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ABSTRACT

The production of breast milk of optimal quality and quantity is critical for
providing the nursing infant with optimum nutrition during the critical neonatal period.
The World Health Organization and American Pediatrics Association recommend 6
months of exclusive breastfeeding in order to confer optimal health benefits to both the
mother and nursing infant. Exclusive breastfeeding provides numerous benefits for the
developing infant including increased growth, optimal immune function, and improved
cognitive function compared to infants who don’t breastfeed. Additionally, exclusive
breastfeeding is correlated with decreased rates of chronic disease later in life such as
adverse cardiovascular health outcomes, diabetes, and decreased rates of obesity.
The mammary gland must develop and lactate, therefore understanding how the
mammary gland transitions to a secreting phenotype is important. In order for the
mammary gland to provide milk of optimal quality and quantity for the nursing infant, it
must first undergo sufficient growth and development during several stages of growth
throughout the lifetime. Pubertal growth includes the expansion of fundamental ductal
structures that invade the mammary fat pad, creating a simple tree-like structure
containing alveolar buds at the distal ends, which remain dormant until pregnancy.
Further development during pregnancy involves continued secondary and tertiary
branching of the ductal tree, and development of alveolar buds into differentiated, lobular
structures capable of milk synthesis and secretion. Therefore, understanding how the
mammary gland develops into a structure capable of optimal milk production is critical
for the health of the nursing infant.

iv

Numerous factors serve a comprehensive role in regulating mammary gland
development and function. One such factor is Zn, which has been shown to regulate
mammary gland development and function from a cellular, physiological, and dietary
perspective. Zn is required for numerous mammary gland proteins that are critical to
mammary gland function and milk synthesis such as the lactose enzyme complex, which
is responsible for the synthesis of lactose, the most abundant carbohydrate in milk.
Additionally, marginal Zn deficiency has been shown to induce numerous adverse effects
on mammary gland biology and milk synthesis including increased levels of apoptosis,
decreased milk volume secretion, decreased milk Zn concentration, and decreased
abundance of major milk proteins including caseins and whey acidic protein.
The Zn transporter, ZnT4 (slc30a4) has been implicated as a critical regulator of
milk production and quality. The “lethal milk” mouse (C57bl/6Jlm/lm) contains a
spontaneous mutation in slc30a4, which results in a non-functional, prematurely
truncated protein of greatly reduced abundance. The C57bl/6Jlm/lm mouse displays
numerous signs of suboptimal lactation including decreased mammary gland weight,
milk volume, and milk Zn concentration which result in the death of pups within one
week of birth. The primary goal of my dissertation is to understand the role of ZnT4 in
mammary gland development and function during lactation.
Physiological Zn requirements are increased during lactation, especially in the
mammary gland where a significant amount of Zn is imported into the mammary gland
and transported by ZnT4 to supply Zn to Zn-dependent proteins that are critical for
mammary gland expansion and milk synthesis. Increased demand is partially met through
increased absorption of Zn from the diet. Moreover, it is estimated that 60 to 80% of
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women of reproductive age are at risk for Zn deficiency due to low intake of bioavailable
Zn and increased demands during pregnancy and lactation. How Zn is redistributed
within the body to meet the demands of lactation and whether Zn redistribution is altered
during Zn deficiency remains unknown. In study 1, we utilized a mouse model to
quantitatively ascertain the redistribution of whole body Zn pools during lactation and to
assess how a marginal Zn deficiency (15ppm Zn diet) affects Zn redistribution. There
was substantial redistribution of tissue Zn pools during lactation including increased Zn
concentrations in the stomach, muscle, mammary gland, plasma, pancreas, and red blood
cells and decreased concentrations in the liver, femur, and adrenal glands. Zn deficiency
perturbed Zn redistribution in several instances for example in the femur and stomach;
however, the total amount of Zn accumulated by mammary gland was unaffected.
Moreover, we observed that consumption of a marginally Zn deficient diet significantly
decreased offspring weight gain and survival. These studies demonstrate that adequate
dietary Zn intake is necessary for normal, homeostatic Zn pool redistribution during
lactation in order to meet the shifting demands of Zn during this critical time and
importantly, that the mammary gland appears protected during periods of low Zn intake
In study 2, we explored the sub-cellular location of Zn accumulation in the
mammary gland and mammary epithelial cell during lactation. We utilized x-ray
fluorescence microscopy and identified the accumulation of large, discrete, labile Zn
pools in the lactating mammary gland. We identified the GA as the sub-cellular location
of these Zn pools, which was subsequently redistributed in response to PRL stimulation
to vesicles destined for secretion from the mammary gland. These studies demonstrate
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the fundamental role of Zn accumulation in the GA as a critical component of mammary
gland Zn homeostasis and function during lactation.
Previous studies noted the presence of ZnT4 proximal to the luminal membrane in
breast biopsies from lactating women. Additionally, we found that ZnT4 was localized to
an intracellular compartment and at the luminal membrane of the lactating mammary
gland in rodents, and furthermore, expression is dramatically enhanced during lactation.
Therefore, in study 3 we delineated the role of ZnT4 in cultured mammary epithelial cells
(HC11) and showed that it transports Zn into the trans-GA for Zn-dependent proteins that
are critical for mammary gland function and optimal milk synthesis including 1,4-βgalactosyltransferase and carbonic anhydrase VI. Additionally, we found that ZnT4
traffics to the cell membrane in response to Zn to transport Zn out of the cell. These
studies demonstrate that ZnT4 is responsible for Zn import into the GA and plays a
central role in promoting optimal mammary gland function and Zn secretion during
lactation.
In study 4, we used ZnT4-null mice (C57bl/6Jlm/lm) to investigate the role of ZnT4
in mammary gland development and lactation. Histological analysis revealed
significantly impaired ductal expansion as measured by decreased alveolar abundance in
nulliparous C57bl/6Jlm/lm mammary glands. Furthermore, C57bl/6Jlm/lm mammary glands
had decreased MMP-9 activity suggesting that ZnT4 plays a critical role in mediating Zndependent proteins that are critical in expansion of the ductal tree during mammary gland
development. Additionally, lactating C57bl/6Jlm/lm mammary glands display a sparser
ductal tree structure and fewer alveoli compared to wild-type littermates, indicating that
the defects observed in nulliparous C57bl/6J mice carry over to lactation. To further
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investigate our findings from a mechanistic perspective we attenuated ZnT4 expression in
HC11 mammary epithelial cells, which increased cytoplasmic Zn concentration and
decreased Zn secretion. These studies indicate that GAZnT4-null C57bl/6Jlm/lm mice are
unable to import Zn into the GA to supply Zn to Zn-dependent proteins that are critical
for mammary gland development. These studies implicate ZnT4 as a critical mediator of
intracellular Zn homeostasis, thereby playing a central role in regulating Zn-mediated
enzymes that control fundamental aspects of mammary gland ductal growth and
expansion.
In summary, results supported a central role for ZnT4 in mammary gland
development and function; specifically in its ability to transport Zn to proteins that are
critical to optimal lactation and to maintain intracellular Zn homeostasis. Overall, these
studies show that ZnT4 is critical for mammary gland ductal growth and expansion
during puberty, and understanding the function of ZnT4 will have major implications
towards improving our understanding of how the mammary gland is able to properly
develop and produce milk of optimal quality and quantity, thereby improving maternal
and infant health.
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Chapter 1 Literature Review

1.1 Breastfeeding

1.1.1 Breastfeeding recommendations
Breast milk is the best source of nutrition for newly born infants as it promotes
optimal health and growth throughout the first six months of life. The World Health
Organization (WHO) recommends six months of exclusive breastfeeding for newborn
infants. After six months of exclusive breastfeeding, complementary foods are
recommended up to two years of age. Breast milk contains many essential nutrients as
well as non-nutritive factors, immunomodulatory and bioactive components, and
hormones that serve critical roles in infant health for the first six months of life [1, 2] and
promote positive health outcomes later in life [3-6]. Therefore, the mother’s ability to
produce an adequate amount of high quality breast milk is critical for infant development
and health.

1.1.2 Health benefits of breastfeeding
Exclusive breastfeeding has been shown to confer numerous health benefits to the
developing infant including increased rate of cognitive development, decreased risk for
infection, and, as an adult, decreased risk of becoming obese and developing associated
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comorbidities such as cardiovascular disease, type 2 diabetes mellitus, and decreased
immune function [7].
Due to the large abundance of various immunomodulatory components of breast
milk, breastfeeding has been shown to promote the development of immune function [8,
9] and serves a protective effect from the development of many common infections
observed during infancy including pulmonary and gastrointestinal infections [10].
Additionally, breastfeeding has been linked to a higher degree of cognitive development
in many studies [11]. Bio-active components such as long-chained fatty acids and
nucleotides are found in large quantities in breast milk and are believed to play a central
role in the cognitive development of breastfed infants [12]. However, further research is
needed in this area to better understand this possible connection.
Breastfeeding has been strongly correlated to future risk of cardiovascular disease
in adults as measured by a variety of metrics including blood cholesterol, blood pressure,
and development of type 2 diabetes [13]. Evidence has shown that breastfed infants, who
are exposed to cholesterol early in life, have higher total blood cholesterol concentrations
in infancy compared to formula fed infants [14]. In contrast, adults who were breastfed in
infancy have lower blood cholesterol concentrations [14]. Breastfeeding has also been
correlated with a significant decrease in the risk of developing type 2 diabetes later in life
[6]. However, studies investigating the effects of breastfeeding on critical markers of
glucose metabolism have produced mixed results [15, 16]. Lastly, although there is
significant evidence for the correlation between breastfeeding and a reduction in
numerous risk factors for the development of cardiovascular disease, there is little
evidence suggesting that breastfed infants have a decreased risk of mortality due to
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cardiovascular disease [17]. However, a follow-up study from the Nurses’ Health Study
revealed a small reduction in risk for mortality due to cardiovascular disease in infants
who were breastfed [18].
Breastfeeding is also significantly correlated with body composition and obesity.
Numerous epidemiological studies have demonstrated that infants who breastfeed have a
reduced risk of obesity later in life [19]. There are several theories underlying this
protective effect ranging from the effects of milk components such as leptin and ghrelin
to the infant’s ability to control its own caloric intake [20-22].
While there is an abundance of evidence implicating the numerous health benefits
of breastfeeding, more research is certainly required in order to fully understand these
effects. Additionally, it is important to note that much of this evidence is populationbased, correlation analyses, and therefore, does not imply that breastfeeding is best for
every infant in every situation.

1.1.3 Barriers and determinants of successful breastfeeding

Despite great efforts of the WHO and similar organizations to promote exclusive
breastfeeding, a recent Center for Disease Control study showed that while three-quarters
of mothers initiate breastfeeding, 57% stop by 6 months and 75% stop by one year
[23]. Additionally, only one-third of mothers were found to exclusively breastfeed until
3 months of age with 13.6% continuing to 6 months [24]. Therefore, increasing the
number of infants who are exclusively breastfed to 80% and increasing the rate of
exclusive breastfeeding for the first 6 months of life to 60% are principal goals of
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Healthy People 2020. However, there are numerous physiological, socio-demographic,
and behavioral barriers to achieving these goals [25]. Additionally, several problems arise
when studying breastfeeding patterns and behavior at the population-level. For example,
there is a lack of consistency between studies with the definition of exclusive
breastfeeding. Also, when comparing studies over the past couple of decades, formula
composition has changed dramatically, therefore it is difficult to adequately compare
many studies across time from a physiological perspective.
Several socio-demographic characteristics are strongly associated with positive
breastfeeding outcomes including women who are multiparous [26], of white race [26],
higher income [27], education level [26], and have previously breastfed [28]. In contrast,
lower maternal age, residence in the south or midwest U.S., single marital status, and
lower income level are all associated with early breastfeeding cessation [29].
Breastfeeding duration and exclusivity is significantly decreased for women who are
primiparous, obese, have little to no previous breastfeeding education, smoke during or
after pregnancy, or deliver by cesarean section [27, 30-32]. It is evident that a variety of
factors from every aspect of life has been correlated with breastfeeding behavior.
Importantly, a mother’s confidence in her ability to provide adequate nutrition to
her infant plays a very strong role in her decision of whether or not to continue with
exclusive breastfeeding or substitute formula and/or complementary foods [33].
Lactogenesis II, which occurs within 48 to 72 hours of parturition in women, is
characterized by the production of copious amounts of milk. If a mother does not
perceive that sufficient milk is being produced then she may more readily turn to formula
feeding shortly after birth [33]. This suggests that understanding the multitude of
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underlying factors potentially responsible for optimal milk production and quality are
critical to increasing the incidence of exclusive breastfeeding.

1.2 Mammary gland growth and expansion

In order for an optimal lactation experience to occur, the mammary gland must
develop into an organ containing the comprehensive physiological framework necessary
to support the phenotypic transition to a secreting organ during late pregnancy and
lactation. Mammary gland growth and expansion occurs in several distinct stages
throughout a lifetime. While mammary gland development begins before birth with the
formation of a rudimentary ductal structure [34], a majority of mammary gland
development occurs during puberty followed by additional growth during pregnancy and,
along with differentiation, continues into lactation.

1.2.1 Ductal morphogenesis and growth regulation

In the mammary gland, ductal elongation and branching occur at the onset of
puberty under the control of several important hormones including estrogen, epidermal
growth factor (EGF), and insulin-like growth factor (IGF)-1 [35]. The terminal end bud
(TEB) is the driving enzymatic and proliferative mechanism by which ductal structures
are able to progress through the mammary fat pad [35], driving continuous and repeated
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dichotomous branching of the ductal framework leaving behind a tree-like structure
where secretory alveolar structures are formed during pregnancy [36].
Ductal morphogenesis is initiated by the formation of a TEB, which are
comprised of a bilayer of cells. The outer layer, or “cap cells”, is comprised of a
monolayer of pluripotent stem cells that subsequently give rise to the myoepithelium. The
inner layer, or “body cells”, are an abundance of proliferating epithelial cells that
eventually form the milk-secreting monolayer during lactation. During expansion, the
TEBs migrate through the ductal fat pad until they reach the edge, where they encounter
the mechanical impedance necessary to terminate growth [37, 38]. Ultimately, progress
of the TEBs through the mammary fat pad is derived from proliferation of the body cells
within the TEB. This pressure exerts the mechanical force necessary to extend the ductal
structure and drive expansion of the ductal tree [39]. Once forward movement is
achieved, restructuring of the duct into a luminal structure is achieved through several
factors. One such factor is the contraction of the newly formed myoepithelial cells around
the proximal portion of the TEB, which squeezes the structure into a duct-like formation
[39]. Additionally, remodeling of extracellular matrix (ECM) also contributes to ductal
formation through deposition of peri-ductal collagen. The presence of tightly bound
collagen around the ductal perimeter contains the pressure of ductal growth, thereby
pushing growth forward [40]. Collagen also plays an active role in shaping the ductal
structure. Mammary epithelial cells will embed in a layer of collagen in vitro and form
narrow tubules [41], demonstrating the growth-supportive role of collagen.
Mechanistically, collagen binds to members of the integrin family of extracellular matrix
receptors in vivo and stimulates the formation of actin-cytoskeletal foci that are capable
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of mechanically influencing mammary epithelial cell shape, thereby influencing ductal
formation [42]. Overall, it is apparent that the complex interaction between the mammary
epithelium and ECM is critical to ductal growth and the optimal formation of ductal
structures.
Mammary gland ductal morphogenesis and growth are critical functions that must
be closely regulated to achieve optimal mammary gland function during lactation. There
are numerous local and endocrine factors that play a role in the regulation of mammary
gland development and ductal growth. Central to this regulation is phenotype-dictated
hormonal control of cellular growth and differentiation. Estrogen, progesterone, prolactin
(PRL), and insulin-like growth factor-1 comprise the set of fundamental mediators of
these processes. There are a multitude of factors that serve to regulate mammary gland
ductal morphogenesis and growth and many remain to be clearly discerned.

1.2.2 The role of matrix metalloproteinases (MMP) in mammary gland ductal
development
The mammary gland extracellular matrix (ECM) has long been known to play a
determining role in mammary gland structural development through ductal growth and
branching [43]. While the degradation and removal of the ECM serves to remove an
impediment to ductal growth, it also uncovers and activates morphoregulatory signals
through remodeling [37, 38]. Direct contact of mammary epithelial cells and the
extracellular matrix is mediated in part by integrin and non-integrin receptors of the ECM
[44]. Specific integrin receptors relay morphogenic cell signaling cues, which directly
affect ductal branching and growth [44]. Due to the differential localization of integrin
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receptors throughout the ECM, similar to the composition of the ECM itself, the stromal
environment and content directly affect mammary gland branching morphogenesis
(MGBM) [37, 38].
Branching morphogenesis in the mammary gland involves the invasion of the
ECM by ductal structures. This invasion is mediated in part by ECM-degrading enzymes,
specifically matrix metalloproteinases (MMP). MMP activity is evident in the mammary
gland during branching morphogenesis [44, 45]. While there are currently 23 identified
MMPs, their function and localization vary greatly. MMP-3 has been shown to induce
branching morphogenesis in three-dimensional mammary gland organoids cultured on
collagen type I [45]. Additionally, through knock-out models, MMP-3 has been shown to
specifically promote lateral branching morphogenesis, while other MMPs such as MMP2 have been shown to promote ductal elongation during mid-puberty [46]. MMP-9 is a
gelatinase whose wide range of substrates include many components of the mammary
gland stromal tissue such as collagen, plasminogen, pro-IL-1, and pro-IL-2 [47].
Furthermore, MMP-9 has been demonstrated to be critical for branching morphogenesis
within the mammary gland [48]. There are a multitude of regulators that mediate the
activity of these MMPs including tissue inhibitors of metalloproteinases (TIMPs), various
cytokines/chemokines, and metals [47]. Currently, we do not understand the precise set
of controls that regulate MMP activity in the mammary gland and further research is
needed to uncover this information.
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1.3 Mammary gland differentiation and lactation
For the mammary gland to supply milk of optimal quality and quantity to the
nursing infant, it must first undergo a phenotypic transition to a secreting organ. Every
stage of mammary gland differentiation and development requires acutely timed
hormonal regulation to achieve the secreting phenotype capable of supplying the infant
with nutrient-rich, quality milk. The primary reproductive hormones that directly mediate
mammary gland differentiation include estrogen, placental lactogen (PL), PRL, oxytocin,
and growth hormone (GH) [36]. Several stages of differentiation and alveolar
morphogenesis lead to a fully lactating mammary gland. Lactogenesis I is initiated
approximately mid-pregnancy and is characterized by an expansion of the ductal network
in an increasingly comprehensive and bifurcating manner, the formation of numerous
lobular structures comprised of differentiated alveolar sacs, as well as an increase in
expression of many of the genes associated with the synthesis and secretion of milk [36].
Lactogenesis II occurs upon parturition and concomitant progesterone withdrawal
resulting in further increased production of milk protein genes, the closure of tight
junctions between alveolar cells, and the transfer of lipid droplets and milk proteins into
the alveolar lumen. Overall, this process results in the production of copious amounts of
milk for the nursing infant.
The lactogenic hormone PRL is required for synthesis of milk constituents as
well as maintaining the mammary gland secretory phenotype [49, 50]. PRL is secreted in
a constitutive manner beginning in pregnancy, and acutely during lactation in response to
infant suckling. PRL secretion from the anterior pituitary gland is responsible for the
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majority of PRL in circulation, however, PRL is also secreted from other organs
including the placenta, uterus, and the mammary gland itself [51]. In the mammary gland,
PRL binds to the PRL receptor (PRLr) on the cell surface of mammary epithelial cells.
Jak2 is then recruited to the cytoplasmic domain of PRLr, leading to Jak2
autophosphorylation. Next, Jak2 phosphorylates the transcription factor STAT5, which
subsequently dimerizes and translocates into the nucleus where it binds to the promoter
region of PRL-responsive genes including those that encode milk constituents and
resident mammary gland proteins that mediate lactogenic functions [52-54].
Oxytocin is secreted from the posterior pituitary gland in response to infant
suckling and is the primary hormone responsible for stimulating the ejection of milk from
alveolar sacs via contraction of surrounding muscle tissue. This sequence of events is
initiated by infant suckling, which initiates neural signaling that stimulates the supraoptic
nucleus and paraventricular nucleus areas of the brain [55]. Stimulation of these brains
regions causes secretion of oxytocin, which subsequently binds to oxytocin receptors on
the myoepithelial cells surrounding mammary gland alveolar sacs causing contraction of
the myoepithelium and ejection of milk into the ductal system.

1.3.1 Galactopoiesis

Milk synthesis and secretion is a critical physiological event occurring in evolving
stages throughout lactation. Although the composition of breast milk is quite variable,
there are numerous nutritive and non-nutritive factors present in breast milk to support
the growth and development of the neonate. During Lactogenesis I numerous endocrine
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controls, including PRL, oxytocin, and the withdrawal of progesterone and estrogen,
coordinate the transition of the mammary gland to a fully secreting organ capable of
abundant milk production (lactogenesis II) [36, 56]. Once the mammary gland has
reached the stage of abundant milk production, the maintenance of a lactating state
requires, in addition to endocrine stimulation, autocrine regulation and continued milk
expression on a regular basis to reinforce the process of milk synthesis [57, 58].
Specifically, recent evidence has uncovered autocrine PRL stimulation to be a critical
mediator of continued lactation success as it required for lactation initiation [57, 59, 60].
Additionally, systemic PRL regulates the production of lactogenic proteins in an acute
manner as serum PRL levels respond to infant suckling in an effort to synthesize milk
constituents in alignment with infant demand [61-63].
Milk production requires the synthesis of macronutrients from several
fundamental cellular processes. Lactose is the most abundant carbohydrate found in milk
and synthesized by the lactose synthase enzyme complex located in the trans-GA of
mammary epithelial cells [64, 65]. Stimulation of the lactose synthase enzyme complex is
achieved primarily through availability of divalent cations within the lumen of trans-GA
[66, 67]. Additionally, mammary gland de novo lipid synthesis is achieved under the
direct influence of maternal dietary macronutrient composition [68].
Overall, regulation of galactopoiesis is critical for the synthesis of milk of optimal
quality, which directly influences the health of the nursing infant by providing critical
nutrition in the early stages of infant growth and development.
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1.4 The role of Zn in mammary gland function during lactation

1.4.1 Cellular processes that require Zn

Zn is the second most abundant trace element the human body, and the most
abundant intracellular trace element. It is utilized as a cofactor for a large amount of
proteins and enzymatic reactions. In fact, it is estimated that approximately 10% of the
proteome has the ability and/or requirement to be metallated by Zn [69]. Many of these
proteins are critical to mammary gland function and the processes related to milk
synthesis and secretion.
Zn plays a central role in a multitude of cellular processes due to its fundamental
role to an array of enzymatic processes. PRL is a lactogenic hormone secreted by the
anterior pituitary gland and mammary gland that stimulates and maintains a secreting
phenotype [51]. Zn binds to PRL and stimulates self-aggregation [70, 71], which is a
characteristic known to promote secretion in other hormones such as insulin and growth
hormone. Additionally, Zn was shown to promote phosphorylation of PRL through
increased PRL kinase activity, an event that was associated with PRL secretion into milk
[72, 73]. Therefore, through autocrine PRL signaling, Zn serves a central role in
stimulating and maintaining a lactating phenotype in the mammary gland.
Intracellular signaling is largely mediated by intracellular Zn concentrations,
including those that directly affect lactation and mammary gland function. Specifically,
Zn concentrations mediate the activity of several protein kinases and phosphatases, which
in turn regulate the progression of intracellular signaling cascades. Zn is widely involved
in the mitogenic signaling cascades tyrosine receptor kinases and mitogen-activated
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protein kinases (MAPK). Chelation of Zn by DTPA causes a significant decrease in
stimulation of MAPK activity by IGF-1 in rat fibroblasts [74]. In accordance with this
effect, extracellular Zn supplementation increased tyrosine receptor kinase and MAPK
activity [75]. Zn is thought to affect these pathways specifically through interference with
tyrosine dephosphorylation as several studies have shown the inhibitory effect of Zn on
the tyrosine phosphatases [76, 77]. Additionally, protein kinase C (PKC) mediates the
transduction of several signaling cascades including those involved in cell growth and
proliferation. Zn stimulates the translocation of PKC to the cell membrane, thereby
activating the PKC activity. Zn achieves this activity by binding to two identical Zn
binding motifs in the regulatory, N-terminal region of PKC [78]. Zn itself has also been
implicated as a secondary signaling molecule within the intracellular space. Therefore,
regulation of Zn transport into and out of the intracellular space is critical for maintaining
cell signaling function that is important for mammary gland function and milk
production.

1.4.2 Protein metallation in the Golgi apparatus

For the mammary gland to produce milk of optimal quality and quantity, the
mammary epithelial cells must transport and produce numerous milk constituents in
abundant supply. Both the endoplasmic reticulum (ER), Golgi apparatus (GA), and the
vesicles derived from these subcellular compartments are central to fulfilling this
obligation as they are they are primarily responsible for the trafficking, sorting and posttranslational modification of proteins and other factors that are secreted from the
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mammary epithelium into milk [79]. Glycosylation and phosphorylation of proteins
within the GA are two of the most common post-translational modifications that occur
prior to secretion. Additionally, metallation of secreted factors within the GA is a
commonly required for enzyme activity or proper protein folding and conformation.
Therefore, determining how the GA is able to modify/metallate critical milk proteins is
important for ensuring the production of quality milk.

Lactose synthase enzymatic complex

The lactose synthase complex is a mammary epithelial cell resident protein that is
located in the trans-GA. It is responsible for the synthesis of lactose that is secreted into
breast milk, which subsequently plays a central role in determining the volume of milk
that is secreted. Zn is required for the β-1,4-galactosyltransferase sub-unit of the lactose
synthase enzyme complex [80], and therefore, it is critical that appropriate Zn
concentrations are maintained within the GA in order to maintain availability for this
enzyme.

Carbonic anhydrase VI (Gustin)

Carbonic anhydrases are a family of enzymes that interconvert carbon dioxide and
water to bicarbonate and protons. Carbonic anhydrases require a Zn atom at their active
site to function [81]. Carbonic anhydrase (CA VI), also known as gustin, is secreted
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enzyme found in saliva and breast milk [82]. CA VI was originally discovered to play a
significant role in taste. Studies have shown that a Zn restricted diet significantly reduced
taste perception, a phenomenon shown to be mediated by CA VI [83]. Additionally, CA
VI activity from breast milk is critical for infant taste bud growth and alimentary tract
development [84]. Therefore, understanding how Zn is provided for the CA VI active site
is critical for understanding how breast milk of optimal quality is provided to the
developing infant.

1.4.3 Zn secretion into milk

Zn is an essential nutrient that is highly in demand during early life for rapid
neonatal growth. To supply the newborn infant with Zn, approximately 1-3 mg Zn/day is
secreted into milk for the developing infant, and is required for growth, cognitive
development, and optimal immune function [85-87]. Inadequate Zn transfer into breast
milk will result in Zn deficiency. This situation is encompassed in the phenomenon
known as “transient neonatal Zn deficiency,” in which infants who are exclusively
breastfed experience symptoms of severe dermatitis, alopecia, developmental delays and
failure to thrive [88-90]. Currently, we do not understand precisely how the mammary
gland transfers Zn into milk. The secretion of Zn into milk is a tightly controlled process
that is markedly unaffected by dietary Zn intake with the exception of extreme Zn
deficiency. Additionally, there is significant population variation in milk Zn
concentrations, suggesting a multitude of variables that mediate Zn transfer into milk.
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Therefore, further research investigating the comprehensive set of Zn transporters that
mediate the transfer of Zn within and out of the mammary gland is warranted.

1.4.4 Mammary gland Zn transport network

The concept of a Zn transport network is relatively new, dynamic, and perpetually
evolving. Currently there are 24 known Zn transporters that comprise two families: the
Zip (slc39a) and ZnT (slc30a) Zn transporters. There are 14 Zip proteins (Zip1 - Zip14)
[91] and 10 ZnT proteins (ZnT1 - ZnT10) [92] whose localization and expression varies
at every level of biological organization. Our current understanding of Zn transport is
especially unique compared to how other trace metals are regulated at the cellular level.
Zn requires a significantly greater number of Zn-specific proteins to mediate it’s interand intracellular flux than any other trace metal. This is primarily due to a lack of a
ubiquitous Zn binding protein that is responsible for its transport throughout the body
such as transferrin for iron (Fe). Furthermore, Fe is primarily regulated through only a
handful of proteins such as DMT-1 and ferroportin for tissue uptake, while Zn utilizes a
variety of Zips and ZnTs. Due to the lack of ubiquitous binding protein, Zn transport is
mediated through compartmentalization into various intracellular vesicles or subcellular
bodies. Transport into and out of these bodies is mediated by Zip and ZnT transporters.
Zip transporters exclusively transport Zn into the cytoplasm from outside of the cell or
from within an intracellular compartment, while ZnT transporters only transport Zn out
the cytoplasm and either into an intracellular compartment or out of the cell. The
mammary gland utilizes a majority of these Zn transporters to serve its numerous
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requirements for Zn in important and essential functions. To date, only two Zn
transporters have been demonstrated to serve a central role in mammary gland function:
ZnT2 and ZnT4.

ZnT2

ZnT2 is expressed in several tissues including the mammary gland, prostate, small
intestine, liver, kidney and monocytes [93]. Several studies have shown that ZnT2 is
directly involved in the transfer of Zn into milk during lactation. In mammary epithelial
cells, two distinct ZnT2 isoforms are differentially localized to exocytotic vesicles
(~42kDa) and the cell membrane (~35kDA) [94], both of which functionally transport
Zn. Additionally, overexpression of ZnT2 in BHK cells confers a degree of Zn toxicity
resistance, further demonstrating the Zn sequestering abilities of ZnT2. Furthermore,
non-synonymous single nucleotide polymorphisms (SNP) in ZnT2 resulted in
dysregulated Zn secretion and increased oxidative stress in HC11 mammary epithelial
cells [95]. In humans, 5 naturally occurring mutations, G87R, H57R, W152R, S296L,
and 663delC, result in transient neonatal Zn deficiency, which is characterized by
significantly reduced (~75%) Zn secretion into milk for the developing infant [88, 90].
Moreover, ZnT2 is transcriptionally regulated by the lactogenic hormone PRL through
the Jak2-STAT5 signaling pathway [96], and ZnT2 abundance increases ~4-fold in the
lactating mammary gland compared to non-lactating tissue [97]. These studies reflect the
central role of ZnT2 in providing Zn for secretion into milk for the developing infant, as
well as the influence of genetic variation on matters of Zn secretion and homeostasis.
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1.4.5 The role of ZnT4 in the mammary gland

ZnT4 was first identified as the deleted gene responsible for the “lethal milk”
(C57bl/6Jlm/lm) mouse phenotype that resulted in dysregulated Zn metabolism and the
death of pups nursing dams homozygous for this mutation [98]. ZnT4 is ubiquitously
expressed, and in normal rat kidney (NRK) cells it is localized to the GA, where it relocalized away from the GA in response to Zn [98], suggesting a post-translational
method of regulation by Zn. In the mammary gland, ZnT4 has been localized to the
apical membrane of the mammary epithelium, and ZnT4 abundance is significantly
higher in lactating mammary gland compared to non-lactating tissue [97], suggesting a
critical role for Zn transport into milk during lactation. Additionally, mammary gland
ZnT4 abundance decreases throughout the course of lactation [99], analogous to milk Zn
concentrations, further implicating a role for ZnT4 in transferring Zn into milk for the
developing infant. These studies underscore the critical need to understand the role of
ZnT4 in the developing and lactating mammary gland as it relates to mammary gland
growth, function, and Zn metabolism.
It was previously observed that a spontaneous mutation that arose in a population
of C57bl/6J mice resulted in numerous adverse effects, the most substantial of which was
the death of pups suckling a lactating dam that is homozygous for this mutation [100,
101]. Therefore, this mouse strain was labeled the “lethal milk” mouse (C57bl/6Jlm/lm).
Subsequently, it was determined that the mutated gene responsible for this phenotype was
the zinc transporter ZnT4 (slc30a4) [98].
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Several physiological aspects of C57bl/6Jlm/lm mice have been investigated
including milk synthesis [102], intestinal Zn metabolism [103], liver Zn metabolism [104,
105], otolith development [100], aging effects [100], and manganese (Mn), Cu, and Zn
metabolism [106]. However, given the significant effects of the lm/lm mutation on
offspring health and viability, a significant gap in research pertaining to effects of the
lm/lm mutation on mammary gland biology remained.
C57bl/6Jlm/lm mice have provided evidence of the important role of ZnT4 in Zn
metabolism. To date, the most noted feature of C57bl/6Jlm/lm mice is significantly
decreased (~35%) milk Zn concentration leading to death of the nursing pups [101, 102,
107]. While maternal and/or offspring Zn supplementation significantly remediates the
effect of decreased rate of offspring survival [100], the underlying mechanism through
which this occurs is currently unknown, specifically with regard to the role of ZnT4 in
mammary gland growth and function. Determining the precise role of ZnT4 in mammary
gland growth, development and lactation through characterization of the C57bl/6Jlm/lm
mammary gland will lead to a better understanding of optimal mammary gland function,
thereby revealing potential barriers to optimal lactation and breastfeeding.
Currently, it is not completely understood how mammary gland Zn metabolism is
regulated from a transport perspective. The current literature outlines that there are a
comprehensive set of regulators involved in assuring that the mammary gland is able to
develop and differentiate into a lactating phenotype. Mammary gland Zn plays a central
role in these physiological processes, and although there are numerous Zn transporters
expressed in the mammary gland at all stages of the reproductive cycle, we currently do
not understand the precise or relative contribution of each transporter to this system. Due
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to previous characterizations of mammary gland ZnT4, such as its localization to the
apical membrane and peri-nuclear locations of the mammary epithelium, its increased
abundance in the lactating mammary gland, and numerous lactation defects observed in
C57bl/6Jlm/lm mice, we hypothesize that ZnT4 transports Zn into the mammary epithelial
cell GA for Zn-dependent processes that are critical for mammary gland function.
Additionally, we hypothesize that ZnT4 transport is critical for mammary gland growth
and expansion due to its role in providing Zn for underlying mechanisms that are critical
for mammary gland function including branching morphogenesis and the synthesis of
critical milk constituents. Understanding the precise role of ZnT4-mediated Zn transport
will help to elucidate the physiological framework necessary for optimal mammary gland
function and the production of milk of optimal quality and quantity, thereby promoting
improved infant health.
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Chapter 2
Whole body zinc redistribution during lactation is perturbed by marginal
zinc deficiency in mice

Abstract

Zinc (Zn) requirements are increased during lactation. Increased demand is
partially met through increased absorption of Zn from the diet. How Zn is redistributed
within the body to meet the demands of lactation is not understood. Moreover, it is
estimated that 60 to 80% of women of reproductive age are at risk for Zn deficiency due
to low intake of bioavailable Zn and increased demands during pregnancy and lactation.
How Zn redistribution is altered during Zn deficiency remains unknown. Female
C57bl/6J mice were fed a control (30 mg Zn/kg) or a marginally Zn deficient (15 mg/kg)
diet for 30 d prior to mating through mid-lactation and compared with nulliparous mice
fed the same diets. Lactation increased the Zn concentration in stomach, plasma, red
blood cells, pancreas, muscle, and mammary gland, and decreased the Zn concentration
in liver, femur, and adrenal glands. Zn deficiency perturbed Zn redistribution in several
instances including the femur and stomach Zn pools. While stomach Zn concentration
normally increases, Zn deficiency caused a decrease in stomach Zn during lactation.
Additionally, femur Zn normally decreases during lactation, but mice consuming a Zn
deficient diet did not experience this decrease. Moreover, Zn deficiency significantly
increased offspring liver Zn concentration and decreased weight gain and survival.
Overall, this observational study provides novel insight into how Zn is redistributed to
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meet the increased metabolic demands of lactation and how marginal Zn deficiency
interferes with these homeostatic adjustments.

Introduction

Dramatic micronutrient and metabolic shifts occur during lactation. The
additional demand for zinc (Zn) during lactation (~4 mg Zn/d) is double the amount
required during pregnancy [108] to support milk production and provide ~1-3 mg Zn/d
for secretion into milk. Zn demands are partially met by increased fractional Zn
absorption (reviewed in [108]). It has been proposed that Zn pools in trabecular bone may
be drawn upon to partially meet these homeostatic adjustments as well [109-111].
However, lactation appears to have a limited effect on endogenous Zn loss from
pancreatic enzyme secretion [111] or renal Zn conservation [108]. How the body
redistributes Zn pools to meet the increased demand during lactation is not understood.
Approximately 60-80% of women of reproductive age are at risk for Zn
deficiency [108]. However, low Zn intake does not affect milk Zn concentration. One
hypothesis is that Zn is absorbed more efficiently [108]; however, a recent meta-analysis
found that doubling Zn intake in lactating women, only increases circulating Zn levels by
~1% [112], suggesting that increased Zn absorption alone cannot maintain milk Zn
concentration. How tissue Zn distribution is affected by low Zn intake to meet increased
demands during lactation is not understood.
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Herein, we utilized C57bl/6J mice to assess changes in tissue Zn distribution that
normally occur during lactation and determined effects of a marginally Zn deficient diet.
While observational, these studies are the first to illustrate how tissue Zn pools are
redistributed to meet enhanced metabolic demands during lactation.

Methods

Animals
This study was approved by the IACUC Committee at the Pennsylvania State
University, which is accredited by the American Association for the Accreditation of
Laboratory Animal Care. Female C57BL/6J mice (5 wks of age) were obtained
commercially (Charles River, Wilmington, MA) and housed individually in
polycarbonate cages. Mice were maintained on a 12 h light/dark cycle under controlled
temperature and humidity. Mice were fed a commercially available purified casein-based
diet based on AIN93 (MP Biomedicals, Solon, OH) containing 30 mg Zn/kg (ZA) or a
diet reduced only in Zn (15 mg/kg, ZD) [113] throughout the study. The Zn content of the
diet was verified by atomic absorption spectrophotometry.

Lactating- Nulliparous mice

were fed ZA or ZD (n=15/diet) for 30 d prior to conception then bred and allowed to
deliver naturally. Litter outcomes (litter size and weight) were assessed at birth and midlactation (lactation day, LD 8). On LD 8, dams were removed from pups for 2 h to control
for any effects of suckling on tissue Zn distribution. Lactating dams were then
anesthetized using isoflurane and subcutaneously injected with 4U oxytocin to stimulate
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milk ejection. Milk was collected as previously described [114] and data was reported
previously [113]. Dams were subsequently euthanized by CO2 asphyxiation. Nonlactating- Nulliparous mice (n = 6 ZA; n = 6 ZD) were fed the same diets for the same
period of time for comparison. Blood was drawn via cardiac puncture with heparinized
syringes and was subsequently centrifuged at 1,500 x g for 10 minutes at 4˚C to separate
blood plasma and erythrocytes, which were stored at -80˚C until analysis. The liver,
femur, spleen, muscle, kidneys, mammary gland, small intestine, stomach, pancreas, and
adrenal glands were removed and snap frozen on dry ice and stored at -80˚C until
analysis.

Zn Analysis
The Zn concentration of plasma, packed erythrocytes, and tissues was determined
by atomic absorption (AA) spectrophotometry as previously described [113]. Plasma
samples were diluted 1:5 in 0.1N Nitric acid for 1 week and measured.

Hemoglobin analysis
Blood samples were processed as previously described [113] to isolate the plasma
fraction. After the plasma was removed, the hemoglobin concentration in packed red
blood cells was analyzed using a Hemoglobin Detection Kit (Arbor Assays, Ann Arbor,
MI).

Statistical Analysis
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Data are expressed as mean ± SD and analyzed by 2-way ANOVA to test for an
interaction between diet and phenotype (liver, femur, spleen, muscle, kidney, mammary
gland, intestine, plasma, stomach, pancreas, adrenal gland, erythrocytes) or Student’s ttest (offspring liver Zn concentration and growth) after ensuring homogeneity of sample
variance by determining the number of studentized residuals in each observation using
SAS, version 9.3 (SAS Institute; Cary, NC). 2-way ANOVA analysis was conducted
using GraphPad Prism 5.0 (San Diego, CA) and significance was demonstrated at p < 0.1
for an interaction effect, or p < 0.05 for an effect of independent variables (Table 1).
Mouse survival was analyzed using Kaplan-Meier survival curve analysis.

Results

Absorption/Digestion (stomach, intestine, pancreas)
During lactation Zn was redistributed into organs responsible for the digestion
and absorption of nutrients (Fig 5-1). There was a significant interaction between
phenotype and diet on stomach Zn concentration (p<0.05) such that in mice fed a ZA
diet, stomach Zn concentration increased by 18% during lactation, while in mice fed a
ZD diet stomach Zn concentration decreased (Fig 5-1A). There was no effect of
phenotype or diet on small intestine Zn concentration (Fig 5-1B). There was a significant
increase in pancreas Zn concentration during lactation (~50%; p<0.0001; Fig 5-1C);
however, no significant effect of diet was observed.
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Circulation (red blood cell, plasma)
During lactation Zn was redistributed into compartments responsible for systemic
circulation and the exchangeable Zn pool (Fig 5-2). Erythrocyte Zn concentration
significantly increased by 27% during lactation (p<0.01; Fig 5-2A). There was an
interaction effect (p<0.1) between phenotype and diet on plasma Zn concentration such
that in mice fed a ZA diet, plasma Zn concentration increased during lactation, while in
mice fed a ZD diet plasma Zn concentration did not change (Fig 5-2B).

Storage Organs (muscle, liver, femur)
During lactation Zn was redistributed in nutrient processing organs and organs
that could potentially participate in Zn mobilization to meet enhanced Zn requirements
(Fig 5-3). Muscle Zn concentration significantly increased by 37% during lactation but
was not affected by diet (Fig 5-3A). Additionally, liver Zn concentration significantly
decreased by 7% during lactation in mice fed a ZA diet (Fig 5-3B) but decreased
substantially more (18%) in mice fed a ZD diet (p<0.01). Finally, there was a significant
interaction between phenotype and diet on femur Zn concentration (p<0.05) such that in
mice fed a ZA diet, femur Zn concentration decreased by 27% during lactation, while in
mice fed a ZD diet femur Zn concentration, which was lower initially, did not change
(Fig 5-3C).

Excretion (kidney)

27

There was no significant effect of phenotype on kidney Zn concentration.
However, kidney Zn concentration was significantly higher (~4%, nulliparous; ~9%,
lactating) in mice fed a ZD diet compared with mice fed a ZA diet (p<0.01; Fig 5-4).

Hormone regulation (spleen, adrenal glands)
There was no effect of phenotype or diet on spleen Zn concentration (Fig 5-5A).
During lactation there was a decrease in adrenal gland Zn concentration (~50%; p<0.01;
Fig 5-5B); however, no significant effect of diet was observed.

Nutrient transfer (mammary gland, offspring liver)
During lactation mammary gland Zn concentration significantly increased (Fig 56A, p<0.0001). We previously showed that mice fed a ZD diet had 20% lower milk Zn
concentration than mice fed a ZA diet [113]. In contrast, the liver Zn concentration of
offspring from dams fed a ZD diet was significantly higher (15%) compared with
offspring from dams fed a ZA diet (p<0.05; Fig 5-6B).

Offspring outcomes
To investigate effects of alterations in Zn redistribution on offspring health, we
recorded several metrics including offspring weight gain and survival to mid-lactation.
Offspring from dams fed a ZD diet gained significantly less weight (68%) compared with
offspring from dams fed a ZA diet (p<0.05; Fig 5-7A). Additionally, offspring from dams
fed a ZD diet had significantly reduced survival compared with offspring from dams fed
a ZA diet (p<0.01; Fig 5-7B).
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Discussion

Numerous homeostatic adjustments occur during lactation. Important shifts in
hormone balance occur, and small intestinal [115] and mammary gland mass [108]
increase to absorb and transfer nutrients to the developing offspring. Moreover, major
metabolic adaptations occur including decreased fatty acid uptake and utilization in liver
and muscle sparing fatty acids for the production of milk triacylglycerols [116],
decreased thermogenesis in brown fat and muscle [117], and increased reliance on
gluconeogenesis in the liver [118, 119]. Many of these homeostatic adjustments that
occur during lactation are Zn-dependent [120-122]. Here we utilized a marginal Zn
restriction paradigm which more closely represents suboptimal Zn intake in women, as
opposed to a severe Zn restriction model that is usually employed. We showed that
during lactation, Zn pools in numerous tissues are redistributed to meet these
physiological demands and that Zn redistribution is compromised by sub-optimal Zn
intake. Although mice were not substantially Zn deficient, reduced offspring weight gain
and survival illustrate profound consequences of marginal Zn intake during times of
enhanced demand.
Hyperphagia occurs during lactation [123] and is coupled with enhanced ability to
digest, absorb and assimilate nutrients. A novel finding from our study was that Zn
concentration in the stomach increased during lactation. This may be needed to meet
increased requirements for Zn-dependent proteins such as gastrin, which plays a central
role in digestion [124] and is elevated during lactation [125]. Zn accumulation in the
stomach may be driven by increased expression of Zip11 in the chief and parietal cells
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[126, 127]. Importantly, Zn uptake into the tubulovesicle of the parietal cell has been
shown to be physiologically coupled to acid secretion [128]. Therefore, decreased
stomach Zn content due to consumption of a Zn deficient diet [126] may impair acid
secretion, digestion and absorption of critical nutrients, particularly those that require a
low stomach pH such as vitamin B12 and various essential minerals.
Substantial Zn (~1-2 mg Zn/day) is secreted from pancreatic acinar cells in
zymogen granules. These granules contain enzymes such as peptidases, amylases, and
lipases that are necessary for the digestion of nutrients within the proximal small
intestine. Consistent with the need to increase the digestion, absorption and assimilation
of nutrients, we show for the first time that pancreatic Zn concentration increases by
~50% during lactation. How Zn accumulates in the pancreas is not understood. However,
the vesicular Zn transporter ZnT2 has been implicated in entero-pancreatic Zn trafficking,
and is presumed to import Zn into zymogen granules [129]. Importantly, ZnT2 is
transcriptionally regulated through STAT5 activation in the pancreas [129], suggesting a
regulatory role for the lactogenic hormone PRL [96] in Zn accumulation. However, it is
important to note that we did not differentiate between exocrine and endocrine pancreas
in our study. It is therefore possible that Zn accumulated in β-cell granules. Zn serves a
central role in β-cell function and the production and secretion of insulin [130]. The Zn
transporter ZnT8 is a key modulator of β-cell viability and is critical for the production
and packaging of insulin hexamers [131-133]. Increased pancreatic Zn content during
lactation could reflect enhanced insulin activity during lactation, which is critical in
nutrient channeling to the mammary gland for milk biosynthesis [134].
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In humans, approximately 4-6% of bone mass is lost during a 6 month lactation
period, which theoretically could contribute up to 20% of the Zn secreted into milk [111].
In fact, we observed a 21% decrease in bone Zn concentration by mid-lactation in mice.
This likely occurs through increased osteoclast activity similar to those that mobilize
bone to provide calcium for milk [111]. Importantly, our study revealed that Zn
mobilization was either impaired in mice consuming a Zn deficient diet, or may have
resulted from low Zn accrual prior to/during pregnancy. Importantly, this suggests that
women who consume a Zn deficient diet may have suboptimal bone Zn pools to draw
upon during lactation, and may provide some understanding as to why Zn
supplementation in lactating women does not affect milk Zn concentration.
Our study illustrates that liver Zn concentration was slightly lower during
lactation, which is inconsistent with the assumption that increased SLC39A4 (ZIP4)
expression [135] would increase liver Zn concentration. This observation may be
important because Zn plays a crucial role in the regulation of lipogenesis [121]. We
speculate liver Zn mobilization, reflects normal metabolic adaptations that occur during
lactation. For example, lactation is associated with decreased hepatic lipogenesis,
suggesting a significant shift in enzyme activities related to hepatic lipid metabolism in
an effort to support milk production [136]. Additionally, the hydrophobicity and size of
the bile acid pool increases, reflecting the need to increase absorption, utilization and
disposition of lipids, sterols, nutrients, and xenobiotics, and is associated with increased
expression of genes involved in bile acid and cholesterol biosynthesis [135]. In fact, Zn
deficiency in rats increases liver cholesterol, total lipids, and triglycerides [122],
suggesting that Zn deficiency could impact lipid metabolism in women. Alternatively, Zn
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may be mobilized to increase the rate of gluconeogenesis during lactation [120]. In
marginally Zn deficient mice, we found that the liver Zn pool decreased by a further 10%
suggesting that liver Zn may serve as reservoir that is drawn upon to meet enhanced
needs. We speculate that this substantial decrease in liver Zn content may alter activity of
Zn-dependent liver enzymes [137] and fatty acid utilization [116]. To our knowledge, this
is the first report that muscle Zn concentration increases during lactation. Increased Zn
may inhibit key glycolytic enzymes such as phosphofructokinase [138] or down-regulate
expression of key enzymes involved in glucose metabolism [139] to shift nutrients
toward the mammary gland for milk production. Further studies are needed to understand
the role of Zn redistribution in these key metabolic tissues.
A curious finding from our study was that adrenal gland Zn concentration
decreased by ~50% during lactation. We speculate that this may mediate the synthesis
and/or secretion of corticosteroids and catecholamines which is critical for mammary
gland function and lactation [140, 141]. Zn mobilization may increase activity of key
enzymes such as 21-hydroxylase [142] or aldosterone synthase in glucocorticoid
synthesis and mineralcorticoid synthesis, respectively [143]. Alternatively, both hypoand hyperzincemia interfere with adrenal secretion [144], suggesting that Zn may be
required for glucocorticoid, mineralcorticoid or catecholamine packaging and secretion as
it is for insulin [145], PRL [146, 147] and growth hormone [147]. One mechanism
through which Zn secretion or mobilization may occur is through ZnT8 [148].
Previous studies suggest that lactating women decrease Zn excretion to partially
meet enhanced requirements [108]. While we did not find that kidney Zn content
increased in lactating mice fed a Zn adequate diet, mice fed a marginal Zn diet had
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increased Zn retention in the kidney. However, given that the majority of women of
reproductive age are at risk for Zn deficiency, it is possible that women in the previous
studies may actually have been marginally Zn deficient. Alternatively, mice may regulate
kidney Zn retention in a manner different from humans. Several studies have identified
Zn transporters expressed in the kidney that may play a role in Zn retention. Zip8 is
localized to the apical membrane of proximal tubules of the kidney [149], directly
implicating Zip8 function in the reuptake of Zn from the lumen of the proximal tubules.
Additionally, Zip5 has been localized to the basolateral membrane of Madin-Darby
canine kidney cells [150]. Further studies are required to better understand the degree to
which urinary Zn retention is increased during lactation and under what conditions.
In conclusion, our observational investigation into Zn deficiency-induced
physiological perturbations of normal homeostatic adjustments in Zn pool distribution
during the phenotypic transition from a pre-pregnant to lactating state suggests that
consuming a moderately Zn deficient diet has numerous effects on Zn metabolism and
the physiological processes Zn regulates.

Figures

Table 2-1. Zinc is redistributed between organs in response to lactation, and
consuming a marginally zinc deficient diet perturbs this redistribution.
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Zinc is redistributed between organs in response to lactation, and consuming a marginally
zinc deficient diet perturbs this redistribution. A p-value < 0.05 for effects of independent
variables or <0.1 for an interaction effect represents a significant effect of each
independent variable as determined by 2-way ANOVA. NS = Not Significant.

Figure 2-1. Zinc redistribution in tissues related to digestion
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A marginally Zn deficient diet perturbed the normal homeostatic Zn redistribution that
occurs during lactation in tissues responsible for digestion and absorption. Data represent
mean tissue Zn concentration ± SD. A) Stomach Zn concentration was higher in lactating
(LAC) mice compared to nulliparous mice (NONLAC) in mice fed a Zn adequate (ZA)
diet; however this effect was not observed in mice consuming a Zn deficient (ZD) diet
(Interaction, p<0.05). B) Small intestine Zn concentration was not affected by phenotype
or diet. C) Pancreas Zn concentration was higher in lactating mice compared to
nulliparous mice (p<0.0001).

Figure 2-2. Zn redistribution in circulating Zn pools
A marginally Zn deficient diet perturbed the normal homeostatic Zn redistribution that
occurs during lactation in circulating Zn pools. Data represent mean tissue Zn
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concentration ± SD. (A) Erythrocyte Zn concentration was higher in lactating (LAC)
mice compared to nulliparous (NONLAC) mice (p<0.01). (B) Plasma Zn concentration
was higher in lactating mice compared to nulliparous mice; however, in mice consuming
a Zn deficient (ZD) diet, the change in plasma Zn concentration was not robust compared
to mice fed a Zn adequate (ZA) diet (Interaction, p<0.1).

Figure 2-3. Zn redistribution in storage Zn pools.
A marginally Zn deficient diet perturbed the normal homeostatic Zn redistribution that
occurs during lactation in tissues responsible for storage and nutrient processing. Data
represent mean tissue Zn concentration ± SD. A) Muscle Zn concentration was higher in
lactating (LAC) mice compared to nulliparous (NONAC) mice (p<0.01). B) Liver Zn
concentration was lower in lactating mice compared to nulliparous mice (p<0.01). C)

36

Femur Zn concentration was lower in lactating mice compared to nulliparous mice fed a
Zn adequate (ZA) diet. However, this effect was not observed in mice consuming a Zn
deficient (ZD) diet (Interaction, p<0.05).

Figure 2-4. Zn redistribution in the kidney.
Kidney Zn concentration was higher in mice consuming a Zn deficient (ZD) diet
compared to mice consuming a Zn adequate (ZA) diet (p<0.01). There was no effect of
phenotype on kidney Zn concentration. Data represent mean tissue Zn concentration ±
SD.
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Figure 2-5. Zn redistribution in Zn pools associated with hormone regulation.
A marginally Zn deficient diet perturbed the normal homeostatic Zn redistribution that
occurs during lactation in tissues critical for regulation. Data represent mean tissue Zn
concentration ± SD. A) There was no effect of phenotype or diet on spleen Zn
concentration. B) Adrenal gland Zn concentration was lower in lactating (LAC) mice
compared to nulliparous (NONLAC) mice (p<0.01).
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Figure 2-6. A marginally Zn deficient diet perturbed the normal homeostatic Zn
redistribution that occurs during lactation in Zn pools associated with nutrient
transfer.
A marginally Zn deficient diet perturbed the normal homeostatic Zn redistribution that
occurs during lactation in tissues associated with nutrient transfer to the offspring. Data
represent mean tissue Zn concentration ± SD. (A) Mammary gland Zn concentration was
higher in lactating (LAC) mice compared to nulliparous (NONLAC) mice (p<0.001). (B)
Zn concentration in the livers of offspring from mice fed a Zn adequate (ZA) was higher
compared with the livers of offspring from mice fed a Zn deficient (ZD) diet, *p<0.05, n
= 20 pups/group.
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Figure 2-7. A marginally Zn deficient diet reduces indices of offspring health.
A marginally Zn deficient maternal diet reduces indices of offspring health. (A) Data
represent mean pup weight gain ± S.D. in offspring from dams fed a Zn deficient diet
(ZD) compared with offspring from dams fed a Zn adequate (ZA) diet. *p<0.01, (n=5-6
litters). (B) Kaplan-Meier analysis indicates that there was a significant effect of
maternal Zn intake on offspring survival, p < 0.01.
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Chapter 3
X-Ray Fluorescence Microscopy Reveals Accumulation and Secretion of
Discrete Intracellular Zinc Pools in the Lactating Mouse Mammary Gland

Abstract
Background

The mammary gland is responsible for the transfer of a tremendous amount of
zinc (∼1–3 mg zinc/day) in humans from maternal circulation into milk during lactation
to support the growth and development of the offspring. When this process is
compromised, severe zinc deficiency compromises neuronal development and immune
function and increases infant morbidity and/or mortality. It remains unclear as to how the
lactating mammary gland dynamically integrates zinc import from maternal circulation
with the large amount of zinc that is secreted into milk.

Methodology/Principal Findings

Herein we utilized X-ray fluorescence microscopy (XFM) which allowed for
visualization and quantification of the process of zinc transfer through the mammary
gland of the lactating mouse. Our data illustrate that a large amount of zinc first
accumulates in the mammary gland during lactation. Interestingly, this zinc is not
cytosolic, but accumulated in large, discrete sub-cellular compartments. These zinc pools
were then redistributed to small intracellular vesicles destined for secretion in a prolactinresponsive manner. Confocal microscopy identified mitochondria and the Golgi
apparatus (GA) as the sub-cellular compartments which accumulate zinc; however, zinc
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pools in the Golgi apparatus, but not mitochondria, are redistributed to vesicles destined
for secretion during lactation.

Conclusions/Significance

Our results show that the GA contains a large, mobilizable zinc storage pool that
is a primary source of zinc that is secreted into milk. Interestingly, our study also
provides evidence that mitochondrial zinc pools expand in the mammary gland during
lactation, which we speculate may play a role in regulating mammary gland function.

Introduction

Development of the mammary gland and lactation is the hallmark of the evolution
of mammalian species. During lactation, the mammary gland must tightly regulate the
accumulation, production and the ultimate secretion of a complex mixture of nutrients
and non-nutritive factors into milk to nourish the developing offspring. This complex
process is primarily regulated through lactogenic hormone activation [151-154] of highly
specialized, secretory mammary epithelial cells. Mammary epithelial cells surround the
lumen of mammary gland alveoli into which milk components are secreted, pooled and
eventually released in a hormonally-mediated manner. Regulation of milk component
secretion is dependent upon the specific milk constituent. For example, lactose [155] and
secreted proteins [156] are synthesized in the GA and transported through the secretory
compartment for exocytosis into milk while lipids are extruded from the apical membrane
in the form of droplets encased within the milk fat globule membrane [157]. Hormones
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and growth factors are transcytosed directly across the mammary epithelial cell [156].
Small ions and water [158] may be directly transported across the apical membrane into
the alveolar lumen by specific transporters. The mechanisms through which different
trace elements such as iron, copper and zinc (Zn) are exported into milk are unique,
reflecting the specificity of trace element transport systems [159-162]. Additionally, the
biological complexation of each trace element in milk is different. For example, iron is
bound to lactoferrin and/or transferrin in a species-dependent manner [163, 164] while
copper is generally bound to ceruloplasmin and metallothionein [165, 166]. In contrast,
Zn is predominantly found loosely associated with small molecular weight ligands such
as citrate [166, 167]. Moreover, milk Zn concentration is ~10 times greater (~2 mg/L,)
than the concentration of iron or copper in milk (~0.2 mg/L). This suggests that the
mammary gland has developed unique mechanisms to transfer such an extraordinary
amount of Zn into milk during lactation.
How the mammary gland facilitates and regulates the transfer of such a large
amount of Zn for secretion into milk during lactation is not currently understood. Our
previous studies suggest that Zn transfer into milk involves the integration of mammary
gland Zn import, Zn sequestration and Zn secretion mechanisms [96, 168] in a
hormonally regulated manner. Presumably, Zn acquisition from maternal circulation by
the mammary gland must first be increased to provide enough Zn for secretion into milk.
In fact, the lactogenic hormone PRL increases Zn uptake in mammary cells [169],
suggesting that hormonal regulation of Zn uptake into the mammary cell is one point of
control. Current dogma suggests that Zn import from maternal circulation likely occurs
through members of the Zip family (SLC39A) of Zn importers. A specific Zip protein(s)
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responsible for regulating Zn import into the mammary gland from maternal circulation
has yet to be elucidated. Following Zn uptake, the mammary epithelial cell must secrete a
tremendous amount of loosely bound Zn into milk. Studies suggest that similar to
pancreas [170], brain [171], and prostate [172] the mammary gland may utilize a
vesicular process to accomplish such bulk and efficient Zn secretion [94]. We postulate
that the mammary epithelial cell must first accumulate Zn into intracellular pools and
then redistribute these Zn pools to facilitate a large amount of Zn secretion in a
hormonally-mediated manner. Consistent with this hypothesis, our recent evidence
indicates that vesicles containing “labile” Zn (zincosomes) accumulate in cultured
mammary epithelial cells prior to secretion from the cell [94]. Additionally, there is
evidence that mitochondria may participate in Zn sequestration and redistribution in
several highly specialized cell-types. For example, mitochondrial Zn pools in neurons
accumulate and are later mobilized in response to exogenous or endogenous cues [173]
prior to transfer to specific cytosolic Zn pools [174]. Comparisons are often made
between the secreting mammary and prostate glands. Interestingly, Zn levels in
mitochondria isolated from lateral prostate are higher (~20-fold) compared with
mitochondria from other soft tissues [175]. High mitochondria Zn levels parallel Zn
levels secreted into the alveoli of the lateral prostate [172] suggesting that the source of
Zn for secretion into prostate fluid may be Zn previously sequestered in these
mitochondrial pools. As a result, mitochondria may provide a “labile” Zn pool in some
specialized cell types with unique Zn secretory requirements such as the prostate and
mammary glands.

44

To test the hypothesis that the lactating mammary gland must first accumulate Zn
prior to secretion, we used the mouse mammary gland and cultured normal mouse
mammary epithelial cells as models. We first utilized X-ray fluorescence microscopy
(XFM) to visualize and quantify the expansion of Zn pools in the lactating mammary
gland and explored the redistribution of these Zn pools in response to the lactogenic
hormone PRL in vivo. Secondly, we utilized cultured mammary epithelial cells to identify
the specific sub-cellular compartments that accumulate Zn which is then redistributed for
secretion from the cell. In this report we document that Zn accumulates in two discrete
intracellular pools which include the GA and mitochondria. However, unlike
observations in neurons and prostate, only Zn pools within the GA appear to be “labile”
and thus redistributed to exocytotic vesicles for secretion.

Materials and Methods

Ethics Statement
This study was approved by Central Biological Laboratory at the Pennsylvania
State University, which is accredited by the American Association for the Accreditation
of Laboratory Animal Care (AAALAC). All animal studies have been conducted
according to Animal Welfare Act and the Public Health Service Policy. The animals were
housed in pathogen-free units at The Pennsylvania State University, in compliance with
IACUC regulations (IACUC #28141). Animals were maintained in a controlled
environment which included filtered air and a 12 hour light/dark cycle. All animals had
free access to food and water.
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Mice –Virgin or lactating mice (lactation day 4–5) were obtained commercially (Charles
River) and fed commercially available rodent chow ad libitum. To modulate circulating
PRL concentrations, mice (n = 5 mice/group) mice were injected with either
bromocriptine (intraperitoneal, 0.4 mg/100 g body weight) in 20 mM tartaric acid/30%
ethanol; haloperidol (subcutaneous, 1mg/kg body weight) in 20 mM tartaric acid/30%
ethanol; or vehicle alone (20 mM tartaric acid/30%ethanol). Mice were killed by CO2
asphyxiation and blood drawn by cardiac puncture. PRL concentration was measured
using a commercially available ELISA kit (Amersham Pharmacia Biotech).

Tissue sections
Inguinal mammary glands were dissected from lactating mice and plunge-frozen
in an ice-cold isopentane bath. Tissue sections (20 µm) were mounted intact on silicon
nitride windows (Silson, Blisworth, U.K.) and thawed onto windows at room
temperature. Sections were stored desiccated at room temperature until transported to
Argonne National Laboratory (Argonne, IL) for X-ray fluorescent microscopy.

X-Ray Fluorescence Microscopy

Sections were imaged with the scanning x-ray microprobe at beamline 2-ID-E at
the Advanced Photon Source (Argonne, IL). Undulator-generated x-rays of 10-keV
incident energy were monochromatized with a single bounce Si

monochromator

and focused to a measured spot size of 0.4×0.5 µm using Fresnel zone plate optics (Xradia, Concord, CA). Cells were raster-scanned in steps of 1.0 µm, and fluorescence
spectra were collected for 1 s per pixel with a single-element silicon drift detector
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(Vortex-EX, SII Nanotechnology, CA). Quantitation and image-processing of the x-ray
fluorescence (XRF) datasets was performed with MAPS software (25). Quantitation of
elemental content was achieved by fitting XRF spectra at each pixel, and comparing
against a calibration curve derived from measurements of thin-film standards NBS-1832
and NBS-1833 (National Bureau of Standards, Gaithersburg, MD).

Cell culture

Mouse mammary epithelial cells (HC11) were a gift from Dr. Jeffery Rosen
(Houston, Texas) and used with permission of Dr. Bernd Groner (Institute for Biomedical
Research, Frankfurt, Germany). Cells were routinely maintained in a non-secreting
phenotype by culturing in “growth medium” (RPMI 1640 supplemented with 10% fetal
bovine serum, insulin (5 µg/mL), EGF (10 ng/mL) and gentamycin). Where indicated,
cells were differentiated to a secreting phenotype in “secretion medium” consisting of
serum-free RPMI 1640, supplemented with insulin (5 µg/mL), PRL (PRL, 1 µg/mL) and
cortisol (1 µM) for up to 48 h.

Visualization and assessment of changes in zinc pools in mitochondria (RhodZin-3) and
vesicles (FluoZin-3)

To first validate that RhodZin-3 and FluoZin-3 specifically label mitochondria
and vesicle Zn pools, respectively, cells were seeded onto glass coverslips and cultured
overnight until ~60% confluent. Cells were rinsed twice with PBS then loaded with
RhodZin-3 AM or FluoZin-3 AM (1 µM in DMSO containing pluronic acid 127 to a final
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concentration of 0.02%; Invitrogen) following manufacturer's instructions in OptiMEM
for 1 h at 37°C. Cells were briefly rinsed twice with PBS and washed with PBS for 30
min at 25°C with constant shaking. Images were collected from live cells using a FV1000 confocal microscope.
To quantify Zn accumulation in mitochondria and vesicles, cells were cultured
until ~80% confluence in 96-well optical bottom black-sided plates and differentiated to a
secreting phenotype for 48 h where noted. Cells were rinsed twice with PBS then loaded
with RhodZin-3 AM or FluoZin-3 AM as described above. Fluorescence of RhodZin-3
AM (excitation 550 nm, emission. 575 nm) and FluoZin-3 (excitation 494 nm, emission
516 nm) was measured at 25°C using FLUOstar OPTIMA plate reader (BMG Labtech)
spectrofluorimeter with FLUOstar OPTIMA software version 1.32R2. Cellular protein
concentration was determined by the Bradford assay (Pierce) and fluorescence
measurements were normalized to total protein concentration. To determine if Zn is
redistributed from mitochondria and vesicles in response to PRL, cells were cultured until
~80% confluence in 96-well optical bottom black-sided plates and differentiated to a
secreting phenotype for 48 h then subsequently treated with PRL for up to 16 h.
Mitochondrial and vesicular Zn pools were quantified as described above.
Next, to identify the vesicular compartments that accumulate Zn, cells were cultured on
glass coverslips to ~80% confluency and pre-treated with chloroquine disphosphate salt
(Sigma, 100uM for 180 min) to disrupt lysosomes. Control experiments using
Lysotracker Green (Molecular Probes, 1:1000 dilution for 30 mins at 37°C) first verified
that chloroquine diphosphate treatment disrupted the lysosomes by confocal imaging.
Cells pre-treated with chloriquinone were secondarily treated with FluoZin-3 AM as
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described above to visualize “labile” Zn pools and images of “labile” Zn pools were
collected. To determine if the GA accumulated and/or redistributed Zn pools, cells were
first pre-treated with Brefeldin A (Sigma, BFA, 1 ug/ml for 120 min) to disrupt the GA.
To verify that BFA treatment disrupted the GA, subcellular localization of the Golgi
protein p58 was determined in cells pre-treated with BFA and compared with untreated
cells. To determine the sub-cellular localization of the p58 protein, HC11 cells plated on
to glass coverslips, were fixed in phosphate buffered-paraformaldehyde (4%; w/v), pH
7.4, for 10 min, washed in PBS, and permeabilized with Triton X-100 (0.5% in PBS) for
5 min. Non-specific binding was blocked with 5% goat serum in PBS for 60 min
followed by incubation with p58 antibody (Sigma, 1:100 dilution in 5% goat serum/1%
BSA/0.5% Triton-X100) for 60 minutes. After extensive washing with PBS, p58
antibody was detected with Alexa Fluor® 568-conjugated anti-mouse IgG (1 µg/ml;
Invitrogen) for 20 min at room temperature shielded from light. Cells were washed,
mounted in ProLong Gold (Invitrogen), and sealed with nail polish. Cells pre-treated with
Brefeldin A were secondarily treated with FluoZin-3 AM as described above to visualize
“labile” Zn pools and images of “labile” Zn pools were collected. To verify that the GA
accumulated Zn pools, cells were cultured on glass coverslips to ~80% confluency, rinsed
twice with PBS then loaded with BODIPY TR dye-labeled sphingolipid (5mg in sterile,
deionized water to a final concentration of 0.5mM sphingolipid, Invitrogen) following
manufacturer's instructions in OptiMEM for 30 minutes at 4°C. Cells were subsequently
treated with FluoZin-3 AM to visualize “labile” zinc pools, and washed with PBS for 30
min at 25°C with constant shaking. Images were collected from live cells as described
above. To determine if the endoplasmic reticulum accumulated Zn pools, cells were
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cultured on glass coverslips to ~80% confluency. Cells were rinsed twice with PBS then
loaded with ER-Tracker Dye (100 µg in DMSO to a final concentration of 90.9% w/v;
Invitrogen) following manufacturer's instructions in OptiMEM for 60 minutes at 37°C.
Cells were subsequently treated with FluoZin-3 AM to visualize “labile” zinc pools, and
washed with PBS for 30 min at 25°C with constant shaking. Images were collected from
live cells using as described above.

Statistical analysis

Results are presented as mean ± standard deviation. A minimum of at least two
independent experiments were conducted with sample sizes as indicated. Statistical
comparisons were performed using Student's t-test (Prism Graph Pad, Berkeley, CA) and
a significant difference was demonstrated at p<0.05.

Results

As a model system to test the hypothesis that the mammary gland must first
accumulate Zn prior to secretion into milk we compared the concentration and spatial
distribution of Zn using XFM. As illustrated in (Figure 2-1), histological features of the
mammary gland change dramatically during the transition from a non-lactating to a
lactating tissue. (Figure 2-1) illustrates the compact, undifferentiated nature of the nonlactating mammary gland. In contrast, the mammary gland becomes highly differentiated
during lactation. There is extensive morphological reorganization into discrete alveoli,
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surrounded by secretory mammary epithelial cells. These cells surround an open lumen
into which milk components are secreted and pooled until removed in response to
suckling. Moreover, the mammary gland accumulates a large amount of Zn during
lactation to help ensure adequate transfer into milk. To explore the distribution of subcellular Zn pools in mammary epithelial cells, we examined the spatial distribution of
intracellular Zn pools in lactating mammary gland in vivo and in cultured mammary
epithelial cells in vitro (Figure 2-2). XFM analysis of mouse mammary gland samples
demonstrated elemental distributions for sulfur (correlated to overall cell thickness) and
phosphorus (utilized as a marker for nuclei) to be typical of eukaryotic cells [176]. We
examined the spatial distribution of Zn relative to phosphorus in mammary cells from
lactating mice that had been recently suckled (Figure 2-2, Suckled). Visualization of the
spatial distribution Zn pools in suckled mice represented a “basal” starting point to
explore the initial accumulation and subsequent redistribution of intracellular Zn pools.
We consistently detected Zn associated either directly with nuclei and/or in a distinct
peri-nuclear compartment in recently suckled mice.

We next explored the spatial distribution of intracellular Zn pools in the
mammary gland following Zn acquisition from maternal circulation during lactation. As
can be seen in Figure 2-2 (Post-suckled), the lactating mammary epithelial cell
accumulated Zn in preparation for its subsequent secretion into milk. Approximately 50%
of the intracellular Zn was associated with a large, distinct nuclear/peri-nuclear pool,
while the remaining Zn appeared to be concentrated in a few, large intracellular pools.
These results support the hypothesis that Zn accumulates in large intracellular pools both
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in close approximation to and distal from the nucleus. This intracellular accumulation of
Zn in mammary epithelial cells appears to occur in response to PRL as mice injected with
bromocriptine (which eliminated circulating PRL) accumulated less Zn compared with
vehicle-treated mice. The small amount of Zn that was detected within the mammary
epithelial cell remained distinctly associated with the nuclear/peri-nuclear compartment.
We previously determined that PRL stimulates Zn secretion from cultured
mammary cells in vitro [94]. This suggests that the intracellular Zn storage pools we
observed in the lactating mammary gland are redistributed for secretion in response to
lactogenic cues. To explore effects of PRL on cellular Zn redistribution in vivo, we
injected mice with haloperidol which stimulated PRL secretion ~5-fold (675±427 ng/mL
compared with 156±120 ng/mL in vehicle-treated mice). As shown in (Figure 2-2),
haloperidol treatment clearly resulted in the spatial redistribution of intracellular Zn pools
from the large, distinct intracellular Zn pools observed in post-suckled mice to numerous
smaller vesicles which were distributed throughout the mammary epithelial cell. This did
not appear to reflect increased Zn accumulation as the amount of Zn within the mammary
epithelial cell from haloperidol-treated mice was actually lower that the amount of Zn in
post-suckled, vehicle-treated controls. These observations are consistent with our
previous determination that PRL increases Zn secretion from mammary cells through a
vesicular process [94].
Characterization of these intracellular Zn pools is critical to understanding how
this process is regulated. The current limitations in XFM technology with respect to subcellular resolution required that we utilize cultured mammary epithelial cells to
investigate these intracellular Zn pools more directly. Changes in the spatial distribution
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of Zn in vivo suggested that Zn is accumulated and sequestered in peri-nuclear as well as
large, discrete intracellular pools. To explore the identity of these intracellular Zn pools,
we hypothesized that mitochondria, ER, Golgi and/or lysosomes may provide sites for Zn
accumulation. To test this hypothesis, we first visualized Zn pools using confocal
microscopy. We capitalized on the specificity of RhodZin-3 and FluoZin-3, Zn-specific
fluorophores which are specific for mitochondrial and “labile” Zn pools in vesicles to
explore this hypothesis. Confocal micrographs of mammary epithelial cells in vitro
clearly detected discrete Zn pools localized in peri-nuclear compartments including
mitochondria and vesicles (Figure 2-3A) Consistent with our results in vivo, quantitative
fluorometry in cultured mammary epithelial cells indicated that PRL stimulates
significant Zn accumulation into pools which appears to reflect increases in both
mitochondria (~10-fold increase) and vesicle (~4-fold increase) Zn pools (Figure 2-3B)
We interpreted this data to indicate that both mitochondria and vesicles are storage depots
for Zn accumulation in mammary epithelial cells which may be redistributed to provide
Zn for secretion.
To ascertain the identity of the vesicular pool(s), the spatial distribution of
intracellular Zn pools in mammary cells was visualized by confocal microscopy. We
verified that chloroquine pre-treatment disrupted the lysosomes as illustrated by
Lysotracker Green staining (Figure 2-4A and 2-4B); however, the spatial distribution of
FluoZin-3 fluorescence was not disrupted by chloroquine pre-treatment (Figure 2-4C and
2-4D). Identical results were obtained in cells differentiated to a secreting phenotype
(data not shown), thus eliminating the lysosomes as a Zn-rich compartment in mammary
epithelial cells. We next attempted to co-localize intracellular Zn pools with the
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endoplasmic reticulum (ER) using ER Tracker. As illustrated in Figure 2-5, no colocalization between the ER and FluoZin-3 was detected eliminating the ER as a Zn-rich
compartment in mammary cells. Identical results were obtained in cells differentiated to a
secreting phenotype (data not shown). In fact, intracellular Zn pools were associated with
a distinct compartment immediately proximal to the ER (Figure 2-5, inset). In contrast,
we co-localized FluoZin-3 with Bodipy TR which stains sphingolipids and is routinely
used to visualize the GA (Figure 2-6). This suggested that the GA was a site of Zn
accumulation in mammary epithelial cells. To verify the association of “labile” Zn pools
with the GA, pre-treatment with Brefeldin A effectively disrupted the GA and clearly
affected the spatial distribution of “labile” Zn in mammary cells (Figure 2-7), confirming
that the GA contains a Zn-rich intracellular pool. Interestingly, cells differentiated to a
secreting phenotype with PRL had Zn pools that were partially associated with the GA
and partially another distinct non-ER and non-lysosome but vesicular compartment.
These results are consistent with our observations using XFM in vivo and our previous
determination that Zn accumulates into ZnT2-associated exocytotic vesicles for secretion
from the mammary cell in response to PRL [94].

To quantify this redistribution in vitro, we differentiated cells to a secreting
phenotype thereby permitting the accumulation of intracellular Zn pools (i.e., into
mitochondria and the GA). We then treated secreting cells with PRL to determine if we
could mobilize these Zn pools assessed by changes in RhodZin-3 and FluoZin-3
fluorescence. We did not detect a reduction in mitochondrial Zn pools using RhodZin-3
(data not shown). In contrast, we detected a significant decline (p<0.001) in vesicular Zn
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pools using FluoZin-3 in response to PRL stimulation (Figure 2-8) consistent with our
observations in vivo. Together our data suggest that Zn accumulates in mitochondria and
the GA in a hormonally-dependent manner, after which GA Zn pools are redistributed in
response to PRL for secretion. In contrast, while mitochondrial Zn pools do expand, these
pools do not appear to contribute significantly to Zn secretion. Importantly, our data
demonstrate this redistribution occurs both in vitro and in vivo.

Discussion

The secretion of Zn into milk during lactation is critical to providing optimal
nutrition for maximizing the health and development of the nursing offspring. The
process by which the mammary gland takes up Zn from maternal circulation, and then
ultimately secretes it into milk must integrate Zn import, accumulation and secretion
mechanisms [177-179]. Moreover, consistent with the regulation of lactation and the
production and/or secretion of other milk components, the coordination of Zn secretion
processes must be regulated through complex hormone-mediated events. X-ray
fluorescence microscopy is a powerful tool permitting the visualization and quantification
of metal pools in tissue sections [176]. The use of XFM in this study allowed us to
directly visualize the accumulation and redistribution of discrete intracellular Zn pools in
the lactating mammary gland. Our data illustrated that Zn imported from maternal
circulation is not likely transported directly across the mammary gland and into milk but
is instead accumulated in intracellular compartments within the mammary cell. This
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novel vesicular accumulation/redistribution paradigm likely permits tight control of the
process of bulk Zn secretion. While we cannot yet identify these discrete intracellular
compartments by hard XFM due to limited spatial resolution, our data from cultured
mammary cells suggest that several distinct cellular compartments may play a role in this
process. A key finding from this study was the determination that Zn accumulates in
large discrete pools associated with and/or proximal to the nucleus in mammary cells of
lactating mice. Our data in vivo and in vitro clearly implicate mitochondria and the GA as
sites of Zn accumulation in this cell type.
Mitochondria have a specific requirement for Zn and have been shown to
accumulate Zn in neurons and prostate. As a result, it has been postulated that
mitochondria serve as a mobilizable pool of Zn which is dependent upon cellular
requirements [180]. In neurons, mitochondrial Zn accumulation is believed to occur
through Ca transport mechanisms and is redistributed to a cytosolic pool in response to
Ca-mediated signaling mechanisms [173]. Consistent with our previous study and
observations in prostate mitochondria [181-183] and spermatogonia mitochondria [184],
results from this study directly confirmed that mitochondria in cultured mammary
epithelial cells accumulate Zn. Understanding how mitochondria accumulate Zn is of
particular interest. The Zn transporter Zip8 is associated with mitochondria in lung
epithelium [185]. Although directionality of Zn transport via Zip8 has not been
substantiated, topology prediction suggests that it would transport Zn away from
mitochondria and into the cytoplasm. In contrast, we have recently determined that one
mechanism through which mitochondria in mammary epithelial cells directly accumulate
Zn is through the Zn transporter ZnT2 (SLK, unpublished observations). Importantly,
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expression of ZnT2 is increased in response to the lactogenic hormone PRL [94, 96],
consistent with effects of PRL on mitochondrial Zn accumulation. A key question that
arises from this observation is, do mitochondrial Zn pools provide a mobilizable pool of
Zn for secretion? In contrast to neurons, our data using RhodZin-3 as a mitochondrial Zn
biosensor do not support the postulate that mitochondria serve as a rapid hormonallyregulated mobilizable Zn pool in mammary cells. Instead, we speculate that changes in
mitochondrial Zn pools may perform regulatory functions to modulate the phenotype of
the highly differentiated secretory epithelium during lactation. Studies are currently
underway to test this hypothesis.
In addition to mitochondria, the endoplasmic reticulum and GA reside in close
approximation to the nucleus suggesting that these compartments may sequester Zn prior
to secretion into milk. In fact, a recent study using XFM detected a peri-nuclear Zn pool
in keratinocytes which was postulated to reside in the ER or GA [186]. Our studies
provide direct evidence that the GA but not the ER provides a Zn-rich pool in mammary
epithelial cells. Several Zn transporters have been postulated to transport Zn into the GA
including ZnT4-ZnT7 [187-189]. Our documentation of a Zn-rich and mobilizable pool in
the GA of mammary cells is consistent with observations of reduced Zn content in milk
of ZnT4−/− (lethal milk) mice [107] and suggest that ZnT4−/− mice cannot expand the Zn
pool in the GA to provide Zn for secretion into milk. However, Michalcyzk et al. noted
that there was no obvious overlap between ZnT4 and Zinquin-stained vesicles in PMC42
cells [188] implicating ZnT4 in the accumulation of “non-labile” Zn pools as well. ZnT4
may not be uniquely responsible for this process. In addition to ZnT7 [189, 190], the yeast
homologues to ZnT5 (Msc2p) [191] and ZnT6 (Zrg17) [192, 193] have all been localized
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to the ER and/or the GA and studies support a role for ER and/or GA Zn accumulation.
Bioinformatic prediction suggests that ZnT5 and ZnT7 but not ZnT6 are expressed in the
mammary gland [194] suggesting that ZnT5 and ZnT7 may also play a role in Zn
sequestration in the ER and/or GA of the mammary epithelial cell as well. However, to
our knowledge ZnT5-null [195] and ZnT7-null [196] mice do not have defects in Zn
secretion from the mammary gland, suggesting that unlike ZnT4, ZnT5 and ZnT7 may
not play major roles in this process. With that said, bioinformatic prediction must always
be viewed with caution and followed up with empirical analysis; thus ZnT6 cannot be
ruled out as a contributor to mammary gland Zn metabolism.
An interesting observation we made in this study is that once accumulated in the
GA, intracellular Zn pools are then redistributed into smaller vesicles dispersed
throughout the cell in response to subsequent PRL stimulation in vivo. This is consistent
with our previous data in vitro which indicate that the lactogenic hormone PRL increases
Zn uptake, Zn accumulation and Zn secretion in mammary cells [94, 159, 169]. Clearly the
secretion of vesicularized Zn pools would provide a successful mechanism to export the
large amount of Zn into milk that is required by the developing neonate. Furthermore, our
visualization of vesicular Zn accumulation is consistent with the theory of zincosomes
[197] which function as a reversible Zn storage compartment. A recent study using XFM

determined that this vesicular Zn is found in complex with sulfur, histidine and oxygen
and thus is technically not “free” [197]. Importantly, this binding allows for accumulation
against a concentration gradient but is predicted to have a lower affinity for Zn than
binding motif found in structural sites like Zn fingers (Cys2His2, Cys3His, Cys4), or in
metallothionein (Cys4) [197]. Similarly, studies indicate that Zn in milk is found in loose
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complex with the small molecular weight ligand citrate [198]. Our detection of
mobilizable Zn-rich pools in the GA is consistent with the concept that a Zn/citrate
complex may be accumulated in the GA prior to secretion into milk through the
exocytosis of GA-derived vesicles [155]. Alternatively, Zn may accumulate in a GA
storage pool which is directly exported from the GA and subsequently taken up into
secretory vesicles. In support of this latter postulate, two members of the Zip family of
Zn transporters, Zip7 [199] and Zip9 [200] are associated with the GA, implicating them
in Zn export from this organelle. This postulate supports our previous characterization of
a role for ZnT2 in the accumulation of Zn into VAMP8-containing exocytotic vesicles
prior to secretion from the cell [94]. Clearly, further studies are needed to determine if
Zip7 and/or Zip9 facilitate Zn mobilization from the GA for import into ZnT2-associated
secretory vesicles and if so, what the regulatory contribution of the GA is in mammary
gland Zn secretion.
In summary, results from this study document for the first time that Zn transport
in the mammary gland during lactation is regulated in a biphasic manner. First, Zn is
accumulated into a peri-nuclear storage pool that includes mitochondria and the GA.
Following subsequent lactogenic stimulation, Zn is redistributed into a vesicular pool for
secretion from the mammary gland into milk. Our observations in mammary epithelial
cells are consistent with that in prostate whereby autometallographic imaging illustrates
that Zn is confined to vesicles associated with the apical (luminal) membrane [172, 201].
Together these data suggest that the large amount of Zn that is secreted into the two most
Zn-rich biological fluids (milk and prostate fluid) may utilize similar processes which are
clearly regulated through the integration of numerous Zn transporters. Further studies are
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needed to understand the complex integration and regulation of this process in highly
specialized secretory tissues.

60
Figures

Figure 3 -1. XFM analysis of the mammary gland from non-lactating and lactating mice.
Mouse mammary gland (20 µm) was visualized by phase contrast microscopy (20×magnification)
and analyzed using XFM. The alveoli lumen (L) is surrounded by a single layer of mammary
epithelial cells (MEC). The corresponding element (phosphorus, P; zinc, Zn) and its minimum
and maximum threshold values in micrograms per square centimeter are given above each image.
The rainbow-colored scale bar reflects the signal intensity measured as micrograms per square
centimeter in each pixel, with darker pixels representing areas of low concentration and brighter
pixels representing areas of increasing concentration. A scale bar (20 µm) is shown below the
elemental maps.
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Figure 3-2. XFM analysis of intracellular Zn pools in mouse mammary gland during
lactation.
Mouse mammary gland (20 µm) was analyzed using XFM. The corresponding element
(phosphorus, P; zinc, Zn) and its minimum and maximum threshold values in micrograms per
square centimeter are given above each image. The rainbow-colored scale bar reflects the signal
intensity measured as micrograms per square centimeter in each pixel, with darker pixels
representing areas of low concentration and brighter pixels representing areas of increasing
concentration. A scale bar (10 µm) is shown below the elemental maps. Zinc and phosphorus
maps of ~1–4 mammary cells in the mammary gland from a mouse that had suckled her offspring
for 30 min (suckled; used as a baseline), a suckled mouse, 60 min post-suckling (Post-suckled;
reflecting Zn accumulation), a mouse injected with bromocriptine (Bromocriptine; used to
eliminate PRL secretion) and a mouse injected with haloperidol (Haloperidol; used to increase
PRL secretion). The red circles on the Zn maps denote corresponding nuclei.

62

Figure 3-3. The lactogenic hormone prolactin increases vesicular and mitochondrial Zn
pools in mammary cells.
(A) Representative confocal images to illustrate vesicular and mitochondrial Zn pools detected
using FluoZin-3 (green) and RhodZin-3 (red), respectively, in mammary cells (HC11). Scale bar
(5 µm). (B) Mammary cells were treated with PRL (1 µM) for 24 h and the accumulation of Zn in
vesicular and mitochondrial Zn pools were detected by fluorometry using FluoZin-3 (green) and
RhodZin-3 (red), respectively. Data represent mean fluorescence ± standard deviation, n = 6
samples/treatment. Asterisk indicates a significant effect of treatment (p<0.001).
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Figure 3-4. Labile Zn pools are not associated with lysosomes.
Representative confocal micrographs of lysosomes detected with Lysotracker Green in untreated
cells (Lysotracker) and cells treated with chloroquine diphosphate (Lysotracker +CLQ).. Images
verify that chloroquine diphosphate disrupts lysosomes in HC11 cells. Representative confocal
micrographs of “labile” Zn pools detected using FluoZin-3 in untreated cells (FluoZin-3) and
cells treated with chloroquine diphosphate (FluoZin-3 +CLQ). Images illustrate that the
distribution of “labile” Zn pools in mammary cells is not affected by lysosomal disruption.
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Figure 3-5. Labile Zn pools are associated with a distinct compartment directly proximal to
the endoplasmic reticulum.
Representative confocal micrographs of mammary epithelial cells treated with FluoZin-3 (green)
and ER Tracker (red) which illustrate that “labile” Zn pools do not exist within the endoplasmic
reticulum and are, in fact, associated with a distinct compartment proximal to the endoplasmic
reticulum (merge).
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Figure 3-6. Labile Zn pools are partially associated with the Golgi apparatus.
Representative confocal micrographs illustrate that FluoZin-3 (green) and Bodipy TR (red) are
largely co-localized (merge, yellow) in non-secreting mammary epithelial cells (panel A).
Mammary epithelial cells were treated with PRL and cortisol for 24 h differentiate to a secreting
phenotype (panel B). Confocal micrographs of FluoZin-3 (green) and Bodipy TR (red) in
secreting mammary epithelial cells illustrate partial co-localization (merge, yellow) of “labile” Zn
and the GA in hormonally treated cells. Moreover, distinct non-GA-associated Zn pools were
detected in secreting cells.
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Figure 3-7. Labile Zn pools are disrupted by Brefledin A treatment.
Representative confocal micrographs of p58 (GA marker) visualized with Alexa Fluor® 568conjugated anti-mouse IgG in untreated (p58 −BFA) and Brefeldin A-treated (p58 +BFA)
mammary epithelial cells. Images verify that Brefeldin A treatment disrupts the GA in mammary
epithelial cells. Representative confocal micrographs of FluoZin-3 in untreated cells (FluoZin-3
−BFA) and cells treated with Brefeldin A (FluoZin-3 +BFA). Images illustrate that the
distribution of “labile” Zn pools is diffused by Brefeldin A treatment (inset) indicating that
“labile” Zn is associated with the GA.
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Figure 3-8. PRL stimulates the mobilization of vesicular Zn pools in secreting mammary
cells.
Mammary cells were treated with PRL for 24 h to differentiate to a secreting phenotype.
Following differentiation, cells were stimulated with PRL and changes in “labile” Zn pools were
quantified by fluorometry using FluoZin-3. Data represent mean fluorescence ± standard
deviation, n = 6–8 samples/treatment. Asterisk denotes a significant effect of PRL on FluoZin-3
fluorescence, p<0.001.
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Chapter 4
ZnT4 provides zinc to zinc-dependent proteins in the trans-Golgi network
critical for cell function and Zn export in mammary epithelial cells

Abstract

Zinc (Zn) transporter 4 (ZnT4) plays a key role in mammary gland Zn
metabolism. A mutation in ZnT4 (SLC30A4) that targets the protein for degradation is
responsible for the “lethal milk” (lm/lm) mouse phenotype. ZnT4 protein is only detected
in the secreting mammary gland, and lm/lm mice have ∼35% less Zn in milk, decreased
mammary gland size, and decreased milk secretion. However, the precise contribution of
ZnT4 is unknown. We used cultured mouse mammary epithelial cells (HC11) and
determined that ZnT4 was localized to the trans-Golgi network (TGN) and cell
membrane and transported Zn from the cytoplasm. ZnT4-mediated Zn import into the
TGN directly contributed to labile Zn accumulation as ZnT4 overexpression increased
FluoZin3 fluorescence. Moreover, ZnT4 provided Zn for metallation of
galactosyltransferase, a Zn-dependent protein localized within the TGN that is critical for
milk secretion, and carbonic anhydrase VI, a Zn-dependent protein secreted from the
TGN into milk. We further noted that ZnT4 relocalized to the cell membrane in response
to Zn. Together these studies demonstrated that ZnT4 transports Zn into the TGN, which
is critical for key secretory functions of the mammary cell.
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Zinc (Zn) is required for a multitude of cellular mechanisms including cell growth
and division, apoptosis, and maintenance of DNA integrity [202]. As a consequence, Zn
is critical for many physiological processes such as immune function[203],
reproduction[204, 205], and growth[206]. In humans, approximately 1–3 mg Zn is
transferred from the mammary gland into milk each day to provide optimal Zn nutriture
for the developing infant[86]. In humans, suboptimal Zn transfer to the developing
neonate during lactation results in severe adverse effects including growth retardation,
compromised cognitive development, and increased morbidity and mortality [85, 87].
Therefore, optimal Zn transfer from the mammary gland into milk is an imperative
physiological process to ensure the growth and health of the infant. A role for the Zn
transporter ZnT2 has been delineated in Zn transfer into milk as a mutation in the gene
that encodes ZnT2 (SLC30A2) decreases milk Zn concentration by ∼75% in lactating
women [88] and two single nucleotide polymorphisms in ZnT2 alter Zn secretion from
mammary cells [95]. In addition, a spontaneous truncation mutation in the gene that
encodes ZnT4 (SLC30A4) is responsible for the “lethal milk” (lm/lm) syndrome in mice
[98]. The lm/lm syndrome is associated with decreased (∼35%) milk Zn concentration
and results in the death of suckled offspring. Additionally, lm/lm mice have lower milk
volume and mammary gland weight compared with wild-type littermates [102],
suggesting a critical role for ZnT4 in mammary gland Zn metabolism well beyond a
discrete role for Zn secretion into milk. Deciphering the role of ZnT4 is critical for
understanding the complex Zn transporting network in the lactating mammary gland.
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Studies to explore the role of ZnT4 in mammary gland Zn metabolism have been
limited, and the precise physiological function of ZnT4 remains to be elucidated. After
the initial identification of ZnT4 in the mouse mammary epithelium[98], Michalczyk et
al. [188] noted the presence of ZnT4 in the luminal mammary cells taken from resting
and lactating human breast biopsies where it displays a granular and cytoplasmic
distribution. Consistent with this observation, we found that ZnT4 was expressed in the
mammary gland of the lactating rat and localized to an intracellular compartment [99].
Most recently, we have shown that ZnT4 protein is not detected in mouse mammary
gland until lactation and was localized in close approximation to the apical membrane in
lactating mammary glands [97]. A study by Huang et al. [193] elegantly demonstrated
ZnT4 localization to the trans-Golgi network (TGN) in normal rat kidney cells, which
was redistributed in response to Zn. This may be of particular importance in the
mammary gland given the expansion of Zn pools that occurs in the Golgi apparatus (GA)
of mammary epithelial cells and the need to secrete tremendous Zn into milk during
lactation [207]. Because of the vital role of the GA in the secretory process [208-210]
including the production of lactose and the modification of proteins that are secreted into
milk, these studies suggest that ZnT4 bears the potential to contribute to mammary
epithelial cell functions that are important in the production of milk.
Herein, our data indicated that ZnT4 directly transports Zn from the cytoplasm
into the TGN of mammary epithelial cells and can be relocalized to the cell membrane in
response to Zn. ZnT4-mediated Zn import into the TGN may provide Zn for key Znrequiring enzymes such as galactosyltransferase and carbonic anhydrase VI, which are
either resident [211] or secreted from the GA into milk [212], respectively. To our
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knowledge, our study is the first to directly characterize the function of ZnT4 as well as
define its contribution to the process of Zn secretion from the mammary gland during
lactation.

Materials and Methods

Cell culture
HC11 cells were a gift from Dr. Jeffrey Rosen (Department of Molecular and
Cellular Biology, Baylor College of Medicine, Houston, TX) and used with permission of
Dr. Bernd Groner (Institute for Biomedical Research, Frankfurt, Germany). HC11 cells
are a COMMA-D-derived cell line from the mammary gland of midpregnant BALB/c
mice [213]. Cells were routinely maintained in a nonsecretory phenotype as previously
described [94].

Generation of plasmid DNA constructs and expression of ZnT4-hemagglutinin
fusion proteins
SLC30A4 DNA was obtained from a cDNA clone (accession number, BC117997;
Open Biosystems) and COOH-terminally tagged with hemagglutinin (HA) using methods
previously described [88] to produce pcDNA3.1-ZnT4HA. The orientation and fidelity of
the insert and incorporation of the HA tag were confirmed by directed sequencing (The
Nucleic Acid Facility at Pennsylvania State University). Large-scale plasmid purification
was carried out using the Plasmid Midi Kit (Qiagen). To generate cells expressing ZnT4HA, cells were plated in antibiotic-free Opti-MEM (Invitrogen) in 6-well plates (for cell
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surface biotinylation and luciferase reporter assays), 24-well plates (confocal
microscopy), or 96-well plates (for fluorometry assays). Cells were cultured overnight
until ∼95% confluent and transiently transfected with 0.2 μg (96-well plates), 0.8 μg (24well plates), or 4 μg (6-well plates) of pcDNA3.1-ZnT4HA in antibiotic-free Opti-MEM
using Lipofectamine 2000 (Invitrogen) as previously described [94].

Immunoblotting
Cells were washed in PBS, scraped into HEPES-based lysis buffer containing
protease inhibitor, and sonicated for 20 s as previously described [169]. Cellular debris
and nuclei were pelleted by centrifugation at 500 g for 5 min. Supernatant was
centrifuged at 100,000 g for 20 min, and total membrane pellet was resuspended in lysis
buffer. Protein concentration was determined by Bradford assay. Total membrane protein
(50–100 μg) was diluted in Laemmli sample buffer containing 100 mM dithiothrietol and
incubated at 95°C for 5 min. Total membrane protein extracts were separated by
electrophoresis, transferred to nitrocellulose membrane, and immunoblotted with anti-HA
(0.5 μg/mL; Invitrogen), anti-β-actin (1:10,000; Sigma-Aldrich), antigalactosyltransferase (1:1,000; Aviva), or anti-carbonic anhydrase-VI (1:200; Santa Cruz)
antibodies and detected with horseradish peroxidase conjugates as previously described
[88]. Proteins were visualized by chemiluminescence after exposure to autoradiography
film.

Small interfering RNA-mediated gene attenuation
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Cells were plated in antibiotic-free OPTI-MEM in six-well plates and cultured
until ∼50% confluent. Cells were transfected with 100 pmol of ZnT4-specific small
interfering RNA (sense, 5′-GCUAAUUCCUGGAAGUUCA-3′; antisense, 5′UGAACUUCCAGGAAUUAGC-3′; Sigma-Aldrich) or mismatched control small
interfering RNA (sense, 5′-CCGCGUCCUUCCUUAUGUAGGAAUU-3′; antisense, 5′AAUUCCUACAUAAGGAAGGACGCGG-3′; Invitrogen) using Lipofectamine 2000 at
an oligonucleotide/transfection reagent ratio of 25:1 for 48 h before experiments.

Subcellular localization of endogenous ZnT4 and ZnT4-HA
To visualize the subcellular localization of endogenous ZnT4 in mammary
epithelial cells, cells were seeded onto glass coverslips and cultured overnight until ∼50–
80% confluent. Cells were fixed and blocked as described below, followed by incubation
with affinity purified ZnT4 antibody (1 μg/ml) [99]. Cells were washed with PBS, and
ZnT4 antibody was detected with Alexa Fluor 488-conjugated anti-rabbit IgG (1 μg/ml;
Invitrogen) for 45 min at room temperature, shielded from light. Cells were washed and
mounted, and coverslips were sealed.
To determine the localization of ZnT4 in mammary epithelial cells, cells
expressing ZnT4-HA were plated on glass coverslips in 24-well dishes and grown to
∼95% confluency. Cells were fixed in cold methanol (70% in PBS) for 10 min, washed
briefly in PBS, and permeabilized with Triton X-100 (0.2% in PBS) for 5 min. Detection
of ZnT4-HA was achieved by blocking nonspecific binding sites with 4% BSA in PBS,
followed by incubation with Alexa Fluor 488-conjugated HA (1 μg/mL, Invitrogen) for 1
h at room temperature and shielded from light. Detection of p58 (TGN marker) was
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achieved by blocking nonspecific binding sites with 5% goat serum and 1% bovine serum
albumin in PBS for 30 min followed by incubation with p58 antibody (1:100 dilution in
blocking buffer with the addition of 0.5% Triton-X100; Sigma-Aldrich) for 1 h at room
temperature and subsequent detection with Alexa Fluor 568-conjugated goat anti-mouse
secondary antibody. Cells were washed and mounted, and coverslips were sealed.
To visualize the spatial redistribution of ZnT4-HA in response to Zn in some
experiments, cells were treated with 200 μM Zn for 2 h and ZnT4-HA localization was
detected as described above. Nuclei were detected using TO-PRO-3 (1:1,000 dilution in
PBS; Invitrogen). Cells were imaged as previously described using an Olympus BX50WI
microscope using a 100× oil lens, and digital images were captured sequentially
(LaserSharp2000, version 4.1; Bio-Rad) to eliminate potential interference between
fluorochromes [94].

Cell surface biotinylation
To determine the presence of ZnT4-HA at the cell surface in response to Zn,
HC11 cells were seeded in antibiotic-free medium and cultured until ∼95% confluent.
Cells were then generated to express ZnT4-HA as described above and subsequently
treated with Zn (200 μM) for 2 h, and changes in ZnT4 abundance at the cell membrane
were assessed. Briefly, cell membrane proteins were labeled with N-hydroxysulfosuccinimide biotin (Pierce; 0.5 mg/ml) at room temperature for 30 min. Cells were
then scraped into lysis buffer, and biotinylated cell membrane proteins were isolated
using Ultralink-neutravidin beads (Pierce) as previously described [94]. Biotinylated
proteins were then eluted with the use of Laemmli buffer containing dithiothrietol (100
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mM), separated by electrophoresis, and immunoblotted with anti-HA antibody as
described above.

Cytosolic Zn pool measurement
To determine the effect of ZnT4 overexpression on cytosolic Zn pools, HC11
cells were seeded in antibiotic-free growth medium in 96-well optical bottom plates and
cultured until 90–95% confluent. HC11 cells were transfected using Lipofectamine 2000
as described above with thymidine kinase promoter-linked Renilla luciferase vector
(internal control, 0.05 μg) and either pGL3 empty vector (0.8 μg) plus 4×-metal
responsive element (MRE)-pGL3 (a luciferase reporter containing 4 MREs from the
mouse metallothionein 1A promoter upstream of the firefly luciferase open reading frame
kindly provided by Dr. Colin Duckett, Univ. of Michigan Medical School, Ann Arbor,
MI; 0.8 μg) as previously described [214] or pcDNA3.1ZnT4-HA (0.2 μg) plus 4×-MREpGL3 for 24 h before experiments. After 48 h, the cells were rinsed with PBS and
harvested in passive lysis buffer (Promega, Madison, WI), following the manufacturer's
instructions. The dual-luciferase reporter assay system (Promega) was used to measure
luminescence (Turner Biosystems, Sunnyvale, CA) for firefly and Renilla luciferase
activity (internal control). Data were expressed as relative light units (ratio of
firefly:renilla luciferase activity).

FluoZin3 fluorometry assay
To determine whether ZnT4-HA facilitates labile Zn pool accumulation, cells
were seeded in antibiotic-free growth medium in 96-well optical bottom plates and
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cultured until 90–95% confluent. Cells were transfected as described above for 24 h
before experiments. Cells were rinsed with 1× PBS and loaded with FluoZin3-AM (1
μM, Invitrogen) for 1 h at 37°C. Cells were then rinsed with 1× PBS for 30 min at 25°C
with constant shaking. Fluorescence of FluoZin-3 (emission, 495 nm; and excitation, 516
nm) was measured at 25°C using a FLUOstar OPTIMA plate reader (BMG Labtech)
spectrofluorimeter with FLUOstar OPTIMA software version 1.32R2. Cellular protein
concentration was determined using the Bradford assay, and fluorescence measurements
were normalized to total protein concentration.

RNA isolation and relative RT-PCR analysis
Total RNA was extracted from HC11 cells using TRIzol reagent (Invitrogen,
Carlsbad, CA). Complementary DNA was synthesized using the ImPromII reverse
transcription system (Promega). Mouse carbonic anhydrase VI and β-actin gene-specific
primers were designed using Primer3 and synthesized by the Genomics Facility at the
Pennsylvania State University (carbonic anhydrase VI, 5′GCAGTATCCTTCCTGCGGCGG-3′ and 5′-ACATGGAGGGCGGCAGATCG-3′; and
β-actin: 5′-AGCCATGTACGTAGCCATCC-3′ and 5′-CTCTCAGCTGTGGTGGTGAA3′). Real-time PCR was performed with SYBR Green Supermix (PerkinElmer Applied
Biosystems, Foster City, CA) using the MJ Research Opticon 2 system (MJ Research,
Waltham, MA). cDNA synthesis, real-time relative PCR and data analysis were
performed as previously described [96]. Each sample was analyzed in triplicate and
normalized to β-actin using the equation previously described [97].
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Statistical analysis
Results are presented as means ± SD. Statistical comparisons were formed using
Student's t-test on Prism Graph Pad (version 5.00, La Jolla, CA) and a significant
difference was demonstrated at P < 0.05. Pearson's coefficient was determined using
Olympus Fluoview (v2.0c, Tokyo, Japan).

Results

Previous studies have detected ZnT4 in the TGN in normal rat kidney cells [193]
within distinct perinuclear vesicles in Caco-2 cells [215] and in a perinuclear location in
mammary epithelial cells [99]. Because ZnT4 is not expressed before lactation in
mammary epithelial cells [97] and Zn pools in the GA of mammary epithelial cells
significantly increase during lactation [207], we postulated that ZnT4 is responsible for
Zn transport into the GA of mammary epithelial cells during lactation, which provides Zn
for functions specific to secretion. To determine the subcellular localization of ZnT4
within mammary epithelial cells, we used confocal microscopy to first observe the spatial
distribution of endogenous ZnT4 within HC11 cells. Visualization of endogenous ZnT4
(Figure 3-1A) clearly indicated a perinuclear distribution of ZnT4, similar to what has
been previously observed [99, 193], as well as a distinct appearance on the cell
membrane. To determine whether ZnT4 is specifically localized to the GA, we
constructed a ZnT4-HA fusion protein. We generated HC11 cells to express ZnT4-HA
(Figure 3-1B) and using confocal microscopy, we determined that ZnT4 colocalized with
the TGN marker p58 (Figure 3-1C). The Pearson's coefficient for colocalization between
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ZnT4-HA and p58 was 0.98, indicating that ZnT4 is almost entirely localized within the
TGN.
To confirm that ZnT4 draws on cytoplasmic Zn pools to transport Zn into the
TGN, we first used a Zn-responsive luciferase reporter assay to determine changes in
cytosolic Zn pool levels following ZnT4 overexpression. As noted in Figure 3-2A, ZnT4
overexpression significantly decreased cytoplasmic Zn pool concentration (P < 0.001)
relative to mock transfected cells, confirming that ZnT4 draws on cytoplasmic Zn pools
for Zn transport into the TGN. To determine whether ZnT4 increases labile Zn pools or
provides Zn for metallation of proteins in the TGN [192], we next used FluoZin3, a Zn
specific fluorophore that has a Kd of 4–15 nM and fluoresces upon Zn binding. Our data
indicated that ZnT4 overexpression significantly increased FluoZin3 fluorescence by
∼1.3-fold (P = 0.013) relative to mock-transfected cells (Figure 3-2B) suggesting that
labile Zn pools (Zn bound with affinity less than 4–15 nM) were increased.
Based on the subcellular localization of ZnT4, we hypothesized that ZnT4mediated Zn transport into the TGN provides Zn for critical functions specific to
secretion in mammary epithelial cells. To test this hypothesis, we first used the activity of
galactosyltransferase, a biochemical marker of changes of Zn metallation of resident
proteins in the TGN. Galactosyltransferase catalyzes the transfer of galactose to glucose
to yield lactose. Zn is required for galactosyltransferase activity, but it has been
demonstrated that excess Zn decreases the Km and Vmax for both glucose and UDPgalactose in the lactose synthase reaction, which decreases galactosyltransferase activity
[216]. Therefore, we used galactosyltransferase activity as a biomarker for Zn metallation
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of resident proteins in the GA and postulated that Zn import into the TGN would result in
decreased galactosyltransferase activity. Indeed, as noted in Figure 3-3A, ZnT4
overexpression in mammary epithelial cells significantly (P < 0.05) decreased
galactosyltransferase activity by ∼1.5-fold relative to mock-transfected cells. ZnT4
overexpression did not change galactosyltransferase protein abundance, confirming that
the change in galactosyltransferase activity was not due to decreased protein abundance
(Figure 3-3B).
In addition, metallation of Zn-dependent enzymes occurs in the TGN and is
necessary for their conformational stability and subsequent catalytic activity [81]. To
determine whether ZnT4 provides Zn for metallation of Zn-dependent proteins that are
secreted from the GA, ZnT4 expression was attenuated in mammary epithelial cells and
the abundance of the Zn-dependent enzyme carbonic anhydrase VI [212] was measured
by immunoblotting. As noted in Figure 3-4, ZnT4 attenuation significantly decreased the
abundance of carbonic anhydrase VI (P = 0.002), while not altering carbonic anhydraseVI mRNA expression, suggesting that ZnT4 is vital for providing Zn for metallation of
Zn-dependent proteins that are secreted from the TGN. We speculate that the limited
effect of ZnT4 overexpression on FluoZin3 fluorescence reflects the dual role of ZnT4mediated Zn accumulation in the GA for both labile and nonlabile pools.
We have previously determined that ZnT4 is localized both intracellularly and at
the periphery of mammary epithelial cells in the mammary gland of lactating mice [97].
This suggests that ZnT4 may be relocalized to the apical membrane in response to intra/extracellular cues. We found that ZnT4 was redistributed in response to exogenous Zn
exposure (Figure 3-5A), consistent with our previous observations [99]. We further used
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cell surface biotinylation and determined that Zn exposure increased ZnT4 abundance at
the cell membrane by 80% (Figure 3-5B) in mammary epithelial cells, consistent with
observations in MCF7 (malignant human breast cells) and NIH/3T3 (mouse fibroblast
cells) [217].

Discussion

The phenotypic conversion of the mammary gland from a resting tissue to a
secreting organ incurs an abundance of dynamic changes inherent to the needs of milk
synthesis and mammary gland function. One critical change during lactation includes Zn
accumulation within mammary epithelial cells, particularly in the GA [207], which
reflects the need to secrete a large amount of Zn (1–3 mg Zn/day) into milk [86]. Our
recent work indicates that Zn accumulation during secretory transition is associated with
increased ZnT4 expression [97]. The lack of ZnT4 protein before lactation that increases
throughout lactation [99, 218] suggests that ZnT4 function provides Zn for functions
specific to secretion in the lactating mammary gland. Consistent with a critical role, a
mutation in the gene encoding ZnT4 (SLC30A4) results in a phenotype known as the
“lethal milk” syndrome (lm/lm) [98]. A C > T substitution at base 934 in SLC30A4
substitutes an arginine residue for a premature stop codon and results in the synthesis of a
truncated, nonfunctional ZnT4 protein [98]. Because lm/lm mice have ∼35% lower-milk
Zn concentration compared with wild-type mice, it has been presumed that ZnT4 directly
provides Zn for secretion into milk. However, there are several other key physiological
outcomes that have been described in lm/lm mice including decreased mammary gland
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size and decreased milk volume [102]. These observations are consistent with a key role
for ZnT4 in providing not only Zn specifically for secretion into milk but also overall
mammary gland function and the general process of secretion.
The GA is a subcellular compartment central to the process of secretion in
mammary epithelial cells. It serves as both a storage pool and a sorting station for further
modification and trafficking of secreted milk components including proteins [219, 220],
lactose [221, 222], and minerals [207, 223]. We recently identified the GA as the
subcellular location of a mobilizable and labile Zn pool that expands during lactation
[207]. Our data herein suggest that Zn accumulation within the GA is modulated, at least
in part, by ZnT4 and that the role of ZnT4-mediated Zn transport may be multifactorial.
Our data suggest that ZnT4 may provide Zn for metallation of Zn-dependent milk
proteins. One Zn-binding protein secreted into milk is carbonic anhydrase VI [212]. Zn is
critical for carbonic anhydrase-VI protein stability [81]. The decrease in carbonic
anhydrase-VI protein abundance, despite maintained carbonic anhydrase-VI mRNA
expression observed following ZnT4 attenuation, suggests that ZnT4-mediated Zn
transport is necessary for carbonic anhydrase-VI stability. In addition, ZnT4 may provide
Zn for more labile Zn pools. We found that ZnT4 overexpression increased FluoZin3
fluorescence. This suggests that ZnT4-mediated Zn transport may also provide Zn to
small molecular weight compounds such as citrate for secretion into milk. These
observations improve our understanding of the process through which Zn is secreted into
milk. We have previously shown that ZnT2 significantly contributes to Zn secretion from
the mammary gland as evidenced by the significant decrease in milk Zn concentration
(∼75%) that occurs in women with a mutation in ZnT2 [88], as well as our identification
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of two single nucleotide polymorphisms in ZnT2 that modulate Zn secretion in cultured
mammary cells [95]. Together this suggests that ZnT4 and ZnT2 share a complementary
relationship in terms of Zn secretion from the mammary gland and may functionally
contribute to separate subcellular Zn pools. Taken together, these data indicated that
ZnT4-mediated Golgi Zn accumulation in mammary epithelial cells during lactation is
directed to several different intracellular Zn pools for secretion.
The GA plays a critical role in the process of secretion [208-210] and numerous
resident proteins such as galactosyltransferase and metalloproteases are Zn dependent
[216, 224]. We found that changes in ZnT4 abundance modulated the activity of
galactosyltransferase. This enzyme is vital to the production of lactose, a component of
milk that is necessary for regulating milk volume and secretion. This observation helps to
understand why milk volume is lower in lm/lm mice. In contrast to ZnT5, ZnT6, and
ZnT7, Zn import into the TGN through ZnT4 does not appear to metallate alkaline
phosphatase [225], consistent with our observation that ZnT4 is localized to the transand not cis-GA. It has previously been determined that Zn transport into the secretory
pathway is critical to homeostatic maintenance of secretion [226], thus it is likely that
ZnT4 plays a key role in this regard. Our studies indicated that Zn exposure redirects
ZnT4 localization from the TGN to a more dispersed, punctate pattern and prompts an
increase in ZnT4 abundance at the cell membrane. We postulate that Zn-induced
relocalization potentially serves to assist in the efflux of Zn from the mammary epithelial
cell into milk that takes place during lactation perhaps in response to dramatic Zn
accumulation which occurs during lactation [207].
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In summary, our study indicates that ZnT4 is critical to several different aspects
of mammary gland Zn metabolism that are important during lactation. Herein, we
presented evidence that ZnT4 provides Zn for Zn-requiring enzymes within the TGN that
are requisite for regulating milk volume as well as the production of milk. Overall, these
results reveal critical roles for ZnT4 in producing milk of optimal quantity and quality.
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Figures

Figure 4-1. Zinc (Zn) transporter 4 (ZnT4) is localized to the trans-Golgi apparatus.
A: confocal micrographs of HC11 cells detected with affinity purified ZnT4 antibody (1 μg/ml)
and visualized with Alexa Fluor 488-conjugated anti-rabbit IgG. Confocal micrographs illustrate
that spatial distribution of endogenous ZnT4 in mammary epithelial cells is perinuclear (thick
arrows) and displays distinct cell membrane localization (thin arrows). DIC, differential
interference constant. B: representative immunoblot (IB) of total membrane proteins (50 μg
protein/lane) from HC11 cells transfected with pcDNA3.1 [lanes 1 and 2, mock-transfected
(Mock) control] or cells expressing the ZnT4-hemagglutinin (HA) fusion protein (lanes 3 and 4)
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detected with HA (∼47 kDa) and anti-β-actin (∼38 kDa) antibodies. C: confocal micrographs
display colocalization of ZnT4 (ZnT4-HA; green) with p58 (red), a trans-Golgi network (TGN)
marker. Colocalization (yellow) illustrates localization in the TGN. Scale bar represents 20 μm.
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Figure 4-2. ZnT4 transports Zn out of the cytoplasm and into a labile Zn pool in mammary
epithelial cells.
A: HC11 cells were transfected with pGL3 empty vector (EV) and thymidine kinase promoterlinked Renilla luciferase vector (pRL-TK), 4×-metal responsive element-pGL3 luciferase reporter
and pRL-TK renilla (Mock), or 4×-metal responsive element-pGL3 luciferase reporter, pRL-TK
renilla, and pcDNA3.1ZnT4-HA (ZnT4), and changes in luminescence were assessed after 24 h
Zn (1 μM) treatment. Data represent mean ratios of firefly:renilla luciferase light units ± SD (n =
3 samples/group); *P < 0.05. B: labile Zn accumulation into intracellular vesicles was quantified
by fluorometric assay using FluoZin-3 in Mock-transfected cells and cells expressing ZnT4-HA
fusion protein. Data represent mean FluoZin-3 fluorescence/microgram protein ± SD (n = 8
samples/group); *P < 0.05. Experiment was repeated more than 3 times.
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Figure 4-3. ZnT4 increases trans-Golgi apparatus Zn concentration in mammary epithelial
cells.
HC11 cells were mock-transfected (Mock) or transfected with ZnT4-HA (ZnT4). A: UDPgalactosyltransferase activity was measured as a biochemical index of Zn metallation of resident
Zn-dependent proteins in the TGN. Data represent mean galactosyltransferase activity ± SD (n =
3 samples/group); *P < 0.05. Experiment was repeated more than 3 times. B: representative IB of
UDP-galactosyltransferase (∼44 kDa) in total membrane proteins isolated from mock-transfected
and ZnT4-HA-transfected cells. Membranes were stripped and reprobed for β-actin to normalize
for sample loading.
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Figure 4-4. ZnT4 attenuation decreased carbonic anhydrase (CA)-VI protein abundance.
A: representative IB of ZnT4 (∼47 kDa) in total membrane protein fractions isolated from mocktransfected (Mock) cells and cells transfected with ZnT4 small interfering (si)RNA (siZnT4).
Membranes were stripped and reprobed for β-actin to normalize for sample loading. B:
representative IB of CA VI (∼33 kDa) in total membrane proteins isolated from mock-transfected
(Mock) cells and cells transfected with siZnT4. Membranes were stripped and reprobed for βactin to normalize for sample loading. C: data represent mean ratios of CA VI:β-actin ± SD (n = 3
samples/group); *P < 0.05. D: data represent CA-VI mRNA expression in mock-transfected
(Mock) and cells transfected with siZnT4 ± SD (n = 3 samples/group).
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Figure 4-5. Zinc exposure relocalizes ZnT4 in mammary epithelial cells.
A: confocal micrograph of HC11 cells that were treated with 0 or 200 μM Zn for 2 h. ZnT4-HA
was detected with Alexa Fluor 488-conjugated anti-rabbit IgG (green), and cell nuclei were
stained with TO-PRO-3 (blue). B: cells were treated with Zn (200 μM) for 2 h and biotinylated,
and cell surface proteins were isolated following precipitation with avidinated agarose beads.
Proteins were separated by electrophoresis and immunoblotted with anti-HA antibody.
Representative IB of cell membrane proteins detected with anti-HA antibody following cell
surface biotinylation of HC11 cells treated with 0 μM Zn (0) or 200 μM Zn (200). Nonspecific
binding of proteins to avidinated beads was assessed in cells not exposed to biotin (NB). Total
membrane isolated proteins (TM) served as a positive control. Scale bar represents 20 μm.
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Chapter 5
ZnT4-null mice have impaired pubertal mammary gland development
resulting in distinct lactation defects

Abstract

Deletion of the zinc (Zn) transporter ZnT4 in mice (‘lethal milk mice’, lm/lm)
causes reduced milk Zn levels. Much less discussed is the observation that C57bl/6Jlm/lm
mice have smaller mammary glands and reduced milk secretion, resulting in failure to
nutritionally support offspring. This suggests cellular roles beyond Zn secretion into
milk. We previously found that ZnT4 exports Zn across the apical cell membrane;
however, ZnT4 also imports Zn into the trans-GA in mammary epithelial cells. To better
understand the role of ZnT4 in mammary gland function, we used C57bl/6Jlm/lm mice to
characterize the effects of a ZnT4-null phenotype on the mammary gland during
development and lactation. Complementary mechanistic studies were carried out in
cultured HC11 mammary epithelial cells. We found that lactating C57bl/6Jlm/lm mice have
a sparser ductal tree structure and fewer alveoli compared to C57bl/6Jwt/wt littermates.
Additionally, nulliparous C57bl/6Jlm/lm mice have increased peri-ductal mammary gland
fibrosis, decreased MMP-9 activity and increased ZnT2 expression. ZnT4 attenuation in
cultured HC11 cells increased cytoplasmic Zn accumulation. Overall, our study
implicates ZnT4 as a critical mediator of intracellular Zn homeostasis, thereby playing a
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central role in regulating Zn-mediated enzymes that control fundamental aspects of
mammary gland ductal growth and expansion.

Introduction

The “lethal milk” mouse (C57bl/6Jlm/lm) carries a truncation mutation in SLC30A4,
the gene encoding ZnT4, resulting in non-sense mediated decay of ZnT4 mRNA [227].
During lactation, ZnT4-null mice have ~35% lower milk Zn concentration compared with
their wild-type littermates [101]. In addition, ZnT4-null mice have smaller mammary
glands and lower milk volume [101], resulting in offspring death within a few days of
birth. Previously, we showed that in addition to Zn export across the cell membrane,
ZnT4 is critical for transporting Zn into the trans-GA of the mammary epithelial cell
thereby playing a role in delivery of Zn to critical Zn-dependent proteins including the
resident Golgi protein galactosyltransferase (for lactose production) and the secreted
enzyme

carbonic

anhydrase

VI

(for

infant

alimentary

tract

pH

balance)

[228]. Collectively, this implicates ZnT4 in processes that are critical for mammary
gland development and function; however, the precise role of ZnT4 in the mammary
gland has not been elucidated.
The majority of mammary gland development occurs during post-natal life.
During puberty, the primary ducts migrate through the mammary fat pad creating a
framework for future differentiation and secretory development. Terminal end buds
(TEB), located at the distal ends of primary ductal structures, serve as the driving force
behind primary duct elongation [229-231]. During development, TEBs migrate through
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the ductal fat pad until they reach the outermost boundary of the fat pad, which serves as
the mechanical impedance required for termination of ductal growth. Additionally,
secondary and tertiary branches develop during this period, creating a tree-like structure
that serves as the framework for future differentiation of alveolar buds. During
pregnancy, development of the mammary gland resumes during which extensive
proliferation continues and ductal branching occurs, followed by the differentiation of
mammary epithelial cells of the alveolar buds into complex lobular-alveolar structures
that will eventually produce and secrete milk [229-231].
The process of mammary gland development is coordinated by numerous
hormones and growth factors that are produced and secreted systemically, such as
estrogen, progesterone and PRL, and locally by bio-active factors present in the stroma
such as TGF-ß and IGF-1 [229-231]. Additionally, the availability of Zn serves a critical
role in the ability of the mammary gland to produce milk of optimal quality as
demonstrated by the effects of consuming a marginally Zn deficient diet on milk Zn
concentration and protein composition [113].
The objectives of the present study were to characterize effects of the ZnT4-null
phenotype in mammary gland development and function using C57bl/6Jlm/lm mice.
Determining the role of ZnT4 in mammary gland development and function in regulating
processes that occur locally in the mammary epithelium is critical for understanding
optimal mammary gland development and lactation.
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Materials and Methods

Animals
This study was approved by the IACUC Committee at the Pennsylvania State
University, which is accredited by the American Association for the Accreditation of
Laboratory Animal Care. Female heterozygous mice (strain name: C57BL/6Slc30a4lm/J)
mice were obtained commercially (Stock #: 000219, Jackson Labs, Bar Harbor, ME) and
individually housed in polycarbonate cages. Mice were fed a commercially available
chow diet and maintained on a 12 h-light/-dark cycle under controlled temperature and
humidity. Mice were bred and allowed to deliver naturally. Male and female C57bl/6J wt/lm
mice were bred and offspring were genotyped in a method adapted from Jackson Labs
(http://jaxmice.jax.org). DNA was isolated from ear snips of 21+ day old pups using the
Extract-N-Amp Tissue PCR Kit (Sigma-Aldrich, #XNAT2) followed by PCR
propagation of a 979 bp sequence located on chromosome 2 by utilizing primer
sequences 5’-TTCCCCAAGCATGGTATCTAGT-3’ and 5’ATACGTACAGATGGATC-3’. ZnT4-amplified PCR products were then incubated for
3 hours at 37C with the endonuclease Nde1. Subsequent products were then run on a 1%
agarose gel with 0.1% ethidium bromide and visualized using UV light. Mouse
euthanization, blood and mammary gland collection were performed as previously
described [207].
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Cell Culture and siRNA transfection
HC11 cells were a gift from Dr. Jeffrey Rosen (Department of Molecular and
Cellular Biology, Baylor College of Medicine, Houston, TX) and used with permission of
Dr. Bernd Groner (Institute for Biomedical Research, Frankfurt, Germany). HC11 cells
are a COMMA-D-derived cell line from the mammary gland of mid-pregnant BALB/c
mice. Cells were routinely maintained in a non-secretory phenotype as previously
described [94]. For siRNA transfection, cells were plated in antibiotic-free OPTI-MEM
and cultured until ∼50% confluent. Cells were transfected with 100 pmol (6-well) or 20
pmol (24-well) of ZnT4-specific small interfering RNA (sense, 5′GCUAAUUCCUGGAAGUUCA-3′; antisense, 5′-UGAACUUCCAGGAAUUAGC-3′;
Sigma-Aldrich) or mismatched control small interfering RNA (sense, 5′CCGCGUCCUUCCUUAUGUAGGAAUU-3′; antisense, 5′AAUUCCUACAUAAGGAAGGACGCGG-3′; Invitrogen) using Lipofectamine 2000 at
an oligonucleotide/transfection reagent ratio of 25:1 for 48 h before experiments.

Immunoblotting
Tissues were homogenized, or cells were sonicated, in HEPES-based lysis buffer
containing protease inhibitor and processed as previously described [99]. Cellular debris
and nuclei were pelleted by centrifugation at 500 g for 5 min. Supernatant was
centrifuged at 100,000 g for 20 min, and total membrane pellet was resuspended in lysis
buffer. Protein concentration was determined by Bradford assay. Total membrane protein
(50–100 μg) was diluted in Laemmli sample buffer containing 100 mM dithiothrietol and
incubated at 95°C for 5 min. Samples were then electrophoresed on an SDS-PAGE gel,
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transferred to a nitrocellulose membrane, and probed for ZnT2 or ZnT4 as previously
described [94, 228].

Cytosolic zinc pool measurement
To determine the effect of ZnT4 attenuation on cytosolic Zn pools, HC11 cells
were seeded in antibiotic-free growth medium in 96-well optical bottom plates and
cultured until 90–95% confluent. HC11 cells were transfected using Lipofectamine 2000
and a luciferase reporter assay was performed as previously described [228]. The dualluciferase reporter assay system (Promega) was used to measure luminescence (Turner
Biosystems, Sunnyvale, CA) for firefly and Renilla luciferase activity (internal control).
Data were expressed as relative light units (ratio of firefly:renilla luciferase activity).
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Zinc secretion assay
To investigate the effects of ZnT4-attenuation on Zn secretion from mammary

epithelial cells, we first attenuated ZnT4 expression in HC11 cells as previously
described [228]. Cells were loaded with [65Zn] (Oakridge National Laboratory, Oakridge,
TN, U.S.A.) for 3 h at 37 °C, and then [65Zn] secretion into non-conditioned media was
performed as previously described [94].

Hematoxylin & Eosin and Masson’s Tri-chrome Staining
Mammary glands were fixed in 4% paraformaldehyde followed by rehydration in
70% EtOH and PBS. Tissue was sectioned and mounted onto slides for staining.
Hematoxylin & Eosin staining was performed as previously described [168]. Masson’s
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Tri-chrome Staining was performed using the following steps: deparaffinization in xylene
(3 min) followed by dehydration in 100%, 70%, and 50% ethanol (2 min each). Sections
were fixed in Bouin’s solution (Sigma-Aldrich, St. Louis, MO) for 1 hour at 56°C and
then rinsed in running water (5 min), and stained with Weigert’s iron hematoxylin
(Sigma-Aldrich, St. Louis, MO) working solution for 10 min, then rinsed in running
water (5 min). Next, they were stained with Biebrich scarlet-acid fuchsin solution (5
min), rinsed briefly in distilled water, incubated in phosphomolybdic-phosphotungstic
acid solution (1%, 5 min), rinsed briefly in distilled water, incubated in aniline blue
solution (Sigma Aldrich, St. Louis, MO)(5 min), rinsed briefly in tap water, incubated in
phosphomolybdic-phosphotungstic acid solution (1%, 3 min), washed briefly in distilled
water, incubated in 1% acetic acid (2 min), washed briefly in distilled water, dehydrated
with 95% and 100% ethanol (2 min each) and cleared in xylene (3 min). Finally, sections
were mounted with mounting medium (Thermo Scientific, Kalamazoo, MI) and cover
slipped.

Matrix metalloproteinase zymography
Mammary gland tissue was homogenized in in HEPES-based lysis buffer
containing protease inhibitor followed by whole cell protein measurement via Bradford
Assay. Samples were then electrophoresed on 0.1% gelatin zymogram gels (Biorad,
Hercules, CA), and the gel was incubated overnight and stained/destained with
Coomassie Blue R-250 and 10% acetic acid as previously described [232]. Digital images
were captured with Odyssey CLx (Li-Cor, Lincoln, NE) and quantified using Image
Study V2.1 software.
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Whole Mount Staining and Analysis
Fourth inguinal mammary glands were collected and placed on a microscope slide
at room temperature for 5 mins, followed immediately by overnight incubation in
Cornoy’s fixative (60% EtOH, 30% chloroform, 10% acetic acid). Mammary glands were
then treated as follows: rehydrated in 70% EtOH (2 x 15 minutes), then 50%, 30%, and
10% EtOH (2 x 10 minutes each), and water (1 x 5 minutes). Rehydrated glands were
stained overnight in carmine alum solution (2% carmine dye, 5% aluminum potassium
sulfate), destained for 1 hour in destain solution (70% EtOH, 2% HCl) then dehydrated in
70%, 95%, and 100% EtOH (2 x 15 minutes each) followed by xylene for 30 minutes.
All incubations were performed at room temperature. Mammary glands were mounted
with Paramount on glass slides. Images of whole mount mammary glands were captured
with a Nikon SMZ1500 stereoscope and analyzed with Adobe Photoshop CS3 (v10.0,
San Jose, CA). Ductal fat pad infiltration was determined by outlining the perimeter of
the fat pad and the most distal points of the ductal tree with Adobe Photoshop CS3 the
“lasso” tool. Ratio of ductal tree to fat pad perimeter was then used as a measurement of
ductal fat pad infiltration.

Statistical Analyses
Data are expressed as mean ± SD and analyzed by Student’s t-test where
appropriate. Statistical analysis was conducted using GraphPad Prism 5.0 (San Diego,
CA) and significance was demonstrated at P < 0.05.
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Results

Genotyping and confirmation of ZnT4-null phenotype. Genotype was confirmed
using a modified PCR genotyping protocol adapted from Jackson Laboratories (Bar
Harbor, ME; Figure 4-1A). ZnT4-amplified PCR products were digested with the
endonuclease NdeI and visualized on a 1% agarose gel. Samples containing the
following bands represent each respective genotype: wild type = 979 bp, heterozygote =
979 and 852 bp, and lethal milk = 852 bp. Additionally, to verify the absence of ZnT4
protein in lethal milk mice, we immunoblotted for ZnT4 in both the mammary gland and
small intestine (Fig 4-1B).

A ZnT4-null phenotype alters mammary gland architecture and results in
insufficient expansion during lactation. Previous studies using lactating C57bl/6Jlm/lm
mice found smaller mammary glands that produce less milk which contains less Zn than
their wild-type littermates [101]. We first aimed to characterize mammary gland
morphology during lactation in C57bl/6Jlm/lm mice. We observed distinct histological
differences in lactating C57bl/6Jlm/lm mammary glands compared to wild-type littermates
(Figure 4-2). Whole mount analysis of lactating lethal milk mammary glands displayed
reduced secondary branching (Figure 4-2B-i,ii) and fewer alveoli (Figure 4-2B-iii, iv).
H&E stained cross-sections of lactating C57bl/6Jlm/lm mammary glands similarly
displayed a substantial decrease in abundance of alveoli (Figure 4-2A); however, the
lobules were well organized, and the alveoli were patent and did not accumulate lipid
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droplets, suggesting that reduced secretion resulted from insufficient secretory capacity
and not defects in secretion.
We hypothesized that these defects could be attributed to impaired mammary
gland growth and development prior to lactation. We first measured the degree of ductal
infiltration into the mammary fat pad. Total ductal area (Figure 4-3A, dotted line) was
compared to total fat pad area (Figure 4-3A, solid line). The ratio of ductal area to fat pad
area was not significantly different between genotypes (Figure 4-3B), indicating that
mammary fat pad infiltration was not inhibited in C57bl/6Jlm/lm mice. However, we noted
a significant decrease in alveolar bud formation in nulliparous lethal milk mammary
glands compared to wild-type littermates (Figure 4-2C, p < 0.05). Furthermore, we
observed ductal hyperplasia in the mammary glands of C57bl/6Jlm/lm mice (Figure 4-2D).
Overall, these data suggest that a ZnT4-null phenotype results in impaired secondary
ductal expansion during development that results in distinct morphological defects.

Alterations in mammary gland architecture were associated with increased collagen
deposition. To better characterize the ductal defects, we utilized Masson’s tri-chrome
staining to visualize collagen distribution in mammary gland sections (Figure 4-4A).
Mammary gland ducts are enclosed in a thin layer of collagen-rich tissue that serves both
a structural support role for the peri-ductal environment, while also contributing to a
closely regulated exchange of bio-active components between these tissues [233]. We
hypothesized that decreased secondary branching and alveolar bud development in
C57bl/6Jlm/lm mice would be associated with peri-ductal collagen hyperaccumulation,
thereby inhibiting secondary branching morphogenesis through mechanical impedance
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and disruption of the balance of bio-active molecule exchange that takes places
between these tissue types [233]. To quantify peri-ductal collagen deposition, we
measured the perimeter of the collagen accumulation around the ducts and the perimeter
of the ductal epithelium itself in C57bl/6Jlm/lm mice and compared it to their wild-type
littermates (Figure 4-4A, inset). We found that the ratio of peri-ductal collagen to ductal
epithelium was significantly higher in C57bl/6Jlm/lm mammary glands indicating that
C57bl/6Jlm/lm mice have increased peri-ductal collagen deposition (Fig. 4-4B). This
suggests that either more collagen is being deposited and/or less collagen is being
degraded during mammary gland remodeling that occurs during development. Matrix
metalloproteinase-9 (MMP-9) is a collagenase that is abundantly expressed in the
mammary gland, which is critical for mammary gland development. MMP-9 is a Zn dependent enzyme whose activity is inversely correlated with peri-ductal collagen
abundance [234]. Therefore, we hypothesized that MMP-9 activity would be lower in the
mammary glands of C57bl/6Jlm/lm mice. Using gel zymography, we assessed mammary
gland MMP-9 activity in the mammary glands of both C57bl/6Jlm/lm and wild-type mice
(Figure 4-5A) and found that the mammary glands of C57bl/6Jlm/lm mice had significantly
lower MMP-9 activity compared to wild-type littermates (Fig 4-5B).

ZnT2 expression and Zn accumulation. Due to the nature of the network-driven design
of Zn transporter function, we hypothesized that ZnT2 abundance is higher in
C57bl/6Jlm/lm mammary glands in order to compensate for a lack of ZnT4-mediated Zn
export, which would essentially maintain intracellular Zn concentrations within the
normal homeostatic range. We utilized a western blot to show that C57bl/6Jlm/lm
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mammary glands displayed increased ZnT2 abundance compared to wild-type glands
(Figure 4-6D). Next, we hypothesized that a lack of ZnT4-mediated Zn export from
mammary epithelial cells would cause increased intracellular Zn accumulation, which
could have significant effects on intracellular Zn mediated processes. We utilized a
metal-responsive luciferase reporter construct to measure changes in cytoplasmic Zn
pools in response to ZnT4 attenuation. Consistent with our previous observation that
ZnT4 over-expression decreases cytoplasmic Zn concentration [228], we found that ZnT4
attenuation significantly increased cytosolic Zn pools compared to mock-transfected cells
(p<0.001) and significantly decreased HC11 cell Zn secretion (Figure 4-6B). We
previously found that ZnT4 is localized to the cell membrane and the trans-GA of
mammary epithelial cells [228]. Both the GA and the exofacial surface are potential
metallation sites for MMP-9 [47, 235]. To confirm the role of ZnT4 in providing Zn for
MMP-9 activity, we overexpressed ZnT4 expression in HC11 mammary epithelial cells.
We found that cells over-expressing ZnT4 had significantly greater MMP-9 activity
compared with mock-transfected control cells (Figure 4-6C). Collectively, these data
suggest that ZnT4 provides Zn for metallation and activation of MMP-9, permitting the
degradation and remodeling of the extracellular matrix.

Discussion

It has long been presumed that the primary defect in C57bl/6Jlm/lm mice was
decreased Zn secretion into milk [101, 102, 107]. This is consistent with our previous
studies that show ZnT4 is localized to the apical cell membrane [97] and the trans-GA
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[207], to provide Zn directly for secretion and for Zn-dependent proteins [207] that are
themselves, secreted into milk during lactation. The ability of Zn supplementation of
ZnT4-null dams to rescue suckled offspring further suggests that the primary defect
results from the inability to deliver adequate Zn into milk. However, previous studies also
found that lactating ZnT4-null mice secrete less milk [101]. This is consistent with our
previous report that ZnT4 provides Zn for activation of galactosyltransferase, a critical
enzyme in lactose synthesis that modulates milk volume. Additionally, previous studies
noted that ZnT4-null mice had smaller mammary glands [101]. Herein, we show that
reduced mammary gland size and decreased milk secretion result from distinct
morphological and physiological defects in the mammary glands of lactating
C57bl/6Jlm/lm mice, which at least partially arise from compromised mammary gland
development.
Characterization of lactating mammary glands from C57bl/6Jlm/lm mice revealed
that although glands were well-organized, lobular abundance was severely compromised.
While this could result from defects in mammary gland expansion during pregnancy, an
important finding from our study is that defects during lactation may initially stem from
impairments during mammary gland development creating distinct morphological defects
in ductal development and alveolar abundance. Our data suggest that ZnT4 provides Zn
for MMP-9 activity, which is necessary to drive the remodeling of the extracellular
matrix that is critical for the development of ductal architecture, specifically secondary
branching morphogenesis and growth [48]. It is possible that the lack of ZnT4 on MMP
activity is not restricted to MMP-9, as there are currently 24 different members of the
MMP family [47]. One alternative that we noted is that the absence of ZnT4 increased
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ZnT2 expression, which we have previously shown facilitates Zn accumulation into
vesicles and reduces the metallation of MMP-2 [232]. Thus effects on MMP-9 activity
may be at least partially due to Zn sequestration. Another possibility is that the lack of
ZnT4 may increase oxidative stress in the mammary gland. Oxidative stress induces
collagen expression, which may explain the increased peri-ductal collagen deposition
observed in C57bl/6Jlm/lm mice. Finally, it is possible that defects in ZnT4-null mice result
from the effects of Zn deficiency as we recently reported that similar defects in mice fed
a marginal Zn diet compromises mammary gland development (unpublished
observations) and function during lactation [113]. However, we believe the results herein
are not a consequence of reduced Zn availability to the developing mammary gland, as
ZnT4-null mice had plasma Zn levels similar to their wild-type littermates (Figure 4-7).
However, we cannot rule out secondary effects resulting from alterations in Zn
homeostasis. Nevertheless, a consequence of low MMP-9 activity is insufficient collagen
turnover [47, 234], which is itself a key regulator of branching morphogenesis and
growth [233]. Specific molecular/biochemical interactions in the microenvironment of
the collagen/epithelial interface, such as the release of various growth factors, as well as
mechanical inhibition of ductal growth and TEB progression through the fat pad, regulate
mammary gland ductal expansion. This suggests that insufficient MMP-9 activity was at
least in part responsible for poor mammary gland expansion in ZnT4-null mice.
A key finding from our study is that nulliparous ZnT4-null mice have increased
expression of ZnT2. ZnT2 may play a compensatory role for the lack of ZnT4-mediated
Zn secretion. However, the functions of ZnT4 and ZnT2 are clearly not redundant. While
ZnT4 transports Zn into the trans-GA and across the cell membrane, ZnT2 imports Zn
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into mitochondria [236] and vesicles [94]. Thus ZnT4 and ZnT2 participate in discrete
cellular functions such as post-translational processing [228] in the GA and ATP and
apoptosis in the mitochondria [236]. Thus increased abundance of ZnT2 may itself, have
dramatic cellular consequences.
Moreover, our study suggests that ZnT4 may play a more fundamental role in
mammary gland biology, and thus defects in ZnT4 may impair the ability to maintain
lactation in general, which may be why genetic variation in ZnT4 has not been detected
in women with low milk Zn levels. Intriguingly, 22 single nucleotide polymorphisms
(SNPs) in ZnT4 have been deposited in dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). The
presence of SNPs in ZnT4 in the human population suggests that alterations in ZnT4
function may play a role in suboptimal breast development and lactation. SNPs in ZnT4
could be a significant modifier of the ability to exclusively breastfeed. Further studies are
required to fully differentiate the roles of ZnT4 from ZnT2 in mammary gland biology.
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Figure 5-1. Verification of ZnT4-null status of C57bl/6Jlm/lm mouse.

DNA was extracted from ear snip tissue and amplified by PCR with primers specific for
ZnT4. ZnT4-enriched PCR products were then digested with NdeI, an endonuclease
specific for the lethal milk mouse mutation 5’-CATATG-3’. (A) DNA bands indicate
genotype as marked: U = total uncut PCR product of each cut product to its right; ht =
heterozygous, 852bp, 979bp; wt = wild-type, 979bp; lm = lethal milk, 852bp. (B)
Representative immunoblot of ZnT4 in total membrane fractions prepared from wild-type
(wt) and lethal milk (lm) small intestine and (C) mammary gland.
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Figure 5-2. Morphological analyses of lethal milk mammary glands display distinct
developmental defects.
(A) H&E staining of lactating wild-type (i) and lethal milk (ii) mammary tissue sections
reveal sparser alveolar structures and a greater abundance of adipose tissue. (B) Whole
mount analyses of virgin wild-type (i) and virgin lethal milk (ii) mammary glands reveal
a distinct defect in secondary branching in lethal milk mammary glands as measured by a
significantly decreased alveolar bud count (C; p < 0.05). This defect is also observable in
lactating lethal milk mammary glands (iii), which display sparser lobular structures
compared to wild-type tissue (iv). (D) H&E staining of virgin lethal milk mammary
glands (C57bl/6Jlm/lm) display hyper-proliferation of epithelial cells surrounding the
ductal cross-section.
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Figure 5-3. Whole mount analysis reveals no difference in ductal fat pad infiltration
of C57bl/6Jlm/lm mammary glands.
(A) Perimeters of the ductal-tree structure (solid line) and mammary fat pad (dotted line)
were outlined and measured using the “lasso” tool in Adobe Photoshop CS3. (B) Ductal
fat pad infiltration was quantified by calculating the ratio of fat pad to ductal structure
perimeters. There was no significant difference in fat bad infiltration between the lethal
milk (C57bl/6Jlm/lm) and wild-type (C57bl/6Jwt/wt) mammary glands.
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Figure 5-4. Masson’s tri-chrome staining reveals a significant increase in peri-ductal
collagen deposition in C57bl/6Jlm/lm mammary glands.
(A) Perimeters of the ductal epithelium (solid line) and out border of the peri-ductal
collagen (dotted line) were outlined and measured using the “lasso” tool in Adobe
Photoshop CS3. (B) Peri-ductal collagen deposition was quantified by calculating the
ratio of peri-ductal collagen to epithelium perimeters, which revealed a significant
increase in peri-ductal collagen deposition in lethal milk (C57bl/6Jlm/lm) compared to
wild-type (C57bl/6Jwt/wt) mammary glands (p < 0.05).
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Figure 5-5. ZnT4 abundance is positively correlated with mammary gland MMP-9
activity.
(A) Representative zymogram gel showing decreased gelatinolytic activity of MMP9 (~92 kDa) in lethal milk (C57bl/6Jlm/lm) mammary gland tissue compared to wild-type
(C57bl/6Jwt/wt). (B) MMP-9 activity was significantly decreased in lethal milk mice as
quantified by densitometry following gel zymography. *P < 0.05 as measured by
Student’s t-test and repeated 3 times.
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Figure 5-6. ZnT4 attenuation in HC11 mammary epithelial cells causes significantly
higher intracellular Zn retention.
(A) Cytoplasmic Zn levels were measured using a 4X-metal response element (MRE)
luciferase reporter construct in HC11 mammary epithelial cells, which was co-transfected
with pcDNA3.1ZnT4-HA (ZNT4) or ZnT4 small interfering (si)RNA and compared to
mock-transfected cells (MOCK). Means with different letters are significantly different
as analyzed by 1-way analysis of variance followed by a Tukey posttest (P < 0.05). Data
represent mean ratios of firefly:renilla luciferase light units ± SD (n = 4 samples/ group
from 2 independent experiments); P < 0.05. (B) Zn secretion was significantly decreased
ZnT4-attenuated HC11 cells (siZnT4) compared to mock-transfected cells (MOCK).
Values represent mean pmol Zn/μg protein ± SD (n = 3 samples/genotype). *P < 0.05, a
significant effect of ZnT4 attenuation at each separate time point. (C) Representative
zymogram gel displaying increased gelatinolytic activity in HC11 mammary epithelial
cells over-expressing ZnT4 (ZnT4) compared to mock-transfected cells (MOCK). (D)
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Representative immunoblot displaying increased ZnT2 abundance in C57bl/6J lm/lm virgin
mammary glands.
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Figure 5-7. Plasma Zn concentrations of lethal milk (C57bl/6Jlm/lm) and wild type
(C57bl/6Jwt/wt) mice are not significantly different.
Table represents plasma Zn concentrations ± SD in wild-type and lethal milk mice. Data
were analyzed by Student’s t-test (n = 5 mice/group).
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Chapter 6 Conclusions
This dissertation determined that ZnT4 serves a central role in mammary gland
development and function, thereby promoting the production of milk of optimal quality
and quantity for the nursing infant. Previously, the primary role of ZnT4 in the mammary
gland was presumed to exclusively pertain to the transport of Zn into milk. However, this
dissertation determined that the role of ZnT4 encompasses a much broader set of
responsibilities including providing Zn for underlying mechanisms involved in mammary
gland development, function and milk synthesis (Figure 6-1). Additionally, this
dissertation demonstrated that a large, mobilizable Zn pool accumulates in the mammary
gland GA during lactation and is responsive to PRL stimulation, demonstrating that a
large amount of Zn must be transiently accumulated in the mammary epithelium during
lactation. We now understand that ZnT4 likely plays a significant role in this transient Zn
accumulation by transporting Zn into the GA for Zn-dependent proteins that are
important for mammary gland function and development, which increases our
understanding of the importance of ZnT4 function. Additionally, this dissertation showed
that normal, homeostatic whole body Zn redistribution is critical for the production of
milk of optimal quality and quantity. We now understand that adverse effects in infant
health and viability caused by a Zn deficient maternal diet are correlated with
dysregulation of normal Zn redistribution during lactation, which demonstrates the
critical nature of Zn redistribution for the synthesis of milk of optimal quality and
nutrition.
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The numerous roles of Zn outlined in this dissertation underscore the importance
of maintaining Zn transport homeostasis during such critical physiological junctures as
mammary growth, differentiation, and lactation. Currently, we do not understand all of
the physiological barriers that create a situation of suboptimal lactation and dysregulated
mammary gland function, particularly those that have the potential to be caused by
impaired mammary gland development and differentiation such as delayed onset of
lactogenesis and maternal perception of suboptimal milk production.
Previous characterization of ZnT4-null C57bl/6Jlm/lm mammary gland
development and function was limited. Observations such as decreased milk Zn
concentration, mammary gland weight, and milk volume hinted at defects in mammary
gland function, but the underlying physiology that resulted in this phenotype has not been
established. Due to the combination of C57bl/6Jlm/lm mammary gland defects noted in
previous studies (decreased mammary gland weight and milk secretion) and the potential
fundamental role for ZnT4 in mammary gland Zn metabolism, we hypothesize that ZnT4
serves a central role in mammary gland development and is critical for ductal tree
development and branching morphogenesis. Gaining a better understanding of the role of
ZnT4-mediated Zn metabolism in mammary gland development has critical implications
toward improving maternal and infant health by creating a potential for improved
lactation counseling. For example, if a lactating woman presents with breastfeeding
difficulties due to perceived impaired milk production, a better understanding of ZnT4
function and its role in milk production would help to inform the decision as to whether
or not the mother should be advised to continue breastfeeding with continued monitoring
or if cessation of breastfeeding is a better alternative.
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6.1 Future Perspectives

The mammary gland transports a tremendous amount of Zn from circulation into
breast milk during lactation. Much of this Zn is transported into milk for the nursing
infant. However, Zn is also required for a multitude of other physiological functions. This
dissertation determined that an extensive volume of whole body Zn redistribution occurs
during lactation in order to meet the changing demands of various organ pools during this
time. Mice consuming a Zn deficient diet observed significant dysregulation of this
normal, homeostatic Zn pool redistribution which resulted in significant adverse effects
on offspring growth and survival. Due to the fact that an estimated 60 to 80% of women
of reproductive age are at risk for Zn deficiency [108], further investigation into the
prevalence and effects of moderate Zn deficiency throughout the population is warranted.
If significant evidence is discovered to suggest that moderate Zn deficiency throughout
the population is causing dysregulated Zn pool distribution, implications could include
considering modifications to prenatal supplementation programs or even dietary
guidelines pertaining to Zn intake for women of reproductive age.
This dissertation determined that ZnT4 transports Zn into GA within the
mammary epithelium where a large, mobilizable Zn pool accumulates during lactation.
Currently, we do not understand how the accumulation of this Zn pool, or ZnT4
abundance, are regulated. Due to the critical nature of ZnT4-mediated Zn import into the
GA during lactation, determining how ZnT4 abundance and Zn import into the GA are
regulated are important for ensuring optimal mammary gland function and the production
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of milk of optimal quality and quantity. Potential regulatory factors include cytokines
such as RANK-L due to the presence of putative binding sites in the ZnT4 promoter, as
well as potential hormonal factors such as estrogen and progesterone, whose circulating
levels parallel increasing ZnT4 abundance during lactation [97]. The absence of ZnT4
regulation could result in disruption of mammary gland development and function, which
will result in adverse health consequences for the nursing infant. Therefore,
understanding how ZnT4 abundance and ZnT4-mediated Zn transfer into the GA are
regulated deserves further investigation such as the exploration of other critical milk
constituents whose synthesis may be dependent on ZnT4-mediated Golgi Zn
accumulation.
Due to the fundamental role of ZnT4 in mammary gland biology, defects in ZnT4
could impair the ability of the mammary gland to maintain lactation. Therefore, genetic
variation in ZnT4 may not have been detected in women with low milk Zn levels or
additional underlying suboptimal lactation. There are 22 identifications of single
nucleotide polymorphisms (SNPs) in ZnT4 in the human population. The presence of
these SNPs suggests that genetic variation in ZnT4 could potentially be responsible for
occurrences of suboptimal lactation and reduced rates of exclusive breastfeeding.
Therefore, understanding the role of genetic variation in ZnT4 on mammary gland
development and function is critical for improving infant health and requires further
investigation.
This dissertation determined that C57bl/6Jlm/lm (ZnT4-null) mice have significant
defects in mammary gland development including impaired ductal tree expansion
stemming from decreased abundance of secondary branching structures and
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hyperaccumulation of peri-ductal collagen in the mammary gland stromal tissue.
Implications of peri-ductal collagen accumulation extend beyond the scope of this
dissertation to include a significant association with conditions that promote breast cancer
biogenesis and progression through dysregulated turnover of mammary gland collagen.
Dysregulated MMP activity and increased collagen abundance have been associated with
the epithelial-to-mesenchymal transition of mammary cells and the growth of tumor cells
[237]. Therefore, further investigation into the regulation of ZnT4 and breast cancer
incidence and/or progression is warranted. Specifically, studies utilizing C57bl/6Jlm/lm
mice to investigate the protective effect of ZnT4 against the incidence rate of mammary
tumors would be a good starting point upon which to determine the cancer protective
abilities of ZnT4.

118
Figures

Figure 6-1. ZnT4 is critical for optimal mammary gland development and function.
(A) ZnT4 transports Zn into the mammary epithelial cell trans-GA to β-1,4galactosyltransferase (resident), carbonic anhydrase VI (secreted) and MMP-9 (secreted)
proteins, which are critical for optimal mammary gland function and milk production. (B)
Mammary gland ductal tree structures of ZnT4-null, lethal milk (lm/lm) mice have
decreased abundance of alveolar buds and sparser branching. (C) Due to defects at the
cellular and tissue level, lethal milk (lm/lm) mice experience decreased milk volume
production, mammary gland size, and offspring survival.
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