, clinical symptoms begin to appear (Wellnitz and Bruckmaier, 2012). In any cases, mastitis
causes a substantial milk loss. Rajala-Schultz et al. (1999) evaluated the milk daily losses to be
1.0 to 2.5 kg during 2 weeks after mastitis diagnosis. They assessed the whole lactation milk
losses between 110 and 552 kg depending on days in milk and parity.

Cows are vulnerable to IMI at any time point during the lactation cycle. However, new
infections mostly occur during critical periods, including early involution and peripartum
(Hurley, 2010). During the early involution, high fat, casein and lactose concentrations favor
bacterial growth and interfere with the phagocytic capacity of immune cells (Sordillo and
Nickerson, 1988). Moreover, slow involution process of cow delays milk secretion’s increase of
antibacterial components and concentrations of immune cells (Sordillo et al., 1987). Similarly,
during peripartum, colostrum accumulation dilutes protective immune factors (Bradley, and
Green, 2004). During both periods, cows secrete a significant amount of milk; however, there is
no milking. As a result, a significant amount of milk accumulates in the mammary gland. The
resulting pressure increase risk of milk leak (Tucker et al., 2009) and impairs keratin plug

(Dingwell et al. 2004). Once the teat canal is open, microorganisms gain access to the mammary
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gland and can cause infection (Cousins et al., 1980). Therefore, it is of great importance to

improve the mammary gland defence to prevent new IMI.

2.3.1 Mammary gland defence mechanisms
2.3.1.1 Anatomical protection

The primary defence mechanism of the udder is the teat canal. The first physical barrier is
the teat sphincter. The teat sphincter muscle contracts between milking to seal the orifice tightly.
Overmilking or vacuum fluctuation during milking can damage the teat end and increase
incidence of mastitis (Bhutto et al., 2010).The second obstacle against invasion of pathogens is
the keratin lining in the teat canal. Keratin is a waxy substance which accumulates in the teat
canal, creating a physical obstruction against invading pathogens. Moreover, esterified and non-
esterified fatty acids in keratine, including palmitoleic, myristic and linoleic acid, have
bacteriostatic properties. Additionally, cationic proteins related to keratin can bind bacteria and
affect their cell wall integrity (Oviedo-Boyso et al., 2007). The rate of closure differs between
cows and some teat canals can remain open during the dry period (Dingwell et al., 2004). During
peripartum and early involution, milk accumulates in the mammary gland and internal pressure
causes teat leakage. When there is a milk leakage, the teat canal defence mechanisms are
disrupted. Accordingly, Schukken et al., (1993) reported that cow leaking during dry-off had 4

fold greater risk of acquiring a new intramammary infection.

2.3.1.2 Cellular protection
The second line of defence involves immune cells, which are major players of the innate

immunity (Table 1). A major point of entry of immune cells is the Furstenberg's Rosette, a
structure strategically located at the internal end of the streak canal. At this location, immune
cells leave the teat wall, and enter into the teat cistern to intercept bacteria before they reach the

mammary gland (Nickerson and Pankey, 1983).

Neutrophils and macrophages are important components of the innate immunity and
constitute a large proportion of leukocytes. In healthy udders, neutrophil number is low.
However, during an infection, the neutrophil number increases drastically and can reach near
100% of leukocytes (Paape et al., 2000). Inflammatory mediators attract them from the blood

stream to the mammary gland, where they display non-specific phagocytosis and bacteria killing
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abilities. Neutrophils can generate reactive oxygen species and small antibacterial peptides such

as defensins, which destroy invading pathogens (Selsted et al., 1993).

As for macrophages, they are the main type of milk somatic cells in healthy quarters
(Paape et al., 2000). Like neutrophils, they have a non-specific capacity to phagocyte bacteria.
However, their greatest contribution to the mammary gland protection is their ability to release
pro-inflammatory cytokines that recruit and activate neutrophils (Oviedo-Boyso et al., 2007).
Similarly to the macrophages, bacterial adhesion or toxins trigger epithelial cell response, hence

resulting in the production of immune cells recruiting cytokines (Sordillo and Streicher, 2002).

After acute neutrophil cell migration, if the infection persists, T and B lymphocytes
initiate specific immune responses. Lymphocytes express membrane receptors capable of
recognizing different antigenic structure which triggers a specific immune response (Carroll and
Forsberg, 2007). During an IMI, B lymphocytes and macrophages present antigen-MHC class 11
complexes, which activate CD4+ T lymphocytes. In turn CD4+ T cells produce specific
immunoregulatory cytokines. This includes IL-2, an interleukin that promote B cell proliferation
and differentiation into mature B cells (memory cells) or plasma cells. In turn, plasma cells
produce antigen specific antibodies. The CD8+ T lymphocytes have the ability to downregulate
immune expression and eliminate host cell which present foreign antigen. Gamma-delta T cells
can also destroy altered epithelial cells. However, their biological role is not well characterized
(Oviedo-Boyso et al., 2007).

Finally, natural killer cells are antigen independent immune cells. They bind to infected
and abnormal cells, degranulate and release perforin which disrupt cell membrane leading to cell
destruction. Natural killer cells also activate immune response by releasing large amount of
cytokines (Carroll and Forsberg, 2007). Moreover, they have an independent cytotoxic effect
against gram-positive and gram-negative bacteria (Garcia-Penarrubia et al., 1989). Therefore,
they could play an important role for mammary gland defenses (Shafer-Weaver and Sordillo,
1996).
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Table 1. Summary of Mammary Gland Cellular Defenses

Factor Biological function

Neutrophils Phagocytosis and intracellular killing of bacteria; secretion of
antibacterial factors

Macrophages Phagocytosis and intracellular killing of bacteria; antigen
presentation in conjunction with MHC

Natural killer cells Nonimmune lymphocytes that secrete antibacterial proteins upon
activation

T lymphocytes Production of immunoregulatory cytokines following antigen

CD4+ (T helper) recognition with MHC class 11 molecules; memory cells following

antigen recognition

CD8+ (T cytotoxic) Lysis of altered or damaged host cells when complexed with MHC
class I molecules; production of cytokines that can down-regulate
certain leukocyte functions

vo T lymphocytes  Biological role in the mammary gland is speculative

B lymphocytes Display membrane-bound antibody molecules to facilitate antigen
Mature B cells presentation; memory cells following antigen interactions
Plasma cell Terminally differentiated B lymphocytes that synthesize and secrete

antibody against a specific antigen

(Sordillo and Streicher, 2002)

2.3.1.3 Soluble immune factors
Different innate and specific soluble immune factors protect the mammary gland. Soluble

factors assist immune cells to identify pathogens and modulate immune response. For example,
antibodies produced by antigen-activated B lymphocytes such as 1gG1, 1gG2, and IgM have the
ability to target (opsonize) bacteria to enhance neutrophils and macrophages phagocytosis. Other
antibodies such as IgA have the ability to neutralize toxins and cause bacteria agglutination,

hence reducing the spread of the infection (Paape et al., 2000).

Complement proteins are other soluble factor able to opsonize bacteria and attract
neutrophils. Complement proteins such as C3 is a key factor which binds covalently to pathogens
and promotes phagocytosis. Similarly, C5a has also the ability to increase bactericidal activity of
neutrophils. The complement system can directly disrupt bacteria’s membrane by assembling of

C5b, C6, C7,C8 and several copies of C9 to form a membrane attack complex (MAC) (Rainard,
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2003). Complement concentrations are low in milk of healthy lactating udders, but high in

colostrum and infected or involuted mammary glands (Sordillo and Streicher, 2002).

Other soluble factors disrupting bacteria’s cell wall include lysozyme and lactoferrin.
Lysozyme is a bactericidal protein which cleaves peptidoglycan of gram positive bacteria’s cell
walls. It can also disrupt outer cell membrane’s peptidoglycan of gram negative bacteria.
Lysozyme has low effectiveness against intramammary infecting pathogens. Nevertheless, it has
synergic effects on other bactericidal soluble factors (Ezzat Alnakip et al., 2014). Lactoferrin is a
bacteriostatic and bactericidal iron-binding protein. Lactoferrin sequesters iron; therefore, it is
unavailable for iron dependent bacteria such as Klebsiella pneumoniae and Escherichia coli.
Moreover, lactoferrin bactericidal activity results from its ability to bind and disrupt the gram-
negative bacteria outer membrane (Ellison, et al., 1988). Finally, lactoferrin is ineffective against
some bacteria; as an example, Streptococcus agalactiae is able to use it as an iron source
(Sordillo and Streicher, 2002). The lactoferrin concentration is low in lactating mammary gland,
but increases drastically during involution. Its concentration is maximal after 3-4 weeks of
involution. During this period, it is nearly 100-fold greater than in the course of lactation (Ezzat
Alnakip et al., 2014). Its concentration also increases during an infection. However, elevated
concentrations of citrate during lactation chelate iron, and reduce effectiveness of lactoferrin
against pathogens (Bishop et al., 1976; Sordillo and Streicher, 2002).

2.3.1.4 Cytokines
Cytokine are small proteins produced and released by cells that help them interact and

communicate together. Different cells can produce the same cytokine and one cytokine can affect
different cell types. When released, cytokines can affect distant cells, nearby cells and also may
have an effect on the cell that has produced the cytokines (autocrine action). Cytokines usually
produce a cascade response by inducing cells to produce more cytokines (Zhang and An, 2007).
During an immune response, intercellular communication is achieved by cytokine signaling
(Alluwaimi, 2004). Once activated, immune cells and mammary epithelial cells produce and
release cytokines. Immunomodulation consists of a complex network of pro-inflammatory and
anti-inflammatory cytokines (Gunther, et al., 2011). Mammary gland common pro-inflammatory
cytokines include TNF-q, interferon gamma (IFN-vy), colony-stimulating factors (CSF), and
several interleukins (IL-1B, IL-2, IL-6, IL-8, 1L-12). When pro-inflammatory cytokines binds to
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macrophage and neutrophil receptors, they increase their bactericidal capacity. Moreover,
cytokines termed chemokines attract neutrophils towards the site of infection (Oviedo-Boyso et
al., 2007). Each kind of cytokines has a different type of control on the immune response (Table
2).

Table 2. Cytokine Effects on Mammary Immune and Inflammatory Responses

Cytokine Observations

IL-1 Mediates acute phase inflammatory response
Increases neutrophil numbers
Enhances neutrophil phagocytosis and bactericidal activity
Triggers neutrophil migration into infected mammary gland

IL-2 Enhances mammary mononuclear cell proliferation
Enhances cytotoxic and bactericidal activities of lymphocytes
Increases plasma cell numbers
Activates NK cells

IL-8 Induces inflammation
Mediates IL-1 induced neutrophil migration
Potent chemoattractant

Granulocyte- Increases numbers of blood and milk neutrophils
CSF Increases milk SCC
Increases phagocytosis and bactericidal activity
Decreases neutrophil migration

granulocyte-  Enhances chemotactic and bactericidal activities of neutrophils

monocyte- Enhances cytotoxic activity

CSF Increases number of phagocytic cells

Macrophage- Regulates proliferation and differentiation of macrophages
CSF Potent macrophage chemoattractant

IFN-y Enhances neutrophil phagocytosis and bactericidal activity

Reverses suppressive effects of mammary gland secretions

TNF-a Enhances acute phase inflammatory response
Enhances neutrophil phagocytosis and bactericidal activity
Enhances endothelial adhesion molecule expression

(Sordillo and Streicher, 2002)

2.3.2 Pathogen types and clinical symptoms
In a dairy herd, the most common infecting pathogens can be either contagious or

environmental. Often associated with chronic or subclinical mastitis, contagious bacteria survive
in the udder. They can be transmitted from quarter to quarter or cow to cow by contaminated

milking equipment, towels, or milker’s hands. Examples of common contagious bacteria are

18



Staphylococcus aureus, Streptococcus agalactiae, as well as various mycoplasma and
Arcanobacterium spp (Oviedo-Boyso et al., 2007). Environmental bacteria mainly shed in
ground, manure, and bedding. Milk leakage between milking and dirty udder is the main causes
of infections by these pathogens. Major pathogens in this category are Escherichia coli,
Streptococcus dysgalactiae, Streptococcus uberis, Klebsiella pneumoniae, and Bacillus spp.
(Oviedo-Boyso et al., 2007). The mammary gland innate immune response is similar among
different type of pathogens. However, severity of the response depends on the pathogen type
(Table 3).

Table 3: Immune response of bovine mammary gland to different bacteria

) Type of )
Bacterium - Innate immune response
mastitis

Staphylococcus aureus  Clinic or  Increase in SCC
.. Transitory increase in TNF-a, IL-1b, and C5a concentration
Subclinic  hcrease in IL-12 concentration
/chronic  Increase in CD8p lymphocytes recruitment
Increase in IgG2 concentration

Escherichia coli Clinic Increase in SCC
Increase in TNF-a, IL-1b, IL-8, IL-12, IFN-g,
and C5a concentration
Increase in LBP, BSA, and sCD14 concentration

Streptococcus uberis Clinic Increase in SCC
Increase in TNF-a, IL-1b, IL-8, IL-12, IFN-g,
pmCD14, and LBP concentration

Serratia marcescens Clinic Low concentrations of IL-12, IFN-g, pmCD14, and LBP

Klebsiella pneumoniae  Clinic Increase in SCC
Increase in TNF-a, IL-1b, and IL-12 concentration
Increase in IL-8, C5a, LBP, and pmCD214 concentration

Pseudomonas Clinic Increase in TNF-a, IL-8, IL-12, IL-10, C5a, and LBP
aeruginosa concentration

(Oviedo-Boyso et al., 2007)

2.3.2.1 Clinical symptoms
Clinical symptoms caused by mammary gland infection vary from subclinical and

chronic to acute and severe. Essentially, clinical outcomes depend on host immune status and
infecting pathogen type. Cow’s immune status is affected by presence of other diseases,
nutritional status, stress, lactation stage, parity and genetic resistance (Goff and Kimura, 2004;

Carroll and Forsberg, 2007; Schukken et al., 2011). Even if innate immune response is non-
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specific, it is activated by specific cellular pattern recognition receptors (PRR) on leucocytes and
epithelial cells. Therefore, PRR bind to pathogen specific molecules named pathogen-associated
molecular patterns (PAMPs) which are released during pathogen duplication or degradation
(Wellnitz and Bruckmaier, 2012). In cattle, PRR includes ten toll-like receptors (TLR), which
bind to different PAMPs (Rinaldi, et al., 2010). When bound to PAMPs, TLRs activate a
downstream signaling cascade, leading to the nuclear factor-kappaB (NF-kB) activation.
Subsequently, it induces production of proinflammatory cytokines and chemokines (Kawai and
Akira, 2007).

Variability between immune response depends upon infecting pathogen’s PAMPS. Most
of the IMI result from gram-negative and gram-positive bacterial infections with distinct host
responses. Common diagnosed bacteria are Escherichia coli (gram-negative), which normally
causes acute/clinical response, and Staphylococcus aureus (gram-positive) leading to

chronic/sub-clinical infection (Wellnitz and Bruckmaier, 2012).

2.3.2.2 Escherichia coli
Escherichia coli, like other Gram-negative bacteria, possess lipopolysaccharides (LPS)

on their cell membrane. This endotoxin provoke acute immune response characterized by drastic
increase in somatic cell counts, fever, pain, milk coagulation, and lower milk production
(Werner-Misof et al., 2007). Inflammation is initiated when LPS binds to the CD14/TLR4
complex on the macrophage membrane. Cytokines such as TNF-a, IL-1B, and IL8 induce the
inflammatory response. The IL-1 and TNF-o amount released will directly affect clinical
symptoms amplitude. In fact, the immune response causes more damage than the bacterium
itself. During acute mastitis, the inflammatory cascade can lead to permanent tissue damage and
even death by septic shock (Gunther, et al., 2011). The response to LPS is dose dependent;
Werner-Misof et al. (2007) concluded that an intra-mammary injection of 1 pg of LPS does not
cause clinical signs whereas a dose of 3 pg of LPS results in clinical signs. When the
inflammation response of the host is sufficient to destroy the invading bacteria, inflammation
resolves by anti-inflammatory cytokines release including IL10 and TGFB1 (Rinaldi, et al.,
2010).
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2.3.2.3 Staphylococcus aureus
Staphylococcus aureus, a Gram-positive bacterium, usually induces minimal clinical

signs, but infects cows chronically. It possesses different PAMP, which includes peptidoglycans,
lipoproteins, and lipoteichoic acids (LTA) (Wellnitz and Bruckmaier, 2012). Yang et al (2008)
suggested that chronic S. aureus infection is caused by compromised immune response
pathways, which increases the vulnerability of the host. They demonstrated that S. aureus
bacteria, and particularly LTA, activate mammary epithelial cells’ TLR2 receptors. However,
further signals are partially blocked, leading to impaired NF-kB activation. Impair NF-kB
activation results in reduced cytokine (TNF-a, IL-1pB) secretion, explaining the lower immune
response, inferior systemic inflammation, and minor clinical symptoms observed during S.
aureus mastitis. Therefore, S. aureus’ ability to inhibit the immune response allows its survival
in the host (Gunther et al., 2011).

Most of the acute mastitis symptoms caused by S. aureus result from its ability to
produce toxins those damages epithelial cells membranes. Moreover, damaging tissue is
beneficial for the pathogen, since it enables its adhesion and migration into epithelial cells. Once
in the host’s cells, S. aureus is protected from the immune response, but also from conventional
antibiotic therapy (Oviedo-Boyso et al., 2007). A bulk of research aims to efficiently treat

chronic subclinical S. aureus mammary infection.

2.3.2.4 Other bacteria
Another common bacterium named Streptococcus uberis triggers immune responses such

as cytokines production, leukocytes recruitment and soluble immune factors release. It also
induces clinical symptoms, comprising fever and swelling (Rambeaud et al., 2003). Similarly,
other mastitis causing pathogen such as Mycoplasma bovis, Streptococcus uberis, Klebsiella
pneumoniae, Pseudomonas aeruginosa and Serratia marcescens activate host’s immune
response (Bannerman, 2009).

The ultimate consequences of mammary gland infection are similar among pathogens.
Intramammary infections results in production losses, lower product quality, higher drug usage,
discarded milk, veterinary services, extra labor, more diagnostic tests, other related diseases
(Halasa et al., 2007). With this regard and in any case, developing methods to prevent the disease

is more than crucial.
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2.3.3 Mastitis detection
There are different management tools available to detect mastitis. During an IMI,

pathogens and host immune components are found in milk. Milk analysis is used by producers to
identify potentially infected animals. Somatic cell count (SCC), lactate dehydrogenase (LDH),
and N-acetyl-B-d-glucosaminidase (NAGase) can be used as diagnostic metabolites. However,
Nyman et al., (2016) reported that SCC has the greatest ability to detect IMI.

Once an animal is recognized as being infected, the principal method to identify infecting
pathogens is conventional microbiology culture. The main weaknesses associated with this
diagnostic tool are the high costs and the extended time period between sampling and results.
Mansion-de Vries et al. (2014) compared traditional bacterial culture with on-farm 3M
Petrifilm™ 24h culture. They used two different Petrifilm™ to differentiate between gram-
positive or gram-negative bacteria infection, therefore allowing for rapid and proper treatment
procedures. They concluded that it was a proper alternative method to determinate the most
appropriate treatment. Other diagnostic tests including biosensors, immunoassays, enzymatic
assays and PCRs are new alternatives that can be used for rapid identification of infecting

pathogens (Viguier et al., 2009).

2.3.4 Mastitis treatment and prevention
Once identified, IMI can be cured using antibiotics. Saini et al., (2012a) assessed the use

of antimicrobial in Canadian dairy herd and estimated that the national intramammary
antimicrobial drug use rate (ADUR) was 5.07 animal defined-daily doses (ADD)/1,000 cow-
days. The ADUR for clinical mastitis was 3.52 ADD/1,000 cow-days compared to 1.55 for dry
off therapy.

Since cow’s mammary gland is highly vulnerable to new infection during early
involution (Neave et al., 1950, Smith et al., 1985; Leelahapongsathon et al., 2016), many
producers adopted blanket dry cow therapy. It is a common mastitis control program which
consists of treating all cows at the end of lactation, regardless of infection status. This method

aims at curing existing infection, and preventing new IMI during early involution critical period.

The prophylactic use of antibiotic treatment could explain the result of another Canadian
national study, where 20% of S. aureus, 18% of E. coli and 37% of Klebsiella isolates obtained

from mastitis cases were resistant to at least one antibiotic and many of them were resistant to
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two or more antibiotics (Saini et al., 2012b). According to Oliver et al. (2011), antimicrobial
resistance caused by this prevention technique is minimal. However, they did mention the fact
that blanket dry cow therapy has low efficiency against coliform bacteria, which are the main

pathogens associated with early involution infection (Oliver et al., 2011).

Another downside of this prevention method is the risk of antibiotic contamination in
early lactation milk. This is of great importance for short dry period management and/or after
premature calving (Santschi and Lefebvre, 2014). Another major concern is probably the
consumer perception. Some European countries are severely limiting prophylactic use of
antibiotics. Producers can only use selective dry cow treatments; therefore, treating only infected
quarters (Swinkels et al., 2015). However, Berry and Hillerton (2002) estimated the reduction of
new IMI by 80% when a dry cow therapy is used. Therefore, without a blanket dry cow therapy,
non-infected quarters are more vulnerable to new IMI. Consequently, there is an increasing need

for effective non-antibiotic IMI prevention treatments.

2.3.5 Alternative treatments for prevention of IMI at dry-off
Internal teat sealants may provide an alternative to protect healthy quarters from invading

pathogens during the dry period. Teat sealing is a substitute to prophylactic dry cow therapy and
contributes to reduced drug use in dairy herds. Long lasting biocompatible bismuth-based
preparation can remain stable in the teat canal during the entire dry period and protect from
invading pathogens. Kromker et al. (2014) showed a decrease infection rate to a third of the
untreated group, when quarters were treated only with sealant during the dry period. Therefore,
the use of teat sealant is beneficial but not fully effective.

Other protection methods against mastitis are external teat sealant and routine iodine
based teat dipping. However, Whist et al. (2006) did not observed any effect on infection rate
from applying external teat sealant during dry off, while, a significant reduced risk of acquiring
clinical mastitis was demonstrated when tie-stall cows were iodine-dipped during early
involution. Routine iodine based teat dipping requires extra labor since dry cows teats need to be
dipped for several days. As free stall herd proportion increases, it is not a viable long term
solution. As a result, there is an interest in developing new antibiotic free dry-off IMI prevention

treatments.
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2.4 Biological response modifier
Immunomodulation is commonly used to prevent diseases. Various compounds referred

as biological response modifier (BRM) or immunomodulators are able to interact with the host
immune system. As a result, use of such compounds has beneficial prophylactic or therapeutic
effects (Tzianabos, 2000).

The best known BRM are vaccines, which act by stimulating the adaptive immunity.
Many researchers evaluated the effect of vaccines on mastitis pathogens. Although some
vaccines have the ability to reduce clinical symptoms caused by mastitis; they have limited
effects on new IMI prevention (Talbot and Lacasse, 2005). As of today, commercially available
vaccines show marginal effects in preventing neither infections of E.coli (Tomita et al., 2000)
nor S. aureus (Tenhagen et al., 2001). Although vaccination is an attractive method to protect
against IMI, the perspective of having a vaccine protecting efficiently the mammary gland

against most mastitis pathogen is very remoted.

Stimulation of innate immunity may help to protect the mammary gland during critical
periods and the use of BRMs that stimulate immunity during early involution has been tested.
Oliver and Smith (1982) showed that endotoxin and colchicine infusion at dry-off increase of
cow's natural defense components such as phagocytic cells, lactoferrin, and 1gG. Shamay et al.
(2003) showed similar results with casein hydrolyzates. Dallard et al. (2010) injected a single
dose of lipopolysaccharide and cellular fractions of Escherichia coli into the mammary gland at
dry-off. As a result, they detected a massive leukocyte migration without severe clinical
symptoms, suggesting an increase protection against new IMI. However, in this case, mammary
gland involution was not accelerated. The drawbacks of most BRM tested so far is that
stimulation of the immune system only last for a short period of time. Ideally, the
immunostimulation should last for the whole period of active involution. In addition, a BRM
should induce a moderate recruitment of immune cells and be limited to the teat area.
Nevertheless, the BRM should resist milk pressure, and not be rejected if milk leakage occurs in

the days following drying-off.

2.5 Chitosan
Chitosan is a natural biopolymer made from chitin. It is used in various fields including

agriculture, water and waste treatment, food and beverage, cosmetic and toiletries as well as
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biopharmaceutics (Rinaudo, 2006). Chitosan has interesting properties such as biocompatibility,
biodegradability and bioactivity which enable its usage for medical application (Senel and
McClure, 2004). Moreover, chitosan can be formulated to form a biodegradable hydrogel when

injected at body temperature (Han et al., 2004).

2.5.1 Sources and processing
Chitosan is derived by the deacetylation of chitin, which is the second most abundant

polysaccharide in nature after cellulose. The main sources of chitin are crustacean shells, insect
exoskeletons and cell walls of fungi. Related organisms produce roughly 10 billion tons of chitin
every year (Zargar et al., 2015). The main commercial sources of chitin to produce chitosan are
the crab and shrimp canning industry (Rinaudo, 2006). It is an abundant by-product that can be
processed at low cost (Han et al., 2004). To extract chitin from crustacean shells,
demineralization, deproteination and decolorization are required. At this stage, chitin has poor
solubility and low biological activity (Goy et al., 2009). Therefore, a concentrated alkaline
solution is added to chitin. As a result, it undergoes partial deacetylation (Zargar et al., 2015).
When more than 50% of the acetyl groups are removed from chitin, the compound becomes

chitosan (Brugnerotto, 2001).

2.5.2 Structure and formulation
Chitosan is a glucose-based unbranched polysaccharide, consisting in a combination of

glucosamine and N-acetyl glucosamine copolymers. Proportion of each copolymer depends on
the degree of deacetylation, which represents the amount of amine groups formed from the
original number of acytyl groups on chitin (Figure 1) (Martinez-Ruvalcaba, et al., 2007). Chain
length varies according to total number of polymers. Consequently, the molecular weight
fluctuates between 10,000 and 2 million Dalton (Senel and McClure, 2004). Like chitin, chitosan
is insoluble at alkaline and neutral pH. However, chitosan is soluble in diluted acid with pH
below 6.5. After deacetylation, removal of the acetyl groups from the amine radicals (-NH2),
amines can be protonated (-NH+3 in acidic condition) and chitosan become a water-soluble
cationic polyelectrolyte (Goy et al., 2009; Zargar et al., 2015). Many distinctive properties of
chitosan arise from its capacity to be positively charged (Argin-Soysal et al., 2009; Zargar et al.,
2015).
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Fig. 1 Chemical structure of chitin and chitosan
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Chemical structure (a) of chitin poly( N-acetyl-b-Dglucosamine) and

(b) of chitosan (poly(D-glucosamine) repeat units.

(c) Structure of partially acetylated chitosan, a copolymer characterized
by its average degree of acetylation DA.

(Rinaudo, 2006)

2.5.3 Properties and applications
Chitosan possesses various physicochemical properties. Because chitosan’ solubility is

pH dependent, it becomes liquid at pH values below 6.2. However, when pH is increased by a
weak base, interchain electrostatic repulsion is reduced and chitosan precipitate into a hydrated
gel-like substance (Han et al., 2004). Chenite et al. (2000) were able to prevent immediate
precipitation by using B-glycerophosphate as a weak base. Moreover, because of multiple
interactions between chitosan, g-glycerophosphate and water, this preparation had
thermosensitive gelling properties. Therefore, it can be formulated to be liquid at room
temperature and form a hydrogel at body temperature (=37°C) (Zhou et al., 2015). Han et al.
(2004) demonstrated that after subcutaneous injections, this preparation forms a biocompatible
and biodegradable hydrogel. They also mentioned chitosan’s ability to remain at the site of

application due to its bioadhesive properties, as a result of its positive charge.
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Chitosan exhibits various biological properties. It has been used for drug formulation
over the past 20 years (Senel and McClure, 2004). Important biological properties include;
biocompatibility, bioadhesivity, bioactivity, nontoxicity, biodegradability, absorbability and
antimicrobial activity (Zargar et al., 2015). Chitosan has the distinctive ability to enhance local

drug delivery by opening epithelial tight junctions (Han et al., 2004).

Although chitosan is biocompatible, it has immuno-stimulating properties (Otterlei et al.,
1994). The processes, by which chitosan triggers host immune responses, are still partly
understood. One possible explanation is the recognition of chitin and chitosan polymers as
foreign molecules by the mammalian innate immune system (Bueter et al., 2013). Chitosan
activates both humoral and innate immunity; therefore making it appealing as a vaccine adjuvant
(Wen et al., 2011). Moreover, chitosan’s ability to stimulate inflammation has enabled its usage
to accelerate wound healing (Senel and McClure, 2004). Ueno et al., (2001) reported that
chitosan activates immune cells such as polymorphonuclear leukocytes, macrophage and
fibroblasts. Similarly, Otterlei et al. (1994) observed TNF-a production upon activation of
monocytes by chitosan. Because chitosan structure is similar to LPS, they suggested that
chitosan is involved in CD14 activation. However, response varies according to particle size and
degree of acetylation. For example, Bueter et al. (2011) demonstrated a negative correlation
between chitosan particle size and macrophage activation. They suggested that phagocytosis of
enzyme degraded chitosan particles activates NLRP3 inflammasome, which in turn induce IL-1p
production. Activation is also dependent on degree of acetylation. They observed an inhibition of
the effect on macrophages after acetylation of chitosan. Chitosan” immune cell activation and
proinflammatory cytokine production accelerate wound healing but also increase protection

against infections (Senel and McClure, 2004).

Moreover, chitosan is a good candidate for wound protection because it has antibacterial
properties. Since chitosan is positively charged, it disrupts the negatively charged microbial cell
wall. Hence, it results in cell leakages (Bégin and Van Calsteren, 1999). Goy et al. (2009)
proposed that chitosan can also penetrate in microorganism’s cytoplast to prevent mRNA and
protein synthesis. Furthermore, they suggested that chitosan can form an external barrier and
eliminate microbial access to essential nutrients. Moreover, the lower the molecular weight and

degree of acetylation are, the greater is the inhibition of microbial growth and multiplication

27



(Goy et al., 2009). Finally, chitosan‘s antibacterial activity is pH dependent (Senel and McClure,
2004). In acidic conditions, protonation of chitosan increases its charge; therefore, increasing its
activity (Zargar et al., 2015). Because chitosan provides antibacterial protection and increases
immune defense, it has an enormous potential as an alternative to antibiotics (Senel and
McClure, 2004).
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CHAPTER 3. MAIN OBJECTIVE, HYPOTHESIS AND SPECIFIC OBJECTIVES

3.1 Main objective
To develop a chitosan-based BRM that could remain in the teat, stimulate an inflow of immune

cells and hasten involution to reduce new IMI susceptibility at dry-off.

3.2 Hypotheses of this thesis

- Chitosan hydrogel can be formulated to be liquid at acidic pH and room temperature but to
form a gel at body temperature and biological pH

- Chitosan hydrogel will remain in teat cistern during early involution

- The presence of chitosan in the teat cistern will induce a sustained migration of immune cells in
the teat via Furstenberg's rosette

- The Chitosan preparations will cause opening of tight junctions and result in hasten involution.

- The combination of chitosan hydrogel and an internal teat sealant does not reduce effects of
chitosan on the immune response.

3.3 Specific objectives

Obijective 1: to evaluate mammary gland immune response and involution rate when using
different chitosan hydrogel formulations at dry-off.

Objective 2: to evaluate the compatibility of most promising chitosan hydrogels with an internal
teat sealant
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CHAPTER 4. PRELIMINARY EXPERIMENTS
First, chitosan formulations required for our objectives were developed at Agriculture and Agri-

Food Canada’s St-Hyacinthe Research and Development Centre by Patrick Fustier, Ali Tahérian
and Barbara Bisalowski. They developed different chitosan hydrogel formulations which were

injectable at acidic pH and room temperature and formed a gel at body temperature and pH

The most promising formulations were selected for in vivo experimentation. An assessment of
the acute effect of each selected BRM was carried out in lactating cows. After morning milking,
each teat was randomly assigned to a selected chitosan formulation or water (control). Signs of
inflammation were monitored for the following days. The afternoon milking was skipped but a
sample of milk was collected through a plastic needle. At the following morning, foremilk
samples of milk were collected. Cows were milked with a quarter milking machine and
additional samples were collected for a total of 7 days. Somatic cell count was determined on the
collected milk samples. Chitosan formulations which induced a moderate recruitment of somatic
cell in the teat without causing acute symptoms of inflammation on the rest of the mammary

gland were selected for subsequent studies.

Table 4: Preliminary experiments resume

Experiment ~ COW Treatments Conclusion
number
1 4 - High viscosity - Chitosan increased somatic
chitosan 1.5% cell count for 4 days
- High viscosity - No inflammation
chitosan 2% - Fast degradation of hydrogels
- Water (Control) - No major differences between

concentrations

2 4 - High viscosity chitosan 5% - Complex caused major
- Complex chitosan:xanthan 3% inflammation
- Water (Control) - Chitosan increased somatic

cell count for 4 days

3 2 - High viscosity chitosan 5% - Complex caused major
- Low viscosity chitosan 5% inflammation
- Complex chitosan:PVA - Chitosan increased somatic
- Water (Control) cell count for 4 days

- No major differences between
low and high viscosity chitosan
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CHAPTER 5. ARTICLE
Interpretive Summary

Effect of intramammary infusion of chitosan hydrogels on bovine mammary gland
involution after drying-off. By Lanctot et al. The transition from lactation to the dry period in
dairy cows is a period of high risk for acquiring new intramammary infections. This study aimed
to develop a biological response modifier that could be injected into cow teats to speed up
involution. Chitosan is natural polysaccharide able to trigger the innate immunity of the host.
Our results show that teat infusion with chitosan hydrogel promoted immune cell migration and
hastened mammary gland involution. This approach could be used as an alternative to dry-cow

antibiotic therapy for uninfected cows.

INTRAMAMMARY INFUSION OF CHITOSAN HYDROGELS

Effect of intramammary infusion of chitosan hydrogels at drying-off on bovine mammary

gland involution
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5.1 Abstract
The transition from lactation to the dry period in dairy cows is a period of high risk for acquiring

new intramammary infections. This risk is reduced when the involution of the mammary gland is
completed. Accordingly, approaches that speed up the involution process after drying-off could
reduce the incidence of mastitis. The current study aimed to develop a biological response
modifier that could be injected into cow teats to promote immune cell migration and speed up
involution. Chitosan, a natural polysaccharide derived from chitin, is able to trigger host innate
immunity. We developed 2 formulations, made from either high- or low-viscosity chitosan. Both
are liquid at room temperature but form a hydrogel at body temperature. In the first experiment,
each udder quarter of 7 Holstein cows in late lactation was randomly assigned at drying-off to
receive one of the following intramammary infusions: 2.5 or 5 mL of 5% (w/v) low-viscosity
chitosan hydrogel, 5 mL of 5% high-viscosity chitosan hydrogel, or 5 mL of water. Milk
(mammary secretion) samples were collected from each quarter on d —4, —1 (drying-off), 1, 3, 5,
7, and 10. Milk somatic cell counts and the concentrations of involution markers such as BSA,
lactate dehydrogenase, and lactoferrin were measured in each sample. In comparison with the
control, the chitosan hydrogel infusions significantly hastened the increases in somatic cell
counts, BSA and lactoferrin concentrations, and lactate dehydrogenase activity in mammary
secretions. No major differences between sources or volumes of chitosan were observed for the
measured parameters. The compatibility of this approach with an internal teat sealant was
verified in the second experiment. Each udder quarter of 8 Holstein cows was randomly assigned
at drying-off to receive one of the following intramammary infusions: 5 mL of 2% low-viscosity
chitosan hydrogel, 4 g of an internal teat sealant, a combination of sealant and chitosan, or 5 mL
of water. Milk (mammary secretion) samples were collected from each quarter on d —4, —1
(drying-off), 5, and 10 to measure involution markers. These results suggest that chitosan
hydrogel infusion hastened mammary gland involution and activate immune response, which
may reduce the risk of acquiring new intramammary infections during the drying-off period.
Those results were not affected by the presence of the teat sealant, showing that both approaches

are fully compatible and could be used in combination.

Key words: mastitis, involution, immunity, chitosan, dairy cow
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5.2 Introduction
The lactation cycle of a dairy cow must include a dry period for optimal milk production

in the following lactation (Andersen et al., 2005). Although milking cessation is essential for
proper cell renewal, during early involution the cow mammary gland is vulnerable to new IMI
(Smith et al., 1985; Leelahapongsathon et al., 2016). Even though milking is stopped, high-
yielding cows still secrete a significant amount of milk. The pressure buildup causes milk to leak
and impairs keratin formation (Dingwell et al., 2004). Once the teat canal is open,
microorganisms gain access to the mammary gland and cause infection (Cousins et al., 1980).
Moreover, during early involution, the level of antibacterial components and concentration of
immune cells in the milk secretions are minimal (Sordillo et al., 1987). Finally, high fat, casein,
and lactose concentrations favor bacterial growth and interfere with the phagocytosis capacity of
immune cells (Sordillo and Nickerson, 1988). Therefore, implementing an efficient mastitis
prevention program during this period is crucial.

An important element of many mastitis control programs is the treatment of all cows with
antibiotics at the end of lactation, regardless of the cows’ infection status (Berry and Hillerton,
2002). Although this method aims to cure existing infections and prevent new IMI during the dry
period, it is not equally effective against all pathogens (Oliver et al., 2011). The major concern,
perhaps, is consumer perception. As a result, Germany and the Netherlands have prohibited the
prophylactic use of antibiotics in livestock, such that only cows with IMI can be treated
(Swinkels et al., 2015). Consequently, there is an increasing need for effective nonantibiotic IMI
prevention treatments. Internal teat sealants could provide alternatives to dry-cow therapy.
However, despite their benefits, the inert bismuth-based preparations are not totally effective
(Krémker et al., 2014). Another proposed alternative to blanket dry-cow therapy is external teat-
dipping regimens using iodine-based teat dips at drying-off. Despite their effectiveness in tie-
stall herds, these regimens are labor intensive and difficult to implement in free-stall operations
(Whist et al., 2006).

When early involution of the mammary gland is completed, the risk of acquiring a new
IMI is minimal (Tatarczuch et al., 2002). Consequently, Oliver and Smith (1982) proposed that
accelerating the involution process after drying-off could enhance the resistance of the mammary
gland to new IMI during early involution. This acceleration can be achieved by using a

biological response modifier (BRM) (Tzianabos, 2000). Biological response modifier (BRM) or
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immunomodulators are able to interact with the host immune system. As a result, use of such

compounds has beneficial prophylactic or therapeutic effects (Tzianabos, 2000).

However, the effect of the BRMs tested so far are of short duration (Shamay et al., 2003;
Dallard et al., 2010). Chitosan is a natural biocompatible polysaccharide derived by the partial
deacetylation of chitin, which is the second most abundant polysaccharide in nature after
cellulose (Rinaudo, 2006). Chitosan can be formulated to be injectable at room temperature but
form a biodegradable hydrogel at body temperature (Chenite et al., 2000). Chitosan exhibits
various biological properties. It has been used for drug formulation over the past 20 years.
Moreover, chitosan has bacteriostatic, bioadhesive, and bioactive properties (Senel and McClure,
2004).

After drying-off, the permeability of tight junctions between epithelial cells increases,
which allows paracellular transport between the interstitial space and milk (Nguyen and Neville,
1998). This transport can be assessed by measuring concentration of serum albumin and
immunoglobulin in milk secretions (Hurley, 1989). Furthermore, the regression of mammary
secretory tissue is accompanied by changes in milk secretion composition that occur gradually
during early involution (Oliver and Sordillo, 1989). For instance, epithelial cells produce more
lactoferrin as involution progresses (Capuco and Akers, 1999). Accordingly, milk secretion
concentration of those markers is used to assess mammary gland involution progress.

The present study aimed to develop a chitosan-based BRM formulation that could be
injected into the cow teat to promote sustained immune cell migration and hasten involution at
drying-off. In addition, the effect of combining the chitosan-based BRM with an internal teat

sealant was evaluated.

5.3 Materials and methods
5.3.1 Preparation of treatments

All treatments were prepared with aseptic, nonpyrogenic products and materials under a
laminar flow hood. For each concentration of chitosan (2% and 5% wt/vol), a 200-mL solution
was made by adding 120 mL of nonpyrogenic water (<0.005 endotoxin units/mL; Lonza,
Walkersville, MD) to preweighed chitosan. The solution was agitated at 200 rpm with a metal
mixing rod. The pH of the solution was reduced to 3 via the addition of 0.1 M HCI (Sigma-
Aldrich Co., St. Louis, MO). The sample was kept overnight at room temperature for complete
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hydration. The following day, the sample pH was brought up to 6.8 using a 50% (wt/vol)
B-glycerophosphate disodium salt hydrate (Sigma-Aldrich Co.) solution. Then, the volume was
adjusted to 200 mL by the addition of nonpyrogenic water (Lonza). Finally, plastic syringes were
filled with the desired volume, sealed with a cap, and stored at room temperature. We developed
2 formulations, using either high-viscosity (130-cP) or low-viscosity (90-cP) chitosan provided
by Qingdao Yuda Century Economy and Trade Co. (Shibei District, Qingdao, China). The
chitosan supplier company provided a certificate of analysis for each chitosan we used. This
document confirmed that chitosan is free of salmonella or coliform, that it contains less than 1

ppm of heavy metals and less than 1% of ash and of insoluble.

5.3.2 Animals and experimental design
The experiments were conducted in accordance with the guidelines of the Canadian

Council on Animal Care (1993). The cows were housed in individual tie stalls at Agriculture and
Agri-Food Canada’s Sherbrooke Research and Development Centre (Sherbrooke, QC, Canada).

Experiment 1. Seven Holstein cows in late lactation (319 + 29 DIM at drying off)
producing more than 15 kg (average 22.6 + 1.9) of milk per day were used. Cows were milked
twice a day and projected or real 305 days milk production was 9312 + 749 kg. The group of
cow was dryied off at the same time, 90 + 17 days before expected calving date. Prior to dry-off
(d —4), quarter SCC averaged 122693 + 34520 cell/mL. Until dry-off, the cows were fed ad
libitum a late-lactation diet. After drying off, the cows were fed ad libitum a dry period diet and
dry hay. Water was available ad libitum during the whole experiment.

At drying-off, each udder quarter was randomly assigned to 1 of 4 intramammary
infusions, as follows: 5 mL of nonpyrogenic water (Lonza) (CTRL; n=7), 2.5 mL of 5% (w/v)
low-viscosity chitosan solution (LV2.5; n=7), 5mL of 5% low-viscosity chitosan solution
(LV5; n=7), or 5 mL of 5% high-viscosity chitosan solution (HV5; n = 7). Before the infusions,
the teats were compressed at the top to keep the infused preparation in the teat.

Milk samples (200 mL) were manually collected from each quarter just before the
morning milking on d —4 relative to drying-off as well as just before the last milking before
drying-off (d —1). Mammary secretions from each quarter (100 mL) were manually collected
aseptically (National Mastitis Council, 1996) on d 1, 3, 5, 7, and 10 after the last milking. The
samples were used to measure SCC, the proportion of somatic cell types, and bacterial counts.

Skim milk and somatic cells were separated by centrifugation (1,000 x g, 4°C, 20 min). Skim
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milk aliquots were stored at —20°C until determination of BSA concentration, lactate
dehydrogenase (LDH) activity, and lactoferrin concentration. Pelleted somatic cells were washed
with 10 mL of PBS (Mediatech, Manassas, VA) and centrifuged (500 x g, 4°C, 10 min). The
PBS was discarded, and the cell pellet was suspended in 250 pL of PBS. The samples were then
stabilized in 1 mL of RNAIlater (Sigma-Aldrich Co.) and stored at —80°C until RNA extraction

Experiment 2. Eight Holstein cows in late lactation (328 + 17 DIM at drying off)
producing more than 15 kg (average 20.5 + 1.1) of milk per day were used. Cows were milked
twice a day and projected or real 305 days milk production was 10881 + 1359 kg. The group of
cow was dryied off at the same time, 62 + 4 days before expected calving date. Prior to dry-off
(d —4), quarter SCC averaged 87 654 + 23 287cell/mL.

At drying-off, each udder quarter was randomly assigned to 1 of 4 intramammary
infusions, as follows: 5 mL of nonpyrogenic water (Lonza) (n =8), 5 mL of 2% (wt/vol) low-
viscosity chitosan solution (n =8), 4 g of Orbeseal teat sealant solution (Zoetis, Kirkland, QC,
Canada) (n = 8), or 4 g of Orbeseal teat sealant solution followed by 5 mL of 2% low-viscosity
chitosan solution (n = 8).

Milk samples (200 mL) on d —4 and —1 and mammary secretions on d 5 and 10 were

collected, prepared, and stored as described for experiment 1.

5.3.3 Animal evaluation
In both experiments, the quarters were assessed for inflammation symptoms every 2 h for

the first 12 h after the infusions and then 3 times per day (0900, 1300, and 1900 h) for the
following 7 d. Inflammation was scored from 1 to 6 according to the mammary gland chart
created by Rambeaud et al. (2003), as follows: 1 = normal; 2 = slight swelling; 3 = moderate
swelling; 4 = severe swelling; 5 = scar tissue; and 6 = edema. Rectal temperature was determined

at the same time.

5.3.4 SCC in milk and mammary secretions
Somatic cell counts were determined from fresh whole milk samples and mammary

secretion samples using an automatic cell counter (DeLaval International AB, Tumba, Sweden).
Samples of mammary secretions were diluted with commercial microfiltered skim milk until the
SCC obtained was between 100 and 200 cells/uL.
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5.3.5 Identification of somatic cells by flow cytometry
Seven-color immunophenotyping of somatic cells was performed on samples collected on

d—1 and 1 of experiment 1 and on d —1 and 5 of experiment 2. Milk samples (20 mL) were
diluted with 20 mL of PBS 1X and centrifuged (1,000 x g, 23°C, 15 min). The supernatant was
removed, and the pellet was resuspended in 15 mL of washing buffer consisting of PBS 1X + 1%
BSA (Sigma-Aldrich Co.) + 2% normal goat serum (Meridian Life Sciences, Memphis, TN).
The mixture was then centrifuged (500 x g, 4°C, 10 min). Cell washing was repeated with 25 mL
of washing buffer until no more fat could be observed. Washing buffer was added to the cell
pellet to reach a concentration of approximately 1 x 10’ somatic cells/mL. A control pool was
made with 100 puL from each sample. A 100-pL volume from each sample and the pool were
transferred into a 96-well round bottom plate. The plate was centrifuged (300 x g, 4°C, 5 min),
and the supernatant was removed. The cells were suspended with 100 pL of washing buffer
containing the primary antibodies listed in Table 5. The plate was incubated on ice in the dark for
25 min. The cells were then washed 3 times with washing buffer. The plate was centrifuged
(300 % g, 4°C, 3 min), and the cells were resuspended with 100 pL of washing buffer containing
the secondary antibodies mix (Table 5). The plate was incubated again on ice in the dark for
25 min, and the cells were washed 3 times. The cells were resuspended in 200 uL of washing
buffer.

The samples were analyzed immediately on a BD FACSCanto Il flow cytometer (BD
Biosciences, Mississauga, ON, Canada) equipped with 3 lasers in a 4-2-2 configuration. The BD
FACSDiva version 8.0.1 operating software (BD Biosciences) was used for data acquisition and
data analysis. The proportion of each somatic cell type was determined using distinctive
receptors found on granulocytes, monocytes, and lymphocytes (Table 5). Then, subclasses of
T-lymphocytes and non-T-lymphocytes were assessed by using other specific receptors. During
the design of the experiment, fluorescent probes were selected to minimize the amount of
fluorescence compensation to be done inside the different types of cells analyzed. Before the
beginning of the experiment, each primary antibody was titered and tested for cross-reactivity
with secondary antibodies. None of the primary antibodies showed cross-reactions or unspecific
binding of secondary antibodies. Finally, a single-stain marker and FMO (Full Minus One

cocktail) were used to determine all gates.
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5.3.6 Bacterial count determination in milk and mammary secretions
For bacterial count determination, milk and mammary secretion samples were plated just

after collection on tryptic soy agar, mannitol salt agar, and MacConkey Il agar (Becton,
Dickinson and Company, Mississauga, ON, Canada). The plates were then incubated at 37°C for
24 h before colonies were counted. Cow udder quarters infected with pathogens were excluded
from the experiment. Accordingly, on experiment 1, data from one quarter treated with 2.5 mL of

5% low-viscosity chitosan solution were not used on d 5, 7 and 10.

5.3.7 BSA concentration in milk and mammary secretions
The concentration of BSA in milk and mammary secretion samples was evaluated by a

colorimetric assay as previously described by Bouchard et al. (1999), with some modifications.
Briefly, 200 pL of a skimmed milk sample was mixed with 450 uL of water and 450 uL of a
solution containing 1 volume of 1.2 mM bromocresol green dissolved in 5mM NaOH,
3 volumes of 0.2 M succinic acid (pH 4.0), and 0.8% Brij-35 detergent. The sample was then
mixed by inversion and centrifuged at room temperature (1,900 x g, 10 min). The optical density
of the supernatant was read at 640 nm using a SpectraMax 250 microplate reader (Molecular
Devices, Sunnydale, CA). For experiment 1, the intra- and interassay coefficients of variation
were 4.6% and 7.6%, respectively. For experiment 2, the intra- and interassay coefficients of
variation were 1.1% and 3.1%, respectively.

5.3.8 LDH activity in milk and mammary Secretions
The LDH assay was performed using the CytoTox 96 Non-Radioactive Cytotoxicity

Assay kit (Promega, Madison, WI) according to the manufacturer’s instructions. For
experiment 1, the intra- and interassay coefficients of variation were 1.8% and 3.5%,
respectively. For experiment 2, the intra- and interassay coefficients of variation were 2.3% and
4.8%, respectively.

5.3.9 Lactoferrin concentration in milk and mammary secretions
The concentration of lactoferrin in the skim milk and mammary secretions was measured

by ELISA using a commercial bovine lactoferrin ELISA quantitation set (Bethyl Laboratories
Inc., Montgomery, TX). For experiment 1, the intra- and interassay coefficients of variation were
4.6 and 5.9%, respectively. For experiment 2, intra- and interassay coefficients of variation were
4.5 and 6.3%, respectively.
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5.3.10 Real-Time PCR
Total RNA was extracted from somatic cells (—80°C samples) using the PureLink RNA

Mini Kit and TRIzol RNA isolation reagents (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. The extraction process included on-column digestion with PureLink
DNase (Life Technologies) to eliminate possible DNA contamination. The concentration and
purity of the RNA were evaluated by spectrophotometric analysis using an ND-1000
spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE), and RNA integrity was
assessed with an Agilent 2100 Bioanalyzer system (Agilent Technologies, Waldbronn, Germany)
using an Agilent RNA 600 Nano kit (Agilent Technologies) according to the manufacturer’s
instructions. Samples containing less than 31.25 ng/puL were concentrated with RNA Clean &
Concentrator-5 (Zymo Research, Irvine, CA) according to the manufacturer’s protocol. Reverse
transcription was performed using TransScript First-Strand cDNA Synthesis Super Mix
(TransGen Biotech, Beijing, China) according to the manufacturer’s protocol. From the resulting
cDNA, 3.5 puL of each sample was used to make a pool (116 samples from this study). The
remaining cDNA was diluted 1:15 in water. A mixture of 3 uL of cDNA, 5 pL of Fast SYBR
Green PCR Master Mix (Applied Biosystems Inc., Foster City, CA), and 2 pL of primers
(Applied Biosystems Inc.) was used for amplification and quantification. The primer
concentrations are presented in Table 6. The PCR conditions consisted of denaturation at 95 °C
for 20 s and then 40 cycles of amplification at 95°C for 3 s and 60°C for 30 s. The samples were
quantified with standard curve experiments run on a StepOnePlus real-time PCR system
(Applied Biosystems Inc.) using a standard curve derived from a serial dilution of the pool. The
genes ACTB (actin, beta), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), PPIA
(peptidylprolyl  isomerase A), and YWHAZ (tyrosine  3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta) were tested as potential housekeeping genes for the
normalization of gene expression using NormFinder software (Andersen et al., 2004). For
experiment 1, expression of the PPIA and YWHAZ genes showed less variability between
treatments, and those genes were therefore selected as the housekeeping genes. For experiment 2,
GAPDH and YWHAZ were selected as the housekeeping genes. The normalized values were
obtained from the ratio of the expression of the gene of interest to the geometric mean of the

respective housekeeping genes.
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5.3.11 Statistical analysis
Data were analyzed by ANOVA using the MIXED procedure of SAS software (SAS

Institute Inc., Cary, NC). For experimentl, time was used as a repeated effect, and
treatment(cow) was used as the subject. Orthogonal contrasts were performed to compare the
effect of each treatment to that of the control. Other treatment comparisons were performed
using the Tukey—Kramer adjustment. For experiment 2, data were analyzed as a factorial design
with chitosan and teat sealant as main factors. Time was used as a repeated effect, and
sealant*chitosan(cow) was used as the subject. When variances were not homogeneous, data
were logjo-transformed prior to analyses. Differences were considered statistically significant

when P < 0.05 and considered a trend when P < 0.1.

5.4 Results
5.4.1 Experiment 1

The udder quarter inflammation scores for the periods from 0 to 24 h, 25 to 48 h, and 49
to 170 h after the infusions are presented in Table 7. In the period from 0 to 24 h, the average
inflammation scores were slightly greater in the quarters treated with LV2.5 (P <0.01) and LV5
(P <0.01) than in the control quarters. Conversely, the quarters treated with HV5 were not
significantly (P > 0.1) different from the control quarters in terms of inflammation scores. No
differences in inflammation scores were observed after 24 h (P > 0.05).

The SCC, LDH activity, and BSA and lactoferrin concentrations measured in milk and
mammary secretions are presented in Figure 1. No differences were observed between the
quarters for all these parameters during the pretreatment period (on d —4 and —1) (P > 0.1). All
measured markers increased from the day of drying-off (d —1) to d 10 (P < 0.001), regardless of
the treatment. However, all parameters showed a treatment x time interaction (P < 0.001). The
concentration of BSA was greater (P < 0.001) on d 1 to 5 in the quarters treated with chitosan
than in the control quarters. Similarly, lactoferrin concentration in all the chitosan-treated
quarters was greater on d 3 (P < 0.001) and 5 (P < 0.01) in comparison with the control quarters.
Ond 1 to 7, LDH activity was greater in the quarters treated with chitosan (P < 0.01) than in the
control quarters. Somatic cell count was greater (P < 0.001) on d 1 to 5 in all the chitosan-treated
quarters than in the control quarters. Except on d 1, when the SCC in the LV-treated quarters was
greater in comparison with that of the HV5-treated quarters (P < 0.01), there were no differences

between the chitosan-treated quarters for all parameters.
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The proportions of monocytes, granulocytes, and lymphocytes plus other cell types in

milk are presented in Table 8. The proportion of monocytes decreased (P <0.001) and that of
granulocytes increased (P < 0.001) after drying-off. There was no effect of treatments on the
proportion of these cell populations.
The expression of key immune regulators—CXCL8 [chemokine (C X C motif) ligand 8], CCL2
[chemokine (C C motif) ligand 2], TNF (tumor necrosis factor), CD14 (CD14 molecule), and
IL1pB (Bos taurus interleukin 1 beta)—by somatic cells was determined on d 1, 3, and 5 after the
treatments, and the results are presented in Table 5. We observed a treatment x day interaction (P
< 0.01) for the expression of all genes. Gene expression was greater on d 1 than on d 3 for
CXCL8 (P < 0.001), TNF (P = 0.09), and ILIB (P = 0.04). In comparison with d 5, gene
expression on d 1 was greater (P < 0.01) for CXCLS8, CCL2, TNF, CD14, and IL1B. On d 1, the
quarters treated with chitosan had greater expression of CXCL8 (P < 0.001), CCL2 (P < 0.01),
TNF (P < 0.001) CD14 (P < 0.001), and IL1B (P < 0.01) than the control quarters. On d 3, the
quarters treated with chitosan had greater expression of TNF (P < 0.01) than the control quarters.
The quarters treated with chitosan had greater expression of CXCL8 (P = 0.02), and tend to have
greater expression of TNF (P = 0.09), and CD14 (P = 0.08) on d 5 in comparison with the control
quarters. The quarters treated with HV5 had greater expression of CXCL8 (P < 0.01), CCL2 (P <
0.01), TNF (P < 0.01), CD14 (P = 0.09), and IL1p (P = 0.06) on d 1, of TNF (P < 0.01) and
CD14 (P < 0.001) on d 3, and IL1B (P < 0.01) on d 5 in comparison with the low viscosity-
treated quarters. The quarters treated with LV5 had greater expression of IL1f (P <0.01) ond 5
than those treated with LV2.5.

5.4.2 Experiment 2
The udder quarter inflammation scores were increased (P < 0.01) by chitosan during the

first period, from O to 24 h after the treatments (Table 10). Sealant did not have an effect or
interact (P >0.1) with chitosan on inflammation scores. Sealant and chitosan did not affect
(P < 0.1) inflammation scores after the first day.

The immune and involution markers measured in milk and mammary secretions are
presented in Figure 2. During the pretreatment period (on d —4 and —1), no differences were
observed between the udder quarters for all these parameters. Additionally, in every quarter, all
measured markers increased from the day of drying-off (d —1) to d 10 (P < 0.001). Nevertheless,

we observed a chitosan x time interaction for BSA concentration (P < 0.01), lactoferrin
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concentration (P = 0.06), LDH activity (P < 0.001), and SCC (P < 0.001). On d 5, milk from the
chitosan-treated quarters had greater BSA (P < 0.01), lactoferrin (P = 0.001), LDH (P < 0.0001),
and SCC (P < 0.001) values than the quarters without chitosan. The infusion of sealant did not
have an effect (P > 0.1) or interact with chitosan on any of these markers.

The expression of key immune regulators (CXCL8, CCL2, TNF, CD14, and IL1p) by
somatic cells was determined on d 5 after the treatments, and the results are presented in Table 8.
Chitosan increased expression of the somatic cell genes CXCL8 (P <0.001), CCL2 (P < 0.001),
and /L1p (P < 0.01). However, gene expression of TNF and CD14 was not affected by chitosan.
The infusion of sealant did not have any effect (P > 0.1) or interact with chitosan on any of these

genes.

5.5 Discussion
In both of our experiments, the chitosan hydrogel infusions significantly hastened the

increase in both BSA and lactoferrin concentrations in mammary secretions after drying-off. Our
results demonstrate that the intramammary infusion of chitosan hydrogel at drying-off disrupted
tight junction integrity and changed the cells’ secretory state, therefore hastening the involution
process. These results are consistent with a previous report suggesting that chitosan has the
ability to alter tight junctions (Yeh et al., 2011).

Lactoferrin also acts as an immune factor that protects the mammary gland. Lactoferrin
disrupts the outer membrane of gram-negative bacteria but also binds iron, making it unavailable
for iron-dependent bacteria (Ellison et al., 1988). Given that the concentration of lactoferrin
increased faster in the mammary secretions of the chitosan-treated cows, mammary gland
defense may be improved by the infusion of chitosan hydrogel.

In this study, we also assessed mammary epithelium integrity by measuring the activity in
mammary secretions of LDH released by damaged cells. In both experiments, we observed a
transient increase in LDH activity as involution progressed. Moreover, all chitosan hydrogel
infusions significantly hastened the increase in LDH activity after drying-off. In experiment 1,
the 3 chitosan formulations resulted in similar effects on LDH activity. The increase in milk
LDH activity suggests a cytotoxic effect of chitosan on mammary epithelium. Symons and
Wright (1974) reported that elevated milk LDH above serum levels found in mastitis milk was
released from damaged mammary epithelium caused by endotoxin. However, according to Kato
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et al. (1989), leukocytes also participate in the increase in milk LDH activity during mastitis.
This effect can be explain by the high LDH activity, 1,000 U/mg of protein, of leukocytes.

The number of somatic cells increases in mammary secretions during the early involution
period (Jensen and Eberhart, 1981). There is evidence that immune cells play an important role
in mammary gland defense, particularly at the Furstenberg’s rosette, which is a structure
strategically located at the internal end of the streak canal. At this location, immune cells leave
the teat wall and enter the teat cistern to intercept bacteria before they reach the mammary gland
(Nickerson and Pankey, 1983). The intramammary administration of proinflammatory agents
increases the number of somatic cells in the gland (Oliver and Sordillo, 1989; Wedlock et al.,
2004). In both of our experiments, SCC in mammary secretions increased faster in all the
chitosan-treated quarters than in the control quarters. In experiment 1, we observed a significant
increase in SCC in the chitosan-treated quarters only 24 h after the treatment was administered.
Moreover, in both experiments, the elevated SCC in the mammary secretions from the chitosan-
treated quarters were maintained throughout the experimental period. These results are consistent
with the literature reports of chitosan’s immunostimulating properties (Otterlei et al., 1994; Wen
etal., 2011).

The SCC in mammary secretions increases during an immune response as well as during
involution. In both cases, the proportions of somatic cell types also change (Hurley, 1989;
Sordillo and Streicher, 2002). In both of our experiments, the proportion of polymorphonuclear
neutrophils increased after drying-off. During the first 3 to 7 d of drying-off, polymorphonuclear
neutrophils are the main types of leukocytes entering the mammary gland (Hurley, 1989).
Similarly, during an infection, the proportion of polymorphonuclear neutrophils increases
drastically and can reach 90% of leukocytes (Sordillo and Streicher, 2002). However, there was
no treatment effect on somatic cell types for both experiments. These results confirm that
chitosan has the ability to activate immune pathways that accelerate the infiltration of multiple
types of inflammatory cells simultaneously (Ueno et al., 1999).

To provide optimal protection against pathogens, the mammary gland immune system
needs to be activated (Sordillo and Streicher, 2002). Once that activation has occurred, the
expression of immunoregulatory genes by mammary immune and epithelial cells increases. As a
result, those cells produce and release proinflammatory cytokines that bind to macrophage and

neutrophil receptors and increase their bactericidal capacity (Oviedo-Boyso et al., 2007). In both
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of our experiments, the chitosan hydrogel infusions increased the expression of
immunoregulatory genes by somatic cells. In experiment 1, gene expression was measured on
the first samples harvested 24 h after the treatments were administered. At this time, we observed
elevated expression of the genes CXCL8, CCL2, TNF, CD14, and IL1p caused by the chitosan
hydrogels. On the following days (d 3 and 5), the treatment effect on immune gene expression
was decreased. In experiment 2, gene expression was measured on samples harvested 5 d after
the treatments were administered. At this time, expression of the genes CXCL8, CCL2, and IL1p
was still greater in the chitosan-treated udder quarters.

The processes by which chitosan triggers host immune responses are still only partly
understood. One possible explanation is the recognition of chitin and chitosan polymers as
foreign molecules by the mammalian innate immune system (Bueter et al., 2013). Otterlei et al.
(1994) observed TNF a production upon activation of monocytes by chitosan. Because chitosan
structure is similar to that of LPS, those authors suggested that chitosan is involved in CD14
activation. Bueter et al. (2011) suggested that the phagocytosis of enzyme-degraded chitosan
particles activates the NLRP3 inflammasome, which in turn induces IL1J production. Overall,
chitosan’s immunomodulatory properties activate immune cells and accelerate proinflammatory
cytokine production and, therefore, should increase protection against infections (Senel and
McClure, 2004).

Ideally, a BRM should induce the moderate recruitment of immune cells into the teat
without causing acute inflammation symptoms. In experiment 1, quarters treated with low-
viscosity chitosan showed transient signs of inflammation during the first 24 h following the
administration of the treatments. Therefore, for experiment 2 we used the same chitosan but at a
lower concentration. Similarly, during that experiment, the inflammation scores during the
period from 0 to 24 h of the quarters treated with chitosan were greater than those scores of the
quarters without chitosan. The injected chitosan dosage that was used in our study resulted in
transient signs of inflammation similar to those observed during the infusion of other BRMs
(Oliver and Smith, 1982; Dallard et al., 2010). Nevertheless, in all cases in our study,
inflammation symptoms were mild and transient.

Teat sealing is a substitute for prophylactic antibiotic dry-cow therapy. Long-lasting,
biocompatible, bismuth-based preparations can remain stable in the teat canal throughout the dry

period and act as a physical barrier against invading pathogens. Kromker et al. (2014) showed a
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decrease in infection rate to a third of that of the control quarters when quarters were treated with
sealant only during the dry period. Therefore, the use of teat sealant is beneficial but not fully
effective. In experiment 2, the sealant did not affect involution and immune response markers but
also did not alter the effect of the chitosan hydrogel when both substances were injected into the
same quarter. Thus, both approaches are fully compatible and could be used in combination.

The results of the present study suggest that a chitosan hydrogel infusion activates innate
immune response and hastens the involution process of the mammary gland. Ollier et al. (2014,
2015) demonstrated that prolactin-release inhibition hastens mammary involution, resulting in
reduced susceptibility to IMI. Although this effect needs to be evaluated, the administration of
chitosan hydrogel at drying-off could also reduce the incidence of new cases of IMI during the
dry period. Ultimately, this approach could be used as an alternative to dry-cow antibiotic
therapy for uninfected cows.
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5.7 Tables

Table 5. Antibodies used for somatic cell identification

Targeted cells R;‘;errl{gf/ Si:gplggry Clone  Isotype Saer::t?ggg;y Fluorochrome CO?SS?;:S'W Company
Granulocytes Pan- CH138 IgM 10 WSU Monoclonal
granulocyte A Antibody Center,
Pullman, WA
Rat anti- PE/Cy7 0.2 SouthernBiotech,
mouse-IgM Birmingham, AL
Monocytes/ CD14" M5E2  1gG2a PE/Cy5.5 15 BioLegend, San
macrophages Diego, CA
T-lymphocytes ~ CD3" MM1A IgGl 10 WSU Monoclonal
Antibody Center,
Pullman, WA
Rat anti- rPE 0.2 SouthernBiotech,
mouse-l1gG1 Birmingham, AL
T-lymphocytes ~ CD3" cbh4* ccs IgG2a FITC 75 AbD Serotec,
(subpopulation) Raleigh, NC
cDg* CC63 1gG2a AlexaFluor 3.75 AbD Serotec,
647 Raleigh, NC
Gamma- GB21A 1gG2b 5 WSU Monoclonal
delta Antibody Center,
Pullman, WA
Goat anti- APC/Cy7 0.5 SouthernBiotech,
mouse 1gG2b Birmingham, AL
Non-T- CD3, Gamma- GB21A 5 WSU Monoclonal
lymphocytes CDh14 delta Antibody Center,
(gamma-delta) Pullman, WA
Goat anti- APC/Cy7 0.5 SouthernBiotech,
mouse 1gG2b Birmingham, AL
Non-T- CD3, B-cell Goat anti- Dylight405 3 Jackson
lymphocytes CD14” receptor bovine 1gG ImmunoResearch,
(B- (H+L) West Grove, PA
lymphocytes)
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Table 6. Primers used during real-time PCR

- 3 o

Gene! SS;ES?ZK Hybridization ~ Primers (5'-3") Z:II\;BerS @nmga“ c(%r;)
ACTB NM_173979% F 1051 TGGCACCCAGCACAATGA 300/300 123

R 1173 CCTGCTTGCTGATCCACATCT
CCL2 NM_174OO6b F 222 CCTAAAGAGGCTGTGATTTTCAAGACC  300/50 142

R 363 TGGGTTGTGGAGTGAGTGCTC
CD14 NM_174008b F 20 AAAGAATCCACAGTCCAGCCGA 300/50 145

R 164 GCTCGCAGGGTTCTGTTGTG
CXCL8 NM_173925% F 239 GAGAGTGGGCCACACTGTGAA 300/300 116

R 354 TTCACAAATACCTGCACAACCTTCT
GAPDH NM_001034034° F 513 GCCTCCTGCACCACCAACT 300/50 113

R 625 TCTTCTGGGTGGCAGTGATG
ILIp NM_174093% F 437 AAACTCCAGGACAGAGAGCAAAA 300/300 126

R 562 CTCTCCTTGCACAAAGCTCATG
PPIA NM_178320% F 317 ATGCTGGCCCCAACACAA 300/300 101

R 417 CCCTCTTTCACCTTGCCAAA
TNF NM_173966° F 408 GCCCTCTGGTTCAAACACTCA 300/50 127

R 534 TGAGGGCATTGGCATACGA
YWHAZ NM_174814% F 530 AATGCAACCAACACATCCTATCAG 300/300 131

R 660 GTTCAGCAATGGCTTCATCAAAT

YACTB = actin, beta; CCL2 = chemokine (C-C motif) ligand 2; CD14 = CD14 molecule; CXCL8 = chemokine (C-X-C motif)
ligand 8; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; IL14 = Bos taurus interleukin 1 beta; PPIA = peptidylprolyl

isomerase A; TNF = tumor necrosis factor; YWHAZ = tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation

protein, zeta.

%Primers were either a) taken from Dudemaine et al. (2014) or b) designed using the Ensembl gene browser (Yates et al., 2016)

following the primer design of Brosseau et al. (2010) (website: http://test.Igfus.ca/cgi-bin/designs/index.pl).

3Primer concentrations ranging from 50 to 900 nM were tested during optimization reactions.
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Table 7. Average inflammation scores for 3 periods (0-24 h, 25-48 h, and 49-170 h) after the

infusion of dairy cow udder quarters at drying-off with 5 mL of 5% low-viscosity chitosan
solution (LV5; n=7), 2.5 mL of 5% low-viscosity chitosan solution (LV2.5; n=7), 5 mL of
5% high-viscosity chitosan solution (HV5; n=7), or water (control, CTRL; n=7). Data are

presented as least squares means

Treatment P-value
LV2.5 LV5 HV5
Period LV2.5 LV5 HV5 CTRL SEM VS. VS. VS.
CTRL CTRL CTRL
0-24 h 1.39 1.39 1.13 1.02 0.07 <0.01 <0.01 031
25-48 h 1.28 1.09 1.11 1.24 0.05 0.63 0.06 0.09
49-170 h 1.11 1.11 1.05 1.16 0.06 0.52 0.51 0.21
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Table 8. Percentages of somatic cell types (monocytes, granulocytes, lymphocytes + others)
before (d —1) and after (d 1) the infusion of dairy cow udder quarters at drying-off with 5 mL of
5% low-viscosity chitosan solution (LV5; n =6), 2.5 mL of 5% low-viscosity chitosan solution
(LV2.5; n=6), 5mL of 5% high-viscosity chitosan solution (HV5; n=6), or water (control,

CTRL,; n = 6). Data are presented as least squares means

Day -1 Day 1 P-value

Cell type Lv25 LV5 HV5 CTRL LV25 LV5 HV5 CTRL SEM TRT' Day TRT*Day

Monocytes 324 306 269 338 258 236 189 164 3.7 046 <0.001 0.34

Granulocytes 443 456 527 439 50.2 624 606 670 63 050 <0.001 0.46

';%Thiﬁgcytes 233 239 203 224 241 140 205 166 33 053 0.12 0.31

TRT = treatment.
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Table 9. Normalized expression in milk of the somatic cell genes CXCL8 [chemokine (C-X-C
motif) ligand 8], ILIf (Bos taurus interleukin 1 beta), TNF (tumor necrosis factor), CCL2
[chemokine (C-C motif) ligand 2], and CD14 (CD14 molecule) on d 1, 3, and 5 after the infusion of
dairy cow udder quarters at drying-off with 5 mL of 5% low-viscosity chitosan solution (LV5;
n=7), 2.5 mL of 5% low-viscosity chitosan solution (LV2.5; n=7), 5 mL of 5% high-viscosity
chitosan solution (HV5; n =7), or water (control, CTRL; n = 7). Data are presented as least squares
means of logjo-transformed values. Different letters indicate significant differences (P < 0.05)

among treatments

Treatments P-value
CHI HV? 2.5mL’
Genes LV2.5 LV5 HV5 CTRL SEM Vs, Vs, Vs,
CTRL LV 5 mL
CXCL8 0.61° 0.69% 1.03° 0.07° 0.10 <0.001 <0.01 0.61
ILIB 0.57° 0.35% 0.75° 0.27° 0.11 <0.01 0.06 0.21
Day 1 TNF 0.34° 0.48° 0.74° 0.12° 0.09 <0.001 <0.01 0.25
cCL2 0.31° 0.43° 0.79° 0.17° 0.08 <0.01 <0.01 0.41
CcD14 0.42° 0.47° 0.52° 0.18° 0.04 <0.001 0.09 0.41
CXCL8 0.34 0.29 0.32 0.3 0.10 0.88 0.98 0.75
ILIB 0.24 0.41 0.28 0.27 0.06 0.67 0.62 0.13
Day 3 TNF 0.31% 0.29%® 0.51° 0.16° 0.06 <0.01 <0.01 0.78
cCL2 0.44 0.27 0.46 0.19 0.09 0.13 0.41 0.28
CD14 0.26° 0.37%® 0.53? 0.35° 0.04 0.48 <0.001 0.10
CXCL8 0.19° 0.32° 0.25° 0.08" 0.07 0.02 0.96 0.14
ILIp 0.25" 0.46° 0.16° 0.22° 0.04 0.24 <0.01 <0.01
Day 5 TNF 0.23 0.25 0.26 0.18 0.03 0.09 0.58 0.59
cCL2 0.16 0.14 0.21 0.21 0.03 0.38 0.23 0.68
CD14 0.23 0.27 0.23 0.32 0.03 0.08 0.61 0.42

ILV2.5+LV5+HV5 vs CTRL

2HV5 vs LV2.5+LV5

3Lv25vsLVE



Table 10. Average inflammation scores for 3 periods (0-24 h, 2548 h, and 49-170 h)

after the infusion of dairy cow udder quarters at drying-off with 5 mL of 2% low-

viscosity chitosan solution (CHI; n = 8), 4 g of teat sealant solution followed by 5 mL

of 2% low-viscosity chitosan solution (CHI + SEAL; n=8), 49 of teat sealant

solution (SEAL; n = 8), or water (control, CTRL; n =8). Data are presented as least

squares means * standard error of the LS means.

Treatment P-value
Period CHI gEH,LZ SEAL CTRL SEAL CHI SEAL*CHI

0-24h 1.76+0.14 1.55+0.14 1.19+0.18 1.25+0.18
25-48h 1.30+0.10 1.30+0.10 1.45+0.13 1.45+0.13
49-170h 1.06+0.06 1.11+0.06 1.18+0.07 1.08+0.07

047 <0.01 0.67
1.00 0.14 1.00
0.30 0.40 0.73
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Table 11. Percentages of somatic cell types (monocytes, granulocytes, lymphocytes + others) before
(d—1) and after (d 5) the infusion of dairy cow udder quarters at drying-off with 5 mL of 2% low-
viscosity chitosan solution (CHI; n=8), 4g of teat sealant solution followed by 5 mL of 2% low-
viscosity chitosan solution (CHI + SEAL; n=8), 4 g of teat sealant solution (SEAL; n =28), or water

(control, CTRL; n = 8). Data are presented as least squares means

Day -1 Day5 P-value
CHI CHI + SEAL CTRL SEM  CHI CHI + SEAL CTRL SEM DAY SEAL CHI  SEAL*CHI
Cell type SEAL SEAL
Monocytes 279 320 359 303 44 171 173 262 175 33 <0.001 0.07 0.12 0.31
Granulocytes 488 46.4 376 455 54 656 652 557 618 3.6 <0.001 0.17 0.04 0.35
Lymphocytes 234 216 266 241 29 174 175 182 208 17 <0.01 0.75  0.09 0.79

+ others
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Table 12. Normalized milk somatic cell gene expression of CXCL8 [chemokine (C-X-C motif) ligand 8],
IL1p (Bos taurus interleukin 1 beta), TNF (tumor necrosis factor), CCL2 [chemokine (C-C motif)
ligand 2],; and CD14 (CD14 molecule) on d 5 after the infusion of dairy cow udder quarters at drying-off
with 5 mL of 2% low-viscosity chitosan solution (CHI; n =8), 4 g of teat sealant solution followed by
5 mL of 2% low-viscosity chitosan solution (CHI + SEAL; n =8), 4 g of teat sealant solution (SEAL,;
n = 8), or water (control, CTRL; n = 8). Data are presented as least squares means of logio-transformed

values. Different letters indicate significant differences (P < 0.05) among treatments

Treatments P-value
Genes CHI ggl\t SEAL CTRL SEM SEAL CHI SEAL*CHI

CXCL8  0.37*  0.42° 0.16" 0.14° 0.06 053  <0.001 0.82

ILIp 0.35*  0.35° 0.26" 0.20° 0.04 0.50 <0.01 0.46

Day 5 TNF 0.22 0.21 0.21 0.13 0.04 0.28 0.17 0.21
CCL2  0.20° 026°  0.10 0.09 0.03 0.23  <0.001 0.32

CD14 0.24 0.25 0.28 0.28 0.03 0.73 0.20 0.85
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5.8 Figures and figure legends
Figure 2. Somatic cell count (A), lactate dehydrogenase (LDH) activity (B), BSA

concentration (C), and lactoferrin concentration (D) in milk and mammary secretions from dairy
cow udder quarters infused at drying-off with 5 mL of 5% low-viscosity chitosan solution (m,
solid line; n =7), 2.5 mL of 5% low-viscosity chitosan (o, long-dashed line; n =7), 5 mL of 5%
high-viscosity chitosan solution (A, short-dashed line; n=7), or 5 mL of water (control; +,
medium-dashed line; n = 7). Treatment time is indicated by an arrow. Data are presented as least

squares means + standard error of the means of logio-transformed values.

Figure 3. Somatic cell count (A), lactate dehydrogenase (LDH) activity (B), BSA
concentration (C), and lactoferrin concentration (D) in milk and mammary secretions from dairy
cow udder quarters infused at drying-off with 5 mL of 2% low-viscosity chitosan solution (m,
solid line; n=8), 4 g of teat sealant solution followed by 5 mL of 2% low-viscosity chitosan
solution (o, long-dashed line; n = 8), 4 g of teat sealant solution (A, short-dashed line; n = 8), or
5 mL of water (control; +, medium-dashed line; n = 8). Treatment time is indicated by an arrow.
Data are presented as least squares means + standard error of the means of logso-transformed

values.
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CHAPTER 6. CONCLUSION
In summary, we have tested the effect of different types, volumes and concentrations of

chitosan infusion, on dairy cow mammary gland. They are different reasons which may explain
the lack of differences in quarters treated with different chitosan concentrations and viscosities.
The active immune system is really sensitive. Once activated, it induces a cascade of immune
reactions. As a result, relation between immunostimulants and immune response is not linear. It
is plausible that the lowest chitosan concentration used was large enough to provide an important
immune response. Therefore higher concentration of chitosan did not result in a higher immune
stimulation. Moreover, sampling of milk caused partial removal of chitosan hydrogel which may
have affected the differences between chitosan treatments. We tested different viscosities
because it is the characteristic which differ the most between batches of chitosan. However, once
prepared, both hydrogels showed similar physical characteristics. Chitosan viscosity did not
change hydrogel properties and therefore did not affect its biological properties.

During experiment 1, we observed a similar effect with 2.5 mL of 5% chitosan and 5mL
of 5% chitosan. Therefore, for experiment 2, we decided to use 5 mL with a concentration of 2%.
We wanted to minimise used of chitosan but used 5ml to fill the teat canal and aim for a long
period of degradation of the hydrogel. Accordingly, we observed a similar effect with 5mL of
2% chitosan on the mammary gland involution and immune response. During experiment 2, we
also used an internal teat sealant. The presence of the teat sealant did not affect involution or
immune response. We think the chitosan effect on the mammary gland is clearly biological and
not physical. Moreover, we did not observe a volume effect after the infusion of 2.5mL or 5mL
of chitosan, which go in the same sense. Infusion of 5ml of 2% low viscosity chitosan seems to
have the desired effect on mammary gland involution and immune responses. However, after the
infusion of this treatment, we observed a transient inflammation of the quarter for 24 hours. Still,
cows maintained normal behaviors and no anaphylactic choc or animal in distress was observed
in those studies.

As public concern about animal welfare increases, it is important to assess the effect of
this treatment on animal wellbeing. Therefore, an experiment with a large quantity of cow will
be required to determinate if this treatment causes any other side effects. Additionally, it will be

important to study shelf life as well as influence of storage conditions on chitosan solution effect.
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We have also demonstrated that, when injected in the same quarter, internal teat sealant do not
affect chitosan hydrogel effect on those parameters. Because fast involution and increased
immune activation would increase protection against mastitis causing pathogens, the hydrogel of
chitosan could reduce the incidence of new cases of intramammary infection during the dry
period. Moreover, since internal teat sealant and chitosan are compatible, they can be used in
combination, which could increase protection. However, effect of the administration of a
chitosan hydrogel on the incidence of new cases of IMI during the dry period will need to be
assessed in another study. Ultimately, this approach could be used as an alternative to dry cow
antibiotic therapy for non-infected cows.This would partially address the public concerns in

regard with antibiotic use in the dairy industry.

59



CHAPTER 7. REFERENCES
Agriculture and Agri-Food Canada. 2015. Canadian Dairy Information Centre [Data file].
Retrieved from http://www.dairyinfo.gc.ca/pdf/avgbreed_rg_e.pdf and
http://www.dairyinfo.gc.ca/pdf/At_a_glance f 2015.pdf

Alluwaimi, A. M. 2004. The cytokines of bovine mammary gland: prospects for diagnosis and
therapy. Res Vet Sci 77:211-222. http://dx.doi.org/10.1016/j.rvsc.2004.04.006.

Andersen, J. B., T. G. Madsen, T. Larsen, K. L. Ingvartsen, and M. O. Nielsen. 2005. The effects
of dry period versus continuous lactation on metabolic status and performance in periparturient
cows. J. Dairy Sci. 88:3530-3541. http://dx.doi.org/10.3168/jds.S0022-0302(05)73038-1.

Andersen, C. L., J. L. Jensen, and T. F. @rntoft. 2004. Normalization of real-time quantitative
reverse transcription-PCR data: A model-based variance estimation approach to identify genes
suited for normalization, applied to bladder and colon cancer data sets. Cancer Res. 64:5245—

5250. http://dx.doi.org/10.1158/0008-5472.can-04-0496.

Argin-Soysal, S., P. Kofinas, and Y. M. Lo. 2009. Effect of complexation conditions on
xanthan—chitosan polyelectrolyte complex gels. Food hydrocolloids 23:202-209.

Bannerman, D. D. 2009. Pathogen-dependent induction of cytokines and other soluble
inflammatory mediators during intramammary infection of dairy cows. J Anim Sci 87:10-25.
http://dx.doi.org/10.2527/jas.2008-1187.

Bégin, A., and M.-R. Van Calsteren. 1999. Antimicrobial films produced from chitosan.
International Journal of Biological Macromolecules International Journal of Biological
Macromolecules 26:63-67.

Berry, E. A., and J. E. Hillerton. 2002. The effect of selective dry cow treatment on new
intramammary infections. J. Dairy Sci. 85:112-121. http://dx.doi.org/10.3168/jds.S0022-
0302(02)74059-9.

Bhutto, A. L., R. D. Murray, and Z. Woldehiwet. 2010. Udder shape and teat-end lesions as
potential risk factors for high somatic cell counts and intra-mammary infections in dairy cows.
The Veterinary Journal 183:63-67. http://dx.doi.org/http://dx.doi.org/10.1016/j.tvjl.2008.08.024.

Bishop, J. G., F. L. Schanbacher, L. C. Ferguson, and K. L. Smith. 1976. In vitro growth
inhibition of mastitis-causing coliform bacteria by bovine apo-lactoferrin and reversal of
inhibition by citrate and high concentrations of apo-lactoferin. Infection and immunity 14:911-
918.

Bouchard, L., S. Blais, C. Desrosiers, X. Zhao, and P. Lacasse. 1999. Nitric Oxide Production
During Endotoxin-Induced Mastitis in the Cow. J. Dairy Sci. 82:2574-2581.
http://dx.doi.org/http://dx.doi.org/10.3168/jds.S0022-0302(99) 75512-8.

Bradley, A. J., and M. J. Green. 2004. The importance of the nonlactating period in the
epidemiology of intramammary infection and strategies for prevention. Veterinary Clinics of
North America: Food Animal Practice 20:547-568.
http://dx.doi.org/http://dx.doi.org/10.1016/j.cvfa.2004.06.010.

60



Brosseau, J.-P., J.-F. Lucier, E. Lapointe, M. Durand, D. Gendron, J. Gervais-Bird, K. Tremblay,
J.-P. Perreault, and S. A. Elela. 2010. High-throughput quantification of splicing isoforms. RNA
16:442-449. http://dx.doi.org/10.1261/rna.1877010.

Brugnerotto, J., J. Desbriéres, L. Heux, K. Mazeau, and M. Rinaudo. 2001. Overview on
structural characterization of chitosan molecules in relation with their behavior in solution.
Macromolecular Symposia 168:1-20. http://dx.doi.org/10.1002/1521-
3900(200103)168:1<1::AID-MASY1>3.0.CO;2-W.

Bueter, C. L., C. K. Lee, V. A. K. Rathinam, G. J. Healy, C. H. Taron, C. A. Specht, and S. M.
Levitz. 2011. Chitosan but not chitin activates the inflammasome by a mechanism dependent
upon phagocytosis. J. Biol. Chem. 286:35447-35455.
http://dx.doi.org/10.1074/jbc.M111.274936.

Bueter, C. L., C. A. Specht, and S. M. Levitz. 2013. Innate sensing of chitin and chitosan. PLoS
Pathog. 9:€1003080. http://dx.doi.org/10.1371/journal.ppat.1003080.

Canadian Council on Animal Care. 1993. Guide to the care and use of experimental animals.
Vol. 1. 2nd ed. E. D. Olfert, B. M. Cross, and A. A. McWilliam, ed. CCAC, Ottawa, ON,
Canada.

Capuco, A. V., and R. M. Akers. 1999. Mammary Involution in Dairy Animals. Journal of
mammary gland biology and neoplasia 4:137-144. http://dx.doi.org/10.1023/a:1018769022990.

Capuco, A. V., R. M. Akers, and J. J. Smith. 1997. Mammary growth in Holstein cows during
the dry period: quantification of nucleic acids and histology. Journal of dairy science 80:477-
487. http://dx.doi.org/10.3168/jds.S0022-0302(97)75960-5.

Capuco, A. V., S. A. Bright, J. W. Pankey, D. L. Wood, R. H. Miller, and J. Bitman. 1992.
Increased Susceptibility to Intramammary Infection Following Removal of Teat Canal Keratin. J.
Dairy Sci. 75:2126-2130. http://dx.doi.org/10.3168/jds.S0022-0302(92)77972-7.

Capuco, A. V., D. L. Wood, R. Baldwin, K. McLeod, and M. J. Paape. 2001. Mammary cell
number, proliferation, and apoptosis during a bovine lactation: Relation to milk production and
effect of bST. J. Dairy Sci. 84:2177-2187.

Carroll, J. A., and N. E. Forsberg. 2007. Influence of Stress and Nutrition on Cattle Immunity.
Veterinary Clinics of North America: Food Animal Practice 23:105-149.
http://dx.doi.org/http://dx.doi.org/10.1016/j.cvfa.2007.01.003.

Chenite, A., C. Chaput, D. Wang, C. Combes, M. D. Buschmann, C. D. Hoemann, J. C. Leroux,
B. L. Atkinson, F. Binette, and A. Selmani. 2000. Novel injectable neutral solutions of chitosan
form biodegradable gels in situ. Biomaterials 21:2155-2161.

Cousins, C. L., T. M. Higgs, E. R. Jackson, F. K. Neave, and F. H. Dodd. 1980. Susceptibility of
the bovine udder to bacterial infection in the dry period. J. Dairy Res. 47:11-18.

Craplet, C. 1960. La vache laitiere: reproduction, génétique, alimentation, habitat, grandes
maladies. Vigot.

61



Dallard, B. E., H. H. Ortega, I. A. Iguzquiza, N. R. Salvetti, O. A. Quaino, and L. F. Calvinho.
2010. The effect of a single intramammary infusion of a biological response modifier in cows at
drying off. Vet. Res. Commun. 34:519-532. http://dx.doi.org/10.1007/s11259-010-9423-0.

Dingwell, R. T., K. E. Leslie, Y. H. Schukken, J. M. Sargeant, L. L. Timms, T. F. Duffield, G. P.
Keefe, D. F. Kelton, K. D. Lissemore, and J. Conklin. 2004. Association of cow and quarter-
level factors at drying-off with new intramammary infections during the dry period. Prev. Vet.
Med. 63:75-89. http://dx.doi.org/10.1016/j.prevetmed.2004.01.012.

Dudemaine, P. L., C. Thibault, K. Alain, and N. Bissonnette. 2014. Genetic variations in the
SPP1 promoter affect gene expression and the level of osteopontin secretion into bovine milk.
Anim. Genet. 45:629-640. http://dx.doi.org/10.1111/age.12176.

Ellison, R. T., 3rd, T. J. Giehl, and F. M. LaForce. 1988. Damage of the outer membrane of
enteric gram-negative bacteria by lactoferrin and transferrin. Infect. Immun. 56:2774-2781.

Ezzat Alnakip, M., M., K. Quintela-Baluja, Bohme, I. Ferndndez-No, S. Caamafio-Antelo, P.
Calo-Mata, J. Barros-Veldzquez, 2014. The Immunology of Mammary Gland of Dairy
Ruminants between Healthy and Inflammatory Conditions. Journal of veterinary medicine
2014:31. http://dx.doi.org/10.1155/2014/659801.

Finucane, K. A., T. B. McFadden, J. P. Bond, J. J. Kennelly, and F.-Q. Zhao. 2008. Onset of
lactation in the bovine mammary gland: gene expression profiling indicates a strong inhibition of
gene expression in cell proliferation. Funct. Integr. Genomics 8:251-264.
http://dx.doi.org/10.1007/s10142-008-0074-y.

Gao, Y., X. Lin, K. Shi, Z. Yan, and Z. Wang. 2013. Bovine mammary gene expression profiling
during the onset of lactation. PLoS One 8:70393.
http://dx.doi.org/10.1371/journal.pone.0070393.

Garcia-Penarrubia, P., F. T. Koster, R. O. Kelley, T. D. McDowell, and A. D. Bankhurst. 1989.
Antibacterial activity of human natural killer cells. The Journal of experimental medicine
169:99-113.

Goff, J. P., and K. Kimura. 2004. Metabolic diseases and their effect on immune function and
resistance to infectious disease. Retrieved from the University of Minnesota Digital
Conservancy, http://hdl.handle.net/11299/109096.

Goy, R. C., D. d. Britto, and O. B. Assis. 2009. A review of the antimicrobial activity of
chitosan. Polimeros 19:241-247.

Grutz, G. 2005. New insights into the molecular mechanism of interleukin-10-mediated
immunosuppression. Journal of leukocyte biology 77:3-15.
http://dx.doi.org/10.1189/j1b.0904484.

Gunther, J., K. Esch, N. Poschadel, W. Petzl, H. Zerbe, S. Mitterhuemer, H. Blum, and H. M.
Seyfert. 2011. Comparative kinetics of Escherichia coli- and Staphylococcus aureus-specific
activation of key immune pathways in mammary epithelial cells demonstrates that S. aureus

62



elicits a delayed response dominated by interleukin-6 (IL-6) but not by IL-1A or tumor necrosis
factor alpha. Infection and immunity 79:695-707. http://dx.doi.org/10.1128/iai.01071-10.

Halasa, T., K. Huijps, O. @steras, and H. Hogeveen. 2007. Economic effects of bovine mastitis
and mastitis management: A review. Veterinary Quarterly 29:18-31.

Han, H. D., D. E. Nam, D. H. Seo, T. W. Kim, B. C. Shin, and H. S. Choi. 2004. Preparation and
biodegradation of thermosensitive chitosan hydrogel as a function of pH and temperature.
Macromol. Res. 12:507-511. http://dx.doi.org/10.1007/bf03218435.

Holst, B. D., W. L. Hurley, and D. R. Nelson. 1987. Involution of the Bovine Mammary Gland:
Histological and Ultrastructural Changes. J. Dairy Sci. 70:935-944.
http://dx.doi.org/10.3168/jds.S0022-0302(87)80097-8.

Hurley, W. L. 1989. Mammary Gland Function During Involution. J. Dairy Sci. 72:1637-1646.
http://dx.doi.org/10.3168/jds.S0022-0302(89)79276-6.

Hurley, W.L. 2010. Lactation Biology: Dry Period and Mastitis. University of Illinois. Retrieved
from http://ansci.illinois.edu/static/ansc438/Mastitis/dryperiod.html

Hyvonen, P., T. Haarahiltunen, T. Lehtolainen, J. Heikkinen, R. Isomaki, and S. Pyorala. 2010.
Concentrations of bovine lactoferrin and citrate in milk during experimental endotoxin mastitis
in early- versus late-lactating dairy cows. Journal of Dairy Research Journal of Dairy Research
77:474-480.

Jensen, D. L., and R. J. Eberhart. 1981. Total and differential cell counts in secretions of the
nonlactating bovine mammary gland. Am. J. Vet. Res. 42:743-747.

Kato, K., K. Mori, and N. Katoh. 1989. Contribution of leucocytes to the origin of lactate
dehydrogenase isozymes in milk of bovine mastitis. Nippon Juigaku Zasshi 51:530-539.

Kawai, T., and S. Akira. 2007. Signaling to NF-«kB by Toll-like receptors. Trends in Molecular
Medicine 13:460-469. http://dx.doi.org/http://dx.doi.org/10.1016/j.molmed.2007.09.002.

Knight, C. H., and C. J. Wilde. 1993. Mammary cell changes during pregnancy and lactation.
Livestock Production Science 35:3-19.

Kromker, V., N. T. Grabowski, and J. Friedrich. 2014. New infection rate of bovine mammary
glands after application of an internal teat seal at dry-off. J. Dairy Res. 81:54-58.
http://dx.doi.org/10.1017/S0022029913000599.

Leelahapongsathon, K., T. Piroon, W. Chaisri, and W. Suriyasathaporn. 2016. Factors in Dry
Period Associated with Intramammary Infection and Subsequent Clinical Mastitis in Early
Postpartum Cows. Asian-australas. J. Anim. Sci. 29:580-585.
http://dx.doi.org/10.5713/ajas.15.0383.

National Mastitis Council. 1996. Current Concept of Bovine Mastitis. 4th ed. National Mastitis
Council, Madison, WI.

63



Nguyen, D. D., and M. C. Neville. 1998. Tight junction regulation in the mammary gland. J.
Mammary Gland Biol. Neoplasia 3:233-246.

Nickerson, S. C., and J. W. Pankey. 1983. Cytologic observations of the bovine teat end. Am. J.
Vet. Res. 44:1433-1441.

Mansion-de Vries, E. M., N. Knorr, J.-H. Paduch, C. Zinke, M. Hoedemaker, and V. Krémker.
2014. A field study evaluation of Petrifilm™ plates as a 24-h rapid diagnostic test for clinical
mastitis on a dairy farm. Prev. Vet. Med. 113:620-624.
http://dx.doi.org/http://dx.doi.org/10.1016/j.prevetmed.2013.11.019.

Martinez-Ruvalcaba, A., E. Chornet, and D. Rodrigue. 2007. Viscoelastic properties of dispersed
chitosan/xanthan hydrogels. Carbohydrate Polymers 67:586-595.
http://dx.doi.org/http://dx.doi.org/10.1016/j.carbpol.2006.06.033.

Neave, F., F. Dodd, and E. Henriques. 1950. 408. Udder infections in the ‘dry period’. L. J. Dairy
Res. 17:37-49.

Nickerson, S. C., and J. W. Pankey. 1983. Cytologic observations of the bovine teat end. Am. J.
Vet. Res. 44:1433-1441.

Noble, M. S., and W. L. Hurley. 1999. Effects of Secretion Removal on Bovine Mammary Gland
Function Following an Extended Milk Stasis. J. Dairy Sci. 82:1723-1730.
http://dx.doi.org/10.3168/jds.S0022-0302(99) 75402-0.

Nyman, A. K., U. Emanuelson, and K. P. Waller. 2016. Diagnostic test performance of somatic
cell count, lactate dehydrogenase, and N-acetyl-f-d-glucosaminidase for detecting dairy cows
with intramammary infection. J. Dairy Sci. http://dx.doi.org/http://dx.doi.org/10.3168/jds.2015-
9808.

Oliver, S. P., S. E. Murinda, and B. M. Jayarao. 2011. Impact of antibiotic use in adult dairy
cows on antimicrobial resistance of veterinary and human pathogens: a comprehensive review.
Foodborne Pathog. Dis. 8:337-355. http://dx.doi.org/10.1089/fpd.2010.0730.

Oliver, S. P., and K. L. Smith. 1982. Bovine mammary involution following intramammary
infusion on colchicine and endotoxin at drying off. J. Dairy Sci. 65:801-813.

Oliver, S. P., and L. M. Sordillo. 1989. Approaches to the manipulation of mammary involution.
J. Dairy Sci. 72:1647-1664.

Ollier, S., X. Zhao, and P. Lacasse. 2014. Effects of feed restriction and prolactin-release
inhibition at drying off on metabolism and mammary gland involution in cows. J. Dairy Sci.
97:4942-4954. http://dx.doi.org/10.3168/jds.2014-7914.

Ollier, S., X. Zhao, and P. Lacasse. 2015. Effects of feed restriction and prolactin-release
inhibition at drying-off on susceptibility to new intramammary infection in cows. J. Dairy Sci.
098:221-228. http://dx.doi.org/10.3168/jds.2014-8426.

Oltenacu, P., and D. Broom. 2010. The impact of genetic selection for increased milk yield on
the welfare of dairy cows. Animal welfare 19:39-49.

64



Otterlei, M., K. M. Varum, L. Ryan, and T. Espevik. 1994. Characterization of binding and TNF-
a-inducing ability of chitosans on monocytes: the involvement of CD14. Vaccine 12:825-832.

Oviedo-Boyso, J., J. J. Valdez-Alarcon, M. Cajero-Juarez, A. Ochoa-Zarzosa, J. E. Lopez-Meza,
A. Bravo-Patino, and V. M. Baizabal-Aguirre. 2007. Innate immune response of bovine
mammary gland to pathogenic bacteria responsible for mastitis. J. Infect. 54:399-409.
http://dx.doi.org/10.1016/j.jinf.2006.06.010.

Paape, M. J., K. Shafer-Weaver, A. V. Capuco, K. Van Oostveldt, and C. Burvenich. 2000.
Immune surveillance of mammary tissue by phagocytic cells. Adv. Exp. Med. Biol. 480:259-
2717.

Rainard, P. 2003. The complement in milk and defense of the bovine mammary gland against
infections. Vet. Res. 34:647-670.

Rajala-Schultz, P. J., Y. T. Grohn, C. E. McCulloch, and C. L. Guard. 1999. Effects of clinical
mastitis on milk yield in dairy cows. Journal of dairy science 82:1213-1220.
http://dx.doi.org/10.3168/jds.S0022-0302(99) 75344-0.

Rambeaud, M., R. Almeida, G. Pighetti, and S. Oliver. 2003. Dynamics of leukocytes and
cytokines during experimentally induced Streptococcus uberis mastitis. Vet. Immunol.
Immunopathol. 96:193-205.

Rinaldi, M., R. W. Li, D. D. Bannerman, K. M. Daniels, C. Evock-Clover, M. V. Silva, M. J.
Paape, B. Van Ryssen, C. Burvenich, and A. V. Capuco. 2010. A sentinel function for teat
tissues in dairy cows: dominant innate immune response elements define early response to E.

coli mastitis. Functional & integrative genomics 10:21-38. http://dx.doi.org/10.1007/s10142-009-
0133-z.

Rinaudo, M. 2006. Chitin and chitosan: Properties and applications. Prog Polym Sci 31:603-632.

Saini, V., J. T. McClure, D. Leger, S. Dufour, A. G. Sheldon, D. T. Scholl, and H. W. Barkema.
2012a. Antimicrobial use on Canadian dairy farms. Journal of dairy science 95:1209-1221.
http://dx.doi.org/10.3168/jds.2011-4527.

Saini, V., J. T. McClure, D. Leger, G. P. Keefe, D. T. Scholl, D. W. Morck, and H. W. Barkema.
2012b. Antimicrobial resistance profiles of common mastitis pathogens on Canadian dairy farms.
Journal of dairy science 95:4319-4332. http://dx.doi.org/10.3168/jds.2012-5373.

Santschi D. E. and Lefebvre D. M. 2014. Review: Practical concepts on short dry period
management. Canadian Journal of Animal Science 94:381-390.
http://dx.doi.org/doi:10.4141/cjas2013-194.

Schukken, Y. H., J. Vanvliet, D. Vandegeer, and F. J. Grommers. 1993. A randomized blind trial
on dry cow antibiotic infusion in a low somatic cell count herd. Journal of dairy science 76:2925-
2930. http://dx.doi.org/10.3168/jds.S0022-0302(93)77632-8.

Schukken, Y. H., J. Glnther, J. Fitzpatrick, M. Fontaine, L. Goetze, O. Holst, J. Leigh, W. Petzl,
H.-J. Schuberth, and A. Sipka. 2011. Host-response patterns of intramammary infections in dairy
cows. Vet. Immunol. Immunopathol. 144:270-289.

65



Selsted, M. E., Y. Q. Tang, W. L. Morris, P. A. McGuire, M. J. Novotny, W. Smith, A. H.
Henschen, and J. S. Cullor. 1993. Purification, primary structures, and antibacterial activities of
beta-defensins, a new family of antimicrobial peptides from bovine neutrophils. J Biol Chem
268:6641-6648.

Senel, S., and S. J. McClure. 2004. Potential applications of chitosan in veterinary medicine.
Adv. Drug Delivery Rev. 56:1467-1480.
http://dx.doi.org/http://dx.doi.org/10.1016/j.addr.2004.02.007.

Shafer-Weaver, K. A., and L. M. Sordillo. 1996. Enhancing bactericidal activity of bovine
lymphoid cells during the periparturient period. Journal of dairy science 79:1347-1352.
http://dx.doi.org/10.3168/jds.S0022-0302(96)76491-3.

Shamay, A., F. Shapiro, G. Leitner, and N. Silanikove. 2003. Infusions of casein hydrolyzates
into the mammary gland disrupt tight junction integrity and induce involution in cows. J. Dairy
Sci. 86:1250-1258.

Singh, K., K. M. Swanson, H. V. Henderson, R. A. Erdman, and K. Stelwagen. 2015. The effect
of milking reinitiation following extended nonmilking periods on lactation in primiparous dairy
cows. J. Dairy Sci. 98:7666-7674. http://dx.doi.org/10.3168/jds.2014-8883.

Smith, K. L., D. A. Todhunter, and P. S. Schoenberger. 1985. Environmental pathogens and
intramammary infection during the dry period. J. Dairy Sci. 68:402-417.

Sordillo, L. M., S. C. Nickerson, R. M. Akers, and S. P. Oliver. 1987. Secretion composition
during bovine mammary involution and the relationship with mastitis. Int. J. Biochem. 19:1165-
1172. http://dx.doi.org/http://dx.doi.org/10.1016/0020-711X(87)90098-X.

Sordillo, L. M., and S. C. Nickerson. 1988. Morphologic changes in the bovine mammary gland
during involution and lactogenesis. Am. J. Vet. Res. 49:1112-1120.

Sordillo, L. M., and K. L. Streicher. 2002. Mammary Gland Immunity and Mastitis
Susceptibility. ] Mammary Gland Biol Neoplasia 7:135-146.
http://dx.doi.org/10.1023/a:1020347818725.

Symons, D. B. A, and L. J. Wright. 1974. Changes in bovine mammary gland permeability after
intramammary exotoxin infusion. J. Comp. Pathol. 84:9-17.

Swinkels, J. M., A. Hilkens, V. Zoche-Golob, V. Kromker, M. Buddiger, J. Jansen, and T. J. G.
M. Lam. 2015. Social influences on the duration of antibiotic treatment of clinical mastitis in
dairy cows. J. Dairy Sci. 98:2369-2380. http://dx.doi.org/http://dx.doi.org/10.3168/jds.2014-
8488.

Talbot, B. G., and P. Lacasse. 2005. Progress in the development of mastitis vaccines. Livestock
Production Science 98:101-113.
http://dx.doi.org/http://dx.doi.org/10.1016/j.livprodsci.2005.10.018.

Tatarczuch, L., R. J. Bischof, C. J. Philip, and C. S. Lee. 2002. Phagocytic capacity of leucocytes
in sheep mammary secretions following weaning. J. Anat. 201:351-361.
http://dx.doi.org/10.1046/].0021-8782.2002.00104.x.

66



Tenhagen, B. A., D. Edinger, B. Baumgartner, P. Kalbe, G. Klinder, and W. Heuwieser. 2001.
Efficacy of a Herd-Specific Vaccine Against Staphylococcus aureus to Prevent Post-Partum
Mastitis in Dairy Heifers. Journal of Veterinary Medicine Series A 48:601-607.
http://dx.doi.org/10.1046/].1439-0442.2001.00397 .X.

Tomita, G. M., C. H. Ray, S. C. Nickerson, W. E. Owens, and G. F. Gallo. 2000. A comparison
of two commercially available Escherichia coli J5 vaccines against E. coli intramammary
challenge. J. Dairy Sci. 83:2276-2281. http://dx.doi.org/10.3168/jds.S0022-0302(00)75112-5.

Tucker, H. A. 1980. Physiological Control of Mammary Growth, Lactogenesis, and Lactation. J.
Dairy Sci. 64:1403-1421. http://dx.doi.org/10.3168/jds.S0022-0302(81)82711-7.

Tucker, C. B., S. J. Lacy-Hulbert, and J. R. Webster. 2009. Effect of milking frequency and
feeding level before and after dry off on dairy cattle behavior and udder characteristics. Journal
of dairy science 92:3194-3203. http://dx.doi.org/10.3168/jds.2008-1930.

Tzianabos, A. O. 2000. Polysaccharide Immunomodulators as Therapeutic Agents: Structural
Aspects and Biologic Function. Clinical Microbiology Reviews 13:523-533.

Ueno, H., H. Yamada, I. Tanaka, N. Kaba, M. Matsuura, M. Okumura, T. Kadosawa, and T.
Fujinaga. 1999. Accelerating effects of chitosan for healing at early phase of experimental open
wound in dogs. Biomaterials 20:1407-1414.

Ueno, H., T. Mori, and T. Fujinaga. 2001. Topical formulations and wound healing applications
of chitosan. Adv Drug Deliv Rev 52:105-115.

Viguier, C., S. Arora, N. Gilmartin, K. Welbeck, and R. O’Kennedy. 2009. Mastitis detection:
current trends and future perspectives. Trends in Biotechnology 27:486-493.
http://dx.doi.org/10.1016/j.tibtech.2009.05.004.

Wedlock, D. N., A. R. McCarthy, E. E. Doolin, S. J. Lacy-Hulbert, M. W. Woolford, and B. M.
Buddle. 2004. Effect of recombinant cytokines on leucocytes and physiological changes in
bovine mammary glands during early involution. J. Dairy Res. 71:154-161.

Wellnitz, O., and R. M. Bruckmaier. 2012. The innate immune response of the bovine mammary
gland to bacterial infection. Veterinary journal (London, England : 1997) 192:148-152.
http://dx.doi.org/10.1016/j.tvjl.2011.09.013.

Wen, Z. S., Y. L. Xu, X. T. Zou, and Z. R. Xu. 2011. Chitosan nanoparticles act as an adjuvant
to promote both Thl and Th2 immune responses induced by ovalbumin in mice. Mar Drugs
9:1038-1055. http://dx.doi.org/10.3390/md9061038.

Werner-Misof, C., M. Pfaffl, and R. Bruckmaier. 2007. Dose-dependent immune response in
milk cells and mammary tissue after intramammary administration of lipopolysaccharide in dairy
cows. Veterinarni Medicina 52:231-244.

Whist, A. C., O. @steras, and L. Sglvergd. 2006. Clinical Mastitis in Norwegian Herds After a
Combined Selective Dry-Cow Therapy and Teat-Dipping Trial. J. Dairy Sci. 89:4649-4659.
http://dx.doi.org/10.3168/jds.S0022-0302(06)72515-2.

67



Yang, W., H. Zerbe, W. Petzl, R. M. Brunner, J. Ginther, C. Draing, S. von Aulock, H.-J.
Schuberth, and H.-M. Seyfert. 2008. Bovine TLR2 and TLR4 properly transduce signals from
Staphylococcus aureus and E. coli, but S. aureus fails to both activate NF-kB in mammary
epithelial cells and to quickly induce TNFa and interleukin-8 (CXCL8) expression in the udder.
Molecular Immunology 45:1385-1397.
http://dx.doi.org/http://dx.doi.org/10.1016/j.molimm.2007.09.004.

Yates, A., W. Akanni, M. R. Amode, D. Barrell, K. Billis, D. Carvalho-Silva, C. Cummins, P.
Clapham, S. Fitzgerald, L. Gil, C. G. Girdn, L. Gordon, T. Hourlier, S. E. Hunt, S. H. Janacek,
N. Johnson, T. Juettemann, S. Keenan, |I. Lavidas, F. J. Martin, T. Maurel, W. McLaren, D. N.
Murphy, R. Nag, M. Nuhn, A. Parker, M. Patricio, M. Pignatelli, M. Rahtz, H. S. Riat, D.
Sheppard, K. Taylor, A. Thormann, A. Vullo, S. P. Wilder, A. Zadissa, E. Birney, J. Harrow, M.
Muffato, E. Perry, M. Ruffier, G. Spudich, S. J. Trevanion, F. Cunningham, B. L. Aken, D. R.
Zerbino, and P. Flicek. 2016. Ensembl 2016. Nucleic Acids Res. 44:D710-D716.
http://dx.doi.org/10.1093/nar/gkv1157.

Yeh, T.-H., L.-W. Hsu, M. T. Tseng, P.-L. Lee, K. Sonjae, Y.-C. Ho, and H.-W. Sung. 2011.
Mechanism and consequence of chitosan-mediated reversible epithelial tight junction opening.
Biomaterials 32:6164-6173. http://dx.doi.org/10.1016/j.biomaterials.2011.03.056.

Zargar, V., M. Asghari, and A. Dashti. 2015. A Review on Chitin and Chitosan Polymers:
Structure, Chemistry, Solubility, Derivatives, and Applications. CBEN ChemBioEng Reviews
2:204-226.

Zhang, J. M., and J. An. 2007. Cytokines, Inflammation and Pain. International anesthesiology
clinics 45:27-37. http://dx.doi.org/10.1097/A1A.00013e318034194e.

Zhou, H. Y., L. J. Jiang, P. P. Cao, J. B. Li, and X. G. Chen. 2015. Glycerophosphate-based
chitosan thermosensitive hydrogels and their biomedical applications. Carbohydr Polym
117:524-536. http://dx.doi.org/10.1016/j.carbpol.2014.09.094.

68



