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ABSTRACT

The objectives of this thesis were to characterize the immunological
effects of dietary zinc deficiency in a growing rat model, investigate the time
course for recovery of lymphoid tissue, and explore potential mechanisms behind
the immunodeficiency including increased lymphocyte susceptibility to apoptosis
via differential expression of the zinc finger signaling protein p56'* and/or altered
hypothalamus-pituitary-adrenal stress axis activity. Zinc-deficient rats (ZD)
become anorexic; therefore, a diet-restricted group (DR) was included to
separate the effects of zinc deficiency from malnutrition.

Providing zinc to ZD resulted in complete recovery of T-cell numbers and
lymphoid organ weight before body weight, indicating a priority for recovery of
lymphoid organs. Compared to the control group (CTL), ZD had higher
thymocyte p56'* protein levels, which could theoretically alter thymocyte
maturation or increase apoptosis. ZD had a higher proportion of thymic cytotoxic
T-cells compared to CTL, but there was no effect of diet on apoptosis. ZD and
DR had higher serum corticosterone concentrations compared to CTL, but the
increased corticosterone concentrations were not associated with increased
apoptosis or a decreased production of Th1 cytokines.

ZD had fewer recent thymic emigrants (CD90"TCRaf ") compared to both
DR and CTL. There was no difference in the proportion of CD90" thymocytes or
the first two stages of post-thymic development based on CD45RC, RT6.1, and
CD90 cell surface labeling of splenic T-cells. However, ZD, DR and marginally

zinc deficient rats had a 42% lower proportion of late thymic emigrants



(TCRap"CD90*CD45RC RT6.1%) compared to CTL. The lower proportion of
CD90" T-cells in ZD does not appear to be due to a defect in thymic production
or increased apoptosis in the spleen, but future studies should examine the
kinetics of thymic output/post-thymic maturation and include other organs to
determine if the late thymic emigrants have homed to another organ.

This thesis has characterized the effects of dietary zinc deficiency on the
T-cell populations of growing rats and provides a novel mechanism to explain the
immunodeficiency associated with dietary zinc deficiency: a lower proportion of
recent thymic emigrants over time will limit the T-cell repertoire, leaving the

subject more susceptible to infection.
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1. GENERAL INTRODUCTION
1.1 Introduction
Nutrition plays an important role in the functioning of the immune system (1). All
cells in the body require certain nutrients to function properly, and the highly
proliferative cells involved in immune defense are particularly vulnerable to
nutrient deficiencies which could leave them functionally compromised (2).

This thesis explores the essentiality of zinc in the development and proper
functioning of the immune system, focusing particularly on the T-cells which are
involved in the cell-mediated immune response. Studies have shown that dietary
zinc deficiency results in a decreased ability to fight off infection due to a
decrease in T-cell numbers and a decreased function of the existing T-cells (3).
It has been hypothesized that elevated stress hormone levels in dietary zinc
deficiency explain the lymphopenia (4). Other research has also pointed to a
potential signaling defect (elevated p56'* protein levels) in dietary zinc deficiency
that might explain both the lymphopenia and reduced function of the T-cells (5).
However, the mechanism that explains the immunodeficiency of dietary zinc
deficiency has not been established conclusively.

This thesis will examine the interrelationships among the hypothalamus-
pituitary-adrenal stress axis, p56'* protein levels, dietary zinc deficiency and
repletion, and their effects on T-lymphocyte maturation and apoptosis
(programmed cell death). The overall implication of this work is a deeper
understanding of the role of dietary zinc in the highly complicated development

and functioning of T-cells in the growing animal. This work contributes a new



hypothesis to explain the immunodeficiency associated with dietary zinc
deficiency: fewer recent thymic emigrants over time will limit the T-cell repertoire,
leaving the subject more susceptible to infection. The relevant literature is

discussed in the following chapter.
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2. LITERATURE REVIEW

2.1 Zinc
2.1.1 Functional roles of zinc

Zinc is known to play a role structurally or functionally in over 300
enzymes in the body and is also involved in two other classes of proteins:
metallothioneins and gene regulatory proteins (1). In the cell, zinc containing
proteins play a role in everything from metabolic pathways to regulation of gene
expression (2). One important group of zinc proteins are ‘zinc fingers’. Zinc
finger proteins are aptly named because zinc stabilizes small protein loops that
resemble fingers, which allows the zinc finger to bind to DNA or other proteins
(3). Zinc finger proteins are found throughout the cell and may play a part in
countless protein to protein interactions including signal transduction in T-cells
(4). Since zinc is part of so many proteins necessary for signal transduction and
proliferation, it comes as no surprise that dietary zinc has an influence on the
highly proliferative immune system (5).
2.1.2 Zinc body pools

Plasma contains approximately 1 pg zinc/ml bound to a-macroglobulin
and albumin, and this represents <1% of total body zinc (1). During zinc
deficiency in weanling rats, plasma zinc concentration drops from around 16 to 6
umol/L (6). However, plasma zinc concentrations can not be reliably used to
diagnose zinc deficiency because it is not sensitive enough to detect marginal
zinc deficiency and it is not specific, because acute infections can also lower

plasma zinc concentrations (7). The other 99% of total body zinc is intracellular



(1). Intracellular zinc is often bound to metallothionein which has a short half-life,
leading some to believe that it acts as a zinc pool (6). However, there is no
concrete evidence that any one tissue stores zinc. Some have looked to bone as
a potential zinc pool, since bone holds 30% of total body zinc (8). Evidence
shows that during initial zinc deficiency, there is a small pool of zinc that can be
removed from bone (10-20%), and after that no more zinc can be removed
without losing bone mass (8). Femur zinc concentration is often used to evaluate
long term zinc deficiency in animal models.
2.1.3 Dietary zinc deficiency

Dietary zinc deficiency occurs when there is an inadequate dietary zinc
intake or a decreased ability to absorb zinc from the diet (9). Because zinc is
present in a wide variety of foods (particularly protein rich foods) dietary zinc
deficiency was not a concern until the first documented cases of dietary zinc
deficiency were reported in the 1960s (10). A group of teenaged Middle Eastern
boys presented with dwarfism, delayed sexual maturation, rough dry skin and
increased susceptibility to infections (11). These boys were not related, and the
only commonality between them was a cereal based diet that was both low in
zinc and high in phytates. Phytates, found in whole grain cereals, pulses and
nuts, inhibit the absorption of zinc thereby increasing the risk of dietary zinc
deficiency (12).

Although dietary zinc deficiency was originally thought to be a rare
occurrence, it has recently been estimated that 1 out of 5 people in the world

might not be consuming or absorbing enough zinc from their diet (13). Studies



from around the world have shown that zinc supplementation reduces the rates
of diarrhea, pneumonia, malaria and mortality in children (14-17) suggesting that
a small increase in dietary zinc intake could make a difference in the health of
millions of people in this world. Besides dietary intake, there are diseases that
affect the absorption of zinc from the diet which contribute to the prevalence of
zinc deficiency including renal disease, Crohn’s disease, sickle cell anemia and
acrodermatitis enteropathica (18).

Zinc deficiency is listed as one of the top 10 risk factors of disease in
developing countries and among the top 20 on a global scale (19). Zinc
deficiency is a public health concern because it alters immune function leaving
the population susceptible to disease. The research designed to elucidate how
zinc deficiency results in immunodeficiency will be discussed in upcoming
sections. In order to understand the role of zinc in the immune system, a general

discussion of the immune system is offered in the following section.

2.2 The Immune System
2.1.1 The immune response

Our bodies provide the perfect environment for cells to iive and function,
including pathogens. The evolution of the immune system provides us with a
complex mechanism to protect us from death by infection (20). Various
analogies can be drawn between the components of the immune system and
various defenses for protection of one’s home or property. The first line of

defense against foreign antigens is the skin and mucous membranes that work



much like the walls, windows and doors of a house that keep strangers on the
street from entering the home (21). Often homes are armed with an alarm
system that sounds whenever an intruder enters. The alarm system is similar to
the second line of defense called the innate immune response, which will
respond to all foreign antigens nonspecifically (22). For example, a cut in the
skin allows microorganisms to invade the body and the immune system initiates
an inflammatory response which summons the arrival of immune cells to destroy
the pathogen (22). The immune cells that arrive recognize that the pathogen is
foreign, but they don’t need to know that pathogen specifically (i.e. will respond
similarly whether the pathogen is the Staphylococcus or the West Nile Virus).
Humans have evolved a third line of defense, called the adaptive immune
response, whereby the immune cells recognize one specific pathogen (20). This
is like the fire alarm in a house, which will only sound when a fire has started and
summons the appropriate aid.

The adaptive immune response is mediated by B- and T-lymphocytes (or
B- and T-cells) (21). B-cells mature in the bone marrow, while T-cells leave the
bone marrow to mature in the thymus before entering secondary lymphoid
organs like the spleen, lymph nodes and gut associated lymphoid tissue where
they respond to their specific antigen when stimulated (23).

Activation of B-cells results in the production of antibodies which then
travel throughout the body and bind to all molecules that are similar to the
antigen that initiated the immune response (23). Once the antibodies have

bound the antigens, this either inactivates the antigen, binds antigens together to



facilitate phagocytosis by macrophages or destroys the antigen by activating the
complement cascade (20). This response is called the humoral response (20).

T-cells attack antigens more directly and make up what is called the cell-
mediated response (20). T-cells have two main subsets: cytotoxic and helper T-
cells (24). Determination of cell surface markers or clusters of differentiation
(CD) using monoclonal antibodies and flow cytometry can distinguish the subtype
of lymphocyte. CD4 can be used to identify helper T-cells while CD8 reveals
cytotoxic T-cells (23).

Some of the classic characteristics of dietary zinc deficiency are thymic
atrophy and lymphopenia which has focused attention on T-cells (5) and the rest
of the literature review will pertain directly to this subset of immune cells.

2.2.2 T-cell maturation

The thymus gland is a bi-lobed organ situated above the heart. Each lobe
can be divided into lobules and each lobule can be divided into an outer area or
cortex and an inner area or medulla (25). The most immature T-cells are found
in the cortex and do not express the T-cell receptor (TCR):CD3 cofnplex, CD4 or
CD8 (26). As the cells travel towards the medulla, they begin to express TCRa,
CD4, and CD8 (26). Before thymocytes become fully mature and express either
CD4 or CD8 along with TCRaf3, they go through positive and negative selection
(27). This selection process ensures that cells that react strongly to self major
histocompatibility complexes (MHC) are removed by apoptosis and those that
don’t recognize self MHC at all die of neglect (24). The surviving thymocytes

leave the thymus and seed the periphery with “naive” T-cells capable of further



self-replication. Following appropriate antigenic stimulation, memory T-cells are
formed (24). Homeostasis of the T-cell compartment is maintained when there is
control over the number of cells being made and the number of cells being
destroyed (28). If too many cells are killed, leukopenia and immunodeficiency
occurs (28). If not enough lymphocytes are destroyed, autoimmunity or cancer
can occur (28). A malfunctioning thymus can prevent production or affect the
function of mature T-cells.

Intrathymic labeling using fluorescein isothiocyanate (FITC) (29) and
thymus transplantation (30) have allowed researchers to identify and
characterize differentiation of T-lymphocytes once they have been released from
the thymus into the periphery. CD90 first appears on cortical thymocytes and is
found on newly released T-cells (recent thymic emigrants) for approximately 3
days in rats (29). The ability to identify newly released thymocytes with CD90 is
unique to the rat, and therefore, positions the rat as the best model to study early
post-thymic development. CD90 plays a role in T-cell activation (31), and in the
diabetes-prone BioBreeding rat a high proportion of recent thymic emigrants are
apoptotic (32). RT6 and CD45RC are expressed as CD90 disappears (3-11
days post-thymus) and 76 days after T-cells have been released from the thymus
they express either CD45RC or RT6 (30). CD45RC is involved in T- and B-cell
receptor signal transduction, and is often used to discriminate naive from
memory T-cells (33, 34). RT6.1 is expressed solely on peripheral T-cells and it is
hypothesized that RT6.1 expression prevents apoptosis of recent thymic

emigrants (35). Further characterization of T-cells using CD90, CD45RC, and



RT6.1 would be of interest in determining how dietary zinc deficiency alters the
T-cell population.
2.2.3 Characterization of T-cells by flow cytometry

The rapid measurement of the physical and/or fluorescence
characteristics of individual cells while they pass, in single file, through a laser
beam of light is called flow cytometry (36). As the cells pass through the laser,
they scatter light in two ways. Forward scatter is the light deflected from the
surface of the cell and indicates the size of the cell, while side scatter is either the
light deflected off internal structures of the cell, or light from the florescent dye
(37). Cells are most often labeled using monoclonal antibodies that are directly
bound to fluorochromes, or indirectly when a fluorochrome is conjugated to a
secondary antibody that recognizes an unconjugated antibody (36). There are
numerous flurochromes available, each producing a distinct color that can be
used in combination to determine many characteristics of the cell simultaneously
(38). Multiparametric flow cytometry is often used to identify the phenotype of
cells based on their cell surface markers (i.e. CD4 vs. CD8) and report the
proportion of these cells in a sample population. In addition, some flow
cytometers can also isolate or sort cells of interest into purified populations for
further study (38). Intracellular staining of DNA to generate cell cycle histograms
has been used to identify apoptotic cells with fragmented DNA which appear in
the hypodiploid region of the cell cycle hisotogram (39). In combination with cell
surface staining, intracellular staining of DNA allows investigators to determine

the proportion of apoptotic cells among cell populations (39).
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2.2.4 T-cell function

Functional assays of T-cell function include measuring proliferation,
cytokine production, and cytotoxicity (40). A characteristic of the acquired
immune response is the ability of lymphocytes specific to an antigen to proliferate
and differentiate upon activation, which is often referred to as clonal selection
(20). Upon activation, helper T-cells also produce and secrete cytokines that
stimulate the activity of other immune cells, while cytotoxic T-cells Kill the target
cell when activated (23). For activation, cytotoxic T-cells require the antigen to
be combined with class | MHC, which are present on all nucleated cells (24). An
antigen activates the TCR on helper T-cells only when it is presented as a
complex with a MHC class Il protein, which is expressed by antigen presenting
cells like B-cells, macrophages and dendritic cells (24).

Helper T-cells can also be classified based on the cytokines they produce.
Th1 cells produce interleukin-2 (IL-2) and interferon-y (IFN-y), which are effective
at stimulating the cell mediated immune response to fight off intracellular
invaders (e.g. viruses)(41). Th2 cells produce IL-4 and IL-10 which stimulate the
humoral immune response which is more effective for fighting off intercellular
pathogens (e.g. worms) (41). The cytokines produced by Th1 and Th2 cells
inhibit each other and ensure that the immune response is not excessive (42).
Therefore, an imbalance in the Th1 to Th2 responses could result in autoimmune

diseases from an uncontrolled immune response (43).
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2.3 Dietary Zinc Deficiency and Cell-Mediated Immunity
2.3.1 Pair-fed controls

Studies on the impact of dietary zinc deficiency on the immune system
have been done mostly using the adult mouse as a model (44). A potential
confounding factor in studies examining the effects of dietary zinc deficiency on
the immune system is that the consumption of a zinc deficient diet resulits in
significant reductions in feed intake which, in turn, produces stunting malnutrition
in growing animals (45) or wasting malnutrition in adult rodents (46). Energy
malnutrition has a negative impact on the ability of the body to fight off disease
(47); therefore, an additional control must be included in research studies to
separate out the effects of malnutrition from zinc deficiency. The “pair-fed”
animal is individually matched to a zinc deficient animal. The pair-fed animal is
provided the control diet, but limited to the amount of feed as consumed by its
zinc deficient paired mate on the previous day to control for the effects of
malnutrition (48).
2.3.2 Zinc deficiency and lymphopenia

Like humans, zinc deficient mice are less able to fight off infection
compared to zinc adequate controls (49, 50). Fraker and colleagues found that
zinc deficient mice weighed 30% less than controls, and that their spleen and
thymus weighed 50 and 70% less than controls, respectively (51). Reduced
lymphoid organ weight suggests reduced cell numbers which theoretically would

result in fewer immune cells available to fight off infection. More recent studies
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have shown that zinc-deficient mice do indeed have fewer splenocytes (50) and
thymocytes (52) which could contribute to the immunodeficiency.
2.3.3 Zinc deficiency and T-cell function

It was also of interest to determine whether the reduced ability to fight off
infection was due solely to lower lymphocyte numbers, or if the functional ability
of the existing cells was also compromised in zinc deficiency. A study by Shi and
colleagues (50) has shown on a per cell basis lower proliferation rates and
cytokine production by T-cells in response to antigen in zinc deficiency compared
to a pair-fed group and ad libitum fed controls. This provides evidence that not
only are lymphocyte numbers reduced, but their ability to respond to antigens is
also compromised in dietary zinc deficiency.
2.3.4 Zinc deficiency and T-cell phenotypes

Although the function of T-cells was reduced, the question remained
whether zinc deficient mice had an altered proportion of immune cell phenotypes
which might explain the reduced functional abilities of the cells, or if the reduction
in lymphocyte numbers was balanced across all cell types. Using CD3, CD4,
and CD8 to identify T-cell subsets, no differences in the proportions of T-cell
phenotypes were found among dietary treatment groups for thymocytes (53) or
splenocytes (50) from zinc deficient mice. In experimental zinc restriction in
humans, there was a decrease in the ratio of CD4:CD8 and a trend (p=0.077,
n=5) for a lower ratio of CD4"CD45RA" (naive) to CD4"CD45RO" (memory) cells
in the blood of the volunteers (54). Post-thymic changes in T-cell phenotypes

using markers like CD90, CD45 (RA in humans, RB in mice, RC in rats) and
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RT6.1 have not been examined in dietary zinc deficiency, but would be of great
interest to elucidate the mechanism behind the immune impairment in dietary
zinc deficiency.
2.3.5 Zinc deficiency and corticosterone

A theoretical explanation for the lymphopenia that characterizes zinc
deficiency discussed in the literature involves corticosterone produced during
stimulation of the hypothalamus-pituitary-adrenal stress axis (55). High levels of
corticosterone from the adrenals can cause involution of the thymus by inducing
apoptosis in thymocytes (56). Apoptosis or programmed cell death is a form of
cell suicide. Apoptosis occurs in an organized fashion whereby the nucleus and
cytoplasm condense, chromatin is cleaved, and apoptotic bodies are removed by
lysosomes without causing any significant inflammation (28). Necrosis is another
form of cell death that occurs when cells take up water until the plasma
membrane bursts releasing the contents of the cell resulting in the initiation of an
immune response (28). Depasquale-Jardieu and Fraker (57) hypothesized that
dietary zinc deficiency creates a stress in the animal by increasing the level of
serum corticosteroids, and consequently resulting in lower numbers of functional
thymocytes due to apoptosis. They reported that the zinc deficient mice had
enlarged adrenal glands and higher plasma corticosterone concentrations
compared to ad libitum fed controls (3.3 uM vs 1.2 uM, respectively) (57). A
recent report showed that zinc deficient mice had an increased proportion of
apoptotic thymocytes compared to controls (52). However, a limitation of this

study is the lack of a pair-fed group, because malnourished mice also have
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elevated corticosterone levels compared to controls (58). Therefore, it is not
clear if the increased apoptosis is due to high corticosterone concentrations
alone or if zinc deficiency has an additional effect. DePasquale-Jardieu and
Fraker detected a loss in T-cell helper function in the zinc-deficient mice before
any elevation in serum corticosterone suggesting that there are other factors
besides the higher corticosterone concentrations associated with the depletion in
zinc that are compromising immune function (57). Removal of adrenal glands did
not offer significant protection against the immune dysfunction observed in zinc-
deficient mice providing further evidence that corticosterone is not the only cause
of the immunodeficiency in zinc-deficient mice (59).

2.3.6 Zinc deficiency and p56'

Another possible mechanism that could explain both the decreased
number and decreased function of T-cells in zinc deficiency is an increased
expression of the zinc finger signaling protein p56'™ (4). P56'*is only expressed
in lymphoid cells, and almost solely in T-cells (60). P56 is part of the src-
protein family, which is associated with the inside of the plasma membrane and
CD4 or CD8 (61). The cytoplasmic domains of CD4 and CD8 interact with the N-
terminal of p56'* through their cysteine residues (62). The pairs of cysteine
residues form a zinc-binding site, suggesting that zinc binding is necessary to
stimulate p56'® phosphorylation (63). It is believed that once CD4 or CD8
stimulates p56', it phosphorylates the CD3 augmenting the TCR signals (64). If
the phosphorylation of this protein is inhibited, there is no activation of the T-cell

(65).
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Genetically altered mice missing p56'®* (Icknull) or those producing a
catalytically inactive form of p56'* (IckR257 transgenic mice) have thymic atrophy
and a decreased number of thymocytes (66, 67). In both kinds of genetically
altered mice there was a block in the maturation of thymocytes from double
negative (CD4 CD8’; the most immature) to double positive thymocytes
(CD4*CD8") suggesting that p56'* plays a role in the maturation of thymocytes
(66, 67). There was also a decrease in the number of peripheral T-cells, but the
peripheral lymphoid tissues were not as severely affected as the thymus. Molina
and colleagues (66) noted that B-cell function was not compromised in the Icknull
mice. Levin and colleagues (67) found that thymocytes in IckR273 mice were
arrested at a particular point in maturation and were unable to replicate past this
point, suggesting that the decreased number of thymocytes was due to less
production and not more apoptosis.

P56'* has also been shown to be involved in the signaling of apoptosis.
Di Somma and colleagues (68) found that a Jurkat cell line defective for p56'°
was resistant to apoptosis, while another cell line with an active form of p56'°
that could not be turned off (constitutively expressed) enhanced the sensitivity of
Jurkat cells to apoptosis induced by TCR crosslinking.

Researchers have found increased p56'™ levels in thymic and splenic T-
cells from zinc deficient animals (53, 69). However, the activity of p56'* was not
determined. The increased p56'™ levels could possibly be an attempt to
compensate for decreased function of this protein, and decreased activity of

p56'“ would explain the compromised functioning of T-cells in dietary zinc
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deficiency. However, if the elevated p56'** levels do result in more activity of the
protein, then this would leave the T-cells more susceptible to apoptosis. To date,

no one has established an association between p56'* and apoptosis in dietary

zinc deficiency.
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3. RATIONALE
3.1 Exploration of Potential Mechanisms behind Immunodeficiency

Studies using the adult mouse as a model have shown that dietary zinc
deficiency results in a decreased ability to fight infection in part due to decreased
lymphocyte numbers and in part due to a decreased functional ability of the
residual cells (1). At the molecular level, the zinc finger signaling protein p56' is
elevated in zinc deficiency (2, 3) but the functional outcome of this (i.e. defective
thymocyte maturation or increased apoptotic susceptibility of T-cells) has not
been confirmed. Increased thymocyte apoptosis rates in zinc deficient adult mice
have been linked to elevated corticosterone concentrations (4); however, the role
of the hypothalamus-pituitary-adrenal stress axis in immunodeficiency has not
been explored in the growing rat model of zinc deficiency.

Cytokines play a role in thymocyte development (5) and peripheral T-cell
activities (6). Cytokine production by splenocytes has been shown to be altered
in dietary zinc deficient humans (7), mice (1) and cell lines (8), but it has not been
determined in the growing rat and the effect of zinc deficiency on thymocyte
cytokine production has not been examined in any model of zinc deficiency.
Further characterization of T-cell maturation beyond the usual TCRap/CD3, CD4,
CD8, and CD45RA (marker of naive T-cells in humans) expression has not been
done in dietary zinc-deficiency. CD90, RT6.1 and CD45RC can be used to
further characterize the stage of maturity of the peripheral T-cells in the zinc
deficient rat. If dietary zinc deficiency affects the proportions of T-cells at various

stages of post-thymic development, then it would be of interest to determine
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whether the differences are due to increased removal of certain subsets via
apoptosis. Proportions along with absolute cell numbers would provide a more

complete picture of the status of the T-cell subsets in zinc deficiency.

3.2 Animal Model

The World Health Report in 2002 identified zinc deficiency as one of the
major causes of disease, especially in developing countries (9). Children are one
of the segments of the population that are at particular risk (9). However, studies
investigating the impact of dietary zinc deficiency on the immune system have
largely been done using the adult mouse as a model (10). The mouse has been
a convenient model because the necessary antibodies were readily available.
However, mice are not amenable to studying the effects of dietary treatments
during growth because of they achieve adult size quickly and there is relatively
little difference between body weight during infancy and adulthood (11). Another
limitation of their size is it can be difficult to remove enough tissue, including
blood, from one animal to use for all the desired laboratory tests.

The use of the growing rat model for studies of dietary zinc deficiency on
T-cell development/function is now possible due to increased availability of the
necessary antibodies. The use of the growing rat as a model in dietary zinc
deficiency allows the researcher to explore the effects of this nutritional
deficiency at an earlier stage of development. Rats can provide more tissue per
animal, which allows for multiple tests on one animal, providing a more holistic

picture of what it happening in vivo. It is of great interest to identify and examine
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recent thymic emigrants since it remains unclear whether the immunodeficiency
of dietary zinc deficiency is due to a defect in T-cell maturation in the thymus or
in the periphery. The rat offers the unique opportunity to explore the effect of
dietary zinc deficiency on the newly produced T-cells using CD90 as a marker,

since no such cell surface marker has been identified in mice or humans (12).

3.3 Treatment Groups

The inclusion of a pair-fed or diet-restricted group is critical in studies of
dietary zinc deficiency to isolate the effects of zinc deficiency from the
accompanying malnutrition (13). Another valuable control is a marginally zinc-
deficient group, which receives a diet low in zinc, but not sufficient to induce
anorexia and weight loss. The marginally zinc-deficient group in combination
with the pair-fed group can be used to separate the effects of low zinc status
from malnutrition. Because severe zinc deficiency is rare in the human
population, the marginal zinc deficient group represents the degree of zinc
deficiency which is more prevalent.

The dietary zinc levels for the control diet (30 mg Zn/kg diet) were based
on the American Institute of Nutrition-93G recommendations (14). The zinc
deficient diet was based on previous studies showing that providing <1 mg Zn/kg
diet to growing rats for 3 weeks resulted in severely reduced zinc status (15). A
marginally zinc deficient diet of 10 mg Zn/kg diet was based on previous reports
that this level of zinc results in reduced zinc status without affecting body weight

(Taylor, personal communication). Given that the zinc requirement for rats is 12
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mg Zn/kg diet (16) the reduced feed intake (approximately 50%) of the pair-fed

group would still result in sufficient zinc intake.

3.4 Selection of Tissues

Studies of dietary zinc deficiency on T-cell development and function
should investigate both thymocytes and T-cells from secondary lymphoid organs
(e.g. spleen) to determine whether any changes in T-cell subsets occurs during
the maturation process in the thymus or once the cells have been released into
the periphery. Immunological studies in rodent models should also investigate
whether the effects in lymphoid tissue are reflected in immune cells isolated from
blood which will help in the translation to humans studies where this is often the

only tissue that can be sampled.

3.5 Questions Arising From Gaps in the Literature

e Are the effects of dietary zinc deficiency in the growing rat similar to the
adult mouse (i.e. lymphoid organ atrophy, lymphopenia, no change in T-
cell phenotypes, elevated p56'* protein levels and serum corticosterone
concentrations)?

e Are elevated thymocyte p56' protein levels in dietary zinc deficiency
associated with impaired thymocyte development in the growing rat?

¢ Is post-thymic development altered by dietary zinc deficiency?

e Does dietary zinc deficiency alter cytokine production by thymocytes or

splenocytes?
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e Does dietary zinc deficiency leave thymocytes and splenic T-cells more
susceptible to apoptosis in the growing rat? And if so, is one particular
subset more resistant or vulnerable than another?

e s it possible for the immune system to recover from an insult like dietary

zinc deficiency early in life, and if so what is the time course for recovery?

3.6 Hypotheses and Objectives
3.6.1 T-cell maturation in zinc-deficient rats (Chapter 4)
Hypothesis

Dietary zinc deficiency increases p56ICk expression in thymocytes resulting
in a large proportion of immature cells and therefore, fewer new T-cells in the
periphery (blood and spleen).
Objectives

To examine p56'* protein levels (by western blotting), the proportion of T-
cell subsets using flow cytometric markers of T-cell development (CD4, CD8,
TCRaf, TCRy3, and CD90) and absolute T-cell numbers (using Flow Count™
fluorospheres) in thymus, spleen and blood of zinc-deficient and diet-restricted

growing rats.

32



3.6.2 Immune system recovery after dietary zinc-deficiency in the growing
rat (Chapter 5)
Hypothesis

Dietary zinc deficiency in the growing rat, like the adult mouse, will result
in lymphoid organ atrophy and lymphopenia and these will recover to control
levels through repletion with control diet.
Objectives

To investigate the time course of recovery of lymphoid organ weight and
absolute number of lymphocyte subsets (by flow cytometry) from the thymus,
spleen and blood of the growing rat through repletion with a zinc adequate diet.
3.6.3 Dietary zinc deficiency and the hypothalamus-pituitary-adrenal stress
axis in the growing rat (Chapter 5)
Hypothesis

The lymphopenia (low thymus and spleen T-cell numbers) of dietary zinc
deficiency is associated with stimulation of the hypothalamus-pituitary-adrenal
stress axis, resulting in high serum adrenocorticotropic hormone (ACTH),
corticosterone, tumor necrosis factor (TNF)—a and haptoglobin concentrations
compared to diet-restricted and ad libitum fed controls.
Objectives

To characterize the effect of dietary zinc deficiency on components of the
hypothalamus-pituitary-adrenal stress axis (serum ACTH, corticosterone, TNF-a,

and haptoglobin) and lymphoid organs (thymus and spleen) in the growing rat.
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3.6.4 Age-related changes in p56'°* protein levels and phenotypic
distribution of T-lymphocytes in young rats (Chapter 6)
Hypothesis

P56'* protein levels and T-cell subsets will change with age from 3 to 9
weeks of age in the growing rat.
Objective

To determine p56' protein levels (by western immunonblotting) and T-cell
subsets (by flow cytometery) in the thymus, spleen and blood of 3, 6, and 9 week
old rats.
3.6.5 Post thymic development in zinc deficient rats (Chapter 7)
Hypothesis

Zinc deficiency alters post thymic development resulting in a lower
proportion of new T-cells in the spleen, due to a higher proportion of new T-cells
undergoing apoptosis.
Objective

To determine the proportion of lymphocytes that express different
combinations of TCRap, CD90, RT6.1 and CD45RC in both marginal and severe
zinc deficiency using the growing rat as a model.

To determine the proportion of T-cell subsets that are apoptotic or viable

using flow cytometry.
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3.6.6 Susceptibility to apoptosis of recent thymic emigrants in zinc
deficient rats (Chapter 8)
Hypothesis

The reduced proportion of recent thymic emigrant T-cells in zinc-deficient
rats is due to increased susceptibility of CD90" T-cells to apoptosis upon exiting
the thymus.
Obijective
To determine the proportion of apoptotic cells in the T-cell sub-populations
among zinc-deficient, diet-restricted, marginally zinc-deficient and control
growing rats.
3.6.7 Cytokine production in zinc-deficient growing rats (Chapter 9)
Hypothesis

Low zinc status during dietary zinc deficiency shifts cytokine production in
favor of a Th2 response (less IL-2 and IFN-y) and this shift in cytokine production
oceurs in conjunction with higher serum corticosterone concentrations associated
with dietary zinc deficiency.
Objective

To determine potential differences in the in vitro cytokine production (IL-2,
IFN-y, IL-6, and IL-10) of isolated thymocytes and splenocytes after mitogenic
stimulation with concavalin A in zinc-deficient, diet-restricted, marginally zinc-

deficient and control rats.
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To determine thymic and splenic T-cell subset absolute cell numbers
using flow cytometry and Flow-Count™ Fluorospheres, and serum corticosterone

concentrations.

Note: The thesis results are presented in manuscripts (Chapters 4-9). |
(Heather Hosea) performed all the laboratory work and statistical analysis
described therein. | received assistance with animal care from the staff of the
Animal Holding Facility, Dr. Carla Taylor, Amy Noto, Laura Burr, Jody Van
Deynze and Lisa Rigaux. Dr. Carla Taylor assisted me with collection of tissues
for the experiments described in Chapters 4-6, and | collected the tissues
described in Chapters 7-9. Jennifer Jamieson assisted in the collection of cell
culture supernatants. Dr. Edward Rector operated the flow cytometer and
acquired all of the flow cytometry data. | analyzed all of the data derived from the
various experimental procedures, wrote the manuscripts and received feedback

from the co-authors.
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4. ZINC-DEFICIENT RATS HAVE FEWER RECENT THYMIC EMIGRANT

(CD90") T-LYMPHOCYTES IN SPLEEN AND BLOOD
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rats. Nutrition, Lifestyle & Health Canadian Student Health Research Forum

Symposium Program. 2004.

40



4.1 Abstract

It is hypothesized that increased expression of the signaling protein p56'™
disrupts maturation of T-lymphocytes leading to the lymphopenia associated with
dietary zinc deficiency and malnutrition. Our objective was to examine p56'°
protein levels, flow cytometric markers of T-cell development (CD4, CD8,
TCRaf, TCRy3, and CD90) and absolute cell numbers in thymus, spleen and
blood of zinc-deficient (ZD), diet-restricted (DR) and control rats (CTL). Recent
thymic emigrant (CD90") T-lymphocytes were also investigated after dietary
repletion. P56 protein levels were 2-fold greater in thymocytes than
splenocytes, and ZD rats had a higher level of thymocyte p56'* than CTL. In the
thymus and blood, the proportions of T-lymphocyte subpopulations (CD4°CD8;,
CD4'CD8" and CD4"CD8 or CD4'CD8") were unchanged, except for a higher
percentage of TCRap*CD4°CD8" thymocytes in ZD animals. The 15-29%
decrease in CD90" T-cells in the blood and spleens of ZD rats were reversed
after dietary repletion for 7 and 23 days, respectively. In summary, T-cell
numbers were proportional to thymus and spleen weights and unaltered in the
blood, despite elevated thymocyte p56'* in ZD rats. In zinc deficiency, the
decreased percentages of CD90" cells in the blood and spleen could adversely

affect the T-cell repertoire.
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4.2 Introduction

The lymphoid-specific protein tyrosine kinase p56'*, which is principally
expressed in T-lymphocytes, is essential for the development of thymocytes from
CD4°CD8 to CD4"CD8" cells (1, 2). Abraham and colleagues (3) have also
reported that in transgenic mice a twofold increase in p56'* expression delayed
thymocyte development. Elevated expression of the zinc-finger protein p56'™
has been demonstrated in T-lymphocytes from thymus and spleen of zinc-
deficient and diet-restricted mice (4, 5). In dietary zinc deficiency and protein-
energy malnutrition, reports of higher percentages of immature T-lymphocytes in
the periphery (6-9) suggest that thymocyte development may be altered. Thus,
we hypothesized that elevated p56'™ expression may inhibit thymocyte
maturation and this may contribute to the lymphopenia of zinc deficiency and
protein-energy malnutrition.

The objective of the present investigation was to examine p56'* protein
levels, flow cytometric markers of T-cell development (CD4, CD8, TCRa,
TCRy3, and CD90) and absolute T-cell numbers in thymus, spleen and blood of
zinc-deficient (ZD) and diet-restricted (DR) rats after 3 weeks of deficiency.
Recent thymic emigrant CD90" T-lymphocytes were also investigated after
dietary repletion. The availability of fluorochrome-conjugated antibodies for the
rat allowed us to investigate T-cell development in a rat model of zinc deficiency
by flow cytometry. A peripheral lymphoid organ (spleen) and blood were
included to determine if a disturbance in thymocyte development would be

reflected in the periphery. The use of Flow-Count™ fluorospheres is an accepted
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method for quantification of absolute cell numbers (10). Most T-cells express the
T-cell receptor-aff (TCRaf) however, a small proportion express the TCRyad.
p56'* may also influence the development of TCRy$ cells (11). Thus, cell
surface expression of both TCRaf and TCRy8 was examined. To monitor the
release of T-lymphocytes from the thymus into the periphery, recent thymic
emigrants were identified by cell surface expression of CD90 (Thy1.1), which is

present on newly released T-lymphocytes for 3-7 days (12).

4.3 Material and Methods
4.3.1 Animals and diets

Three week old Sprague Dawley rats (Charles River Laboratories, St.
Constant, PQ) were acclimatized for 5 days and randomly assigned to the zinc
deficient diet (ZD, <1 mg/kg zinc, ad libitum), or a nutritionally complete diet
either ad libitum (CTL) or pair-fed to the ZD rats (diet-restricted group; DR) for 3
weeks (deficiency phase). During the repletion phase, rats were fed the control
diet for 3, 7 or 23 days. The experimental diets (based on the AIN-93 diet),
containing egg white and additional biotin (2 mg/kg diet) and potassium
phosphate (5.4 g/kg diet for the growth formulation), and the controlled
environmental conditions have been previously described (4). Body weights
were determined weekly, and feed intake was determined daily. Animal care
was provided in accordance with a protocol approved by the University of

Manitoba Protocol Management and Review Committee.
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4.3.2 Tissue collection

Rats were killed by CO, asphyxiation and decapitation. Trunk blood was
collected in EDTA vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ).
Thymi and spleens were removed aseptically, weighed and processed
immediately. Femurs were removed, frozen at -20°C, and analyzed for zinc by
atomic absorption spectrophotometery as previously described (4).
4.3.3 Outcome measurements

Determination of T-Lymphocyte subpopulations

Blood, or single cell suspensions from thymus and spleen (1 x 10° mononuclear
cells; splenocytes separated by Lympholyte-Rat (Cedarlane, Hornby, ON)) were
incubated with monoclonal antibodies (obtained from BD Pharminigen,
Mississauga, ON) for TCRap (phycoerythrin (PE) label, R73 clone), TCRyd
(fluorescein isothiocyanate (FITC) label, V65 clone), CD90 (peridininchlorophyll-a
protein (PerCP) label, Thy1.1, clone OX-7), CD4 (phycoerythrin-cyanine 5 (PC5)
label, OX-35 clone), and CD8 (FITC label, G28 clone). The sample combinations
for three-color analysis were tube1: TCRaf, CD4, CD8 or their respective isotype
controls, and tube 2: TCRaf3, TCRyd, and CD90 or their respective isotype
controls. Optilyse C (Beckman Coulter, Mississauga, ON) was used to lyse the

red blood cells in blood. Flow-Count™

Fluorospheres (Beckman Coulter,
Mississauga, ON) were added to tube 1 for thymus, spleen and blood to obtain
absolute counts. Flow cytometry analysis was performed on a Beckman Coulter

EPICS ALTRA (Beckman Coulter, Mississauga, ON) high-speed cell sorter using

the EXPO32 MultiCOMP MFA software provided with the instrument.
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Fluorochrome-isotype matched controls were prepared to assess
autofluorescence and nonspecific binding, while single color samples were
employed to adjust color compensation.

Western blotting of p56'™

Cell lysates were prepared by resuspending thymocytes and splenocytes
in buffer containing protease inhibitors as previously described (4). Protein
concentration was determined using the Bicinchoninic acid Protein Assay
(Sigma, St. Louis, MO). For Western blotting, cell lysates (20 ug protein per
lane), molecular weight standard and positive control (Jurkat Cells Lysate, clone:
Human T-cell leukemia, BD Pharmingen, Mississauga, ON) were separated by
SDS-PAGE and transferred to nitrocellulose membrane (0.2 um; BioRad,
Hercules, CA) using previously published procedures (4). P56'* was detected
using mouse anti-human Ick (1:5000; clone 28, Transduction Laboratories,
Lexington, KY), goat anti-mouse 1gG horseradish peroxidase (1:1000) and Chemi
Glow (Fisher, Whitby, ON) as the luminescent substrate. Arbitrary units for
bands were determined using the FluorChem digital imaging system (Alpha

Innotech Corporation, San Leandro, CA) and FluorChem software (version 2.0).

4.4 Statistical Analyses

Data were analyzed using the general linear models procedure (SAS
software release 8.2, SAS Institute, Cary, NC). When necessary, data were
normalized by log transformation for statistical analyses, but non-transformed

means are reported. Significant differences among means were determined

45



using Duncan’s multiple range test. Differences were considered significant at

P<0.05.

4.5 Results

Zinc status and lymphoid organs. ZD consumed less feed, and weighed 49%

less than CTL after 3 weeks of the dietary regimen (Table 4.6.1). ZD weighed
14% less than DR, despite similar feed consumption. Femur zinc concentrations
in ZD and DR were 36% and 86%, respectively, of CTL. Thymus and spleen
weights were lower in ZD compared to DR, and lymphoid organ weights were
lower in DR compared to CTL. When lymphoid organ weight was corrected for
body weight, there were no differences among the dietary treatment groups. T-
cell numbers were proportional to thymus and spleen weights, and unaltered in
blood.

P56'%. Thymocytes had 2-fold greater p56'™ protein levels than splenocytes
(Figure 4.7.1). There were no differences in p56'* protein levels in splenocytes.
However, the thymocytes from ZD expressed a higher level of p56' compared to
CTL.

T-Lymphocyte subpopulations. Cells were triple-labeled to differentiate T-cell

maturation in the thymus (TCRap'CD4'CD8" > TCRap CD4CD8" - TCRaf
CD4*CD8" > TCRop"'CD4°'CD8" > TCRaB"'CD47CD8" or TCRop"'CD4CD8")
and to identify T-lymphocyte subpopulations in the periphery. In the thymus, ZD
had a higher percentage of CD4 CD8" cells (gated on TCRaf") compared to CTL

(6.82+0.47% vs 4.82+0.45%, respectively). Otherwise, there were no differences
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in the percentages of T-lymphocyte cell subpopulations in the thymus, spleen
and blood (data not shown). Very few cells in the thymus, spleen and blood were
TCRys" (0.34+0.02%, 1.69+0.10% and 0.89+0.05%, respectively) and no
differences were observed due to dietary treatment (data not shown).

Recent thymic emigrants (CD90"). In the thymus, there were no differences in

the percentages of TCRaf" cells that expressed CD90 among dietary treatment
groups (Figure 4.7.2a). However, ZD had lower percentages of TCRaf" cells
that expressed CD90 in the spleen and blood compared to DR and CTL at the
end of the deficiency phase (Figures 4.7.2b and 4.7.2c). In the blood and spleen,
the percentages of TCRap" that expressed CD90" cells were similar in all groups

after dietary repletion for 7 and 23 days, respectively.
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4.6 Tables

Table 4.6.1. Body weight, femur zinc, lymphoid organ weight and cell

numbers in zinc-deficient and diet-restricted rats’

Dietary Group?
ZD DR CTL

Body weight, g 146.7+2.1° 1696 +5.2° 289.4+5.8°
Total feed intake, g 2047 +6.9° 2132+6.3° 427.1+8.2°
Femur zinc, 1.64+0.06° 4.50+0.16° 5.26+0.19°

umole zinc/g dry bone
Thymus weight, mg 396.1 + 19.8° 512.9+47.9° 896.4 +58.4°
Thymus/Body weight, % 0.27 + 0.01 0.30+0.02 0.31+£0.02
Thymic T-Iymphocytes3, 742 + 132 695 + 109 509 + 89

cells/g thymus (x10°)
Spleen weight, mg 336.3+22.9° 404.8+23.8° 742.6+36.6°
Spleen/Body weight, % 0.23 £0.01 0.24 £ 0.01 0.25+0.01
Splenic T-Iymphocytes3, 424 +54 54.7+4.0 46.5+6.2

cells/g spleen (x10°)
Blood T-lymphocytes®, 4123 + 592 5077 + 285 4177 + 428

cells/uL blood (x10°)

'Values are means + SEM, n=8. Different superscript letters indicate significant differences

among dietary groups, P <0.05

27D=zinc-deficient group; DR=diet-restricted group; CTL=control group

3T-Iymphoc:ytes (TCRaB") were identified by flow cytometry, and absolute cell numbers (per g

thymus or spleen, or per ulL blood) were calculated using Flow-Count ™ Fluorospheres.
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4.7 Figures
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Figure 4.7.1. p56'Ck protein levels in thymocytes and splenocytes of zinc-
deficient and diet-restricted rats. Values are means + standard error for n=8.
Different superscript letters indicate statistical differences (p<0.05).

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; CTL=control

group.
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Figure 4.7.2. Flow cytometric analysis of CD90" T-lymphocytes (gated on TCRap cells) in
the thymus (A), spleen (B) and blood (C) of zinc-deficient and diet-restricted rats. Values
are means + standard error for n=8, except n=6 for 23 day repletion. Statistical differences (P
<0.05) among groups (ZD, DR and CTL) at each time point are indicated by asterisks: * indicates
ZD is significantly different from CTL, and ** indicates ZD is significantly different from both DR
and CTL. The Baseline group is a reference for 3 wk old rats at the beginning of the study.

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; CTL=control group;

Base=Baseline group; Def=Deficiency phase.
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4.8 Discussion

The major finding of the present study was that dietary zinc deficiency and
diet restriction in growing rats did not alter thymocyte maturation based on
TCRaf, CD4 and CD8 flow cytometric markers, however, there was a reduced
proportion of TCRaf" cells that expressed CD90 (recent thymic emigrants) in the
blood and spleen of ZD rats (Figure 4.7.2). During repletion with the control diet,
the proportion of TCRap™ cells that expressed CD90 in ZD rats recovered to
control levels by 7 days in the blood and by 23 days in the spleen. In the thymus,
there were no corresponding changes in the proportion of TCRaf" cells that
expressed CD90 due to dietary treatment.

CD90 (Thy1.1) is a cell surface marker that has been used to characterize
thymocyte maturity and post-thymic maturation in rats during growth and in
disease models (12, 13). Results from thymectomized rats indicate that
approximately 80% of all circulating CD90" T-cells had emigrated from the
thymus 3 days previously and that these cells were CD90™ within 7 days (12).
The age-related decline in the proportion of CD90" T-cells in the CTL rats
between 3 and 9 weeks of age may be a reflection of reduced thymic
replenishment of peripheral T-cells after the neonatal stage (14). The reduced
proportion of recent thymic emigrant cells in ZD rats could be due to fewer T-cells
released from the thymus, accelerated post-thymic maturation of CD90" cells, or
fewer TCRap" cells that express CD90 surviving in the periphery. Greater
susceptibility of CD90" cells to apoptosis has been reported in the diabetes-

prone BB rat (13) and this needs to be experimentally tested in dietary zinc
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deficiency. Furthermore, p56'® plays a role in signaling for apoptosis (15) and it
is possible that the higher levels of p56'“ in thymocytes of ZD rats (Figure 4.7.1)
may predispose newly released CD90" T-lymphocytes to apoptosis in the
periphery. However, the reduction in TCRaf" cells that expressed CD90" in
blood and spleen of ZD rats (Figure 4.7.2) did not lead to a change in T-cell
numbers per gram spleen or uL blood. It appears that T-cell number and
lymphoid organ weight (Table 4.6.1) are maintained proportional to animal size,
regardless of nutritional state, in the growing rat. Although T-cell numbers per
gram spleen or uL blood were not changed, it is possible that the altered
proportion of recent thymic emigrant cells in zinc deficiency could adversely
affect the T-cell repertoire of the animal over time (16, 17). In experimental zinc
restriction in humans, there was a trend (P=0.077, n=5) towards a lower ratio of
CD4"CD45RA" (naive) to CD4"CD45R0O" (memory) cells (18), supporting further
investigation of the T-cell repertoire in zinc deficiency.

P56' in thymic T-lymphocytes is essential for the maturation of T-cells
from CD4°CD8 to CD4'CD8" (1, 2) and augmented expression of p56'™ is
associated with delayed thymocyte development (3). In the present experiment,
there was no change in the percentages of CD4°'CD8 and CD4"CD8" thymocytes
in the ZD rats, inferring that p56'™ protein was functional and that elevated p56'™
levels were not disrupting thymic T-cell maturation. Thymic TCRap*CD4CD8
cells were not altered by diet; however, ZD rats had a higher proportion of
TCRaB"CD4°CD8" cells in the thymus compared to CTL but not DR. A possible

explanation is that strong TCR signals initiated by p56'* promote CD8
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differentiation in rats and CD4 differentiation in mice (16). P56' protein levels
were elevated in thymus of ZD rats, but not spleen, compared to CTL but not DR
(Figure 4.7.1). Elevated p56'* has been previously reported in thymocytes (5)
and splenic T-lymphocytes (4) from zinc deficient mice, but comparison with diet-
restricted mice (4) indicates that malnutrition also influences p56'° levels. In our
previous study, splenic T-lymphocytes were isolated on immunocolumns,
whereas mononuclear cells were used for Western blotting in the present
investigation. Thus, the 2-fold greater expression of p56'* in the thymus
compared to spleen (Figure 4.7.1) reflects the greater proportion of T-cells in the
thymus.

Despite the severity of the zinc deficiency and diet restriction, there was
no evidence of thymic or splenic atrophy relative to body weight or T-cell
lymphopenia relative to organ weight or per pL blood in growing rats (Table
4.6.1) when absolute counts were determined using flow cytometry and Flow-

Count™

Fluorospheres. In contrast, the young adult mouse model of dietary zinc
deficiency is characterized by thymic atrophy, T-cell lymphopenia and significant
changes in the phenotypic distribution of thymic T-cells when zinc-deficient mice
weighed 30% less than zinc-adequate mice (19, 20). In adult zinc-deficient mice,
there is a substantial reduction (38%) in the percentage of thymic CD4'CD8"
cells and a greater proportion of thymic CD4'CD8", CD4°CD8", and CD4'CD8"
(20). Thymic atrophy and T-cell lymphopenia have been reported in rodents and

humans with protein-energy malnutrition (8, 21), but thymocyte subpopulations

have not been characterized by flow cytometry. The present experiment
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indicates that the young rat is able to maintain T-cell numbers proportional to
their size, and that zinc deficiency and diet-restriction do not impair thymocyte
maturation. Further research is required on nutritional deficiencies and the
immune system in both growing and adult models as the implications for
detection and therapeutic strategies may be dependent upon age and maturity of
the immune system.

In summary, thymocyte p56'° was elevated in zinc deficiency, however,
maturation of thymocytes from CD4 CD8 to CD4"CD8" cells was not altered in
ZD and DR rats. In the growing rat, there was no evidence of lymphoid organ
atrophy or T-cell lymphopenia in thymus, spleen or blood relative to organ weight
or uL blood. The reduced percentages of TCRaf" cells that express CD90 in the
blood and spleen of ZD rats could adversely affect T-cell repertoire, limiting the
recognition of foreign antigens. Future studies need to continue addressing the
interactions among nutrition, age, maturity of the immune system and species

differences.
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5.1 Abstract

The objective of the present study was to investigate the time course for
recovery of lymphoid tissue and T-cell subset numbers when Zinc-deficient (ZD)
or energy-restricted (ER) rats were repleted with control diet; in a second
experiment, the link between the stress axis and lymphoid organs was explored.
During the deficiency phase, rats were fed a ZD (<1 mg zinc/kg) or control diet
(30 mg zinc/kg, nutritionally complete) either as pair-fed controls (ER) or ad
libitum-fed controls (CTL) for 3 weeks. During the repletion phase, all rats were
fed control diet ad libitum for 3, 7 or 23 days. After the deficiency phase, ZD and
ER had lower T-cell subset numbers in the thymus compared to CTL, and ZD
had reduced T-cell subset numbers in the spleen compared to both ER and CTL.
T-cell subset numbers and lymphoid organ weights recovered from dietary zinc
deficiency and energy restriction by 7 days of repletion (except 23 days for
thymus weight in ZD) while body weight requires more than 23 days for recovery.
At the end of the deficiency phase, ZD and ER had higher circulating
corticosterone concentrations compared to CTL; plasma TNF-a was not
detectable, and there were no differences in plasma haptoglobin, an acute phase
protein. In conclusion, zinc deficiency and energy restriction elevated circulating
corticosterone and reduced T-cell subset numbers in thymus and spleen of
growing rats. Repletion with a nutritionally complete diet allowed recovery of T-

cell subset numbers and lymphoid organ weight.
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5.2 Introduction

All cells in the body require nutrientgto function properly, and a deficiency
in any of these required nutrients can cause immune function to be
compromised. Both dietary zinc deficiency and energy malnutrition in mice are
characterized by reduced growth, atrophy of lymphoid tissue, reduced
lymphocyte numbers, and increased susceptibility to infection (1, 2). High
concentrations of corticosterone have been shown to increase apoptosis in vitro
in lymphocytes from rats (3); the decline in the proportion of CD4"CD8" pre-T
cells in the thymus of zinc-deficient mice has been attributed to greater apoptosis
in this T-cell subset due to elevated circulating corticosterone concentrations (4).
It has been suggested that dietary zinc deficiency stimulates the hypothalamus-
pituitary-adrenal stress axis, leading to increased plasma corticosterone levels,
and this may explain the lymphopenia and thymic atrophy associated with dietary
deficiencies (5). Tumor necrosis factor-a. (TNF-a) stimulates the hypothalamus-
pituitary-adrenal axis through several intermediates, including adrenocorticotropic
hormone (ACTH) which increases the release of corticosterone from the adrenal
glands (6). TNF-a and corticosterone act on the liver to increase the induction of
acute-phase proteins such as haptoglobin (6). Thus, the stress axis involves
interactions among many components, including ACTH, corticosterone, TNF-a,
and haptoglobin.

There has been a considerable amount of research on the effects of
dietary Zinc deficiency and protein-energy malnutrition on immune function;

however, the role of nutrients in recovery of the immune system from nutritional
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deprivation is important for development of nutritional therapies. Thus, our first
objective was to investigate the time course for recovery of lymphoid tissue and
T-cell subset numbers when Zinc-deficient or energy-restricted rats were repleted
with a nutritionally complete control diet. In a second experiment, the potential
link between markers of the stress axis (ACTH, corticosterone, TNF-a and
haptoglobin) and atrophy of the lymphoid organs in the dietary deficiencies was
explored. To separate the effects of Zinc deficiency from energy malnutrition, an
energy-restricted group (pair-fed to the Zinc-deficient rats) was included. Three
time points were chosen for dietary repletion: 3 days to identify any rapid
changes (lymphocytes proliferate quickly), 7 days based on recovery of thymus
and spleen weights in adult Zinc-deficient or protein-malnourished mice (7, 8),
and 23 days based on the timeframe for murine T-lymphocyte maturation (9).
The growing rat model represents an age group that is at risk for Zinc deficiency
and energy malnutrition (10). The commercial availability of antibodies for the rat
presents new opportunities to investigate immune function using rat models in

which nutritional interventions have been extensively characterized.

5.3 Material and Methods
5.3.1 Animals and diets

Experiment 1: Ninety-eight, three week old male Sprague Dawley rats (Charles

River Laboratories, St. Constant, PQ) were acclimatized for 5 days; they were
randomly assigned to the baseline group (n=8) or were fed a Zinc-deficient diet

ad libitum (ZD group; <1 mg zinc/kg; n=30), or a nutritionally complete control
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diet (30 mg zinc/kg) either ad libitum (CTL; n=30) or pair-fed to the ZD group
(ER; energy restricted; n=30) for 3 weeks (deficiency phase). At the end of the
deficiency phase, 8 animals per dietary treatment group were killed and the
remaining twenty-two rats per group began the repletion phase. During the
repletion phase, rats were fed the control diet for 3 (eight per group), 7 (eight per
group) or 23 (six per group) days. The experimental diets, containing egg white
and additional biotin (2 mg/kg diet) and potassium phosphate (5.4 g/kg diet for
the growth formulation), have been previously described by Lepage and
colleagues (11). The Zinc content of the diets was verified by atomic absorption
analysis. Care was taken to avoid Zinc recycling and contamination by housing
the rats in stainless steel hanging cages with mesh bottoms, and providing
distilled water in plastic bottles with stainless steel sipper tubes. The rats were
maintained in an environment of controlled temperature (21-23°C), humidity
(55%) and light cycle (14 h light/10 h dark). Body weights were determined
weekly, and feed intake was determined daily. Animal care was provided in
accordance with a protocol approved by the Local Animal Care Committee
(University of Manitoba).

Experiment 2: To investigate the response of the stress axis, the animals and

diets were as described above but confined to the deficiency phase only. The
rats were handled by the same investigator on a daily basis during the
acclimation and experimental period to minimize the effects of handling stress

before phlebotomy (12).
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5.3.2 Sample collection

At baseline, after the 3-week deficiency phase, and after 3, 7 or 23 days of
repletion, rats were killed by CO, asphyxiation and decapitation between 08:00
and 09:00 hours. Trunk blood was collected in EDTA vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ) or blood collection tubes, centrifuged to obtain
plasma or serum, and stored at -80°C until analysis. Thymus and spleen were
removed aseptically, weighed and processed immediately.
5.3.3 Outcome measurements
Zinc analysis

After obtaining wet and dry weights, thymus, spleen and diet samples
were wet-ashed using trace-element grade nitric acid. After appropriate dilution
of digests, zinc concentration was determined by atomic absorption spectroscopy
using a Spectra AA-30 Spectrophotometer (Varian Canada, Georgetown, ON).
Quality control was monitored using bovine liver standard reference material
1577b (U.S. Department of Commerce, National Institute of Standards and
Technology, Gaithersburg, MD).

Determination of T-lymphocyte subpopulations

Single-cell suspensions were obtained by gently suspending the thymus
and spleen in phosphate buffered saline supplemented with 1% bovine fetal calf
serum (Gibco, Grand Island, NY) using a glass-glass tissue grinder (Koontes,
Vineland, NJ). Cells remained intact as verified by trypan blue exclusion. Single
cell suspensions from thymus and spleen (1 x 10° mononuclear cells;

splenocytes separated by Lympholyte-Rat (Cedarlane, Hornby, ON)) were
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incubated with monoclonal antibodies (obtained from BD Pharminigen,
Mississauga, ON) for TCRap (PE label, R73 clone), CD4 (PC5 label, OX-35
clone), and CD8 (FITC label, G28 clone). Flow-Count™ Fluorospheres
(Beckman Coulter, Mississauga, ON) were added to obtain absolute counts.
Flow cytometry analysis was performed on a Beckman Coulter EPICS ALTRA
(Beckman Coulter, Mississauga, ON) high-speed cell sorter using the EXPO32
MultiCOMP software provided with the instrument. Forward angle versus side
scatter histograms were used to gate for single cells. Fluorochrome-isotype
matched controls were prepared to assess autofluorescence and nonspecific
binding, while samples stained individually with a single fluorochrome were
employed to adjust color compensation. The data was collected in listmode
format and the subsequent analysis based on 10 000 cells satisfying the light
scatter gating criteria. Absolute counts of T-cell subsets were calculated based
on the total number of cells counted, the total number of fluorospheres counted

and the concentration of Flow-Count™

Fluorospheres. Cells counts were
corrected for the weight of the thymus or spleen used to prepare the cell
suspensions.

Biochemical measurements

Corticosterone and ACTH concentrations were determined by
radioimmunoassay kits (ICN Biomedicals, Inc., Costa Mesa, CA). Plasma TNF-a
and haptoglobin concentrations were determined using an ELISA (Alpco

Diagnostics, Whidham, NH; detection limit 15.6 pg/ml) and colorimetric assay
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(Tridelta Development, Wicklow, Ireland), respectively. Samples were analyzed

in duplicate and percent agreement was >85% (r*>0.99 for standard curves).

5.4 Statistical Analysis

Differences among dietary treatment groups and over time were analyzed
by one-way ANOVA using the general linear models procedure (Statistical
Analysis Systems software release 8.2, SAS Institute, Cary, NC). When
necessary, data were normalized by log transformation for statistical analyses,
but non-transformed means are reported. Significant differences among means
were determined using Duncan’s New Multiple Range test. Differences were

considered significant at p<0.05.

5.5 Results

ZD consumed less feed per day (Table 5.6.1), and weighed 49% less than
CTL at the end of the deficiency phase (Figure 5.7.1a). For ZD and ER there
was no difference in feed consumption during the deficiency phase, but ZD
weighed 14% less than ER. The high feed efficiency ratio reveals that ZD
needed to consume more feed to gain the same weight as the other groups
during the deficiency phase. During the first 3 days of repletion with the control
diet, the feed intake of ZD and ER rats increased 88% and 123%, respectively,
while CTL increased feed intake by only 15%. During repletion, ZD and ER also
had greater rate of weight gain than CTL. Throughout the repletion phase, both

ZD and ER had lower feed efficiency ratios than CTL, indicating that ZD and ER
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were able to gain more weight with less feed compared to CTL during the
repletion phase.

The lymphoid organ to body weight ratios were highest at baseline and
decreased with age in all groups (Figure 5.7.1¢c & 5.7.1e). There were no
differences among groups in either thymus to body weight or spleen to body
weight ratios at the end of the deficiency phase. Both thymus and spleen
weights were lower in ZD and ER compared to CTL at the end of the deficiency
phase, and ZD was lower than ER (Figure 5.7.1b & 5.7.1d). During the
deficiency phase, the lymphoid organ weights of ZD decreased 20% compared to
baseline, and there was no change in ER, while thymus and spleen weights of
CTL increased 81% and 78%, respectively, compared to baseline. In ZD, spleen
weight recovered to CTL values by 7 days and thymus weight recovered by 23
days of repletion. In ER, both thymus and spleen weights recovered to control
levels by 7 days of repletion. There were no differences in thymus or spleen
zinc concentrations throughout the study (data not shown).

There was no difference among dietary treatment groups in the absolute
number per organ of the most immature thymic cells (TCRaB CD4 CD8’; results
not shown). At the end of the deficiency phase, ZD and ER rats had 35-52%
fewer thymic pre-T cells (TCRap'CD4*CD8"and TCRaB"CD4*CD8") compared to
CTL, and ZD had fewer thymic TCRaB*CD4"CD8" (helper) cells compared to
CTL (Figure 5.7.2a-d). There were no differences in thymic T-cell subset
numbers among dietary treatment groups after 7 days of repletion. ZD rats had

40-63% fewer splenic TCRaB"CD4"CD8" (helper) and TCRaB"CD4 CD8"
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(cytolytic) cells (Figure 5.7.2e & 2f) compared to both ER and CTL at the end of
the deficiency phase, but not at any other time point. ER had 39% fewer splenic
helper T-cells compared to CTL at the end of the deficiency phase, but recovered
to CTL levels after 3 days of repletion. There were no differences in the number
of T-cell subsets among dietary treatment groups when corrected for lymphoid
organ weight (data not shown).

Adrenal weight to body weight ratios were highest at baseline (Figure
5.7.3). At the end of the deficiency phase, ZD and ER had 65% and 34%,
respectively, higher adrenal gland weight to body weight ratios compared to CTL,
and ZD was 23% higher than ER. The adrenal to body weight ratio was not
different from CTL after 3 days of repletion for ER and after 7 days of repletion
for ZD.

Markers of the stress axis were determined in a separate group of rats
where special care was taken to minimize environmental stressors. ZD and ER
had 338-527% higher serum corticosterone concentrations compared to CTL
(Table 5.6.2). There were no differences among dietary treatment groups for
plasma ACTH and haptoglobin concentrations, and TNF-a was not detectable in

the plasma (results not shown).
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5.6 Tables

Table 5.6.1. Effects of zinc deficiency and energy restriction followed by

repletion on feed efficiency in growing rats.’

Dietary Group®
Time* ZD ER CTL

Mean SE Mean SE Mean SE

Feed intake,  Deficiency 9.8 03 102 03 203" 04
g/day 3 Day Repleton 184* 09 227° 06 233* 07
7 Day Repletion  20.0° 0.7 23.0° 09 239° 1.2

23 Day Repletion 202 0.8 221° 0.7 225® 1.0

Weight gainl  Deficiency 12" 01 19 02 422 0.1
g/100 gbwt/d 3 Day Repleton  6.8°° 0.3 82 03 26° 0.1
7 Day Repleton 6.1 03 62° 01 23 02

23 Day Repletion 3.5 0.1 32 01 16° 0.1

Feed Deficiency 265 01 21° 0.1 1.9° 0.1
efficiency 3 Day Repleton 1.7 01 15 01 31° 02
ratio” 7 Day Repleton 1.8 01 18 01 39®° 08
23 Day Repletion 257 0.1 26 01 43 03

TValues are means + standard error for n=8 (baseline, deficiency, 3 day and 7 day repletion) and

n=6 (23 day repletion). Abbreviations: ZD=zinc-deficient group; ER=energy-restricted group;

CTL=control group.

* Different superscript letters indicate statistical differences (p<0.05) over time.

¥ Statistical differences (p<0.05) among groups (ZD, ER and CTL) at each time point are

indicated by asterisks: ** indicates ZD is significantly different from both ER and CTL and *

indicates ZD or ER are significantly different from CTL.

IRate of weight gain = [(final body weight (g)-initial body weight (g))/average weight (g)J/days.

Treed efficiency ratio = total feed intake (g)/total weight gained (g).
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Table 5.6.2. Effects of zinc deficiency and energy restriction on circulating

markers of the stress axis."

Dietary Group*

ZD ER CTL

Mean SE Mean SE Mean SE

Serum Corticosterone, nmol/L 329 79 508" 131 946 0.98
Plasma ACTH, pg/mL 605 110 727 96 548 91

Plasma haptoglobin, mg/mL 069 005 065 0.05 052 0.06

TValues are means + standard error of means, n=9.

* statistical differences (p<0.05) among groups are indicated by asterisks: * indicates ZD or ER

are significantly different from CTL, but not from each other.

Abbreviations: ZD=zinc-deficient group; ER=energy-restricted group; CTL=control group.
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5.7 Figures
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Figure 5.7.1. Effects of Zinc deficiency, energy restriction and repletion on body, thymus
and spleen weights and ratios in growing rats. L] Zinc-deficient group; energy-restricted
group; B control group. For details of diets and procedures, see Material and methods. Values
are means + standard errors shown by vertical bars (baseline, deficiency, 3 day and 7 day
repletion: eight rats per group; 23 day repletion: six rats per group). Mean values were
significantly different from those of the control group at each time point: *P<0.05. Mean values

were significantly different from those of the energy-restricted group at each time point: 1P<0.05.
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Figure 5.7.2. Effects of zinc deficiency, energy restriction and repletion on thymus and
spleen T-cell subset numbers (per organ) in growing rats. 0 Zinc-deficient group;
energy-restricted group; B control group. For details of diets and procedures, see Material and
methods. (a) Thymus TCRa CD4'CD8"; (b) thymus TCRo"CD4"CD8"; (c) thymus
TCRaf*CD4*CD8’; (d) thymus TCRaf'CD4' CD8’; (e) spleen TCRaf "CD4"CD8’; (f) spleen
TCRof"CD4'CD8". Cells were triple-labeled to identify T-cells at various stages of maturation in
the thymus. T-cell maturation from immature to mature is as follows: TCRa'CD4'CD8" (Pro-T

cell) > TCRop'CD4'CD8" (Pre-T cell) > TCRap 'CD4"CD8” (Pre-T cell) - TCRap'CD4"CD8’
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(helper T-cell) or TCRap*CD4 CD8" (cytolytic T-cell). Values are means + standard errors shown
by vertical bars (baseline, deficiency, 3 day and 7 day repletion: eight rats per group; 23 day
repletion: six rats per group). Mean values were significantly different from those of the control
group at each time point: *P<0.05. Mean values were significantly different from those of the

energy-restricted group at each time point: 1P<0.05.
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Figure 5.7.3. Effects of zinc deficiency, energy restriction and repletion on adrenal
weight/body weight ratios in growing rats. 1 Zinc-deficient group; energy-restricted
group; B control group. For details of diets and procedures, see Material and methods. Values
are means = standard errors shown by vertical bars (baseline, deficiency, 3 day and 7 day
repletion: eight rats per group; 23 day repletion: six rats per group). Mean values were
significantly different from those of the control group at each time point: *P<0.05. Mean values

were significantly different from those of the energy-restricted group at each time point: +P<0.05.
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5.8 Discussion

Both zinc deficiency and energy restriction in growing rats elevated
circulating corticosterone and reduced thymic pre-T cell numbers, while zinc-
deficient rats had fewer splenic helper and cytolytic T-cell numbers compared to
energy-restricted and control rats. In addition, ZD had fewer thymic helper T-
cells and ER had fewer splenic helper T-cells compared to CTL at the end of the
deficiency phase. T-cell subset numbers and lymphoid organ weights recovered
from dietary zinc deficiency and energy restriction after 7 days of repletion with a
nutritionally complete diet, while body weight requires longer than 23 days to
catch up to CTL in growing rats. Spleen weight and spleen T-cell subset
numbers recovered faster than the same parameters in the thymus of ZD and ER
rats. There appears to be a priority for recovery of lymphoid organs before body
weight enabling the body to produce more T-lymphocytes and release them into
circulation for immune defense while nutritional recovery is in progress.

In growing rats, reduced dietary intake of zinc or energy results in stunting
malnutrition (Figure 5.7.1). As expected thymus and spleen weights were lower
in ZD and ER at the end of the deficiency phase and this is similar to the adult
mouse model (13-15). Lymphoid organ atrophy relative to body weight is present
in the adult zinc-deficient mouse (11, 13, 15), a model of wasting malnutrition.
However, in growing zinc-deficient rats, a model of stunting malnutrition,
lymphoid organ weights relative to body weight were not different from ER or
CTL (Figure 5.7.2; (16)). In growing zinc-deficient rats, the substantial (70%)

reduction of femur zinc concentrations (17) indicates the severity of the zinc
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deficiency, however, there was no thymic or splenic atrophy relative to body
weight (Figure 5.7.1) which is used as an indicator of severe immunodeficiency
(2). Others have reported reduced lymphocyte numbers in rodent models of zinc
deficiency and protein energy malnutrition and there was a greater reduction of
lymphocyte numbers in presence of wasting malnutrition compared to stunting
malnutrition (15, 18). In the present study using flow cytometry and Flow
Count™ Flurospheres, ZD and ER had lower thymus and spleen cell numbers
(sum of subsets) compared to CTL, and ZD had fewer spleen TCRag" cell
numbers compared to ER at the end of the deficiency phase (Figure 5.7.2). Cell
numbers responded rapidly to repletion, recovering to CTL levels by 7 days in ER
and ZD. T-cell maturation takes approximately 3 weeks in mice (9), thus, the
increase in cell numbers reflects the ability of existing cells to replicate. Thymus
and spleen cell numbers per gram of tissue were not different between ZD and
ER in growing rats (present study) or in adult mice (11). Although ZD and ER
rats maintain lymphoid cell numbers proportional to tissue weight and lymphoid
organ weights proportional to body weight, the lower number of lymphocytes per
animal may reduce the T-cell repertoire and may contribute to the greater
susceptibility of deficient animals to infection (19).

In the present study, serum corticosterone concentrations were elevated
in both ZD and ER compared to the CTL (Table 5.6.2). Others have reported
that 3-6 week old mice fed zinc-deficient diet for 19-31 days have approximately
200% higher plasma corticosterone concentrations (determined by

spectrofluorometric method) and a 33% larger adrenal gland weight to body
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weight ratio compared to mice fed the zinc-adequate diet ad libitum (20). When
male Sprague Dawley rats (150-160 g) were fed zinc-deficient diet for 40 days,
serum corticosterone concentrations (determined by a radioimmunoassay kit
from ICN) were 122% higher than rats fed the control diet ad libitum (21).
Neither of these studies reported the circulating corticosterone concentrations in
an energy-restricted group. The cytokine TNF-a and acute phase protein
haptoglobin have been associated with corticosterone concentrations during
inflammation (6), but plasma TNF-ao was not detected and haptoglobin was
unchanged by dietary treatment indicating the absence of infection these
animals.

One of the hypothesizes for the low lymphoid organ cell numbers in zinc
deficiency is that elevated corticosterone promotes apoptosis in lymphoid cells
(5). King and colleagues (4) have reported elevated serum corticosterone and
higher proportions of apoptosis in pre-T cells and a lower percentage of these
cells in the thymus of zinc-deficient mice, whereas Moore and colleagues (22)
found no changes in proportions of thymic T-cells in zinc-deficient mice. Both
studies reported a similar reduction in serum zinc, however, there was no weight
loss in the Moore and colleagues (22) study while zinc-deficient mice in the King
and colleagues (4) study weighed 29% less than control mice. Although feed
intake was similar (4), the specific role of zinc deficiency versus the role of weight
loss was not addressed. In the growing rat model of zinc deficiency, we found no
changes in the proportions of T-cell subsets in the thymus and spleen, except a

higher proportion of thymic cytolytic T-cells in zinc-deficient rats (17). In the
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present study, ZD and ER had reduced numbers of some T-cell subsets per
organ, but there were no differences when T-cell subsets were expressed per
gram of tissue. Both ZD and ER had elevated circulating corticosterone and
reduced thymic pre-T cell numbers, but in the spleen, ZD had fewer helper and
cytolytic T-cell numbers compared to ER and CTL. Although thymus and spleen
zinc concentrations were unchanged, other variables in the periphery related to
low zinc status may be contributing factors.

In summary, lymphoid cell numbers and lymphoid organ weights recover
more rapidly from zinc deficiency and energy restriction in growing rats than body
weight. Thus, the body is producing more T-lymphocytes and releasing them into
circulation for immune defense while nutritional recovery is in progress. Future
studies need to assess the functional recovery of the immune system, including

resistance to infection.
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6.1 Abstract

p56'* is involved in the maturation of T-cells from double negative (DN)
into double positive (DP) T-cells. The objective of this experiment was to
determine changes in the levels of thymic and splenic T-cell p56'* using Western
immunoblotting, along with the proportion and number of the T-cell subsets in the
thymus, spleen and blood using flow cytometry in growing Sprague Dawley rats.
Thymic p56'* protein levels were negatively correlated with age (r=-0.42,
p=0.04) and positively correlated with age in the spleen (r= 0.5, p=0.01). Nine-
week-old rats had a higher percentage of thymic DN and CD8 cells with fewer
DP cells compared to younger rats. There were minor differences in the
proportions of T-cell subsets in the spleen and blood. T-cell numbers remained
proportional to body weight in the lymphoid organs; however, the lower absolute
number of T-cells in the younger rats might indicate that they are less able to

respond to antigens.
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6.2 Introduction

The immune system is complex and is affected by numerous
environmental and genetic factors. Inbred, transgenic and knock-out mouse
strains have been invaluable tools for advancing our knowledge of the immune
system (1-3). However, the rat is also an important model in experimental
biology, and the emerging importance of the immune system in various
disciplines and diseases requires a basic understanding of developmental
changes in the immune system of the rat. There are greater opportunities to
investigate cell signaling and the immune system in rats due in part to the
increasing availability of commercial antibodies for rats. The larger size of the rat
provides more tissue/cells than the mouse for multiple measurements to explore
the relationships between the immune system and physiological/pathological

phenomena in the same animal.

The growth stage is a critical point in development of the immune system
and is vulnerable to many environmental and genetic factors. During growth, the
bone marrow (stem cell production) and thymus (T-cell maturation) are maturing,
and they are also responsible for production of the cells involved in the adaptive
immune response. T-cell function has been shown to be affected by such factors
as malnutrition (4), disease (5, 6), and drugs (7) and these effects are amplified
during growth. As T-cells mature in the thymus, their cell surface expression of
CD4 and CD8 changes from double negative (CD4°CD8’) to double positive
(CD4'CD8") and eventually into single positive T-cells (CD4°CD8 or CD4'CD8")

before being released into the periphery (8). The signaling protein p56'*, which
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is principally expressed in T-lymphocytes, is involved in the maturation of T-cells
from double negative into double positive T-cells (8-11). The role of p56'X in
thymocyte maturation has been investigated using transgenic animal models and
cell culture methods (12, 13). Given the changes in p56'* due to dietary
deficiencies (14, 15), an environmental factor, it is of interest to determine if any
differences exist in the protein levels of p56'* along with the proportion and
number of the T-cell subsets during growth in rats. Thus, the objective of the
present experiment was to determine p56'°k protein levels using Western
immunoblotting and to characterize the T-cell subsets in the thymus, spleen and
blood of 3, 6, and 9 week old rats using flow-cytometry. FlowCount™
Fluorospheres were used to determine absolute numbers of the T-lymphocyte
subsets. Three to 9 week old rats represent the weanling phase to sexual
maturity, and it takes approximately 3 weeks for a T-cell to mature upon entering

the thymus (16).

6.3 Materials and Methods
6.3.1 Animals and diets

Three week old male Sprague Dawley rats (Charles River Laboratories,
St. Constant, PQ) were fed a modified AIN-93G diet (14, 17) ad libitum. The rats
were maintained in an environment of controlled temperature (21-23°C), humidity
(55%) and light cycle (14 hours light/10 hours dark). Animal care was provided in
accordance with a protocol approved by the Local Animal Care Committee

(University of Manitoba).
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6.3.2 Sample collection

At 3, 6 and 9 weeks of age, rats were killed by CO, asphyxiation and
decapitation. Trunk blood was collected in EDTA vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ). The thymus and spleen were removed and
processed immediately.

Cell preparation

Single cell suspensions of spleen and thymus in phosphate buffered
saline/1% bovine fetal calf serum (Gibco, Grand Island, NY) were prepared using
a loose fitting Kontes glass/glass homogenizer (Kontes, Vineland, NJ). Spleen,
but not thymus, cell suspensions were gently layered over Lympholyte-Rat
(Cedarlané, Hornby, ON) and centrifuged at 1500 x g for 20 minutes at room
temperature to reduce presence of polymorphonuclear cells and erythrocytes.
Spleen cells from the interphase layer (primarily mononuclear cells) and thymus
cell suspensions were washed twice (400 x g for 10 minutes) and resuspended
at a concentration of 1x107/mL in phosphate buffered saline/5% fetal calf serum.
6.3.3 Outcome measurements

Determination of T-lymphocyte subpopulations

Antibodies: Monoclonal antibodies for TCRaf (PE label, R73 clone), CD4 (PC5
label, OX-35 clone), and CD8 (FITC label, G28 clone) were obtained from BD
Pharminigen (Mississauga, ON). The sample combinations that were used for
three-color analysis were: TCRaf3, CD4, CD8 or their respective isotype controls.
Cell labeling: Thymus and spleen cells (1 x 10°) were incubated with the mixture

of monoclonal antibodies for 40 minutes at 4°C. After addition of 3 mL cold
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phosphate buffered saline/0.5% bovine serum albumin, cells were centrifuged
(300 g for 6 minutes), resuspended in a fixation solution of 1% paraformaldehyde
in phosphate buffered saline (pH 7.2) and kept on ice. Whole blood (100 pL) was
incubated with the appropriate antibodies or isotype controls for 15 minutes,
mixed with 500 ul Optilyse C (Beckman, Mississauga, ON), and subsequently
prepared according to manufacturers instructions. FlowCount™ fluorospheres
(100 uL, Beckman, Mississauga, ON) were added to tubes for thymus, spleen
and blood. Samples were analyzed using a Beckman Coulter EPICS ALTRA
(Beckman Coulter Canada, Mississauga, ON) high speed cell sorter with laser
excitation tuned to 488nm (65mW). Forward versus side scatter histograms
were used to gate on intact lymphoid cells. Further gating on cell surface
markers is indicated in the tables and figures, and representative flow cytometry
plots are shown in Figures 6.7.1-6.7.3. The fluorescence signals were
separated with the standard dichronic long pass filters provided with the
instrument and detected through 525 nm (FITC), 575 nm (PE) and 675 nm (PC5)
bandpass filers, respectively. The data were collected in listmode format with the
subsequent analyses based on 10 000 cells satisfying the light scatter gate using
the EXPO32 MultiCOMP MFA software provided with the instrument.
Fluorochrome-istotype matched controls were prepared to assess
autofluorescence and nonspecific binding, while single color samples were
employed to adjust color compensation. Absolute cell counts were calculated

based on the total number of cells counted, the total number of fluorospheres
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counted and the concentration of the fluorospheres. Cells counts were corrected
for the weight of the thymus or spleen used to prepare the cell suspensions.

Western immunoblotting for p56'*

Cell lysates were prepared by resuspending thymocytes and splenocytes in
buffer containing protease inhibitors as previously described (14). Protein
concentration was determined using the Bicinchoninic Acid Protein Assay
(Sigma, St. Louis, MO). For Western blotting, cell lysates (20 pg protein per
lane), molecular weight standard and positive control (Jurkat Cells Lysate, clone:
Human T-cell leukemia, BD Pharmingen, Mississauga, ON) were separated by
SDS-PAGE (5% stacking gel and 10% separating gel) and transferred to
nitrocellulose membrane (0.2 um; BioRad, Hercules, CA) using previously
published procedures (14). P56'° was detected using mouse anti-human Ick
(1:5000; clone 28, Transduction Laboratories, Lexington, KY), goat anti-mouse
IgG horseradish peroxidase (1:1000) and Chemi Glow (Fisher, Whitby, ON) as
the luminescent substrate. Arbitrary units for bands were determined using the
FluorChem digital imaging system (Alpha Innotech Corporation, San Leandro,

CA) and FluorChem software (version 2.0).

6.4 Statistical Analysis

Data were analyzed by one-way ANOVA using the general linear models
procedure (SAS software release 8.2, SAS Institute, Cary, NC). When
necessary, data were normalized by log transformation for statistical analyses,

but non-transformed means are reported. Significant differences among means
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were determined using Duncan’s multiple range test. Differences were
considered significant at P<0.05. Pearson’s correlation coefficient was used to

examine correlations between p56' and age.

6.5 Results

Body and lymphoid organ weights. Body weight of 3 week old rats increased

60% by 6 weeks, and another 30% by 9 weeks of age (Table 6.6.1). Thymus
and spleen weights increased 44% between 3 and 6 weeks, but remained similar
between 6 and 9 weeks. However, thymus and spleen weights corrected to body
weight decreased with age.

P56, In thymus, there was a trend (p=0.1) for decreasing p56'* protein levels
with increasing age (Figure 6.7.4). In spleen, there was an increase in p56'™
protein levels between 3 and 9 weeks of age. Furthermore, p56' and age were
negatively correlated (r=-0.42, p=0.04) in the thymus and positively correlated
(r=0.50, p=0.01) in the spleen.

TCRoB" lymphocytes. There were no differences in the proportion of TCRap™

cells (gated on lymphocytes) among age groups in the thymus; however, there
was a lower percentage of TCRaB" cells in the spleen and blood of 3 week old
rats compared to both 6 and 9 week old rats (Table 6.6.2). Three week old rats
had fewer TCRaB" cells per g of spleen and uL of blood, and per spleen and total
blood volume compared to both 6 and 9 week old rats, but no differences were

detected among groups in the thymus.
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Proportions of T-lymphocyte subpopulations

i) Thymus: Figures 6.7.6a and 6.7.6b represent the proportion of T-lymphocyte
subsets in the thymus after gating on TCRaf and TCRap" cells, respectively.
The proportion of the most immature T-lymphocyte phenotype in the thymus
(TCRop CD4°CD8") was lower in 6 week old rats compared to 9 week old rats.
Both 3 and 6 week old rats had a lower proportion of TCRapf"CD4CD8" and a
higher percentage of TCRa"CD4"CD8" cells (the next phenotypes in T-
lymphocyte maturation) compared to 9 week old rats. The next step in
maturation is TCRap"CD4"CD8" and 3 week old rats had a higher percentage of
TCRaB"CD4*CD8" cells, compared to 9 week old rats. The most mature T-
lymphocytes found in the thymus are either TCRo"CD4"CD8” or TCRap 'CD4
CD8". There were no differences among the age groups in the proportion of
TCRaB 'CD4"CD8" cells, however, the proportion of TCRap"CD4°CD8” cells were
lower in the 3 week old rats compared to 6 and 9 week old rats.

i) Spleen: Figure 6.7.6¢ represents the proportion of T-lymphocyte subsets in
the spleen after gating on TCRap" cells. The percentages of TCRap 'CD4"CD8"
and TCRaB"CD4CD8" cells were lower in the 3 week old rats compared to the 9
week old rats, while there were no differences among the age groups in the
percentages of TCRap"CD4°CD8 or TCRap*CD4 CD8" cells.

iif) Blood: Figure 6.7.6d represents the proportion of T-lymphocyte subsets in the
blood after gating on TCRap" cells. The percentage of TCRaf*CD4'CD8 celis

was lower in 3 and 6 week old rats compared to 9 week old rats, while there were
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no differences among the age groups in the percentages of TCRap*CD4CD§,
TCRaB'CD4* CD8" or TCRap*CD4CD8" cells.

Absolute number of T-lymphocyte subpopulations

i) Thymus: Figures 6.7.7a and 6.7.7b show the absolute number of T-
lymphocyte subpopulations in the thymus using FlowCount™ Fluorospheres and
gating on TCRap and TCRap” cells, respectively. There were fewer TCRaf"
CD4°CD8 cells in 3 week old rats compared to 9 week old rats, and fewer
TCRaf"CD4°CD8 cells in 3 week old rats compared to 9 week old rats. Three
week old rats had fewer TCRof"CD4 CD8" and TCRaf"CD4°CD8" cells
compared to both 6 and 9 week old rats.

i) Spleen: Figure 6.7.7¢ shows the absolute number of T-lymphocyte
subpopulations in the spleen using FlowCount™ Fluorospheres and gating on
TCRap" cells. Three week old rats had fewer TCRap'CD4°CD8",
TCRaB'CD4'CD8", TCRap*CD4'CD8", and TCRap"CD4°CD8" compared to both
6 and 9 week old rats.

iii) Blood: Figure 6.7.7d shows the absolute number of T-lymphocyte
subpopulations in the total blood volume using FlowCount™ Fluorospheres and
gating on TCRap" cells. Three week old rats had fewer TCRap*CD4 CDS8",
TCRaB’CD4'CD8", TCRap"CD4"CD8, and TCRap"CD4°CD8" cells compared
to 6 week old rats, and 6 week old rats had fewer cells of each phenotype
compared to 9 week old rats.

T-Lymphocyte numbers corrected for body weight. There were no differences

among the age groups in the number of thymic or splenic TCRaf" lymphocytes
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per gram of body weight, however, 3 week old rats had fewer TCRaf" cells/g

body weight in their blood compared to 6 and 9 week old rats (Figure 6.7.5).
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6.6 Tables

Table 6.6.1. Body and lymphoid organ weights of 3, 6 and 9 week old rats’.

Age
3 week 6 week 9 week
Body weight, g 116 + 2° 289 + 6° 407 + 212
Thymus weight, g 0.50+0.03° 0.90+0.06°  0.74+0.06°
Thymus/body weight, % 0.43 +0.02*® 0.31+0.02°  0.19+0.01°
Spleen weight, g 042 +0.02° 0.74+0.04%  0.72 +0.06°
Spleen/body weight, %  0.36 £ 0.02° 0.25+ 0.01° 0.18 £ 0.01°

"Walues are means + SEM for n=9 (3 week), n=8 (6 week), and n=6 (9 week). Different

superscript letters indicate significant differences among means, p <0.05.

94



Table 6.6.2. TCRaB" expression on lymphocytes from the thymus, spleen and blood of 3, 6

and 9 week old rats'.

Age
3 weeks 6 weeks 9 weeks
Thymus
TCRap"

% 71.34 + 1.51 74.38 +2.11 68.23 +2.57
cells/g (x10°) 105.4 +45.8 100.4 + 10.2 109.9 + 19.2
cells/thymus (x10°) 51.96 + 25.3 90.44 +10.8 76.86 + 13.7

Spleen
TCRap*

% 19.27 + 2.45° 33.94 + 1.00° 36.70 + 2.68°
cells/g (x10°) 18.92 + 5.08° 46.49+6.17° 47.30 + 6.94°
celis/spleen (x10°) 8.25 + 2.44° 35.14 + 5.69° 32.24 +4.27°

Blood?
TCRap”

% 28.86 + 1.95° 43.11 +2.36° 48.62 +2.10°
cells/pl 1975 + 92° 4177 + 428° 4283 + 299°
cells/total blood volume 12.98 + 0.62° 69.47 +7.32° 97.99 + 9.58°

(x10°%)

"Values are means + SEM for n=9 (3week), n=8 (6 week), and n=6 (9 week). Different
superscript letters indicate significant differences among means, P <0.05. Absolute cell numbers
calculated using Flow-Count™ Fluorospheres. Percentages and absolute numbers determined
after gating on total lymphocytes.

*Total blood volume estimated using 57.5 mL/kg (20).
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6.7 Figures
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Figure 6.7.1. Representative flow cytometry plots of lymphocytes from the thymus of 6
week old rats. Definition of cell sample (lymphocytes) by light scatter (A); Isotype control sample

gated on CELLS (B&C); Test sample gated on CELLS defining TCRap binding (D); Test sample
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gated on CELLS and TCRa- defining CD4" and CD8" TCRap’ lymphocytes (E); Test sample
gated on CELLS and TCRaB" defining CD4" and CD8" TCRap" lymphocytes (F).

Abbreviations: SS=side scatter; FALS=forward angle light scatter; CTL=control.
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Figure 6.7.2. Representative flow cytometry plots of lymphocytes from the spleen of 6
week old rats. Definition of cell sample (lymphocytes) by light scatter (A); Isotype control sample
gated on CELLS (B) and CELLS and TCRaB" (C); Test sample gated on CELLS defining TCRaB
binding (D); Test sample gated on CELLS and TCRaB" defining CD4" and CD8" TCRaB’

lymphocytes (E). Abbreviations: SS=side scatter; FALS=forward angle light scatter; CTL=control.
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gated on CELLS AND TCRaB" defining CD4" and CD8" TCRaf" lymphocytes (E).

Abbreviations: SS=side scatter; FALS=forward angle light scatter; CTL=control.
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Figure 6.7.4. Representative blots and correlations of age with p56ICK protein levels in
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Figure 6.7.6. Proportions of T-lymphocyte subpopulations in the thymus (a & b), spleen (c),
and blood (d) of young rats. Figure 6.6.7a was gated on TCRapB" cells and figures 6.6.7b-d
were gated on TCRap" cells. Values are means for n=9 (3 weeks), n=8 (6 weeks) and n=6 rats
(9 weeks). Significant differences (p<0.05) among means are indicated by symbols: *3 week is
different from 6 week; **3 week is different from 9 week; ***3 week is different from both 6 and 9

week; 16 week is different from 9 week.
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6.8 Discussion

In the present study, p56' protein levels decreased with age in thymic
lymphocytes, but increased with age in splenic lymphocytes in 3-9 week old
Sprague Dawley rats (Figure 6.7.4). P56 is involved in the maturation of
double negative (DN) to double positive (DP) thymocytes (8-11). There was a
higher percentage of DN (TCRafCD4 CD8") cells and a lower percentage of DP
(TCRaB”*CD4*CD8") cells in the thymus of 9 week old rats compared to 3 week
old rats (Figure 6.7.6) which coincides with the decrease in thymic p56' levels.
Previous work with cultured cells and transgenic mice has shown that strong
TCR signals amplified by p56'* contributes to CD4 or CD8 lineage choice (12,
18). Preferential differentiation of DP to CD4 in mice and to CD8 in rats has
been reported when cells from both species are stimulated in vitro (18). Inthe
present study, 9 week old rats had a higher proportion of thymic single positive
CD8 cells compared to 3 week old rats. This may be a reflection of higher
thymocyte p56'* protein levels in the younger rats and the time course for T-cell
maturation. Alternatively, the in vitro conditions may not reflect all the influences
of the in vivo whole body environment.

There were only minor differences among the age groups in the proportion
of T-cell subsets in the spleen and blood (Figure 6.7.6) indicating that the age-
related changes in the thymus were not reflected in the periphery. Others have
investigated T-cell maturation in the rat during the first year of life and found that
in the thymus DN cells increased while DP cells decreased with age, along with

no changes in T-cell subsets in the blood (19). The ages of rats in the present
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study correspond to the period of rapid growth and dietary changes due to stage
of life (post-lactation). The weanling rat is frequently used for investigation of
dietary and environmental factors.

Three week old rats had a lower number of TCRaB" cells per organ and
per gram of spleen and uL of blood compared to 6 and 9 week old rats (Figure
6.7.7). This suggests that 3 week old rats are less equipped to respond to
antigens and might leave them more susceptible to infection. However, when
TCRaB* cells were corrected for body weight there are no differences among age
groups in the thymus or spleen (Figure 6.7.5) indicating that the T-cell numbers

are maintained proportional to body weight in the growing rat.
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7.1 Abstract

Zinc-deficient rats have a lower proportion of splenic CD90" T-cells which
could be due to fewer new T-cells exiting the thymus, defective post-thymic
maturation or increased cell death. Post-thymic maturation of splenic
lymphocytes and their viability were determined by flow cytometry in weanling
rats assigned to: Zinc-deficient (ZD, <1 mg zinc/kg, ad libitum), diet-restricted
(DR, 30 mg zinc/kg, limited to the amount of feed as consumed by ZD),
marginally zinc-deficient (MZD, 10 mg zinc/kg, ad libitum) or control (CTL, 30 mg
zinc/kg, ad libitum) groups for 3 weeks. Although the overall proportion of cells in
the lymphocyte and non-viable gates were not affected by diet, ZD rats had a
242% higher proportion of granulocytes compared to the other groups. ZD rats
had a 29% lower percentage of splenic CD90" T-cells and both ZD and DR had a
30% lower proportion of splenic CD90" B-cells compared to CTL. When the
splenic CD90" T-cells were characterized further, there was no difference among
the groups in the first two stages of post-thymic development; however, ZD, DR
and MZD had a 42% lower proportion of late thymic emigrants
(TCRap"CD90"CD45RC'RT6.17) compared to CTL. There was no difference
among groups in the proportion of splenic CD90" T-cells in the non-viable region,
however, ZD did have a higher proportion of CD90" B-cells in the non-viable
region compared to MZD and CTL, suggesting that this phenotype was more
susceptible to cell death during deficiency. The lower proportion of splenic

CD90" T-cells in ZD rats does not appear to be due to a defect in thymic
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production or increased cell death in the spleen. Future studies should

determine if late thymic emigrants have homed to other peripheral organs.
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7.2 Introduction

The immune system protects us from infection and disease (1). A diverse
T-cell receptor repertoire is essential for the recognition of the billions of potential
foreign invaders (2). In order to ensure a diverse repertoire, the thymus
continuously produces and releases new cells that enter the periphery (3).
Apoptosis also plays an important role in the diversification of the T-cell pool
during positive and negative selection of T-cells in the thymus and removal of
peripheral T-cells after activation or due to anergy (4). Dietary zinc-deficiency
adversely affects the immune system leaving the individual susceptible to
disease (5). Decreased production of new T-cells by the thymus or increased
removal of peripheral T-cells by apoptosis could play a role in the
immunodeficiency of dietary zinc deficiency.

Zinc-deficient rats have a lower proportion of CD90" T-cells in their blood
and spleen, but not thymus, compared to diet-restricted and control rats (6).
CD9O0 first appears on cortical thymocytes and is found on newly released
peripheral T-cells for approximately 3 days in rats (7). Initially, both RT6 and
CD45RC are expressed as CD90 disappears (3-11 days post-thymus) and 76
days after T-cells have been released from the rat thymus they express either
CD45RC or RT6 (8). RT6.1 is exclusive to peripheral T-cells and expressed by
~70% of peripheral T-cells (9). The function of RT6" T-cells is still under
investigation, but they have been described as immunoregulatory cells that play
a role in graft-vs-host reactions (10), and prevention of autoimmunity (11).

CD45RC is found on pre B-cells, B-cells, CD8+ T-cells and CD4" T-cells, but on
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very few thymocytes (12). Both T- and B- cell receptor signal transduction
involves CD45 (13). Expression of CD45RC on T-cells seems to increase
activation (production of IL-2) and shift cytokine production in favor of Th1 type
cytokines (IL-2 and IFNy) (14). CD45RC positive cells have been shown to
provoke graft-vs-host reactions and organ-specific autoimmune diseases (15,
16). In the rat, CD45RC can also be used to identify naive and revertant memory
T-cells from recently activated T-cells (15, 17). Further characterization of the
maturation of CD90" T-cells into CD90™ T-cells using markers such as RT6.1 and
CD45RC has not been investigated in a model of dietary zinc deficiency. Itis
possible that the fewer CD90" T-cells in ZD could be due to fewer new T-cells
exiting the thymus or due to defective post-thymic maturation.

Fraker (18) has proposed that the mechanism that best explains the
lymphopenia and immunodeficiency in zinc deficiency is increased apoptosis
rates in the immature lymphocytes of the thymus and bone marrow. Zinc
deficiency studies in the adult mouse have indicated that pre-T-cells (CD4"CD8"
thymocytes) show enhanced rates of apoptosis compared to control mice (19),
and there is a lower proportion of pre-B-cells (CD45R*CD43IgM") in the bone
marrow of zinc-deficient mice compared to control mice (20).

In the rat, the apoptotic susceptibility of peripheral lymphocytes has not
been determined in zinc-deficiency. It has been reported however that diabetes-
prone BioBreeding rats have a higher proportion of intrahepatic T-cells
undergoing apoptosis, most of which are recent thymic emigrants (CD90'RT6™ T-

cells), compared diabetes-resistant rats (21). We hypothesize that zinc
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deficiency alters the proportion of splenic T-cell phenotypes (either by altered
post-thymic maturation or increased cell death), leaving fewer new cells in the
spleen (peripheral lymphoid organ) and thereby limiting the lymphocyte
repertoire.

The objective of the present study was to determine the proportion of
lymphocytes that express different combinations of TCRap, CD90, RT6.1 and
CD45RC to further characterize the stage of maturity of splenic T- and B-cells in
both marginal and severe zinc deficiency using the growing rat as a model. A
secondary objective was to determine whether differences in the proportion of
splenic lymphocyte subsets could be explained by increased/decreased non-
viability. Fraker and colleagues (22) have shown that cell viability can be
identified using flow cytometry and forward versus side scatter to separate the
smaller non-viable cells from the slightly larger viable cells. The authors
acknowledge that this method is not the most sensitive and does not discriminate
apoptotic cells from the necrotic cells inevitably produced during preparation of
cells for flow cytometric analysis; however, it does provide a crude estimation of
the non-viable (apoptotic plus necrotic) lymphocyte phenotypes in the given
sample population. In the present experiment, we examined the lymphocyte
phenotypes of cells that appeared in the non-viable region to determine if one
particular phenotype was more or less prominent. We included both a zinc-
deficient group [<1 mg zinc/kg; characterized by anorexia and growth arrest (23)]

as well as a marginally zinc-deficient group [10 mg zinc/kg; no expected effect on
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growth], as the effects of marginal zinc deficiency on immunity during growth may

be relevant to human nutrition.

7.3 Materials and Methods

7.3.1 Animals and diets

Twenty one day old Sprague Dawley rats (Charles River Laboratories, St.
Constant, PQ) were acclimatized for 5 days and randomly assigned to one of
four dietary treatment groups for three weeks: zinc-deficient (ZD; <1 mg zinc/kg),
marginally zinc-deficient (MZD; 10 mg zinc/kg), nutritionally complete control diet
(CTL; 30 mg zinc/kg), and diet-restricted (DR; fed the control diet, but only the
amount of feed as consumed on the previous day by the individual zinc-deficient
rat that was paired to the DR rat). The diet-restricted group controls for the
effects of undernutrition commonly seen in zinc deficiency. Body weight was
measured weekly and feed intake was measured daily.

The experimental diets (based on the AIN-93G formulation) containing
egg white, additional biotin (2 mg/kg diet), and potassium phosphate (5.4 g/kg
diet for the growth formulation) were described previously (24). The diets were
fed ad libitum, except for the diet-restricted group, and distilled water was
provided. Zinc content of the diets was verified by atomic absorption analysis.
To avoid zinc recycling and contamination, the rats were housed in stainless
steel hanging cages with mesh bottoms so urine and feces could drop to the
shavings below. In addition, the zinc-deficient rats were placed on the upper

rows of the cage rack. The rats were maintained in an environment of controlled
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temperature (21-23°C), humidity (55%) and light cycle (14 hours light/10 hours
dark). Animal care was provided in accordance with a protocol approved by the
University of Manitoba Protocol Management and Review Committee.
7.3.2 Sample collection

At the end of the feeding trial, the rats were euthanized by CO.
asphyxiation and decapitation. Trunk blood was collected and centrifuged
(Beckman TJ-6R Tabletop centrifuge) to obtain serum. Serum was stored at
-80°C until analysis. The spleen was removed aseptically, weighed and then
processed immediately. Femurs were removed, cleaned of soft tissue and
stored at -20°C until analysis.

Cell Preparation

Single cell suspensions from the spleens were prepared by pressing
tissues through nylon screens into Hank’s buffered saline containing 10 mM
HEPES, 4% dextran charcoal absorbed fetal bovine serum (Hyclone, Logan,
UT), and 1% antibiotic/antimycotic at pH 7.4. Dextran charcoal absorbed fetal
bovine serum was used to limit the amount of external steroids that the
splenocytes are exposed to during cell preparation. Red blood cells were lysed
using ammonium chloride lysis buffer (155 mM NH4CI, 0.1 mM EDTA, 10 mM
KHCOs3, pH 7.2). Cell concentration and viability were determined using trypan
blue dye exclusion on an AO Bright-Line Hemacytometer (American Optical

Corporation, Buffalo, NY).
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7.3.3 Outcome measurements

Zinc analysis

After obtaining wet and dry weights, femurs and diet samples were wet-ashed
using trace element grade nitric acid. After appropriate dilution of digests or
serum, zinc concentration was determined by atomic absorption spectrometry
(Varian Spectra AA, Varian Australia, Mulgrave, VI). Bovine liver standard
reference material 1577b (US Department of Commerce, National Institute of
Standards and Technology, Gaithersburg, MD) was used as quality control.

Determination of splenic T-lymphocyte subpopulations

Antibodies: Anti-rat monoclonal antibodies against TCRap (PE label, clone R73,
isotype mouse IgGy, ¢), CD90 (PerCP label, Thy1.1, clone OX-7, isotype, mouse
IgG1, k), RT6.1 (purified, clone P4/16, isotype, rat IgGay, ), 1gGab « (biotin label,
RG7/11.1 clone, isotype mouse IgG2, x) and CD45RC (FITC label, clone OX-22,
isotype mouse IgGy, k) were obtained from BD Pharmingen (Mississauga, ON).
Streptavidin-PE-Cy7 conjugate was used to fluorescently label the biotinylated
antibody.

Cell labeling and flow cytometry: Cells were washed and placed in label buffer
(phosphate buffered saline containing 23 mM sodium azide and 2% FBS, pH 7.4)
at 4°C at a concentration of 1 x 10° cells/mL. Purified antibodies (RT6.1) were
added first, incubated for 30 minutes at 4°C, followed by a wash step. The
biotinylated antibody was added next, incubated as previously described followed
by a wash step. Finally, the directly conjugated antibodies and streptavidin-PE-

Cy7 were added, incubated as previously described, followed by a wash step.
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Cells were resuspended in 1% paraformaldehyde and stored overnight at 4°C
before analysis.

Flow cytometric analysis was performed on a Beckman Coulter EPICS
ALTRA (Beckman Coulter, Mississauga, ON) high-speed cell sorter with laser
excitation tuned to 488 nm (65 mW). Forward versus side scatter histograms
were used to identify intact lymphoid cells, non-viable cells, or granulocytes. A
representative flow cytometry plot, depicting the gating strategy, is shown in
Figure 7.7.1. The fluorescence signals were separated with the standard dichotic
long pass filters provided with the instrument and detected through 525 nm
(FITC), 575 nm (PE), 675 nm (PerCP) and 735 nm (PE-Cy7) bandpass filters.
The data were collected in listmode format with the subsequent analyses based
on 10 000 cells satisfying the viable light scatter gate for TCRaB" using the
EXPO32 MultiCOMP MFA software provided with the instrument. Flurochrome-
isotype matched controls were prepared to assess autofluorescence and
nonspecific binding, while single color samples were employed to adjust color

compensation.

7.4 Statistical Analyses

Data were analyzed by one-way ANOVA using the general linear models
procedure (SAS software release 8.2, SAS Institute, Cary NC). Significant
differences among means were determined using Duncan’s multiple range test.

Differences were considered significant at p< 0.05.
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7.5 Results

Body weight, feed intake, lymphoid organ weight and zinc status. The body

weights among the dietary treatment groups were not different at the start of the
trial. After the 3 week feeding trial, ZD had a 48% lower body weight and feed
intake compared to MZD and CTL (Table 7.6.1). Despite consuming the same
amount of feed, ZD weighed 15% less than DR. There were no differences
among the dietary treatment groups for lymphoid organ weight when corrected
for body weight. ZD had 65-74% lower serum and femur zinc concentrations
compared to MZD, MZD had 23-24% lower serum and femur zinc concentrations
compared to DR, and DR had 15% lower serum and femur zinc concentrations
compared to CTL.

Size and granularity of splenocytes. Lymphocytes are of a certain size and

granularity and can be readily identified in flow cytometry using forward (size)
and side (granularity) scatter. Representative light scatter plots from each of the
dietary treatment groups, including the means and standard error for each of the
gates are shown in Figure 7.7.2. There was no difference in the proportion of
splenocytes that appeared in the lymphocyte gate among treatment groups.

One of the early indicators of apoptosis is cell shrinkage which can be
identified by a decrease in forward light scatter. Necrotic cells and debris might
also appear in this region. There was also no difference among the dietary
treatment groups in the proportion of cells that appeared in the non-viable region.

There was a difference, however, in the proportion of granulocytes, which

appear slightly above the lymphocyte gate (increased side scatter) indicating
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increased granularity compared to the lymphocytes. No granulocyte markers
were included in the flow cytometric analysis and the celis in the granulocyte gate
did not express any of the markers used in the present study (TCRaf, CD90,
CD45RC or RT6.1). The ZD group had 242% more cells in the granulocyte gate
than DR, MZD and CTL.

Proportions of splenic T- and B- lymphocytes. ZD had 39% more splenic T-cells

(identified as TCRaf") compared to MZD and CTL in the lymphocyte gate
(Figure 7.7.3a). There were no differences among dietary treatment groups in
the proportion of splenic B-cells (identified as TCRap” CD45RC™) in the
lymphocyte gate (Figure 7.7.3b). In the non-viable gate there were no
differences among dietary treatment groups in the proportion of splenic T- and B-
cells (Figure 7.7.3c-d). To determine whether there were differences among
dietary treatment groups in the susceptibility of splenic T- and B-cells to cell
death, we calculated the ratio of viable:non-viable to take into account
differences in the proportion of populations in the viable region. There were no
differences among dietary treatment groups in the viable:non-viable ratio for
splenic T- or B-cells (data not shown).

Proportions of splenic CD90" T- and B- lymphocytes. ZD had a 29% lower

proportion of immature splenic T-cells (identified as TCRaB"CD90") in the
lymphocyte gate compared to CTL, but ZD was not significantly different from DR
and MZD (Figure 7.7.4a). Both ZD and DR had an approximately 30% lower
proportion of immature B-cells (identified as TCRag"CD45RC*CD90%) in the

lymphocyte gate compared to MZD and CTL (Figure 7.7.4b). There was no

122



significant difference among dietary treatment groups in the proportion of splenic
CD90" T-cells in the non-viable gate (Figure 7.7.4c). ZD had a 61-73% higher
proportion of immature B-cells in the non-viable gate compared to CTL and MZD,
but was not different from DR. DR did not have a different proportion of
immature B-cells in the non-viable region compared to CTL, but did have a 41%
higher proportion of immature B-cells in the non-viable region compared to MZD.
The ratio of viable:non-viable CD90™ T-cells was not different among the dietary
treatment groups (data not shown), however, ZD and DR had an approximately
54% lower ratio of viable:non-viable immature B-cells (16.6 + 2.5 and 22.3 + 3.6,
respectively) compared to MZD and CTL (40.7 £4.91 and 44.4 + 9.3,
respectively).

Stages of splenic T- lymphocyte maturity. There were no differences among the

dietary treatment groups in the proportion of the most recent thymic emigrants
(TCRaB"CD90"CD45RCRT6.1) or the first stage of late thymic
emigrants(TCRap"CD90"CD45RCRT6.17) (Table 7.6.2). However, at the next
stage of maturation, ZD, DR and MZD had 42% fewer late thymic emigrants
(TCRa"CD90"CD45RCRT6.1") compared to CTL. There was no difference in
the proportion of late thymic emigrants in the non-viable region and the
viable:non-viable ratio among dietary treatment groups (data not shown). There
were no differences among ZD, DR and CTL in the proportion of early mature
peripheral T-cells (TCRap CD90'CD45RCRT6.1%), but MZD had 40% fewer of
these cells compared to all the other dietary treatment groups. Once again, there

was no difference in the proportion of early mature peripheral T-cells in the non-
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viable region and the viable:non-viable ratio among dietary treatment groups
(data not shown). There were no differences among the dietary treatment

groups at the intermediate and end stages of T-cell maturation.
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7.6 Tables

Table 7.6.1. Body weight, feed intake, lymphoid organ weights, and zinc

status of zinc-deficient, marginally zinc-deficient, diet-restricted, and

control rats’.

Dietary Group®

ZD DR MZD CTL
Initial body weight (g) 105+ 3.0 110 £ 4.1 107 £ 3.2 105+29
Final body weight (g) 142 £35° 168 +3.0° 274+45° 280 +4.5°
Feed intake 220+7.6° 227+7.7° 414+£101° 422 £21.3°
Thymus:bwt ¢ 3.0+0.1 3.3+0.2 3.3+0.1 2.8+0.3
Spleen:bwt & 2.7+0.1 2.4 +0.1 2.8+0.1 2.6 +0.1
Serum zinc (umol/L) 51+03% 252+07° 194+1.0° 298%15°
Femur zinc 1.09 £0.05° 4.14+0.12° 3.13+0.05° 4.85+0.16°
(umol/g dry bone)

"Values are means + SEM, n=6. Different superscript letters indicate significant differences

among means, p <0.05.

27D=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group;

CTL=control group; bwt=body weight.

3Iymphoid organ:bwt= lymphoid organ weight (mg)/body weight (g).
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Table 7.6.2. Flow cytometric analysis of splenic T-lymphocyte subpopulations of zinc-deficient, marginally zinc-deficient, diet-

restricted, and control rats based on Kaminga and colleague’s (1997) theory of post-thymic T-lymphocyte development in the rat’.

PERIPHERY
L Immature Peripheral T-cells Mature Peripheral T-cells
IEI Recent Late Thymic Early Inter- Late
] Thymic Emigrants mediate
Emigrants
— — —

CD90 CD90" CD90
CD45RC"* CD45RC CD45RC-
RT6.1" RT6.1° RT6.1+
0-1 day 1-3 days 3-11 days 11-76 days 76+ days

ZD 73+0.7 30+04 3.9+0.7° 193+ 1.4° 242+ 26 38.0+ 3.1 34+0.7
DR 86+0.7 3.3+0.5 3.8+0.3° 17.8 +1.9° 18.3+2.7% 441+ 169 33+0.6
MzD 86+0.6 36+0.4 34+04° 11.3+1.0° 229+24 451+ 2.9 35+0.7
CTL 6.4+1.0 3.7+04 6.4 +0.8%® 198+ 1.9° 17.0+24 38.9+29 42+0.6

Values are means + SEM, n=6 (except n=5 as indicated in footnotes 2-4), and gated on lymphocytes and TCRaB". Different superscript letters
within a column indicate significant differences among means, p <0.05. Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group;

MZD=marginally zinc-deficient group; CTL=control group.

#*Data point removed from analysis because it was greater than 3 standard deviations from the mean (value=13.4, 43.4, 10.7, respectively).
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7.7 Figures
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Figure 7.7.1. Representative flow cytometry plots. Definition of viable lymphocytes (CELLS)

and non-viable lymphocytes (NV)[A]; Definition of TCRap binding after gating on CELLS [B] or

NV [C]; Definition of CD90 binding after gating on CELLS that are TCRof [D], CELLS that are

TCRaB" [E], NV that are TCRaf" [F], or NV that are TCRap" [G]; RT6.1 and CD45RC binding on

CELLS that are TCRaB'CD90" [H], CELLS that are TCRaB CD90" [I}, CELLS that are
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TCRaB'CD90" [J], CELLS that are TCRaB"'CD90" [K], NV that are TCRa CD90" [L], or NV that

are TCRaB CD90" [M], NV that are TCRaB'CD90" [N], and NV that are TCRap*CD90" [O].
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Figure 7.7.2. Forward versus side scatter histograms of splenocytes from zinc-deficient,
marginally zinc-deficient, diet-restricted and control rats. Representative histograms
showing regions for viable lymphocytes (CELLS), non-viable cells (NV), and granulocytes
(GRAN). Values are means + SEM for n=6 rats. ** indicates significantly different from other
dietary treatment groups (p<0.05).

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.
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Figure 7.7.3: Proportion of splenic T- and B- lymphocytes (viable and non-viable) from

zinc-deficient, marginally zinc-deficient, diet-restricted and control rats. Proportion of

TCRaB" cells (T-cells) in lymphocyte gate [A]; Proportion of TCRap” CD45RC” cells (B-cells) in

lymphocyte gate [B]; Proportion of TCRaB " cells in non-viable gate [C]; Proportion of TCRap

CD45RC" cells in non-viable gate [D]. Values are means + SEM for n=6 rats. Different letters

indicate significant differences among means (p<0.05, except [D] p=0.0547).

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.

130



Viable Lymphocytes Non-Viable Lymphocytes

A) 30- C)LZW
+ +
8 o
a 8 0.9
O 20 o
+ +
(=N (<=
& el
O o
~ 101 =4
2 2 0.34
B) D)
+ 30"
1.2
2 9
g + g 0.94
0’221 °o's
=5 @ 806
8 0.6-
& &
g o 2
i o 0%
0- 0.0

ZD DR MZD CTL MzD CTL

Figure 7.7.4. Proportion of splenic CD90" T- and B- lymphocytes (viable and non-viable)

from zinc-deficient, marginally zinc-deficient, diet-restricted and control rats. Proportion of
TCRaB* CD90" cells in lymphocyte gate [A]; Proportion of TCRap CD45RC" CD90" cells in
lymphocyte gate [B]; Proportion of TCRoB* CD90" cells in non-viable gate [C]; Proportion of
TCRap~ CD45RC* CD90" cells in non-viable gate. Values are means + SEM for n=6 rats.
Different letters indicate significant differences among means (p<0.05).

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.
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7.8 Discussion

There were no differences among the dietary treatment groups in the
proportion of the most recent thymic emigrants (TCRaf*CD90"CD45RCRT6.1°
and TCRap"CD90"CD45RC RT6.17 cells) (Table 7.6.2) suggesting that
maturation within and exit from the thymus was not affected by zinc deficiency.
The results confirm our previous report that ZD rats have a smaller proportion of
immature splenic T-cells (CD90"TCRaf") compared to CTL (6), and show that
the lower proportion of CD90"TCRap" cells (Figure 7.7.4a) is specifically due to a
lower proportion of the late thymic emigrants (TCRaf " CD90"CD45RC'RT6.1°
cells)(Table 7.6.2). Although DR and MZD both had fewer late thymic emigrants
compared to CTL (Table 7.6.2), their overall percentage of CD90"TCRaf” cells
was not significantly different from CTL (Figure 7.7.4a). Itis interesting to note
that even though the MZD group had a similar feed intake and body weight as
the CTL group, they had lower proportions of late thymic emigrants similar to the
DR and ZD groups which weighed 50% less than MZD.

One possibility for the lower proportion of late thymic emigrants
(TCRap"CD90"CD45RCRT6.17 cells) in ZD is that they are being preferentially
removed by apoptosis. However, this study does not support that theory,
because there was no difference in the proportion of late thymic emigrants in the
non-viable cell region or in the viable:non-viable ratio among groups. The main
advantage of using flow cytometry to measure cell death is that cell surface
markers can be included so that the phenotype of the cells that are non-viable

can also be determined. In the present study we used change in light scatter as
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a marker of cell death; however, inclusion of DNA dyes (ie. DAPI) to identify cells
in the sub G1 area of the cell cycle (DNA fragmentation) or annexin-V (binds to
phosphatidylserine; externalization of phosphatidylserine is an early indicator of
apoptosis) would provide additional markers to separate necrotic, apoptotic and
viable cells (25). Future studies should use the more sensitive measures
described in the previous sentence to measure apoptosis in this cell population
before it is definitively ruled out as the mechanism behind the lower proportion of
late thymic emigrants. The methods used in the present study also only offer a
snapshot of the splenocytes at a given time; however, an examination of
changes over time would be of interest to determine whether the kinetics of cell
death are altered by dietary zinc deficiency.

We believe that another possible explanation for the lower proportion of
late thymic emigrants is a reduced ability of these cells to proliferate. CD45RC”
cells produce IL-2, which stimulates cells to proliferate (26). The lower proportion
of CD45RC" cells in ZD, DR, and MZD might lead to decreased IL-2 production
by splenic T-cells, and therefore, less stimulation for these cells to proliferate,
thereby lowering their proportions compared to CTL. Lowered production of IL-2
by peripheral blood mononuclear cells from zinc-deficient humans has been
reported (27) and is consistent with this hypothesis. There is also evidence that
the newly released T-cells respond to cytokine proliferation signals without any
other stimulus and this response is lost as T-cells develop in the periphery (28)
suggesting that late thymic emigrants would be more vulnerable to low IL-2

concentrations than the mature peripheral T-cells.
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Another possible explanation for the lower proportion of late thymic
emigrants is down regulation of the CD90 and/or CD45RC cell surface markers
on these cells. CD90 is not only a maturational marker, but is involved in T-cell
activation (29). CD45 is also involved in T-cell receptor signal transduction (13).
Due to limiting resources in the zinc-deficient state, perhaps CD90 and/or
CD45RC expression is down regulated in order to limit cellular activity and
preserve resources.

In our previous work (6), we did see a decreased proportion of CD90+ T-
cells in the blood and spleen of zinc deficient rats; however, the expression of
CD90 in other peripheral lymphoid organs has not been explored in a model of
dietary zinc deficiency. Perhaps in zinc deficiency the CD90" cells are homing to
another peripheral lymphoid organ such as the lymph nodes or the Peyer's
patches instead of the spleen. Future studies should include other peripheral
lymphoid organs to address this issue.

In humans, there is currently no cell surface marker to identify recently
released thymocytes in the periphery, thus researchers often rely on markers for
naive (CD45RA in humans, CD45RB in mice, and CD45RC in rats) versus
memory T-cells (CD45RO in humans, CD45RB" in mice and CD45RC’ in rats)
(30). However, there is some controversy as to whether the CD45RA (or RB or
RC) population is truly naive. There is evidence that when truly naive T-cells are
exposed to antigen they express the lower molecular weight isoform of CD45, but
they revert back to CD45RA (or RB or RC) if no antigen is present (17). Beck

and colleagues (27) found that zinc-deficient humans had a trend (p=0.077)
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towards a reduction in the ratio of naive helper T-cells to memory helper T-cells
and this suggested that zinc might be necessary for the generation of new T-
cells. However, these labels can not determine whether there are fewer new T-
cells exiting the thymus or fewer memory T-cells reverting back into naive T-
cells. The rat model offers the unique opportunity of being able to identify
recently released thymocytes in the periphery using CD90 expression (7). ZD
rats have fewer splenic CD90" T-cells (Figure 7.7.4a), however, by including
CD45RC and RT6.1 labels we were able to determine that proportionally the
generation of new T-cells by the thymus does not appear to be affected (no
difference in the proportion of the most recently released thymocytes)(Table
7.6.2). The authors acknowledge that the ZD rat does have fewer total T-cells
compared to CTL based on lymphoid organ size, and therefore, absolute number
of T-cells generated by the ZD thymus is undoubtedly lower than the CTL
thymus, however, the proportion of the newest splenic T-cell phenotypes is
maintained. The ability to revert back into CD45RC" T-cells also does not appear
to be affected, because there were no differences among the dietary treatment
groups in the proportion of mature CD45RC" T-cells (Table 7.6.2).

We also report for the first time that ZD and DR have a lower proportion of
immature B-cells (TCRap"CD45RC"CD90") in the spleen of the growing rat
(Figure 7.7.6b). These cells also represented a higher proportion of cells in the
non-viable cell region in ZD compared to CTL and MZD, which provides a
possible explanation for their reduced proportion in the viable gate. It remains to

be seen if the lower proportion of immature B-cells is also due in part to
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decreased lymphopoiesis in the bone marrow of growing ZD and DR rats or
solely post-marrow events. In the bone marrow of zinc-deficient adult mice,
reports have shown a lower proportion of pre B-cells (CD45R*CD43’IgM"), but
not the immature plus mature B-cells (CD45R*CD43IgM™) (20).

We found a higher proportion of granulocytes in ZD, which is consistent
with findings by King and Fraker (20) who reported increased proportions of
granulocyte precursors in the bone marrow of adult zinc-deficient mice. It is also
interesting to note that the higher proportion of granulocytes is only seen in the
ZD group and not in the DR or MZD groups indicating that reduced feed intake
alone or a marginal deficiency of zinc is not sufficient to increase the proportion
of granulocytes. It has been suggested that the elevated serum corticosterone
concentrations associated with ZD leave lymphocytes more susceptible to
apoptosis while extending the half life of granulocytes (20). However, in the
present study, we did not find evidence of increased splenocyte susceptibility to
cell death and the proportion of splenic granulocytes in the DR group was not
greater despite the fact that serum corticosterone levels in this condition are
similar to those in ZD (31).

The results in this study indicate that ZD, DR and MZD are characterized
by fewer late thymic emigrants, while ZD and DR also have fewer immature B-
cells compared to CTL. These results are relevant to the longstanding
hypothesis that the immunodeficiency associated with dietary zinc deficiency is
attributable, at least in part, to imbalances among subsets of splenic

lymphocytes. The lower proportion of late thymic emigrants and immature B-
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cells in the spleens of zinc deficient and energy restricted rats suggests that
there are fewer new T- and B-cells that are able to enter the mature lymphocyte
pool. If there are fewer new cells entering the mature lymphocyte pool, then over
time the lymphocyte repertoire will become limited, potentially altering T- and B-

cell function and the ability of the whole organism to fight off disease (32).
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8.1 Abstract

Dietary zinc deficiency has been associated with an increased risk of
infection; however, an explanation for the immunodeficiency is not yet known. It
has been reported that zinc-deficient rats have fewer New T-cells
(TCRaB"CD90") compared to diet-restricted and control rats, which over time
could adversely affect the ability of the organism to fight off infections. We
hypothesized that the lower proportion of New T-cells in zinc deficiency is due to
an increased susceptibility to apoptosis. Weanling, Sprague Dawley rats were
assigned to one of four dietary treatment groups for 3 weeks: zinc-deficient (ZD,
<1 mg zinc/kg, ad libitum), diet-restricted (DR, 30 mg zinc/kg, limited to the
amount of feed as consumed by ZD), marginally zinc-deficient (MZD, 10 mg
zinc/kg, ad libitum) or control (CTL, 30 mg zinc/kg, ad libitum). Thymocytes and
splenocytes were labeled for flow cytometric determination of cell surface
markers and DNA staining which allows for the simultaneous determination of the
phenotype of apoptotic cells. There was no difference in the proportion of CD90*
thymocytes; however, ZD rats had a higher proportion of Pro-T (CD90°4°8") and
Cytotoxic (CD9074'8") thymocytes compared to MZD and CTL. There was no
effect of diet on the proportion of apoptotic thymocytes. ZD had a lower
proportion of splenic New T-cells compared to DR, MZD and CTL, but there was
no effect of diet on the proportion of apoptotic splenocytes. We characterized the
splenic New T-cells into Helper and Cytotoxic subsets and found that ZD had a
higher ratio of Helper to Cytotoxic New T-cells compared to MZD and CTL.

These results do not support the hypothesis of increased apoptotic removal of
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New T-cells in ZD. The regulation of CD90 expression should be explored in

future studies.
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8.2 Introduction

It has been estimated that zinc deficiency affects 1/3 of the world’s
population with children being a segment of the population at particular risk (1).
Zinc deficiency has been known to impair immune function, and is the cause of
approximately 10% of diarrheoal disease, 16% of lower respiratory tract
infections, and 18% of malaria cases (1). Studies from around the world have
shown that zinc supplementation reduces the rates of diarrhea, pneumonia,
malaria and mortality in children (2-5). It has therefore, been of great interest to
determine why dietary zinc deficiency leaves children more susceptible to
disease.

Studies of zinc-deficient adult mice have shown lymphoid organ atrophy,
lower T-cell numbers, impaired T-cell function and a decreased ability to fight
infection compared to control mice (6). Elevated corticosterone levels have also
been associated with increased apoptosis of Pre-T cells (CD4°CD8") and greatly
reduced thymocyte numbers in zinc-deficient adult mice (7). King and colleagues
(7) postulate that these results explain the lymphopenia and subsequent
increased vulnerability to disease in dietary zinc deficiency.

Lepage and colleagues (8) and Moore and colleagues (9) reported
elevated splenocyte and thymocyte p56' protein levels in the zinc-deficient
mouse. P56'* is a signaling protein which is necessary for the maturation of
thymocytes and is involved in the signaling pathway which initiates apoptosis
(10-12). Research using the zinc-deficient growing rat did not uncover any

change in the phenotypic distribution of T-cells from the thymus, spleen and
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blood, with the exception of fewer CD90™ T-lymphocytes in the blood and spleen,
but not thymus of zinc deficient rats, compared to diet restricted and control rats
(13). CD90 first appears on cortical thymocytes and is found on newly released
T-cells (recent thymic emigrants) for approximately 3 days in rats (14). A greater
susceptibility of recent thymic emigrants to apoptosis has been reported in the
diabetes-prone BB rat (15), which are similar to zinc deficient rats in that they
have reduced lymphocyte numbers compared to controls, and the proportion of
T-cell subsets using CD4 and CD8 labeling remains unchanged (16).

We hypothesized that the reduced proportion of recent thymic emigrant T-
cells in zinc-deficient rats is due to their increased susceptibility to apoptosis
upon exiting the thymus. Flow cytometry can be used to quantify apoptosis in
specific cell populations by simultaneously staining cell surface markers and
DNA to generate cell cycle profiles (17). The cells that appear in the sub G1
area of the cell cycle are apoptotic. In the present experiment, we used flow
cytometry and four or five-color labeling of thymic and splenic cells for
characterization of T-cell phenotypes and to determine proportion of apoptosis in
T-cell sub-populations among zinc-deficient, diet-restricted, marginally zinc-

deficient and control growing rats.

8.3 Materials and Methods
8.8.1 Animals and diet
Weanling Sprague Dawley rats (Charles River Laboratories, St. Constant,

PQ) were acclimatized for 5 days and randomly assigned to one of four dietary
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treatment groups for three weeks: zinc-deficient (ZD, <1 mg zinc/kg diet),
marginally zinc-deficient (MZD, 10 mg zinc/kg diet), nutritionally complete control
diet (CTL, 30 mg zinc/kg diet), and diet-restricted (fed the control diet, but only
the amount of feed as consumed on the previous day by the individual zinc
deficient rat paired to the DR rat). The diet-restricted group controls for the
effects of undernutrition commonly seen in zinc-deficiency. Body weight was
measured weekly and feed intake was measured daily.

The experimental diets (based on the American Institute of Nutrition-93G
formulation and previously described by Lepage et al, (8)) containing egg white,
additional biotin (2 mg/kg diet) and potassium phosphate were fed ad libitum,
except for the DR group, and distilled water was provided. Zinc content of the
diets was verified by atomic absorption analysis. To avoid zinc recycling and
contamination, the rats were housed individually in stainless steal hanging cages
with mesh bottoms so urine and feces could drop to the shavings below. In
addition, the zinc-deficient group was placed on the upper rows of the cage rack.
The rats were maintained in an environment of controlled temperature (21-23°C),
humidity (55%) and light cycle (14 hours light/10 hours dark). Animal care was
provided in accordance with a protocol approved by the University of Manitoba
Protocol Management and Review Committee.

8.3.2 Sample collection

At the end of the feeding trial, the rats were euthanized by CO,

asphyxiation and decapitation. Trunk blood was collected and centrifuged to

obtain serum and stored at -80°C until analysis. The spleen and thymus were
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removed aseptically, weighed and processed immediately. Femurs were
removed, cleaned of soft tissue and stored at -20°C until analysis.

Cell Preparation

Single cell suspensions of spleen and thymus were prepared by pressing
tissues through nylon screens into Hank’s buffered saline supplemented with 10
mM HEPES, 4% dextran charcoal absorbed fetal bovine serum (Hyclone, Logan,
UT), and 1% antibiotic/antimycotic at pH 7.4. Dextran charcoal absorbed fetal
bovine serum was used to limit the amount of external steroids that the
splenocytes are exposed to during cell preparation. Red blood cells from the
spleen cell suspensions were lysed using ammonium chloride lysis buffer (155
mM NH4Cl, 0.1 mM EDTA,10 mM KHCOs3, pH 7.2). Cell concentration and
viability were determined using trypan blue dye exclusion on an AO Bright-Line
Hemacytometer (American Optical Corporation, Buffalo, NY).

8.3.3 Outcome measurements
Zinc Analysis

After obtaining wet and dry weights, femurs and diet samples were wet-
ashed using trace element grade nitric acid. After appropriate dilution of digests
or serum, zinc concentration was determined by atomic absorption spectrometry
(Varian Spectra AA, Varian Australia, Mulgrave, VI). Bovine liver standard
reference material 1577b (US Department of Commerce, National Institute of

Standards and Technology, Gaithersburg, MD) was used as quality control.
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Determination of T-lymphocyte Subpopulations

Antibodies: Monoclonal antibodies for TCRap (PE label, clone R73, isotype
mouse IgG1, k), CD90 (FITC label, Thy1.1, clone OX-7, isotype mouse 1gGy, «),
CD4 (PE-Cy5 label, clone OX-35, isotype mouse 1gGaza, k), and CD8 (biotin, clone
OX-8, isotype mouse 1gG+, k) were obtained from BD Pharmingen (Mississauga,
ON). Streptavidin-PE-Cy7 conjugate was used to label the biotinylated
antibodies. DAPI (0.2 umol/L; Sigma Chemical Company, St. Louis, MO) was
used to stain DNA to generate cell cycle data.

Cell Labeling and Flow Cytometry: Because apoptotic cells are rapidly removed
in vivo by phagocytes, it can be difficult to study apoptotic cells. Therefore,
thymocytes and splenocytes were subjected to three in vitro conditions. We
analyzed cells immediately (IMM) to determine the phenotype immediately upon
cell isolation, or the cells were cultured for 7 h (INC) to allow the cells that were
stimulated in vivo to undergo apoptosis to appear in the relative absence of
phagocytes, or the cells were incubated for 7 h with dexamethasone (DEX) to
initiate apoptosis and determine whether dietary treatment influenced the
susceptibility of thymocytes and splenocytes to apoptosis in vitro. Cells (1 x 10°)
from each dietary treatment group and tissue were incubated with fluorescent
antibodies immediately, while the remaining cells were resuspended in culture
medium (RPMI-1640 containing 10 mM HEPES, 10 mM sodium bicarbonate, 1
mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 50
1M 2-mercaptoethanol, and 5% fetal bovine serum (Sigma, St. Louis, MO)) and

cultured for 7 h at 37°C with 5% CO, in the absence or presence of 1 ymol/L
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dexamethasone. The dexamethasone-treated cells served as a positive control
for apoptosis by creating a hypodiploid population for DNA analysis on the flow
cytometer.

Either immediately after isolation or after the culture period, cells were
washed and placed in label buffer (phosphate buffered saline containing 23 mM
sodium azide and 2% fetal bovine serum, pH 7.4) at 4°C at a concentration of 1 x
10° cells/mL. The biotinylated anti-CD8 antibody was added first, incubated for
30 minutes at 4°C, followed by a wash step. Then the directly conjugated
antibodies and streptavidin-PE-Cy7 were added, incubated as previously
described, followed by a wash step. Samples were resuspended in phosphate
buffered saline containing 50% fetal bovine serum. Ethanol (70%) was added
dropwise while gently mixing to a final concentration of 50%. Cells were stored
overnight at 4°C. The following morning, cells were washed and resuspended in
1 mL phosphate buffered saline. DAPI (final concentration=0.1ug/mL) was
added and cells were analyzed on flow cytometer.

Flow cytometry analysis was performed on a Beckman Coulter EPICS
ALTRA (Beckman Coulter, Mississauga, ON) high-speed cell sorter with laser
excitation tuned to 488 nm (65 mW) and UV. Forward versus side scatter
histograms were used to setup a wide gate, including both intact and apoptotic
lymphoid cells. The fluorescence signals were separated with the standard
dichotic long pass filters provided with the instrument and detected through 424
nm (DAPI), 525 nm (FITC), 575 nm (PE), 675 nm (PE-Cy5) and 735 nm (PE-

Cy7) bandpass filters. The data was collected in listmode format with the
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subsequent analyses based on 20 000 cells satisfying the light scatter gate for
CD90" in thymocytes, or 20 000 cells satisfying the light scatter gate for
TCRaB*CD90" in splenocytes using the EXPO32 MultiCOMP MFA software
provided with the instrument. Flurochrome-isotype matched controls were
prepared to assess autofluorescence and nonspecific binding, while single color
samples were employed to adjust color compensation. Representative flow plots

from thymocytes and splenocytes are shown in Figures 8.7.1-8.7 .4.

8.4 Statistical Analyses

Body weight, feed intake, lymphoid organ weight, serum and femur zinc
concentration data were analyzed by one-way ANOVA, lymphocyte phenotype
data was analyzed by two-way ANOVA (main effects diet and treatment) and cell
cycle data was analyzed by three-way ANOVA (main effects diet, treatment and
cell type) using the general linear models procedure (SAS software release 8.2,
SAS Institute, Cary NC). Significant differences among means were determined
using Duncan’s multiple range test. Differences were considered significant at

p<0.05.

8.5 Results

Body weight, feed intake, lymphoid organ weight and zinc status. Body weight

and feed intake of ZD was 49% less than MZD and CTL (Table 8.6.1). Despite
consuming the same amount of food, ZD weighed 15% less than DR. There

were no differences among dietary treatment groups in lymphoid organ weight
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when it was corrected for body weight. Dietary zinc levels were reflected in
serum and femur zinc concentrations.

Thymocyte subsets. Thymocytes mature from Pro-T (CD90*CD4°CD8") into Pre-

T (CD90'CD47CD8") and then become either Helper (CD90*CD4*CD8") or
Cytotoxic (CD90"CD4°CD8") T-cells before leaving the thymus (7). There were
no differences among the dietary treatment groups in the total proportion of
thymocytes expressing CD9O0 or in Pre-T and Helper thymocytes (Table 8.6.2).
ZD rats had a trend towards a higher proportion of Pro-T (p=0.0560) and a 21%
higher proportion of Cytotoxic thymocytes (p=0.0191) compared to MZD and
CTL, but not DR. There was no difference in the ratio of Helper to Cytotoxic
thymocytes. In vitro treatment of the cells had no effect on the proportion of
CD90", Pre-T and Helper thymocytes. However, there was a 19% higher
proportion of Pro-T thymocytes in the IMM group compared to INC and DEX,
while there was a 18% higher proportion of Cytotoxic thymocytes in the DEX
treated groups compared to IMM and INC. There was a 28% higher ratio of
Helper to Cytotoxic thymocytes in the IMM group compared to INC and DEX.

There was no interaction between diet and in vitro treatment.

Apoptotic thymocytes. There was an interaction between cell type and in vitro
treatment (Figure 8.7.5a). In general, IMM had the lowest proportion, INC had
an intermediate proportion, and DEX had the highest proportion of apoptotic
thymocytes. When thymocytes were analyzed immediately, Pro-T cells
represented a higher proportion of cells in the apoptotic region compared to Pre-

T-cells. After incubation for 7 h, Cytotoxic thymocytes represented the highest

153



proportion of cells in the apoptotic region, followed by the Pro-T cells while the
Pre-T and Helper thymocytes represented the lowest proportions. After
incubation for 7 h with dexamethasone, the Cytotoxic thymocytes represented
the highest proportion of cells in the apoptotic region while the Helper thymocytes
represented the lowest proportion of apoptotic cells. Dietary treatment did not
affect the proportion of apoptotic thymocytes (Figure 8.7.5b).

Splenic T-cell subsets. ZD, DR and MZD had a 22% higher proportion of T-cells

(TCRaB") compared to CTL (Table 8.6.3). ZD had a 12-23% lower proportion of
New T-cells (TCRap*CD90") compared to DR, MZD and CTL due to a 10-17%
lower proportion of New Helper (TCRap*CD90"CD8CD4") and a 13-25% lower
proportion of New Cytotoxic T-cells (TCRaf"CD90"CD8'CD4). The higher ratio
of New Helper to New Cytotoxic T-cells in ZD compared to MZD and CTL
indicates that the New Cytotoxic T-cells were lowered more in relation to the New
Helper T-cells. The proportion of Mature T-cells (TCRaf*CD907) was highest in
ZD due to an 11% higher proportion of Mature Helper T-cells (TCRaf"CD90
CD8CD4") compared to DR, MZD and CTL. DR had a 13% lower proportion of
New T-cells compared to CTL, due to a lower proportion of New Cytotoxic T-
cells. DR had a 2-4% higher proportion of Mature T-cells compared to MZD and
CTL, but the ratio of Helper to Cytotoxic was not different. MZD had a 2% higher
proportion of Mature T-cells, but not a lower proportion of New T-cells compared
to CTL. There was no difference in the proportion of New or Mature Helper or

Cytotoxic T-cells between MZD and CTL.
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In vitro treatment of cells did not affect the proportion of Total T-cells, but IMM
had a 23% lower proportion of New T-cells (11% fewer Helper and 17% fewer
Cytotoxic) and a 4% higher proportion of Mature T-cells (12% more Helper, but
no difference in Cytotoxic). There was no difference between INC and DEX in
the proportion of any of the T-cell subsets studied. There was no interaction
between diet and in vitro treatment.

Apoptotic splenocytes. When the proportion of New and Mature splenic T-cells

were included in the 3-way ANOVA, there was no effect of diet on the proportion
of apoptotic splenic T-cells (Figure 8.7.6). There was an effect of in vitro
treatment where DEX had a 61% higher proportion of apoptotic splenocytes
compared to INC, and INC had a 718% higher proportion of apoptotic
splenocytes compared to IMM. Cell type had an effect on the proportion of
apoptotic splenocytes where New splenic T-cells had an 8% higher proportion of
cells in the apoptotic region compared to Mature splenic T-cells.

When the splenic T-cells were further divided into New and Mature
Cytotoxic and Helper T-cells (Figure 8.7.7), the 3-way ANOVA revealed a trend
towards an effect of diet (p=0.0597), an effect of treatment (p<0.0001), cell type
(p=0.0003) and an interaction between treatment and cell type (p=0.0035). As
with the thymocytes, IMM had the lowest proportion of splenocytes in the
apoptotic region, while INC had an intermediate proportion and DEX had the
highest proportion of splenocytes in the apoptotic region (Figure 8.7.7a). In the
IMM group, the cell types were equally represented in the apoptotic region, but in

the INC group the New Helper T-cells were at a lower proportion compared to
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New Cytotoxic and Mature Cytotoxic. In the DEX group the New Cytotoxic T-
cells represented the highest proportion of cells in the apoptotic region. ZD and
MZD had a 9% lower proportion of apoptotic splenocytes compared to CTL but

they were not different from DR (Figure 8.7.7b).
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8.6 Tables

Table 8.6.1. Body weight, feed intake, lymphoid organ weights and zinc

status of zinc-deficient, marginally zinc-deficient, diet-restricted, and

control rats’.

Dietary Group”
ZD DR MZD CTL

Final body weight ()  140+4.8° 164+5.0° 276+4.0° 278+4.1°
Total feed intake (g) 216 +7.1°  222+73°> 411x81* 420+16°
Thymus(mg):bwt(g) 3.0 +0.1 3.2+0.1 3.2+0.1 3.4+0.1
Spleen:body weight 27+01 25+0.1 25+£0.1 27101
Serum zinc (umol/L) 52+03% 262+12° 185x£09° 30.6%1.3°
Femur zinc 1.04 +0.05¢ 4.08+0.10° 3.01+0.12° 4.82+0.13°

(umol zinc/g dry bone)

Values are means + SEM, n=8. Different superscript letters indicate significant differences

among means, p <0.05.

27D=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group;

CTL=control group.
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Table 8.6.2. The effect of diet and in vitro treatment on the proportion of thymocyte subsets’.

Dietary Treatment* In vitro Treatment®

ZD DR MZD CTL p-value IMM INC DEX p-value

Total CD90" 05.330.7 05.1¢0.8 952+0.9 94.8+1.0 0.9777 | 95.0£0.6 94.7+0.9 955+0.7 0.7606
Pro-T 3.240.2% 3.120.2% 27+02° 26£02° 0.0560 | 3.3x0.2° 2.7¢0.1 2.8+0.2  0.0213
Pre-T 79.120.6 79.1+0.9 80.8+1.0 80.2+1.0 04832 | 79.4+0.9 80.5+0.8 79.5£0.7 0.5270
Helper 9.8¢0.5 10.1#0.7 9.6+0.7 10.3+0.8 0.8812 | 11.020.7 9.5+0.5 94405 0.1042
Cytotoxic 8.3+0.4% 7.7+0.4%® 6.9:04° 6.8+0.3° 0.0191 | 6.6£0.3° 7.3x0.3 8.3x0.3  0.0028
Helper/Cytotoxic | 1.2¢0.1  1.4#0.1  1.4#01 1.5+01  0.1889 | 1.6¢0.1° 1.3x0.1 1.2¢0.1  0.0160

TAs there was no interaction between diet and in vitro treatment but there was a main effect of diet and a main effect of in vitro treatment, data was
pooled to show means of main effects only. Values are means + SEM, n=24 (per diet) and n=32 (per in vitro treatment) with the following
exceptions where data points were removed because they were greater than 3 standard deviations from the mean: n=23 for ZD Pre T-cell and
n=31 for IMM Pre T-cell (data point value=55); n=23 for ZD Cytotoxic and n=31 for IMM Cytotoxic (data point value=21.6); n=23 for MZD and CTL
Helper/Cytotoxic and n=30 for IMM Helper/Cytoxtic (data points values= 4.3 and 4.2, respectively).

%Different superscript letters indicate significant differences among dietary treatment means, p <0.05.

*Asterisk indicates significantly different from DEX group means, p<0.05.
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Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group; CTL=control group; IMM=stained

immediately; INC=incubated for 7h; DEX=incubated for 7h with dexamethasone; Pro-T=CD90"4'8": Pre-T=CD90'4'8"; Helper= CD90°4°8";

Cytotoxic= CD90"4°8™.
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Table 8.6.3. The effect of diet and in vitro treatment on the proportion of splenocyte subsets’.

Dietary Treatment In vitro Treatment’
ZD DR MZD CTL p-value IMM INC DEX p-value
Total T-cells 32.9+1.1° 351x1.1° 316+1.1°7 27.2¢1.3°  <0.0001 31410  315x12 32111 0.9061
New T-cells 11.420.4°  13.0:0.4° 14.2:05® 14.9+0.7°  <0.0001 11.4+0.5  13.9+0.4  14.820.4 <0.0001
New Helper 53+02°  59+0.2°  6.4+02°  6.3+0.2° 0.0007 5.6+0.2 6.0£0.2 6.3£0.2 0.0212
New Cytotoxic 4.0+02°  46£0.1°  53:02°  53+0.2° <0.0001 4.3+0.2° 4.9+0.2 5.2+0.2 0.0001
New Ratio 1.4+0.04°  1.330.04®°  1.24¢0.04°  1.2+0.04° 0.0425 1.3¢0.03°  1.3+0.04  1.2+0.04 0.0391
Mature T-cells 86.7+0.4°  85.1+0.5° 83.4#0.5° 82.1+0.7"  <0.0001 86.1+0.5  83.8#0.5  83.0+0.5 <0.0001
Mature Helper 48.6+1.0° 44.6+1.3° 43.8+0.9° 43.1+1.4° 0.0041 48.0+0.8° 44111  42.9+1.1 0.0009
Mature Cytotoxic | 31.6¢0.6  34.0+1.0  34.1+0.8  32.1%1.1 0.1461 32.8+0.7  33.1#0.9  32.9+0.9 0.9626
Mature Ratio 1.6+0.06  1.4£0.08  1.3+0.06  1.4%0.08 0.0870 15+0.06  1.4%0.07  1.4£0.07 0.1946

'As there was no interaction between diet and in vitro treatment but there was a main effect of diet and a main effect of in vitro treatment, data was
pooled to show means of main effects only. Values are means + SEM, n=24 (per diet) and n=32 (per in vitro treatment) with the following
exceptions: n=23 for MZD Total T-cells and n=31 for IMM Total T-cells [data point (value=48.7) removed because it was greater than 3 standard
deviations from the mean)];

Different superscript letters indicate significant differences among dietary treatment means, p <0.05.

3Asterisk indicates significantly different from DEX group means, p<0.05.
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Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group; CTL=control group; IMM=stained
immediately; INC=incubated for 7h; DEX=incubated for 7h with dexamethasone; Total T-cells= TCRap*; New T-cells= TCRoB"'CD90"; New
Helper= TCRap"CD90*4"8"; New Cytotoxic= TCRaf'CD90"4'8" ; New Ratio=New Helper/New Cytotoxic; Mature T-cells= TCRaf"'CD90"; Mature

Helper= TCRaB CD90'4'8" ; Mature Cytotoxic= TCRap 'CD90"4'8"; Mature Ratio=Mature Helper/Mature Cytotoxic.
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8.7 Figures
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Figure 8.7.1. Representative flow cytometry plots of thymocytes either immediately (IMM),
or after incubation for 7 h in cell culture media without (INC) or with dexamethasone (DEX).
Definition of lymphocytes (CELLS) IMM [A], INC [B], and DEX [C]; Definition of singlets
(eliminates cells that are stuck together) gated on CELLS IMM [D], INC [E], and DEX [F];
Definition of CD90" cells gated on CELLS and SINGLETS IMM [G], INC [H], and DEX %
Definition of CD8 and CD4 staining gated on CELLS, SINGLETS, and CD90" IMM [J], INC [K],

and DEX [L]. IMM=stained immediately; INC=incubated for 7h; DEX=incubated for 7h with dex.
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Figure 8.7.2. Representative cell cycle plots of thymocytes either immediately (IMM), or

after incubation for 7 h in cell culture media without (INC) or with dexamethasone (DEX).

Pro-T cell cycle IMM [A], INC [B], and DEX [C]; Pre-T cell cycle IMM [D], INC [E], and DEX[F];

Cytotoxic cell cycle IMM [G], INC [H], and DEX [I]; Helper cell cycle IMM [J], INC [K], and DEX

(L1

Abbreviations: IMM=stained immediately; INC=incubated for 7h; DEX=incubated for 7h with

dexamethasone: Pro-T=CD90*4'8"; Pre-T=CD90"4*8"; Cytotoxic= CD90"4'8"; Helper= CD90"4"8".
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Figure 8.7.3. Representative flow cytometry plots of splenocytes either immediately (IMM),
or after incubation for 7 h in cell culture media without (INC) or with dexamethasone (DEX).
Definition of lymphocytes (CELLS) IMM [A], INC [B], and DEX [C]; Definition of singlets
(eliminates cells that are stuck together) gated on CELLS IMM [D], INC [E], and DEX [FI;
Definition of TCRap" cells gated on CELLS and SINGLETS IMM [G], INC [H], and DEX [I];
Definition of CD90" and CD90" cells gated on CELLS, SINGLETS and TCRaf" IMM [J], INC [K],
and DEX [L]; Definition of CD8 and CD4 staining gated on CELLS, SINGLETS, TCRaf" and
CD90" IMM [M], INC [N], and DEX [O]; Definition of CD8 and CD4 staining gated on CELLS,
SINGLETS, TCRoB" and CD90" IMM [P], INC [Q], and DEX [R].

Abbreviations: IMM=stained immediately; INC=incubated for 7h; DEX=incubated for 7h with

dexamethasone.
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Figure 8.7.4. Representative cell cycle plots of splenocytes either immediately (IMM), or
after incubation for 7 h in cell culture media without (INC) or with dexamethasone (DEX).
Cell cycle of Mature T-cells IMM [A], INC [B], and DEX [C]; Cell cycle of New T-cells IMM [D],
INC [E], and DEX [F]; Cell cycle of Mature Cytotoxic IMM [G], INC [H], and DEX [I]; Cell cycle of
Mature Helper IMM [J], INC [K], and DEX [L]; Cell cycle of New Cytotoxic IMM [M], INC [N], and
DEX [O]; Cell cycle of New Helper IMM [P], INC [Q], and DEX[R].

Abbreviations: IMM=stained immediately; INC=incubated for 7h; DEX=incubated for 7h with
dexamethasone; Total T-cells= TCRap*; New T-cells= TCRaB 'CD90"; New Cytotoxic=
TCRop'CD90'48" ; New Helper= TCRap'CD90"4"8"; Mature T-cells= TCRop'CD90’; Mature

Cytotoxic= TCRap*CD90"48"; Mature Helper= TCRa'CD90'4"8".
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Figure 8.7.5. The proportion of apoptotic thymocyte subsets by diet, treatment and cell

type. The statistical analysis (3-way ANOVA) showed main effects for cell type (P=<0.001), in
vitro treatment (P=<0.0001), and interaction between cell type and in vitro treatment (P=<0.0001).
Thus, the data was pooled to show the means for the interaction between cell type and treatment
[A] expressed as mean * standard error for n=32. Different superscript letters indicate statistical
differences (p<0.05) among groups. There was no significant main effect of diet or significant
interaction of diet with cell type or in vitro treatment; the diet means [B] are expressed as mean +
standard error for n=96.

Abbreviations: ZD=zinc-deficient; DR=diet-restricted; MZD=marginally zinc-deficient;
CTL=control; IMM=stained immediately; INC=incubated for 7 hours; DEX=incubated for 7 hours

with dexamethasone.
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Figure 8.7.6. The proportion of apoptotic splenic subsets by diet, treatment and cell type
for total CD90" and CD90" T-cells. The statistical analysis (3-way ANOVA) showed main effects
for cell type (P=0.0246), and in vitro treatment (P=<0.0001), but no diet effect. Data expressed
as mean * standard error for n=48 for diet groups, n=64 for in vitro treatment groups and n=96 for
cell type. * and ** indicates statistical differences (p<0.05) among in vitro treatment groups.
Different superscript numbers indicate statistical differences (p<0.05) among cell types.
Abbreviations: ZD=zinc-deficient; DR=diet-restricted; MZD=marginally zinc-deficient;
CTL=control; IMM=stained immediately; INC=incubated for 7 hours; DEX=incubated for 7 hours

with dexamethasone.
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Figure 8.7.7. The proportion of apoptotic splenic subsets by diet, treatment and cell type
for New and Mature Cytotoxic and Helper T-cells. The statistical analysis (3-way ANOVA)
showed main effects for cell type (P=0.0003), in vitro treatment (P=<0.0001), and interaction
between cell type and in vitro treatment (P=0.0035). Thus, the data was pooled to show the
means for the interaction between cell type and treatment [A] expressed as mean * standard
error for n=32. There was a trend for the effect of diet (0.0597), but no significant interaction of
diet with cell type or in vitro treatment; the diet means [B] are expressed as mean * standard
error for n=96. Different superscript letters indicate statistical differences (p<0.05) among groups.
Abbreviations: ZD=zinc-deficient; DR=diet-restricted; MZD=marginally zinc-deficient;
CTL=control; IMM=stained immediately; INC=incubated for 7 hours; DEX=incubated for 7 hours

with dexamethasone.
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8.8 Discussion

The rat offers the unigue opportunity to study recent thymic emigrants,
because unlike humans or mice, CD90 expression in the rat identifies newly
released thymocytes. Dietary zinc deficiency in the growing rat results in fewer
splenic New T-cells; however, the lower proportion in ZD is not due to an inability
of the thymus to produce CD90" T-cells (Table 8.6.2) or increased susceptibility
of CD90" T-cells to apoptosis in the thymus (Figure 8.7.5) or spleen (Figure
8.7.6) compared to DR, MZD and CTL. The susceptibility of splenic T-cells to
apoptosis has not been explored previously in a model of dietary zinc deficiency;
however, King and colleagues (7) reported opposite findings from thymocytes of
zinc deficient adult mice (i.e. A threefold increase of apoptotic CD4°CD8"
thymocytes from ZD compared to CTL mice). Perhaps the discrepancy between
the studies can be explained by an increased resiliency of the immune system to
dietary stress in the young rat as opposed to the adult mouse.

This study is the first to characterize the CD4 and CD8 expression of
splenic New T-cells in ZD. The altered ratio of New Helper to New Cytotoxic T-
cells in ZD compared to MZD and CTL indicated a relative decrease in the
number of New Cytotoxic T-cells. There was an increased proportion of
Cytotoxic thymocytes in ZD compared to MZD and CTL, which suggests that
there might be fewer Cytotoxic T-cells exiting the thymus to enter the periphery.
Using CD45RC and RT6.1 cell surface labeling, we have been able to
characterize the maturation of splenocytes in ZD and found that the cell

proportions during the first two stages of post-thymic maturation are not different
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among dietary treatment groups, however, ZD rats have fewer late thymic
emigrants (TCRap"CD90"CD45RC*RT6.1") compared to CTL (18). Together,
these results indicate that thymic export is maintained in ZD; however, the export
of Helper T-cells is favored slightly over Cytotoxic T-cells and a mechanism other
than apoptosis must be responsible for the lower proportion of late thymic
emigrants in the spleens of ZD rats.

The explanation for the lower proportion of New T-cells, and more
specifically late thymic emigrants, in dietary zinc deficiency is not evident. One
possibility is that New T-cells are less able to proliferate in the zinc deficient
state, resulting in a lower proportion of cells. In the present study we used DAPI
to stain DNA and generate cell cycle histograms. Although the main focus of the
present study was to determine differences among the dietary treatment groups
in the proportion of lymphocyte subsets undergoing apoptosis, cell cycle
histograms can also be used to determine the proportion of each cell type in the
G2 phase of the cell cycle where dividing cells are located. There was no
difference among the dietary groups in the proportion of any splenocyte subset in
G2 of the cell cycle (data not shown) therefore, under these experimental
conditions a reduced proliferative ability of New T-cells from ZD rats can not
explain the differences seen. However, the cells in the present experiment were
not exposed to a mitogenic stimulus that would promote proliferation, so this
should not be conclusively ruled out as a possible explanation. CD90 is not only

a maturational marker, but it is involved in T-cell activation (19). Perhaps in zinc
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deficiency CD90 expression is down regulated in order to limit mitosis and
preserve resources.

Dietary treatment did not affect the susceptibility to dexamethasone-
induced apoptosis as evidenced by the lack of interaction between diet and
treatment for the proportion of apoptotic thymocytes and splenocytes (Figure
8.7.5 and 8.7.6). However, there are some confounding results in this study.

The proportion of Cytotoxic thymocytes was higher after DEX treatment,
therefore, one would expect that Cytotoxic thymocytes are less susceptible to
apoptosis (Table 8.6.2). However, the Cytotoxic thymocytes also represent the
largest proportion of thymocytes in the apoptotic region after incubation and
treatment with dexamethasone which would suggest that the Cytotoxic
thymocytes are more susceptible to apoptosis (Figure 8.7.5). Dolzhanskiy and
Basch (20) have reported that dexamethasone treatment in mouse thymocytes
results in an increased proportion of Cytotoxic thymocytes and Pro-T cells in the
surviving cells, with an increased proportion of Helper thymocytes in the
apoptotic region. Their studies showed that during apoptosis, the Pre-T cells had
reduced intensity levels of both CD4 and CD8 staining. The researchers
speculated that the Pre-T cells were more susceptible to apoptosis and a portion
of them lost expression of CD8 making them appear as Helper thymocytes
thereby explaining the increased proportion of Helper thymocytes in the apoptotic
region. In the present experiment, Pre-T cell proportions were maintained
throughout the in vitro treatments, however, they represent the highest proportion

of cells in G2 (7.6+0.3 vs approximately 1.7+0.1 for the other thymocyte
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phenotypes). Perhaps in rats the Pre-T cells are able to multiply during the in
vitro treatments, but some of them lose their CD4 cell surface expression. This
would make the Pre-T cells appear as though they are Cytotoxic, which would
explain the increase in Cytotoxic T-cells in the total population and in the
apoptotic region.

In the spleen there was a similar conundrum: New T-cells represent a
larger proportion of the splenocyte population with DEX treatment, and they also
represent a larger proportion of the apoptotic cells. Perhaps in this situation,
CD90 is up regulated during apoptosis, however, there are no published studies
to support this hypothesis.

The MZD group has a similar body weight and feed intake as CTL:
however, MZD along with ZD and DR had a higher proportion of splenic T-cells
compared to CTL. In theory an increased proportion of T-cells should be a
benefit to the organism in regards to fighting off infection; however, the function
of the immune cells was not assessed in the present experiment. In studies of
dietary zinc deficiency inclusion of a pair-fed group is essential in order to
separate out the effects of malnutrition from zinc. The MZD group, which has
reduced zinc status without the associated anorexia is also a valuable
experimental group, because along with the DR group, it allows the researcher to
separate the effects of ZD from malnutrition.

The present study indicates that immunodeficiency in the growing rat is
not due to increased apoptosis of T-cells or their subsets. CD90 is involved in T-

cell activation and the lower proportion of lymphocytes expressing this receptor in
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ZD compared to CTL might explain the reduced ability for ZD rats to fight off
infection. Future studies should examine at the cellular level why CD90 cell
surface expression is down-regulated in dietary zinc deficiency and the down

stream signaling effects of this change.
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9.1 Abstract

The objective of the present study was to determine potential differences in
the in vitro cytokine production [interleukin-2 (IL-2), interferon-y (IFN-y), IL-6 and
IL-10] of isolated thymocytes and splenocytes after mitogenic stimulation with
concavalin A (ConA). Weanling rats were assigned to one of four dietary
treatments for 3 weeks: zinc-deficient (ZD, <1 mg zinc/kg diet, ad libitum), diet-
restricted (DR, 30 mg zinc/kg diet, limited to the amount of feed as consumed by
the ZD rats), marginally zinc-deficient (MZD, 10 mg zinc/kg diet, ad /ibitum) and
control (CTL, 30 mg zinc/kg diet, ad libitum). At the end of the feeding trial,
thymocytes and splenocytes were isolated for cytokine stimulation and
determination of absolute numbers of T-cell phenotypes using flow cytometry and
Flow-Count™ Fluorospheres. Serum corticosterone concentrations were
determined by ELISA. ZD and DR had higher serum corticosterone
concentrations compared to MZD and CTL. Thymocyte numbers (relative to
thymus weight) were not altered by ZD, DR, or MZD, however, thymocyte IL-2
and IL-6 production in these groups was lower compared to CTL. ZD had a
lower number of New Helper T-cells (TCRa3"CD907478°) and New Cytotoxic T-
cells (TCRaB"CDI074°8") as well as a lower production of Th1 cytokines (IL-2,
IFN-y) by stimulated splenocytes compared to DR, MZD and CTL. Splenocyte
production of Th2 cytokines (IL-6, IL-10) was not affected by dietary treatment.
These results indicate that zinc status, and not serum corticosterone

concentration, is associated with altered cytokine production in zinc deficiency.
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9.2 Introduction

The World Health Organization (WHO) has identified zinc deficiency as
one of the leading risk factors of disease, ranking 5™ in developing countries and
11" in developed countries (1). The 2002 WHO report estimates that zinc
deficiency accounts for 18 percent of malaria cases, 16 percent of lower
respiratory tract infections, and 10 percent of diarrhoeal disease worldwide.
Infants and young children are among the population groups at most risk of zinc
deficiency due to their increased requirements during growth (2).

Prasad (3) has reported that peripheral lymphocytes from zinc-deficient
humans produce less interleukin (IL)-2 and interferon (IFN)-y (often referred to as
Th1 cytokines) while the Th2 cytokines (IL-6 and IL-10) were not affected. Th1
cytokines initiate a cellular response involving Natural Killer cells and cytotoxic T-
cells which directly combat intracellular infections, but overproduction can lead to
autoimmune diseases (4). Th2 cytokines stimulate the humoral response which
is more effective at defending against intercellular infections, but overproduction
of Th2 cytokines can lead to allergies (4). The balance between Th1 and Th2
cells is controlled mainly by the cytokines they produce. IFN-y inhibits the
cytokine production by Th2 cells, and IL-10 inhibits proliferation of Th1 cells (4).

Zinc has been shown to be essential for the expression of IL-2 receptors
on lymphocytes (5). Sprietsma (6) has hypothesized that with fewer IL-2
receptors, Th1 cells cannot respond to nor produce the IL-2 and IFN-y they need
to proliferate, therefore, theTh2 producing cells and their cytokines begin to

dominate. A shift in cytokine production from predominantly Th1 to
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predominantly Th2 has been associated with a worsening clinical outcome in
infections such as leprosy, tuberculosis and leishmaniasis (7). The decreased
production of Th1 cytokines in dietary zinc deficiency might therefore, contribute
to the increased infection risk in zinc deficiency.

Cytokines also play a role in thymocyte maturation (8); however, the effect
of dietary zinc deficiency on thymocyte cytokine production has not been
investigated. Theoretically, low IL-2 and IFN-y concentrations in the thymus
would limit T-cell proliferation and differentiation, resulting in reduced thymocyte
numbers (thymic atrophy) and consequently fewer new T-cells being released
into the periphery, thereby leading to lymphopenia and increased susceptibility to
disease (8).

Peripheral IL-6 production (a Th2 cytokine) can stimulate the
hypothalamus-pituitary-adrenal (HPA) axis leading to increased production of
cortiocosterone by the adrenal gland (9). Corticosterone has been shown to
suppress production of IFN-y and IL-2 by splenic Th1 cells thereby pushing the
cytokine balance towards Th2 (10). Thus, we hypothesized that the low zinc
status during dietary zinc deficiency shifts cytokine production in favor of a Th2
response and this shift in cytokine production is compounded by the higher
serum corticosterone concentrations associated with dietary zinc deficiency.

The objective of the present study was to determine potential differences
in the in vitro cytokine production (IL-2, IFN-y, IL-6 and IL-10) of isolated
thymocytes and splenocytes after mitogenic stimulation with concavalin A (ConA)

in zinc-deficient, diet-restricted, marginally zinc-deficient and control growing rats.
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Serum corticosterone concentrations were also assessed to explore the potential
association between changes in cytokine production and stress hormone levels.
Flow cytometric analysis was used to enumerate thymic and splenic T-cell

subsets using Flow-Count™ Fluorospheres.

9.3 Materials and Methods
9.3.1 Animals and diets

Weanling Sprague Dawley rats (Charles River Laboratories, St. Constant,
PQ) were acclimatized for 5 days and randomly assigned to one of four dietary
treatment groups for three weeks: zinc-deficient (ZD; <1 mg zinc/kg), marginally
zinc-deficient (MZD; 10 mg zinc/kg), nutritionally complete control diet (CTL; 30
mg zinc/kg), and diet-restricted (DR; fed the control diet, but only the amount of
feed as consumed on the previous day by the individual zinc deficient rat paired
to the DR rat). The diet-restricted group controls for the effects of undernutrition
commonly seen in zinc deficiency. Body weight was measured weekly and feed
intake was measured daily.

The experimental diets (based on the AIN-93G formulation and previously
described by Lepage (11)) containing egg white, additional biotin (2 mg/kg diet)
and potassium phosphate were fed ad libitum, except for the diet-restricted
group, and distilled water was provided. Zinc content of the diets was verified by
atomic absorption analysis. To avoid zinc recycling and contamination, the rats
were housed individually in stainless steal hanging cages with mesh bottoms so

urine and feces could drop to the shavings below. In addition, the zinc-deficient
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group was placed on the upper rows of the cage rack. The rats were maintained
in an environment of controlled temperature (21-23°C), humidity (55%) and light
cycle (14 hours light/10 hours dark). Animal care was provided in accordance
with a protocol approved by the University of Manitoba Protocol Management
and Review Committee.
9.3.2 Sample collection

At the end of the feeding trial, the rats were euthanized by CO,
asphyxiation and decapitation. Trunk blood was collected and centrifuged
(Beckman TJ-6R Tabletop centrifuge) to obtain serum and stored at -80°C until
analysis. The spleen and thymus were removed aseptically, weighed and then
processed immediately. Femurs were removed, cleaned of soft tissue and
stored at -20°C until analysis.

Cell Preparation

Single cell suspensions of spleen and thymus were prepared by pressing
tissues through nylon screens into Hank’s buffered saline suppiemented with 10
mM HEPES, 4% dextran charcoal absorbed fetal bovine serum (Hyclone, Logan,
UT), and 1% antibiotic/antimycotic at PH 7.4. Dextran charcoal absorbed fetal
bovine serum was used to limit the amount of external steroids the splenocytes
were exposed to during cell preparation. Red blood cells in the spleen cell
suspensions were lysed using ammonium chloride lysis buffer (155 mM NH,4Cl,
0.1 mM EDTA, and 10 mM KHCOj; at pH 7.2). Cell concentration and viability
were determined using trypan blue dye exclusion on an AO Bright-Line

Hemacytometer (American Optical Corporation, Buffalo, NY).
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Cytokine Stimulation

Thymocytes and splenocytes (3 x 10° cells) from each rat were
resuspended in 3 mL sterile RPMI-1640 supplemented with 10 mmol/L HEPES,
10 mmol/L sodium bicarbonate, 1 mmol/L soidium pyruvate, 2 mmol/L glutamine,
0.1 mmol/L non-essential amino acids, 50 ymol/L 2-mercaptoethanol, 1%
antibiotic/antimycotic and 5% fetal bovine serum at pH 7.2. ConA (300 uL of 2.5
ug/mL working solution) was added and cells were incubated at 37°C with 5%
CO, for 48 h. Cells not exposed to mitogen were included as a negative control
to verify that mitogenic stimulation was effective in increasing cytokine
production. After the 48 h incubation, cells were centrifuged for 5 minutes at 300
g. Cell culture supernatants were collected and stored at -80°C until analysis.
9.3.3 Outcome measurements
Zinc Analysis
After obtaining wet and dry weights, femurs and diet samples were wet-ashed
using trace element grade nitric acid. After appropriate dilution of digests or
serum, zinc concentration was determined by atomic absorption spectrometry
(Varian Spectra AA, Varian Australia, Mulgrave, VI). Bovine liver standard
reference material 1577b (US Department of Commerce, National Institute of
Standards and Technology, Gaithersburg, MD) was used as the quality control.

Determination of T-lymphocyte Subpopulations

Antibodies: Monoclonal antibodies for TCRaB (PE label, clone R73, isotype
mouse 19G+, k), CDI0 (FITC label, Thy1.1, clone OX-7, isotype mouse IgGy, ),

CD4 (PE-Cys5 label, clone OX-35, isotype mouse 1gGa,, «), and CD8 (biotin, clone
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OX-8, isotype mouse IgG;, ) were obtained from BD Pharmingen (Mississauga,
ON). Streptavidin-PE-Cy7 conjugate (BD Pharmingen) was used to detect the
biotinylated antibodies.

Cell Labeling and Flow Cytometry: Cells from each dietary treatment group and
tissue were washed and placed in label buffer (phosphate buffered saline
containing 23 mM sodium azide and 2% fetal bovine serum, pH7.4)at4°C ata
concentration of 1 x 10° cells/mL. The biotinylated anti-CD8 antibody was
added first, incubated for 30 minutes at 4°C, followed by a wash step. Then, the
directly conjugated antibodies and streptavidin-PE-Cy7 were added, incubated
as previously described, followed by a wash step. Samples were resuspended in
phosphate buffered saline containing 50% fetal bovine serum. Ethanol (70%)
was added drop wise while gently mixing to a final concentration of 50%. Cells
were stored overnight at 4°C and analyzed on the flow cytometer the following
morning.

Flow cytometry analysis was performed on a Beckman Coulter EPICS
ALTRA (Beckman Coulter, Mississauga, ON) high-speed cell sorter with laser
excitation tuned to 488 nm (65 mW) and UV. Forward versus side scatter
histograms were used to gate on lymphoid cells. The fluorescence signals were
separated with the standard dichotic long pass filters provided with the
instrument and detected through 525 nm (FITC), 575 nm (PE), 675 nm (PE-Cy5)
and 735 nm (PE-Cy7) bandpass filters. The data was collected in listmode
format with the subsequent analyses based on 20 000 cells satisfying the light

scatter gate and CD90" in thymocytes (Figure 9.7.1 ), or 20 000 cells gated on
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light scatter, TCRaB", and CD90" in splenocytes (Figure 9.7.2) using the EXPO32
MultiCOMP MFA software provided with the instrument. Flurochrome-isotype
matched controls were prepared to assess autofluorescence and nonspecific
binding, while single color samples were employed to adjust color compensation.
T-cell subset numbers were calculated using Flow-Count™ Fluorospheres
(Beckman Coulter, Mississauga, ON) based on the total number of cells counted,
the total number of fluorospheres counted and the original concentration of the
fluorospheres. Cell counts were corrected by the appropriate dilution factor.

Cytokine analysis

IL-2, IL-6, IL-10, and IFN-y in cell culture supernatants were determined
simultaneously using a cytometric bead array kit (LINCO Research, St. Charles,
MO). The standard curves were 4.88-20 000 pg/mL. The samples were
analyzed using the Luminex™ 100 instrument (Luminex Corporation, Austin, TX).

Corticosterone concentration

Serum corticosterone concentrations were determined using an enzyme

immunoassay kit (Assay Designs, Ann Arbor, Mi).

9.4 Statistical Analyses

Data was analyzed by one-way ANOVA using the general linear models
procedure or repeated measure ANOVA (SAS software release 9.1, SAS
Institute, Cary NC) as appropriate. Significant differences among means were
determined using Duncan’s multiple range test. Differences were considered

significant at p<0.05.
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9.5 Results

Feed intake. After only three days of treatment, the ZD group consumed 17%
less feed per day than CTL and MZD (Figure 9.7.3). By day four, ZD was
consuming 54% less feed/day than MZD and CTL and this continued until the
end of the study. The MZD group did not exhibit any signs of anorexia
throughout the study.

Body weight. The MZD group had the same body weight (Figure 9.7.4), weight
gain and feed efficiency ratio (Table 9.6.1) as CTL throughout the study. The ZD
group weighed 22%, 40%, and 50% less than CTL at weeks 1, 2, and 3,
respectively. Of the 35.8 g of total weight gained by ZD, 25.5 g was gained
during the first week and only 10.3 g was gained during the remaining 2 weeks,
while the MZD and CTL groups gained 61.0 g in the first week, 56.5 g in the 2
week and 54.2 g in the 3 week. DR weighed more than ZD at each week due
to more efficient conversion of feed into growth as indicated by a lower feed
efficiency ratio.

Serum and femur zinc. Femur and serum zinc concentrations were reduced 78-

83% in ZD and 38-40% in MZD rats compared to CTL (Table 9.6.1). Also, serum
and femur zinc concentrations were 15% lower in DR compared to CTL.

Lymphoid organ weight. One of the classic characteristics of ZD is reduced

lymphoid organ weight. The thymus and spleen weights of ZD and DR were not
significantly different from each other, but they were 45% and 48% lower,

respectively, than MZD and CTL (Tables 9.6.2 and 9.6.3). When the thymus and
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spleen weights were corrected for body weight, there were no differences among
the dietary treatments.

Thymocyte subset numbers. ZD had 39% fewer Pre-T cells (90°4°8"), 57% fewer

Pro-T cells (907478"), and 51% fewer Helper T-cells (90°4°8") per thymus,
respectively, compared to MZD and CTL, but not DR (Table 9.6.2). However,
there was no difference among dietary treatment groups in the number of
Cytotoxic T-cells (90°4°8") per thymus. Once the thymocyte numbers were
corrected for thymus weight, there were no differences among the dietary
treatment groups in the number of thymocyte subsets (Pre, Pro, Helper and
Cytotoxic) per gram of thymus.

Splenocyte T-cell subset numbers. Both cytotoxic (CD8") and helper (CD4")

lymphocytes contributed to the changes in the total new (CD90") and mature
(CD90") T-cell populations among the dietary treatment groups. ZD had 41%
fewer New Cytotoxic T-cells (TCRaB"90'48") and 42% fewer New Helper T-cells
(TCRap"907478") per spleen compared to DR, while DR had 53% fewer New
Cytotoxic T-cells and 51% fewer New Helper T-cells per spleen compared to
MZD and CTL (Table 9.6.3). ZD also had 65% fewer Mature Cytotoxic T-cells
(TCRap™9048") and 56% fewer Mature Helper T-cells (TCRaf'904°8") per
spleen compared to MZD and CTL, while DR had 56% fewer Mature Cytotoxic T-
cells per spleen compared to MZD and 46% fewer Mature Helper T-cells per
spleen compared to MZD and CTL. When the cell numbers were corrected for
spleen weight, ZD had 44% fewer New Cytotoxic T-cells and 43% fewer New

Helper T-cells per gram of spleen compared to DR, MZD and CTL, but there was
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no difference among the dietary treatment groups in the number of Mature
Helper or Mature Cytotoxic T-cells.

Serum corticosterone concentration. ZD and DR had a 14-fold higher serum

corticosterone concentrations compared to MZD and CTL (Figure 9.7.5).

Cytokine concentrations after mitogenic stimulation. Mitogenic stimulation of

thymocytes from ZD, DR and MZD resulted in 40-42% lower concentrations of IL-
2 and IL-6 in cell culture supernatants compared to CTL (Figure 9.7.6). There
were no differences among the dietary treatment groups in the concentration of
IFN-y and IL-10 produced by thymocytes after stimulation.

ZD splenocytes produced 54% less IL-2 compared to DR, MZD and CTL,
and 71% less IFN-y compared to DR and MZD in response to ConA. IL-6 and IL-
10 concentrations were not different among dietary treatment groups, and IL-10
concentrations from stimulated splenocytes were not different from un-stimulated

splenocytes.
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9.6 Tables
Table 9.6.1. Weight gain, feed efficiency ratio and zinc status of zinc-

deficient, marginally zinc-deficient, diet-restricted, and control rats’.

Dietary Group”

ZD DR MZD CTL

Total weight gain (g) 35.8+1.7° 549+39° 170.1+3.3% 173.3+4.7°
Feed efficiency ratio ® 6.1+0.3°  42+02° 24+01° 24+01°
Serum zinc (umol/L) 5.2 +0.3¢ 262+1.2° 185+0.9° 30.6+1.3°
Femur zinc 1.0 £0.1° 41+0.1° 3.0+0.1° 4.8 £0.1°

(umol/g dry bone)

'Values are means = SEM, n=8. Different superscript letters indicate significant differences
among means, p <0.05.

27D=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group;
CTL=control group.

*Feed efficiency ratio = total feed intake (g)/total weight gain (g).
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Table 9.6.2. Thymus weight and thymocyte subset numbers of zinc-deficient, marginally zinc-deficient, diet-restricted, and control

rats'2.
Dietary Group®
ZD DR MZD CTL
Thymus weight (mg) 418 + 18.3° 528 + 20.6° 882 + 35.3° 828 £ 72.6°
Total thymocytes (#/thymus*10°) 51.5+6.1° 737+9.8° 111+16.3™ 104 + 16.7°
Pro-T cell 1.8+0.1° 24+03% 3.0+0.3%® 29+04°
Pre-T cell 402 +5.7° 59.0 + 8.2 104 + 18.8° 83.1 £14.4%
Cytotoxic 44+07 47+0.5 6.4+0.7% 6.2+0.9
Helper 51+0.6° 76+1.2% 11.0 +1.387 9.9 +1.2°®
Thymus(mg)/bwt(g) 3.0+0.1 3.2+0.1 3.2+0.1 3.0+£0.2
Total thymocytes (#/g thymus*10°) 123+ 13.5 138 £16.3 142 £ 21.2 127 £17.3
Pro-T cell 43+03 45+0.6 40+0.6 3.6+0.4
Pre-T cell 959+ 125 111+ 14.1 115+ 18.5 101+ 14.8
Cytotoxic 9.3+ 149 89407 8.6+ 1.4 7308
Helper 124+ 14 14.2 £ 2.1 144+ 2.2 14.8+25

"Values are means + SEM, n=8, except as indicated in footnotes 4-9.

<0.05.

Different superscript letters indicate significant differences among means, p
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*Total thymocytes identified as CD90"; Pre-T cells identified as CD90"4'8" Pro-T cells identified as CD90°4"8"; Cytotoxic identified as CD90%4°8":

and Helper identified as CD90"478" by flow cytometry.
ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group; CTL=control group.

“*Data point removed from analysis because it was greater than 3 standard deviations from the mean (value= 243, 7.44, 15.9, 24.6, 24.9, 21.5,

respectively).
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Table 9.6.3. Spleen weight and T-cell subset numbers of zinc-deficient, marginally zinc-deficient, diet-restricted, and control rats"2.

Dietary Group®
ZD DR MZD CTL
Spleen weight (mg) 377 +14.2° 402+ 14.1° 744 + 404 747 + 26.3°
Total T-cells (#/spleen*10") 447 +£90.2° 613 +80.7° 1386 + 263° 1061+ 95.3°
Total New T-cells 41.1+86° 71.7 £10.3° 163 + 26.6° 128 £ 13.2°
New Cytotoxic 15.7 +3.8° 26.6 +4.1° 64.9 + 11.9° 48.0 + 5.8
New Helper 203+£4.3° 354 +52° 79.8 +13.0° 63.1+7.1°
Total Mature T-cells 396 + 80.4° 528 + 70.0° 1189 + 235° 900 + 85.7°
Mature Cytotoxic 144 + 30.6° 213 + 33.2 482 +97.7° 338 + 38.9%
Mature Helper 228 + 47 5° 283 +33.4° 545+96.0%% 504 + 51.3°
Spleen(mg)/bwt(g) 27+0.1 2501 27%0A1 2701
Total T-cells (#/g spleen*10") 1156 + 205 1523 + 201 1790 + 269 1433 + 141
Total New T-cells 106 + 19.2° 178 + 25.9° 213 +25.1° 173 + 18.4°
New Cytotoxic 40.3 +8.6° 66.0 + 10.4° 84.0 + 11.6° 64.3 +7.8°
New Helper 52.8 +9.5° 87.7+12.9° 104 + 12.5° 84.9 + 10.0°
Total Mature T-cells 1025 + 183 1313 £ 174 1533 + 245 1216 + 127
Mature Cytotoxic 373 +70.1 530 + 83.5 621 % 102 456 + 55.4
Mature Helper 590 + 109 702 + 82 722 +93® 680 + 75.7
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"Values are means + SEM, n=8, except as indicated in footnotes 4-5. Different superscript letters indicate significant differences among means, p
<0.05.

*Total T-cells identified as TCRaB"; Total New T-cells identified as TCRof*CD90"; New Cytotoxic identified as TCRaB'CD904'8"; New Helper
identified as TCRaf"CD90"4"8'; Total Mature T-cells identified as TCRa*CD90"; Mature Cytotoxic identified as TCRop'CD904'8"; and Mature
Helper identified as TCRaB"CD90'478 by flow cytometry.

3ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient group; CTL=control group.

“*Data point removed from analysis because it was greater than 3 standard deviations from the mean (value= 1317, and 1571, respectively)
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9.7 Figures
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Figure 9.7.1. Representative flow cytometry plot of thymocytes. Definition of lymphocytes
(CELLS) by forward vs side scatter [A]; Definition of CD90 binding after gating on CELLS [B]; CD8

and CD4 binding after gating on CD90" CELLS [C].
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Figure 9.7.2. Representative flow cytometry plot of splenocytes. Definition of lymphocytes
(CELLS) by forward vs side scatter [A]; Definition of TCRaf binding after gating on CELLS [BJ;
Definition of CD90 binding after gating on TCRaf" CELLS [C]; CD8 and CD4 binding after gating on

CD90  TCRaB* CELLS [D]; CD8 and CD4 binding after gating on CD90" TCRaB" CELLS [E].
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Figure 9.7.3. Feed intake of zinc-deficient, marginally zinc-deficient, diet-restricted and control

rats over 21 days. Values are means £ SEM for n=8 rats. There were significant main effects of diet

{p<0.0001), time (p<0.0001) and diet*time interaction (p<0.0001). At each time point, different letters

indicate significant differences among means (p<0.05).

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.
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Figure 9.7.4. Weekly body weight of zinc-deficient, marginally zinc-deficient, diet-restricted
and control rats. Values are means + SEM for n=8 rats. There were significant main effects of diet
(p<0.0001), time (p<0.0001) and diet*time interaction (p<0.0001). Different letters indicate significant
differences among means (p<0.05). The values for MZD and CTL are overlapping.

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.
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Figure 9.7.5. Serum corticosterone concentrations of zinc-deficient, diet-restricted, marginally
zinc-deficient and control rats. Values are means = SEM for n=8 rats. Different letters indicate
significant differences among means (p<0.05).

Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.
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Figure 9.7.6. Cytokine concentrations of concanvalin A stimulated thymocytes and
splenocytes from zinc-deficient, diet-restricted, marginally zinc-deficient and control rats.
Thymocytes and splenocytes were stimulated in vitro with concanvalin A for 48 h and cytokine
production was measured as described in the Methods. Values are means £ SEM for n=7
(thymocytes) or n=8 (splenocytes), with the following exceptions where data points were removed
because they were greater than 3 standard deviations from the mean: n=6, DR thymocyte IL-2 (value
removed=226.8) and n=7, DR splenocyte IL-6 (value removed=364.5). Different letters indicate
significant differences among means (p<0.05). There were no differences among the dietary
treatment groups in the un-stimulated cytokine concentrations. Un-stimulated thymocyte cytokine
concentrations were as follows: IL-2= 7.0 + 1.3 pg/mL; IL-6= 17.3 £ 4.2 pg/mL; IL-10=19.8 £ 2.4
pg/mL; IFN-y= 11.5 + 3.0 pg/mL. Un-stimulated splenocyte cytokine concentrations were as follows:
IL-2= 16.8 + 1.7 pg/mL; IL-6= 45.2 + 4.7 pg/mL; IL-10= 286.9 + 14.3 pg/mL; IFN-y= 5.5 + 0.9 pg/mL.
Abbreviations: ZD=zinc-deficient group; DR=diet-restricted group; MZD=marginally zinc-deficient

group; CTL=control group.
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9.8 Discussion

Researchers studying the effects of dietary zinc deficiency typically include a
pair-fed group (identified as DR in the present study) to separate out the effects of
energy malnutrition from zinc deficiency. Because severe zinc deficiency in humans
is rare, a marginally zinc deficient group was also included in the present study. The
MZD group had reduced zinc status compared to both CTL and DR; however, it did
not exhibit any signs of anorexia or impaired growth compared to CTL (Table 9.6.1,
Figure 9.7.3 and 9.7.4). The DR group had stunting malnutrition similar to the ZD
group; however, their zinc status was greater than both ZD and MZD. Therefore,
this study was able to examine the effects of reduced zinc status without malnutrition
as well as being able to separate the effects of zinc status from energy malnutrition.

The major finding in the present study was that the altered cytokine
production by thymocytes and splenocytes during dietary zinc deficiency, diet-
restriction and marginal zinc deficiency could not be attributed to serum
corticosterone concentrations. ZD and DR had higher serum corticosterone
concentrations compared to MZD and CTL; however, ZD, DR and MZD had lower
IL-2 and IL-6 cytokine production by ConA stimulated thymocytes (not reported
previously) while only ZD had lower IL-2 cytokine production by ConA stimulated
splenocytes compared to CTL. Due to the inclusion of the DR and MZD groups, the
present study was able to separate out the effects of elevated corticosterone
concentrations from the effects of zinc deficiency.

Thymocytes from ZD, DR and MZD groups produced similar cytokine profiles

(lower concentrations of IL-2 and IL-6 compared to CTL)(Figure 9.7.5). In the
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periphery, IL-2 and IL-6 are identified as Th1 and Th2 cytokines, respectively, so it
would appear that in the thymus there is not a shift in Th1-Th2 balance. However, in
the thymus, both IL-2 and IL-6 play a role in stimulating thymocyte proliferation and
differentiation (8). Less IL-2 and IL-6 indicates that ZD, DR and MZD thymocytes
are receiving fewer signals to proliferate and differentiate compared to CTL,
suggesting that thymocyte numbers should be negatively affected. In fact, blocking
the IL-2 receptor in rat fetal thymus organ cultures results in 21% fewer thymocytes
(12) and IL-6 deficient mice have 20-40% fewer thymocytes and peripheral T-cells
(13). On a per gram basis, ZD and DR were able to maintain thymocyte numbers
(Table 9.6.2) despite their cytokine profile, most likely because they are not growing
as quickly as MZD and CTL. However, growth of MZD was similar to CTL and yet
MZD were able to maintain thymocyte numbers despite lower concentrations of IL-2
and IL-6 being produced. A possible explanation is that there is a redundancy in the
function of these cytokines and other cytokines are able to maintain proliferation and
differentiation when IL-2 and IL-6 concentrations are low (8).

Because ZD and DR have lower thymus weights (Table 9.6.2), it follows that
they should have fewer thymocytes per thymus compared to MZD and CTL.
Previous work using the adult mouse as a model reported no differences between
ZD and CTL mice in the proportion of thymocyte subsets, but did not determine
absolute numbers of each subset (14). In the present study, ZD had fewer Pre-,
Pro-, and Helper thymocytes compared to MZD and CTL, but there was no
difference in the number of Cytotoxic thymocytes among the dietary treatment

groups. TCR signaling through p56'® promotes CD8 differentiation (15), and
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thymocyte p56' levels have been reported as higher in ZD compared to CTL (16)
which might explain the higher than expected number of Cytotoxic thymocytes.

ZD rats had fewer New T-cells (both Helper and Cytotoxic) per spleen and
per gram of spleen compared to DR, MZD, and CTL (Table 9.6.2). New T-cells are
essential to ensure T-cell repertoire diversity (17), thus over time the ZD rat may
become more vulnerable to infection. We have previously reported that ZD rats
have a lower proportion of New T-cells (TCRap"CD90"), however, it was not clear
whether the lower proportion was due to a lower number of New Helper T-cells, a
lower number of New Cytotoxic T-cells or both (16). The present study builds on this
previous work by reporting that there was a specific effect of severely reduced zinc
status on the number of both New Helper T-cells and New Cytotoxic T-cells (Table
9.6.3).

Only ZD splenocytes produced less IL-2 compared to CTL indicating a
specific effect of severe zinc deficiency on peripheral T-cell cytokine production.
These results support previous findings in ZD humans (18) and provide a possible
explanation for the lower number of new peripheral T-cells. New T-cells respond to
cytokine proliferation signals from IL-2 without any other stimulus and this response
is lost as T-cells develop in the periphery (19). This could explain why the New T-
cells would be more vulnerable to low IL-2 concentrations than the Mature T-cells
resulting in a lower number of the New T-cells but not the Mature T-cells. IFN-y
pushes Th1 cells to produce their cytokines (4). A lack of a difference in splenocyte
IL-2 production among DR, MZD and CTL may be explained by the higher

production of IFN-y by the splenocytes in these groups compared to ZD. A report by
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Shi and colleagues (20) indicated that splenic T-cells from ZD mice that were
infected by parasite (Heligmosomoides polygyrus) produce less IL-4 and IL-5 (Th2
cyokines not examined in the present study) compared to CTL and DR when
exposed to the parasite antigen in vitro, suggesting that Th2 cytokine production can
also be lowered by ZD. Taken together, these studies suggest that there is not a
preferential shift in cytokine production due to ZD, however, there is an overall
decreased ability to respond to antigen in ZD and the shift in cytokine production
may be reflecting whether the stimulus elicits a predominantly Th1 or Th2 response.

It is also interesting to note that IL-6 production was not affected by dietary
treatment despite a higher serum corticosterone concentration in ZD and DR
compared to MZD and CTL. IL-6 is known as a glucocorticoid increasing factor,
which stimulates the hypothalamus-pituitary-adrenal axis to increase the release of
corticotrophin releasing hormone in the paraventricular nucleus of the hypothalamus,
which stimulates secretion of pituitary adrenaocorticotropic hormone (ACTH) which
turns on the production of corticosterone in the adrenal gland (21). A previous study
by our laboratory showed that plasma ACTH and serum TNF-a concentrations were
not altered by ZD or DR compared to CTL (22), thus the signaling mechanisms for
elevated serum corticosterone require further elucidation.

In summary, the present study indicates that severe zinc deficiency, but not
serum corticosterone concentrations, were associated with a lower number of both
New Cytotoxic T-cells and New Helper T-cells in spleen as well as lower production
of Th1 cytokines (IL-2, IFN-y) but not Th2 cytokines (IL-6, IL-10) by stimulated

splenocytes. Cytokine production (IL-2 and IL-6) by stimulated thymocytes was
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reduced in ZD, DR and MZD despite no alteration in thymocyte numbers relative to
thymus weight. The results also indicate that a mild reduction in zinc status (MZD
group) can alter cell function and that cell dysfunction can be detected before any
phenotypic alterations occur. This study demonstrates the value of including a

marginally zinc-deficient group, a model that may be more applicable to humans.
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10. CONCLUSIONS

10.1 Discussion

The experiments described in this thesis employed various dietary treatment
controls. The baseline group provided a reference point to compare the effects of
the dietary treatments during growth. CTL represented “normal” growing rats, while
DR controlled for the anorexia of ZD. If both ZD and DR are significantly different
from CTL, but not each other, then the difference is due to the malnutrition and not
specific to the zinc deficiency. If ZD is different from DR, then there is a difference
specific to zinc beyond the malnutrition. In chapters 7-9, MZD was added as an
additional group to represent the degree of zinc deficiency that is more prevalent in
the human population. The MZD group has a reduced zinc status without anorexia,
which allows for the examination of zinc deficiency without the confounding variable
of malnutrition. It is difficult to interpret findings that show ZD, DR, and MZD lower
than CTL, but not different from each other e.g. IL-2 production by thymocytes
(chapter 9). The cytokine data (CTL>MZD=ZD=DR) could be not be explained by
the serum corticosterone concentrations (CTL=MZD<ZD=DR; chapter 9). If these
cytokine results were due to zinc, then a dose response (CTL>DR>MZD>ZD) would
be expected, but was not seen. Perhaps the malnutrition associated with ZD is so
severe that the effect of zinc deficiency can no longer be separated from the
malnutrition. However, the reduced cytokine response in the MZD group could
reflect reduced zinc status in the absence of malnutrition. Thus the true value of the

MZD group is that it isolates the effect of zinc.
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One of the first objectives of this thesis was to characterize the effects of
dietary zinc deficiency on the T-cells from the thymus, spleen and blood in growing
rats. We discovered a difference between the adult mouse and growing rat models
of dietary zinc deficiency; there was a lack of lymphopenia relative to organ weight in
the rat (chapter 5). The zinc deficient adult mouse results in wasting malnutrition,
while the zinc deficient growing rat results in stunting malnutrition. This difference
should be taken into account when selecting an appropriate model and subsequently
extending the findings to the population of interest.

Both the young zinc deficient rat and adult mouse have the ability to recover
lymphoid organ weight and cell numbers (chapter 5) (1), however, the functional
ability of these cells was not determined. There appears to be a priority for
recovering lymphoid tissue before body weight (chapter 5). Supplemental zinc in
excess of the recommendations can result in reduced copper status (2), therefore
the finding that excessive amounts of dietary zinc are not necessary for recovery of
lymphoid tissue is relevant to programs aimed at treating dietary zinc deficiency.

Both the zinc deficient adult mouse and the zinc deficient growing rat have
elevated p56' protein levels in the thymus compared to ad libitum fed controls (3),
but the zinc deficient growing rat did not have elevated splenic p56' protein levels
as observed in the zinc deficient adult mouse (4). In the present study, the p56'™
protein levels represent the amount of protein from splenocytes and not specifically
T-cells which were isolated by immunocolumns in the study with the adult mouse (4).

Perhaps the p56'Ck protein levels are also elevated in the splenic T-cells of zinc
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deficient growing rats, but we were not able to detect the difference due to the
presence of other mononuclear cells in the spleen.

The theoretical outcome of elevated thymocyte p56'* is defective thymocyte
maturation or increased susceptibility to apoptosis (5, 6). However, there were no
differences among the dietary groups in the proportion of the thymocyte subsets,
except for a higher proportion of TCRa3"CD4°CD8" cells in ZD compared to CTL.
There were no differences among the dietary treatment groups in the proportion of
T-cell subsets undergoing apoptosis (Chapter 8). Future studies should examine
whether the function of p56'™ is altered by zinc deficiency. The function of p56'*
could be evaluated experimentally by measuring the level of phosphorylated p56'*
after stimulation of T-cells isolated from ZD, DR, MZD and CTL. Another way to
assess the function of p56'™ would be to measure a functional outcome such as
proliferation or cytokine production. Isolated T-cells could be stimulated with
different mitogens to determine if the TCR signaling pathway (which involves p56'®)
is altered by zinc deficiency. For example ConA stimulates via the TCR and
phytohemagglutinin stimulates independent of TCR.

The zinc deficient adult mouse has been shown to have an increased
proportion of CD4"CD8" thymocytes undergoing apoptosis (7), but this is not seen in
the zinc deficient growing rat (chapter 8). The increased apoptosis in the zinc
deficient adult mouse thymocytes has been associated with elevated corticosterone
concentrations (7). Both the zinc deficient adult mouse and the zinc deficient young
rat have elevated serum corticosterone concentrations, however, by including a pair-

fed group and a marginal zinc deficient group in our studies of the zinc deficient
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growing rat, we have determined that the elevated steroid concentrations are not
associated with increased apoptosis or decreased Th1 cytokine production (chapters
5, 8 and 9). Other components of the hypothalamus-pituitary-adrenal stress axis
(serum ACTH, haptoglobin, and TNFa concentrations) were not affected by dietary
zinc deficiency in the growing rat (chapter 5), thus, the cause of the elevated serum
corticosterone concentrations remains to be elucidated. For studies of dietary zinc
deficiency, it is necessary to house the rats in stainless steal hanging cages to
reduce zinc recycling. There is some concern that the hanging cages are stressful
to the animals, however, the CTL rats had serum corticosterone concentrations that
are well within the normal range (chapters 5 and 9). The rats were handled
everyday in order to limit the effect of handling on stress levels, and this was also
reflected in the normal serum corticosterone concentrations in CTL.

Both the ZD adult mouse and growing rat models do not show major
alterations in their respective thymic and splenic T-cell subsets using CD4 and CD8
cell surface labeling indicating that zinc deficiency does adversely affect a specific T-
cell subset (chapter 4)(3, 8). However, the growing zinc deficient rat does have a
lower proportion of splenic and blood CD90™ T-cells when compared to ad libitum
fed controls (chapter 4). In the rat, CD90 can be used to identify T-cells newly
released from the thymus (9). Over time, fewer new T-cells could adversely affect
the T-cell repertoire, resulting in the immunodeficiency seen with dietary zinc
deficiency. The study of T-cell repertoire is also of interest in other diseases like

aplastic anemia, leukemia and graft-versus-host disease in humans (10).
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To explore the reason for the lower proportion of CD90" T-cells in zinc
deficient rats, we used CD45RC and RT6.1 cell surface labeling along with CD90 to
study the post-thymic maturation of T-cells in the spleen (chapter 7). We discovered
that there were no differences among dietary treatment groups in the first two stages
of post-thymic development; however, ZD, DR and MZD had a lower proportion of
late thymic emigrants compared to controls (chapter 7). Future studies should
investigate the kinetics of thymocyte export to determine if output is maintained or
slowed down during deficiency. Along with cell surface labeling, we used DAPI to
stain DNA and generate cell cycle histograms to determine the proportion of
apoptotic thymic and splenic T-cell phenotypes (chapter 8). There was no evidence
of increased apoptosis in the spleen and thymus among dietary treatment groups,
and therefore, the decreased proportion of late thymic emigrants can not be
explained by increased apoptosis in the splenic T-cells from zinc deficient rats. It
has been reported that there is a higher proportion of apoptotic recent thymic
emigrants in the liver of the diabetes prone BioBreeding rat compared to the
diabetes resistant rats (11). Future studies should include other peripheral organs to
determine if the late thymic emigrants have homed to the lymph nodes, gut
associated lymphoid tissue or the liver instead of the spleen.

Zinc deficient humans have decreased peripheral blood mononuclear cell IL-
2, IFNy and TNFa production when stimulated with the T-cell mitogen
phytohemagglutinin, however, there was no effect on the Th2 cytokine production
(IL-4 and IL-10) (12). Splenic T-cells from zinc deficient mice that were exposed to

Heligmosomoides polygyrus (a worm that would elicit a Th2 response) produced
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less IL-4, IL-5 and IFNy compared to zinc sufficient controls (8). We found that
splenic T-cells from zinc deficient rats produced less IL-2 when stimulated with ConA
compared to both pair-fed and ad libitum fed controls (chapter 9). Taken together, it
appears that dietary zinc deficiency reduces the ability of both Th1 and Th2 cells to
function appropriately depending on the mitogen used. The work described in this
thesis is also the first to document the effects of zinc deficiency on the ability of
thymocytes to produce cytokines (chapter 9). We discovered that ZD, DR and MZD
can reduce the ability of thymocytes to produce IL-2 and IL-6 which are important for
T-cell development (chapter 9). It is tempting to draw an association between the
decreased thymocyte cytokine production and the decreased proportion of splenic
late thymic emigrants observed in ZD, DR, and MZD. This potential relationship
should be explored in future experiments. Although the work described in this thesis
did not find an altered production of cytokines by splenocytes from DR and MZD,
perhaps over a longer period of time differences would appear.

The number of animals per dietary treatment group used in the experiments
described in this thesis are typical of controlled rodent experiments, which range
from n=4 to n=10. These numbers are sufficient to detect differences among dietary
treatment groups, for example, the lower proportion of recent thymic emigrants in ZD
compared to DR and CTL (chapters 4 and 8). Flow cytometry provides a very
precise measurement of cell populations because the proportions of cell subsets are
based on a minimum of 10 000 observations. Despite the fact that the numerical
difference in the proportion of recent thymic emigrants between ZD and DR and CTL

groups is small, we are confident that an independent lab would be able to

217



reproduce our results because of the precision of the flow cytometry values and the
reproducibility of these results in a subsequent experiment (chapters 4 and 8).

In summary, this thesis characterized the immunological effects of dietary zinc
deficiency in the growing rat. Zinc deficiency results in stunting malnutrition with
lymphocyte numbers and lymphoid organ weights proportional to body size. The
lymphoid organ weights, cell numbers and proportion of CD90" T-cells recovered
within 3 weeks of dietary repletion. The elevated serum corticosterone
concentrations found in zinc deficiency were not associated with increased T-cell
apoptosis or decreased Th1 cytokine production. The increased thymocyte p56'°
protein expression was not associated with increased apoptosis; however,
compared to controls, zinc-deficient rats had a higher proportion of thymic cytotoxic
T-cells indicating an alteration in thymocyte development. Growing zinc deficient
rats had a lower proportion of CD90" T-cells, and more specifically, fewer late thymic
emigrants. Over time, the lower proportion of thymic emigrants could result in a less
diverse T-cell repertoire leaving the ZD subject more susceptible to infection than

CTL.
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10.2 Summary of Major Contributions

Zinc-deficient rats have lower thymus and spleen weights compared to controls;
however, thymic or splenic atrophy relative to body weight is not present in zinc-
deficient growing rats.

Zinc-deficient rats have lower numbers of thymocytes and splenocytes; however,
T-cell lymphopenia relative to organ weight or per uL blood is not present in zinc-
deficient growing rats.

Lymphoid organ weights, cell numbers, and proportion of CD90" T-cells can
recover to control levels within 3 weeks following repletion with control diet.

Both zinc-deficient and diet-restricted rats have higher serum corticosterone
concentrations compared to controls; however, there was no difference among
dietary treatment groups in ACTH, TNF-a and haptoglobin. The increased serum
corticosterone concentrations are not associated with increased apoptosis or
decreased Th1 cytokine production by splenocytes and thymocytes.

Thymocyte p56' protein levels are elevated in zinc deficiency. The increased
p56'* protein levels are not associated with increased apoptosis in the thymus,
but there is a higher proportion of TCRaf"CD4°CD8" thymocytes in zinc-deficient
rats compared to controls suggesting altered thymocyte development.

There is a reduced proportion of TCRap" cells that express CD90 (recent thymic
emigrants) in the blood and spleen of zinc-deficient rats.

The lower proportion of CD90" T-cells in zinc-deficient rats is not due to

increased susceptibility to apoptosis in the thymus or spleen.
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The lower proportion of CD90" T-cells in zinc-deficient rats is due to a lower
proportion of late thymic emigrants (TCRaf"CD90"CD45RC*RT6.17), but the first
two stages of post-thymic development are not affected. The lower proportion of
late thymic emigrants can not be explained by increased removal via apoptosis.
There is a higher proportion of cytotoxic thymocytes, but a lower proportion of
New Cytotoxic T-cells in the spleen compared to control and marginally zinc-
deficient groups, suggesting that export of New Cytotoxic T-cells from the thymus

is more limited than New helper T-cells.

10.3 Contribution to Present State of Knowledge

An examination of the interrelationships among the hypothalamus-pituitary-
adrenal stress axis, p56'° protein levels, dietary zinc deficiency and repletion,
and their effects on T-lymphocyte maturation and apoptosis (programmed cell
death).

Characterization of the effects of dietary zinc deficiency on T-cell development in
the growing rat, which will hopefully stimulate further research using this model.
The work described herein has dispelled the hypothesis that elevated
corticosterone concentrations play a major role in the immunodeficiency
associated with dietary zinc deficiency, but it does provide support for the
hypothesis that increased p56'* expression alters thymocyte development
reducing the functional ability of T-cells in dietary zinc deficiency.

Apoptosis was found not to contribute to the lymphopenia of dietary zinc

deficiency. In fact, the experimental results reported in this thesis dispute the
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concept that dietary zinc deficiency in the growing rat results in lymphopenia,
suggesting that the immunodeficiency of zinc deficiency is due mainly to a

decrease in T-cell function and not due solely to reduced cell numbers.

There are a lower proportion of recent thymic emigrants in dietary zinc deficiency.

Overtime, fewer recent thymic emigrants could reduce the diversity of the T-cell

repertoire leaving the zinc-deficient subject more susceptible to infection.

10.4 Implications

Recovery from immune dysfunction due to dietary zinc deficiency during growth
is possible; therefore, programs aimed at increasing the availability of zinc to
children, particularly in developing countries, should be developed and funded.
Supplemental zinc concentrations above recommended dietary levels are not
necessary for recovery of lymphoid tissue, which limits the danger of copper
deficiency.

Even a mild zinc deficiency results in altered immune function; however, clinical
methods to reliably diagnose zinc deficiency are not available. The development
of methods to diagnose marginal zinc deficiency is essential so that children can
be treated and live healthy lives.

The immune measures in the blood of growing rats reflect the immune measures
in the spleen of growing rats, which provides some evidence that the blood can

be used with confidence in human trials of immune function.
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10.5 Limitations

There is an imbalance in the proportion of recent thymic emigrants in dietary zinc
deficiency; however, we did not specifically measure the function of these cells to
determine if their function is significantly different from other phenotypes which
would explain an overall change in the ability of the immune system to fight off
infection. We also did not measure the diversity of the T-cell repertoire to
determine whether it is lowered by dietary zinc deficiency.

This work did not measure the activity of p56'* in T-cells from zinc deficient rats
directly, so it remains unclear whether the increased expression of this signaling
protein results in increased activity.

Severe dietary zinc deficiency (<1 mg zinc/kg diet) is extremely rare in the human
population, however, we were able to show that even a mild zinc deficiency that
does not affect growth can alter immune function.

The rat is unigue in that CD90 can be used as a marker of recent thymic
emigrants, but this also limits the relevance of this work to humans.

Despite the fact that the experiments described in this thesis did not see T-cell
lymphopenia relative to organ weight or per ul blood, it remains unclear whether
a lower absolute number of lymphocytes in zinc deficiency compared to controls
would result in increased vulnerability to infections. The ideal absolute number of
T-cells to have a full repertoire to fight off possible infections is not known and

was not addressed by the experiments described in this thesis.
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10.6 Future Research

e Future studies should continue to address the interactions among dietary zinc
deficiency, age, maturity of the immune system and species differences.

e The question remains whether the elevated p56'* levels in dietary zinc-
deficiency results in altered function of the T-cells. It is also not known
whether the elevated p56'* protein levels are due to increased levels in one
particular T-cell subset or across all T-cell subsets. Future studies should use
flow cytometry to sort or isolate individual T-cell phenotypes to address these
guestions further.

e An examination at the cellular level into whether there is an association
between CD90 cell surface expression and p56'° protein levels/function in
dietary zinc deficiency should be investigated.

e The repertoire of T-cells from zinc deficient rats should be examined to
determine whether it is limited by the deficiency.

e Future studies of dietary zinc deficiency should also include T-cells isolated
from lymph nodes, peyer’s patches, and liver in their investigations to
determine whether there are fewer recent thymic emigrants present in these
peripheral lymphoid organs as we have seen in the spleen and blood.

e An examination of the ability of the immune system in the zinc deficient
growing rat under an in vivo pathogenic challenge should also be examined.
The immune system has built in redundancy, and it would be of interest to

determine if the zinc deficient growing rat is more susceptible to infection or if
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other parts of the immune system would be able to compensate for the

decreased T-cell function.
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11. APPENDIX

11.1 TCRopB and CD90 Fluorescent Labeling in Rat Thymus.

For the experiments described in this thesis, it was of interest to characterize T-cells
based on their CD90 and TCRop cell surface expression using flow cytometry. In
the thymus, approximately 95% of thymocytes express CD90. As T-cells develop,
TCRap expression on thymocytes change from null, to low, to high. During
immunophenotyping, it is typical to add all directly labeled antibodies to samples at
the same time. However, when we added CD90 and TCRaf simultaneously, we
noticed that we did not receive the typical three peaks of TCRaf expression. We
hypothesized that CD90 competes with TCRap in the thymus; therefore, we

conducted an experiment to test this theory.

Thymocytes were treated using the following protocol:

1. Sterilize all instruments overnight in 70% ethanol.

2. Terminate rat (~4 weeks old) by CO, asphyxiation and decapitation.

3. Remove thymus aseptically (pour 70% ethanol on animal prior to opening
cavity and use sterile scissors and tweezers), and place in petri dish
containing Hank’s buffered saline containing10 mmol/L HEPES and 4% fetal
bovine serum, pH 7.4 (buffer 1).

4. In cell culture hood, push cells through nylon mesh using barrel of sterile
syringe into a Petri dish containing 10 mL buffer 1. Transfer cell suspension

to 50 mL conical tube through a sterile filter (70 microns). Rinse plate twice
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with 10 mL buffer 1. Spin sample at 300 g (1200 rpm) for 8 minutes to pellet
cells (4°C). Discard supernatant. |
***|t js important to keep the staining vessels partially submerged in an ice bath
and to include sodium azide in the staining buffer. Modulation and internalization
of surface antigens can occur as a result of antibody crosslinking, which can
produce a loss of fluorescence intensity. Low temperature and the presence of
sodium azide prevent this phenomenon by inhibiting metabolic activity.
5. Resuspend pellet in 10 mL buffer 1.
6. Count using hemacytometer and trypan blue.

e Transfer 0.5 mL of 0.4% Trypan blue solution and 0.3 mL of Hank’s
buffered saline to a microcentrifuge tube. Add 10 uL cell suspension
(equals a dilution factor of 81).

e Mix thoroughly and allow to stand for 5 minutes. Load onto
hemocytometer and count cells in the four corner squares (separate
counts for blue and clear cells). Should have between 20-50 celis/square,
otherwise use a different dilution factor.

e Cells per mL = average count per square x dilution factor x 10*
e Cell viability (%) = total unstained cells/total cells x 100.
7. Adjust concentration of cell suspension to 1 x 10° cells/mL.
o ie. (2 x 107 cells/mL)(X) = (1 x 10° cells/ml)(10mL)
e X=0.5 mL cell suspension + 9.5 mL buffer 1.
8. Transfer 1 mL of cell suspension (1x 10° cells/mL) into 12x15-mm round-

bottom test tubes (staining tubes).
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9. Centrifuge cell suspension 8 minutes at 300 g, 4°C, and discard supernatant.
Resuspend cell pellet in 100 uL phosphate buffered saline containing 0.1%
sodium azide and 1% fetal bovine serum (label buffer).

**Thymocytes were incubated with anti-rat monoclonal antibodies directly

conjugated to either PE or PerCP in the following combinations: TCRa alone,

CD90 alone, TCRap with CD90 at the same time, TCRa first followed by CD90,

and CD90 first followed by TCRap.

10.Add 10 pL of diluted (2.5 pL of antibody + 7.5 pL label buffer) TCRaB-PE, or
CD90-PerCP to appropriate tubes.

11.Incubate for 30 minutes at 4°C.

12. After incubation, add 2 mL label buffer, spin at 300 g, 4°C for 8 minutes and
discard supernatant. Resuspend pellet in 100 uL label buffer.

13.Add 10 L of diluted TCRaB-PE, or CD90-PerCP to appropriate tubes.

14.Incubate for 30 minutes at 4°C.

15.Add 2 mL label buffer, spin at 300 g for 8 minutes and discard supernatant.

16.Resuspend pellet in 1 mL 1% paraformaldehyde (made fresh each week).

Store at 4°C until analysis on flow cytometer.

Antibodies: Anti-rat monoclonal antibodies against TCRap (PE label, clone R73,

isotype mouse IgG+, ) and CD90 (PerCP label, Thy1.1, clone OX-7, isotype, mouse

IgG+, ) were obtained from BD Pharmingen (Mississauga, ON).

Flow cytometric analysis was performed on a Beckman Coulter EPICS

ALTRA (Beckman Coulter, Mississauga, ON) high-speed cell sorter with laser

excitation tuned to 488 nm (65 mW). Forward versus side scatter histograms were
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used to identify lymphocytes. The fluorescence signals were separated with the
standard dichotic long pass filters provided with the instrument and detected through
575 nm (PE) and 675 nm (PerCP) bandpass filters. Flurochrome-isotype matched
controls were prepared to assess autofluorescence and nonspecific binding, while
single color samples were employed to adjust color compensation.

The results are shown in Figure 11.1.1. When CD90 and TCRaf} antibodies
are added simultaneously (c-d), or when CD90 is added before TCRof (g-h), we do
not see the typical three peaks associated with null, low, and high TCRaf
expression in thymocytes (a).

We conclude that CD90 antibodies competes with TCRaf antibody binding,
and therefore, TCRof antibodies should be added before CD90 antibodies in order
to visualize the low TCRaf expression in thymocytes (e-f). In splenocytes CD90

competition is not a problem because TCRaf is highly expressed on mature T-cells.
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Figure 11.1.1 TCRaf and CD90 staining in rat thymocytes. TCRaf alone (a); CD90 alone (b);
TCRaf and CD90 added simultaneously (c-d); TCRap added first followed by CD90 (e-f); CD90

added first followed by TCRaf (g-h).
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11.2 Fixing and Permeabilization of Thymocytes and Splenocytes for
Simultaneous Staining of Cell Surface Markers and DNA.

One of the objectives of this thesis was to determine the proportion of
apoptosis in T-cell sub-populations among zinc-deficient, diet-restricted, marginally
zinc-deficient and control growing rats. In order to achieve this objective, it was
necessary to label thymocytes and splenocytes with cell surface markers to identify
their phenotype while simultaneously staining DNA to identify cells in the hypodiploid
region of the cell cycle.

The general procedure for cell surface and intra-cellular staining is as follows:
cell surface antigens are labeled first, and then the cells are fixed (to maintain cell
surface staining) followed by a permeabilization step to allow a fluorescent dye (ie.
DAPI) to enter the cell and bind to the DNA.

Ethanol both fixes and permeabilizes cells; however, it obliterates the PerCP
fluorochrome and the dull TCRap peak in thymocyes (Figure 11.2.1a-b). Cells can
also be fixed for a short time in 1% paraformaldehyde followed by permeablization
with 0.1% tween, which does not affect the PerCP fluorochrome and the dull TCRof
peak in thymocytes (Figure 11.2.2 a-b). Special care must be taken when fixing with
paraformaldehyde in that the fixation is not so extensive that the fixative begins
crosslinking the DNA, which would affect the ability of the fluorescent dye to bind to
DNA. We compared these two methods of fixing/permeabilizing using the following
protocol:

1. Steps 1-7 as described in 11.1.

2 Transfer 1 x 10° cells into 4 mL culture tubes.
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. Add cell culture medium (RPMI-1640 containing 10 mmol/L HEPES, 10
mmol/L sodium bicarbonate, 1 mmol/L sodium pyruvate, 2 mmol/L glutamine,
0.1 mmol/L non-essential amino acids, 50 umol/L mercaptoethanol, 5% fetal
bovine serum, pH 7.4) to 840 pL.
. Cells were incubated with or without 1 pmol/L dexamethasone (DEX)=0.4
ug/mL for 7 hours.
e Add 990 pL cell culture media to 10 yL DEX at a concentration of 25
mg/mL (final concentration=0.25 mg DEX/mL).
e Take 10 pL of 0.25 mg DEX/mL and add 990 pL cell culture media
(final concentration=0.0025 mg DEX/mL).
e For 0.4 yg DEX/mL add 160 uL of 0.0025 mg DEX/mL to 1 x 10° cells
in 840 uL cell culture media.
. After incubation, add 2 mL phosphate buffered saline, centrifuge 5 minutes at
350 g, 4°C, and discard supernatant by rapidly decanting.
. Resuspend in 100 uL phosphate buffered saline containing 0.1% sodium
azide and 1% fetal bovine serum (label buffer). Add 10 uL of appropriately

diluted TCR-PE or CD90-PerCP antibodies (as described in 11.1).

. Incubate for 30 minutes at 4°C.

. After incubation, add 2 mL label buffer, centrifuge 5 minutes at 350 g, 4°C,
and discard supernatant by rapid decanting.

. a) Ethanol treatment: Resuspend pellet in 300 pL phosphate buffered saline-
50% fetal bovine serum and add 700 uL 70% ethanol dropwise while gently

mixing (for a final concentration of 50% ethanol). Incubate overnight 4°C.
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b) Paraformaldehyde treatment: Add 1 mL 1% paraformaldehyde and mix.
Incubate 30 minutes at 4°C, and add 2 mL phosphate buffered saline.
Centrifuge cells 5 minutes at 350 g, 4°C. Remove supernatant by rapid
decanting. Add 1 mL permeabilization solution (0.1% Tween) to cell pellet.
Mix gently and incubate 15 minutes at room temperature. Add 2 mL
phosphate buffered saline, centrifuge at 350 g, 4°C for 5 minutes and rapidly
decant. Resuspend cells in 1 mL phosphate buffered saline, and store
overnight at 4°C.

10. The following morning, wash ethanol treated cells by adding 2 mL phosphate
buffered saline, centrifuge at 350 g, 4°C for 5 minutes and rapidly decant.

11.Add 990 uL phosphate buffered saline to 10 L of 10 mg DAPI/mL (final
concentration= 100 ug DAPI/mL). Take 10 uL of 100 ug DAPI/mL and add to
990 uL phosphate buffered saline (1 ug/mL).

12.Add 110 pL of 1 pg/mL DAPI solution (final concentration 0.1 ug/mL) to
appropriate tubes.

13.Analyze on flow cytometer as described in 11.2

We found that we were able to maintain cell surface marker staining using the
fixation with 1% paraformaldehyde followed by permeabilization with 0.1% tween
(Figure 11.2.2a-b), but not using ethanol. We were able to stain DNA with both
permeablization methods (Figure 11.2.1c-d and 11.2.2¢c-d). However, only cells that
were fixed in ethanol showed DNA in the hypodiploid region of the cell cycle

histogram after induction of apoptosis using dexamethasone (Figure 11.2.1d and
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11.2.2d). We conclude that although the 0.1% tween procedure permeabilized cell
membranes enough to allow entry of DAPI into the cell, the cell membrane was not
permeabilized enough to allow the fragmented DNA to escape to create cells with
low levels of DNA, which can then be identified as apoptotic on the cell cycle
histogram. Thus, we concluded that ethanol treatment is essential to identify

apoptotic cells using cell cycle histograms.
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Figure 11.2.2 Fixing and permeabilizing thymocytes with ethanol. CD90-PerCP
staining (a); TCRap-PE staining (b); DAPI staining after 6 h, no dexamethasone (c);

DAPI staining after 6 h with 1 pmol/L dexamethasone (d).
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Figure 11.2.3 Fixing thymocytes with 1% paraformaldhyde for 30 minutes

followed by permeabilizing with 0.1% tween. CD90-PerCP staining (a); TCRoj-

PE staining (b); DAPI staining after 6 h, no dexamethasone (c); DAPI staining after 6

h with 1 umol/L dexamethasone (d).
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