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Abstract

The first aim of this project is to define the cellular mechanisms that account for the low Na"
concentration in human milk. MCF10A cells, which were derived from human mammary
epithelium and grown on permeable supports, exhibit amiloride- and benzamil-sensitive short
circuit current (I;.), suggesting activity of the epithelial Na" channel, ENaC. When cultured in
the presence of cholera toxin (Ctx), MCF10A cells exhibit greater amiloride sensitive /. at all
time points tested, an effect that is not reduced with Ctx washout for 12 hours or by cytosolic
pathways inhibitors. Ctx increases the abundance of both f and y-ENaC in the apical membrane
and increases its monoubiquitination but without changing total protein and mRNA levels.
Additionally, Ctx increases the levels of both the phosphorylated and the nonphosphorylated
forms of Nedd4-2, a ubiquitin-protein ligase that regulates ENaC degradation. The results reveal
a novel mechanism in human mammary gland epithelia by which Ctx regulates ENaC-mediated
Na" transport.

The second project aim is to develop a protocol to isolate mammary gland epithelia for
subsequent in vitro culture. Caprine (1°CME) and bovine mammary epithelia (1°BME) were
isolated and cultured on permeable supports to study hormone- and neurotransmitter-sensitive
ion transport. Both 1°CME and 1°BME cells were passed for multiple subcultures and all
passages formed electrically tight barriers. 1° CME were cultured in the presence of
hydrocortisone and exhibited high electrical resistance and amiloride-sensitive /., suggesting the
presence of ENaC-mediated Na" transport. 1° BME were grown in a complex media in the
presence or absence of dexamethasone. In contrast to 1°CME, 1°BME exhibited no detectable
amiloride-sensitive /. in either culture condition. However, 1°BME monolayers responded to an
adrenergic agonist, norepinephrine, and a cholinergic agonist, carbamylcholine, with rapid
increases in ;.. Thus, this protocol for isolation and primary cell culture can be used for future
studies that focus on mammary epithelial cell regulation and functions.

In conclusion, the results from these projects demonstrate that mammary epithelial cells form
electrically tight monolayers and can exhibit neurotransmitter- and/or hormone-induced net ion
transport. The mechanisms that regulate Na" transport across mammary gland may provide clues

to prevent or treat mastitis.
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The first aim of this project is to define the cellular mechanisms that account for the low Na"
concentration in human milk. MCF10A cells, which were derived from human mammary
epithelium and grown on permeable supports, exhibit amiloride- and benzamil-sensitive short
circuit current (I;.), suggesting activity of the epithelial Na" channel, ENaC. When cultured in
the presence of cholera toxin (Ctx), MCF10A cells exhibit greater amiloride sensitive /. at all
time points tested, an effect that is not reduced with Ctx washout for 12 hours or by cytosolic
pathways inhibitors. Ctx increases the abundance of both f and y-ENaC in the apical membrane
and increases its monoubiquitination but without changing total protein and mRNA levels.
Additionally, Ctx increases the levels of both the phosphorylated and the nonphosphorylated
forms of Nedd4-2, a ubiquitin-protein ligase that regulates ENaC degradation. The results reveal
a novel mechanism in human mammary gland epithelia by which Ctx regulates ENaC-mediated
Na" transport.

The second project aim is to develop a protocol to isolate mammary gland epithelia for
subsequent in vitro culture. Caprine (1°CME) and bovine mammary epithelia (1°BME) were
isolated and cultured on permeable supports to study hormone- and neurotransmitter-sensitive
ion transport. Both 1°CME and 1°BME cells were passed for multiple subcultures and all
passages formed electrically tight barriers. 1° CME were cultured in the presence of
hydrocortisone and exhibited high electrical resistance and amiloride-sensitive /., suggesting the
presence of ENaC-mediated Na" transport. 1° BME were grown in a complex media in the
presence or absence of dexamethasone. In contrast to 1°CME, 1°BME exhibited no detectable
amiloride-sensitive /. in either culture condition. However, 1°BME monolayers responded to an
adrenergic agonist, norepinephrine, and a cholinergic agonist, carbamylcholine, with rapid
increases in ;.. Thus, this protocol for isolation and primary cell culture can be used for future
studies that focus on mammary epithelial cell regulation and functions.

In conclusion, the results from these projects demonstrate that mammary epithelial cells form
electrically tight monolayers and can exhibit neurotransmitter- and/or hormone-induced net ion
transport. The mechanisms that regulate Na" transport across mammary gland may provide clues

to prevent or treat mastitis.
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Chapter 1 - Overview of Mammary Gland Epithelial Function and
Regulation of Epithelial Na" Transport

The mammary gland is a defining characteristic of all mammals. Lactation is critical for
neonate survival and thus is required for reproductive success and species propagation. However,
mechanisms that contribute to and regulate ion transport across mammary epithelium, which
contribute to milk composition and volume, are poorly understood. This dissertation focuses on
regulation of ion transport, particularly Na® transport through the epithelial sodium channel
(ENaC) in two experimental systems, a human mammary epithelial cell line and primary cultures
of cells isolated from caprine and bovine mammary gland. The goal of research reported in
chapter 2 is to describe underlying mechanisms that link cholera toxin (Ctx), a toxin secreted by
Vibrio cholera, to the regulation of Na" absorption via ENaC in a human mammary epithelial
cell line, MCF10A. Chapter 3 focuses on defining and optimizing a protocol to isolate and grow
bovine and caprine mammary epithelia in culture. This introduction provides a brief review of
the literature describing mammary gland development, mechanisms of milk secretion, and
regulation of ion transport with particular focus on ENaC-mediated Na® transport across

mammary epithelia as a general background for the materials covered in subsequent chapters.

Mammary gland development

Mammary glands are unique in that their development, which includes embryonic, pubertal
and gestational, mostly occurs after birth. Many changes that allow for milk formation and
secretion occur in the epithelium during gestation and early in the post-partum period. Although
mammary glands achieve their full function only after pregnancy, the formation of these glands
is initiated during embryogenesis (70). The initial formation of mammary glands in humans is
reported as early as the sixth week of gestation and includes the formation of a milk line on the
anterior surface of the embryo (84). Figure 1.1 shows a schematic review of three stages of
murine mammary gland development: embryonic, pubertal and gestational (70). At murine
embryonic day (E) 11.5, five pairs of placodes are formed, which are epithelial structures that
will develop into discrete organs. Between E10 and E20, mammary epithelial buds and initial fat
pads are formed. The epithelial buds further elongate to invade the fat pad and branch to form

ductal structures. Rudimentary ducts are present at birth and will remain at this developmental
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Figure modified from Gjorevsk, et. all Ref. [70].

gland at parturition (84). Ducts extend
and branch during gestation and
luminal epithelial cells proliferate and differentiate to the extent that milk secretion can occur in
alveoli. During lactation, decreased progesterone and increased prolactin stimulate milk
synthesis (84). The hormonal regulation of milk section will be reviewed later in this chapter. In
humans, about 10-15 ducts are open at each nipple to secrete milk (160). The volume secreted is
determined by the number of mammary epithelial cells (238). After milk is made, it is stored in
alveoli and ducts (132). Milk removal (‘ejection’) is initiated by the contraction of myoepithelial
cells in response to oxytocin, which is released from the anterior pituitary (84).

Hormonal regulation of mammary gland and milk secretion will be further introduced in
detail here. Many reviews have summarized endocrine regulation of mammary function (41, 118,
161, 238). During development, estrogens and progesterone are essential hormones that regulate

ductal growth and alveolar expansion (87). A complex signaling network between mammary



epithelial and stromal cells is influenced by these steroid hormones and other factors (70).
Estrogens are suggested to regulate mammary gland ductal elongation and branching, which are
influenced also by growth hormone and/or insulin-like growth factor 1 (70, 87). By contrast,
progesterone contributes to alveolar expansion (87). Only progesterone receptor-positive cells
can develop and be incorporated in functional alveoli (22). Two isoforms of progesterone, A and
B, reportedly play different roles in the regulation of alveolar development (87). Progesterone B
is essential for regulation of alveolar development and proliferation, whereas deletion of
progesterone A does not alter mammary gland development (155). During pregnancy, high levels
of progesterone and prolactin trigger further expansion of mammary epithelia (161). In addition,
estrogens are required to maintain progesterone receptor expression and production of prolactin
(143, 161). Low estrogen levels during pregnancy reportedly are associated with low post-
partum prolactin levels and the inability to lactate (143). Other agents such as transforming grow
factor a, and epidermal growth factor (EGF) that activate the receptor tyrosine kinases ERBB1
(EGF receptor 1) and ERBB4 (EGF receptor 4), also are required for mammary gland epithelial
proliferation and differentiation (87). Mice harboring mutant forms of ERBB1 show impaired
alveolar development (61). Similarly, mice with mammary gland-targeted deletion of ERBB4
fail to develop functional alveoli (136). The initiation of lactation is triggered by a precipitous
withdraw in circulating progesterone, which in humans is produced by the placenta during late
gestation (122, 161).

During lactation, milk synthesis by epithelia is regulated by prolactin, growth hormone and
other hormones. Prolactin is named for its function to promote lactation. That prolactin is
essential to maintain lactation is demonstrated by the complete loss of lactation that accompanies
exposure to dopamine receptor antagonists such as ergot alkaloids, which inhibit prolactin
release from the pituitary (87). Prolactin binds to the prolactin receptor, which is a class I
cytokine receptor family member. The receptor undergoes dimerization, binds to Janus kinase-2
(JAK2) and phosphorylates specific tyrosine residues to activate STATS (signal transducer and
activator of transcription 5) (87). STATS serves as a downstream signaling component of the
pathways activated by either the prolactin receptor or ERBB4. STATS also activates the
transcription of genes that encode for milk proteins (87). Growth hormone increases milk yield
and the commercialized form is called “bovine somatotropin,” which is used in the dairy industry

to increase milk yield (161). Inhibition of growth hormone secretion during lactation decreases



milk yield in rats (161). However, the mechanism by which growth hormone affects lactation is
not fully defined and remains the subject of ongoing studies.

Other hormones play substantial roles in stimulating milk secretion and ejection. Oxytocin
promotes milk ejection and enhances milk production (8). Hormones that regulate body
metabolism, such as thyroid hormone, insulin, and leptin, can impact milk secretion (28, 83,
267). Moreover, feedback inhibitor of lactation (FIL), B-casein 1 to 28 (BCN1-28) and serotonin
(5-HT) can reduce milk secretion (41). FIL is proposed to be a glycoprotein that can inhibit milk
secretion. However the peptide sequence has not yet been published and the mechanism of action
remains to be determined (41, 255). Similarly, BCN1-28, is proposed to reduce milk secretion in
response to heat stress, perhaps by inhibiting apical K™ channels (41, 211, 212). 5-HT also plays
a role in reducing milk secretion. 5-HT receptors and components of the 5-HT metabolic
pathway are reportedly present in bovine mammary gland and 5-HT can be detected in milk (41).
It has been suggested that 5-HT can act through multiple pathways to regulate milk synthesis. /n
vitro, 5-HT reduced tight junction formation of MCF10A cells, a human mammary epithelia cell
line (41, 142, 237). Block of the 5-HT reuptake transporter, SERT protein, delayed of milk
secretion (41, 141, 242). Clearly, the effects of hormones and growth factors on milk production

are many and varied with much more work being required to describe these effects fully.

Mechanisms of milk secretion

Although milk composition varies widely across species (reviewed later in this chapter), the
mechanisms of milk secretion appear to be similar (132). Five pathways have been used to
describe cellular mechanisms that account for the transport, synthesis and secretion of milk
constituents by alveolar epithelial cells (152). As depicted in Figure 1.2, pathway I shows
exocytotic apical release of lactose, oligosaccharides, phosphate, calcium, citrate and proteins
that are synthesized by epithelia and are present in the aqueous phase of milk (152). Similar
pathways are present in other cell types in which Golgi vesicles carry substances for secretion at
the apical membrane. Concentrations of osmolytes especially lactose are high in Golgi vesicles,
which drives water flux into the vesicles and ultimately into secreted milk. Therefore, milk fluid
volume is proportional to total lactose secretion (153). Pathway II represents lipid secretion with
formation of cytoplasmic lipid droplets that enter milk via a pinocytotic process to form a milk

fat globule (MFQG) that is fully enclosed in membrane derived from the apical aspect of the



epithelial cell (152). Lipids are synthesized in

the smooth endoplasmic reticulum and
formed into lipid bodies for transport toward
the apical membrane where they separate
from the cells as MFGs (152). MFGs are the
main energy source for breast-fed neonates
(152). Pathway III  depicts vesicular
transcytosis of extra-cellular solutes such as
immunoglobulins, albumin and hormones
from the interstitial space to the milk (152).
Immunoglobulin A has been shown to be
transported into milk via the transcytotic
pathway in rabbit mammary gland (152).
Some hormones such as prolactin, insulin and
EGF are likely transported into milk via
transcytosis,

although the underlying

mechanisms remain to be defined (160).

ME}--_\ 1V l
Canillary T
=200, S23°B
Figure 1.2 Five pathways for milk
constituent secretion across mammary

alveolar epithelial cells.

Detailed descriptions for each pathway are reported
in the text. SV, secretory vesicle; RER, rough
endoplasmic reticulum; BM, basement membrane;
N, nucleus; PC, plasma cells; FDA, fat depleted
adipocyte; GJ, gap junctions; ME, myoepithelial

cells. Figure adapted from McManaman and

Neville. Ref [151].

Pathway IV, which is a focal point of this
thesis, depicts processes that facilitate the
movement of ions, water, glucose and other small solutes across the apical and/or basolateral
membranes (152). The predominant pathway for water movement is not known, but is likely a
combination of paracellular and transcellular flux. Aquaporins that facilitate transcellular
movement are present in mammary epithelia (153). Pathway V illustrates an avenue for
paracellular movement of plasma components and leukocytes (152). Typically, one would expect
this pathway to allow little flux during lactation (i.e., that there is tight barrier that separates milk
from the interstitial space). However, the pathway may become highly permeant in pathological
situations such as mastitis. Further, it is thought that the paracellular pathway is relatively
permeant in the non-lactating state.

Mechanisms of ion transport depicted in Pathway IV are poorly defined. A system to account
for ion gradients across the mammary epithelium was first proposed in 1971 based upon

observations on cultured guinea pig mammary tissue (Figure 1.3) (132, 204). This model



suggests that the apical membrane is freely
permeable to Na', K', and CI', and that
Na'/K" ATPase in the basolateral membrane
sets the concentration of Na™ and K™ in milk
(132, 202). Moreover, the model predicts that
a basolateral pump would bring CI" into the
cells (132, 202). The model, however, fails to
account for the distribution of CI across the
apical membrane. Further, becuase there is
substantial difference in ash (i.e., mineral)
content of milk across species, it is unlikely
that this initial model is widely applicable.

A number of studies have addressed
mechanisms of ion transport across mammary
epithelia. It has been shown that Ca®'-
activated K" channels, which are inhibited by
Ba™, are present

(64). Moreover,

in mouse mammary
epithelial cells volume-
activated K' channels, which can be blocked

by quinine, were detected in rat mammary

Extracellular Milk
Fluid Base Apex
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[Na] 150mM 43 8
[K} 4.5mM 143 (122 free) 24
[Cl] 116mM 62 12
(mV) O -41 +3
(reference)
+ Calculated
Na +30 44
k't 63 43 Equilibrium
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Cl -17 +44 (mV)
ATP
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Figure 1.3 An epithelial model illustrates
ions distribution and membrane potentials
derived for guinea pig mammary tissue.

Image adapted from Shennan and Peaker. Ref [200]

tissue (203), and Ba®"-sensitive K channels were detected in apical membranes stripped from

goat MFGs (215). Amiloride-sensitive Na" transport, suggesting ENaC activity, was reported to

be present in mammary epithelia derived from a number of species (14, 15, 20, 123, 182, 197).

Moreover, work from this laboratory that showed steroid hormone regulation in a cell line

derived from bovine mammary tissue (182, 197). Regulation of Na" transport across mammary

epithelia is considered in further detail in this chapter. The cystic fibrosis transmembrane

conductance regulator (CFTR) reportedly is present in the apical membrane of mammary

epithelia (15, 57, 197), although milk from cystic fibrosis (CF) patients reportedly has normal

electrolyte composition (207, 254). Although several ion channels have been identified in

mammary epithelial cells, there are ongoing discussions regarding potentially different functions

of epithelial cells lining the duct when compared to those lining the alveoli (90, 132, 133, 138,



153, 208). The ductile cells reportedly can absorb Na', Cl" and water selectively, but leave the K"
in lumen (138). Clearly, additional studies are required to identify ion transport mechanisms in
mammary epithelium. It is also needed to determine the distribution of these transport
mechanisms within the gland and across species and how the mechanisms are regulated at each

location.

Species difference in milk composition

The relative proportions of fats, proteins, carbohydrates and minerals vary widely across
mammalian species (132). Table 1.1 shows milk composition at mid-lactation for humans and
several other species (167). The osmolality is similar among all species and is isotonic with
plasma (132, 167). Human milk contains a higher concentration of sugar than bovine milk (167).
Protein, fat and mineral content vary widely among the listed species. Human milk is the lowest
in protein. Rabbit milk has the highest proportion of protein and salt (ash). Fat content varies
widely with black rhinoceros milk being the lowest (0.2%) and fur seal milk being the highest
(nearly 50%). It has been proposed that fat contents may correlate with sucking intervals (167).
Species that have long inter-suckling intervals, such as fur seals, secrete milk containing high

energy density, including a high fat content. In contrast, species that feed their young more

Table 1.1 Major components in milk derived from various species®

Species Dry matter Fat Protein Sugar Ash

(%) (o) (o) (%) (%)

Human 12.4 4.1 0.8 6.8 0.2
Pig 20.1 8.3 5.6 5.0 0.9
Cow 12.4 3.7 3.2 4.6 0.7
Rabbit 35.2 14.4 15.8 2.7 2.1
Mouse 29.3 13.1 9.0 3.0 1.5
Guinea-pig 17.5 5.7 6.3 4.8 0.8
Northern fur seal 61.0 49.4 10.2 0.1 0.5
Black rhinoceros 8.8 0.2 1.4 6.6 0.3
Goat 12.0 3.8 2.9 4.7 0.8
Horse 10.5 1.3 1.9 6.9 0.4

* Modified from Oftedal. Ref [164]



frequently (e.g., horse, >1 h™';
rhinoceros, ~1 h™'; human, ~0.5 h'l)

produce milk with lower fat content

Table 1.2 Major constituents of bovine milk and

human milk*

Components Bovine Milk | Human Milk

(167) Like other constituents, the (g/loo Il’ll) (g/lOO ml)
concentration of Na" varies widely Water (100-dry matter) 373 372
across species, but is lower than Lipids 37 47
plasma in all cases (202). Table 1.2 Protein, casein 26 02
shows a detailed comparison of Proteins, whey 06 07
major milk constituents (especially Carbohydrates 43 7
mineral concentrations) between Minerals (Ash) 03 02
human and cow in terms of grams Caleium 0125 0.033
per 100 ml of milk (167). The lowest

Phosphorus 0.096 0.015
milk Na" concentration among all -

Sodium 0.058 0.015
species is reported for humans, only .

Potassium 0.138 0.055
5-10 mEq/1 (159, 160, 177, 202), .

Magnesium 0.012 0.004
compared with 136-145 mEq/l in

o . Chloride 0.103 0.043

plasma (202). Rabbit milk contains

. ) * Modified from Oftedal. Ref [164]
60-80 mEq/l Na™ (175) whereas milk

from dairy cows typically contains 20-25 mEq/1 (168, 177). Chloride, phosphate and glucose
concentrations in milk correlate positively with Na+ concentration, whereas lactose and Ca2+
concentrations correlate negatively (160). However, the mechanisms that control ion transport
across mammary epithelium and contribute to the generally low Na" concentration in milk, as
well as the very low Na' concentration specifically in human milk, are not fully understood. This
Study seeks to reveal underlying mechanisms that contribute to the Na' concentration in milk

and to provide a better understanding of Na" transport across human mammary gland epithelia.

Primary mammary epithelia cell culture and cell lines
Numerous cell lines have been developed from human, cow and mouse mammary epithelia
and used successfully as models to study mammary function. Human mammary epithelial cell

lines have been derived from two sources, carcinomas and normal or healthy epithelial cells. The



MCFI10A cell line arose from a spontaneous immortalization of cells that were isolated from
normal mammary epithelia (225). MCF10A cells grown on permeable supports can be used as
the in vitro model to study tight junction formation and architecture (237). Another human cell
line, human mammary epithelial cells (T-HME or HME), arose from normal epithelial cells that
were transformed by transfection with human telomerase (hTERT) (107, 123). HME cells also
form electrically tight monolayers on permeable supports and the cell have been used to study
ion transport associated with P2Y receptors (123, 170). Similarly, HMT-3522 and HBL-100 are
cell lines derived from normal human breast epithelia (21, 65). However, epithelial barrier and
ion transport characteristics have not been reported. Some commonly used mammary cell lines
derived from breast carcinomas are MCF-7 (226), Hs578T (80), T-47D (106), and MDA-MB-
231 (30). Similarly, rat and mouse mammary epithelial cell lines have been developed both from
normal mammary epithelia and from carcinomas (5, 73). The 31EG4 cell line, which is an
untransformed nontumorigenic mouse mammary cell line, is used extensively. These cells can be
grown as tight monolayers that respond to lactogenic hormones (186, 236, 263). Immortalized
bovine mammary epithelial cell lines such as BME-UV (262), HH2A(93), MAC-T (94) and L-
1(68) also are used commonly as model systems to study mammary function. An advantage of
these cell lines is that there is homogeneity within the cell population and the potential for
consistency over time and between laboratories. Cell lines, with their almost infinite potential for
expansion, provide the opportunity to conduct multiple tightly paired experiments with a variety
of conditions or treatments. However, the limitations of cell lines, such as the general
applicability of the inferences that are drawn, cannot be eliminated. The effect of hormones or
drugs on cell lines may not be indicative of physiological function in vivo.

In vivo studies of mammary function have been carried out predominantly using rodents.
They are small, easy to handle and they progress rapidly through developmental stages.
Moreover, transgenic mice can be used to gain important knowledge regarding specific
contributions to mammary gland development and the mechanisms of making milk. However,
rodents cannot represent all mammals as lactation mechanisms are characterized because there is
such wide variation on milk composition among all species. Farm animals, predominantly cows,
also are used as models to study mammary function and milk yield (7, 72). Other mammals such
as tammar wallaby (164) and grey seals (79) have been used as unique models to study milk

components synthesis and secretion. Therefore, animal models are useful to study mammary



development but substantial variation among species and complex mammary structure may limit
how broadly the conclusions might be applied.

Primary cultures may provide responses that more closely reflect in vivo situations when
compared to immortalized or transformed cell lines. Primary culture of mammary gland cells can
be traced back to as early as 1961, when the model was used to study glycogen synthesis (52,
53). An obstacle associated with primary culture is the difficulty in isolating and/or maintaining
an homogeneous epithelial cell population that is free of fibroblasts. Cholera toxin was used as a
component in mammary epithelial cell culture media to eliminate fibroblast proliferation (257).
It has been reported that bovine (60), caprine (265) and human (75) mammary epithelial cells
were cultured successfully as monolayer or 3D structures, but those reports did not assess or
define ion transport. This dissertation focuses on Na' transport across normal mammary gland
epithelia. The literature reveals that few mammary cell lines have been used as in vitro models to

study ion transport.

Sodium transport across mammary epithelia

ENaC is present in epithelial cells derived from murine (14, 15, 20), bovine (181, 182, 197),
and human (15, 20) mammary gland. In most cases, ENaC is composed by three subunits, a, 3
and vy, with a stoichiometry of 1:1:1 (34, 120). A fourth subunit, the & subunit, which replaces the
o subunit in the heterotrimer (247), is expressed in a variety of epithelial and non-epithelial
tissues (98). Amiloride block is used widely as a first indicator that ENaC contributes to the
functionality of a tissue (9, 116). Corticosteroid hormones can enhance ENaC expression in
human, mouse and bovine mammary epithelia, which could account for Na” movement during
lactation and oncogenesis (15, 20, 123, 182, 197). This laboratory reported the presence of
amiloride-sensitive ion transport in a bovine mammary epithelial cell line, BME-UV, when
cultured in the presence of natural and synthetic corticosteroids (182, 197). The mechanisms
underlying corticosteroid-induced amiloride-sensitive current include an increase in mRNA
abundance for both B- and y-ENAC, with a lesser effect on a-ENaC mRNA (182). Mifepristone,
an inhibitor of the glucocorticoid receptor, can block the effect of corticosteroids on amiloride-
sensitive short circuit current (/; a sensitive indicator of net ion transport) and on the elevation
of ENaC mRNA abundance (182). Moreover, results from The BME-UV model suggest that

luminal Na" concentration is an important regulator of tight junction integrity (181). Reduction
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in apical Na' concentration from plasma-like levels to milk-like levels increased the
transepithelial electrical resistance (R,.) of BME-UV monolayers (181). These observations
demonstrate that ENaC-mediated Na" transport is present in bovine mammary glands and that
Na" transport is regulated by steroid hormones. Corticosteroids are used routinely in the culture
of mammary epithelia because of the effects on epithelial integrity (i.e., barrier function) that
have been reported (15, 111, 152, 213, 235). Similar observations were reported in both mouse
cell lines (31EG4 and HC11) and human cell lines (MCF10A, T-47D and MCF-7) (15, 20).
Moreover, B- and y-ENaC mRNAs were elevated in lactating mouse mammary tissue when
compared with non-lactating mammary tissue (20). The authors detected mRNA for a-, B-, and
v-ENaC subunits in both cancerous and noncancerous cell lines that were derived from humans
and mice (20). Steroid hormones elevated the expression of mRNA coding for all ENaC subunits
in MCF10A cells (20). Dexamethasone increased a- and y-ENaC mRNA in HCI11 cells, which
were derived from lactating mouse mammary gland, although mRNA coding for B-ENaC was
not detected in the present or absent with dexamethasone (5, 20). In contrast, cells derived from
human mammary duct carcinoma (T-47D) (106), dexamethasone increased B- and y-ENaC
mRNA expression but had no effect on a-ENaC mRNA expression (20). Similar to T-47D cells
results were found in MCF-7 cells, a cell line derived from a human adenocarcinoma (20, 226).
When compared to noncancerous cells, cancerous cells express less 0-ENaC mRNA under basal
conditions and produce no response to steroid hormone treatment on a-ENaC mRNA expression.
These studies demonstrated; 1) the presence of mRNA coding for a-, B-, and y-ENaC, 2) the
presence of ENaC protein subunits, and 3) the regulation of ENaC expression by corticosteroids
in human and mouse mammary epithelia. However, no functional data to show ENaC-mediated
Na' transport were reported in the aforementioned mRNA expression studies.

More recently, others have shown that immortalized HME cells express ENaC and that
amiloride-sensitive /. can be stimulated by purinergic agonists (123). For both primary and
immortalized HME cells, it was suggested that basolateral P2Y receptor activation enhances
ENaC-mediated Na" absorption by increasing the activity of K¢,3.1, which hyperpolarizes the
cell membrane to increase the electrochemical driving force for Na™ absorption (123, 170).
Taken together, these reports provide a mechanism to whereby K channels activation is coupled

with Na" absorption, thus modifying milk volume and composition.
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Mechanisms of ENaC regulation and its function throughout the body

As early as 1951, Hans Ussing and his colleagues demonstrated the presence of net Na"
transport in isolated frog skin (243). Following this discovery, Ussing hypothesized that Na" is
actively pumped out of cells to maintain a low intracellular Na™ concentration (119). Strong
evidence for an apical Na" channel was demonstrated first in 1977 by using fluctuation analysis
of currents across frog skin in the absence and presence of amiloride (129). Subsequent to these
pioneering studies in frog skin, epithelial Na" transport was identified on the apical surface of
epithelia lining a variety of tissues, including mammary gland, kidney, lung, urinary bladder,
colon, salivary glands, inner ear, vas deferens and sweat glands (35, 104, 195).

ENaC was first cloned from a rat distal colon cDNA library (33, 34). Initially, only a-ENaC
was identified. Expression of a-ENaC in Xenopus oocytes resulted in small current than expected
based on endogenous channel activity (33). The identity of additional subunits was determined
later (34). Ultimately, - and y-ENaC were cloned and expressed in Xenopus oocytes with a-
ENaC and the resulting current was much larger (34). No channel activity was detected when p-
and/or y-ENaC were expressed in the absence of a-ENaC. Since then, mRNAs encoding for a, J3,
and y ENaC subunits have been detected in frog renal epithelial cell line (A6 cells) (180), human
kidney, lung, liver, and pancreas (148, 149), mouse kidney (2), toad urinary bladder (117) and
cow kidney (63). The sequences of ENaC subunits share homology with C. elegans genes mec-4
and deg-1, which when mutated are associated with neuronal degeneration (33, 50). Therefore,
the family of cation channels was named the “DEG (degenerin)/ENaC” family of ion channels.
Although the heteromeric channel structure was widely accepted, 2a:1B:1y and 3a:3B:3y
channels structures were also proposed (231). Additionally, 6- (98) and e-ENaC (4, 247) were
identified, either of which can replace a-ENaC to form functional channels, although the
physiological functions of these two subunits remain to be determined.

A typical ENaC channel is composed of three subunits, each of which has two hydrophobic
domains that pass through the cell membrane resulting in an extracellular loop and short
cytoplasmic N- and C- termini (Figure 1.4) (13, 32, 220). The extracellular domains of a- and y-
ENaC can be cleaved by proteolytic enzymes, resulting in increased channel open probability
(13, 31). In addition, two N-glycosylation sites (34, 220) and two cysteine-rich domains (54),
which are present in the extracellular loops of all three subunits play important roles in channel

folding, trafficking and gating. The N-terminus of a-ENaC was suggested to regulate channel
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gating because mutations in this region
associate with a decrease in channel open
times and also cause type I
pseudohypoaldosteronism (PHA-1) (38, 78).
The C-terminus of all three ENaC subunits
can be modified by kinases to increase ENaC
gating (205, 246, 258). The presence of a
proline-rich ‘PY’ motif (PPPXYXXL, P, Pro;

Y, Tyr; L, Leu; X, any amino acid) in the C-
) ) .. Figure 1.4 Simple representation of ENaC
terminus of B and y subunits plays a critical

. _ , Structure.
role in channel degradation. A mutation of

) ) ) ) A typical ENaC channel is a heterotrimer including
this region causes Liddle’s Syndrome, which
will be reviewed in detail later (55, 103, 196,

210, 223).

an o, B and y subunit. Each subunit has two
hydrophobic domains (M1 and M2) that pass

through the cell membrane resulting a large

+ .
In general, Na~ absorption through ENaC extracellular loop and short cytoplasmic N- and C-

is tightly regulated by hormones such as  (ermini. Proline-rich ‘PY’ motifs are present in the
aldosterone,  hydrocortisone/cortisol, and  C-terminus of P and y subunits. Adapted from

vasopressin. Dysregulation of ENaC is Bhalla and Hallows. Ref[13]

associated with or contributes to a number of

pathological conditions. Two well-characterized diseases associate with mutations in one or
more ENaC subunits. PHA-1 results from loss-of-function mutations that lead to renal salt
wasting and hyperkalemia (38, 78, 82). PHA-1 is characterized by severe dehydration and
hypernatremia in the first week after birth, which is caused by insufficient renal Na' reabsorption
and a lack of responsiveness to aldosterone. The underlying genetic mutation typically is a
premature stop codon leading to a nonfunctional channel (78). In contrast, Liddle’s syndrome
results from gain-of-function mutations and is characterized by low renin, low aldosterone, and
hypertension (210). The syndrome was first documented by Grant Liddle who identified a family
in 1963 that suffered severe early onset hypertension (125). Such patients have abnormally low
circulating levels of renin and aldosterone, hypertension and high Na' retention (210, 218).
Therefore, this disease also known as pseudoaldosteronism. Overall gain of ENaC function

results from broth point mutations and premature stop codon mutations in the cytoplasmic
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carboxyl terminus in - and/or y-ENaC (81, 210). These mutations disrupt the ‘PY’ motif, which
is essential for regulation of membrane surface expression (55, 196, 223). Subsequent research
identified the PY motif as an important site for interaction with regulatory proteins in the cell.
One important example of such an interactor is Nedd4 (Neural precursor cells Expressed
Developmentally Downregulated), an E3 ubiquitin-ligase (233). Nedd4-2, a Nedd4 isoform, was
reported to interact with ENaC directly in vitro (101). Nedd4-2 contains multiple WW domains,
conserved tryptophan pairs that can bind directly to the ENaC PY motif (218). After binding,
Nedd4-2 catalyzes ubiquitination on lysines residues within the amino terminus of any ENaC
subunit (234, 266). ENaC can be regulated by monoubiquitination and polyubiquitination.
Monoubiquitination of B-ENaC was associated with elevated surface expression in HEK 293T
cells that were transfected with Nedd4-2 with or without mutated lysine residue to prevent
formation of polyubiquitin chains (266). Polyubiquitination of ENaC signals their transfer to
lysosomes for degradation (266). Therefore, Nedd4-2 decreases ENaC expression at the cell
surface.

The cellular mechanisms that contribute to the regulation of ENaC activity is complex. Many
cellular signaling pathways are integrated to regulate ENaC expression, trafficking, degradation,
retrieval, and open probability. Because Nedd4-2 has a critical role in tagging ENaC for retrieval
and degradation, Nedd4-2 regulation is a potential target to manage overall plasma membrane
ENaC expression. Nedd4-2 knock out that disrupt its interaction with ENaC lead to salt-sensitive
hypertension in mice (206). From in vitro studies, it has been reported that phosphorylation of
Nedd4-2 will prevent it from binding to ENaC that is resident in the cell membrane. Two
pathways increase Nedd4-2 phosphorylation and thereby increase ENaC activities. The renin-
angiotensin-aldosterone pathway (reviewed in the following section) induces the expression of
serum and glucocorticoid-induced kinase (SGK) (39, 157), which can bind to and phosphorylate
Nedd4-2 (46, 222). The second pathway is initiated by vasopressin, which increases cAMP and
hence, activates protein kinase A (PKA). PKA phosphorylates Nedd4-2 and thus prevents its
interaction with ENaC (221). Other signaling pathways also contribute to the regulation of ENaC
function. The phosphatidylinositol 3’-kinase (PI3K) pathway stimulates ENaC activity both
directly and indirectly. Phosphoinositide products directly bind and simulate ENaC, whereas the
PI3K pathway indirectly stimulates ENaC by increasing SGK function (227, 232, 248). The
mammalian target of rapamycin complex-2 (mTORC-2) reportedly stimulates ENaC function by
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directly binding and activates SGK (218). In contrast, the ERK-MAPK pathway reduces ENaC
activity via direct phosphorylation, which leads to an increase in ENaC interaction with Nedd4-2
(218). Together, these complex regulatory mechanisms affect ENaC localization to regulate

electrolyte homeostasis.

Regulation of ENaC in the kidney

The kidney is a complex organ that reabsorbs Na' and is regulated by several hormones
(195). In the nephron, four segments reabsorb Na', including the proximal convoluted tubule, the
thick ascending limb of Henle, the distal convoluted tubule and the collecting duct. ENaC is
detected only in the distal convoluted tubule and collecting duct (195). Those segments are
called the aldosterone-sensitive distal nephron (ASDN). Although ASDN contributes less than
10% to total Na' reabsorption in a nephron, the contribution is important to organismal Na"
homeostasis (135, 195). Aldosterone, angiotensin and vasopressin play major roles in the
regulation of renal ENaC expression and activity. In the distal nephron, aldosterone acts via
mineralocorticoid receptors to enhance ENaC activity and expression both acutely (1-3 hours)
and chronically (over 6-24 hours) (66, 195). During the acute phase, aldosterone increases open
probability of membrane-resident ENaC channels (105, 114). In the chronic phase, ENaC
channels are synthesized de novo and inserted into the epithelial cell apical membranes (218).
Moreover, aldosterone also increases SGK expression (39, 157). Coexpression of SGK with
ENaC in Xenopus oocytes increases amiloride-sensitive Na' current over 7-fold when compared
to ENaC expression alone (3, 39). SGK increases ENaC membrane availability by increasing
membrane trafficking and decreasing protein degradation (195). Angiotensin II (Angll)
stimulates aldosterone synthesis and also directly affects ENaC activity independently of
aldosterone. However, aldosterone independent mechanisms that link AnglI to changes in Na"
absorption are still under debate (23, 135). At least a portion of angiotensin-induced changes
requires the presence of a cognate receptor, AT1, in distal nephron. Targeted AT1 knockout in
the distal nephron of mice decreases in a-ENaC expression (23). Additional evidence comes
from in vitro studies that use Angll acutely to increase ENaC open probability in distal nephron
cells or isolated ducts (188, 261). Vasopressin also contributes to the regulation of ENaC.
Vasopressin, which binds to its receptor, increases cAMP levels in collecting ducts principal

cells (135, 144), which increases ENaC density at the apical membrane (29, 115). Vasopressin
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also induces expression of an ubiquitin-specific protease, Usp10, which ultimately increases
apical ENaC expression (19). Vasopressin also acts through the cAMP/PKA pathway to
phosphorylate Nedd4-2, which ultimately increases ENaC abundance in the apical membrane
(221). Additionally, vasopressin increases - and y-ENaC mRNA expression in rat kidney (163).
Regulations of ENaC activity and expression are complex, which are essential to maintain salt

and fluid homeostasis in kidney.

Regulation of ENaC in the lung

ENaC is expressed in airway epithelia where it plays an important role at parturition,
transforming the lung from the fetal liquid-filled environment to the neonatal air-filled space.
The critical role of ENaC function in the lung was demonstrated using knock-out mouse models.
Alpha-ENaC knock-out mice die soon after birth due to the inability to transition from a liquid-
filled to an air-filled lung (92). Beta- and y-ENaC knock-out mice exhibit substantially reduced
airway fluid clearance, but typically succumb to electrolyte imbalances and kidney failure
shortly after birth rather than pulmonary complications (6, 150, 195). Glucocorticoids act at their
cognate receptors in the airway to increase ENaC expression (37). Whether glucocorticoids
regulate the expression of one or more specific ENaC subunit in the airway remains the topic of
debate. In vivo experiments suggest that glucocorticoids enhance on expression of a-ENaC (146,
241), whereas in primary cultures of lung epithelia the expression of all ENaC subunits can be
induced (245). Lung epithelia also express mineralocorticoid receptors. However, aldosterone-
stimulated ENaC activity is regulated via glucocorticoid, rather than mineralocorticoid, receptors
(37). Angll reportedly increases both a-ENaC mRNA and protein expression, while there was no
detectible change on B- and y-ENaC mRNA expression and furthermore a decrease in - and vy-
ENaC protein expression (47). AT1 antagonists abolish Angll-induced changes in ENaC
expression, suggesting that exogenous Angll altered ENaC expression via ATI1-dependent
mechanism (47).

Regulation of ENaC in the lung also plays an important role in ion transport disorders such as
CF, a disease caused by a mutation in CFTR (40). CF patients often have dehydrated mucus and
recurrent pulmonary infections throughout their lives (40). The relationship between CFTR and
ENaC is still under debate (40). The observation that CF airway cells exhibit increased

amiloride-sensitive /. provided initial evidence for a functional and perhaps physical interaction
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between CFTR and ENaC (18). When expressed in Xenopus oocytes, the open probability of
ENaC is less when CFTR is co-expressed (96). Furthermore, B-ENaC-overexpressing mice show
a ‘CF-like’ phenotype (140). However, CFTR overexpression does not rescue the CF lung
phenotype in this mouse model (77, 140). In a porcine CFTR knock-out model, loss of CFTR-
mediated anion secretion did not cause Na" hyperabsorption (171). In summary, the regulation of

ENaC in CF disease is still unclear and requires more studies.

Regulation of ENaC in the vas deferens

Epithelia lining the vas deferens secrete and absorb electrolytes and fluids to modulate the
luminal environment, which is critical for sperm function. Amiloride-sensitive Na" transport has
been identified in vas deferens epithelia derived from humans (35), sheep (12) and pigs (176).
Corticosteroid treatment increases amiloride-sensitive [, in human and pig vas deferens
epithelia, which indicates that the steroid hormone induces the expression or activity of ENaC
(35, 176). In a recent report from this laboratory, dexamethasone increased amiloride-sensitive
L. in vas deferens epithelia that were derived from newborn pigs that lacked functional CFTR
(CFTR™ and CFT. RAF0S AF508)(178). These studies provide evidence that ENaC is present in vas

deferens and likely plays a role in reproductive success.

Regulation of ENaC in other organs

In colon, ENaC is expressed abundantly and responds to both aldosterone and glucocorticoid
stimulation (195). Corticosterone, which is the main glucocorticoid in rats and mice, reportedly
regulate Na' transport in isolated rat distal colon (76). High concentrations of the
mineralocorticoid receptor antagonist, mespirenone, blocked the effect of both aldosterone and
glucocorticoids on amiloride-sensitive /. (76). Another mineralocorticoid receptor antagonist,
spironolactone, when combined with a glucocorticoid receptor agonist, RU-28362, increased
amiloride-sensitive /., but alone has no effect. Thus, both mineralocorticoid and glucocorticoid
receptors can be activated to induce electrogenic Na" absorption in rat distal colon (76). Colonic
ENaC-mediated Na" transport is enhanced in a Liddle’s syndrome mouse model and also is more
sensitive to aldosterone stimulation (11). Aldosterone increases only B- and y-ENaC mRNA
expression in colon but not a-ENaC, suggesting the action of aldosterone on ENaC subunit

expression is tissue-specific (11).
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In salivary glands, mRNAs and proteins of all three ENaC subunits were detected in mucous
tubule and striated ducts in rat (51). In vitro studies with an immortalized rat salivary epithelial
cell line shows that both glucocorticoids and mineralocorticoids increase amiloride-sensitive /.
and both increase only a-ENaC expression. The presence of a glucocorticoid receptor antagonist
blocks both glucocorticoid- and mineralocorticoid-induced effects on ENaC activity.
Spironolactone was without effect, suggesting that the effect was mediated exclusively by
glucocorticoid receptors (244). Similarly, amiloride-sensitive /I, was detected in mouse
mandibular salivary duct cells although experiments to determine regulatory pathways were not
conducted (48).

Na' transport was first detected in amphibian skin (119). After it was reported that
aldosterone stimulated Na' transport across toad urinary bladder (201), a similar stimulatory
effect on amphibian skin was reported (243). ENaC also has been detected in rat and human skin
(191, 256). In keratinocytes, ENaC may play a role in wound healing (256). Several reports
indicate upregulation of o- and B-ENaC in human keratinocytes during differentiation,
suggesting that ENaC may play a role in epidermal development (24, 166).

ENaC likely plays a significant role in the sensation of taste, hearing, sight, and balance.
Three ENaC subunits have been detected in taste cells of the tongue (104, 127, 128), Reissner’s
membrane of cochlea (43, 110), semicircular canal duct (179), non-sensory cells of the
extramacular epithelium of the saccule (109) and retinal photoreceptors (71). ENaC was
suggested to have roles in sensing both ‘salty’ and ‘sour’ tastes (126-128). Alpha- - and y-ENaC
mRNA and can be protein have been detected in rat tongue taste cells of the fungiform papillae,
where they are regulated by aldosterone (121, 126). However, the function and regulation of
ENaC in human taste cells remain unclear (127).

The luminal fluid, endolymph, of inner ear is a K'-rich fluid that has very low Na"
concentration (110). Therefore, ENaC channels were suggested to maintain the low Na'
concentration in endolymph. Indeed, both mRNA and protein for three ENaC subunits were
detected in multiple epithelia within the rat cochlea (43). Glucocorticoids increase amiloride-
sensitive [, across structures of the ear including saccule extramacular epithelia (109),
semicircular canal duct epithelia (179), and Reissner’s membrane, an effect that can be blocked
by mifepristone (108). However, the role of ENaC-mediated Na" transport during development

of inner ear remains unclear (110).

18



This dissertation focuses on the mechanisms of Na" transport across epithelial cells derived
from human, bovine and caprine mammary gland. Chapter 2 reports the novel observation that
Ctx, a toxin secreted by Vibrio cholera, elevates Na' absorption across MCF10A human
mammary epithelial cells, by increasing the abundance of ENaC in the apical membrane. The
underlying mechanism is independent of cAMP/PKA pathway, but includes an increase in the
phosphorylation of Nedd4-2. Ctx increases monoubiquitination of ENaC, which likely results in
an increase in apical membrane expression. Chapter 3 reports on the outcome of initial studies in
which mammary epithelial cells were isolated from bovine and caprine mammary gland and
grown on permeable supports in order to establish a protocol for primary isolation, propagation
and expansion of mammary epithelia. Electrically tight monolayers were formed by these
cultures and electrophysiological studies were conducted with a modified Ussing-style flux
chamber. Na' transport in response to corticosteroid is examined. Results presented in both
Chapter 2 and Chapter 3 demonstrate that glucocorticoids induce or enhance the expression of

. . .. + . .
amiloride-sensitive Na' transport across mammary epithelium.
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Abstract

Cellular mechanisms to account for the low Na' concentration in human milk are poorly
defined. MCF10A cells, which were derived from human mammary epithelium and grown on
permeable supports, exhibit amiloride- and benzamil-sensitive short circuit current (/; a
sensitive indicator of net ion transport), suggesting activity of the epithelial Na" channel, ENaC.
When cultured in the presence of cholera toxin (Ctx), MCF10A cells exhibit greater amiloride
sensitive ;. at all time points tested (2 h to 7 days), an effect that is not reduced with Ctx
washout for 12 h. Amiloride sensitive /. remains elevated by Ctx in the presence of inhibitors
for PKA (H-89, Rp-cAMP), PI3K (LY294002) and protein trafficking (brefeldin A).
Additionally, the Ctx B subunit, alone, does not replicate these effects. RT-PCR and Western
blot analyses indicate no significant increase in either the mRNA or protein expression for a, f3,
or, y-ENaC subunits. Ctx increases the abundance of both B- and y-ENaC in the apical
membrane. Additionally, Ctx increases both phosphorylated and nonphosphorylated Nedd4-2
expression. These results demonstrate that human mammary epithelia express ENaC, which can
account for the low Na' concentration in milk. Importantly, the results suggest that Ctx increases
the expression, but reduces the activity of the E3 ubiquitin ligase, Nedd4-2, which would tend to
reduce the ENaC retrieval and increase steady-state membrane residency. The results reveal a
novel mechanism in human mammary gland epithelia by which Ctx regulates ENaC-mediated
Na" transport, which may have inferences for epithelial ion transport regulation in other tissues
throughout the body.

Keywords: short circuit current /;.; cholera toxin; amiloride; epithelial Na’ channel; ENaC;

mammary gland

Introduction
Milk is secreted by the mammary epithelia of all mammals, but the relative proportions of
fats, proteins, carbohydrates and minerals varies widely across species (132). Like other
constituents, the concentration of Na' varies widely across species, but is lower than plasma in
all cases (202). The lowest milk Na' concentration is reported for humans, only 5-10
milliequivalents per liter (mEq/l) (159, 160, 202), compared with 136-145 mEq/l in plasma
(202). CI', PO4> and glucose concentrations in milk are reported to have a positive correlation

. + . 2+ . . .
with Na concentration, whereas, lactose and Ca” concentrations have negative correlations
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(160). However, the mechanisms that control ion transport across mammary epithelium and
contribute the low Na" concentration in milk across all species and explicitly the very low Na"
concentration in human milk are not fully understood. Recent reports describe murine (15, 20,
42) and bovine (181, 182, 197) mammary epithelial models to study active ion transport,
especially Na" transport via the epithelial Na" channel (ENaC) in the apical membrane. It has
been reported that three ENaC subunits, a, B, and y, are present in human and mouse mammary
gland epithelium (20). Steroid hormones were reported to enhance ENaC expression in human,
mouse and bovine mammary epithelia, which could account for Na"” movement during lactation
and oncogenesis (20, 182). Previous reports from this laboratory detail results from a bovine
mammary cell line, BME-UV cells, that developed an electrically tight monolayer when cultured
on permeable supports. Amiloride sensitive [, was induced by natural and synthetic
corticosteroids (181, 182, 197). Moreover, results from this bovine mammary epithelial model
suggest that luminal Na" concentration is an important regulator for tight junction integrity (181).
Typically, a leaky epithelial barrier is observed in vivo before parturition (162). At the onset of
lactation, however, the epithelial layer lining the mammary gland becomes relatively
impermeable to small solutes such as monovalent ions, sugars and small carbohydrates and
substantial concentration gradients for these solutes are generated (162). If the mammary gland
develops mastitis, however, the mammary epithelial barrier becomes leaky. Increased Na' and
CI'" concentrations are reported in mastitic milk and increased milk electrical conductivity,
indicating elevated electrolyte levels, has been used as a preclinical sign of mastitis (67, 130).
There is an ongoing question, however, whether mastitis compromises the epithelial barrier to
induce an increase in milk electrolytes via mixing with interstitial fluids or whether mastitis
induces a decrease in Na'" absorption and a resultant increase in milk electrolyte concentration,
which then causes the epithelia barrier to break down (112, 181, 197).

MCF10A cells, which were derived from non-neoplastic human mammary tissue (225), have
been used to study mammary function and regulation (20). In one case, it was reported that
MCF10A cells failed to form tight junctions (59). In contrast, another study showed that
MCFI10A cells not only formed tight junctions, but that an electrically tight monolayer developed
that could be used to assess ion transport and responses to agonists (237). In examining these
reports further, it was determined that one distinct difference in the culturing systems was the

presence or absence of cholera toxin (Ctx) in the growth medium. The use of Ctx in mammary
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cell culture can be traced back to 1979 (240). Ctx is widely known to interact with intestinal
epithelial cells to increase cytosolic cAMP and ultimately to increase anion secretion (199, 200).
Evidence suggests that Ctx also increases cAMP generation in mammary epithelia (172).
However, there is no extant report indicating that Ctx has direct effects on ion transport across
mammary epithelium and only occasionally has it been suggested that Ctx might have direct
effects on epithelial barrier integrity or on cation transport (158, 172, 225). One study reported
that Ctx increased cAMP in MCF10A cells, which affected acini lumen formation in a three
dimensional culture system (158). This result suggests an increase in anion secretion. Whether
there was a Ctx-induced change in either barrier integrity, anion or cation transport, however,
was not determined.

In the present study, MCF10A cells were cultured in the presence or absence of Ctx, initially,
to determine its effect on barrier formation. Regardless of whether Ctx was present, electrically
tight epithelial monolayers were observed and acute changes in net ion transport could be
induced. Surprisingly, results from initial experiments suggested that Ctx might promote
enhanced levels of Na' absorption. Thus, the primary goals for this study were to describe the
effects of Ctx on Na' absorption across cultured mammary epithelial cells. The outcomes suggest
that Ctx builds on corticosteroid-induced ENaC expression to enhance the rate of Na' absorption

by increasing the amount of ENaC that is resident in the apical membrane.
Methods

Cell culture

The MCF10A cell line, which was derived from non-neoplastic human mammary tissue, was
obtained from Dr. Nelson Horseman (University of Cincinnati, Cincinnati, OH) and used
throughout this study. Unless indicated otherwise, chemicals were obtained from Sigma-Aldrich
(St. Louis, MO). Two media were used for cell culture. Typical medium contained DMEM/F-12
(Cellgro, Herndon, VA), horse serum (5%; Gibco, Grand Island, NY), insulin-transferrin-Na"
selenite (10 pg/ml), penicillin and streptomycin (1%; Gibco), L-Glutamine (2 mM),
hydrocortisone (cortisol, 0.5 pg/ml), and epidermal growth factor (20 ng/ml; RD Systems,
Minneapolis, MN). Ctx medium contained typical medium with 100 ng/ml Ctx. Continuous
cultures of MCF10A cells were maintained on solid supports (25cm’ plastic culture flasks;

Corning, Lowell, MA) using typical medium. After reaching 80-90% confluence, cells were
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detached using trypsin in phosphate buffered saline (PBS) with disodium EDTA (2.4 mM;
Gibco) for 7-10 min, suspended in culture medium, and seeded on permeable supports (Snapwell
or Transwell; 1.13 cm?® or 4.67 cm?, respectively; Corning). Cells were maintained at 37°C in a
humidified atmosphere containing 5% CO,. Media were refreshed every day until
experimentation, which typically was 14 days post seeding. In some experiments, MCF10A cells
were also cultured in treatment media, such as LY294002 (50 uM), H-89 (10 uM), brefeldin A
(10 pg/ml), isoproterenol (100 nM), or R,-cAMP (100 uM) in typical or Ctx medium, or Ctx B
subunit (67 ng/ml) in typical medium. The duration of treatment exposure indicates the last hours
or days prior to the experiment during which treatment exposure occurred. For example, when
cells were exposed in Ctx for 4 days or 7 days, cells were cultured in medium containing Ctx on
days 11-14 or 8-14, respectively. All cell culture-based treatments were administered

symmetrically in the mucosal and serosal chambers.

Electrical measurements

A modified Ussing-style system was used to measure active net transepithelial ion transport
and electrical resistance as described in detail previously (181, 182, 197). Briefly, the cultured
monolayer on its permeable support was inserted to separate the two halves of an acrylic
chamber (DCV9; Navicyte, San Diego, CA). The mucosal and serosal hemichambers were filled
with equal volumes of Ringer solution (composition in mM; 120 NaCl, 25 NaHCOs;, 3.33
KH;,POy, 0.83 K,HPO4, 1.2 CaCl,, 1.2 MgCl,). Each hemichamber was mixed continually by an
airlift system (5% CO, with 95% O,) that also maintained a stable pH (7.4). The system was
maintained at 37°C. Custom-made voltage sensing and current injecting electrodes were placed
in each chamber and connected to a voltage clamp (model 558C; University of lowa, Department
of Bioengineering, lowa City, [A) to determine open circuit voltage, to clamp the voltage and to
measure short circuit current (/;). Monolayers were clamped to zero mV with the exception of
an intermittent 1 mV bipolar pulse to allow for the determination of transepithelial electrical
resistance (R,). Voltage and current measurements were acquired digitally at 1 Hz (MP100A-CE
interface and Agknowledge software, ver. 3.2.6; BIOPAC Systems, Santa Barbara, CA)
throughout all experiments. Ion transport modulators were added as 1000x stock solutions to

achieve the reported working concentrations either to the mucosal hemichamber (amiloride), to
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the serosal hemichamber (bumetanide), or symmetrically (forskolin, Calbiochem, Gibbstown,

NJ; glibenclamide).

Semi-Quantitative RT-PCR

To determine the relative copy numbers of mRNA coding for o, 8, and y-ENaC, RNA was
isolated from MCF10A monolayers after Ussing chamber experiments were completed by using
Micro RNeasy RNA isolation kits (Qiagen Germantown, MD). RNA quality was verified by
microfluidics (Nano Labchip, Agilent Technologies, Palo Alto, CA) and concentration was
determined spectrophotometrically (Nanodrop Technologies, Wilmington, DE). The sequences
of primers to detect mRNA coding for a, B, and y ENaC were as reported previously (20) with
expected products of 159, 84, and 174 bases, respectively. Primers to detect 18s rRNA, which
was used as an internal standard, also were as reported previously (253). RT and PCR protocols
were performed using One-step RT-PCR kits (Qiagen) and an automated thermocycler (Smart
Cycler, Cepeid, Sunnyvale, CA). The PCR products were resolved by electrophoresis on a 1.5%

agarose gel to verify a single band of expected mobility.

Western blot analysis

Cell lysates were made from MCF10A monolayers grown on permeable supports in the
absence or presence of Ctx by using RIPA lysis buffer (1% Surfact-Amps NP-40, Pierce,
Rockford, IL; 0.01% SDS in PBS) including protease inhibitors (cOmplete, Mini; Protease
Inhibitor Cocktail, Roche Diagnostics, Indianapolis, Indiana). Monolayers were dislodged by
scraping and cells were broken apart by repeated aspiration through a 20-gauge needle.
Suspensions were placed on ice for 15 minutes followed by centrifugation at 14,000 rpm for 15
min at 4°C. Supernatants were transferred to fresh tubes and protein concentrations were
determined (Micro BCA protein assay kit, Pierce). Proteins (20 pg) were loaded in each well of a
polyacrylamide 4% -20% gradient precast gel (Thermo Scientific, Waltham, MA) for
electrophoresis in a Tris-HEPES-SDS running buffer (12.1 g/l Tris-base, 23.8 g/l HEPES, 1 g/l
SDS). Proteins were resolved at 150 V for one hour or when clearly resolved protein standards
(Bio-Rad Laboratories, Hercules, CA) could be observed. Proteins were transferred to a
polyvinylidene fluoride microporous membrane (Millipore, Billerica, MA) in buffer (10%
methanol, 25 mM Tris base and 192 mM glycine) at 4°C using 55 V for 4 hours. Membranes
were blocked with 5% blotting grade milk (Blotto nonfat dry milk, Santa Cruz Biotechnology,
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Santa Cruz, CA) in PBS that included 0.1% Tween 20 at room temperature for 4 hours or at 4°C
overnight. Membranes were probed with anti-a-ENaC (4 pg/ml, Thermo Scientific cat #PA1-
920A, a rabbit polyclonal antibody raised against amino acids 20-42 of rat a-ENaC), anti-p3-
ENaC (6 pg/ml, Santa Cruz #SC-25354, a mouse monoclonal antibody raised against amino
acids 271-460 of human B-ENaC), or anti-y-ENaC (1 pg/ml, Thermo Scientific #PA1-922, a
rabbit polyclonal antibody raised against amino acids 630-649 of rat y-ENaC) antibodies.
Secondary antibodies were goat-anti-rabbit (Thermo Scientific #31460) and goat-anti-mouse
(both used at 40 ng/ml; Thermo Scientific #31430). PBS with Tween 20 was used as the washing
buffer. Immunized membranes were visualized after being enhanced by chemiluminescence with
West Femto Maximum Sensitivity substrate (Thermo Scientific). Nedd4-2 was detected (1:500
dilution, Cell Signaling #4013, a rabbit polyclonal antibody raised against residues surrounding
Glu 271 of human Nedd4-2; secondary goat-anti-rabbit at 40 ng/ml, Thermo Scientific #31460)
using similar protocols. Occludin (0.5 pg/ml, Invitrogen, Camarillo, CA, #71-1500, a rabbit
polyclonal antibody), B-actin (1:1000 dilution, Sigma #A2066, rabbit polyclonal antibody) and
Na/K-ATPase al subunit (2 pg/ml, Novus Biologicals, Littleton, CO, #NB300-146, a mouse
monoclonal antibody) were used in various experiments, as indicated, as internal standards for

sample loading.

Cell surface biotinylation

Surface expression on MCF10A cells was assessed using biotinylation followed by Western
blotting. MCF10A cells were cultured on permeable supports and exposed to vehicle, Ctx (100
ng/ml) for 24 hours, or Ctx for 2 hours before conducting the biotinylation assay (EZ-link Sulfo-
NHS-LC-Biotin and NeutrAvidin Agarose resin, Thermo Scientific) (74). The Ringer solution
was adjusted to 300 mosmol/kgH,O with D-mannitol and was used to wash cells and to dissolve
biotin. MCF10A cells were incubated with either mucosal or serosal biotin (500 ug/ml) in Ringer
solution at 4°C for 30 minutes. After biotin incubation, cells was washed 5x with glycine (50
mM) in Ringer solution. Cells were lysed in RIPA buffer with protease inhibitors (cOmplete
Mini, Roche Diagnostics). Cell lysates were placed on ice for 15 minutes, disrupted by aspiration
through a 20-gauge needle and centrifuged at 14,000 rpm for 15 minutes at 4°C. Supernatant was
collected and diluted with lysis buffer to achieve equal protein concentrations in all samples.

Biotin-labeled proteins were separated using agarose resin with spin columns (Thermo
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Scientific) and suspended in Laemmli sample buffer containing DTT (50 mM) prior to

electrophoretic resolution as described above.

Immunoprecipitation of ubiquitin

Whole cell lysates (WCL) were derived from MCFI0A monolayers as described above.
WCL were incubated with protein A/G PLUS-Agarose immunoprecipitation reagent (sc-2003,
Santa Cruz) for 1 hour at 4°C to remove proteins that bind to agarose nonspecifically. These
samples were centrifuged at 2,500 rpm for 5 min at 4°C and the supernatant was collected.
Supernatant protein concentration was determined by the BCA protein assay kit and all samples
were adjusted with RIPA buffer to achieve equal concentrations. Equal volumes of protein
samples were incubated with anti-ubiquitin antibody (concentration ratio: antibody:protein =
1:1000; Goat polyclonal ubiquitin antibody (N-19), SC-6085, lot # C2312, Santa Cruz) overnight
at 4°C. Portions of the WCL are as indicated in the respective figures. The following day, protein
A/G PLUS-Agarose was added to each protein-antibody mix and allowed to incubate for 2 hours
at 4°C. Ubiquitinated proteins were separated using spin columns with paper filters (Thermo
Scientific) and suspended in Laemmli sample buffer containing DTT (50 mM) prior to

electrophoretic resolution as described above.

Data Analysis
Statistical analysis was conducted using SigmaPlot (ver. 10.0, Systat Software, Inc. Chicago,
IL) and Excel (ver. 14.0.6129.5000, Microsoft, Redmond, WA). Students t-test for unpaired or
paired data and ANOVA were used, as appropriate. Dunnett’s test was used for post-hoc
analysis, when required. Summarized data are presented as mean + standard error of the mean.

Treatment effects were considered significant when the probability of a type I error was <0.05.
Results

Ctx elevates amiloride- and benzamil-sensitive I,. across MCF10A cells
MCFI10A cells were cultured on permeable supports in the absence or presence of Ctx and
mounted in modified Ussing-style flux chambers to test for electrogenic ion transport. Results
presented in Figure 2.1A show that these cells formed an electrically tight epithelial barrier that
exhibited a positive I, (4.89 or 11.54 pA cm™, cultured for the final 24 h in the absence or
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presence of Ctx, respectively) indicative of net cation absorption or anion secretion. Using Ohms
law, R, across each monolayer was calculated based on the current associated with a periodic 1
mV bipolar pulse. MCF10A cells cultured in typical medium exhibited greater R, (2808 + 212
Qecm®) when compared to cells exposed to Ctx for 1 day (731 + 77 Qecm?, n = 4, paired). These
data demonstrate that MCF10A cells generate a tight epithelial barrier in both culture conditions,
though Ctx is associated with a greater conductivity. Additionally, cells cultured in the presence
of Ctx exhibited greater basal I, (12.04 + 0.38 pAecm™) when compared to their untreated
counterparts (4.74 + 0.21 pAscm™, n = 4, paired). Amiloride (10 pM), which blocks ENaC, was
added to the apical medium during the recording. Outcomes presented in Figure 2.1A suggest
that monolayers exposed to Ctx have greater amiloride-sensitive /., indicating enhanced Na©
absorption. Forskolin and bumetanide cause only modest changes in /.. There was no detectable
effect of Ctx on the response to either forskolin or bumetanide.

Experiments were conducted to determine the time course over which the effects of Ctx
occur. MCF10A cells were exposed to Ctx for periods ranging from 2 hours to 7 days. The
magnitude of amiloride sensitive current for cells cultured in typical medium was 1.53 + 0.11
nAecm™, which was less than that observed for any duration of Ctx exposure (Figure 2.1B).
Amiloride-sensitive /. was elevated significantly at the earliest time point tested (2 h). The Ctx-
induced increment appeared to plateau at 4 hours and remained at or above this level for at least
2 days of exposure, after which the amiloride-sensitive component declined.

Both basal and Ctx-associated /. were reduced, concentration-dependently, by amiloride and
benzamil. Figure 2.2A includes typical tracings in which MCF10A monolayers were cultured
with or without Ctx for 1 day, mounted in Ussing chambers and exposed to escalating
concentrations of amiloride or benzamil. The magnitude of amiloride and benzamil sensitive
current change for each concentration was expressed in proportion to the maximal inhibition and
a Michaelis-Menten function was fitted to each data set (Figure 2.2B). The apparent Kgs (Kapp)
for amiloride were 0.41 + 0.05 uM and 0.36 + 0.11 uM in the presence and absence of Ctx,
respectively. Similarly, the Kqpps for benzamil were 0.03 + 0.01 pM and 0.01 + 0.01 pM in the
same respective conditions. Thus, amiloride and benzamil exhibited concentration-dependent
inhibition profiles that are consistent with the block of ENaC channels; benzamil was 20 times
more potent than amiloride (113, 239). Additionally, 5-N-ethyl-N-isopropyl-amiloride (EIPA),
an amiloride analog that preferentially inhibits the Na'/H™ exchanger (NHE) at relatively low
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concentrations (e.g., < 10 uM), but affects ENaC only at very high concentrations (i.e., > 100
uM) was used. Even at the highest concentration employed (30 uM), EIPA failed to affect the
amiloride-sensitive /. (data not shown). Taken together, the results suggest that the Ctx-induced
amiloride sensitive I, is ENaC mediated Na" transport.

In addition to amiloride, the effects of forskolin, bumetanide and glibenclamide on ion
transport across MCF10A monolayers were tested (see Figure 2.1A). Forskolin (2 uM), an
activator of adenylyl cyclase elevated /. modestly in both culture conditions. Bumetanide (20
uM), an inhibitor of Na'/K'/2CI" cotransporter, and glibenclamide (300 uM; data not shown), a
CFTR blocker at this concentration, caused a decline in /.. Statistical analysis (n > 5) indicated
that there was no detectable difference in the effects of forskolin, bumetanide or glibenclamide

between cells cultured in typical medium or in Ctx.

Ctx B subunit fails to mimic effect of holotoxin

Cells were exposed to Ctx B subunit and outcomes were compared with cells exposed to the
holotoxin. Typical and summarized data are presented in Figure 2.3. Amiloride-sensitive /. was
significantly greater only in the presence of the holotoxin. Ctx B subunit alone had no detectable
effect on amiloride-sensitive /.. After Ussing experiments were completed, protein was isolated
from MCF10A cells and Ctx B subunit immunoreactivity was detected by Western blot in lysates
of cells exposed to Ctx or Ctx B subunit. Similar labeling intensity for Ctx B subunit was
observed in lysates derived from both treatments (Figure 2.3C). This outcome shows that Ctx B
was internalized by the cells to a similar extent in the absence and presence of Ctx A. The results
suggest that Ctx A subunit or the holotoxin, the A subunit together with B subunits, is required to

regulate ENaC activity in these mammary epithelial cells.

Ctx effects are not reversed by acute wash-out
MCFI10A cells were exposed to vehicle or Ctx for 12 hours and either were assessed
immediately in Ussing chambers or the medium was replaced with Ctx-free medium and assays
were conducted 12 hours later (Figure 2.4). All monolayers that were exposed to Ctx exhibited
greater spontaneous and amiloride-sensitive /.. The magnitude of this /. was not diminished by
the 12 hour washout period. Results presented in Figure 1 show a slow onset for Ctx effects that

approach or achieve maximal /. only with greater than two hours of exposure. Figure 2.4
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demonstrates that the onset for the reversal of this effect requires greater than 12 hours as no

detectable reversal was observed at this time.

Forskolin and isoproterenol do not mimic the effects of Ctx on amiloride-sensitive I,
Ctx is best known to elevate intracellular cAMP in intestinal epithelial cells by activating
adenylyl cyclase and ultimately causing massive secretory diarrhea. Thus, other treatments that
are thought to elevate cytosolic cAMP were evaluated. MCF10A cells were cultured in the
presence or absence of Ctx or forskolin (300 nM) for 1 or 2 days prior to assessment. Amiloride-
sensitive I, was significantly greater only when cells were cultured in the presence of Ctx;
forskolin induced no significant difference (Figure 2.5). Furthermore, typical results show that
acute exposures to either forskolin (2 uM) or Ctx (100 ng/ml) has little effect on amiloride-
sensitive I.. Similarly, isoproterenol, a B-adrenergic receptor agonist, was used to determine
whether increasing cAMP following the activation of a G protein-coupled receptor could mimic
the effect of Ctx on MCF10A cells (158). Results presented in Figure 2.6 show that MCF10A
cells exposed in culture to isoproterenol (100 nM) for 1 day had amiloride-sensitive ;. that was
modestly greater, but the magnitude of /;. did not approach the level observed with Ctx.

To test further for a role of cAMP/PKA in the response, cells were concurrently exposed to
isoproterenol, Ctx and/or R,-cAMP, a cAMP antagonist. Results presented in Figure 2.6 show
first that R,-cAMP has no discernible effect on basal /., but that the acute effect of isoproterenol
was inhibited by greater than 60%, as would be expected. Results presented in Figure 2.6 further
suggest that chronic (24 h) exposure to either Ctx or to isoproterenol elevates cAMP to the extent
that acute exposure to isoproterenol is virtually without effect. Importantly, concurrent exposure
to Ry-cAMP did not abrogate the effect of Ctx on amiloride inhibitable /. In a separate set of
experiments, the effect of H89 (10 uM), a PKA inhibitor was evaluated. Results presented in
Figure 2.6D show that H-89 enhanced basal /. modestly. More importantly, the increment in
amiloride-sensitive /. that is induced by Ctx was not inhibited by H-89. The results presented in
Figures 2.5 and 2.6, when taken together, suggest quite strongly that the Ctx-associated
increment in amiloride sensitive /. likely involves a cellular pathway(s) that is independent of

cAMP/PKA.
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Ctx elevates amiloride-sensitive I, only in the presence of cortisol

Amiloride-sensitive I, was present consistently in MCFI10A monolayers and was
significantly greater when cells were exposed to Ctx. The results suggest strongly that Ctx
enhanced Na' transport across MCF10A monolayers by increasing the expression and/or the
activity of ENaC. To test these possibilities, MCF10A cells were cultured in the presence or
absence of cortisol and/or Ctx. Amiloride-sensitive /. was detected only when cells were
cultured in the presence of the corticosteroid (Figure 2.7); in the absence of cortisol, Ctx was
without effect. The outcomes show that Ctx fails to induce amiloride-sensitive I,.. Rather, Ctx
potentiates the magnitude of amiloride-sensitive /. that is induced by cortisol. Consistent with
earlier reports (20, 182) on epithelial cell culture in general, cortisol exposure was associated
also with enhanced R, which is shown by the larger /. deflections associated with the periodic

voltage steps in the right panels of Figure 2.7, when cortisol was absent.

Ctx has no effect on ENaC mRNA expression

RNA was isolated following exposure to cortisol and/or Ctx and semi-quantitative RT-PCR
was used to detect and quantify a-, B-, and y-ENaC transcripts. Threshold cycle (CT) value for
each ENaC subunit was normalized to the CT for 18s and “*CT was used to calculate copy
number of transcripts in each condition relative to the basal medium, which contains cortisol.
There is little indication that Ctx affected the number of transcripts coding for any ENaC subunit.
A modest trend toward greater y-ENaC mRNA was detected, but the effect did not achieve
statistical significance (P>0.06). Consistent with previous observations in other mammary
systems (182) cortisol is associated with a doubling of mRNA coding for a-ENaC (i.e., a 50%
reduction when cortisol is withdrawn) and greater that ten-fold increase in the number of mRNA
copies coding for either - or y-ENaC (20, 182). Ultimately, the results show that Ctx does not
cause a detectable change in ENaC mRNA expression, but that the effect of Ctx on amiloride-

sensitive /. was dependent on the induction of ENaC expression by corticosteroids.

Cholera toxin has no effect on a-, -, or y-ENaC immunoreactivity
Experiments were designed to determine whether Ctx could enhance ENaC expression at the
protein level independent of an effect on mRNA expression. Three ENaC subunits were
examined in lysates that were derived from MCF10A monolayers exposed to Ctx or to the

vehicle in the final day of culture. Intensely labeled bands of expected mobility were present in
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each of the samples (Figure 2.8). Densitometric analysis showed that there were no detectable
differences in band intensities for any of the ENaC subunits when normalized to occludin (65
kDa), Na/K ATPase al (95 kDa), or B-actin (42 kDa, not shown) as an internal standard in each
lane. The results show that Ctx-enhanced Na" transport across MCF10A cells was not elicited by
elevating the protein expression of any of the three ENaC subunits, which leaves the possibility
that Ctx affects Na' transport across MCF10A monolayers by changing ENaC localization or

channel gating.

Ctx elevates the abundance of f- and y-ENaC at the apical cell surface

To evaluate the membrane localization of ENaC subunits, biotinylation assays were
conducted in conjunction with western blot analysis. MCF10A monolayers were exposed to Ctx
or typical medium followed by biotin labeling for 30 min at 4°C. Western blots revealed f-ENaC
and y-ENaC immunoreactivity in all samples. Importantly, results presented in Figure 2.9 show
that both B-ENaC and y-ENaC on the apical cell surface (AP) were elevated following exposure
to Ctx for 2 hours or 1 day. There were no detectable differences in the band densities on total
protein expression (whole cell lysates) between vehicle and Ctx treated cells (Veh WCL vs
Ctx2h. WCL vs Ctxld WCL). The double bands representing y-ENaC (Figure 2.9B), which
were present in whole cell lysates, are consistent with both the full length and the cleaved form
of y-ENaC. The single band detected with biotinylation at the apical cell surface is consistent
with the cleaved form of the protein and it is elevated in Ctx treated cells compared with vehicle.
Occludin was used as internal control for loading of protein samples. Although Ctx exposure
does not cause a detectable change in the expression of either mRNA coding for any ENaC
subunit or of the actual ENaC subunits, these results indicate that Ctx causes a change in ENaC
distribution such that there is an increase in the abundance of both B- and y-ENaC at the apical

cell surface.

Effects of Ctx are not blocked by cytosolic pathway inhibitors
Experiments were conducted to test whether Ctx affects ENaC protein trafficking from the
endoplasmic reticulum (ER) to the Golgi. Figure 2.10A shows that amiloride-sensitive ;. across
MCFI10A cells was reduced by brefeldin A, a compound that disrupts cytosolic trafficking. In the
presence of brefeldin A (10 mg/ml), amiloride-sensitive /. was reduced by half, both with and

without Ctx exposure. Brefeldin A clearly affects the expression or activity of ENaC at the apical
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cell membrane. However, the increment induced by Ctx exposure is not disproportionately
affected by the trafficking disruptor. These results suggest that the effect of Ctx on ENaC
distribution occurs at a post-Golgi locale.

Phosphatidylinositol-3-kinase (PI3K) is a lipid kinase that can stimulate ENaC activity (16,
174, 185). MCF10A cells were exposed to LY294002 (50 uM), a PI3K inhibitor, in the presence
or absence of Ctx. Like brefeldin A, LY294002 caused a reduction in amiloride-sensitive ;. both
in the absence and in the presence of Ctx (Figure 2.10B). Regardless of whether LY294002 was
present, the effect of Ctx was to increase amiloride sensitive /. by 5-fold relative to the baseline
conditions. While some portion of the activity or expression of ENaC is sensitive to LY294002,

this outcome indicates that the effect of Ctx on ENaC is not mediated by the PI3K pathway.

Ctx increases Nedd4-2 expression

Nedd4-2, a cytosolic ubiquitin ligase, can induce ENaC retrieval from the cell membrane and
subsequent degradation (25, 100, 183, 266). Western blot analysis was conducted with lysates
from MCF10A monolayers that had been exposed to Ctx or vehicle using primary antibodies that
label both phosphorylated (inactive) and nonphosphorylated (active) Nedd4-2. Ctx appeared to
increase the signal intensity for both the active nonphosphorylated (110 kDa) and the inactive
phosphorylated (130 kDa) Nedd4-2 forms (Figure 2.11). Densitometric analysis showed that Ctx
exposure was associated with a statistically significant increase in the relative density of the 130
kDa bands following Ctx exposure. This result suggests that Ctx increases Nedd4-2 expression,
but more importantly that Ctx exhibits a more obvious effect to increase the amount of the
phosphorylated form, which would be expected to reduce the relative activity of Nedd4-2 and

thus reduce retrieval of ENaC from the cell membrane.

Ctx increases the mono-ubiquitination of - and -ENaC
To test whether Ctx alters ENaC ubiquitination, immunoprecipitation of ubiquitin was
conducted using whole cell lysates from MCF10A monolayers and was followed by Western
blot analysis. B- and y-ENaC subunits were detected by Western blot in the ubiquitin
immunoprecipitates (Figure 2.12). Importantly, the results show that the most prominent form of
either subunit in the immunoprecipitate is monoubiquitinated. Even with extended exposure
times, polyubiquitinated forms of ENaC were not readily detected. It is obvious with the raw

data shown and densitometric analysis indicates that Ctx increased - and y-ENaC ubiquitination
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by ~ 4 fold (4.27 + 2.01 and 3.60 + 1.45; n=4; respectively). This result suggests that Ctx

increases monoubiquitination of ENaC that may be associated with surface retention (266).

Discussion

This line of investigation demonstrates that epithelial cells derived from the human
mammary gland, MCF10A cells, express ENaC and that Ctx elevates Na' absorption by
increasing the abundance of ENaC in the apical membranes of these epithelial cells. That Ctx
regulates Na" absorption across human mammary epithelium is a novel observation. The results
demonstrate that Ctx-treated MCF10A cells exhibit greater basal ion flux and greater amiloride-
sensitive ion transport indicating enhanced Na" absorption. However, the outcomes show that the
link between Ctx and Na' absorption is independent of cAMP and seems not to be affected by
brefeldin A. Ctx has no effect on the expression of mRNA coding for a-, -, or y-ENaC subunits.
Furthermore, there were no detectable effects on protein expression of any of ENaC subunits
when assessed by Western blot. Rather, the results show that Ctx changes the distribution of
ENaC between cytosolic and apical pools. Ctx increases Nedd4-2 expression and the apparent
ratio between the phosphorylated (inactive) and nonphosphorylated (inactive) forms. The greater
overall amount of Nedd4-2 and the relatively greater amount of inactive Nedd4-2 may account
for the elevated level of monoubiquitinated, but not polyubiquitinated ENaC subunits, which
would be expected to reduce protein retrieval from the apical membrane and, subsequently,
protein degradation. The underlying mechanism(s), however, remains to be defined further - in
addition to reduced retrieval there could be greater insertion or potentially greater recycling of
the channels back to the apical membrane. Regardless, the results demonstrate that
corticosteroids substantially upregulate the expression of mRNA coding for ENaC subunits and
that corticosteroids are required for amiloride-sensitive transport to be detected. The results
demonstrate that Ctx enhances Na™ absorption by elevating the proportion of ENaC in the apical
membrane of these mammary epithelial cells.

A working model of human mammary epithelia to account for the low Na” concentration that
is observed in human milk is depicted in Figure 2.13. In this model, cortisol binds to
glucocorticoid receptors and regulates ENaC mRNA expression (182). In mammary epithelia,
cortisol increases mMRNA coding for the expression of all three ENaC subunits (20, 182), but the

cortisol-induced increment differs for each subunit. f- and y-ENaC mRNA increased more than
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10 fold and a-ENaC increased about 2 fold (182). Upon translation, newly synthesized ENaC
subunits assemble to form a heterotrimeric channel while processing through the endoplasmic
reticulum (219). ENaC exits the endoplasmic reticulum and enters the Golgi apparatus where it
can be activated by furin, which cleaves the extracellular loops of a- and y-ENaC (91, 219).
ENaC channels are trafficked to the apical membrane where they allow Na' to enter the cell by
moving down its electrochemical gradient, which, in conjunction with Na'/K" ATPase at the
basolateral membrane, can account for net Na' transport from the apical luminal compartment to
the interstitial compartment (i.e., net absorption). Nedd4-2 can bind to surface ENaC to promote
retrieval via endocytosis (218). All three ENaC subunits contain a PY (PPXY) motif that can
interact with Nedd4-2 WW domains (219). Since Nedd4-2 is an E3 ubiquitin ligase, the
interaction with Nedd4-2 results typically in ENaC ubiquitination and ultimately to degradation
via the proteasome pathway (190). Phosphorylation of Nedd4-2 prevents the interaction with
ENaC. In this report, we show that Ctx elevates amiloride-sensitive /. by increasing the numbers
of ENaC channels in the apical membrane and we provide evidence to suggest that the activity of
Nedd4-2 is likely reduced by phosphorylation following Ctx exposure.

The structure of Ctx and its pathophysiological effects on intestinal epithelia have been well
characterized (193, 199, 200). Ctx is secreted by the gram-negative bacterium Vibrio cholera and
is responsible for massive secretory diarrhea in cholera disease. The heat labile toxin of E. coli,
which also causes secretory diarrhea, is virtually identical in both structure and pathological
mechanism (193). Ctx belongs in the ABS5 toxin structure family, which is defined by one A
subunit and 5 B subunits (193, 228). Ctx binds to GM1 by Ctx B subunits and is internalized via
lipid rafts or by endocytosis (124). The binding site for Ctx, the ganglioside GM1, is reportedly
present in the mammary gland (97). After internalization, as Figure 2.13 shows, the toxin is
transported in a retrograde fashion from the apical membrane to the Golgi apparatus and then to
the endoplasmic reticulum. Once in the endoplasmic reticulum lumen, the A-subunit becomes
dissociated from the B subunits and retro-translocates to the cytosol. In the cytosol, the Ctx A
subunit catalyzes the ADP-ribosylation of Gsa to activate the G-protein irreversibly and to
increase the cytosolic cAMP level, which activates PKA and ultimately induces Cl™ secretion
(124). The well-characterized effects of Ctx are through the cAMP/PKA dependent pathway. Ctx
also has effects on A6 cells derived from Xenopus laevis distal nephron where it had been

reported that Ctx increases the number of ENaC channels in the apical membrane by a cAMP-
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dependent mechanism, but without detectable effects on the open probability of the channel
(144). In PC-12 cells, Ctx also reportedly stimulates adenylyl cyclase to increase cAMP levels
(217). In these cells, Ctx increased lactate production, an indicator of increased metabolic rate
and the effect was inhibited by H-89 (217). The current results suggest that Ctx increases
phosphorylation of Nedd4-2 (Figure 2.11), which prevents the interaction between Nedd4-2 and
surface ENaC, ultimately reducing the rate of internalization. Various pathways can modulate
Nedd4-2 phosphorylation, such as glucocorticoid-induced kinase (SGK) and PKA. Indeed, the
current results suggest strongly that Ctx increases cAMP accumulation in these cells. However,
our reported outcomes suggest that Ctx regulates Na' transport via a mechanism that is
independent of cAMP/PKA. Inhibition of PKA by H-89 or by R,-cAMP had no effect on Ctx
increased amiloride-sensitive /.. The underlying mechanism(s) that contribute to Ctx-associated
Nedd4-2 phosphorylation remains to be determined.

Numerous studies have focused on Na" transport through ENaC in the mammary gland, but
this study is the first to demonstrate that Ctx modulates Na' transport through ENaC across
human mammary epithelium. Four decades ago, and again more recently, a mammary epithelial
model based upon in vivo observations with goats was proposed in which the apical membrane
was freely permeable to cations, but not to anions (132, 204). In this model, cationic composition
of milk was set by activity of the Na'/K' ATPase at the basolateral membrane (132). An
overwhelming amount of more recent evidence demonstrates that ENaC is present in the apical
membranes of mammary epithelial cells, that the expression of ENaC in these membranes is
regulated, and it is postulated that ENaC activity contributes to milk composition for a number of
species (15, 20, 123, 181). The present study extends observations reported for bovine mammary
epithelium, which showed both cation absorption and anion secretion (182, 197). The current
results provide strong evidence that ENaC is expressed in MCF10A cells, which are of human
origin, and contributes to regulated Na" transport.

An important question for this study is to determine whether Ctx increases ENaC activity by
targeting the cAMP/PKA pathway. There is no doubt that Ctx can elevate cAMP level in
MCFI10A cells (158). Indeed, a limited number of our own observations show that Ctx is
associated with elevated cAMP generation in MCF10A cells (data not shown). The duration to
the effect of Ctx on elevation of amiloride-sensitive /i, is consistent with the expected time

course for activation of adenylyl cyclase activity (199, 200) and for the induction of intestinal
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anion secretion as we showed previously (165). Thus, studies were designed to test whether
forskolin, which activates adenylyl cyclase to increase cytosolic cAMP, can mimic the Ctx-
induced effect by activation of the cAMP/PKA pathway. In a recent study, MCF10A cells were
cultured in the presence of forskolin and showed increased intracellular cAMP level (237). The
current results, however, show that forskolin did not mimic Ctx. Likewise, isoproterenol, a f3-
adrenergic receptor agonist, failed to mimic the Ctx effect. Both treatments elevated cAMP
generation (data not shown) and both substantially reduced an acute effect of isoproterenol on /.
(e.g., see Figure 2.6). To test further whether Ctx induces Na" absorption by activating PKA, a
small array of selective inhibitors with different mechanisms of actions (H89, R,-cAMP and
KT5720) was employed in conjunction with Ctx. H89 does not reduce Ctx-potentiated
amiloride-sensitive /.. Similarly, R,-cAMP, a competitive antagonist of the cAMP activation site
on PKA, did not inhibit Ctx-induced amiloride-sensitive /., but did abolish the acute increase in
L. induced by isoproterenol (156, 249). KT5720 reportedly has a similar mechanism as H89 to
inhibit PKA activity (102, 156). In our study, KT5720 did not reduce Ctx-potentiated amiloride-
sensitive /i, but inhibited the acute effect of isoproterenol (data not shown). Together, the results
suggest that Ctx-induced Na' absorption across MCF10A cells is not dependent on the PKA
pathway. Somewhat surprisingly, H-89 increased amiloride-sensitive /. in cells exposed only to
vehicle, which could reflect an increase in channel open probability as has been reported in fetal
rat alveolar type II epithelium (145). Furthermore, to verify that H89 is working by inhibiting
PKA, PVD9902 cells (36) were exposed to H89 for 24 hours in a parallel experiment and the
response to both 8-cpt-cAMP and forskolin was reduced, validating the effectiveness of H89 in
the reported assays.

To investigate further the intracellular pathway(s) that Ctx may target, the endoplasmic
reticulum associated degradation (ERAD) pathway was evaluated. Ctx and specifically its B
chain were shown to increase expression of the ERAD proteins Bip, Derlin-1, and Derlin-2 (49).
However, in the present study, Ctx B subunit alone did not mimic the holotoxin effect.
Moreover, Western blot analysis showed that Bip expression was not changed (data not shown).
Due to the specific process by which Ctx accesses cells, B subunit must bind to the cell
membrane receptor in order to facilitate entry of the A subunit. Therefore, an effect of the A
subunit alone is unlikely in this cell culture system. The amiloride-sensitive /. was maximized

after 24 h exposure to Ctx and declined after 2 days. Although amiloride-sensitive /. decreased
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with prolonged exposure to Ctx, the [, remained elevated by Ctx at all time points. The
underlying mechanism(s) to account for the decline in amiloride-sensitive current after 4 days
exposure to Ctx requires further investigation. The half-life of ENaC on the cell surface is
reported to be from a few minutes to 8 h or more, but the functional channel is present for about
3.5 h (169, 260). The current results show greater ENaC residency in the apical membrane,
which could reflect increased insertion, decreased retrieval, or increased recycling. Additional
studies are required to determine whether Ctx increases half-life of ENaC on the cell membrane,
although the results suggest that this is the case. Nedd4-2 is a widely studied E3 ubiquitin-protein
ligase and critical for ENaC retrieval from the cell surface and ultimately for protein degradation
(189, 218, 221). It has been reported that cCAMP can inhibit Nedd4-2 activity by enhancing
phosphorylation (221). In this study, we observed that Ctx increases phosphorylation of Nedd4-
2, but inhibition of PKA has no effect on amiloride-sensitive I,.. Whether Ctx-associated
phosphorylation of Nedd4-2 is due to targeting the cAMP/PKA pathway or other novel
mechanisms requires further study. It has been well documented that ubiquitination can regulate
ENaC degradation by Nedd4-2-mediated mechanisms (139, 234, 266). There are two types of
ubiquitination based on how many ubiquitin moieties attach to lysine residues on substrate
proteins, monoubiquitination and polyubiquitination (184, 192). Monoubiquitination was
suggested to regulate protein non-degradative activities, such as DNA repair, histone function
regulation and gene expression (184, 192). Polyubiquitination appears to target proteins for
degradation in the 26S proteasomes complex (88, 192). It had been shown that ENaC
degradation can be regulated by mono- and polyubiquitination both in transfected cells (234,
266) and in cells expressing ENaC under native regulation (139). Our data show that - and y-
ENaC are monoubiquitinated in MCF10A cells and Ctx increases ENaC monoubiquitination.
However, we did not detect any polyubiquitinated ENaC in this study. Monoubiquitination of -
ENaC was associated elevated surface B-ENaC expression in HEK 293T cells which were
transfected with mutated ubiquitin to prevent formation of polyubiquitin chains (266). Some
reports suggest that different types of E3 ubiquitin-protein ligase or E2 ubiquitin conjugating
enzyme alone can regulate protein monoubiquitination (184, 192). Our data suggest that Ctx
increases ENaC surface expressions and decreases Nedd4-2 activities. It is possible that Ctx
elevates endogenous ENaC monoubiquitination by novel mechanisms independent of an effect

on Nedd4-2.
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This study has implications for the pathology and treatment of mastitis. Mastitis has great
impact on both human society and the dairy industry. Approximately 10% of lactating women
suffer from mastitis (62). This disease is extremely painful, it influences breast milk quality and
volume, and the interruption of normal breastfeeding can weaken social bonding (229). In the
dairy industry, mastitis has significant effects on milk production and is the greatest financial
burden of any animal disease in U.S. agriculture (209). The pathophysiology remains poorly
understood. Elevated milk electrical conductivity and elevated electrolytes have been used to
indicate the preclinical stages of mastitis (130). Loss of the mammary epithelial barrier is
documented in mastitis (181, 264). There are ongoing questions whether mastitis compromises
the epithelia barrier to induce an increase in milk electrolytes or whether mastitis induces a
decrease in the activity of Na' absorption mechanisms to increase milk electrolytes, which
causes the epithelia barrier to break down. Using an in vitro system employing bovine mammary
epithelial cells, we showed previously that changes in Na" concentration on the apical (i.e., milk)
side of the cells had rapid and profound impact on the epithelial barrier (181). A reduction in the
apical Na" concentration led to an increase epithelial electrical resistance, indicating a tight
epithelial barrier. Our outcomes suggest that ENaC-mediated Na™ absorption across mammary
epithelium, which is regulated by corticosteroids, can contribute to the generation and
maintenance of the epithelial barrier (182). Conversely, the results suggested that a reduction in
ENaC activity might contribute to mastitis disease progression. The ultimate goal for this study
is to identify key intermediates by which Ctx modulates ENaC-mediated Na" absorption. Further
elucidation of this novel pathway will identify components of the cellular systems that can be
targeted to circumvent or treat this costly disease. If these signaling mechanisms are present in
epithelia at other locations throughout the body, one can envision new treatments being
developed potentially to target hypertension, congestive heart failure, obstructive pulmonary
disease, and other diseases of Na" and fluid balance.

In summary, our research suggests that Ctx elevates Na" absorption across human mammary
epithelia by increasing the abundance of ENaC in the apical membrane. The underlying
mechanism is not fully defined, but likely includes phosphorylation of Nedd4-2 and it appears to
be independent of the cAMP/PKA pathway. These reported outcomes constitute a novel
mechanism for the regulation of net Na' transport that will likely have implications for epithelia

throughout the body.
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Figure 2.1 Pharmacological evidence for Na* absorption and anion secretion by MCF10A

cells, a cell line derived from human mammary epithelium.

A. Typical tracings of short circuit current (/.; net ion transport) across MCF10A cells that were cultured
for the final 24 hours in the absence or presence of Ctx. Solid lines represent /. values over time and the
dashed lines represent zero current. Ctx treated monolayers show elevated baseline [, and greater
amiloride sensitive /. B. Summary of amiloride-sensitive /. at all time points tested. All cells were
assessed 14 days post seeding and were exposed to Ctx for the indicated duration prior to assessment. A
significant effect of Ctx was observed at all time points when compared to vehicle. Bars represent 5-11

observations at each duration.
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Figure 2.2 Amiloride and benzamil exhibit concentration-dependent inhibition profiles that
are consistent with the block of ENaC channels.

A. Typical tracings in which MCF10A monolayers were cultured with or without Ctx and were exposed
to escalating concentrations of amiloride or benzamil, as indicated. Results are representative from four
observations in each condition. B. Summarized data and derived concentration-response curves for the
block of Ctx-induced I, by amiloride and benzamil. Amiloride- or benzamil-sensitive /. for each
concentration was converted to the percentage of maximal inhibited current for that monolayer. Solid
lines represent the best fit of a Michaelis-Menten equation to data sets exposed only to vehicle. Dashed
lines represent fits for the data from Ctx-treated cells. Data were summarized from four sets of

observations in each condition. Parameters of each fit are reported in the text.
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Figure 2.3 Ctx B subunit alone fails to mimic Ctx effect.
A. Typical tracings from MCF10A cells that were cultured in the absence or presence of Ctx or Ctx B
subunit for 1 day. B. Data summarized from panel A and 4 additional experiments. Amiloride-sensitive /.
was significantly greater only when cells were exposed to the holotoxin. Ctx B subunit, alone, had no
detectable effect on amiloride-sensitive /.. C. Western blot shows Ctx B subunit immunoreactivity was
detected in samples derived from cells exposed either to Ctx (holotoxin) or to Ctx B subunit alone.

Results from three experiments are shown.
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Figure 2.4 Ctx-enhanced amiloride-sensitive /. is not reduced with washing out.

A. Typical data from MCF10A cells that were exposed to vehicle or Ctx for 12 h prior to assay or
followed by culturing for 12 h in typical medium. B. Data summarized from panel A and six similar
experiments that included each of the four conditions. Ctx-enhanced amiloride-sensitive /. was not

reduced with washing out.
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Figure 2.5 Forskolin fails to mimic Ctx effect on amiloride-sensitive /. across MCF10A

cells.

A. MCF10A cells were cultured in the absence or presence of forskolin for 24 h or 2 days. Typical results
showing that, in paired monolayers, there was no increment in baseline or amiloride (Amil)-sensitive /.
associated with forskolin exposure. B. Typical results showing a clear and sustained increment in basal
and amiloride-sensitive /. was associated with Ctx exposure. C. Typical results showing that acute (30
min) exposure to either forskolin or Ctx was without detectable effect. D. Data are summarized from 4

experiments in all conditions.

44



A. Vehicle

+R,-cCAMP 24 h

IS, .

+Ctx24 h

+Ctx & R;

-CAMP 24 h

Amiloride Amiloride Amiloride Amiloride
Iso Iso | Iso Iso
Bume Bume| Bume Bume

B.
+1s024 h +1s0 & Rp-CAMP 24 h 81
< I [
5 m|n I\) 56
<
4 1
= L
Wk“&%\% V‘MLW\\ E 2 1 L
i
__________________________ 0-
| Amiloride Amiloride qe® OP\\\\? o oP‘\\\? \eP oP‘N\?
Iso Iso & MY Y
Bume Bume o \&°
C. D.
10 | 6 -
'y 5 [
IS 8 S
[} o 4 i
ER 2,
B4 3
Ay T < 2 i
O —_—
2 2 E 14
0. = 0 |
W o f 0 Veh *Ctx 24 h
NeT T W e W -89 H-89
Q0 x &0 M
ot \&P°

Figure 2.6 Isoproterenol fails to mimic and Ry-cAMP and H-89 fails to block the Ctx effect.

A. Typical outcomes when MCF10A cells were cultured in the presence or absence of Ctx or
isoproterenol (Iso; 100 nM) in combination with R,-cAMP (100 uM) for 24 h. Cells were exposed acutely
to amiloride and isoproterenol (1 uM) as indicated. B. Data summarized from 8 experiments showing that
amiloride-sensitive /. was significantly greater only when cells were cultured in the presence of Ctx. C.
Rp-cAMP did not decrease Ctx induced amiloride-sensitive /., but abolished the acute isoproterenol-
induced current. D. MCF10A cells were cultured in the absence or presence of Ctx and/or H-89 (10 uM),
a protein kinase A (PKA) inhibitor for 24 hours prior to assessment in Ussing chambers. The effect of Ctx

on /;. was not inhibited significantly by H-89. Data are summarized from 7 paired observations.
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Figure 2.7 Ctx elevats amiloride-sensitive /. only in the presence of cortisol and has no

effect on mRNA expression of ENaC subunits in MCF10A cells.

A. Typical tracings from MCF10A cells that were cultured in the absence or presence of cortisol and/or
Ctx for one day as indicated. Amiloride-sensitive /. was detected only in cells that had been exposed to
the corticosteroid and was enhanced by Ctx exposure. B. Results showing the effect of amiloride are
summarized from panel A and five similar experiments. C. RNA was isolated in each culture condition.
Semi-quantitative RT-PCR shows that mRNA expressions for a-, B-, or y-ENaC subunits are detectable in
all cells and exhibit cortisol-induced expression. Threshold cycle (CT) value for each ENaC subunit was
normalized to 18s and the “*CT method was used to determine mRNA expression level relative to cells
cultured in typical cortisol-containing medium. Withdrawal of cortisol was associated with significant
reduction in mRNA coding for all ENaC subunits. The effect of Ctx was not statistically significant for

any ENaC subunit. Data are summarized from four experiments.
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Figure 2.8 Ctx has no effect on a-, B-, or y -ENaC expression.
Representative western blot of MCF10A cells that were exposed to Ctx or vehicle for 24 hours. Western
blot analysis of whole cell lysates was conducted using primary antibodies raised against human a-, -, or
v-ENaC, as indicated. Membranes were subsequently stripped and reprobed with antibodies to Na/K
ATPase al or occludin, as indicated, to verify equal protein loading. Arrows indicate bands of expected

mobility. Results are representative from at least four experiments for each target protein.
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Figure 2.9 Ctx elevats the abundance of - and y-ENaC at the apical cell surface.

MCF10A cells were exposed to Ctx for 2 h or 1 day. Biotinylation followed by Western blot analysis was
used to detect surface expression of B-ENaC (A) and y-ENaC (B). Densitometric analysis showed that
Ctx exposure was associated with increased intensities of bands that had been biotin-labeled. Occludin
labeling is used as an internal standard for protein loading. Results are representative from at least 3
observations in each condition. The protein was loaded as the following sequence: vehicle with apical
biotinylation (Veh_ AP), vehicle whole cell lysates (Veh  WCL), Ctx 2 hours with apical biotinylation
(Ctx2h_AP), Ctx 2 hours whole cell lysates (Ctx2h_ WCL), Ctx 1 day with apical biotinylation
(Ctx1d_AP), and Ctx 1 day whole cell lysates (Ctx1d_WCL).
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Figure 2.10 Effects of Ctx are not blocked by cytosolic pathway inhibitors.

A. Amiloride-sensitive /. across MCF10A cells was reduced by brefeldin A (BFA ; 10 mg/ml), a
drug disrupting protein trafficking from ER to Golgi, but remained sensitive to Ctx exposure.
Data are summarized from six observations. B. Data summarized from five observations show
that the effect Ctx was not blocked by a phosphatidylinositol-3-kinase (PI3K) inhibitor,
LY294002 (LY; 50 uM).
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Figure 2.11 Ctx increases Nedd4-2 phosphorylation.

A. Western blot of lysates from five paired MCF10A monolayers exposed to either vehicle or
Ctx for 1 day using antibodies raised against Nedd4-2 and B-actin. B. Densitometric analysis
showed Ctx increased apparent Nedd4-2 expression of both the phosphorylated (130 kDa) and
the non-phosphorylated (110 kDa) forms of Nedd4-2 although only the effect of Ctx on 130 kDa
phosphorylated form achieved statistical significance. Densities were expressed relative to the

intensity of B-actin and are summarized from 5 paired samples.
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Figure 2.12 Ctx elevates - and y-ENaC monoubiquitination.

A. Ubiquitinated B-ENaC was detected by immunoprecipitation of ubiquitin and followed by Western
blot of lysates from MCF10A monolayers exposed to either vehicle or Ctx for 1 day using antibodies
raised against B-ENaC. B. Ubiquitinated y-ENaC was detected similarly. C. Increasing membrane
exposure time from 20 sec (B.) to 60 sec, the Ctx induced increment of the signal of y-ENaC pulled down
by immunoprecipitation of ubiquitin is more evident. D. Densitometric analysis showed Ctx increased [3-
and y-ENaC monoubiquitination although only the effect of Ctx on y-ENaC reached statistical
significance. Densities were expressed relative to the intensity of whole cell lysates and are summarized

from 4 paired samples.
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Figure 2.13 Mammary cell model to account for monovalent ion transport and especially
for Ctx enhanced Na" absorption.

In this model, cortisol binds to glucocorticoid receptor and induces (B and y) or enhances (a) the
expression of mRNA coding for ENaC subunits, which are transcribed in the endoplasmic reticulum,
processed through the Golgi apparatus and trafficked to the apical membrane. Under normal conditions,
Nedd4-2 binds to ENaC in the apical membrane to induce its retrieval and, upon ubiquitination, its
degradation. Ctx elevates amiloride-sensitive /. by increasing the number of ENaC channels in the apical
membrane. As depicted, Ctx is composed of one A subunit and 5 B subunits and binds to GM1 by Ctx B
subunits to internalize into cells. After internalization, Ctx is transported in a retrograde fashion from the
apical membrane to the Golgi apparatus and then to the endoplasmic reticulum where the A-subunit
becomes dissociated from the B subunits and translocates to the cytosol. In the cytosol, the Ctx A subunit
catalyzes the ADP-ribosylation of Gsa to irreversibly activate the G-protein and increase cAMP level that
activates PKA. However, the effect of Ctx on increased amiloride-sensitive /. is independent of the
cAMP/PKA pathway. Ctx increases phosphorylation of Nedd4-2, which would decrease its ability to
promote retrieval of ENaC from the apical membrane, although the underlying mechanism is not defined.
Ctx elevates monoubiquitination of ENaC, which may lead to more surface ENaC expression. Solid lines
represent pathways that have been defined and short dash lines represent predicted pathways. GR,

glucocorticoid receptor. a,  and y represent ENaC mRNAs.
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Chapter 3 - Primary Culture of Caprine and Bovine Mammary

Gland Epithelia

Abstract

Primary cultures of mammary gland epithelia represent a valuable tool to study mammary
function. The goal of this research is to develop and begin to optimize a protocol to isolate
mammary gland epithelia from dairy goats and cows for subsequent in vitro culture, which can
be used to identify and characterize barrier function, secretory functions, and ion transport
processes along with associated regulatory cascades. Caprine and bovine mammary tissue were
digested enzymatically and the resulting epithelial cultures were enriched by partial
sedimentation and by serial exposure to collagenase when passaged. Cells were seeded initially
on solid substrates and were subcultured in types of media that have been used previously in the
laboratory for either human mammary cells (THM) or bovine mammary cells (TBM). When
grown on permeable supports cells formed electrically tight monolayers. Caprine mammary
epithelia (1°CME) were passaged up to 12 times and each passage was evaluated with
electrophysiological techniques. When grown in THM, 1°CME formed higher resistance (Ry)
monolayers than when grown in TBM. Amiloride-sensitive short circuit current (/) was
detected only in monolayers that were cultured in THM. 1°CME responded to forskolin with an
increase in [, that was partially sensitive to bumetanide. These results suggest that 1°CME
exhibit Na" absorption via the epithelial Na' channel, ENaC, and cAMP-stimulated anion
secretion. In a separate experiment, bovine mammary epithelia (1°BME) were obtained and
subcultured for 19 passages in TBM in the absence or presence of dexamethasone, which was
associated with greater R,. There was little detectable amiloride-sensitive /. in either culture
condition. However, 1°BME responded to norepinephrine and carbamylcholine with rapid and
substantial increases in /.. Taken together, these results demonstrate that both 1°CME and
I°BME can be isolated, expanded in culture and passaged to generate electrically tight
monolayers that can be used to assess net ion transport or other epithelial functions. Either
system likely can be optimized to focus on either acini or duct epithelia. Further, conditions
might be optimized with the use of hormones or growth factors to assess changes that occur

during lactation or in mastitis.
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Introduction

Mammary gland epithelia are essential for milk production, although mechanisms of ion
transport across mammary epithelia are not well characterized. The complex structure and
development of the mammary gland make it challenging to isolate and culture mammary
epithelial cells (204). Rodent and human mammary cell cultures are often used as model systems
to elucidate gland function that might contribute to breast cancer (230). However, fewer studies
are designed to develop systems that assess epithelial function in the context of lactation. Most
mammary epithelial cell lines have been developed in the past three decades. For example, the
MCF10A cell line was derived from non-neoplastic human mammary tissue and was
characterized in 1990 (225). The BME-UV cell line was derived from a lactating Holstein cow
and was first described in 1996 (262). The 31EG4 cell line, which is an untransformed
nontumorigenic mouse mammary cell line, can be grown as tight monolayers that respond to
lactogenic hormones (186, 236, 263). Although many cell lines have been developed to study
mammary function, certain limitations cannot be eliminated, such as loss of their responsiveness
to characteristic hormones and growth factors. Moreover, cell lines are derived from single
individuals, which makes inferences to a large population tenuous, at best. Although cell lines
have been selected for the ability to proliferate in culture and to maintain a high level of
differentiation, many characteristics of mammary epithelia change with increasing passage
number.

The above-mentioned limitations of mammary cell lines underscore the value of epithelial
cultures for studies of mammary function. Importantly, primary cells allow for inferences to the
population from which they were derived. However, isolation of mammary gland epithelial cells
is challenging and there is no standard protocol to assess the methodology of primary mammary
epithelia isolation and cell culture. This study is designed to develop and optimize a protocol to
isolate and culture primary mammary gland epithelia from lactating dairy animals - goats and
COWS.

Milk composition varies widely across species, epically the Na" concentrations (132). One of
the major goals for the laboratory is to define mechanisms of ion transport, especially Na*
transport, across mammary epithelia. A necessary tool is an appropriate in vitro system that is
amenable to appropriate experimental approaches. In the present study, epithelial cells were

isolated from multiple gland samples from a lactating goat and a lactating cow. Caprine
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(1°CME) and bovine mammary epithelial cells (1°BME) were enriched by partial sedimentation
and then cultured on solid substrates for 12 and 20 passages, respectively. With each passage, a
portion of the cells was cultured on permeable supports to study ion epitheilal transport. The
outcomes suggest the capacity for agonist-stimulated anion secretion in cells from both species
for more than four passages. Caprine mammary epithelia exhibit net Na' transport, whereas
1°BME failed to show a similar response. This study establishes a working technique to isolate,

culture, subculture and assess mammary gland epithelia from both species.
Methods

Cell culture media and experimental solutions

The method for cell isolation and passage will be summarized in the Results sections. All
chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO) unless indicated
otherwise. Bovine mammary gland samples were collected immediately post-mortem from a
lactating cow at a commercial slaughter facility by Dr. Ronette Gehring (Kansas State
University). Ten to thirty cubic cm were collected from four locations in the gland and placed in
ice-cold Hanks buffered salt solution (HBSS (in mM): 137 NaCl; 5.4 KCI; 0.4 KH,POg; 0.6
Na,HPOy4; 5.5 glucose) supplemented with antibiotics (20 pg/ml gentamicin, 1% penicillin and
streptomycin, and 2 pg/ml fungizone; all from Gibco, Grand Island, NY). Samples were
transported to the laboratory (~4 h) on ice. The caprine mammary samples were obtained
immediately post mortem by Dr. O. A. Chiesa (US FDA, Center for Veterinary Medicine,
Laurel, MD), placed in ice cold HBSS and sent via courier to the laboratory for processing the
following day.

Cells were cultured in media of three different compositions. The first medium, typical
human medium (THM), was used previously in the laboratory to grow MCF10A cells (225,
251). THM contained DMEM/F-12 (Cellgro, Herndon, VA), horse serum (5%; Gibco), insulin-
transferrin-sodium selenite (0.7%), penicillin and streptomycin (1%; Gibco), L-Glutamine (2
mM), hydrocortisone (cortisol, 0.5 pg/ml), and epidermal growth factor (20 ng/ml; RD Systems,
Minneapolis, MN). The second medium, typical bovine medium (TBM), has been described
previously (181, 182, 197, 262), and was used when cells were cultured on solid substrates. TBM
contained a 5:3:2 mixture of DMEM/Ham’s F-12: RPMI medium: NCTC-135 medium (Gibco)
supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA), 3% of

55



newborn calf serum (Gibco), 2% iron-supplemented bovine calf serum (Gibco), 1% insulin-
transferrin-sodium selenite media supplement solution, 1% penicillin and streptomycin, 1 mg/ml
lactalbumin hydrosylate, 10 pg/ml L-ascorbic acid and 3 mM lactose. The third medium, apical
bovine medium (ABM), was used in the mucosal compartment when cells were cultured on a
permeable supports with TBM in the serosal compartment. ABM is a complex medium that was
designed to reduce electrolyte concentrations when compared to typical commercially available
media. The composition was published in detail previously (181, 197) and mirrors the
composition of TBM except that Na™ concentration is 60 mEq/l and lactose is introduced (160
mM) to maintain osmolality at ~300 mosmekgH,0. In some experiments, cells were exposed to
dexamethasone (100 nM) in culture for 72 h prior to experimental analysis. When passing cells,
epithelial cells were detached using trypsin in phosphate buffered saline (PBS) with disodium
EDTA (2.4 mM; Gibco) for 7-10 min at 37°C, suspended in culture medium, and seeded on
permeable supports (Snapwell or Transwell; 1.13 cm” or 4.67 cm?, respectively; Corning). Cells
were maintained at 37°C in a humidified atmosphere containing 5% CO,. Media were refreshed
every day until experimentation, which typically was 14 days post-seeding.

A modified Ussing-style system was used to measure active net transepithelial ion transport
and electrical resistance as detailed previously (181, 182, 197, 251). Briefly, the cultured
monolayer on its permeable support was inserted to separate the two halves of an acrylic
chamber (DCV9; Navicyte, San Diego, CA). The mucosal and serosal hemichambers were filled
with equal volumes of Ringer solution (composition in mM; 120 NaCl, 25 NaHCOs, 3.33
KH;POy4, 0.83 K,HPO4, 1.2 CaCl,, 1.2 MgCl,). Each hemichamber was mixed continually by an
air lift system (5% CO, with 95% O,) that also maintained a stable pH (7.4). The system was
maintained at 37°C. Custom-made voltage-sensing and current-injecting electrodes were placed
in each chamber and connected to a voltage clamp (model 558C; University of lowa, Department
of Bioengineering, lowa City, [A) to determine open circuit voltage, to clamp the voltage and to
measure short circuit current (/). Monolayers were clamped to 0 mV with the exception of an
intermittent 1 mV bipolar pulse per 100 seconds to allow for the determination of transepithelial
electrical resistance (R.). Voltage and current measurements were acquired digitally at 1 Hz
(MP100A-CE interface and Agknowledge software, ver. 3.2.6; BIOPAC Systems, Santa
Barbara, CA) throughout all experiments. Ion transport modulators were added as 1000x stock

solutions to achieve the reported working concentrations either to the mucosal hemichamber
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(amiloride), to the serosal hemichamber (bumetanide), or symmetrically (forskolin, Calbiochem,

Gibbstown, NJ; glibenclamide).

Data Analysis
Statistical analysis was conducted using SigmaPlot (ver. 10.0, Systat Software, Inc.
Chicago, IL) and Excel (ver. 14.0.6129.5000, Microsoft, Redmond, WA). Students t-test for
unpaired or paired data were used, as appropriate. Summarized data are presented as mean +
standard error of the mean. Treatment effects were considered significant when the probability of

the type I error was <0.05.
Results

Cultured primary caprine mammary epithelia form an electrically tight epithelial

barrier and exhibit net ion transport.

Freshly dissected caprine mammary gland tissues were obtained from different sections of
one goat udder, including proximal, middle, distal anterior and posterior. However, the
experimental design did not make comparisons between these regions and all tissues were treated
similarly. Upon arrival at the laboratory, tissues were washed with ice-cold HBSS. Then small
specimens (3-4 cm’) of mammary tissues were obtained and placed in ice-cold HBSS
supplemented with antibiotics. These small specimens were washed with HBSS plus antibiotics
four times in a Petri dish. Two small cubes of tissue (2 mm®) were cut, placed in a Petri dish, and
minced finely with a scalpel. Minced tissues were incubated with 5 ml cell isolation enzyme
solution (300 U/ml collagenase [Gibco] and trypsin in PBS with disodium EDTA [2.65 mM,
Gibco]) in a 50 ml tube at 37°C for 90 minutes. During the incubation, tubes were shaken gently
by hand for 20 seconds, every 15 minutes. Dissociated cells were collected by passing through a
100 um cell strainer (BD Falcon #352360) placed on a new 50 ml tube. The resulting cell
suspensions were centrifuged at 600 RCF for 5 minutes. The supernatant was carefully removed
and pelleted cells were suspended in 2 mL of either THM or TBM. Cells were seeded on a 6 well
plate (Falcon, Becton Dickinson Labware, Franklin Lakes, NJ) and placed in a cell culture
incubator (37°C, 5% CO,, humidified). After 30 min, the media and any unattached cells were
moved to a second well and fresh medium was added to the first well. This 30-min sedimentation

procedure was conducted a second time resulting in three wells derived from each initial seeding.
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Two types of cells, based on morphology, were isolated from these mammary tissues, epithelial
cells and fibroblasts. Epithelial cells are cuboidal and exhibit a ‘cobble stone’ appearance and
they grow together to form islands. Fibroblasts are spindle- or stellate-shaped and grow over
greater distances. Ultimately, it was determined that populations of cells attached in the first two
sedimentations contained a substantial proportion that exhibited fibroblast morphology. Thus,
these cells were discarded. Cells in the third sedimentation were allowed to grow to >70%
confluency (3-7 days) before being passaged. The cultures appeared to contain some spindle or
stellate cells. Thus, a differential digestion technique was used to remove these cells selectively
(171). Cultures were exposed to trypsin in PBS with disodium EDTA for 5 min at room
temperature. Any cells that detached were discarded and the cells were washed with PBS. This
step to preferentially remove fibroblasts was conducted a second time. Remaining cells were
then exposed to the enzyme solution for 7-10 min at 37°C to dislodge all remaining cells. Cells
were suspended in culture medium and seeded on a vented, 25 cm’ tissue culture flask or the
wells of a 6-well plate and maintained at 37°C in the cell culture incubator. Subsequent passages
were made by exposing cultures to the enzyme solution for 7-10 min at 37°C to dislodge all
cells. When passing cells, half of the cells were seeded on Transwell (6 to 12 at 0.33 cm?, each)
or Snapwell (4 to 6 at 1.13 cm?, each) permeable supports (Costar) and the remaining cells were
seeded on a subsequent culture well or flask. Cells were subcultured or passaged 12 times
(denoted P2-P13) with electrophysiological assessment of R,. and /. at each passage.

Primary (1°) CME were cultured on solid and permeable substrates in either THM or TBM.
For the cells that were grown in TBM, when cells growing on permeable supports were fed,
TBM was added only to the serosal aspect of the cells and ABM was added to the mucosal
aspect of the cells (the asymmetrical media feeding method was introduced in detail by Quesnell,
et al. (181)). Media (both sides) were refreshed every day until experimentation, which typically
was 14 days post-seeding. Dexamethasone (100 nM) was included in the medium for some wells
during the final 72 hours prior to assessment.

Primary (1°) CME formed electrically tight epithelial monolayers when cultured in either
THM or TBM (Figure 3.1). Cells cultured in THM exhibited a positive Z. (4.56 or 8.43 pA cm™,
cultured for the final 72 hours in the absence (vehicle) or presence of dexamethasone,
respectively) indicative of net cation absorption or anion secretion. In contrast, when 1°CME

were grown in TBM, the beginning baseline I, (0.97 or 1.7 uA cm™, cultured for the final 72
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hours in the absence or presence of dexamethasone, respectively) was redundant and there was
no obvious response to amiloride. Using Ohms law, R, was calculated based on the current
associated with each periodic 1 mV bipolar pulse. Figure 3.2 summarizes R, for 3 groups, each
comprising 4 passages, each under vehicle- and dexamethasone-stimulated conditions. Initial
passages cultured in THM exhibited the greatest R, with the greatest R, being observed at P2
(>2000 Q cm’ either with or without dexamethasone). Initial passages did not show
dexamethasone-enhanced R, in either medium, whereas a significant difference was detected for
TBM in P6-9 and P10-13, and for THM for P10-13. The cells cultured in TBM exhibited the
highest resistance at P3 (484 £ 13 Q cm? or 488 + 50 Q cm?, n=3, vehicle and dexamethasone,

respectively).
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Figure 3.1 1°CME cells form tight

monolayers that respond to ion transport
modulators.

A. Typical tracings of short circuit current (/)
across 1°CME cells that were cultured in typical
human media in the absence (vehicle) or presence
of dexamethasone (Dex). Solid lines represent /.
and dashed lines represent zero current.
Monolayers exposed to Dex showed greater
amiloride-sensitive /.. Forskolin stimulated /. that
was reduced by bumetanide (Bum). B. Typical
tracings of /[, across 1°CME cells that were
cultured in bovine media in the absence or
presence of Dex. There was no detectable
amiloride-sensitive /. in either condition. Again,
forskolin-stimulated 7,

was reduced by

bumetanide.

1600
I Veh P2-5
1400 - [ DexP2-5
I = Veh P6-9
1200 4 [ Dex P6-9
. @ Veh P10-13
£ 1000 4 = Dex P10-13
]
S 800
o
S
2 600
(0]
[h'd
400 A
200 A

Bovine media

Typical human media

Figure 3.2 1°CME cells form electrically
tight epithelial barriers in all culture
conditions.

Results are summarized from 15-32 Ussing-style
experiments and presented in groups of 4 passages.
1°CME formed electrically resistive monolayers
whether cultured in either medium and in the
absence (Veh) or presence of dexamethasone
(Dex).

Amiloride (10 pM), which blocks the
epithelial Na" channel (ENaC), was added to
the apical medium during each recording.
Typical outcomes presented in Figure 3.1
suggest that amiloride-sensitive I, can be
detected readily only in monolayers cultured
in THM. More-over, Figure 3.1 shows that
cells cultured in the presence of
dexamethasone-supplemented THM exhibited
greater amiloride-sensitive I (8.67 pA cm™)

when compared to their untreated counterparts

(4.89 pA cm?). When summarized, the

highest amiloride-sensitive /;. was observed at P7 in THM-cultured monolayers (2.44 + 0.98 pA



4 cm?vs 5.00 + 1.16 pA cm?, n=8,

s Veh P2-5 _ .
I — Dex P2-5 in vehicle and dexamethasone,
3 mmm Veh P6-9 .
[ Dex p6-9 respectively). In general, 1°CME
& s Veh P10-13 . .
£ === DexP10-13  C€lls cultured in THM exhibited
3 27 decreased amiloride-sensitive I,
§ as the passage number increased
=}
T 1 . .
S in vehicle treatment group.
E
< However, dexamethasone
0 - — — . o ...
increased amiloride-sensitive I,
only at P2-5 and P6-9. The highest
-1 Typical human media Bovine media

passages (P10-13) exhibited the
Figure 3.3 Amiloride-sensitive I, is detected across gmajlest amiloride-sensitive I,

Results are summarized from 15-32 Ussing-style experiments dexamethasone.  Primary  (1°)

and presented in groups of 4 passages. Primary (1°) CME CME monolayers cultured in

exhibited obvious amiloride-sensitive /. when grown in typical o .
TBM exhibited no consistent

human media. There is a detectable trend suggesting that Dex
increased amiloride-sensitive I, in either culture condition. detectable amiloride-sensitive /.
regardless of whether
dexamethasone was present. These data suggest that cell culture media composition may affect
epithelial function. Typical human media contains hydrocortisone, which can induce or increase
ENaC expression in both bovine and human mammary gland epithelia (20, 182, 251). Although
1°CME cells were exposed to dexamethasone-supplemented TBM for 72 hours, there was little
effect on the magnitude of amiloride-sensitive /. (Figure 3.3). In summary, 1°CME cells
exhibited markedly higher amiloride-sensitive /. when cultured in typical human media than
those cultured in bovine media.

Forskolin (2 uM), an activator of adenylyl cyclase, elevated /. in all culture conditions.
Typical tracings of forskolin-stimulated /,. show a rapid transient peak followed by a sustained
plateau (Figure 3.1). Summarized data are presented at Figure 3.4. Primary (1°) CME cells
grown in THM exhibited increased forskolin-stimulated, sustained /;. with increased passage

number (Figure 3.4A). Dexamethasone had no significant effect on either the forskolin-

stimulated sustained /. or the transient peak /..
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Figure 3.4 Forskolin stimulates ;. across 1°CME in
typical human media and bovine media.

Results are summarized from 15-32 Ussing-style experiments
and presented in groups of 4 passages. Forskolin stimulated
both sustained (A) and transient (B) /. across all monolayers
tested. No obvious effect of medium composition, dexameth-

asone (Dex) or passage number is suggested.

When cells were cultured in
TBM, the maximum forskolin-
stimulated sustained [,, was
observed at P7 (P7: 3.79 + 0.39
pA cm? when cultured with
dexamethasone). When 4 passages
were grouped, dexamethasone
significantly increased forskolin-
induced sustained I, on P6-9
(n=24, unpaired). However, there
was no significant effect of
dexamethasone on forskolin-
stimulated peak I, when cells
were grown in TBM (Figure
3.4B). When comparing THM and
TBM for the effect of forskolin,
outcomes in Figure 3.4 suggest
that no significant difference.

Bumetanide (20 uM), an
inhibitor of the Na'/K'/2CI
cotransporter that is added to the
serosal medium during each
recording, caused a decline in /.
(Figure 3.1). Outcomes sum-
marized and shown in Figure 3.5
suggest that cells cultured in THM
exhibited increased bumetanide-
sensitive I, with increasing cell

passages. In contrast, cells grown

in TBM, exhibited the highest bumetanide-sensitive /;. between P6-9. There was no significant

effect of dexamethasone on bumetanide-sensitive /. in either culture medium.
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Figure 3.5 Bumetanide-sensitive I;. across 1°CME in
both media culture conditions.
Results are summarized from 15-32 Ussing-style experiments
and presented in groups of 4 passages. Bumetanide reduced

forskolin-stimulated /. across all monolayers tested.
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Figure 3.6 1°BME cells form tight monolayers in
bovine media and responded to neurotransmitters
with increases in anion secretion.

Typical tracings of /. across 1°BME cells that were cultured
in typical bovine media and in the absence or presence of dex-
amethasone (Dex). Solid lines represent /. and dashed lines
represent zero current. Amiloride was without effect. Norepi-
nephrine and carbamylcholine caused sharp and sustained

increases in /. that were partially sensitive to bumetanide

(bum).
63

Cultured primary bovine
mammary epithelia form an
electrically tight epithelial
barrier and exhibit net ion
transport.

The goal of this set of
observations is testing the effect of
dexamethasone on 1°BME and
different compounds over different
subculture passages. Epithelial
cells derived from one of two cows
were cultured in vitro successfully.

Primary (1°) BME were isolated

using the method described for 1°
CME and grown on permeable
supports in TBM, with ABM on the
mucosal aspect of the cells for 14
days and in the absence or presence
of dexamethasone for the final 72
hours. Monolayers were mounted
in Ussing-style flux chambers to
test for electrogenic ion transport.
Cells were maintained for 19
passages (P2-P20). Figure 3.6
shows a typical tracing from
1°BME. This tracing illustrates the
typical responses of 1°BME and
highlight the electrically tight

epithelial barrier and net ion
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Cell passages and to a cholinergic agonist, carb-

Figure 3.7 1°BME form electrically tight epithelial amylcholine, with rapid increases in

barrier L. There is no statistical difference

Results are summarized from 16-40 Ussing-style experiments in R, amongst cell passages in the
and presented in groups of 4 or 5 passages. Primary (1°) BME absence or presence of
cells formed electrically tight monolayers. Dex indicates dexamethasone (Figure 3.7).
dexamethasone for 72 hrs in culture. However, dexamethasone-treated
cells exhibited higher R,, when compared to their counterparts. Cells from P7-10 that had been
exposed to dexamethasone exhibited the highest R, (841 + 92 Q cm? n=11) among all the
monolayers tested.

Experiments were conducted to determine the effect of adrenergic receptor agonist on
1°BME monolayers. Basolateral norepinephrine (10 pM) exposure was associated with an acute
increase in /. (Figure 3.6). The response to norepinephrine was consistent with activation of
adrenergic receptors, which were reported in cultured BME-UV cells (197). Figure 3.8
summarizes these data. No effect of dexamethasone was detected. There is a trend toward
decreasing responses to norepinephrine as cell passage number increased. At P16 and above,
monolayers failed to exhibit a response to norepinephrine. Forskolin (2 uM) was applied after
norepinephrine and had no effect. These outcomes are consistent with a norepinephrine-induced

increase in cytosolic cAMP concentration and activated anion secretion across 1°BME.

Furthermore, the absence of response to both norepinephrine and forskolin in the higher passages
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Figure 3.8 Norepinephrine stimulates /. across 1°BME
decreased as cell passages increased.

Results are summarized from 16-40 Ussing-style experiments
and presented in groups of 4 or 5 passages. I1°BME exhibited
norepinephrine-stimulated /.. The effect of dexamethasone
(Dex) was not statistically significant on norepinephrine-
stimulated /.. There is a trend of decreased response to

norepinephrine as cell passages increased.

suggests that these cells lack one
or more elements of the second
messenger pathway or the ion
transport pathway, but not merely
a loss of the adrenergic receptor.
Carbamylcholine (100 upM)
produced a sharp increase in I,
when added in the ongoing
presence of norepinephrine and
forskolin  (Figure 3.6). The
response to carbamylcholine is
consistent with activation of
cholinergic receptors although
selective inhibitors were not tested
(56). Figure 3.9 summarizes these
data. Dexamethasone produced no
detectable effect of on
carbamylcholine-stimulated /..
The maximum response of

carbamylcholine was observed at

P11-15. The magnitude of carbamylcholine-stimulated /. was increased from cell passages from

2 to 15 and began declining at the most advanced passage group (P16-20).

Bumetanide (20 uM), was used also with 1°BME cells to test for the activity of the

Na'/K'/2CI cotransporter. An obvious decline in bumentanide-sensitive /., was observed in

initial passages (e.g., see Figure 3.6), but not in later passages. Summarized outcomes shown in

Figure 3.10 suggest that the magnitude of bumetanide-inhibited /. declined with increasing cell

passage increased. With norepinephrine and carbamylcholine, dexamethasone had no detectable

effect on bumetanide-inhibited /..
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Discussion

The present study seeks to define a protocol that can be used routinely to isolate and culture
mammary epithelia from dairy goats or cows that can be used to study ion transport and other
secretory processes that contribute to normal gland function. This report provides evidence that
1°CME and 1°BME develop electrically tight monolayers when cultured on permeable supports
and exhibit active net ion transport. When compared to cells grown in TBM, 1°CME monolzyers
cultured in THM exhibited greater baseline R,.. Moreover, °CME exhibited amiloride-sensitive
Na' transport, suggesting that ENaC activity contributes to a portion of the ion transport
machinery. Amiloride-sensitive transport was detected in cells cultured in THM, but not in TBM.
In contrast, 1°BME failed to exhibit amiloride-sensitive ion transport - regardless of whether the
culture medium contained corticosteroids. Importantly, 1°BME responded to both adrenergic and
cholinergic stimulation, thereby suggesting the presence of adrenergic and cholinergic receptor
in 1°BME. In addition to these key observations, the results show that cells isolated from the
mammary gland can be expanded and propagated through a number of subcultures. Discrete and
apparently continuous differences in the magnitude of outcomes were observed depending on the
culture medium and passage number, with higher passages showing diminished responses to
corticosteroids (1°CME), adrenergic stimuli and, in the case of 1°BME, bumetanide.
Nonetheless, this report provides a valid protocol to isolate and culture 1°CME and 1°BME.

This pilot study clearly has many limitations. Most notably, all data were derived from a cell
isolation protocol performed on one day with samples from one individual, each, for caprine and
bovine tissue. Additionally, the identity and origins of cells in the cultures were not defined.
Based on general morphology, both epithelial cells and fibroblasts were present in the cultures.
There is a strong possibility that myoepithelial cells were present also. Although the observations
that a measurable electrical resistance and the expression of directional ion transport that can be
stimulated with physiological and/or pharmacological agents provides strong evidence for
cultures that are substantially epithelial in nature, the presence of other cell types that affect the
responses, or potentially modify the response, cannot be ruled out. It has been speculated that
alveolar and duct cells in the mammary gland perform distinct secretory and/or absorptive
functions (142). Whether one or the other cell type predominated in these cultures and whether

there might be differences in the proportions as passage number increased is unknown.
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Additional studies are required to demonstrate repeatability of results and to address these gaps
in our knowledge. Nonetheless, numerous conclusions can be drawn.

Many papers have focused on the isolation and culture of epithelial cells derived from bovine
mammary gland (1, 147, 216, 224). However, none have focused on ion transport across 1°BME.
The current study is the first report ion transport across these primary cultures. The results
indicate that 1°BME can form an electrically tight monolayer that exhibits active ion transport. It
is intriguing that 1°BME exhibit very small amiloride-sensitive /. in the absence or presence of
dexamethasone. In another report from this laboratory, BME-UV cells, an immortalized bovine
mammary epithelial cell line, expressed mRNA coding for all ENaC subunits. (197). More
importantly, it was demonstrated that glucocorticoids upregulated BME-UV ENaC expression
and amiloride-sensitive ;. (182). The current results provide modest support for the conclusion
that ENaC is expressed also in freshly isolated cells that are taken through primary culture.
Again, it must be emphasized that the cells were derived from a single isolation protocol, which
leaves open the possibility that the BME-UV cells are changed fundamentally upon
immortalization, that there is substantial animal-to-animal variation in the responses, that there
are regional differences in the udder regarding the expression of transport mechanism and/or that
the cell isolation protocol selected for a particular cell type that did not express some component
of the glucocorticoid and ENaC signaling or response pathways. Therefore, it is necessary to
obtain more bovine mammary gland donors to examine the ENaC-mediated Na" transport across
1°BME.

The presence of adrenergic receptors was demonstrated previously in BME-UV cells (197)
and the response of 1°BME monolayers to norepinephrine is similar. After exposure to
norepinephrine, forskolin failed to cause an additional increment in /.. The simplest
interpretation is that norepinephrine stimulates the cAMP second messenger pathway maximally
to achieve anion secretion such that there is either no increase in cAMP with forskolin or that the
anion secretory machinery is functioning at maximal capacity. Five major types of adrenergic
receptors have been characterized; a,, o, Bi, B2, and B3. Alpha- receptors are further divided into
seven subtypes based upon their pharmacology and/or gene structure: a;a, o, oic and o;p, and
24, OB, and axc (95). The mRNA expressions of almost all adrenergic receptors (except aip)
have been detected in lactating bovine mammary tissues (95). However, mRNA coding for 3,-

adrenergic receptors is the most abundant (95). In vivo studies led to the conclusion that -
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receptor stimulation increases milk removal (10, 17) while a-receptor activation decreases milk
yield and peak flow (26, 27). In this current study, we have observed that adrenergic stimuli
induce a secretory response, as indicated by an increase in anion secretion, in 1°BME cell
monolayers. However, the underlying cellular mechanisms that account for the regulation and
the ion transport remain to be defined. Carbamylcholine or carbachol is a muscarinic agonist and
can stimulate Ca*"-induced CI secretion by many epithelia (58, 99). This study demonstrates for
the first time that muscarinic receptors are present in 1°BME and are linked to changes in ion
transport. This observation is particularly exciting because it suggests a novel mechanism with
acute affects that can modify milk volume or composition. Clearly, the mechanisms of regulation
in bovine mammary gland by muscarinic agonists required further investigation.

The current protocol to isolate and culture 1°CME and 1°BME was derived from previously
published reports (1, 85, 147, 194, 198, 259). This study is valuable because it includes the
assessment of ion transport across 1°CME and 1°BME. Due to the sample size of this study (n=1
for each species), the optimization of culture conditions will require additional work. Certainly,
culture conditions will have effects on gene expression that will lead to changes in ion transport
and ultimately to changes in milk volume and composition (224). The comparison of two growth
media for 1°CME suggests that THM is better suited for the examination of ion transport.
Further investigation is needed to determine whether THM is also suitable to culture BME.

One of the challenges from this study is removing fibroblasts and/or enriching the proportion
of epithelial cells after isolation. The current protocol uses two steps to remove fibroblasts. The
first step is sedimentation of fibroblasts at isolation because fibroblasts settle and attach more
quickly than epithelial cells. Because fibroblasts will detach more readily than epithelial cells,
the second step is trypsinization when passing cells The limitation of this method the loss many
epithelial cells in the process of removing fibroblasts. In addition, increasing passage number of
epithelial cells is associated with the loss of some initial epithelial characteristics. Although this
is not unexpected, the current results suggest a practical limit of four or six passages before key
characteristics are lost.

Many cell lines have been developed to elucidate mammary function. Immortalized bovine
mammary epithelial cell lines are commonly used to characterize bovine mammary functions,
such as BME-UV (262), HH2A (93), MAC-T (94) and L-1 (68). These cell lines provide

valuable models, but each has distinct shortcomings. BME-UV cells were grown successfully on
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permeable supports and provide a good model to study ion transport and responsiveness to
steroid hormones, including the withdrawal of progesterone (181, 182, 197). Unfortunately, this
cell line requires a complex medium with 15% serum and daily feeding, which makes them both
cumbersome and costly to maintain. HH2A was the first cell line reported to expresses
mammary-derived growth inhibitor (MDGI) and can be grown to form a three-dimensional
structure in collagen gel (93). However, HH2A formed monolayers only when cultured in the
contact with other cell types (e.g. fibroblasts) (93) and failed to synthesize detectable levels of
milk proteins (262). MAC-T cells have been used to study insulin-like growth factor function
(187), but a response to growth factor was not detected (262). Furthermore, MAC-T cells failed
to form electrically resistive monolayers when first assessed in this laboratory. L-1 cells were
reported to establish a duct-like structure in special cell culture gels, Matrigel (68), but there is
no report to indicate that this cell line can form a resistive monolayer. Therefore, primary culture
of bovine mammary epithelial cells may provide a better model to define key mammary
functions. Caprine mammary epithelial cell lines are not used commonly, although tissue culture
and in vivo studies were conducted with goat mammary gland (131, 134, 173). A goat mammary
gland epithelial cell line (GMGE) was cultured on a solid substrate and used to study
glycosylation of human erythropoietin, which was transfected into the cells (194). The caprine
mammary epithelial cell line (CMEC) was derived from a lactating goat (171). Although these
cells exhibited epithelial morphology on a solid substrate, there are no functional data regarding
an epithelial barrier or ion transport. Current research provides functional data to indicate that
1°CME cells form electrically tight monolayers on permeable supports. Thus, this model system
may provide a ‘best’ model to define ion transport in the caprine mammary gland.

In summary, this research provides a protocol to isolate and culture mammary gland
epithelial cells. Primary (1°) CME and 1°BME were grown on permeable supports and formed
electrically tight monolayers. However, the isolation and culture systems need to be optimized
for the best media composition to grow 1°CME and 1°BME. The current data suggest that Na"
transport is present in 1°CME, but was not detected in 1°BME. The establishment of a protocol
to isolate and grow mammary gland epithelia is critical in order to define mammary gland

function.
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Chapter 4 - Discussion

This dissertation reports Na" transport across mammary gland epithelial cells that come from
two different systems, an immortalized cell line and primary cultures. Results in Chapter 2
describe a novel pathway (Figure 2.13) through which cholera toxin (Ctx) upregulates epithelial
Na" channel (ENaC)-mediated Na" absorption across MCF10A cells, a human mammary gland
epithelial cell line. Ctx increases amiloride-sensitive short circuit current (), indicating
enhanced Na' absorption. The outcomes suggest that Ctx enhances ENaC residency in the apical
membrane and that the underlying mechanism is independent of the cyclic AMP and protein
kinase A (cCAMP/PKA) pathway. Ctx is secreted by the gram-negative bacterium Vibrio cholera
and is responsible for massive secretory diarrhea. The heat labile toxin of E. coli, which also
causes secretory diarrhea, is virtually identical in both structure and pathological mechanism
(193). In general, Ctx is thought to act through cAMP/PKA-dependent pathway. In A6 cells, a
cell line derived from Xenopus laevis kidney, Ctx increases the number of ENaC channels in the
apical membrane by a cAMP-dependent mechanism, but without detectable effects on the open
probability of the channel (144). However, in this report, CAMP antagonists did not inhibit Ctx-
induced amiloride-sensitive /., although a cAMP agonist did mimic the effect of Ctx. Similarly,
the effect of Ctx was not blocked by inhibitors of PKA, phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K) and protein trafficking. Furthermore, Ctx effected neither the expression of mRNA
encoding a-, B-, or y-ENaC subunits nor levels of total protein for any of these subunits. Rather,
the results show that Ctx changes the distribution of ENaC between cytosolic and apical pools.
Ctx increases Nedd4-2 expression and the apparent ratio between the phosphorylated (inactive)
and nonphosphorylated (inactive) forms. The greater overall amount of Nedd4-2 and the
relatively greater amount of inactive Nedd4-2 may account for the elevated level of
monoubiquitinated, but not polyubiquitinated ENaC subunits, which would be expected to
reduce protein retrieval from the apical membrane and, subsequently, protein degradation.
Regardless, the results demonstrate that corticosteroids substantially upregulate the expression of
mRNA coding for ENaC subunits and that corticosteroids are required for amiloride-sensitive
transport to be detected. The results demonstrate that Ctx enhances Na' absorption by elevating

the proportion of ENaC in the apical membrane of these mammary epithelial cells.
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Results in Chapter 3 provide preliminary data on hormonal regulation of ENaC mediated Na"
transport across freshly isolated caprine and bovine mammary epithelial cells. A protocol to
isolate and culture mammary gland epithelial cells on permeable supports is reported. Caprine
(1°CME) and bovine mammary epithelia (1°BME) formed electrically tight epithelial barriers
and they were grown as tight monolayers in multiple subcultures. In the presence of
corticosteroids, 1°CME exhibited amiloride-sensitive 7. suggesting ENaC mediated Na"
transport. However, 1°BME exhibited no detectable amiloride-sensitive /. in the absence or
presence of dexamethasone. Rather, 1°BME responded to an adrenergic agonist, norepinephrine,
and a cholinergic agonist, carbamylcholine, with rapid increases in /I,.. The outcomes
demonstrated that 1°CME and1°BME can develop as electrically tight monolayers capable of
transporting ions in response to hormone or neurotransmitters exposure. Thus, this cell isolation
and culture protocol can be used to generate tightly paired samples for transport and secretion
studies.

It is a challenge to investigate hormonal regulation of ion transport across mammary
epithelial cells. First, the combinations of steroid and protein hormones and growth factors that
can regulate mammary epithelial function are complex during all stages of mammary
development. Second, the mammary gland structures are complex, which makes in situ or ex
vivo measurement very difficult. Together, these factors have left the molecular mechanisms of
ion transport across mammary epithelia largely uncharacterized. Therefore, this dissertation,
which focuses on defining the mechanisms of Na" transport in mammary glands by using in vitro
cell models, provides valuable information regarding the mechanisms that can be observed and
and the procedures that might be used to generate new tools for further characterizing the system.
MCF10A cells provide a good in vitro model to study human mammary epithelial ion transport.
This cell line is immortal, but was not transformed (225). It responds to hormones and growth
factors during culture (225). This cell line also expresses prolactin receptor (154), but lacks
estrogen receptor (44). Based on these features, MCF10A cells often are used as control cells in
in vitro breast cancer studies. Moreover, MCF10A cells have the ability to grow in three-
dimensional (3D) culture, and thereby are capable of recapitulating (45, 86). Importantly,
MCFI10A cells can grow as electrically tight monolayers that exhibit hormone-sensitive ion
transport. However, milk proteins were not reported to be expressed in MCF10A cells (252).

Casein expression was detected when MCF10A cells were co-cultured with human mammary
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fibroblasts and adipose-derived stem cells in a 3D culture system (252). Taken together,
MCF10A monolayer cultures provide a good model to study ion transport across human
mammary epithelia but has clear limitations. Therefore, we sought to optimize conditions to
isolate and grow primary mammary gland epithelial cells from dairy animals.

In Chapter 3, only one bovine and one goat mammary gland were obtained for the study,
which accounts for substantial limitations on the conclusions that can be drawn. Nonetheless, the
data provide meaningful direction for future studies. A protocol to isolate and grow primary
mammary epithelial cells as electrically tight monolayers on permeable supports was
demonstrated and can be optimized. Much work remains to be done in order to establish a
primary cell culture system to study hormonal-sensitive ion transport across mammary gland
epithelia. We exposed mammary tissues to enzymatic solutions for 90 minutes to isolate cells,
which may not be optimal. Others reported enzymatic digestion times varying from 30 minutes
(259) to 1 hour (171), and to even as long as14 hours (1). It is possible that there are species-
specific digestion times to dissociate healthy epithelial cells from mammary tissues. Moreover,
we employed a single set of enzyme concentrations, 300 U/ml collagenase and trypsin in PBS
with disodium EDTA. Additional work is needed to assess alternate enzyme conditions. Further,
it is challenging to obtain homogeneous epithelial cell samples from a heterogeneous cell
population in fresh mammary tissue. Currently we reported a two-step process to separate
epithelial cells from fibroblasts. The first step included sedimentation for 30 minutes, twice, to
allow fibroblasts to attach when epithelial cells remain suspended (214). Following this step and
the establishement of cell proliferation, we used selective trypsinization to enrich epithelial cell
population when cells were passed (53, 171). Several methods can be used to enrich epithelial
cells populations. A reported protocol for isolation of mammary epithelial cells from non-
lactating pregnant cows implemented the use of antibody against milk fat globule membrane
protein, PAS III, in flow cytometry to obtain an homogeneous epithelial cell population (69).
Density gradient centrifugation also was used to separate epithelial cells from nonepithelial
elements (151). Rat and cow mammary epithelial cell cultures were generated using this method
to separate cells and tissues in colloidal silica media which contain particular density region to
sediment epithelial cells population (151). Moreover, a gravity sedimentation approach has been
used to separate cells from connective tissue after digestion (137). Thus, many options are

available that could be tested to optimize the procedure further.

73



Mammary culture media are complex when compared to culture media for many other cell
types. One of the goals for this study is to optimize culture conditions to grow primary mammary
epithelial cells. Two different media compositions were used to grow 1°CME. The first medium,
typical human media (THM), has been used to grow MCF10A cells. This medium contains 5%
horse serum, hydrocortisone and EGF. The second medium, TBM, which was used to culture a
bovine mammary cell line, BME-UV, includes a combination of four commercially available
base media with three types of serum, but lacks hydrocortisone and EGF. The data suggest that
1°CME exhibited higher electrical resistance in THM, compared to TBM. Moreover, amiloride-
sensitive /;. was detected only when 1°CME were grown in THM. These data suggest that THM
may be better suited to grow 1°CME, or at least to induce a measurable level of ion transport,
when compared to the bovine medium. Tissues from lactating cows were reported to pose special
challenges in cell isolation and culture because the cells were fragile in enzymatic solution; cells
did not grow if tissues were exposed to digestive enzymes longer than 90 minutes (137). In the
current report, we isolated and grew 1°BME on permeable supports successfully using tissues
enzymatic dissociated for 90 minutes. The 1°BME formed electrically tight monolayers and
responded to adrenergic and cholinergic agonists. Reports from this laboratory demonstrated that
glucocorticoids induce amiloride-sensitive I, across BME-UV cell monolayers (182, 197).
However, 1°BME failed to respond to dexamethasone with amiloride-sensitive /.. From these
limited observations, it is difficult to make conclusions regarding the effect of steroid hormones
on primary bovine mammary epithelial cells. More experiments should be conducted to
characterize hormone-sensitive ion transport across mammary epithelial cells derived from
multiple individuals and epithelial cells derived from different portions of the gland. Importantly,
this report defines a protocol that was successful in isolation and growing 1°CME and 1°BME on
permeable supports as electrically tight monolayers.

Na' transport has a close relationship with mammary gland health. The link between Na"
transport and mammary epithelial integrative has been shown by using an in vitro system
employing BME-UVecells in this laboratory (182, 197). Changes in Na' concentration on the
apical (i.e., milk) side of the cells had a rapid and profound impact on the epithelial barrier (181).
A reduction in the apical Na" concentration led to an increase in epithelial electrical resistance,
indicating a tight epithelial barrier. Loss of the mammary epithelial barrier is documented in

mastitis, which is the most costly disease in the dairy industry in North America (181, 264). The
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pathophysiology of mastitis remains poorly understood. Elevated milk electrical conductivity
and elevated electrolytes have been used to indicate the preclinical stages of mastitis (130).
There are ongoing questions whether mastitis compromises the epithelia barrier to induce an
increase in milk electrolytes or whether mastitis induces a decrease in the activity of Na"
absorption mechanisms to increase milk electrolytes, thereby causing the epithelia barrier to
break down. Our outcomes suggest that ENaC-mediated Na® absorption across mammary
epithelium, which is regulated by corticosteroids, can contribute to the generation and
maintenance of the epithelial barrier (182). Conversely, the results suggested that a reduction in
ENaC activity might contribute to mastitis disease progression. Escherichia coli, which are
Gram-negative bacteria, commonly cause bovine mastitis (89). Although cholera toxin is not a
common pathogen found in mastitic cows, its structure and response pathway are similar to
Escherichia coli heat labile toxin (228). Therefore, the identity of key intermediates by which
Ctx modulates ENaC-mediated Na' absorption might provide novel targets to treat or prevent
mastitis. In vitro cell models of primary mammary gland epithelial cells can be developed to
study the cellular mechanisms for treating and/or preventing mastitis.

In summary, this dissertation focuses on identifying mechanisms that regulate Na" transport
across mammary gland epithelial cells. Corticosteroids induce mammary epithelia to express
ENaC at significant levels, which can account for low Na' concentration in human milk. Ctx
potentiates the effect by enhancing ENaC localization in the apical membrane. This signaling
mechanism is independent of cAMP/PKA and reflects a novel pathway characterized by
prevention of ENaC degradation and enhancement of channel monoubiquitination. In the
mammary gland, these processes are expected to either further reduce the Na' concentration in
milk or reduce the fluid volume that is secreted. This novel regulation of Na' transport across
human mammary epithelial cells establishes a foundation for understanding human milk
composition and potentially has broad implications for the regulation of fluid and electrolyte
balance throughout the body. This new regulatory pathway may provide new targets to treat or
prevent mastitis. Moreover, optimization and development of a method to isolate and grow
primary mammary gland epithelial cells will provide valuable in vitro cell models to study

mechanisms of hormone-sensitive ion transport across mammary gland.
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5-HT
BCN1-28
Angll
ASDN
CF
CFTR
Ctx
EGF
ENaC
ERK
FIL
HME
hTERT
Iy
JAK2
MAPK
MFG
mTORC-2
NEDDA4
PHA-1
PI3K
PKA
Rie
SERT
SGK
STATS
T-HME

Appendix A - Glossary of Acronyms

5-hydroxytryptamine or serotonin
B-casein 1 to 28

Angiotensin II

aldosterone-sensitive distal nephron
Cystic fibrosis

Cystic fibrosis transmembrane conductance regulator
Cholera toxin

Epidermal growth factor

Epithelial Na" channel

Extracellular signal-regulated kinases
Feedback inhibitor of lactation
Human mammary epithelial cells
Human telomerase

Short circuit current

Janus kinase 2

Mitogen-activated protein kinases
Milk fat globule

mammalian target of rapamycin complex-2

Neural precursor cells expressed developmentally downregulated

Pseudohypoaldosteronism type 1
phosphatidylinositol 3’-kinase

Protein kinase A or cAMP-dependent protein kinase
Transepithelial electrical resistance

Serotonin reuptake transporter

Serum and glucocorticoid-induced kinase

Signal transducer and activator of transcription 5

see HME
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