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ABSTRACT
Dietary Zinc Defieiency and Protein-Energy Malnutrition Decrease
in vitro Murine T-lymphocyte Cell Cycle Progression

P.J. Bossuyt, MSc Thesis, Department of Foods and Nutrition

Both zinc (Zn) deficiency and protein-energy malnutrition (PEM) have been
shorvn to have adverse effects on immune function, including a decrease in the number
of T-lymphocytes and a decreased proliferative response of T-lymphoc~s when
stimulated in culture. Flow cytometry is a rnethod that enables the identification of Tlymphocytes subpopulations by their surface receptors [le. CD4+ (T-helper cells) and

CD8+ (T-cytotoxic/suppressor cells)] and the identification of cells in each phase of the
ceIl cycle. The objective of this thesis was to investigate the effects of dietary zinc
deficiency and PEM, alone and in combination, compared to a control group fed a
nutritionally adequate diet, on munne splenic T-lymphocyte ce11 cycle progression and Tiynphocyte subpopulations, immunological parameten (spleen weight and the number of
splenocytesispleen)and zinc status.
In two separate expenrnents, 35 female C56BU6 adult mice were randomiy
assigned to 5 treatment groups [Zn deficient & low protein (ZnDF&LP), Zn deficient

(ZnDF), Iow protein (LP), energy restncted (ER), and control (CTRL)] and fed for 4
weeks. Body weights and spleen weights of al1 four deficient groups were significantly
lower than CTRL in both expenments. However, only the LP group had splenocyte
counts significantly lower than CTRL. ZnDF&LP, ZnDF and LP groups had significantly
lower senun Zn concentrations than C T K . In Expenment 1, it was sholm that the

CD4+/CD8+ ratio of T-lymphocytes was unaltered by dietary deficiencies of zinc and

protein. However, the ZnDF&LP group had a decreased percentage of CD4+ cells

(23.3%) compared to the CTRL, and there was evidence that al1 four deficient groups
may have increased numben of immature "double-negative" T-lymphocytes compared to
the CTRL group. Cell cycle analysis in Expenment 2 revealed that al! deficient groups
had a lower percentage of ConA-stirnulated cells in S phase (15.8%-18.9%) in the

presence of 3-mercaptoethanol compared to CTRL (25.7%). ZnDF&LP, ZnDF and LP
groups had a higher percentage of cells in the resting (Go)phase of the ceIl cycle (78.8%-

80.096)compared to CTRL (70.4%).
In conclusion, it appears that dietary deficiencies of Zn and protein, either alone

or in combination, decrease body weight, spleen weight and serum Zn concentrations.
These dietary deficiencies also affect the progression of cells through the ce11 cycle, by
decreasing the percentage of cells in S phase and increasing the percentage of cells in the
resting phase.

Further research is needed to determine the specific molecular

mechanisms by which Zn deficiency inhibits ce11 cycle progression into S phase.
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1. LITERATURE REVIEW
Despite the fact that the fùnctional roles of zinc in biochemistry are well known,
the molecular mechanism of zinc deficiency pathology has not k e n elucidated This
thesis will address the effects of protein-energy malnutrition (PEM)and zinc deficiency
on the cell-mediated immune system.

Nutrition and Immune Function
Despite the fact that improper nutrition has likely been a causative factor in
decreased immunocompetence for centuries, the study of nutrition and its relationship to
the immune system has only become an area of scientific study over the past few
decades. The effect of malnutrition on the immune system is especially apparent in
many t hi rd world and developing countries, where widespread malnutrition and infection
are an every day concem, with one condition aggravating the other. In Latin Amerka,
nutritional deficiency was an associated cause in 60.9% of deaths from infectious
diseases in children less than 5 years of age, as compared with oniy 32.7% of deaths from
al1 other causes (Heywood & Marks, 1993).
The immune system is comprised of a variety of highly specialized cells
inticateIy coordinated to protect the body against invading pathogens. There are two
classifications of specific immune responses: 1) humoral immunity and 2) cell-mediated
immunity. The classifications are based on the components of the immune system that
mediate the response. The components of the humoral immune system that mediate

immune response are antibodies, while the cell-mediated immune response involves cells
referred to as T-lymphocytes, which function in antigen recognition. T-lymphocytes

originate in the bone marrow and then migrate to and mature in the thymus. Tlymphocytes are further subdivided into two functionally distinct populations, helper Tcells (CD4+) and cytotoxic/suppressor T-cells (CD8+). The fint exposure of the immune
system to a foreign antigen results in a relatively small primary response. When a Tlymphocyte recognizes a foreign antigen, the ce11 becomes activated, initiating a cascade
of intracellular biochemical events within the T-cell that result in ceIIular immune
response. This cascade of events is referred to as the T-lymphocyte signal transduction
pathway. The responses of the immune system to second and subsequent exposures to
the same antigen are called the secondary immune response. Generally, the secondat).

immune response is more rapid and larger than the prirnary response (Abbas et al, 1991 ).
Cells involved in the cell-rnediated immune system have a high rate of turnover
and their function depends on metabolic pathways that employ vanous nutnents as

cofactors (Chandra, 1991). Both of these factors make lymphoid tissues and cells vegl
vulnerable to malnutrition. Damaged tissues or immune cells will decrease the function
of the body's immune system, and thus the body is less able to mount an effective
defense to infection and disease.

This decreased resistance results in increased

opportunity for infection to occur, which in turn c m wonen an already compromised
nutntional state. This is the vicious cycle of malnutrition and infection. Comprornised
immune function can result fiom either genemlized malnutrition or from a deficiency of
a particular macronutrient, or micronutrient.

Zinc Deficiency
i) Human dietary zinc deficiency

Dietary zinc deficiency in humans was fint recognized in 1963, when Iranian

men presenting with iron deficiency anemia, hypogonadism and dwarfïsm were
diagnosed as zinc deficient (Prasad et al, 1963). Since that time, zinc deficiency has
become a concern for many subpopulations worldwide.

Results from the Second

National Health and Nutrition Examination Survey (NHANES II), which took place in
the United States from 1976-1980, showed that women and the elderly had low zinc
intakes primarily due to low energy intakes (Mares-Perlman et al, 1995). Sandstead
( 1995) also

reported that premenopausal women in the United States are at nsk of zinc

deficiency due to the combination of imappropriate food selection (ie. low intake of
meat and dairy products) and low energy intakes. Epidemiological studies in the United
States have associated low plasma zinc lrvels with abnormal pregnancy outcomes and
controlled intervention trials showed that zinc repletion improved pregnancy outcomes
(Sandstead, 1995). Infants and children are also at risk of becoming zinc deficient due to
their high requirement of zinc for growth (Gibson, 1989). A study in Canada found the
existence of a growth-limiting zinc deficiency syndrome in 5-7 year old Southem Ontario
boys with low height percentile (Gibson et al, 1989).
ii) Primary and secondary zinc deficiency
Although this thesis will focus on dietary zinc deficiency, it is important to be
aware of other situations in which zinc deficiency may be a concem. Zinc deficiency due
to inadequate dietaxy intake is called primary zinc deficiency, while zinc deficiency that
occurs as a result of other factors is referred to as secondary zinc deficiency (Cunnane,

1988). One cause of secondary zinc deficiency is decreased zinc absorption, which rnay
be due to a variety of factors, including: 1) gastro-intestinal dysfunction as a result of

intestinal mucosal darnage or malabsorption syndromes; 2) the absence of appropriate
ligands which occurs in diseases such as acrodermatitis enteropathica or cystic fibrosis;
and 3) dietary factors, such as phytate, calcium and alcohol, which bind zinc, limiting its
absorption. An increased requirement for zinc or an increased utilization of zinc, which
occurs in cases of surgery, burns, pregnancy, chronic infection or inflammation rnay also
cause secondary zinc deficiency. A third factor that may cause secondary zinc deficiency
is an increase in the excretion of zinc due to alcohol abuse, renal disease or sickle-ce11
disease (Cunnane, 1988). However, regardless o f the cause of the deficiency, both
primaiy and secondary zinc deficiency are characterized by the same clinical deficiency
sips.
iii) Zinc deficiency signs

There is no remarkable or distinguishing feature of zinc deficiency and the siçns
could be a ~ b u t e dto a vanety of causes. The general nature of zinc deficiency signs
makes zinc deficiency difficult to diagnose. Due to zinc's role in ceIl proliferation,
tissues with a rapid turnover, such as those involved with cell-mediated immunity, the
intestinal mucosa and the skin, are particularly vulnerable to zinc deficiency (Aggett &
Comerford, 1995). The degree of zinc deficiency, whether it be mil& moderate or
severe, will determine the severity of the signs. Some features of zinc deficiency include:
anorexia, weight loss, failure to thrive in infants and children, dermatitis, delayed puberty
and hypogonadism, and increased susceptibility to infection. The increased susceptibility
to infection is due to the fact that zinc deficiency results in an impaired immune system

(Aggett & Comerford, 1995), which wiIl be discussed in more detail in the section on
Zinc Deficiency and Immune Function.
iv) Zinc body pools

It is important that adults regularly consume a diet with adequate amounts of zinc
because humans do not have the ability to readily mobilize zinc stores. The lack of these
available stores, coupled wïth relatively high obligatory endogenous losses of zinc.
requires humans to consume adequate amounts of zinc on a regular basis in order to
maintain zinc plasma Ievels (Keen & Gershwin, 1990). The mechanism of zinc
homeostasis is not well understood, however, it has been s h o w in humans that d i e m
zinc deficiency can cause a reduction in zinc from the body zinc pools (Miller et al,
1994). Since tissues conserve zinc, it has been suggested that only a srnall cellular pool

of zinc is exchangeable (Cousins, 1996).
Two indicators of zinc status are senun or plasma zinc, representing short term
zinc status, and femur zinc, a more long term indicator of zinc status. These hvo
parameters are relevant to studies regarding immune fùnction, since the precurson of Tlymphocytes originate in the bone rnarrow and then circulate to the plasma. Despite the
fact that plasma zinc represents less than 1% of the total body content of zinc, it serves as
the source of zinc that is accessible to al1 cells, but is rapidly depleted if zinc deficiency
occurs (Vallee & Falchuk, 1993). Over 95% of zinc in plasma is carried by albumin and
a?-macroglobulin, therefore, it has been suggested that changes in the levels of proteins
in the plasma may be related to changes in plasma zinc values, particuiariy in regards to
albumin (Cunnane, 1996). However, Lepage (1997) did not find an association between
senim zinc concentrations and serum albumin.

Bone has the highest zinc content in the body, representing 30% of total body
zinc, and is fairly resistant to large variations in dietaiy zinc (Vallee & Falchuk, 1993). It

has been suggested that two pools of zinc exist in bone, one which tums over rapidly and
the other which turns over slowly. In times of zinc deficiency, zinc cm be removed From
the rapidly turning-over pool, however utilizing zinc fiom the slowly tuming-over zinc
pool results in bone loss (Zhou et al, 1993).

Functional Roles of Zinc
Although zinc is a trace element and the body's requirement for zinc is low in
cornparison to many other dietary components, it's role in the body is essential. Zinc is
the most abundant intracellular trace element. It is a srnaII ion that acts as a strong Lewis
acid, causing it to bind strongly to thiolate and amine electron donon (Cousins, 1996).
Zinc modulates the activity of approximately 300 enzymes and is essential for DNA
synthesis, cell proliferation and gene expression (Prasad, 1995).
Zinc metalloenzymes are recognized in ail classes of enzymes and catalyze
approximately 50 important biochemical reactions.

The functions of zinc in

metalloenzyrnes include catalytic, structural, regulatory and noncatalyîic. The level of
zinc in cells may control the physiological processes through the formation a d o r
regulation of activity of zinc-dependent enzymes. Zinc exhibits fast ligand exchange

which is important in its catalytic role in metalloenzymes (Cousins, 1996). Studies have

shown that in zinc deficient rats, the activities of a few zinc-dependent enzymes,
particularly thymidine kinase and alkaline phosphatase, were decreased when compared
to their pair-fed controls (Prasad, 1996). In addition, relative amounts of thymidine

kinase mRNA are decreased when zinc deficiency is induced in ce11 lines, owing to a
decreased translation of the gene (Prasad, 1996). However, there are also many zinccontaining metalIoenzymes (ie. DNA polyrnerase, RNA polyrnerase) which do not seem
to be directly affected by zinc deficiency, as the activity of these enzymes is decreased by
other physiological conditions as well (ie. Feed deprivation, stress, infection) (Bettger &
O'Dell, 1993).
Zinc plays an integral role in gene expression, as it is a cofactor for a variety of
metalloenzymes involved in nucleic acid metabolism. The role of zinc deficiency in gene
expression has only been established recently in Ezrgienu gruciiis (Prasad, 1995). Zinc
deficiency taas shown to affect growth morphology, ce11 cycle and mitosis, suggestinç
that zinc plays a role in gene expression (Prasad 1995). Zinc may also be involved in
gene expression as a structural component of transcription factors. Transcription factors
are repulatory proteins that are essential to the expression and regulation of genes
because they act by binding to the recognition sequence of the appropriate gene. Without
transcription factor binding, gene expression will not occur. A type of transcription
factor that incorporates zinc as a structural part of the protein is called a zinc finger. (See
section on Zinc Finger Proteins for more details). Studies have s h o w that the region of
the transcription factor containing the zinc-binding domains is essential for DNA binding
(Prasad, I 995).
Zinc also plays a critical physiological role in the structure and function of
biomembranes, which may also contribute to the pathology of zinc deficiency (Bettger
and O'Dell, 1993). Cellular structures that are in physical contact with the extnicellular
zinc pool will be the first to lose zinc in dietary zinc deficiency. The Ioss of zinc fiom

specific proteins in ce11 plasma membranes leads to altered membrane structure and
function, which may in part account for some of the biochernical abnormalities seen in
zinc deficiency.

Zinc Deficiency and Immune Function
During the p s t few decades, considerable knowledge has been gained regarding

the role of zinc in cellular imrnunity, particularly in regards to T-lymphocyte function.
Two naturally occurring zinc deficiency diseases, one in cattle and one in humans,
provided initial evidence that adequate supplies of zinc are essential to the health and
maintenance of the immune system. It was discovered that Dutch Fresian cattle with an
A46 mutation inherit an inability to absorb zinc properly (reviewed in Hansen et al,

1982). These cattle appear nonnal at birth but begin to show common signs of zinc

deficiency within the tirst few weeks of life. These cattle also become extremely
susceptible to infection, which is the most common cause of death.

However,

supplementary zinc treatment will cause complete and rapid recovery of al1 zinc
deficiency symptoms. Post-mortem examination of these calves revealed a severely
irnpaired cell-mediated immune system. The thymus was severely decreased in size,
which is an important indicator of decreased cellular immunity, because the thymus is
the site of maturation of T-lymphocytes, which are integral to the cell-mediated immune

system (reviewed in Hansen et al, 1982).
Acrodennatitis enteropathica (AE) is a zinc deficiency disease in hurnans
analogous to the disease described above in cattle. Infants bom with AE also appear
normal at birth, but develop zinc deficiency signs within the first year of life. These

infants are also extremely susceptible to infection, unless zinc supplementation is
provided. Abnomally small thymuses and a depleted number of T-lymphocytes occun
in infants with untcated AE, indicating that zinc deficiency affects the cell-mediated
immune system (reviewed in Hansen et al, 1982).

In addition to these naturally occurring genetic zinc deficiency diseases the study
of zinc deficiency in experimental animals, particularly mice and rats, has provided
valuable information. Mice

zinc deficiency are more susceptible to pathogenic

infection (Fraker et al, 1982; Salvin & Rabin, 1984) and have a decreased secondary
immune response (DePasquale-Jardieu & Fraker, 1984). Results from studies with mice
have also shown that dietary zinc deficiency adversely affects the lymphoid organs
involved in the function of the cell-mediated immune system. Numerous studies have
shown that thymus involution occurs in mice (Fraker et al, 1977: Fraker et al, 1978:
Fernandes et al, 1979). Another lymphoid organ, the spleen, has also been shown to
decrease in size (Fraker et al, 1977; Beach et al, 1980). The spleen is involved in cellmediated immune function, as it serves as a storage organ for cells involved in cellular
immunity, such as B- and T-lymphocytes and macrophages. Thus, many studies have
focused on the effects of zinc deficiency on immune cells, particularly T-lymphocytes.
A study performed by Fraker and colleagues (1977) showed that young adult mice

fed a zinc deticient diet for four weeks experienced rapid atrophy of the thymus. The
fmction of T-and B-cells was assessed by their ability to produce antibodies in response
to immunization with sheep red blood cells (SRBC). It was found that T-lymphocytes
from zinc deficient animals had a decreased response to SRBC,but that Bsell response
was not af'5ected. It was also noted that the zinc deficient animals had a significantly

lower food intake, which is a well documented sign of prolonged Enc deficiency.

In

order to rule out the possible confounding factor of decreased energy intake on the
parameten being assessed, they performed another midy which included three dietary
groups: a) a zinc supplemented group (50-60 pg/g Zn); b) a group fed the zinc
supplemented diet, with their intake Iimited to that of the average daily arnount
consumed by the zinc deticient group (pair-fed group); and c) a zinc deficient group (OS-

0.6 pg/g Zn) (Luecke et al, 1978). The zinc deficient group experienced a pronounced
loss in immune capacity, measured by their response to immunization with sheep red
blood cells, compared to the pair-fed group and the control group. It was concluded that
zinc deficiency pet se, and not the decrease in energy intake was responsible for the
adverse effects on the immune systern, although the inanition did partially contribute to
the loss in immunity (Luecke et al, 1978). Other studies have also found that zinc
deficient rodents have compromised immune function as indicated by a decreased
responsiveness of T-lymphocytes to SRBC (Fernandes et al, 1979; Chandra & Au, 1980).
Due to the association of decreased food intake with prolonged zinc deficiency,
studies of zinc deficiency generally include either a pair-fed group or an energy restricted
group to control for the effect of inanition. Pair-feeding involves detennining the amount
of diet consumed by the zinc deficient animals, and feeding the pair-fed group the same
amount of the zinc adequate diet. This is especially difficult to manage when mice are
studied, due to the fact that their powdered diet is easily spilled, making it hard to
determine how much diet was spilled and how much was actudly consumed. For this
reason, an energy restricted group may be used instead of the pair-fed group. The energy
restricted group is fed the zinc adequate diet in restricted arnounts so that the weight of

these animals matches the average weight of the zinc deficient animals (ie. pair-weight
group1.
Many studies have s h o w that T-lymphocytes fiom zinc deficient rodents have a
markedly reduced ability to proliferate when cultured in the presence of T-cell mitogens
when compared to T-lymphocytes from rodents fed the control diet (Gross et al, 1979;
Carlomagno & McMurray, 1983; Moulder & Steward, 1989).

The decreased

proliferative response indicates that the functionality of T-lymphocytes is affected by
zinc deficiency. One study was found that contradicts this view. Cook-Mills & Fraker
(1993) concluded that the decreased response of T-lymphocytes in zinc deficiency was

only due to a decrease in the number of T-lymphocytes available to ilicit an immune
response, and not due to a decrease in the functionality of remaining T-lymphocytes.
Splenocytes from moderately or severely zinc deficient adult mice gave nomai
pro1i ferative responses and generated adequate L-2 activity when stimulated wit h
ConcanavalinA (ConA), a T-cell mitogen. More details regarding the effect of zinc
deficiency on T-lymphocyte proliferation will be presented in the section on Zinc and
Ce11 Cycle.
It has been suggested that the decreased immune response, although not due to a

decreased function of T-cells, may be due to an alteration in the proportion of the
subpopulations of T-cells (ie. altered ratio of T-helper cells to T-suppressor cells).
Significant changes in the proportion of lymphocyte subsets may lead to imbalances that
affect both the response and regdation of the immune system. In one study (King &
Fraker, 199l), flow cytometry was used to analyze the splenocytes of zinc deficient mice
to determine whether the deficiency had altered the composition of T-cell subsets. The

two main subsets of T-lymphocytes are the T-helper ceils (identified by the expression of
a CD4+ receptor) and the T-cytotoxic/suppressor cells (identified by the expression of a

CD8+ receptor). Although there was a significant decrease in total splenocyte numben,
there was no significant change in the composition of the splenic lymphocyte population
subsets (King and Fraker, 1991). This supports the findings of previous studies, which
found that zinc deficiency did not alter splenic T-lymphocyte subsets in rats (Bises et al,
1987; Dowd et al, 1986).
Many of these eflects on the immune system can be completely reversed after a
penod of zinc repletion (Fraker et al, 1978), even when zinc deficiency occun in young
neonatal rats whose immune system is still developing (Zwickl & Fraker, 1980). This
reversa1 has also been shown in children who have suffered from zinc deficiency as a
result of malnutrition, as their immune function can be restored wïth adequate nutrition
(Bhaskararn & Reddy, 1974).
Although the c a w of the decreased lymphocyte counts in peripheral lymphoid
organs is not known, two explanations are possible. One reason for the depressed
number of lymphocytes rnay be simply due to a decrease in cell proliferation, thereby
causing decreased production of lymphocytes. The other suggestion is that the decrease

in T-cell numbers may be due to increased apoptosis, or increased destruction of Tlymphocytes.

Zinc Deficiency and Protein-energy Malnutrition
Another nutritional deficiency disease which compromises immune function is
the classic malnutrition syndrome known as protein-energy malnutrition (PEM). In fact,

in many ways it is ditficult to distinguish between zinc deficiency and PEM, as zinc
deticiency generally occurs as a result of protein deficiency and the two deficiencies have
common clinical features. Mahourished children have been shown to have decreased
plasma zinc and other symptoms of zinc deficiency (Khalil et al, 1974; Golden &
Golden, 1979; Atalay, 1989), which are resolved with appropriate levels of oral zinc
supplementation (Hemalatha et al, 1993).
Part of the reason for this association is that meat is one of the main dietary

sources of zinc. Therefore. when meat as a protein source is limited in the diet, not only
will PEM result, but also zinc deficiency, unless other dietary sources of zinc are
included in the diet. In many parts of the world where PEM occurs, such as developing
countries, zinc deficiency is even more likely to occur in conjunction with PEM because
of the high cereal consumption in these areas. Cereals contain phytate, which binds zinc,
preventing its absorption. This cornpounds the problem, because, not only are these
people consuming inadequate amounts of zinc, but the little zinc that they are consuming
is not being absorbed.

Other characteristics of PEM that rnay contribute to decreased zinc status are
diarrhea and steatorrhea which will reduce zinc absorption and increase zinc excretion
(Anon, 1983).
A zinc deficient diet may also exacerbate conditions of PEM due to the fact that

one of the classicd symptoms of zinc deficiency is inanition, or decreased food intake.
As a resuit, consumption of a zinc deficient diet for an extended period of time may

result in the development of PEM, or may present a barrier to overcoming PEM.

Protein-energy Malnutrition and Immune Fuoction

PEM affects the immune system very much the sarne way as zinc deficiency does.
Compromised cellular immune h c t i o n is frequentiy associated with PEM, particularly
in regards to T-lymphocyte dependent functions. Atrophy of the thymus, decreased
spleen weight and a significantly reduced nurnber of T-lymphocytes were reported in
PEM as early as 1971 (Smythe et al, 1971) and have been confirmed by numerous other

researchers (Bhaskaram & Reddy, 1974; Chandra, 1991; Woodward et al, 1992). The
responsiveness of T-lymphocytes to immunization with SRBC7s is also diminished in
PEM (Woodward et al, 1992;Woodward & Miller, 1991 ), as is the mitogenic response of
T-lymphocytes in culture (Petro, 1985; Bhaskaram & Reddy, 1974).
Research regarding the effect of PEM on the composition of T-lymphocyte subpopulations is inconclusive. PEM is considered to induce a decrease in the numbers of
CD4+ (T-helper) to CD8+ (T-cytotoxic/suppressor) T-lymphocytes in the blood, which is
presumed to be related to a decrease in immune response. A low CD4+lCD8+ ratio
commonly occurs in the blood of children with PEM (Chandra, 1983)- however, the
effect of PEM on the CD4+/CD8+ ratio in splenic T-lymphocytes has not been
confirmed. initially it was s h o w that PEM had no effect on the ratio of CD4+/CD8+ Tcells in the spleen (Woodward & Miller, 1991), however, two more recent studies
contradict these initial findings. Taylor and colleagues (1997) have shown that the
percentage of CD4+ cells is increased in adult mice fed a 0.5% protein diet for 4 or 6
weeks. Since the percentage of CDS+ remains unchangeci, the alteration in CD&
percentages results in an increase in the ratio of CD4+/CD8+ in the protein deficient

mice. Lee and Woodward (1996) also showed that the CD4+/CD8+ ratio of weanling
mice fed a 0.6% protein diet increased compared to controls, due to a significant increase
in the percentage of CD& cells and little change in the percentage of CD8+ cells. In
humans suffering frorn PEM, populations of CD3+, CD4+ and CD8+ cells were
significantly decreased from the controls, although the ratio of CD4+/CD8+ \vas not
significantly different (Abbott, et al, 1986). More research is needed regarding the effect
of protein deficiency on T-lymphocyte subpopulations.

Glutathione

Another nutritional deficiency that occurs in conjunction with PEM, and that may
contribute to impaired immune defense, is a deficiency of sulfur amino acids, such as
cysteine (Bray & Taylor, 1994; Taylor et al, 1997). Sulfur amino acids are generally the
most rate limiting amino acid in the diet, and thus protein deficiency ofien occurs as a
result of suifur amino acid deficient diets. Dietary sulfur amino acid deficiency (also
referred to as thiol deficiency) is ofien used as a mode1 for PEM (Taylor et al, 1997).
One of the sulfur amino acids, cysteine is an important structural component of a
tripeptide called glutathione (y-glutamylsysteinyl-glycine), which accounts for 90% of
the intracellular non-protein thiols (Baker, 1992). The availability of sulfur amino acids
such as cysteine, is a major determinant for maintaining hepatic glutathione
concentrations within a normal range, and is largely determined by the protein content of
the diet (Bray & Taylor, 1994). Cysteine can also be synthesized in the body by the
conversion of the sulfùr-containing essential amino acid methionine. Sulfur amino acid
deficient diets decrease the amount of cysteine that is available for glutathione synthesis

and therefore can be used to study the effects of decreased cellular glutathione on various
parameters.
Research regarding the effect of glutathione deficiency on the immune system has
recently received much attention due to the discovery that HIV-seropositive individuals
have decreased levels of cysteine and glutathione in their plasma and T-lymphocytes
(Eck et al, 1989; Staal et al, 1992). It has been suggested that this may increase the risk
of opportunistic infection by depressing immune function and accelerate disease
progression by potentiating HIV replication (Staal et al, 1992), thus further research is
warranted in this area.

Glutathione and Proteio-energy Malnutrition
Decreased tissue glutathione has been reported to occur secondary to many
diseases associated with PEM, such as A i D S , cancer and alcoholism (Bray & Taylor,
1994). The decreased glutathione statu rnay be a contributing factor in decreasing

immune response in malnourished individuals.

Mayatepek and colleagues ( 1993)

showed that mean erythrocyte total glutathione concentrations were significantly
decreased in children with PEM, cornpared to controls.

Functions of Glutathione
Glutathione serves many roles in the body and is crucial for ce11 sumival and
function. It acts as a reducing agent and an antioxidant, serves as a reservoir for cysteine

and may be involved in ceIl cycle regdation (Deneke & Fanburg, 1989). Glutathione is

also a cofactor for several enrymes and is required for the synthesis of DNA precursors
(Staal et al, 1992).
One of the important metabolic roles of glutathione is participation in oxidationreduction reactions (Figure 1).

Under normal conditions, the majonty of cellular

glutathione is in its reduced state (GSH). GSH functions in reducing intracellular
oxidants (fiee radicals, metabolically active intermediates), thereby protecting the cell
from oxidative damage that would otherwise be caused by these agents (Staal et al,
1992). GSH also has been shown to be essential in protecting DNA and other nuclear
structures from chernical injury (Bellomo et al, 1992). GSH also modulates enzyme
activity, (including enzymes involved in the signal transduction pathway of Tlymphocytes), and vanous cellular functions (ie. transcription factor binding) by
contributing to intracellular redox status (Droge et al, 1994).

GSH also serves as a reservoir for cysteine in cAls. Due to the fact that cysteine
itself is toxic to cells, it must be stored in a non-toxic fonn within cells and released as it
is needed during the pst-absorptive phase. In fact, liver GSH in mice has been shown to
increase after a meal and slowly decrease as absorption occun (Jaeschke & Wendel,
1985). Most ce11 types do not have the capacity to transport GSH directly into cells,
however, the substrates for GSH synthesis can be transported into the ceIl where GSH
synthesis can occur. Under most culture conditions, GSH synthesis by cells is limited by
the availability of inhacellular cysteine. Cysteine, although initiaily present in the media,
rapidly becomes unavailable because it is oxidized to cystine within a few hours unless a
reducing agent is present.

Role of 2-Mercaptoethanol in Culture
2-rnercaptoethanol (2-ME) is routinely added to culture media to enhance the
survival and growth of murine lymphocytes. Numerous studies have shown that 2-ME is
involved in the transport of cysteine and cystine across the membrane of lymphocytes
(Ishii et al, 1981). Studies have been done with a ce11 line of mouse lymphoma (L 12 10)
which is known to be thiol-dependent in vitro due to an incapacity to synthesize cysteine.

In culture media, cysteine is readily oxidized to cystine, which LI2 10 cells cannot
transport across their membrane. As a result, cellular cysteine and glutathione contents
decrease considerably during culture. However, in the presence of --ME, the cells are
able to utiiize the cystine in the medium, resuiting in the maintenance of cellular cysteine

and glutathione levels during culture. The proposed rnechanisrn of action is that the
reaction of the 2-ME with the cystine present in the medium results in the formation of a
mixed disulfide of 2-ME and cysteine. The mixed disulfide is then taken up by cells at a
high rate. The 2-ME is repeatedly taken up by cells in the form of the mixed disulfide
and retunis to the medium in its reduced form. This cyclic action of 2-ME allows cells to
continually utilize cysteine and also explains why 2-ME is eflective even at very low
concentrations (10- 100 pM) (Ishii et al, 1981).
Not only does 2-ME act to increase the cysteine concentration of cells, it also
increases the intracellular glutathione levels (Ishii et al, 1987; Zmuda and Friedenson,
1983)- which is probably a result of the fact that glutathione is a reservoir for cysteine.
As cysteine transport into cells is increased, the synthesis of glutathione is also increased.

This function of 2-ME may be important for the proliferation of lymphocytes in culture,
as glutathione is important for ce11 proliferation.

Glutathione and Immune Function
Like zinc deficiency, dietary thiol deficiency has also been s h o w to affect
immune function. A recent study showed that splenocytes from mice fed a low protein
diet (OSO/o) were greatly decreased in number and had decreased intracellular glutathione
concentrations compared to splenocytes from mice fed a protein adequate diet (1 5%)
(Taylor et al, 1997). T-lymphocyte proliferation in the low protein group was lower than
the control group when splenocytes were cultured in media without thiol
supplementation, but increased when cultured in thiol supplemented media.

This

suggests that glutathione staius in vivo and thiol supplementation in vitro modulate the
signal transduction pathway for T-lymphocyte proliferation in PEM mice.

Glutathione and Zinc
Research suggests that there may be a relationship between zinc deficiency and
glutathione deficiency. Zinc deficient rats have been shown to have significantly lower
blood glutathione levels than control rats after ten days on a zinc deficient diet (Mills et
al, 198 1). An in vitro study using Chinese hamster cells showed that zinc is involved in
glutathione rnetabolism, as zinc increased the activity of glutathione transferase, an
enzyme involved in the synthesis of GSH (Seagrave et al. 1983). More recently it has
been shown that metallothionein, a zinctontaining protein. is redox regulated and that a
natural oxidative chernical process mobilizes zinc fiom metallothionein. implicating a

role for glutathione in zinc metabolism (Maret, 1994). In metallothionein, zinc is bonded
to the sulfhydryl groups of a number of cysteines. It has been postulated that the release
of zinc is initiated by the S-thiolation of the cysteine-metal ligands in metallothionein,
caused by a reaction with the disulfide form of glutathione (GSSG)(Maret, 1994).
These studies suggest that there is a relationship between zinc and glutathione which may
affect the T-lymphocyte signal transduction pathway, and ultimately the ceIl cycle
progression of T-lymphocytes.

Zinc Finger Proteins
Cysteine is an important structural component of a class of proteins called zinc
fingers, which "have in common the property of binding zinc ions in order to stabilize the
structure of a small autonomously folded protein domain" (Klug & Schwabe, 1995).
Zinc finger proteins are composed of a zinc ion in association with four cysteine amino
acids, or any combination of cysteine and histidine amino acids, forminç a finçer-like
module (Figure 2). Zinc fingers function in binding transcription facton to DNA and
regulate the expression of many genes (Evans & Hollenberg, 1988). The role of zinc in
these proteins is purely stmctural, but is crucial for the DNA binding properties of
transcription facton. The first transcription factor to be identified as a zinc finger protein
was TFIM from Xenopus laevis oocytes, which is responsible for activating transcription

by RNA polymerase (Vallee & Falchuk, 1993). Conclusive evidence supports the

requirement of zinc for DNA binding of TRIIA. Removai of zinc fiom the zinc finger
protein by chelation agents disnipts DNA binding. It is not known how dietary zinc
deficiency affects the function of zinc finger proteins.

Due to the close interrelationship between cysteine and zinc in the structure of
zinc finger proteins, it may be postulated that dietary zinc deficiency, which results in
decreased available zinc, and PEM, which results in decreased available cysteine, may
adversely affect the structure of zinc finger proteins. This would result in disniption of
DNA binding of transcription facton, ultimately intedering with transcription.

Cell Cycle Progression

The process of ce11 division involves one ce11 dividinç into h o daughter cells by
the serial progression through precisely controlled phases of the ce11 cycle (Figure 3).

These phases are called the resting phase (Go),the fint gap phase (G]),
the DNA
synthesis phase (S), the second gap phase (GL)
and mitosis (M). Cells in Go phase are
quiescent, non-proliferating cells. The cells require activation and certain growth factors
to enter the G,, or first gap, phase of the ce11 cycle, during which rapid protein synthesis
takes place. The transition from GIphase to the S phase, or DNA synthesis phase, is
critical, as it represents a commitment by the ce11 to ce11 division. Progression facton

such as IL-? and insulin-like growth factor-1, are required for the ce11 to enter the S
phase. Beyond this critical point, no further extemal facton are required, so the ce11
should progress through the rest of the ce11 cycle unimpeded This critical S phase is
followed by a second gap, or Gt, phase. The final phase is called the M phase because
this is when mitosis occurs. (Reddy, 1994).

Zinc and Ce11 Cycle
Zinc is known to be an essential trace element necessary for ce11 proliferation, as
it is a cofactor for vanous enzymes involved in DNA transcription and translation, such

as thymidine kinase (Prasad, 1996). Both dietary zinc deficiency in animals and
decreased zinc availability in ce11 cultures resulted in decreased thymidine kinase
activity. It seerns likely that regulation of the expression of this enzyme is closely linked
to the requirement of zinc dunng gowth of animal cells (Chesters et al, 1993).
Zinc is essential for DNA synthesis and cell proliferation. Decreased production
of interleukin-2 (IL-7)or decreased responsiveness to IL-2 may also be a contrîbutinç
factor to decreased ce11 proliferation and immune function in zinc deficiency, as zinc
deficient animals have been shown to have impaired a-2 production (Mengheri et al,
1995; Moulder and Steward, 1989; Dowd et al, 1986) .
Ce11 culture studies using '~-th~midine
incorporation strongly suggest that zinc is
required for ce11 cycle progression of lymphocytes based on the percentage of
proliferating cells. ZnCIz has been shown to have an in vitro mitogenic effect in cultures
of splenic lymphocytes fiom C57BU6 mice in the presence of ?-ME and ConA (Pocino

et al, 1992).
A audy by Chesters and colleagues (1993) using a ce11 line showed that growing

cells have a significant reduction in 3~-thymidineincorporation in the cultures not
supplemented with zinc, which was reversed by zinc supplementation. Lack of zinc not
only decreased 3~-thymidineincorporation, but also decreased thymidine kinase mRNA.
Results of this experiment suggest that there are at least two zinc-dependent steps prior to

DNA synthesis.

It was also suggested that the zinc finger proteins involved in

transcription of the mRNA may have been advenely affected by the zinc deficiency.
A Iimited number of studies have

addressed the problem of decreased

proliferation more specifically, by looking at the effect of zinc deficiency on the various

phases of the ce11 cycle using the flow cytornetric technique. Some expenments did
show indirectly that zinc is required in the DNA synthesis phase, or S phase, of the ceIl
cycle, as addition of a chelator to cells in culture resulted in a reduction in DNA synthesis
which can only be reversed by addition of the zinc to the culture (Chesters et al, 1989).
Chesters and coworkers (1989) used a ce11 line (3T3 cells) of which the ce11 cycie has
been extensively studied and the timing of many crucial events preceding the entry into S
phase have been detennined. They found that addition of a zinc chelator inhibited
thymidine incorporation by up to 90% and that only the addition of zinc was effective in
reversing this effect. The major requirement for zinc was timed to be after stimulation of
quiescent cells and before the start of S phase. There was also an indication that zinc is
required for the transition from GIto S phase. Another study by Chesters and Boyne
( 1991 ) also suggested that

zinc is required for the progression of untransformed cells into

S phase. As a result, the onset of S phase will be delayed.
There is very limited data regarding the effects of dietary zinc deficiency and cell
cycle progression, particularIy in regard to the specific phases of the cell cycle. One
study was found in which the effect of zinc deficiency on ConcanavalinA (Coruî)
induced rat spleen lymphocyte proliferation was evaluated (Kramer, 1984). This study
found that zinc deficiency only caused minor changes in mitogen-induced proliferation.

Numerous other studies were found which investigated the effects of dietary zinc
deficiency on the production of iL-2 in culture. Decreased I L - production may be an
indication of delayed onset of S phase, as IL-2 is a progression factor. The majority of
studies regarding the effect of zinc deficiency on IL-2 production and function support
the argument that dietary zinc deficiency causes a decreased IL-2 production (Mengheri
et al, 199% Tanaka et al, 1990: Moulder & Steward, 1989; Dowd et al, 1986).
More research is needed regarding the effect of dietary zinc deficiency on TI!mphocyte proliferation, and more specifically, on the effect of dietary zinc deficiency
on the various stages of the ce11 cycle.

Glutathione and Cell Cycle
There is considerable evidence that glutathione is required for cells to progress
through the ceIl cycle. Most research supports the view that glutathione is required for
an early event in ce11 activation (Kavanagh et al, 1990) and that it is required for cells to
enter S phase (Messina, 1989; Iwata et al, 1994; Poot et al, 1995). Kavanagh and
coworkers ( 1990) soned cells on the basis of glutathione content and showed that cells
with high glutathione content had a higher percentage of cells capable of entering the ce11
cycle than cells with a low glutathione content. A more recent study (Iwata et al, 1994)
also showed that cells in a thiol fiee media arrested in the GdG, phase of the ce11 cycle.
Hamilos and colleagues (1991) found that it is in the Iate activation stage that
glutathione is involved, as the early activation events (ie. early Go - G1)such as IL-2
production and IL-2 receptor expression are not affected by glutathione depletion.

Therefore, they suggest that a low cellular glutathione content does not affect the ce11
cycle through an effect on IL-2, but by some other means.

Figure 1. Oxidation and reduction of glutathione.
(Source: Deneke & Fanburg, 1989)
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Figure 2. Proposed mode1 of zinc finger proteins.
(Source: Rhodes & Klug, 1993)
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Figure 3. Ceil cycle model.
(Source: Reddy, 1994)

n. STUDY RATIONALE
The study of the effects of dietary zinc deficiency has received much aîtention
over the past 30 yem, and although a lot of progress has been made in this ares there
still are many questions to be answered. Due to the fact that zinc deficiency is ofien
associated with PEM, it is important to study these two deficiencies in conjunction, as
well as separate deficiencies. With the use of the advanced technology that is currently
available, such as flow cytometry, and the increasing availability of various antibodies.
hopefully more questions wiIl be answered regarding the molecular mechanism of zinc
function.
Based on experiments using 'H-thymidine, a method commonly used to indicate
the percentage of proliferating cells within a culture, zinc has been s h o w to be required
for ce11 cycle progression. Zinc is required for DNA synthesis, as zinc deficiency has
been shown to advenely affect the activities of enzymes involved in DNA synthesis, such
as thymidine kinase (Prasad, 1996). However, decreased zinc metalloenzyme activity has
generally not explained the signs of zinc deficiency at a molecular level. It is also
possible that zinc deficiency may affect ce11 proliferation through the involvement of zinc
in the structure of zinc finger proteins, which are found in the T-lymphocyte signal
transduction pathway. Thus it is hypothesized that dietary deficiencies of zinc a d o r
suifur-arnino acids may adversely affect the progression of T-lymphocytes through the
cell cycle via zinc and glutathione statu affecthg the fûnction of zinc finger proteins.

The overall objective of this thesis was to investigate the effects of dietary zinc
deficiency and PEM, alone and in combination, compared to a control group fed a
nutritionally adequate diet, on murine splenic T-lymphocyte ce11 cycle progression and T-

lymphocyte subpopulations, irnrnunologîcal parameten (spleen weight and the number of
splenocytes/spleen)and zinc status (senun and femur).

The specific objectives regarding ce11 cycle progression were to determine which
stage of the ce11 cycle of T-lymphocytes is affected by dietary deficiencies of zinc and
protein, alone and in combination. and also to manipulate the th01 status of the culture
by the addition or elimination of 2-ME.

These objectives address hvo different

components of interest. The one component involves studying the effect of dietary
manipulation of zinc and thiol status on the ce11 cycle, while the other comportent
involves studying the eEect of in vitro thiol manipulation of the ce11 culture conditions,
the combination of which may provide interesting information regarding the role of zinc
and thiol in the ceIl cycle. In order to study the ce11 cycle in this specific nature, a fiow
cometry procedure for BrdU incorporation into munne splenic T-lymphocytes in
culture had to be optimized, as the procedure for BrdU incorporation varies wïth different
cell types. (See Method Development section in Appendix A for more details.)
Previous studies have addressed the effect of dietary zinc deficiency and its
effects on the mitogenic response of T-lymphocytes in culture. However, these studies
used a method involving the incorporation of 3~-thymidine
into the DNA of proliferating
cells and measuring the total 3~-thymidine
content of cells to detemine the percentage
of pro1i ferating cells. This method provides a general indication of proliferation, but
gives no information as to which specific stages of the cell cycle are affected by the zinc
deficiency. Studies using ce11 lines have shown that zinc is required in culture for the

progression of cells into S phase, or the DNA synthesis phase, of the ce11 cycle. Flow
cytometry analysis of cells that have been cultured in the presence of BrdU and stained

with a flourescent-labeled anti-BrdU aniibody and propidium iodide can be used to study
ce11 cycle progression in more detail. This type of analysis has not been used to study

spleen cells originating from mice fed diets varying in their nutritional content.

III. MATERIALS AND METHODS
Animals and Diet
Fernale C57BU6 mice (Charles River Laboratones, St. Constant, PQ) were
obtained at 8 weeks of age. They were housed in pairs and fed nutritionally complete
standard mouse chow until they reached immunological maturity at approximately 4
months of age. At that time they were weighed, randomly assigned to one of five
treatment goups and transferred to stainless steel hançing cages with wire mesh bottoms.
The mesh bottom limited recycling of zinc by allowing feces and urine to drop to the tray
of shaving belowv- Also, to reduce zinc contamination, al1 mice on Zn deficient diets
were housed on the upper rows of the cage rack. The mice were housed individually
during the study under conditions controlled for temperature ( 21- X ° C ) , humidity (55%)
and light cycle (14 hours Iight/lO houn dark). AI1 mice had fiee access to distilled water
which t a s provided in plastic bonles with stainless steel sipper tubes. The mice were
fed their respective dietary treatments for a period of 4 weeks, during which time they
were weighed weekly, except for the mice in the energy restncted group, which were
weighed daily. Animal care was provided in accordance with the protocol approved by
the Local Animal Care Cornmittee (University of Manitoba).

Two feeding trials were conducted due to the fact that each mouse spleen did not
provide enough celIs for al1 analysis procedures planned and also because ce11
preparation had to be performed on the same &y as termination, as the cells could not be
fiozen. Also due to the fact that a limited number of samples could be analyzed on a
given &y, the mice in each experiment were started on the experirnental diets in a

sequential manner. Five mice were started on each day (one mouse fiom each treatrnent
moup), and only twvo groups were started each week For Experiment 1, the sample size

c.

was 7. For this experiment baseline mice were terminated at the time that the first group

of mice were transferred to the treatment diets. Seven mice were randomly selected to be
teminated to represent the baseline levels for the parameters measured. For Experiment

2. the sample size was 8 and baseline parameters were not measured.
The acclimatization protocoi for the two experiments vaned slightly. In the fint
expenment, the mice assigned to treatment groups were transferred directly from the
shoebox cages cvhere they were receiving standard pelleted chow to the hanging cages
where they started receiving powdered treatment diets. However, due to the rather large
weight loss observed in the first week on the treatment diets, the method was altered for
the second experiment in an attempt to acclimatize the mice to the hanging cages prior to
introducing treatrnent diets. Therefore, in Expenment 2, the mice were weighed and
randomly assigned to treatment groups at 4 months of age and then transferred to hanging
cages in which they were fed powdered control diet for one week. Afier the one week
acclimatization period, mice were weighed and transferred to clean hanging cages and
fed their respective treatrnent diets for 4 weeks.
The dietary treatment groups included: ZnDF&LP (cl ppm zinc, 2% protein),

ZnDF (4 ppm zinc, 15% protein), LP (30 ppm zinc, 2% protein), and CTRL (30 ppm
zinc, 15% protein). One treatment group, referred to as the energy restricted (ER) group,
was fed the nutritionally complete control diet (30 pprn Zn, 15% protein) in restricted

amounts, in an attempt to match the average weight gain or loss of this group with that of

the ZnDF mice. The rationale for including this group is that zinc deficiency over a

prolonged penod of time has been s h o w to cause a decrease in appetite. Therefore, the
ER çroup w a s rneant to serve as a control group for the ZnDF group to interpret whether
differences seen are due to zinc deficiency per se or whether they are a result of
decreased energy intake.
The mice were fed powdered diets based on the AM-93M formulation (Reeves,
1993). A11 groups, aside from the ER group, were allowed to feed ad libitum from glas

jars. The ER goup \vas fed a weighed amount of control diet (2.54.0 g) in glass jars.
Diet ingredients were purchased from Harlan Teklad (Madison, WI), with the exception

of the soy oil (Vita Health, Winnipeg, MB). The diet composition is shown in Table 1.
The A ~ content
c
of the diets was verified by atomic absorption spectrophotornetry as

described under the zinc analysis section.

Tissue Collection
Mice were teminated by carbon dioxide asphyxiation at the end of the 4 wveek
feeding trial, followved by cervical dislocation according to the Guide to the Care and Use
of Expenmental Animals (Canadian Council on Animal Care, 1993). The animals were
weighed and decapitated for the collection of trunk blood. The blood was stored on ice
prior to centrifugation ( 1290 x g for 15 minutes at 4OC, Beckman Mode1 TJ-6 centrifuge,
Mississauga, ON). Spleens were removed by aseptic technique and weighed. Splenocyte
preparation wvas conducted immediately. The hind legs were dissected and k e n at
20°C for femur zinc analysis.

-

Splenocyte Preparatioo
Al1 reagents (molecular biology grade) were purchased from Sigma Chernical
Company (St Louis, MO), with the exception of acid solutions, solvents and standard
laboratocy materials which were purchased from VWR Canlab (Mississauga, ON) or
Fisher Scientific (Nepean, ON), d e s s otherwise specified

Splenocytes (i.e. a

suspension of mononuclear cells) were prepared by discontinuous gradient centrifugation
using Lympholyte M (Cedarlane Laboratories, Homby,ON) under aseptic conditions in a
Nuaire biological tissue culture hood (Plymouth, MN). Spleens were placed in a round
petri dish containing 5 ml of either sterile phosphate buffered saline (PBS) pH 7.4 (80.0

g/i NaCI, 2.0 g/l KCI, 1 1.5 g/l Na2HP04 -0,

2.0 g/l W P O 4 ) supptemented with 2%

bovine fetal calf s e m (FCS, Gibco BRL, Life Technologies, Burlington, ON) for
Experiment 1 or sterile RPMi-1640 media (Gibco BRL) for Experiment 2. Spleen cells
were removed by gentiy scraping frorn the spleen using two bent sterile needes. The
spleen sack was discarded and the cells, which included mononuclear and
polymorphonuclear cells, erythrocytes and dead cells, were suspended in the RPMI- 1640.
This ceii suspension was gently layered over 5 ml Lympholyte M in a 15 ml plastic
conical Falcon tube and centrifuged at 1500 x g for 20 minutes at room temperature
(Beckman

GS-6

centrifuge). Centrifiigation

over

Lympholyte

M

reduces

polyrnorphonuclear cells, erythrocytes and dead cells by about 80%, as these cells are
pelleteci, while the mononuclear cells (which contains the T-lymphocytes of interestJare
suspended in an interphase layer. This interphase layer was removed using a giass pipet.

To label cells for flow cytometq in the fint experiment, the erythrocyte
contamination was m e r reduced by resuspending the cells from the interphase layer in

2 ml of Tris-buffered ammonium chioride solution (working solution 90 ml 0.16 M
W C L , 10 ml 0.17 M Tris pH 7.65; adjusted to pH 7.2) and gently inverting for

approximately 2 minutes.

This promotes erythrocyte lysis, leaving a more pure

mononuclear suspension. The ce11 suspension \vas then diluted with 3 ml PBS/2% FCS

and centrifuged at 400 x g for 10 minutes. This step was repeated once more to further
reduce the erythrocyte population. The cells were washed once at 400 x g for 10
minutes and resuspended in a known volume (2-6 ml) of PBS/Z% FCS for ceIl counting.
For the ce11 culture work conducted in Expenment 2, the erythrocyte lysis step
with Tris-buffered ammonium chiotide

tas

ornitted

Afier centrifugation with

Lympholyte M, the interphase layer of mononuclear cells was removed and resuspended
in 8 ml RPMI-1640. The RPMI- 1640 ce11 suspension was centrifuged at 400 x g for 10
minutes at room temperature.

The supernatant was discardeci, the ce11 pellet \vas

resuspended in 8 ml RPMI- 1640 and the centrifugation was repeated. The cells were then
resuspended in a known volume ( 1-6 ml) of RPMi- 1640 for ce11 counting.
The total nucleated spleen ce11 count was determined using an A 0 Bright-Line
Hemacytometer (Amencan Optical Corporation, Buffalo, NY) following the directions
provided for the counting of white blood cells. A 1O pl aliquot of the ce11 suspension was
added to 990 pl of 5% acetic acid (dilution factor = 100). The purpose of the acetic acid
was to lyse any remaining erythrocytes present in the sample, leaving only mononuclear

cells visible, thus simplimng ce11 counting. A 10 pl aliquot of the acetic acidkell
suspension was loaded ont0 each counting charnber.

Calculation:
Average ce11 count x dilution factor (100) x 10 (0.i mm depth) x 10'

=

total # cells

Cells were also counted using the trypan blue exclusion method to determine ce11
viability. Trypan blue is a dye which is taken up by nonviable cells and excluded by
viable cells. Therefore, cells that appear clear and unstained are counted as viable cells
while cells that appear blue are counted as non-viable cells. Splenocyte preparations for
both expenments had >95% viable cells, and were adjusted to 1x10' viable cells/ml using
RPMI- 1640.

Determination of T-Lymphocyte Subpopulations
i) Cell labeling

Two-color 80w cytornetry was used to determine the percentages of the various
subpopulations of T-lymphocytes (ie. CM',

C D ~ 'and ~

~ and3also 3to determine the

percentage of unstimulated T-cells expressing CD25, or IL-? receptor. The procedure
descnbed below was conducted in dirn lighting b e c a w of the light-sensitive nature of
the flourescent antibodies. Following the splenocyte preparation previously described,
100 pl of the splenocyte/PBS/I% FCS suspension was aliquoted into 1.5 ml
microcentrifuge tubes ( 1x 1o6 cells/tube) and incubated with 0.5 pg of the appropriate
antibody or isotype control for 40-60 minutes at 4OC. Antibodies and controls used
were: fluorescein (FITC)anti-mouse CD25 (clone PC6 1.5.3) with RTC rat IgG 1 control
(clone LO-DNP-1, Serotec Ltd, Oxford, England); FITC anti-mouse T3 complex C D ~ E

(clone 145-XII) with RTC hamster IgG control; R-phycoemn (PE) anti-mouse Ly2
(CDSa, clone YTS 169.4) with PE rat IgG2b control; Tricolor anti-mouse CD4 (clone

CT-CD4)with Tri-Color rat IgGZa control. Al1 antibodies and controls were supplied by
Cedarlane Laboratories Ltd, (Homby, ON) unless otherwise specified. The sample
combinations for two-color andysis were: CD8ICD3, CD4/CD3, CD8/CD25 and
CD4CD25 and their respective control samples.

Following incubation with the

antibodies, 400 pl of cold PBS/O.S% BSA was added to each sample. The samples were
then centrifuçed at 14 000 RPM (Eppendorf 54 14 centrifuge) for approximately 2
minutes. The supematant fraction tvas then carefully aspirated and the pellet was
resuspended in 400 pl of PBS/O.5% BSA and the centrifugation was repeated. The
supematant fraction was again carefully aspirated and the cells were resuspended in a
fixation solution of 1% parafonnaldehyde in PBS (pH 7.2). The cells were then stored at

4°C ovemight and transported the next moming to the Flow Cytometry Laboratory at the
University of Manitoba (Bannatyne Campus) for analysis.

ii) Flow cytometry analysis

Flow cytometry analysis was performed using an EPICS 753 ce11 sorter (Coulter
Electronics Canada, Inc, Burlington, ON) with argon ion laser excitation set at 488 nm
(500 mW). The three flourescence emissions were fint split with a 590 nm dichroic

shon pass filter, and the reflected Tri-Color flourescence detected through a 665 nrn long
pass filter. The remaining transmitted flourescence was m e r split with a 550 nm
dichroic long pass filter with the RTC and PE flourescence signals detected through a
525 nm and 575 nm band pass filters respectively (Figure 4). Control histograms were

derived from ce11s treated with isotype matched reagents while color compensation
adjustrnents were based on test sarnples stained with each of the three flourochromes
separately. Forward venus side light scatter histograms were collected in order to
identifL and set up bit map gates for single intact lymphocytes; al1 flourescence
histograrns were based on 5000 gated events. Analysis was performed using the Quadstat
analysis program included in the instrument operating system.

The lymphocyte

population \vas gated on in order to determine the percentage of lymphocytes that were
CD3+. The percentage of CD4+ and CD8+ T-cells was determined by gating only on the

CD3+ cells.

Cell Cycle Analysis by BrdU Incorporation and Flow Cytometry
Bromodeoxyuridine (BrdU) is a uridine derivative and an analog of thymidine
that can be incorporated into DNA in place of thymidine. Anti-BrdU is an antibody that
is used to detect the BrdU that has been incorporated into DNA of cells that have
undergone DNA synthesis in the presence of BrdU. The proportion of cells in the Sphase of the ce11 cycle c m then be determined by flow cytometry. When BrdU and antiBrdU are used in conjunction with propidium iodide (PI), which stains for total cellular
DNA, the GdGI,
S and G 2 Mphases of the ce11 cycle are clearly distinguishable by flow

cytorntery.

i) Culturing cells

Complete growth medium was prepared under sterile conditions according to the
following

recipe:

87.7%

RPMI- 1640,

10%

heat-inactivated

FCS,

1%

penicillin/streptomycin, 0.33% Zmercaptoethanol (0.0 15 16M) in PBS. Growth media
deficient in 7-mercaptoethanol contained the sarne components, except for a slight
increase in RPMI- 1640 (88%), as it replaced the 2-mercaptoethanol. Medium ( 1.90 ml)
added to each well of a 34-well tissue culture plate (Falcon #3047,Becton Dickinson).
An aliquot of 100 pl of ceil suspension (approximately 3 x 1 0 ~cells) was added to each

well. After al1 cells were plateci, ConA was added to stimulate the T-lymphocytes (other
than wells intended to be unstimulated) at a concentration of 5 pg/ml (ie. lOpVwel1 of a
lpg/pl solution). Plates were then covered and incubated at 37OC and 5% CO2 (Napco

incubator, mode1 54 10, Precision Scientific, Chicago, IL). After 44 houn of culture, 40
pl of 1 m M (BrdU) were added to each well (final concentration of 10 PM), and the

incubation continued for another 4 hours.

ii) Harvesting cells

Ceils were harvested from culture 4 hours after the addition of BrdU (total of 48
hours of culture). The media was carefully removed from the wells with a pi pet and 1 ml

of ce11 dissociation solution (C 14 19, Si-ma Chernical Co., St. Louis, MO) was added to
each well. The plate wvas allowed to sit at room temperature for 5-10 minutes, during
which time each well was gently scraped with a plastic cell scraper to aid in removing
adherent cells fiom the bottom of the plate. Then the contents of the wells were
transferred to 15 ml plastic conical Falcon tubes and

1 ml PBS/I% bovine semm

albumin (BSA) was added to each harvested sample. For the stimulated samples, four
wells were plated per mouse. Upon harvesting the cells, these four wells were combined
and two 1 ml aliquots were transferred to separate tubes to serve as duplicate samples.

For the unstimulated wells, one weI1 was plated per mouse, therefore, each well
represented one sample.

iii) Procedure for staining with anti-BrdU
The method used for ce11 cycle analysis t a s based on the procedure by Becton
Dickinson (Source book section 3.80.1). The harvested cells were centnfbged in the ce11
dissociation solution/PBS/I% BSA solution for 15 minutes (500 x g) at room
temperature. The cells were resuspended in 100 p1 of normal saline and placed on ice.
Prior to starting this procedure, 5 ml of 70% ethanol had been aliquoted into 15 ml
plastic conical Falcon tubes and stored at -20°C. At this stage, the cells suspended in
normal saline were slowly added, a few drops at a time, to the cold ethanol while
maintaining a vortex. The tubes were then incubated on ice for 30 minutes, followed by
centrifugation at 500 x g for 10 minutes at 10°C. The supernatant fraction was carefully
aspirated, and the pellet was resuspended by adding 500 pl of 2 N HCI with 0.5% Triton

X-100, a few drops at a time, while maintaining a vortex. The samples were incubated at
room temperature for an additional 30 minutes and subsequently centrifuged at 500 x g
for 10 minutes at room temperature. The cells were resuspended in 500 pl of 0.1 M
Na2B407 10H20, pH 8.5 and centrifûged at 500 x g for I O minutes. Following this
centrifugation, the cells were resuspended in 50 pl of PBS/l% BSA and transferred to 1.5
ml plastic microcentrifuge tubes. Al1 procedures afier this point were carried out in dim
lighting to preserve the flourescence of the antibody. To eact tube, 20 pl of FITCconjugated Anti-BrdU (Clone B44, Becton Dickinson, San Jose, CA) was added and the
simples were incubated at room temperature for 30 minutes. The cells were then

centnfuged at 14 000 RPM (Eppendorf 5414 centrihge) for approximately 1 minute, and
resuspended in 300 pl of PBS containing 5 pg/ml of propidium iodide. The samples
were then transferred on ice to the Flow Cytornetry Lab at the University of Manitoba
(Bannatyne Campus) where they were analyzed within 3 houn.

iv) Flow cytometry analysis

Flow cytometry analysis was performed on an EPICS 753 ceIl sorter (Coulter
Electronics, Inc) wïth laser excitation set at 488 nm (500 mW). F o m r d vs. side light
scatter histograms were used to gate on intact cells and eliminate debris, while peak vs.
integated propidiwn iodide derived flourescence signals were used for doublet
discrimination gating (Figure 5 a-d). The flourescence signals derived from each ce11
were split with a 550 nrn dichroic long, with the PI and FITC signals detected through
630 nrn long pass and 575 nm bandpass filters, respectivley (Figure 6).

Bivariate

flourescence histograrns of 64x64 channel resolution were based on 5000 events
satismng the light scatter and doublet discrimination gating criteria. Ce11 cycle
deteminations were perfonned using the Quadstat analysis program included in the
instrument operating system.

Analysis of Zinc Status
Zinc content of femur, serum and treatment diets was assessed by atomic
absorption spectrophotornetry. A scalpel blade was used to remove al1 musculature and
connective tissues from thawed femurs. A technique referred to as wet-ashing was used

to digest femun and diets (Clegg et al, 1981). Wet weights of the femurs were taken
prior to drymg for 48 houn in an 85°C oven. Pyrex tubes were soaked in a 1520% nitric
acid solution for a minimum of 24 hours to remove traces of zinc fiom the tubes and
rinsed with distilled, deionized water. Each femur was placed in a tube containing 1 ml
70% nitric acid and ailowed to digest for 24 houn at room temperature, followed by
heating for 48 hours at 8S0C. The digested femurs were then diluted to 20x with
distilled, deionized water and analyzed by atomic absorption spectrophotometry, using a
Spectra AA-30 Spectrophotometer (Varian Canada, Georgetown, ON).

Femur zinc concentration calculation:
Sam~lezinc concentration (udml) x dilution factor (2) x volume ( l Oml) = Femur zinc pg/g
dry weight
Femur dry weight (g)

Diets were analyzed for zinc content by digesting I g of each diet in 2 ml 70%
nitric acid at room temperature. Zinc deficient diets were diluted 5x and zinc-adequate
diets were diluted 50x with distilled, deionized water prior to analysis.
S e m zinc was assessed directly by a 10 to 20 fold dilution of the sample.
Approximately 100 pl of sample was required, and thus some samples were pooled.

Serum zinc concentration calculation:
Sarnple zinc concentration (pg/ml) x dilution factor

=

Serum zinc pglrnl

Zinc standards (0.1-1 ppm) were prepared fiom zinc atomic absorption standard
(1000 ppm, # H595-01 Mallinckrodt, Paris, Kentucky). Quality control was monitored
by digesting 0.1 g bovine liver standard reference materid 15771, (U.S. Department of

Commerce, National Institute of Standards and Technology, Gaitheaburg, MD) in 1 ml
70% nitric acid and preparing according to the protocol for femurs.

Statistical Analysis
Analysis for main effects l a s perforrned using one-way ANOVA (SAS s o h a r e
release 6.04, SAS Institute, Cary, NC). Significant differences among weekly weights
were determined by repeated mesures ANOVA. For procedures where one block of
samples was analyzed per day, the model statement tested for main effects of diet and
day. There was no significant main effect of day for al1 variables analyzed with the
exception of some cell cycle analysis results. Significant main effects of day were found
for stimulated samples cultured with 2-ME for Go phase, early S phase, Iate S phase and
mitosis. For stimulated samples cultured without 2-ME, significant main effects of day

were noted for Go phase and late S phase.

If no main efEect of day was found, then

ANOVA kvas repeated with a model statement including oniy diet, in order to increase

the nurnber of degrees of Freedom available for mean square error. For ce11 cycle data,

analysis of main effects also included treatment (ie. +2-ME versus -2-ME) and
stimulation (ie. stirnulated venus unstimulated). When diet was a sigiiticant main
effect, significant differences between means were determined using Duncan's multiple
rangc- test. Differences were considered significant at pc0.05.

Table 1
Diet Formulation ( g k g diet)'

Ingredient

CTRL

Dextrose
Egg white
Soybean oil
Mineral mix (zinc freef
Vitamin mix4
Choline
Zinc premix5
1

Diet ingredients were purchased from Harlan Teklad (Madison, WI) with the exception
of the soybean oil (Vita Health, Winnipeg, Manitoba) and the dextrose (Moonshiners,
Winnipeg, MB).
2 ~ n ~ ~ deficient
& ~ ~& 2%
= protein.
~ n ZnDF=Zn deficient. LP=2% protein. ER=energy
restriction, CTRL=control.
3 ~ ~ ~zinc
- 9free
3 minerai rnix (Harlan Teklad).
4
AIN-93 vitamin mix (Harlan Teklad).
'zinc premix (11.55 g zinc carbonate11000 g dextrose).
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Figure 4. Diagrammatic representation of the use of Tilters to detrct fliiorescein isothiocyanate (FITC),Tri-Color and phychoerythrin
(PE) by flow cytometry. See text for dctails.

Forward angle light scatter

Integrated red flourescence

Integrated red flourescence

lntegrated red fiourescence

Figure 5. A) Histograrn plotting 90° angle Iight scatter (an indication of ce11 granularity)
versus forward angle light scatter (an indication of ce11 size). Gate 1 is set to identiS

intact cells and to eliminate much of the cellular debris. B) Histogram plotting peak red
fluorescence versus integrated red fluorescence. This histogram is based only on cells
that met the criteria established by Gate 1 of histogram A. The red fluorescence is a
result of staining DNA with propidium iodide (PI). Gate 2 is set to include single cells
stained with PI and to discriminate against doublets. C) Histograrn plotting the log of

the integrated green fluorescence venus the integrated red fluorescence of cells stained
with PI. This histogram is based on cells that have met the criteria of both Gate 1 and

Gate 2. Division of histogram C into quadrants provides information regarding the
percentage of cells in each phase of the ce11 cycle.

D) Histogram of cell number versus

integrated red flourescence. This histogram is based on cells that have met the criteria of
both Gate 1 and Gate 2.
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Figure 6 . Diagrammatic representation of the use of filten to detect flourescein
isothiocyanate (FITC) and propidium iodide (PI) by flow cytometry. See text for details.

IV. RESULTS

Experiment 1
Assessrnent of Malnutrition and Zinc status

Weight loss is a general indicator of malnutrition and Zn deficiency and was
evident in al1 four deficiency groups when compared to the CTRL group at week 4.
Figure 7 graphically displays the weekly weights for mice in Experiment 1. Values for
the means t the standard error of the mean for the weekly weights are presented in
Appendix B. AI1 treatment groups experienced weight loss during the fint week of the
experiment, when moved from group housing (3 micekage) in mouse boxes and a
laboratory chow diet, to individual housing in stainless steel mesh-botîom cages and a
powdered diet. Even though the ZnDF&LP, ZnDF and LP groups weighed less than the

CTRL and ER groups after week 1, there were no significant differences in wveight until
the second week of the feeding trial, at which time the ZnDF&LP and LP groups weiçhed
significantly less than the CTRL group. The ZnDF&LP & LP groups continued to lose
weight, and by the third and fourth week of the experiment, their body weight was also
sigiificantly different corn the ZnDF and ER groups. In addition, two mice receiving the

ZnDF&LP diet became so severely malnounshed that they had to be terminated prior to
the end of the experiment. By week 4, al1 deficient groups had signiticantly lower
average body weights than the CTRL group.
At baseline, the mean body weight was 23.4 g. At the end of the experiment, the

CTRL group had just regained the weight loss experienced during the initial week of the

experiment (2.7 g). See Appendix B.

None of the four deficient groups were able to

gain the Iost weight.
Zinc status was assessed by measuring semm zinc concentrations which are
presented in Table 2 and Appendix C. Both the ZnDF&LP and the ZnDF groups had
significantly reduced serum zinc concentrations (54.4% and 50.9% lower than the CTRL
respectively) compared to the other three groups. The LP and ER groups did not have
significantly different semm zinc concentrations than the CTRL group.

Assessrnent of Immunological Parameters

Two indicaton of decreased immunological status are a decrease in spleen weight
and a decrease in spleen ce11 (splenocyte)numben. Effects of dietary treatment on these
parameters are presented in Table 3 and Appendix D. Although there were no significant
differences among the deficient groups in regards to spleen weight, al1 four deficient
groups experienced a significant decrease in spleen weight compared to both baseline
and CTRL groups. The ZnDF&LP group had the largest decrease (50.7%) in spleen
weight compared to the CTRL group. The same trends were observed when spleen
weight was expressed as a percentage of total body weight. AI1 four deficient groups had

a significantly lower percentage of spleen weight compared to body weight than the
baseline and CTRL groups, with the Iargest decrease (36.7%) observed in the ZnDF&LP
grouPSplenocyte counts (splenocytes/spleen x 108) of the ZnDF&LP group were
significantly lower (54.4%) than the CTRL group. Although the Z n D I LP and ER

groups had lower splenocyte counts than the CTRL group, (lower by 38.1%, 40.5% and

35.8%- respectively), these values were not significantly different from the CTRL group.

When spleen ceIl number was expressed per mg of spleen, no significant differences
were observed.

T-Lymphocyte Subpopulations
The effects of dietary treatment on the proportions of CD3+, CD4+, CDS+ and
CD25+ T-cells was detennined by flow cytometry and are presented in Table 4 and
Appendix E. The percentage of T-cells in the splenocyte preparation \vas determined by
the use of the well-known T-cell marker, CD3+. The percentage of CD3+ cells was
higher in the deficient groups (15.8%-37.7%) than in either the baseline or the CTRL
group.
Anti-CD4 and anti-CD8 antibodies were used to identify the hvo main
subpopulations of T-cells, narnely CD4+ T-helper cells and CD8+ T-suppressor/cytotoxic
cells. The percentages of CD4+ and CD8+ Tcells were expressed as a percentage of
CD3+ splenocytes. There were some differences noted among the groups in regards to
the percentage of CD4+ T-cells. The ZnDF&LP group exhibited a significantly lower
percentage of T-helper cells when compared to al1 the other groups. The ZnDF group
had a significantly Iower percentage of T-helper cells compared to the baseline group,

but was not significantly different fiom the CTRL group. There were no significant
differences among the percentages of CD8+ T-cells. The ratio of CD4+/CD8+ did not
differ significantly among the group.

The total percentage of T-cells expressing either CD4+ or CDS+ was
significantly higher in the baseline and CTRL groups compared to dl the deficient

groups. The ZnDF&LP group had the lowest total percentage of cells expressing either
CD4+ or CD8+, and this was significantly Iower than both the LP and ER groups.

There were no significant differences among the different dieîaxy groups in
regards to the percentage of lymphocytes expressing CD25 (interleukin-2 receptor).

Experiment 2
Assessrnent of Malnutrition and Zinc Status
The protocol for Experiment 2 varied slightly corn that of Experiment 1. In
Experirnent 2, the mice were acclimatized to the hanging cages and fed powdered CTRL
diet for one week before being fed their respective treatment diets. Figure 8 graphically
displays the weekly weights for mice in Experirnent 1. Values for the means

+ the

standard error of the ineans for the weekly weights are presented in Appendix B. At
baseline, the mean body weight was 33.7 g. The mean weight after acclimatization was
20.9 g (an average decrease of 2.3 g). All groups experienced a 1 3 - 2 8 g weight loss

during the acclimatization penod during which time al1 mice were fed powdered control
diet in hanging cages. By the second week of receiving their respective treatment diets.
the ZnDF&LP, LP and ER groups weighed significantly less than the CTRL group. At
weeks 3 and 4, the ZnDF&LP and LP groups weighed significantly Iess than the ZnDF
group. Two mice in the LP group were so severely maInourished that they had to be

tenninated pior to the end of the expriment-

By week four, weight loss was evident in al1 four deficient groups when compared
to the CTRL group. The

mean weight of the ZnDF group was significantly less than the

mean weight of the CTRL group at week 4. By the end of the four week feeding trial, the

CTRL group was 2.3 g heavier than at baseline (an average of 4.6 g gained after the
acclimatization period). None of the other dietaiy treatment groups returned to their
baseline weight. Of the deficient groups, only the ZnDF and ER groups recovered some
of the weight lost during the acclimatization penod, while the ZnDF&LP and LP groups
experienced continual weight loss.
Zinc status was assessed by measuring s e m zinc, femur zinc and spleen zinc
concentrations. Effects of diet on these parameters are presented in Table 2 and

Appendix C. S e m zinc represents short term zinc body pools, while femur zinc is more
representative of long terni body pools. Both the ZnDFgtLP and ZnDF groups were

found to have s e m zinc concentrations significantly lower than the CTRL and the ER
groups (44.9% and 38.5% lower respectively). The LP group also had significantly lower
semm zinc concentrations than the CTRL group (33.8% lower) but they were not
significantly different from the ER group.
No significant ciifferences were observed in femur zinc or spleen zinc
concentrations arnong the treatment groups.

Assessrnent of Immunological Parameters
Effects of dietary treatment on spleen weight and splenocyte counts for
Experiment 2 are presented in Table 5 and Appendix F. All four deficient groups had a
significantly lower spleen weight after four weeks on their respective treatment diets

when compared to the CTRL group; however, there were no significant differences
among the deficient groups. The lowest spleen weight was observed in the LP group
(37.2% lower than CTRL). When spleen weight was expressed as a percentage of total

body weighk the ER group was significantly different fiom the CTRL group, but not

significantly different from the other three deficient groups.
The only group that had spleen ce11 comts significantly lower than the CTRL
group was the LP group (50.7% less than CTRL). The other deficient groups had lower
splenocyte counts than the CTRL group (41.6%, 40.7% and 39.7%

lower for the

ZnDF&LP, ER and ZnDF groups, respectively), however, these dieerences were not
found to be statistically different When splenocyte count was expressed per mg of
spleen, no significant differences were seen among the groups.

Ce11 Cycle Analysis

The effects of dietary treatment and ?-ME treatment in vitro on the percentage of
unstimulated and ConA-stimulated murine spleen cells in each phase of the ce11 cycle are
presented in Table 6 and Table 7, respectively.

Stimulation

(+

ConA) and culture

condition (f2-ME) were found to be significant main effects ( ~ ~ 0 . 0for
5 ) al1 phases of
the ceIl cycle, cscept for mitosis, where no significant effect of culture condition was
present.

Figure 9 compares representative ce11 cycle histograms derived from

unstimulated and ConA-stimulated spleen ce11 cultures. There was no significant effect

of diet or culture condition ( S M E ) among unstimulated cultures. Since stimulated
cultures were f o n d to be significantly different from unstimulated cultures for al1
phases, al1 references to ceIl cycle analysis results d e r this point will be for stimulated
sarnples only.
Effects of dietaty treatment and 2-ME treatment in vitro on the percentage
ConA-stimulated spleen cells in each phase of the ce11 cycle are presented in Figure

The mean values i the standard error the mean are presented in Appendix G.

For

samples cultured in the absence of -ME,there were no significant main effects of diet,
however, significant main effects of day were observed for Go and late S phases. When
means testing was performed, differences among diet groups were observed only for the
mitosis phase for samples cultured in the absence of 2-ME (Figure IOe). The LP group
had significantly higher percentage of cells in M compared to al1 the other groups except
for the ER group.
Differences in the percentage of cells in each phase of the ceIl cycle among
dietary treatment groups was most obvious in the samples that had been incubated in the
presence of ?-ME. Significant day effects were found for a number of the variables,
including Go, early S, late S and total S. Accounting for the effect of day in the mode1
statement, significant main effects of diet were found for the Go phase, early S phase,
late S phase and total S phase for cells cultured with 2-ME ( ~ 0 . 0 5 ) .
S phase is also referred to as the DNA synthesis phase because this is the portion
of the ce11 cycle during which DNA synthesis occurs. Analysis of the ce11 cycle by flow
cytometry and BrdU incorporation allows the S phase to be further divided up into early
S phase and late S phase. Con-A stimulated spleen cells from the CTRL group, cultured

in media with 2-ME, had a significantly higher percentage of cells in S phase (including

both early and late S phase) than cells from the other groups (Figure 1Oa-c). The ZnDF
and LP groups had the lowest percentage of cells in S phase when compared to the CTRL
group (38.5% and 38.7% lower respectively). When the percentage of cells in S phase is
broken d o m into both early and late S phase, similar results are seen (Figure 10b and
toc). 7&F&LP, ZnDF and LP groups had significantly fewer cells in both early and late

S phase than the C'IRL group. However, there was no difference between the CTRL

group and the ER group.

The Go phase is also referred to as the restÏng phase, because cells in this stage of
the ce11 cycle are quiescent, non-proliferating cells. The ZnDF&LP, ZnDF and LP groups

had significantly more cells in the resting state when compared to the CTRL group for
cells cultured with 2-ME (Figure IOd). Following the same pattern as for the early and
late S phases, the ER group \vas not found to be significantly different from the CTRL
group regarding the percentage of cells in the resting phase.
No signiticant differences were found among the dietary groups for the
percentage of cells in mitosis when the cells were cultured with 2-ME (Figure IOe).

Figure 7. Effects of dietary treatments on weekly weights of mice in Experiment 1. Points represent
mean values for n=7, except for ZnDF & LP, where n=5. The pooled standard eror for the data set is
1.43. Significant main effects, as determined by repeated measures ANOVA, were week and diet x
week
Significantly different than CTRL for a given week. + Significantly different than ZnDF and
ER for a given week. ZnDF&LP=Zn deficient and 2% protein, ZnDF=Zn deficient, LP=2% protein,
ER=energy restriction, CTRL=control.

Table 2

Effects of dietaiy treatments on femur. serum and spleen zinc concentration in mice after 4 weeks'

Treatment ~ r o u p s *

ZnDF&LP

ZnDF

ER

LP

CTRL

Pooled

SE^
Serurn Zn (Exp 1 )4
(ugfml)

0.52'

0.56'

1.01A

1.15~

i54.3%

150.9%

?.11.4%

Î O -9%

0.75'

0.75'

0.

44.8%

44.8%

C33.a0h

t

264.1

254.8

268.2

249.4

!. 13.7%

-5 16.8%

i12.4%

A 18S0h

Spleen zn7

415.5

761.1

502.8

431.4

( u m dry

?13.5%

Î 107.9%

Î37.3%

Î 17.8%

Serurn Zn (Exp 2)'
(ugfml)
Femur Zn (Exp z
( W f gdry wt)

1

)~

1 .22A.8

1.14~

0.11

1 .36*

0.74

306.2

59.8

366.1

349.7

10.2%

Values are means and percent increase or decrease from CTRL. Main effects of diet were
significant for serum Zn in Experiment 1 and 2. Different superscript letters indicate significant
differences between means as deterrnined by Duncan's multiple range test.
'Z~DF&LP=Z~
deficient & 2% protein, ZnDF=Zn deficient. LP=2% protein, ER=energy restriction.
CTRL=wntrol.
90detemine the pooled standard error of the mean for a partiwlar diet mean. divide the pooled
standard ermr (SE) for a variable by the square root of n for that diet.
values are from mice in Experiment 1. n=3, exœpt for ZnDF&LP and CTRL,where n=2 and 4,
respectively. Values represent pooled samples.
values are from mice in Experiment 2. n=7, except for ZnDF&LP, ZnDF and LP. where n=6, 8 and
5, respectively.
%alues are from mice in Experiment 2. n=7. except for LP and ER. where n=5 and 8. respectively.
7
Values are from a separate group of mice fed accordiftg to the same protocol as for Experiment 1.
n=5 for al1 groups.

Table 3

Effects of dietary treatments on spleen weight and spleen cell numbers
in rnice from Experirnent 1 M e r 4 weeks'

Treatrnent group2

0

Spleen weight
(mg

104.0~

.

9.2"/0

ZnDF&LP

ZnDF

LP

ER

56.5'

74.9'

70.7'

73.3=

"50.7%

v

;38.3%

~36.0%

34.6%

% Spleen/Body
weight

0.45~

0.31

0.35~

0.36~

0.36'

&8.2%

136.7%

&28.6%

&26.5%

126.5%

Splenocytesl
spleen (xlo8)

1.56A.B

0.98~

1.33*-'

1.28Aa'

1.38*.'

-27.4%

.s4.40m

v3e.~0m

~40.5%

435.8%

Splenocytesf
mg spleen (xl 06)

1

1.50

1-60

1.79

1.71

118.0%

c 12.6%

~2.2%

~6.6%

1.59

CTRL

Pooled

SE^

114.5~

1.90

0.49~

0.07

2.15~

0.79

1.83

O. 70

113.1°h

Values are means and percent decrease from CTRL. n=7, except for ZnDF&LP, where n=S. Main
effects of diet were signifiant for spleen weight and spleen weight as a percent of body weight.
Different superscript letters indicate significant differences between means as detennined by Duncan's
multiple range test.
2
B=baseline, ZnDF&LP=Zn deficient & 2% protein, ZnDF=Zn deficient, LP=2% protein, ER=energy
restriction, CTRL=control.
?O detemine the standard e m r of the mean for a particular diet mean, divide the pooled standard error
(SE) for a variable by the square root of n for that diet.

Table 4

Effects of dietary treatrnents on T-lymphocyte subpopulations'

Treatment ~ r n u ~ s ~

B

Total % CD4+
and C D ~ + '
CD4+lCD8+ ratio

ZnDF&LP

ZnDF

LP

ER

CTRL

Pooled

SE^

72.7*
0%

3.8
A8.6%

1

Values are means and percent increase or decrease frorn CTRL.. n=7, except for ZnDF&LP,
where n=5. There was a significant main effect of diet for CD4+. and total CD4+ and CD8+, and a
significant main effect of day for CD3+, CD4+, CD8+ and total CD4+ and CD8+. Different
superscript letters indicate signiftcant differences between means as detemiined by Duncan's
multiple range test.
*~=baseline, ZnDF&LP=Zn deficient & 2% protein. ZnDF=Zn deficient, LP=2% protein.
ER=energy restriction, CTRL=control.
90detemine the standard e m r of the mean for a particular diet mean, divide the pooled
standard error (SE) for a variable by the square root of n for that diet,
4~xpressed
as % of total splenocytes.
'~xpressedas % of CD3+ splenocytes..
'~x~ressed
as % of total splenocytes.

Initial

Acclim

Week 1

Week 2

Week 3

Week 4

Figure 8. Effects of dietary treatments on weekly weights of mice in Experiment 2. Points represent
rnean values for n=8. except for LP, where n=6. The pooled standard error for the data set is 1.41.
Significant main effects as determined by repeated measures ANOVA were week and diet x week.
Significantly different than CTRL for a given week. # Significantly different than ZnDF for a given
week. fnDF&lP=Zn deficient and 2% protein, ZnDF=Zn deficient, LP=2% protein, ER=energy
restriction, CTRL=control. Acclim-weight after acclimatization in hanging cages fed powdered control
diet.

Table 5

Effects of dietary treatments on spleen weight and spleen cell numbers
in mice from Experirnent 2 after 4 weeks'

Treatment groupz

ZnDF&LP

'

ZnDF

LP

ER

Spleen weight4

78.1

87.8'

70.3'

73.6'

(mg)

&30.3%

121.6%

.372%

134.3%

1

CTRL

1 12 . 0 ~

Pooled

SE^

18.3

Values are means and percent decrease from CTRL. There was a significant main efFect of diet
for spleen weight, Difïerent superscript letters indicate significant differences between means as
detemiined by Duncan's multiple range test,
2 ~ n ~ ~ deficient
& ~ ~8 2%
= protein,
~ n ZnDF=Zn deficient. LP=2% protein. ER=energy restriction.
CTRL=control.
?O determine the standard enor of the mean for a particular diet mean, divide the pooled
standard etror (SE) for a variable by the square root of n for that diet.
h=8, except for LP, where n=6.
5
n=7, except for LP, ER, and CTRL, where n=4,5, and 8, respectively.

Table 6

Effects of dietary treatment and 2-mercaptoethanol treatment in vitro on the
percentage of unstimulated murine spleen cells in each phase of the cell cycle1**

Treatment
croup3

Culture Conditions

Early S

Late S

Total S

Mitosis

GO

Early S

Late S

Total S

Mitosis

91 -89

1.67

0.72

2.39

5.72

91 .O1

2.39

1 .O8

3.47

5.53

-t2.04

-t0.48

-+O33

-+0.79

-t1.35

90.40

2.42

2,77
-t0.52

91.55

3.77

4.68

20.30

-t0.66

2.90
-t0.54

0.87

20.44

1.O8
-t0.20

5.70

-t0.95

-t0.14

-t0.62

-t0.80

GO

ZnDF

CTRL

'values are means + standard error of the mean.
* ~ e s u l t sof unstimulated cultures were found to be significantly different from stimulated cultures for al1 phases of the cell cycle. For
unstimulated cultures there was no significant differences for $-ME.
'Z~DF&LP=Z~
deficient & 2% protein, ZnDF=Zn deficient, LP=2% protein. ER=energy restriction, CTRL=control.
4
For +2-ME, n=4, 3, 4, 3 & 4 and for -2ME, n=3, 2, 3,1 8 4, for ZnDF&LP, ZnDF, LP, ER and CTRL, respectively.

Table 7

Effects of dietary treatment and 2-mercaptoethanol treatment in vitro on the
percentape of ConA-stirnulated murine spleen cells in each phase of the cell cyc~e'~'
Treatme~nt
Group

Culture Conditions

-2-ME

+2-ME

Go

ZnDF

CTRL

Pooled SE'

Early S

Late S

Total S

7.38
CI 1 -4%

4.80'
4 4.2%

4.42

3.91

8.33

5.01'*~

1.73

2.27

2.61

0.99

t 7.O%

86.66

2.37

7.38'

15.82'

4.44

139.4%

138.5%

t22.70h

70.36'

13.55~

12.18~ ~ 5 . 7 2 ~ 3.62
5.41

2.66
432.0%

87.83
f 1.4%

8.44'
137.7%

2.87

Mitosis

Earlv S

?13.4%

3.21

Total S

Gn

79.7gA

5.36

Late S

Mitosis

0.99

4.73

'values are means and percent increase or decrease from the CTRL for that culture condition. Different superscript letters indicate
significant differences between means for a variable within a culture condition, as determined by Duncan's multiple range test.
2~ignificantmain effects were stimulation and culture condition for al1 phases, except for M phase, where culture condition was not
significant. When ANOVA was performed on stimulated samples only, a significant effect of diel was found for Go,early SI late S. and total
S phases for +2-ME samples. No significant diet effects were found for cells cultured without 2-ME.
'Z~DF&LP=Z~
deficient & 2% protein, ZnDF=Zn deficient, LP=2% protein, ER=energy restriction, CTRL=control.
4 ~ o+2-ME,
r
n.6, 7, 5, 4 8 8 and for -2-ME. n=4,6,4, 3 8 7, for ZnDFBLP, ZnDF, LP, ER and CTRL, respectively
5 ~ determine
o
the standard error of the mean for a particular diet mean, divide the pooled standard error (SE) for a variable by the square
root of n for that variable.

Unstimulated

Stimulated

Total DNA Content

Figure 9. Results of ce11 cycle analysis by flow cytometry: Cornparison of an
unstimulated versus a ConcanavalinA-stimdated sample. Percentages in quadrants
indicate the fraction of T-lymphocytes in each phase of the ce11 cycle. The lower lefi
quadrant represents ce11 in GO phase. The upper left quadrant represents cells in early S
phase. The upper right quadrant represents cells in late S phase. The lower right
quadrant represents cells in mitosis.

a) Total S Phase
35 )

ZnDF

CTRL

b) Early S Phase
A-

ZnDF

LP

CTRL

c ) Late S Phase

ZnDF&LP

ZnDF

CTRL

d) Gophase

ZnDFBLP

ZnDF

LP

CTRL

e) Mitosis

Figure 1Oa-e. Effects of dietary treatment and 2-rnercaptoethanol (2-ME) treatment in vitro
on the percentage of ConA-stimufated mutine spleen cells in each phase of the ce11 cycle.
Bars represent means 2 the standard error of the mean. Upper case letters indicate
significant differences between means for a variable within a culture condition, as
determined by Duncan's multiple range test. Significant main effects were stimulation and
culture condition for al1 phases, except for M phase, where culture condition was not
significant. When ANOVA was perfotmed on stirnulated samples only, a significant effect of
day was found for Go,early S, late S and total S phases for +2-ME samples, and for Go and
late S phases for -2-ME samples. A significant effect of diet was found for Go,early S, Iate S
and total S phases for +2-ME sarnples. No significant diet effects were found for celis
cultured without 2-ME. ZnDF&LP=Zn deficient & 2% protein, ZnDF=Zn deficient, LP=2%
protein, ER=energy restriction, CTRL=control. For +2-ME, n=6, 7, 5, 4 & 8 and for -2-ME,
n=4,6, 4, 3 & 7, for ZnDF&LP, ZnDF, LP, ER and CTRC, respectively.

V. DISCUSSION
The objective of this thesis was to investigate the effects of dieta-

zinc

deficiency and PEM on the immune system in adult mice, particularly regarding Tlymphocyte subpopulations and ce11 cycle progression. The most interesting finding was
that dietary deficiency, whether a deficiency of a general nature, such as protein
deficiency, or a deficiency of a more specific nature, such as deficiency of the
micronutrient zinc, caused the inhibition of ConA-stimulated T-lymphocyte ce11 cycle
progression. It appears that there is an interference in the transition of T-cells fiom the
resting phase of the ce11 cycle into the DNA synthesis phase of the ce11 cycle. It was also
contirmed that thiol status of the culture media is an important determinant of ce11 cycle
progression for cells fiom mice of al1 dietary treatments. Arnong the dietary treatment
groups, T-lymphocyte subpopuIations were affected to some degree, with an increase in

CD3+ cells in the LP and ER groups compared to the CTRL group, and a decrease in the

CD4+ cells in the ZnDF&LP group compared to the CTRL group.

Hotvever. no

significant change in the CD4+/CD8+ ratio was observed among the diets.

Zinc

deficiency and PEM were found to adversely affect body weight, spleen weight and
spleen ce11 numbers to varying degrees. These results will be discussed in more detail in
the subsequent sections.

Effects of Zinc deticiency and PEM on body weight
It has previously been shown in our lab that the moue models used in the
experiments for this thesis are successfid in inducing die-

zinc deficiency and

malnutrition syndromes (Lepage, 1997). Using this addt murine mode1 allowed us to
focus more clearly on the effects of the various dietary deficiencies on the
immunofogical parameten of interest, without being influenced by confounding factors,
such as growth and maturation, as in the case of the weanling models cornmonly used.

Experiment 1

By the end of the four week feeding trial, a11 four deficient groups had mean
weights significantly lowver than the CTRL group (Figure 7). The Iargest weight loss was
observed in the ZnDF&LP group, which \vas not surpnsing, as it l a s expected that the
combination of the two deficiencies would have the most detrimental effect. However,
these results are in contrast to a previous study done in our lab in which the greatest
weight loss lvas observed in the LP group (Lepage, 1997). Although the study by Lepage
(1997) used the same diets. the same age and strain of mice, and the same housing

conditions, the weights observed in the present study were considerably lowver for a11
dietary groups, despite the fact that the baseline weights were almost the same. The
differences in weights observed between these trvo studies may have been due to the fact
that the animal housing unit was undergoing major renovations during this expenment.
Unfominately the investigators received no warning that the renovations were scheduled.

The unusually high noise levels, smell of paint and disturbance caused by shuffling mice
to different rooms almost certainly increased the stress Ievel of the mice in the study.

This additional stress may have served as a contributing factor for the lower body weights
observed The fact that the ZnDF&LP group experienced the most weight loss, 3 g more

than that observed by Lepage ( 1997), may suggest that the combined dietary deficiency

may be tolerated under normal conditions, but that these mice are less able to tolerate

additional stress Ievels.
Zinc deficiency alone has been shown by other researchers to cause decreased
body weights. A study by King & Fraker ( 199 1), in which six-week old A/J female mice
were fed a zinc deficient diet (0.8 ppm Zn) for 30 days, found that zincdeficient mice
weighed 28-30% less than mice fed a zinc-adequate diet. This is a much greater weight

loss than observed in the present study. in which ZnDF mice weighed I I % less than
CTRL mice. The main difference between the two studies is the age of the mice, which

most Iikely accounts for the difference in the observed weight loss. King & Fraker
( 1991 )

used six-week old mice which are growing at a much more rapid rate than the 4

month old mice used in the curent study. Zinc is known to be required for growth,
therefore adolescent mice exhibiting high growth rates will be more affected by a zinc
deficient diet than adult mice whose growth rate has tapered off. Adult mice were
chosen for the present study to eliminate the complicating factor of rapid growth and to
focus more clearly on the effects of zinc deficiency on weight.
Other studies have shown that a low protein diet also affects weight gain. Taylor
and colleagues (1997) found that the mean body weights of 3-4 month old mice fed a
0.5% protein diet were 30% Iess than the mean weight of the control group at the end of

a four week feeding trial. This is a much larger weight difference than the 17%
difference between the LP group and the CTRL group observed in the present study. The
difference in the weight loss of the LP group that occurred may be due to the fact that the
low-protein diet used by Taylor and colleagues provided only 0.5% protein, cornpared to

the 2% protein diet provided in the present study. The more severe protein restriction

would be expected to cause a greater weight loss. In gened, it appears that a low
protein diet has a greater effect on body weight than does zinc deficiency.
Another observation from this study was the dramatic weight loss that occmed
during the first week the mice were on the treatment diets (an average of 2.0-2.5 g). This
was observed in al1 treatment groups, so was more likely a reflection of the adaptation cf

the mice to the different cages (ie. hanging cages with wire mesh bonoms compared to
shoebox cages bedded with wood shavings), the different form of feed (ie. powdered diet
compared to pelleted chow) and the different way in which the feed was presented to
them (ie. glass jars compared to pellets provided in overhanging mesh container). After
this first week of adaptation, the trend in the weights followed a pattern that was more
reflective of the diet the mouse was receiving.

Experiment 2
By the end of the 4 week feeding trial, al1 four deficient groups had weights

significantfy lower than the CTRL group. By the third week, the ZnDF&LP and LP

groups had significantly lower weights than the ZnDF group (Figure 8 and Appendix B).

The LP group experienced the most dramatic weight loss (27% decrease) compared to
the CTRL group.

The weights observed in this expenment were more sirnilar to that observed by
Lepage (1997), who found that the LP group also experienced the greatest weight loss

(17%) compared to the CTRL group. The weights recorded in Experiment 2 are more
likely to be sirnilar to those recorded by Lepage as the renovations taking place during

Experiment 1 had been cornpleted, so the rnice in Experiment 2 were not exposed to any
additional stress factors.
Due to the large decrease in weight observed in Experiment 1 during the tint
week on the treatment diets, Experiment 2 included an acclimatization period during
which the mice were fed powvdered CTRL diet in hanging cages for one week and then
transferred to clean hanging cages and fed their respective treatment diets. In general, by
the end of the 4 week feeding trial, the mean weights of groups in Experiment 2 were
higher than the mean weights in Experiment 1, except for the LP group which had a
lower mean weight in Experirnent 2.

Assessmen t of Immunological Parameters
Experiment I
Both PEM and zinc deficiency have previously been documented to affect the
immune system by causing a decreased spleen weight and also decreased spleen ce11
numbers (Fraker et al, 1977; Fraker et al, 1978; Woodward & Miller, 1991). However.
despite the fact that these two deficiencies are closely linked, few studies have looked at
the effect of these two deficiencies in combinaiion.
Spleen weights of rnice fiom al1 four deficient groups were significantly lower

than the spleen weights of the baseline and CTRL groups, regardless of whether it was
expressed in absolute terms or relative to body weight (Table 3 and Appendix D). It is
interesting to note that although the combination of a zinc deficient and a low protein
diet resulted in the lowest average spleen weighî, this was not significantly different than

the spleen weights of the mice fed either the zinc deficient or the low protein diet.

Comparison of the average spleen cell numben of the animals in the deficient
groups to the spleen ce11 numbers of the CTRL group indicates that the combined
deficiency of both zinc and protein had the most detrimental effect on spleen ce11
numben, as it was the only group that had a significantly lower spleen ce11 count. The
other three deficient groups did have reduced spleen ceIl nurnbers compared to the C m
moup, but the differences were not significant.

C

Experiment 2
Average spleen weights and spleen cell numben for the ZnDF, ER and CTRL
groups From Experirnent 2 were very similar to those observed in Experiment I (Table 5
and Appendix F).

The main differences between the two experiments was in the

ZnDF&LP and LP goups. In Evperiment 1, the ZnDF&LP group had the lowest spleen
weight and was the only group to have a splenocyte count significantly lower than the
CTRL group. However, in Experiment 2, the LP group had the lowest spleen weight and
was the only group to have a splenocyte count significantly lower than the CTRL group.

Lepage (1997) found that the LP diet had a greater effect on spleen weight and
splenocyte count than did the combined deficiency of zinc and protein.

These

observations are more similar to those fiom Experiment 2.
The differences between Experiment 1 and Experiment 2, and also between
Experiment 1 and Lepage (1997) may be attributed to the renovations taking place in the
animal housing unit during Experiment 1. It is possible that the mice receiving the
combined zinc deficient and low protein diet have reduced ability to handle increased

stress levels, which may exacerbate the adverse effects of their deficient diets on body
weight and immune capacity.
There is considerable research showing that zinc and protein deficient diets cause

a decrease in spleen weight and a decrease in spleen cell numbers, although there are few
studies that look at these two deficiencies in conjunction. Bises and coworkers ( 1987)
studied the effects of dietary zinc deficiency and protein deficiency in rats, but did not
feed a combined zinc and protein deficient diet. They found that the spleen weight was
drastically reduced in rats fed either a zinc deficient or a protein deficient diet (4% or
4 0 6 protein).

Splenocyte numbers were also significantly reduced with al1 three

deficient diets. The most drarnatic decrease in splenocyte numbers was observed in the
severely protein deficient (< 1%) group. This corresponds with the results of Experiment
2, in which the LP group had the lowest spleen cell count.
Studies with mice show similar results. Cook-Mills and Fraker ( 1993) found that
adult female mice fed a zinc restricted diet (0.8 pg Z d g ) had significantly reduced spleen
cell numbers compared to the control group fed a zinc adequate diet. Woodward and
Miller ( 1991 ) reported decreased splenocyte nurnbers for male weanling mice fed a 0.5%
protein diet. Petro (1985) also found that female weanling mice had significantly
reduced splenocyte numbers when fed a 4% or 2% protein diet for five weeks.

Evaluation of Zinc Status
Experiment 1 and 2
It can be concluded that serum zinc concentrations are advenely affected by
dietary zinc deficiency end

PEM. In both Experiment 1 and Experiment 2, mice in the

two zinc deficient groups (ie ZnDF&LP and ZnDF) had lower semm zinc concentrations
(between 44.9% and 54.4%) than the CTRL group (Table 2 and Appendix C). The
pattern of senim zinc concentrations and the magnitude of reduction seen in both
experiments is similar to that observed previously in our la&by Lepage ( 1997) and those
observed by Cook-Mills & Fraker (1993) in young adult mice.
A decreased s e m concentration of about 50% has been shown to occur within

houn of initiation of feeding a zinc deficient diet and las& for the duration of the dietary

zinc deficiency (Cousins, 1989). Due to the fact that this effect of zinc deficiency has
been well documented, reduced plasma zinc concentrations have become "a recognized
standard of status assessment in uncomplicated zinc deficiency experiments with
laboratory animals maintained under carefùlly regulated environmental and dietary
conditions" (Cousins, 1989, p.8 1 ). Serum zinc concentration may be measured instead

of plasma zinc, although slightly higher zinc concentrations are present in serum.
Experimental zinc deficiency in human subjects has also been shown to produce a
reduction in plasma zinc concentrations. In a clinical setting, patients receiving total
parenteral nutrition without zinc supplementation have also been shotvn to experience a
decreased phsrna zinc concentration (Cousins, 1989).
Interestingly enough, the LP group also expenenced a reduction in serum zinc

compared to the CTRL group in both experiments, and this difference was significant in
Experiment 2. This result is not entirely unlikely, due to the fact that severe malnutrition

has previously been documented to cause depressed serum zinc status (Cousins, 1989),
although the metabolic basis for this phenornena is not well understood. Filteau and
Woodward (1982) have dso dernonstrated that the decreased semm zinc concentration

observed in weanling mice fed a protein deficient diet (1.7%) cannot be restored with
dietary zinc supplementation (700 pg/g diet), suggesting that the depressed serum zinc
levels are due to some aspect of the metabolic changes induced by the protein deficiency.
It is also interesting to note that the combination of a zinc deficient and a low protein diet

in the current study did not exacerbate the depression in serum zinc concentration in the

ZnDF&LP group compared to zinc deficiency alone.
It has been suggested that the hypozincaemia observed in PEM rnay be due to
depressed plasma albumin levels, since albumin is the major camer for zinc in the blood.
However, Golden and Golden ( 1979), found that mahourished children had depressed
plasma zinc concentrations, but their plasma albumin concentrations were normal.
Lepage ( 1997) also found that semm zinc concentrations did not correspond with senim
albumin concentrations. It has also been suggested that the zinc deficiency associated
with PEM may be due to a decreased absorption of zinc as a result of the change in the
intestinal mucosa that occurs in conjunction with malnutrition (Atalay et al, 1989).
Although femur Zn was lower (12.4-18.5%) in the deficient groups when
compared to the CTRL group, this was not statistically significant (Table 2 and Appendix

C). No differences were observed among the treatment groups regarding spleen zinc
concentrations. Femur zinc is not as sensitive an indicator of zinc statu over the short
tenn as is serum zinc, because the zinc in bone hims over at a slower rate than does the
Ànc in the blood. For this reason it is more dificult to detect changes in femur zinc with
short terni zinc deficiency. Larger differences in femur zinc may have been observed if
the feeding trial had been extended beyond the 4 week period. Also, there is more
chance of error when measuring femur zinc, as extensive sample preparation is involved,

which increases the opportun.@ for sample contamination. A similar study in our lab by
Lepage ( 1997) showed a significant reduction in fernur zinc in the ZnDF&LP and ZnDF
groups compared to the CTRL group ( 14.8% and 2 1.1% respectively), and that the
pattern of fernur zinc concentration was closely related to the pattern of serum zinc
concentration.

T-Lymphocyte Subpopulations
Although changes in the T-lymphocyte subpopulations were observed a
significant alteration in the ratio of CD4+/CD8+ cells did not occur in deficient mice
(Table 4 and Appendix E). The ratio of CD4+/CD8+ T-lymphocytes is often used as an
indication of immune function as an imbalance in the ratio of T-helper (CD4+) to Tcytotoxic/suppressor (CD8+) celfs results in comprornised immune function.
The percentap of T-lymphocytes expressing CD3 was higher in al1 four deficient
groups compared to the baseline and CTRL groups. This difference was significantiy
hi&er for the LP and ER groups. The percentage of CD3+ T-cells represents the
percentage of mononuclear cells that were removed fiom the initial ce11 preparation
procedure as part of the interphase layer, and then later gated on as lymphocytes by the
flow cytometer and identified by the staining of CD3 with a flourescent-conjugated anti-

CD3 antibody. There are a number of possible explanations for the differences in the
percentage of CD3+ T-cells arnong the dietary groups that may not necessarily be
attributed to the effect of diet. For example, the percentage of CD3+ cells identified rnay
be influenced by the separation procedure, depending on the efficiency of the removal of

the interphase layer. As well, there may be changes in other ce11 population numbers

which may influence the percentage of CD3+ T-cells. For example, in the baseline and

CTRL groups, which had a lower percentage of CD3+ cells, perhaps there was a larger
proportion of B-lymphocytes, or other immune cells, that may have been included in the
lymphocyte gate but do not express CD3. The presence of other cells within the
lymphocyte gate will lower the percentage of CD3+ T-cells. It rnay be important for
future studies regarding T-lymphocyte subpopulations to also determine the percentage
of B-lymphocytes present. King and Fraker (199 1) have also studied thc phenotypic
distribution of splenic lymphocytes in zinc deficient adult mice and have also reported an
increase in T-cells in the restricted-zinc-adequate group (similar to the LP or the ER
group in the current study), compared to the control group.
A significant difference was observed in the percentage of CD3+ cells expressing

CD4

The ZnDF&LP group had a significantly lower percentage of CD4+ cells

compared to al1 groups other than the ZnDF group. The ZnDF group had the next lowest
percentage of CD4+ cells, which was significantly lower than the baseline group, but not
the CTRL group. There were no significant differences among the groups regarding the

percentage of CD3+CD8+ cells, nor were there significant differences noted among the
groups regarding the CD4+/CD8+ ratio.
These results are quite different from the results of papes previously published.
Taylor and colleagues (1997) found that adult mice fed a 0.5% protein diet for 4 or 6
weeks had an increased percentage of C M + T-lymphocytes compared to controls, while
the percentage of CD8+ remained unchanged There was also a significant increase in

the CD4/CD8 ratio. Perhaps the more severe protein restriction used in that study (0.5%)
compared to the 2% protein diet used in this expriment may be a factor in explaining the

differences in results. Lee and Woodward (1996) also reported an increase in the
percentage of C M + cells and an increase in the CD4+/CD8+ ratio of spleen cells frorn
weanling mice fed a 0.6% protein diet Both of these studies looked at the percentage of

CD4+ and CD8+ cells among splenocytes and not only as a percentage of CD3+ cells, so
the absolute percentages cannot be compared to the present results.
Results of previous studies investigating the effects of dietary zinc deficiency on
T-lymphocyte subsets also differ from the results of the current study. King and Fraker
( 1991 )

found that severcly zinc deficient weanling mice (those exhibiting a significant

degree of parakeratosis and weighing 65.3 + 3% of the body weight of the zinc adequate
mice) demonstrated a 20% increase in the overall ratio of CD4+/CD8+, while the
marginally zinc deficient mice (weighing 70.6

+ 0.7% of the average body weight of the

zinc adequate group and exhibiting only modest degrees of parakeratosis) did not have a
significantly increased ratio of CD4+/CD8+ compared to the zinc adequate group.
Similarly to the two experirnents of protein deficiency described above, the increased
ratio of CD4+/CD8+ was due to an increase in the percentage of CD4+ cells rather than a
change in the CD8+ cells. Two studies investigating the effect of zinc deficient die& on
T-lymphocyte subpopulations in rats did not find any significant alteration in the Tlymphocyte subsets of a n deficient
~
rats (Bises et al, 1987; Dowd et al, 1986).
Since reference has only been made to two subpopulations of T-lymphocytes
throughout this thesis, it may seem logical that when the percentage of CD3+ T-cells
expressing either CD4 or CD8 receptors is added up, that the percentages shouid equal
100%. However, this is not the case, as indicated by the totals for CD4+ and CD8+ in
Table 4. In facf there are four different subsets of T-lymphocytes: a) CD4+CD8- (T-

helper cells), b) CD4-CD8+ (T-cytotoxiclsuppressor cells), c) CM-CD8- ("doublenegative" cells), and d) CD4+CD8+ ("double positive" cells). During the maturation of
T-lymphocytes, immaîwe T-cells in the cortex of the thymus onginally express neither

CD4 nor CD8 (ie. "double-negative" cells).
differentiate to becorne

A fraction of these immature cells then

""double-positive" cells, expressing both CD4 and CD8.

Following this stage, the cells travel to the medulla of the thymus where they undergo a
process called "positivelnegative selection", during which time either CD8 or CD4 is
dom-regulated producing CD4+CD8- T-lymphocytes or CM-CD8+ T-lymphocytes
respectively (Abbas et al, 1991;Godfiey & Zlotnik, 1993).
Nomally, the adult mouse thymus has been s h o w to contain about 5% of the Tlymphocytes in the immature "double-negative" form (Abbas et al, 1991). Since the
results presented in Table 4 indicate only C M + and CD8+ T-cells, the difference of the
total of these two from 100% may be interpreted as the percentage of immature double
negative T-lymphocytes present in the cell preparation. That is, the larger the deviation
from 100%, the greater the number of immature T-lymphocytes present.

Thus, an

increased number of immature cells may be partially responsible for the decreased
immune function observed in mice with PEM and zinc deficiency, as immature "doublenegative" cells have limited capacity to function as mature T-lymphocytes (Abbas et al,
1991).
As indicated in Table 4 and Appendix E, the total percentage of CD4+ and CD8+
T-cells was lower for al1 deficient groups compared to the baseline and CTRL groups,
indicating that the mice fed the deficient diets may have an increased number of
immature T-lymphocytes.

The ZnDF&LP group had a significantly lower total

percentage of CD4+ and CDS+ T-cells compared to al1 the other groups, except the
ZnDF group, while the ZnDF, LP and ER groups al1 had significantly lower total C M +

and CD8+ than the baseline and CTRL groups.
Related to this is the finding that zinc deficiency may induce apoptosis of
thymocytes in rnice (Telford & Fraker, 1995). This ce11 culture experiment f o n d that
low zinc concentrations (80-200 pM) in the culture media could induce apoptosis in
approximately 3040% of mouse thymocytes during incubation. Thus, the decrease seen
in the total percentage of CD4+ and CD8+ mature lymphocytes in the deticient groups
may be the result of an increased rate of apoptosis of mature T-lymphocytes, resulting in

a proportionately larger percentage of immature T-lymphocytes.

Cell Cycle Analysis

Cell cycle analysis by BrdU incorporation and flow cytometry analysis confirmed
previous findings that 2-ME is essential for proliferation of murine T-lymphocytes in
culture. Regardless of the source of T-lymphocytes (ie. From mice fed deficient diets or
mice fed a nutn'tionally complete diet), cells culhired in the presence of a mitogen but
without 2-ME e.xhibited significantly decreased proliferation. m i s was quantitated as an
increase in the percentage of cells in the Gophase of the cell cycle and a decrease in the
percentage of cells in the S phase of the ceIl cycle (Figure 10).

When C o n d stimulated T-lymphocytes were cultured with 2-ME, decreased Tlymphocyte proliferation was seen in cells fiom deficient rnice compared to cells fkom

CTRL mice (Figure 10). The decreased proliferation was indicated by an increase in the
percentage of cells in the Go, or resting phase of the ce11 cycle, and a concomitant

decrease in the percentage of cells in the S phase, or DNA synthesis phase, of the ce11
cycle. Thus, it appeared that a compromised nutritional state, regardless of whether the
deficiency is due to a macronutrient deficiency (ie. protein) or a micronutrient deficiency
(ie. zinc), decreased T-lymphocyte proliferation in thiol-supplemented media
Taylor and colleagues (1997) also found that 2-ME in culture enhances
proliferation of murine T-lymphocytes. However, they found that when the anti-CDS
stimulated splenocytes were cultured without 2-ME, splenocytes from mice fed a lowprotein diet (0.5%) had an increased proliferative response compared to splenocytes from
mice fed the control diet (15% protein). This differs from the findings of the present
study, in which diet had no effect when cells were cultured in media lacking &ME.
Perhaps no differences were seen among diet groups in the present study, due to the fact
that the protein restriction was not as severe (2%) compared to the 0.5% restriction used
by Taylor and coworkers (1997). There are numerous other differences between the two
studies that may account for the differences in the results. Taylor and colleagues ( 1997)
used a different technique for analyzing ce11 proliferation. The technique involved the

incorporation of BrdU into the DNA of proliferating cells in culture, afier which the cells

are stained with Hoechsf which identifies the percentage of proliferating cells. Although
both their expenment and the present experiment used BrdU incorporation, the length of
time that the cultured cells were exposed to BrdU varies from 72 hours in their shidy to 4
hours in the current study. This may affect the interpretation of the results and may
account for some of the differences seen. The length of culture also varies from 72 houn
in their study to 48 hours in the current study. Another difference is the method of ce11
stimulation, Taylor and coworkers ( 1997) stimulated T-lymphocytes by plating the

culture wells with anti-CD3, compared to the use of C o d to stimulate T-cells in the
current study. Petro ( 1985) also found that splenocytes fiom weanling mice fed either a
4% or a 2% protein diet for five weeks had an increased in vitro mitogenic response

compared to splenocytes fiom control mice.
When the in vitro function of 2-ME is considered, it is not surprising that cells
cultured without 2-ME would have subsptimal proliferative responses to a mitogen. 2-

ME has a fiindamental role in increasing cysteine transport into cells (Ishii et al, 198 1 ).
Cysteine is the rate-limiting amino acid required for intracellular glutathione synthesis.

and glutathione has been shown to be important for the proliferative capacity of Tlymphocytes. Fidelus and colleagues ( 1987) showed that modulation of intracellular
glutathione concentration in murine lymphocytes can alter cellular activation and
proliferation. Cells cultured with 2-ME in the presence of ConA were found to have
significantly higher intracellular glutathione content than cells cultured without 2-ME.
Lymphocytes cultured in the presence of ?-ME and stimulated with ConA, were analyzed
by a flow cytometric method using acridine-orange. It was found that not only does 7-

ME augment the nurnber of stimulated cells that enter S phase, but it may also act as a
weak mitogen by itself

Thiol-supplementation of culture media with 2-ME rnay increase the proliferative
response of lymphocytes by additional mechanisms. 2-ME has been s h o w to increase
the intracellular glutahone concentration of cells in culture, and glutathione is thought
to be important in mediating the redox-status of cells (Droge et al, 1994). Many of the
genes involved in ce11 proliferation are regulated by transcription factors that are
sensitive to thiol reciox status for DNA binding activity.

An example is nuclear

transcription factor KB (NFKB) which is involved in the inducible transcription of several
immunologically important genes, such as the interleukin-2 receptor a-chah and major
histocompatibility complex antigens. MIcB has been shown to be sensitive to redox
state, as it is inhibited in vitro by oxidation and reactivated by thiols such as ?-ME
(Droge et al, 1994).
Several signal transducing proteins which function as tyrosine kinases in the Tlymphocyte signal transduction pathway (ie. p56'd) are also known to be redox-sensitive
(Droge et al. 1994). The formation of the mixed disulfide 2-ME and cysteine may act
directly on these signal tmnsducing proteins, thereby affecting T-lymphocyte signal
transduction and ultirnately cell proliferation (Droge et al, 1994).
Studies using ce11 lines support the hypothesis that zinc is required for ce11
proliferation (Chester et al, 1993; Chesters & Boyne, 1991 ), however, studies regarding
the effects of dietary zinc deficiency on cell proliferation are not conclusive. Kramer
( 1984) indicated that although dietaq zinc deficiency caused major

changes in total-body

and organ growth, it had little effect on the in vitro mitogenic-induced proliferation of
Iytnphocytes. Other studies have also shown that cells fiom zinc deficient rodents
maintain their ability to proliferate in culture (Cook-Mills & Fraker, 1993; Mengheri et
al, 1988). However, Moulder & Steward (1989) showed that zinc deficient mice had
reduced T-lymphocyte proliferation in response to ConA-stimulation.
The current study shows that malnutrition, caused by either a deficiency of zinc or
protein, affects the ability of lymphocytes to proliferate in vitro. There does not appear
to be an affect associated specifically with deficiency of dietary zinc, as similar decreases

in proliferation were observed in lymphocytes fiom mice in al1 four deficient groups.

However, this does not rule out the possibility that zinc may play a role in T-lymphocyte
proliferation. Future research may address this question by conducting a study with the
sarne protocol as for Experiment 2, with the use of zinc chelators to manipulate the zinc
content of the media. This would allow the investigaton to determine if there is a
specific role for zinc in ce11 cycle progression.
In addition, fiiture research regarding the effect of dietary zinc deficiency and

PEM on the level of cyclin-dependent protein kinases (CDKs)rnay provide important
information about the decrease in ce11 cycle progression in the deficient anirnals. CDKs
have emerged in recent years as key regulaton of ce11 cycle progression (Reddy, 1994).

Changes in the level, as well as the activity of CDKs, and their association with cyclins
involved in the progression of cells From one phase to another. Numerous cyclins, in
association with CDKs, seem to function in the transition from G, to S phase. Western
blotting techniques may be used to detemine the Ievels of CDKs.

VI. CONCLUSIONS

GENERAL CONCLUSIONS:
i Dietary deficiencies of zinc ancilor protein resulted in decreased body weight,

decreased spleen weight and decreased serum zinc concentrations.
k Only the LP diet resulted in significantly decreased spleen ce11 nurnbers.

CONCLUSIONS REGARDING T-LYMPHOCYTESUBPOPULATIONS:
i A11 four deficient groups had a higher percentage of CDS+ cells than the

baseline and CTRL groups, although only the LP and ER groups were
significantly higher.
i Only the ZnDF&LP diet resulted in a significantly decreased percentage of

CD4+ T-lymphocytes.
i There were

no significant differences in the percentage of CD8+ T-

lymphocytes or in the CD4+/CD8+ ratio.

>

Al1 four deficient groups had a significantly lower total percentage of CD4+
and CD8+ compared to the baseline and CTRL groups, which may indicate

that these mice have increased percentages of immature "double-negative" Tcells compared to CTRL mice.

CELL CYCLE PROGRESSION:
i D i e t q deficiencies of zinc and/or protein resulted in an increased number of

cells in the Go phase of the ce11 cycle and a decreased number of cells in the S
phase of the ce11 cycle.
r

2-ME in vitro is required for the ce11 cycle progression of murine Tlymphocytes and for the demonstration of decreased proliferative capability of
T-lymphocytes in dietary drficient micr.

FUTURE RESEARCH:
i More research is needed regarding the specitic molecular mechanism by

which zinc deficiency affects the T-lymphocyte signal transduction pathwy.
T

More research is needed to investigate the effects on ce11 cycle progression of

adding zinc to the media of cultured splenocytes from mice fed diets deficient
in zinc andlor protein.
r

Improvements need to be made in the ability to qualitatively assess the zinc
status of patients in a clinical situation, so that zinc deficiency wi11 not be

misdiagnosed. Zinc deficiency is often the underlying cause of irnmunodeficiency or other disease complications, although its rote in the disease is
ofien not recognized.
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APPENDIX A
METHOD DEVELOPMENT
A method for murine lymphocyte ce11 cycle analysis
using BrdU incorporation and flow cytometry
One of the objectives of this thesis was to determine if dietary deficiencies of zinc
and protein, alone or in combination, interfere with the ability of muririe splenocytes to
progress through the cell cycle. The method chosen for andysis of ce11 cycle progression
was the incorporation of bromodeoxyuridine (BrdU) into proliferating cells in culture.
BrdU is an analog of thymidine that replaces thymidine in cycling cells. A flourescentlabeled anti-BrdLI antibody is used to identie the BrdU that has been incorporated into
DNA of cells that have undergone DNA synthesis in the presence of BrdU. Due to the

fact that the anti-BrdU antibody only binds to single-stranded DNA, the DNA rnust be
partially denatured prior to the labeling procedure. The proportion of cells in the S-phase
of the ce11 cycle can then be detennined by detecting the flourescent-labelled anti-BrdU
antibody by flow cytometry.

This method is usually used in combination with a

propidium iodide (PI) stain, which stains total cellular DNA red, allowinç for the
distinction of cells in the Go, S and G2/Mphases of the ce11 cycle.
The BrdU procedure was the method of choice for ce11 cycle analysis because it is

a direct measure of ce11 proliferation and offers many advantages over other previously
reported, less direct methods of ce11 proliferation or DNA synthesis (Dolbeare et al,

1983). One advantage is that no radioactivity is involved in the procedure. Another
advantage is that the analysis time is very shon, generally less than 5 minutes per sample.

Aiso, vexy few cells are required for analysis (only a few million cells per sample), which
was very important in this case, as the number of lymphocytes available fkom a murine
spleen is fairly low Because it is easy to distinguish between BrdU-labeled and BrdUunlabeled cells, there is little dificulty in identiwng S-phase cells. Another definite
advantage was the availability of the flow cytorneter at the University of Manitoba
Unfortunately, the BrdU incorporation method has been used pnmarily for ce11
culture lines.

No studies were found where the procedure was used for murine

splenocytes. Therefore, an optimized procedure for ce11 cycle analysis in murine
splenocytes had to be developed. There are a number of different BrdU procedures in the
literature, with the main variation among them being the type of denaturation procedure
used. Denaturation has been performed by incubating the cells in a high-molarity ( 3 4 )
HCI solution for 30 minutes at room temperature (Dolbeare et al, 1983), by incubating
the cells in a low molarity (O.1M) HCI solution for 10 minutes followed by heating the
cells in a boiling water bath for 10 minutes (Dolbeare et al, 1990)-or by using restriction
endonucleases in combination with exonuclease III (Do1beare & Gray, 1988). Two other
main variables to be determined were the time of incubation and the length of the BrdU
pulse (ie. the length of time that BrdU was present in the culture). The following is a
discussion of the events leading to the development of an optimized procedure for BrdU
ce11 cycle analysis of murine spleen cells. The details of the reagents and equipment that
were used for the optimized procedure are included in the Methods and Matenals
section.
Cells were originally cultured in 96-well rnicrotiter plates (250 000-500 000 cells

per well) and stimulated with 2 pgml anti-CD3 (clone 145 2C 11, Cedarlane Laboratones

Ltd., Homby,ON). Anti-CD3 was diluted in PBS, 100p1 \vas plated into the wells and
allowved to sit for 30 minutes at room temperature, afier which time the tluid \vas
aspirated off. The principle underlying this procedure is that the anti-CD3 adheres to the
bottom of the plate, so when the fluid is aspirated off, the anti-CD3 remains in the wells.
When cells are cultureci, they settle to the bottom of the wells and form a matrix with the
plate-bound anti-CD3. Stimulation of T-lymphocytes has been shown to occur using this
method (Meuer et al, 1984). The incubation time used originally was 72 hours, with
addition of BrdU to the media at the time the cells were cultured.
The BrdU labelling method fint used \vas the protocol supplied with the anti-

BrdU antibody (mouse monoclonal antibody to BrdU, clone BMC 93 18, conjugated to
flourescein solution) oriçinally purchased from Boehringer Mannheim (Indianapolis, IN).
This method involved fixing the harvested cells in 70% ethanol, followed by
resuspending the cells in 1 ml of chilled O. 1 M HCI containing 0.5% Triton X- 100 and
incubating the cells on ice for 10 minutes. Following this, the cells were diluted wvith
distilled water, centifuged at 300 x g for 10 minutes and resuspended in 2 ml distilled
water. The ce11ular DNA was then denatured by submerging the ce11 suspension into a
boiling water bath for 10 minutes. Afterwards, the cells were quickly cooled by placing
the tubes on ice for several minutes. The cells were then washed in PBS containing 0.5%

Triton X-100,incubated with the anti-BrdU antibody for 30 minutes, centrifuged for one
minute at 14000 RPM. The final step was staining with 300 pl of PIPBS solution
(5ctgWThe problems encountered afler this fint attempt were numerous. The protocol

was very vague as to the specifics of the ceIl hamesting technique, and reviews of the

literature did not reveal much more information. Therefore, the cells were simply
harvested by drawing the media through a pipet tip numerous times in an atternpt to
dislodge the cells, followed by removal of the media directly into the sample tubes.
However, when the samples were analyzed under a microscope at the end of the BrdUlabelling procedure, very few cells were present. This may have been a combination of
poor ce11 harvesting and the fact that plastic ce11 culture tubes were used for the entire
procedure, which may have contributed to ce11 loss. Another problem encountered was
that the cells that were present, when viewed under a microscope, were found to be

excessively clurnped. The dumping observed was most likely due to the fact that the
cells were added to the 7006 ethanol solution at one time, without vortexing. The
purpose of the ethanol solution is to fix the cells and permeabilize the membrane so that
the anti-BrdU can penetrate the cells and bind to the DNA inside the cell. I f cells are
added al1 at once, the cells will be fixed in a clump. It is very important that cells are
added slowly to the ethanol solution and then quickly dispersed by vortexing, so that they
are fixed as single cells. Also, the ethanol should be prepared ahead of time and stored at

-20°CuntiI use (Rector, E June 17, 1996, persona1 communication). Dr. Rector also
recomrnended the protocol provided by Becton Dickinson which uses a more
concentrated HCI solution in the DNA denaturation step, but involves no heat treatment.
For the next atternpt, using the Becton Dickinson method, cells were cultured and
harvested using the method described above. Foliowing harvest, the cells were va shed
twice in PBS/I%BSA at 500 x g for 15 minutes at roorn temperature in plastic culture
tubes. The cells were then resuspended in 100 pl of normal saline on ice and added
dropwise to glass tubes containing 5 ml cold 70% ethanol while maintaining a vortex-

The tubes were then incubated on ice for 30 minutes, followed by centrifugation at 500 x

g for 10 minutes at 10°C. The supernatant was aspirated and the tube was vortexed while
1 ml of 2 N HCYO.S% Triton X-100 was added to the celIs. Addition of HCI to a ce11
pellet will cause the cells to aggregate, so vortexing is necessary to prevent this (Becton
Dickinson protocol).

The cells were then incubated at room temperature for an

additional 30 minutes, followed by centrifugation at 500 x g for 10 minutes at room
temperature. The cells were then resuspended in 1 ml O. 1 M Na2B40;I0 H20,pH 8.5, to
neutralize the acid. At this point, the cells were resuspended in 70% ethanol and stored
at -20°C ovemight. The Becton Dickinson protocol indicates that this method may be
used to store cells. The next day, the cells \Tere centn'fuged, the pellet was resuspended in
50 pI of PBS/I% BSA/O.S% Tween 20 and transferred to 1.5 ml microcentrifuge tubes.
At this point, 5 pl of anti-BrdU was added to each sample and the samples were
incubated at room temperature for 30 minutes. This was followed by centrifugation at
1400 RPM for 1 minute and resuspension in 5 pg/ml of PI for flow cytornetric analysis.
Unfortunately, microscopie analysis revealed that there were very few cells in each
sample, and that the cells that were present were clumped together.

The next step was an attempt to increase ce11 numbers at the end of the procedure,
simply by starting off with more cells in each sample. Each well contained 500 000 cells

and six wells were combined, providing 3x10~cells per sarnple. This attempt was
intended to compare two different incubation times (30 minutes and 72 hours), as well as
to give some indication as to the length of time that the cells shouid be exposed to BrdU

(30 minutes and 72 houn). The cells were cultured, hawested and processed according to
the methods used in the latest attempt, with increased vortexing at the HCI addition

stage. The cells were stored in ethanol ovemight, prior to staining with anti-BrdU. Once
again, microscopic analysis revealed very few cells and lots of clumping. Unfortunately,

no information regarding optimal incubation times or BrdU pulse lengths could be
obtained until the problem of ce11 numben and ce11 clumping w a s resolvedTo address whether the cells were being lost through the various centrifugation
steps in the BrdU staining procedure, or whether it was a problem with the ceIl
harvesting method, fresh spleen cells were isolated and processed according to the
Becton Dickinson protocol for labeling cells with BrdU, without being put into culture.
Microscopic analysis revealed that high numben of cells remained throughout the entire
procedure, indicating that cefls were not being effectively harvested from the bottom of
the wells of the microtiter plate. It was obvious at this point that the cell harvesting
method must be addressed before continuing with the procedure.
It was suggested that the media be removed fiom the wells, and replaced with 100
pl of cold PBS. The plate was then allowed to sit at room temperature for 5-10 minutes,

the bottom of the wells gently scraped with a pipet, followed by the removal of the PBS
into a sarnple tube (Nayak, personal communication). The ceils were again processed
according to the Becton Dickinson protocol, and stored in ethanol ovemight pnor to
staining with anti-BrdU. When the cells were viewed under a flourescent microscope,
there appeared to be a slight increase in ce11 number and lots of PI staining, however, the
cells did not appear to be intact.
At this point it was decided to switch from using round-bottorned plastic ce11
culture tubes for the initial steps and round-bottomed glass tubes for the steps following
ethanol fixation, to using plastic conical Falcon centrifuge tubes for the entire procedure.

It was thought that the ce11 pellet may not be as easily lost when discarding supernatant
fractions from a conical tube as fiom a round-bottomed tube. AIso, the cells adhere
slightly to the plastic of the Falcon tubes. This improved ce11 numben quite a bit, so
some ce11 Iosses must have been occurring due to the type of tubes being used. However,
although ce11 number seemed to have increased, the cells did not look healthy under a
microscope. There appeared to be a lot of dead cells and debris. Some cells were
harvested d e r 72 hours of culture and observed with Trypan Blue, which revealed that
the majority of the cells were dead when they were removed from culture. This brought
into question the length of culture required for the stimulation of lymphocytes. It was
decided to try reducing the length of culture to as low as 12 hours.
At this point it was decided to try using a commercially available non-enzymic
sohtion, called ce11 dissociation solution (Sigma Chemical Co., St. Louis, MO), to
increase the number of cells removed from the bottom of the microtiter plate during ceIl
harvesting. The procedure remained essentially the same as described above using PBS,
except this time 100 pl of ce11 dissociation solution was added to each well. This seemed
to increase ceIl numbers slightly, but still was not satisfactory. It was then decided to
switch from the 96-weI1 plates to 24-well plates so that the wells could be scraped with a
plastic ce11 scraper while incubating with ce11 dissociation solution to physically remove

the cells from the bottom of the well. Also, this would eliminate the need to pool wells
in order to obtain 3 x 1 0 ~cells per sample, as 3 x 1 0 ~cells could be plated in each well of
the 24-well plate. This seemed ?O improve ce11 numben drastically, as enough cells were
present to be able to run the sarnples through the flow cytometer (up until this point,
samples were usually just viewed under a flourescent microscope, but not run through

flow cytometer due to low ce11 numben and problems with ce11 clumping).
Unfortunately, the cells still seerned to be fiagmented and broken, and very few intact

cells were detected by the flow cytometer.
In consultation with another graduate student doing similar work with muscle
celk, it las decided to eliminate the Tween 20 from the PBSBSA solution. The cells
were harvested using the ce11 dissociation solution and the cell scraper, and then
processed according the Becton Dickinson protocol, with the elimination of Tween 20
from al1 solutions. The results were excellent, as the numben of intact cells increased
dramatically and very little clumping was observed. The concentration of Tween 70 may
have been too hanh of a detergent for the lymphocytes.
Now that it was finally possible to run enough intact cells through the flow
c'ometer,

attention focused on determining the appropriate duration of incubation and

the length of the BrdU pulse. As well, other problems had arisen. There did not seem to
be any sign of stimulation of the cells with anti-CD3 (according to the PI staining
pattern), and there also did not appear to be any sign of staining with the FITCconjugated anti-BrdU.

A new anti-BrdU antibody was ordered from Boehringer

Mannheim, but still no staining was detected

A different anti-BrdU antibody was

ordered from Becton Dickinson and staining was observed. It was concluded that the
Boehnnger Mannheim product u7asdefective.
Now that the BrdU labeling procedure was essentially working, it \vas very
obvious that the cells were not being stirnulated by the anti-CD3 plate-coating procedure.
Numerous incubation penods were tested, including 24, 32, 48 and 72 houn of culture

with BrdU in the media for the entire culture time (to ensure that the reason that no BrdU

staining was being detected was not due to a suboptimal exposure period of BrdU to the
cells in culture). The cells were harvested and processed according to the modified
procedure as descnbcd thus far, and stored in ethanol overnight pnor to analysis by flow
cytometry. Cells were not stimulated even after 73 hours of culture. It was decided to try
stimulating the T-lymphocytes with varying concentrations of anti-CD3 (0.5,7, 5 & 10
pgml), and also to try using twvo different lectins, Concanavalin A(ConA) and
phytohemagglutinin (PHA), at three difTerent concentrations (5.5, 5 & 10 pgml) for 14
hours. No activity was seen at any of the anti-CD3 concentrations, while stimulation was
obsemed in samples stimulated with either 5 or 10 pdml of ConA or PHA. It \vas
decided to compare the degree of stimulation of T-lymphocytes with 5 and 10 pgiml of
both ConA and PHA with culture times of 34, 48 & 73 hours. Also, it was decided to
process and analyze cells in one day, without storage ovemight in ethanol, to see if this
would result in a sample with less cellular debris and more intact cells.
Analysis revealed that stimulation with 5 pghl ConA for 48 hours resulted in the
most stimulation (See Appendix A, Tabie 1), while maintaining relatively high numben
of intact cells with a limited amount of debris. Increasing culture time to 72 hours
resulted in increased cet1 destruction.

It was also decided that samples should be

analyzed on the same day that they are removed from culture, to eliminate ce11
destruction that occun during storage in ethanol. However, it was revealed that BrdU
should not be present in the media for the entire duration of culture, as strange results
were seen. AAer experimenting with a variety of BrdU pulse times, it was decided that a
four hour pulse was the most effective (that is BrdU is added to the media 4 houn before

the cells are removed from culture).

The amount of BrdU added to the media was also increased to twice the onginal
amount afler experimentation with lx, Zx, 4x & 10x the original amount (20pVwelI).
See Appendix A, Table 1.

In summary, the optimized procedure is as follows:
i Culture 3x 106cells/well in a 24-well culture plate
h Stimulate cells with 5 pg/ml ConA added at beginning of culture period

>

4 hours prior to removing from culture, add 40 pl BrdUhell

r

AAer 48 hours culture, replace media with 1 ml ce11 dissociation solution and
scrape wells with cell scraper

r

Pipet samples into 15 ml conical plastic Falcon tubes and and add 1 ml

PB91% BSA
i

Centrifuge at 500 x g for 15 minutes

>

Resuspend pellet in 100 pl physiological saline on ice

I Add cells dropwise to cold 70% ethanol in conical Falcon tube, white

vortexing
I;

Incubate for 30 minutes on ice

>

Centrifuge at 500 x g for 10 minutes at 10°C
Resuspend pellet in 500 pl 2N HCI/O.S%Triton X-100 while vortexing

F Incubate for 30 minutes at room temperature
Centrifuge at 500 x g for 10 minutes at room temperature

>

Resuspend pellet in 500 pl Na2B4071O H20

2 Centrifuge at 500 x g for 10 minutes at room temperature
ï Resuspend the pellet in 50 pl PBS/l% BSA and hansfer to 1.5 ml

microcentri fuge tubes
i Add 20 pl anti-BrdU antibody
i Incubate for 30 minutes at room temperature
i Centrifuge at 14 000 RPM for 1 minute

;Resuspend pellet in 300 pl PI solution (5 @ml
r

Anal-

by flow cytometry within 3 hours

PBS)

Total percentage of cells in S phase after 48 hours of culture

ConA concentration
16.88

,4 hour BrdU pulse
A2hour BrdU pulse

1

10mM
8.66
14.02

'

46.76'

BrdU concentration2
20 mM
40 mM
22.44
15-00

13.55

Abnormal histogram pattern for this sample.
2 ~ e l lwere
s
stimulated with 5 ugiml ConA.

-

100 mM
16.12

-

- -

-

Appendix B

-

Average weekly weights of mice for Experiments 1 & 2
Treatment ~ r o u p s ~
Experiment 1
ZnDF&LP

Initial Weight

ZnDF

LP

Experiment 2
ER

CTRL

ZnDF&LP

ZnDF

LP

ER

CTRL

23.4
-+0.49

Acclim weight3

ND^

Week 1

19.2

-t0.49
Week 2

18.1'

Week 3

18,lc

Week 4

17.4'

-t0.79
-+1.O5
21.19

'values are expressed as mean 2 the standard error of the mean. For Experiment 1, n-7, except for ZnDFBLP , where n=5. For Experiment
2, n=8, except for LP, where n=6. Signifiant main effects, as determined by repeated measures ANOVA, were week and diet x week.
Superscript letters indicate significant differences between means for each experiment as determined by Duncan's multiple range test.
2 ~ n ~ ~ deficient
& ~ ~and=2%~ protein,
n
ZnDF=Zn deficient, LP=2% protein, ER=energy restriction, CTRL=control.
'~cclirnweight=weight after acclimatizaiion for one week in hanging cages fed powdered control diet.
4 ~ ~ = ndetermined
ot
as pari of the experimental design for Experiment 1.

- -

Appendix C
Effeds of dietary treatments on femur. serum and spleen zinc concentration ni mice after 4 weeks'

Treatment &oups2

Semm Zn (Exp 1)"
(ug/ml)

0.52'

Senim Zn (Exp 214
(uglml)

0.75'

-t0.09

-+0.14

Femur Zn (Exp 2
)'
( W gd~y
wt)

264.1

254.8

-+20.9

-+18.4

Spleen 2n6
(ug/g dry wt)

415.5

-+0.06

~158.8

1

0.56'

-+0.09
0.75'

761.1

-+271.9

1.15~

1.14A

-+0.13

-+0.11

0.90'.~

A .22"-6

1.36A

-+0.13

-+0.07

-+0.11

268.2

249.4

306.2

-5.0

-+12.4

-+28.7

502.8

431-4

366.1

1. O I A

-+0.03

-+164.2

-+105.1

-+44.9

Values are means 2 standard error of the mean. Main effects of diet were significant for serum
Dtfferent superscript letters indicate significant differences between
means as determined by Duncan's multiple range test.
'Z~DF&LP=Z~
deficient 8 2% protein, ZnDF=Zn deficient. LP=2% protein. ER=energy restriction.
CTRL=control.
values are from mice in Experiment 1. n=3, except for ZnDFBLP, and CTRL. where n=2 and 4.
respectively. Values represent pooled samples.
Qalues are from mice in Erperiment 2. n=7, except for ZnDFBLP, ZnDF and LP. where n=6.8 and
5, respectively.
%ahes are from mica in Experiment 2. *=
excepti
forl
LP and ER, where n=5 and 8, respectively.
values are from a separate group of mice fed according to the same protocol as for Experiment 1.
n=5 for ail groups.

Zn in Experiment 1 and 2.

Appendix D
Effects of dietary treatrnents on spleen weight and spleen cell numbers
in mice from Experiment 1 afkr 4 weeks'

Treatment group"

B

Spleen weight

104.0~

ZnDF&LP

ZnOF

LP

ER

56.5'

749

70.7'

73.3'

(mg)

-+7.90

-+6.20

% SpleenlBody
weight

0.45~

0.31

Splenocytesl
spleen (XI )
'
0

1.56A.B

Splenocytesl
mg spleen ( x l 06)

1

-+o.o3

'

-+0.02

0.98'

24.70

-6 . 6 0

0.35'

0.36'

20.02

1.33A.B

-+0.02

-+7.80

CTRL

114.5~

-+9.20

0.36'

0.4gA

-+o.o3

+o.03

1.28*.'

f.38*.'

2.15~

20.27

20.26

-+O.IS

2029

20.23

-+0.49

1.50

1.60

1.79

f-71

1.59

1.83

-+oz3

-+0.29

-+020

-+oz6

-+o.30

-+0.32

Values are means 5 the standard error of the rnean. n=7, except for ZnDF&LP, where
n=5. Main effect of diet was signifiant for spleen weight and spleen weight as a percent
of body weight. Different superscript letters indicate significant differences between
means as determined by Duncan's multiple range test.
'~=baseline, ZnDF&LP=Zn deficient and 2% protein, ZnDF=Zn deficient. LP=2% protein.
ER=energy restriction, CTRL=control.

Appendix E
Effects of dietary treatments on T-lymphocyte subpopulations'

Treatment ~ r o u ~ s *

B

ZnDF&LP

ZnDF

LP

ER

CTRL

Total % CD4+ and C D ~ + ~ 72.7A
+1.5
CD4+/CD8+ ratio

%cD~s+'
1

Values are rneans f: standard error of the mean. Superscript letters indicate significant
differences between means as detennined by Duncan's multiple range test. There was a
significant main effect of diet for CD4+, and total CD4+ and C08+, and a significant main effect
of day for CD3+, CD4+, CD8+, and total CD4+ and CD8+. n=7, except for ZnDF&LP, where n=5.
2~=baseline,ZnOF&LP=Zn deficient & 2% protein, ZnDF=Zn deficient, LP=2% protein.
ER=energy restriction, CTRL=wntrol.
"pressed
as % of total splenocytes.
4
Expressed as % of CD3+ splenocytes.
h of total lymphocytes.
'~xpressedas O

Appendix F
Effects of dietary treatments on spleen weight and spleen cell numbers
in mice from Experiment 2 af€er4 weeksl

Treatment groupz

ZnDF&LP

ZnOF

LP

ER

Spleen weight3
(mg)

78.1
+6.74

87.8'

70.3'

73.6'

26.83

-+10.09

-+4.98

Splenocytesl
spleen4 (XI )
'
0

1.22A.B

1.26A.8

Splenocytesl
mg spleen4X
(I 06)
1

1.03'

1.24A,B

CTRL

112 . 0 ~
-+520

2.09~

-+0.31

-+ o z

-+o.15

1.63

1.35
+0.02

1.35

1.52

1.87

-+0.02

-+o.=

-+o.o3

-+ o . o ~

-+0.49

-+0.33

Values are means 2 the standard error of the rnean. Main effects of diet were significant
for spleen weight. Different superscript letters indicate significant differences between
means as detemined by Duncan's multiple range test.
'Z~DF&LP=Z~deficient and 2% protein, ZnDF=Zn defident, LP=2% protein, ER=energy
restriction, CTRL=control.
'n=8. except for LP. where n=6.
4n=7, except for LP, ER and CTRL, where n=5,4 and 8, respectively.

Effects of dietary treatment and 2-mercaptoethanol treatment in vitro on the
percentage of ConA-stimulated murine spleen cells in each phase of the cell cycle'*2

Treatment
~roup~

Culture Conditions

+2-ME
GO
Z~DF&LP~

Early S

Late S

-2-ME
Total S

Mitosis

Go

Early S

Late S

Total S

Mitosis

78.75A

-+3.31
ZnDF

79.7gA
$2.49

LP

80.03~

-+1.30
ER

76.36*lB

-+4.49
CTRL

70.36'
-+1.85

'values are rneans 2 standard error of the mean. Different superscript M e r s indicate significant differences between means for a
variable within a culture condition, as determined by Duncan's multiple range test.
2~ignificantmain effects were stimulation and culture condition for al1 phases, except for M phase, where culture condition was not
significant. When ANOVA was perforrned on stirnulated samples only, a significant effect of day was found for Go, early SI late SI and
M phases for +2-ME samples and for Go and late S phases for -2-ME samples. A significant effect of diet was found for Go, early SI
late S, and total S phases for +2-ME samples. No significant diet effects were found for cells cultured without 2-ME.
'Z~DF&LP=Z~
deficient 8 2% protein, ZnDF=Zn deficient, LP=2% ptotein. ER=energy restriction, CTRL=control.
4 ~ o+2-ME,
r
n-6, 7, 5.4 8 8 and for -2-ME. n=4, 6.4, 3 & 7, for ZnDF&LP. ZnDF, LP, ER and CTRL, respectively.
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