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ABSTRACT

PERTURBATION OF LYNIPHOPOIESIS BY DIETARY ZINC

DEFICIENCY IN YOUNG ADULT A/J MICE

By

Farzaneh Osati-Ashtiani

Deficiencies in dietary zinc represent a world wide nutritional problem which

compromises the host immune defense capabilities, and leads to increased susceptibility to

disease and infection. Dietary zinc deprivation in mice, a compatible model for human zinc

deficiency, causes rapid thymic atrophy and decreases cell and antibody mediated responses

all of which correlates with the losses in the number of peripheral lymphocytes. This

nutritional deficiency also results in chronic elevation of endogenous glucocorticoid

concentration, which itself is irnmunosuppressant. Thus, disruption of lymphopoietic

processes which could lead to lymphopenia and diminished host defense capacity during zinc

deficiency was hypothesized. The primary objective of this research was to evaluate the

effects of suboptimal dietary zinc intake on developing B-cells, particularly progenitor and

precursor compartments of the B-lineage in the marrow of young adult mice. This

investigation was also extended to the examination ofthe status ofT-cells at different stages
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ofdevdopmentinthethynmsofdietarya'ncmice, asthesecond objective ofthis dissertation.

Since glucocorticoids are known to suppress the immune system, the third objective ofthis

research was to correlate glucocorticoid elevation during zinc deficiency with the suppression

of lymphopoiesis through apoptotic cell death of susceptible lymphocytes. The results

strongly indicate a selective and stage specific alteration in B-lymphopoiesis in the marrow

offine deficient mice. Precursor (B220‘CD43‘IgM‘) and immature (BZZO*IgM*IgD‘) B-cells

exhibited significant sensitivity to the efi‘ects of zinc deficiency, whereas progenitor

(B220‘CD43*IgM') and mature (BZZO‘IgM‘IgD‘) B-cells were substantially resistant.

Similarly, significant depletion of immature thymocytes (CD4*CD8*) with concomitant

resistance of progenitor (CD4'CD8‘) and mature T-cells (CD4‘CD8‘/CD4‘CD8*) in the

thymus indicated a stage specific sensitivity of residual thymocytes to the effects of zinc

deficiency. Thus, disruption of lymphopoiesis particularly of early developing immature

lymphocytes by zinc deficiency was indeed the underlying cause of impaired immunity. To

investigate the role of glucocorticoids in the observed immunological alterations in zinc

deprivation, adrenalectomies were performed. Removal ofcorticosterone via adrenalectomy

completely protected thymus integrity and bone marrow cellularity while thymus weights and

phenotypic distribution of early developing and immature B-cells were analogous to those

found in the control groups. Furthermore in vivo and in vitro verification ofapoptosis in the

thymus of zinc deficient mice indicated that the elimination of immature double positive

thymocytes (CD4‘CD8‘) occurred via apoptosis. Taken together, the results strongly indicate

the disruption oflymphopoiesis due to dietary zinc deprivation. Furthermore, a potential role

for GC-induced suppression of lymphopoiesis and apoptotic elimination of susceptible

lymphocytes in zinc deprived mice are suggested.
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Introduction

The importance ofzinc as a nricronutrierrt in the growth and development ofmammals

was first recognized by Todd etal in 1934. Since then, a growing body ofliterature has been

devoted to the importance ofzinc as well as deleterious effects of its deficiencies in biological

systems, particularly in immune system (Prasad, 1985; Fraker et al., 1986; 1993; Endre et al.,

1990; Walsh etaI., 1994; Hadden, 1995; Cousins, 1996). Being one ofthe largest tissues in

the body and a dynamic system with constant development, differentiation, and proliferation,

the immune system requires a continuous flow of nutrients including zinc for its pr0per

function. The frequency of zinc deficiency (ZD) in humans and its adverse efi‘ects on the

imnmne components emphasizes the necessity for understanding the role ofzinc in immunity.

The high reliability ofmice as an immunological model for humans has greatly enhanced our

knowledge about the interrelationship between zinc deficiency and impairment ofthe immune

system. Information gathered to date indicates that a period of30-day insufficient zinc intake

in young adult mice is suflicient to cause: 1) weight loss, 2) rapid thymic atrophy; and 3)

reduced numbers in lymphocytes and macrophages in the peripheral immune system (eg.,

spleen) (Fraker et al., 1986; 1993). Furthermore, the deficiency caused severe depressions

in antibody and cell mediated immune responses (DePasquale—Iardieu and Fraker, 1984;

Femandes et al., 1984; Jardieu and Fraker, 1990). Further investigations revealed that in
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spite ofsevere depletion oflymphocytes in the spleen, the proportion ofresidual splenocytes

('1‘-cells to B-cells) were normal (King et al., 1991). Similarly, the fimctional capacity of

residual splenocytes in terms of their proliferation capacity and antibody and cytoldnes

production in response to different mitogenic stimuli was normal (Cook-Mills and Fraker,

1993a). Taken together, it appeared that lymphopenia was the most probable cause for

reduced host defense capacity. Thus, alteration in lymphopoiesis in the bone marrow (BM),

the site oflymphopoiesis in adult mammals, appeared to be a possibility causing reduction in

lymphocyte numbers and impaired immunity in ZD. This hypothesis was used as the main

frame for investigations on this dissertation. The primary objective ofthis dissertation was

to identify the status ofB-lymphopoiesis in the marrow and T-cell maturation in the thymus

ofZD mice. It was ofinterest to determine if suboptimal levels of zinc result in a uniform

reduction in lymphocyte subsets or if selective alterations occur in certain subclasses.

Experiments reported in Chapters two and three will extensively examine different stages of

B-cell development through irnmunophenotyping the marrow of mice on a 27-day zinc

deficient dietary regime. Likewise, Chapter five will address the status of T-cell maturation

in the thymus ofdietary zinc mice, as the second objective ofthis research.

Chronic elevation ofglucocorticoid concentrations (GCs) in the later stages ofZD has

been established (Quarterman, 1972; 1974; Quarterrnan and Humphries, 1979; DePasquale-

Jardieu and Fraker, 1979; Prasad, 1985). DePasquale—Jardieu and Fraker demonstrated that

ZD constitutes a stress that activates the hypothalamus-pituitary-adrenal cortex axis (stress

axis) and subsequently leads to the chronic production ofcorticosterone (CS, the predominant

form of GCs in murine system) (DePasquale-Jardieu and Fraker, 1979). Furthermore,
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removal of CS via adrenalectomy protected against involution of the cortex in which

inunature thymocytes reside (DePasquale-Iardieu and Fraker, 1980). Thus, it appeared that

GC had profound efi‘ects on thymic integrity, in particular on immature thymocytes, as has

been also shown by others (Quarterman and Humphries, 1979; Miller et 01., 1991; 1994;

Flaherty et 01., 1993). Recent literature has extensively demonstrated the sensitivity of

'nnmsturethymccytesto GCs followedbyinduction ofapoptosis asa mean for the elimination

ofvulnerable lymphocyte populations (Cohen and Duck, 1992; Sun et 01., 1992; Brown et

01., 1993; Cidlowski et 01., 1996). In fact, several recent studies from this lab have indicated

the susceptibility and apoptotic elimination ofthymocytes as well as developing B-cells to

short exposure of low levels of synthetic (dexamethasone) and natural (corticosterone,

cortisol) GCs in vitro (Garvy et 01., 1991; 1993b; Voetberg et 01., 1994). These findings

provided a foundation for the two other objectives in this dissertation. Thus, the third

objective ofthis research was to identify the role ofendogenously elevated levels ofCS in B-

lymphopoiesis in the marrow ofZD mice. This objective was met by the removal of GCs

Mthe circulation via adrenalectomy. It was of interest to investigate whether removal of

the GC would protect BM cellularity in ZD mice as it did for the thymus (DePasquale-Jardieu

and Fraker, 1980). This will be addressed in Chapter Four. The final objective was to verify

whether apoptosis played a role in elimination ofGC-susceptible lymphocyte populations in

ZD mice. Use of a homogenous tissue such as thymus provided an easier tool for this

investigation. Chapter Five, along with evaluation of T-cell subsets in ZD, concomitantly

examines the presence ofapoptosis among immature thymocytes in the thymus ofZD mice.

Due to rapid in viva phagocytosis ofapoptotic cells by phagocytic cells (Savill et 01., 1989a;
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1989b; Cohen, 1991; Evan et 01., 1992), the verification of apoptosis in ZD was attempted

though two approaches. In the first approach (in viva system), fi'eshly isolated thymocytes

fi'om difi‘erent dietary groups were shortly incubated (6 hrs) in regular media (RPM-1640)

to allow for the completion of apoptotic processes in cells that received the death signal in

viva, but escaped phagocytosis. In the second approach (in vitra system), fieshly prepared

thymocytes from regular mice were incubated (8 hrs) in culture media (RPMI-l640) in which

known levels of CS and zinc relevant to the levels detected in zinc dietary mice were

supplemented. This approach allowed for the identification ofthe role of zinc and CS or their

synergistic action in thymocyte survival or death and allowed detection of the apoptotic

elimination in immature thymocytes with higher magnitude compared to the in viva system.

Identification of apoptotic cells were made possible by a rapid and highly quantitatively

method recently introduced by this lab (I'elford et 01., 1991). Using multicolor FACS analysis

for the identification of different subpopulations along with their simultaneous cell cycle

analysis via fluorescent DNA dye, the precise proportion of each subpopulation undergoing

apoptosis was rapidly detected.

Collectively, these studies strongly indicate a selective disruption in lyrnphopoietic

processes in zinc deprived mice. Further, they indicate a potential role for GC in alteration

in lymphopoiesis leading to apoptotic elimination of susceptible lymphocytes.



SECTIONI: Biochemical and Physiological

Significance ofZinc
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Introduction: It was not until 1934 that zinc was shown to be necessary for the

growth ofmammals (Todd et 01., 1934). Later in 1963, the importance of zinc for human

health was first documented by Prasad and his colleagues. This documentation was based on

clinical studies on patients from Iran (Prasad et 01., 1961) and Egypt (Prasad et 01., 1963)

who demonstrated severe growth retardation, hypogonadism, hepatosplenomegaly, rough

skin, geophagia (in male Iranian subjects) and Schisiosamiasis (in Egyptian patients). In

addition the zinc content of plasma, red blood cells and hair was dramatically decreased in

dwarfs compared to normal subjects. The diet ofthese patients consisted ofbread made of

wheat flour which is known to contain high phytate, which decreases the availability of zinc.

These clinical manifestations and laboratory observations indicated zinc deficiency as a

principal feature in these patients. Since then investigations related to metabolic functions and

esseruiality ofone has expanded rapidly. Tire essential role ofzinc in the survival, growth and

irnegrity ofcellular components of different organisms is due in part to the utilization ofthis

element by more than 200 metalloenzymes for their fiinction (Coleman, 1992; Vallee and

Auld, 1990). In these enzymes, zinc participates in catalytic, cocatalytic (coactive) or

structural activities (Vslice and Falchuk, 1993). Thus, ifthe metal is removed by chelating

agents or if it is not available at optimal levels (eg., dietary zinc deficiency) the catalytic

fimetions and structural stability ofthese zinc-dependent enzymes will be abolished, thereby

leading to profound physiological alterations. The biochemical features ofzinc have lead to

the recognition ofzinc in wide variety of biological systems. In the last few decades many

investigators have specified the significant role of zinc in biomembrane integrity, wound

healing, reproduction, the nervous system, carcinogenesis, the endocrine system, and as an
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antioxidant and therapeutic agent (Prasad, 1988; Sharnbaugh, 1989; Endre et 01., 1990;

Watanabe et 01., 1995). However, this chapter will review the characteristics and the

importance of zinc in biological systems and the impact of its deficiencies on some

components ofthe immune system.

Chemical Properties: Zinc is widely known as one ofthe most ubiquitous elements

inthenatureandoneofthemostessentialtracemetalsinthe human body. This element with

an atomic number of 30 and atomic weight of 65.37 is placed in Group II B transition

elements in the periodic table (\Vrlliams, 1989; Walsh et 01., 1994). Zinc is generally present

as a divalem cation (Zn2*) with a completely filled d shell (10 d electrons) which allows zinc

to play its unique structural roles. First, it readily undergoes ligand exchange reactions which

explains its catalytic role in metalloenzymes. Second, as an electron acceptor molecule, it can

strongly interact with ligands such as thiolate fiom cysteine, amine fi'om histidine, oxygen

fi'om aspartate, glutamate and water. Third, it shows no tendency for oxidation and reduction

activities which highlights its biological functions, since redox activity results in the fi'ee

radical formation (Williams, 1989; Da Silva and Williams, 1991). In fact zinc is known to act

as fiee radical scavenger by displacing redox-active transition metals (eg., iron and copper)

from their specific site and preventing hydroxyl radical (OH') formation at the active site

(Hovering and Dean, 1992; Powell et 01., 1990). The scavenging mechanism of zinc was

demonstrated in a recent study by Powell et 01., (1994) in which they showed that the

perfusion of isolated rat hearts with zinc significantly improved the cardiac postischenric

recovery. When they measured the copper concentration in hearts treated with zinc (30uM),

they noticed 27% less copper than the control hearts. Thus it seems that by competing with
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copper and displacing it, zinc could suppress the OH' formation and improve postischemic

recovery.

The other mechanisms by which zinc may fiinction as an antioxidant is the protection

ofailfirydryl groups against oxidation This is achieved by direct binding ofzinc to sulfirydryl

groups, thus preventing intrarnolecular disulfide formation (Bray and Bettger, 1990).

Furthermore, the presence of zinc at the active site of superoxide dismutase (SOD)

(eliminates superoxide anions, 02°, formation), and its association with metallothionein (a fi'ee

radical scavenger) indicates the indirect contribution of zinc in antioxidation activities and

'urtensifies the importance ofzinc in biological systems (Bray and Bettger, 1990). In fact a

study by Richard et 01., (1991) reported high lipid peroxidation and tissue injury in patients

with clu'onic renal failure due to decreased enzymatic activity of SOD. The decrease in SOD

activity and subsequent hyperlipoperoxidation in these patients were explained by a

disturbance in the status of zinc as decrease in serum zinc level was also noted. SOD

converts superoxide to molecular oxygen and hydrogen peroxide which is subsequently

degraded to oxygen and water by catalases and proxidases. Thus, by removing these highly

reactive radicals via scavenging capacity ofSOD, the tissue damage is prevented (Borg et 01.,

1992).

Taken together, these data suggest that zinc is involved in antioxidative defense

systems; thus, its deficiency could result in an increase in tissue oxidative damage. Recent

studies fiom different laboratories have in fact shown the oxidative damage to proteins and

lipids in rats fed a low zinc diet due to the low zinc metalloenzymes activities and increased

reactive oxygen species (Coudray et 01., 1991; Disilvestro and Carlson, 1994; Oteiza et 01.,
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1995). This, some ofthe observed physical and biological alterations in zinc deficient mice

studied in this dissertation could be related to the disturbance in the antioxidative mechanisms.

Zinc Metabolism:

Absorption: Zinc commonly enters the body through ingestion offood and drink and

its absorption is primarily by the small intestine including duodenum, jejunum and ileum

(Solomons and Cousins, 1984; Cousins, 1985; Cousins, 1989; Lennerdal, 1989). Most

recently rat colon was identified as another site of absorption (14%) for this nutrient (Naveh

et 01., 1993). Although zinc absorption has been investigated widely, the mechanism (8)

involved in this process has not been clearly identified. However, most ofthe investigators

think that zinc absorption occurs via difi‘usion (nonmediated) and carrier-mediated

mechanisms (Cousins, 1989; Lennerdal, 1989). At high zinc concentrations, the brush border

membrane ofthe intestinal mucosal cells absorb zinc by passive difiiision (Tacnet et 01., 1990;

Rafi'am'ello et 01, 1992) and under normal dietary conditions zinc is absorbed by the carrier-

mediated mechanism which is most active at low luminal zinc concentration (Rafi‘aniello and

Wapnir, 1989; Hempe and Cousins, 1991). Thus, one would expect that at suboptimal

dietary zinc intake the intestinal mucosa would have higher zinc uptake. In fact in an earlier

study by Steel and Cousins (1985) they demonstrated that the intestinal absorption rate in the

zinc deficient rats was eight fold higher than in the control rats, suggesting an increase in

membrane transport mechanism when the zinc supply decreases. However, there was no

indication ofwhether or not the higher zinc uptake in these patients was associated with zinc

mobilization from other tissues (eg., muscles, bone) which can affect the tissue zinc

distribution. This will be addressed in Chapter Three ofthis dissertation.
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The carrier-mediated zinc absorption is regulated via two proteins, namely,

metallothionein (MT) and cysteine-rich intestinal protein (CRIP) (Rafi‘aniello and Wapnir,

1991; Hempe and Cousins, 1992). This mechanism was primarily identified as a low

molecular weight (6500 daltons) cysteine rich protein, namely metallothionein (MT) (Hoadley

and Cousins, 1987; Seal and Heaten, 1987). This protein which binds many divalent cations

(eg., Zn, 0i, Cd, etc.) has been suggested as a storage protein for zinc (Chesters, 1991). MT

synthesis is directly correlated to dietary zinc intake and inversely related to zinc absorption

(Hoadley etal, 1988; Cousins and Lee-Ambrose, 1992). The interrelationship between zinc

and MT and its relevancy to this dissertation will be addressed in this section.

The cysteine-rich intestinal protein (CRIP) has been identified as a 77-amino acid, 8.6

KDa protein with seven cysteine residues (Birkenmeier and Gordon, 1986). This protein is

mainly expressed in small and large intestine with minimal to no expression in other tissues

(Hempe and Cousins, 1991). A recent study by Hempe and Cousins (1992) was specifically

aimed at the identification of a role for CRIP in zinc absorption and the interrelationship

between CRIP and MT in the regulation of zinc transport. Using isolated intestinal loops

fiorn rats fed either low (1 ug zinc/g) or high (180 ug zinc/g) zinc diet, an inverse relationship

in zinc absorption was shown between these two proteins suggesting a competitive binding

interactions between MT and CRIP for intracellular zinc transport.

Many agents afi‘ect zinc absorption. Agents that form insoluble complexes with zinc

are the primary source ofmalabsorption. For example, phytate (a phosphate rich compound

found in cereal grains, legumes and soy-based infant formulas) histidine and cysteine (high

afinity binding amino acids), have all been shown to reduce or inhibit zinc absorption (Han
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et 01, 1994; Cousins, 1996). Thus, due to high amnity binding ofzinc to many ligands (eg.,

phosphate groups, sulfirydryl groups) and the possible formation ofinsoluble complexes with

fine, malabwptionofzincwithasubsequentzincdeficiency is expected. In fact, human zinc

deficiency in the Middle East due to the high consumption of plant proteins which contain

large amounts ofphytate (inositol hexaphosphate) is a classical example ofzinc malabsorption

and zinc deficiency (Prasad, 1963; Prasad, 1991). Furthermore, clinical problems of

gastrointestinal absorption, kidney disorders, alcohol, and inborn errors of metabolism also

contrilnrte to the zinc malabsorption (Cousins, 1985; Walsh e101, 1994). This dissertation,

however, will specifically address the adverse efi‘ects of suboptimal dietary zinc intake and its

outcomes on some immune components ofthe murine system.

Transport: Plasma is the major route ofzinc transport throughout the body once it

has been absorbed. The total zinc content ofplasma varies from 95-130 mg/dl in a healthy

adult. However, it comprises only 0.1% ofthe total body zinc (Cousins, 1989; Bremner and

May, 1989). Within the plasma, zinc appears to be bound to two main carrier proteins,

namely macromolecular and micromolecular zinc ligands. The macromolecular zinc ligands

which comprise more than 98% ofthe circulating zinc include transferrin, albumin and a2-

macroglobulin (Cousins, 1989; Walsh et 01., 1994; Cousins, 1996). Approximately 66% of

the plasma zinc is bound to albumin presumably to one of the histidine moieties of this

molecule. Albumin is considered as the major and the more dynamic source ofzinc binding

protein and zinc carrier within the circulation. Approximately one-third ofthe zinc carried in

theplasmaisboundto armaeroglobulinwhich comprisesatightlybound pool ofplasma zinc.

The incorporation and metabolism ofthis complex only occurs in the liver. The physiological
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sigru'ficsnce ofzinc binding az-macroglobulin has not been identified yet. The micromolecular

portion of the zinc binding carriers which comprise only 1-2% of the circulating zinc is

composed ofamino acids such as histidine, cysteine, glutamine, and threonine. The amino

acid-zinc complexes, due to their low molecular weights, are able to transport to all tissues

and body organs including brain. This small zinc pool may act as a zinc donor for a high

afinity zinc uptake system within cells (Cousins, 1989; Cousins, 1996).

Distribution: Zinc is found in almost all organs, tissues and body fluids, however,

at different concentrations. The highest tissue concentrations of zinc have been found in

human prostate gland (520 mg/kg dry weight), muscle (197-226 mg/kg dry weight), bone

(218 mg/kg dry weight), kidney (184-230 mg/kg dry weight), liver (141-205 mg/kg dry

weight), and pancreas (115-135 mg/kg dry weight) (Walsh et 01., 1994). The rest of the

tissues contain relatively trace amounts of zinc. The zinc content in extracellular fluids is

relatively low (plasma contains only 0.1% ofthe total body zinc) compared to intracellular

stores (about 99%) (Vslice and Falchuk, 1993). However, plasma zinc serves as a primary

source of the element available to all cells. Thus, small variations in the zinc content of

tissues would have dramatic effects on plasma zinc. Furthermore, any fluctuations in the

dietary zinc intake could have the same consequences. A decrease in plasma zinc levels has

been repeatedly reported in both humans and animals following zinc deprivation where

introduction of a zinc deficient diet was followed by rapid depression of the plasma zinc

(Endre et 01., 1990; Prasad, 1991; Cook-Mills and Fraker, 1993a; King et 01., 1995).

The distribution ofzinc between extracellular fluid pool and intracellular pools has

been shown to be sensitive to several factors. These include variations in hormonal balance



13

(eg, glucagon, insulin and glucocorticoids), inherited disorders of zinc metabolism(eg.,

Acrodennatitis enterapathica) and diets either low in zinc or with zinc chelating agents, in

all ofwhich the plasma zinc level is depressed (Cousins, 1985; Bunce, 1989; Jackson, 1989).

This is ofsignificant interest to this dissertation where a combination ofzinc deprivation and

chronic elevation ofglucocorticoids which accompanies zinc deficiency could be evaluated

for their role in zinc mobilization. This subject will be addressed in Chapter Three of this

dissertation

Excretion: Following zinc absorption, the unabsorbed portion ofthe ingested zinc

which is in the form ofinsoluble complexes is carried in the intestine and excreted in the feces.

This fecal fine is composed in large part ofunabsorbed zinc. A portion ofthe zinc in feces

also reflects the secreted zinc fiom gastrointestinal tract and the bile. Zinc in feces represents

the major source ofzinc lost fi'om the body (70-80% ofthe total ingested zinc). Fecal zinc

excretion ranges from 5-10 mg/day and depends on the dietary zinc intake and physiological

condition (Cousins, 1985; Jackson, 1989).

A small portion ofzinc is also excreted in the urine of healthy subjects. This portion

is composed ofzinc primarily bound to amino acids. The zinc-amino acid complexes would

drerrreadilypassfliererialglonmdusuidareerrcretedintheurine. The urinary zinc excretion

(approximately 500-800 rig/day) reflects changes in nutrition, disease and physiology ofboth

launans and animals. For example, urinary zinc loss is a common feature ofacute and chronic

liverdiseaseandrenaldiseaseinwhich, duetothedamagetc thecells and theirfunction, n'nc

cannotbehandledproperlyandisexcreted intheurine(Barry etal., 1990). Asrnall amount

ofzinc is also excreted in sweat (115 ug/dl) which under extreme heat would increase to as
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. ligh as 2-3 mg daily. There is no known body store for zinc with the exception ofzinc stored

in the bone. Therefore, homeostasis of zinc mostly depends on the balance between

absorption and excretion where an adequate nutritional diet is provided.

Role of Zinc in Metalloenzymes: The essential role of zinc in metabolism,

transmission ofgenetic messages, growth and development is mainly due to association of

zincasanirnegralcomponent ofoverZOOzincmetalloenzymes (Walsh 2101., 1994; Coleman,

1992). By incorporation ofn'nc into enzymes such as carbonic anhydrase, which dehydrates

bicarbonate in the lungs and hydrates carbon dioxide fi'om other tissues; alcohol

dehydrogenases that catalyze the oxidation ofalcohols and certain steroids; carboxypeptidases

which catalyze carboxyl-terminal peptide bond hydrolysis in peptides and proteins; alkaline

phosphatases that catalyze the hydrolysis of a variety of phosphate esters; nucleotide

polymerases which are involved in DNA and RNA synthesis; superoxide dismutase that

catalyzes the production ofhydrogen peroxide; and many other zinc-dependent enzymes, the

structural stability and the biological activities ofthese enzymes are maintained (Vallee and

Glades, 1984; Vallee and Auld, 1990; Vallee and Auld, 1993).

Carbonic anhydrase is an enzyme in which the catalytic activity could be impaired by

insufieient zinc. In patients with sickle-cell disease in wlu'ch a conditioned zinc-deficient state

is observed, the content of carbonic anhydrase in the erythrocytes was decreased in

correlation with the zinc content ofthe erythrocytes (Vallee and Auld, 1990).

Another interesting case is the liver alcohol dehydrogenase in which both catalytic and

structrn'alrolesofthezinc ion canbefound. This enzymehas two active sites and four ions

ofzinc per molecule. Two zinc ions are essential for catalytic activity and are bound to the
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enzyme via two cysteinyl-SH groups and the imidazole ring. The other two zinc ions appear

to have a structural function and are each bound to four cysteinyl-SH groups (Vallee and

Auld, 1990).

In some cases zinc plays a non-catalytic role in the zinc-dependent enzymes. For

instance, in case of superoxide dismutase, There are two atoms ofcopper and two atoms of

zinc present per molecule ofprotein and all four atoms are required for optimal superoxide

dismutase activity. Zinc is thought to be needed for the stability ofthe enzyme (Bremner and

Beattie, 1990). This enzyme which is a member of oxidoreductases, zinc metalloenzymes,

catalyzes the production ofhydrogen peroxide in aerobic cells which in turn protect the cells

floor the oxygen fi'ee radicals formation. The protective activity ofSOD against free radical

formation could be either tlu'ough disrnutation ofsuperoxide anion (02’) or by preventing iron

(Fe’*) reacting with hydrogen peroxide, thereby generating fi'ee hydroxyl radical (OH') in the

well-known Fenton reaction (Willson, 1989; Bray and Bettger, 1990; Bremner and Beattie,

1990; Borg et 01., 1992).

In addition to the cytosolic copper and zinc containing SOD (Cu-ZnSOD), a

mitochondrial manganese-containing SOD (MnSOD) has been also identified in mammalian

tissues (Borg e101, 1992; Giglio et 01., 1994). The efl‘ects ofzinc deficiency on antioxidant

activities ofCu-ZnSOD and MnSOD was investigated by Taylor and colleagues (1988). The

Ctr-ZnSOD activity was shown to be unchanged in the liver and elevated in the lungs ofthe

zinc deficient rats. The MnSOD activity were unchanged in the liver and lung of zinc

deficient rats compared to zinc adequate controls. In general, even though the animals were

severely zinc deficient, the changes in the free radical defense system were small. Thus, it
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seems that the antioxidant defense system may be so important to the survival of the zinc

deficient animal that the growth of the animal is halted in order to maintain tissue zinc

concentrations and other components ofthe antioxidant defense mechanism.

Furthermore, zinc has been recognized as a structural regulator ofmany transcription

factors that are necessary for gene activation. The structural role for zinc in transcription

factors was first recognized in transcription factor IIIA (TFIIIA) from fi'og Xenopus leavis

(Miller et 01., 1985). Most ofthese transcription factors including TFHIA include small zinc-

based domains called zinc fingers that are necessary for DNA recognition and subsequent

gene transcription (Rhodes and Klug, 1993). Over the past decade, more than ten classes of

arch zinc finger domains have been discovered and characterized (Schwabe and Klug, 1994).

This subject will be discussed in more detail in upcoming section under zinc and gene

transcription.

Metallothionein: Metallothionein (MT) is a significant macromolecular ligand for

zinc with a unique structural features including low molecular weight (<10,000 daltons), a

high content of heavy metals (4-12 atoms/mole) and high cysteine content (30% of the

residues). MammalianMT is a 61-62 amino acid peptide containing 20 cysteines, 6-8 lysines,

7-10 serines, one acetylated methionine at the amino terminus and no aromatic and

hydrophobic amino acids. The majority ofcysteine residues are present in cys-x-cys and cys-

cys sequences where x represents any other amino acid (Harrier, 1986; Bremner and Beattie,

1990; Cousins, 1985; Chester’s, 1992). MT binds the essential metals copper and zinc under

physiological conditions and the toxic metals cadmium and mercury under pathological

conditions (Nagel and Vallee, 1995). This protein (MT) has higher binding affinity for copper
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relative to zinc, whereas its induction is more responsive to dietary zinc than to copper

(Cousins, 1985). In fact, the low stability constant ofzinc-MT would serve as labile source

of zinc that could be utilized for the activation of many zinc-dependent enzymes. All the

cysteine reddues are involved in metal binding with some ofthe cysteine residues sharing the

metal ion. Metals are associated with MT through thiolate bonds to all 20 cysteine residues

(tetrahedrally coordinated to four cysteine thiolate ligands) and are contained in two distinct

clusters. The A cluster contains eleven cysteines, binds four atoms ofzinc or cadmium or five

to six atoms ofcopper, and is contained within the carboxyl-terminal ct domain. The B cluster

contains nine cysteines, binds three atoms ofzinc or cadmium or six atoms ofcopper and is

contained in the amino-terminal B domain(Hamer, 1986; Vallee and Auld, 1990; Kay et 01.,

1991).

MT has been isolated from a variety of species and a wide range oftissues, including

liver, kidney, pancreas, intestine, brain, thymus, bone marrow and reproductive organs.

However, the concentration ofthe protein in tissues is highly variable and is influenced by

many nutritional (dietary), physiologic and developmental factors (Bremner, 1987; Bremner

and Beattie, 1990; Huckle et 01., 1993). For example, the concentration ofMT is greatly

reduced in tissues of zinc-deficient animals (Bremner et 01., 1987; Vruwink et 01., 1988;

Cousins and Lee-Ambrose, 1992) and are increased after induction ofmany types of stress

or metal administration (Cousins, 1985). Its ubiquity, and inducibility by a wide range of

stimuli, including zinc, copper, infections, and stress suggest that it plays a vital role in the

regulation ofmetabolic processes that utilize this essential trace element.
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IthasbeenshcwnthatMTperfomrsanimportantregulatory roleinthe cells by being

involved in the intracellular phase ofzinc absorption, in cellular detoxification or storage of

zinc, and in direct activation ofzinc dependent enzymes by donating its metal to apoenzymes

and converting them into fully active enzymes (Hamer, 1986; Bremner, 1987; Vallee and

Falchuk, 1993). In vivo and in vitro studies have suggested a role as a free radical scavenger

asithasbeen showntobeapowerful binder ofhydroxyl radicals (Thornally and Vasak, 1985;

Bremner and Beattie, 1990; Schwarz, 1994; Powell et 01., 1994; Palmiter, 1994).

Furthermore, rapid induction of MT synthesis in response to increased intracellular zinc

concentrations is consistent with its action as a scavenger of metal ions. Thus in zinc

deficiency where fine is at suboptimal levels, MT synthesis would be diminished, thereby the

removal oftoxic heavy metals such as cadmium and to some extent copper will be impaired.

This could result in fiee radical formation, lipid peroxidations, and subsequent tissue damage.

Synthesis: The Synthesis of the major storage-regulating metalloprotein

(metallothionein) is triggered by increasing levels ofthe fi'ee metal ions (eg., Zn,Cd,Cu) in the

cell (Hamer, 1986; Palmiter, 1994). In the liver, metallothionein synthesis functions in uptake

and storage ofzinc in hepatocytes. In the intestinal mucosal cells, this protein competes with

CRIP,a zinc-binding ligand involved in zinc absorption, regulating the amount of zinc

available for transfer to the plasma as discussed (Cousins, 1983; 1989; 1996). Thus, the MT

synthesis controlled by the plasma zinc concentration demonstrates a homeostatic mechanism

in zinc metabolism.

In an early investigation by Richards and Cousins (1975), they demonstrated zinc

regulation ofan actinomycin-D sensitive mechanism that involves the synthesis ofhepatic and
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intestinal metallotlu'onein Their data clearly showed that plasma zinc uptake by hepatocytes

mist involve metallothionein synthesis since this is the only zinc binding protein that has the

dynamic capacity to respond to changes in zinc status. So they proposed that when plasma

zinc levels are high, liver metallothionein synthesis is stimulated which facilitates the uptake

of zinc into hepatocytes. Zinc remains bound to this protein until needed to meet cellular

requirements. Furthermore, The control ofmetal-induced MT synthesis at the transcription

level has bun shown by inhibitory efi'ects ofcycloheximide, actinomycin D, and puromycin

on the process (Dumam and Pahniter, 1987; Raffaniello and Wapnir, 1991). This effect has

been confirmed by measurement ofmRNA levels using cell-free translation systems and by

direct assay using cDNA probes. The rate ofprotein synthesis closely parallels the production

ofrnetallothionein mRNA (Dumarn and Palmiter 1987), and a high rate oftranscription can

be detected within one hour of stimulation by metals. The mRNA levels reach a maximum

of at about 6-8 hours after exposure to an inducer, although the maximal levels of

metallothionein occur after 1-2 days (Palmiter, 1987). Cadmium is a particularly potent

inducer of metallothionein synthesis (Webb, 1986). The dynamics of metallothionein

synthesis in relation to zinc and copper metabolism has been comprehensively reviewed

(Cousins, 1985). Generally, a close relationship exists between zinc status and the levels of

metallothionein in tissues.

In a recent study by Cousins and Lee-Ambrose (1992), the influence ofdietary zinc

levels in the regulation ofMT gene expression in rats was demonstrated. Utilizing different

dietary levels ofzinc (5,30,130 mg Zn/kg), they showed that the intestine and liver took up

more zinc than other tissues. Nuclei purified from liver, kidney, and spleen accumulated
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substantial amounts ofzinc which was directly related to the amount of dietary zinc intake.

Furthermore, northern analysis demonstrated that MT expression was also proportional to

dietary zinc intake, where it was greatest in kidney followed by liver, intestine, spleen and

heart. These data strongly suggest that the induction ofMT synthesis is directly correlated

with dietary zinc supply as well as the bioavailability of zinc. Although not specifically

addressed in this dissertation, the possibility ofreduced MT synthesis due to suboptimal zinc

intake should be considered as one of the underlying causes of observed manifestations of

zinc deficiency.

There is also a number of nonmetal factors which induce metallothionein synthesis.

Many ofthe stress inducers which raise circulating levels ofglucocorticoids (GCs) stimulate

metallothionein synthesis in the liver and to a lesser extent in the heart, kidney, skeletal

muscle, and spleen ofthe mouse (Hager and Palmiter, 1981). Glucocorticoids were therefore

thought to mediate some of the efi‘ects on MT synthesis. Other steroid hormones, such as

estrogens and progesterone, can also induce MT synthesis (Kagi and Schafi‘er, 1988).

Endotoxin is another potent inducer ofMT synthesis in the liver and other tissues. This

process is mediated by the release of cytokines (De et 01., 1990). Rats injected with

endotoxin showed reduced serum zinc levels only 3 hrs after treatment and greatly elevated

hepatic metallothionein after 18 hrs (Abe e101, 1987). Furthermore, hepatic metallothionein

mRNA levels in Syrian hamsters increased fourfold, 6 hrs after administration ofendotoxin

(Etzel et 01., 1982).

In fact, in a recent study, a combination of regulatory factors such as zinc, copper,

endotoxin and glucocorticoids on MT synthesis in different tissues, specially brain, was



21

investigated (Gasull er al., 1994). Administration ofzinc, glucocorticoids (dexamethasone,

corticosterone) and endotoxins significantly increased the level ofMT concentrations in the

liver and kidney, with non-uniform distribution ofMT in different areas ofthe brain. When

they examined the efi‘ect ofzinc deficiency on MT synthesis, by feeding rats a zinc deficient

diet, they observed lower liver and serum MT and zinc concentrations compared to the

control group, with no significant change in the MT levels in different parts of the brain.

Once again these data confirm the multi-factor regulation ofMT synthesis.

Bacterial infection also induces a marked increase in hepatic metallothionein levels and

a decrease in serum a'nc concentrations (Sobocinski et at, 1978), both characteristic ofacute-

phase response. Several mechanisms have been suggested for the induction of

metallothionein synthesis during infection. Interleukin-l (IL- l), which is produced and

released from monocytes and activated macrophages in response to infection, stimulates the

synthesis of metallothionein and uptake of zinc by the liver of male (Cousins and Leinart,

1988) and pregnant female (Held and Hoekstra, 1984) rats. This finding suggests that GCs

mediate some ofthe cytokine-stimulated induction ofmetallothionein, since IL-l causes the

release ofthese hormones via stimulation ofadrenocorticotropin hormone (ACTH) release

(Held and Hoekstra, 1984). More recently Schroeder and Cousins (1990) showed the effects

of IL-6 as a major cytokine mediator of MT gene expression and zinc metabolism in rat

hepatocytes However, bone marrow MT gene expression was shown to be solely dependent

on dietary zinc and not on IL-1 or IL-6 (Huber and Cousins, 1993).

Functions ofMT: Unique features ofthe MT include its expression in most tissues,

its high content ofheavy metals (eg., zinc, copper, cadmium, mercury, etc.) and its being a
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highly conserved protein in evolutionary terms. As was mentioned earlier, MT has been

shown to act in the detoxification ofheavy metals especially cadmium (Webb, 1987), and in

the control in zinc and copper homeostasis via regulating their intestinal absorption in

difiierent physiological conditions (Cousins, 1985; Menrad et al., 1981; Richards and Cousins,

1976). MT also acts as a metal transfer protein, a metal-storage protein, a sulfidr storage

protein, an acute phase protein, and a free radical scavenger. The antioxidant activity ofMT

could be viewed as a mechanism in cells resistance to cancer chemotherapy. Cells with

acquired resistance to antineoplastic agents have shown overexpression ofMT which tends

to bind these alkylating agents to a higher extent than the non-resistant cells (Ebadi and

Iverson, 1994). The mechanisms underlying this observation have not been clearly identified.

However, the results could be partly explained by the detoxification and free radical

scavenging mechanisms ofMT. Increased accumulation ofMT occurs in the liver and to a

lesser extent in bone, thymus and other tissues in animals subjected to different types of stress

(Bremner and Beattie, 1990). These stresses include restriction of food intake, bacterial

infection, and inflammatory and physical stress such as exposure to high or low temperatures.

The increased synthesis of metallothionein is accompanied by increased tissue zinc

concentrations, and the incorporation ofzinc into the MT structure (Karin and Herschmann,

1981). The hypozincemiathat usually occurs in stressed animals appears to be a consequence

of the induction of hepatic metallothionein synthesis via increased zinc uptake (from the

circdation (Cousins, 1989). The influx ofzinc into the cells under these circumstances plays

key roles in DNA synthesis and gene expression. Moreover, the induction ofMT gene
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expression and synthesis which provide flee-radical scavenging mechanism is another

beneficial aspects ofincreased cellular zinc uptake in stressed subjects.

In zinc deficiency, where a combination oflow zinc availability and increased stress

hormones (GCs) is present, a more complex phenomenon is expected. It is possible that

elevation ofglucocorticoids in zinc deficient subjects induces the MT gene expression which

in turn is accompanied by nuclear zinc uptake from the circulation and active MT synthesis.

However, the observed low MT concentration in zinc deficient subjects could be the result

of the low availability of zinc for the synthesis of the active protein (MT). Although this

subject ins not been specifically addressed in this dissertation, it is possible to speculate that

at early stages of zinc deficiency the tissue MT concentration is increased, but as zinc

deficiency persists, a reduction in MT levels as well as circulating zinc levels would evolve.

A study by Nagel and Vallee (1995) proposed an additional function for MT: cell

cycle regulation in actively proliferating cells (human colonic cancer cells). They observed

the oscillation ofMT during the mitotic cell cycle ofHT-29 cells with its maximum near the

61/8 transition ofthe cells cycle, at the onset ofDNA synthesis. They also claimed that the

elevated levels ofMT in actively proliferating cells can serve as a marker for proliferation.

Studies on the regulation ofMT indicate that much ofthe regulation occurs at the

level oftranscription by heavy metals including zinc (Thiele, 1992). The promoter structure

of mouse MT-I (one of the MT isoforms) has been most thoroughly investigated and is

known to contain multiple metal responsive elements (MRE) responsible for the

transcriptional sensitivity ofthe gene to divalent metal ions (Thiele, 1992). The underlying

theory for the role ofMRE in MT gene transcription indicates that an interaction occurs
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between the inducing metal (eg., zinc) and a specific nuclear factor that through altered

confomntion recognises the MRE sequence and participates in the initiation oftranscription.

Altermtively tln's factor could bind fine in the cytoplasm and then enter the nucleus for DNA

bindings (Cousins and Lee-Ambrose, 1992). Thus dietary zinc could control MT genes by

influencing the intracellular zinc concentration and interaction with metal responsive

transcription factors which in turn bind to MRE and initiate transcription.

Role of Zinc in DNA and RNA Synthesis: The impaired rate of grth that

accompanies zinc deficiency in mammals could also be a consequence ofimpairment in the

synthesis ofDNA, RNA and proteins. Studies were conducted in which whole animals or

isolated cells were used to qualify DNA, RNA and/or to measure the incorporation ofthe

radioactive nucleotide precursors (thymidine and uridine) into DNA or RNA under conditions

ofzinc deficiency (Auld etal., 1975; Duncan and Dreosti, 1976; Dreosti et 01., 1981; Duncan

and Dreosti, 1976). In these studies a consistent observation was that both total DNA and

incorporation rates were reduced significantly as a consequence of the zinc deficiency.

However, RNA synthesis showed less effects. Many nucleic acid polymerases, as we know,

are zinc metalloenzymes. Thus the reduction of uridine incorporation into RNA and

tlrymidine incorporation into DNA ofzinc deprived animals or cell cultures could explain the

reduced activities ofRNA and DNA polymerases.

RNA polymerase contains more than one mole ofzinc/mole protein. Hence, it is likely

that zinc has both structural and catalytic roles in this enzyme. In an early study by Falchuk

et 01., (1978), they reported abnormal synthesis of RNA polymerase and altered base

composition ofthe synthesized RNA in a zinc deficient Euglena gracilis model. Impaired
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mRNAsynthesis would lead to altered protein synthesis. In fact, Hicks and Wallwork (1987)

inve shown a significant depression ofprotein synthesis in rat liver and rat hepatocytes fi'om

zinc deficient rats. They concluded that the defect probably occurred in the tRNA synthetase

fiinction suggesting a zinc-dependent activity for this enzyme.

Recent studies on growth requirements for 3T3 cells clearly demonstrated the role of

Zn" for initiation ofDNA synthesis. In 1990 Chesters et al., showed impaired thymidine

incorporation associated with decreased thymidine kinase activity and a comparable decrease

in mRNA by inadequate supply ofZn“. One year later, in another study by Chesters and

Boyne (1991), they further demonstrated the requirement of adequate zinc supply for

tramition of3T3 cells fi'om quiescence to S phase. This implies the requirement ofzinc for

mRNA and protein synthesis involved in the progression of 3T3 cells into S phase. The

combination oflow Zn2+ availability with inhibition ofmRNA synthesis or of protein synthesis

almost completely returned the cells to a quiescent state. Thus it seems that the lack ofzinc

primarily restricted gene expression rather than enzyme activation. In fact, Chesters et al.,

(1995) in their recent investigation on this subject, showed that the inhibition of thymidine

kinase activity due to the lack of zinc was associated with increased binding of a specific

protein to the gene's promoter in the region between -55 and -83 bp 5' to the transcription

initiation site, and inhibition of transcription. This protein whose nature is not known yet,

apparently competes with the transcription factors responsible for thymidine kinase expression

for the same binding site and by displacing them inhibits the transcription ofthe gene. Thus

inthiscasetheirnpact ofthe lack ofzinc on thymidine kinase occurred at apretranslational

step. These observations strongly suggest the impairment ofDNA, RNA, and protein
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ynthesis in zinc deficiency which may subsequently result in some of the observed

physiological and immunological alterations presented in this dissertation.

Role ofZinc in Gene Expression: Structural and functional roles ofthe intrinsic zinc

in many DNA and RNA polymerases have been investigated. In this regard, direct zinc

removal, and replacement or substitution with other divalent metals have revealed multiple

roles for zinc in gene transcription (Chatterji and Wu, 1982).

In an early study by Falchuck et 01., (1975), they demonstrated the specific zinc

requirement for transition ofEuglena gracilis from G] to S, S to G2 and G2 to M phases of

the cell cycle where the gradual depletion of the zinc content of the medium lead to the

growth arrest. Similarly, a recent study correlated low thymidine kinase mRNA levels in zinc-

depleted cells to the presence oftwo zinc dependent steps during G1 to S phase transition

(Chesters et al., 1993). The role of zinc in gene expression has been also identified at the

level of chromatin structure. An early study by Subiranal (1973) demonstrated that the

presence of zinc ions facilitated the first phase of chromatin denaturation consisted of the

loosely condensed chromatin in the inter-nucleosomal regions. This process is closely related

to gene unmasking which is required for synthesis ofthe enzymes for DNA synthesis. The

major change in genetic expression and chromatin structure within the cell cycle occurred in

62 phase immediately before mitosis. Thus the role of zinc in alteration of chromatin

structure could explain the arrest ofE. gracilis cells in 62 as their zinc supply diminished.

In a most recent study conducted by Kimball and his coworkers (1995), the effects

offine deficiency on hepatic protein synthesis and gene expression ofretinol-binding protein

and transthyretin (plasma thyroxine—binding protein) in weanling rats was investigated. Their
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results showed the inhibition of protein synthesis in livers from zinc deficient rats. This

inhibition was accompanied by altered expression ofmRNAs in the liver, suggesting that zinc

has a vital role in regulating gene expression and protein synthesis.

The role ofzinc in gene expression could also explain one ofthe characteristic signs

of zinc deficiency, namely, parakeratosis. This condition, which is the result of poor cell

difi‘erentiation, could be due to insufficient zinc levels for DNA synthesis and expression of

molecules required for normal difl‘erentiation of these cells. Several possible mechanisms

could underlie the impaired gene expression in zinc deprived animals. First of all, many

enzymes involved in nucleic acid synthesis are zinc dependent enzymes, such as DNA

polymerase and RNA polymerase. These enzymes have shown to have lower activities in

tiswes fi'om zinc-deficient animals than from their controls. Second, zinc has been implicated

in the stabilization of nucleic acid conformation. Therefore, alteration in tissue zinc

concernration could modify the DNA template used for transcription or translation. Finally,

zinc-dependent changes in the concentration ofother ions, known to have interactions with

zinc, such as iron and copper might also alter nucleic acid structure or activity of enzymes

involved in their metabolism. For instance, in an eariy study ofFalchuk et a1., (1977) on zinc-

deficient E. gracilis, they observed the accumulation of iron, manganese and copper, and

subsequent effect on template specificity and products generated by RNA polymerase

specifically due to manganese accumulation.

Another contribution of zinc to gene expression is the zinc requirement of many

transcriptional factors for their structural stabilities and their functional activities (Klug and

Schwabe, 1995). Many transcription factors include small projections called ”zinc fingers"
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that are needed forDNA recognition These structural domains connect transcription factors

to their target gene mainly by binding to specific sequences ofDNA base pairs (Figure 1).

In 1985, Rhodes' lab at the Medical Research Council in Cambridge, England was the first

to identify zinc finger structures in a transcription factor ofthe immature oocytes fi'om the

fiochnaprLsms, namely TFIIIA or factor A (Klug and Rhodes, 1987). Since then more

tlarn 200 proteins, many ofthem transcription factors, have been shown to incorporate such

zinc fingers.

The amino acid sequence of TFIIIA was found to be rather unusual, because it

contains nine repeat units of about 30 amino acids with conserved cysteine, histidine, and

hydrophobic residues (eg., Tyr,Phe,Leu). These sequences are arranged as: Y-X-Cys-XM-

Cys-X,-Y-X,—Y-X¢-His-X,,,-His, where Y represents a hydrophobic residue, X any amino

acids, Cys cysteine, and His histidine (Miller et al., 1985; King and Schwabe, 1995). The

cysteine and histidine side chains coordinate the zinc and the other hydrophobic residues pack

to form a hydmphobic core to somehow help stabilize the arrangement (Berg and Shi, 1996),

thus making a Cys, His, type zinc finger domain. The two tightly bound zinc ions in TFIIIA

are involved in the multiple roles in the regulation ofribosomal SSRNA synthesis (Klug and

Rhodes, 1987). The structure ofeach ofthese zinc finger domains consists oftwo antiparallel

Banandsfollowedbyanahelixwhichinteractwiththemajor groove ofDNA(Berg and Shi,

1996). A schematic view ofa Cys2 His2 zinc finger domain is presented in Figure 2.

Over the past decade more than 10 classes of such zinc based domains have been

identified and biochemically characterized (Schwabe and Klug, 1994). It has been estimated

that between 300 and 700 human genes (about 1% ofhuman genome) encode zinc finger-
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containing proteins (Hoovers et al., 1992). A recent study by Bianchi et a1., (1992)

dammtratedflreerdstaneofaCys,Ifis,zincfingamofifinP2protmnines, one ofthe sperm

rudear proteins. Zinc is abundant in human sperm nuclei and is presumed to stabilize sperm

chromatin through a reversible binding to the thiol groups ofmature spermatozoa. Thus the

presence ofzinc fingers in P2 protamines could contribute to sperrnatogenesis and fertility,

since zinc deficiency leads to infertility.

More relevant to the studies presented in this dissertation is the presence ofzinc finger

structures in the steroid-thyroid hormone receptor superfamily (Evans, 1988; Carson-Jurica

er al., 1990). Cloning and sequencing of the glucocorticoid receptor (GR) has revealed a

cysteine-rich region in the DNA binding domain. This region was found to contain two zinc

finger structures ( Archer et 01., 1990; Vallee et a1., 1991). While the zinc fingers reviewed

so far utilize two cysteines and two histidines to bind zinc in a tetrahedral structure, steroid

receptors including GR utilize four cysteines to coordinate zinc (Freedman, 1992; Dahlman-

Wright et al., 1992). The requirement of zinc occupancy in the zinc fingers for the DNA

binding is absolute, since chelation of incorporated zinc in GR, reduced receptor aflinity for

DNA binding by over 20 fold (Freeman et al., 1988).

Collectively, the unique characteristics ofzinc including its small size, lack ofredox

activity and its relatively rapid ligand exchange reactions appear to be at least partially

responsible for its role as a structural element in nuclear acid-binding or other gene regulatory

proteins. Thus, the physiological and immunological alterations observed in zinc deficiency

could be partly due to the impaired zinc-dependent molecular activities which are the keys to

the biological functions. Alternatively, the reduced zinc availability could exert its effects
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indirectly via induction of other molecules (eg., GCs) that are known to be

irnmunosuppressive. The latter will be addressed in Chapter Four ofthis dissertation.
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Figural; A schematic view of DNA binding of a transcription factor via zinc finger

domains. Three zinc finger structures have facilitated the binding of the

transcription factor to the major groove of a DNA molecule (Rhodes and

Klug,1993).
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W Schematic view of the classical zinc finger domain of TFIIIA. (Top)

Tetrahedral binding ofzinc to cysteine (C) and histidine (H) residues along with

other amino acid sequences involved in zinc finger domain formation in TFIIIA

(Rhodes and Klug, 1993). (Bottom) Three dimensional view ofthe structure

ofa Cys2 I-Iis2 zinc finger domain (Berg and Shi, 1996).



34

ZINC-FINGER MODULE LINKER ZINC-FINGER MODULE

 

J l l

I if IF I

HYDROPHOBIC

AMINO ACID

.4 / r -
.-‘.> "' ”R ‘J
U _.' “t I

CYSTE'NE HISTIOINE

G (:1 3 it:

\@/ \@/

@//\\¥i ? ©// \\H

a; (3,.

ZINC

1 $ICSFADGGAAQNKwaflo-A0Lc

2166K-PGPCKEEGCEKGOTSLHHurraoSL

K6

T0

3TGEKoNGTCDSOGCOLROTTKANMK-KOFNRFG

4NIKrcvmVCHFENCGKAGKKHNOGK~v00F

STOOL-PQECPHEGCDKROSLPSRBK-995K

50

V0

GAG----@PoKKooscstcxrwrfivLKGVAECO

7ODs-rLAVC--DVCNRKORHKOYflR-OOOK T0

aEkearmeCPaoccoaserrAPuma-sorosso

9550a.PevceuAcchcoAMKKsee-aOsv

 

vo



W

SECTIONII: Zinc Deficiency and its Effects on Immune

System

35



36

Zinc Deficiency: As mentioned earlier, zinc is an essential trace element for normal

growth and development in both humans and animals (Endre et at, 1990; Walsh et al., 1994;

Cousins, 1996). In this regard, the body has developed a very sophisticated control

mechanism for the correct delivery and utilization of this trace element to maintain the

biological activities eficiartly. Therefore, inadequate dietary zinc intake as well as any defect

or abnormalities in the utilization, absorption, transportation, and delivery of this molecule

to the appropriate tissues could impair homeostasis. One ofthe most important consequences

ofthis imbalance is the state ofzinc deficiency (ZD). It is well established that ZD is a world

wide nutritional deficiency which affects both men and women of all ages and socioeconomic

status (Prasad, 1991; Walsh et al., 1994). However, the deficiency is prevalent among

mahiourished patients and children, pregnant teenagers, and elderly with low socioeconomic

status (Prasad, 1988). This deficiency predisposes patients to increased risk of infection, and

threatens their recovery or even their survival (Prasad, 1988), indicating impaired immune

function.

Theimportanceofzincinhumanhealthandthe occurrence ofdietaryZD in manwas

first recognized in 1963 when Prasad et 01., described a syndrome of dwarfism and

hypogonadisrn in cases fi'om Iran and Egypt (Prasad et al., 1961; 1963). The syndrome

described in male Iranian subjects consisted of severe growth retardation, severe anemia,

hypogonadism, hepatosplenomegaly, and rough, dry skin (Prasad et a1., 1961). Similar

clinical manifestations were noted in subjects fiom the Cairo area in Egypt (Prasad et 01.,

1963). The onlydifi‘erencebetweenthesetwo groupswasthat Iranian patients had geophagia

whereas almost all the Egyptian cases exhibited Schistosomr‘asis or hookorrn infections. It
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was hypothesized that lack ofzinc was primarily responsible for the observed manifestations

in these patients. This was supported by the low concentrations ofzinc in plasma, red blood

cells (RBC) and hair ofthese individuals. Furthermore, successful treatment ofthis syndrome

withzinc supplementation confirmed the presence onD. The primary cause onD in these

subjects was related to their poor diet. The main food consumed by these patients consisted

ofbread urd beans which are high in phytate, therefore making insoluble complexes with zinc

and inhibiting zinc absorption (Prasad et al., 1961; 1963). In addition to the poor diet,

excessive blood loss due to infections and loss of zinc by sweating in hot climates, were

several other causes ofZD in these human subjects.

Zinc deficiency is characterized by anorexia and growth retardation as the primary

signs in both humans and animals (Chesters and Quarterrnan, 1970; O’Dell and Reeves,

1989). In humans the manifestations ofZD include poor appetite, growth retardation, male

hypogonadism, mental disturbances, delayed wound healing, and skin disorders. If ZD

persists, the symptoms become more pronounced with the addition ofrecurrent infections due

to the depressed immune system. Ifuntreated, the ZD becomes fatal (Prasad, 1988; Mills,

1989; Aggett, 1989; Harnbidge, 1989). In experimental animals the manifestations include

anorexia, growth cessation, gastrointestinal malfunction, diarrhea, dermatitis (eg.,

parakeratosis) and impaired irnmunocompetence (Carlomagno and McMurray, 1983;

Hambidge et at, 1986).

The importance ofzinc in numerous biological functions and the deleterious efi'ects

ofits deficiency have initiated a growing body ofliterature on the etiologies ofthis nutritional

deficiency which are summarized below.
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EtioloyonincDeficiency: Sincedietisthemajorsourceofzinc intake, a common

cause ofmammalian ZD is underlined by improper diet and insuficient food intake (O’Dell

and Reeves, 1989, Walsh et at, 1994). In spite ofthe ubiquity ofzinc in almost every tissue,

there is no lmown body store for zinc, as there is for iron; therefore zinc must be supplied in

the diet continuously. The recommended daily allowance (RDA) ofzinc in human is about

10-15 mg (Walsh et al., 1994).

In addition to adequate dietary zinc intake, dietary composition contributes to the

bioavailability of zinc for intestinal absorption. For instance, severe ZD is prevalent in

populations whose diet is mainly consisted of large quantities of plant proteins (eg.,

unleavened grain products) containing phytate which is known to form insoluble complexes

with zinc and decrease the absorption ofzinc (Solomons and Cousins, 1984; Sandstrbm and

Lennredal, 1989). As described previously, early studies in southern parts of Iran and in

Egypt docrnnented the excessive intake ofplant proteins mainly in form ofunleavened bread

as the principal cause onD in these areas (Prasad, 1991; 1995). Furthermore a recent study

on peri-urban Guatemalan school children with low socioeconomic status and poor diet

revealed a state ofZD in these subjects (Cavan et al., 1993). The main food consumed by

these children were corn tortillas and black beans which contain high amounts of phytate,

dietary fiber and calcium, all ofwhich are known to inhibit zinc absorption. Selected zinc

indices such as hair, plasma zinc concentrations and the activity of alkaline phosphatase in

plasma and red blood cell membranes were examined and were shown to be diminished in

both sexes, being more pronounced in boys. Upon zinc supplementation, these conditions

were corrected to the normal levels.
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Acrodernrafirr's enteropathr’ca (AB), a genetic disorder in zinc assimilation, also

rearlts in ZD. AB is a rare childhood disease ofhigh morbidity and mortality and is inherited

as an autosomal recessive trait, afi‘ecting the sexes equally (Dillaha et al., 1953; Moynahan,

1974). The role ofzinc in this genetic disorder was recognized when Moynahan and Barnes

(1973) used zinc supplementation on a case with this disorder. The patient showed a

remarkable recovery after administration ofzinc. This observation was rapidly confirmed by

Moynahan in 1974. The possible mechanism responsible for ZD in AB has been related to

impaired intestinal uptake (77% decrease) and transfer ofzinc (Aggett et al., 1981; Weismann

et al., 1979; Atherton et 01., 1979). In a most recent study by Grider and Young (1996), it

was noted that the impairment in zinc uptake in AB patients is not restricted to intestinal

mucosal cells. Using fibroblasts fiom AE patients, they demonstrated significant decrease in

zinc content, S’rarcleotidase activity ( a zinc metalloenzyme), and altered zinc uptake kinetics

cmpuedwifirnumdfibrobhfls.11esedatawggefledeainpstheAEmumfionafi‘ecu

the number of functional zinc transport proteins by either reducing their total number or

afl‘ecting their function. This condition is associated with low plasma zinc, growth

retardation, hypogonadism, skin lesions, bowl disorders, central nervous system malfunction

and fi'equent immunodeficiency (Moynahan, 1974; Van Wouwe, 1989). The close

resemblance between AE manifestations in human subjects and symptoms ofZD in animals

(eg., adult mice) support the use ofanimalmodels for the study ofZD in humans.

ZD has also been reported in patients with sickle cell anemia, an inborn error of

harroglobin metabolism which results in red cell sickling and continuous hemolysis, with an

accompanying high rate of infections (Ballester and Prasad, 1983 ; Prasad, 1993). An early
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study by Prasad and colleagues (1978) reported decreased zinc in plasma erythrocytes and

hair of these patients with concomitant increased urinary zinc excretion. The continued

hyperzinairia and hernolysis in these patients and the existence of zinc as an important

constituent oferythrocytes may have been responsible for the state ofZD.

In addition to dietary ZD and inherited disorders in zinc absorption, there are several

disease states which may lead to ZD. The diseases and the possible explanations for the

presence of ZD (indicated in parenthesis) in each case are summarized as: chronic renal

disease (proteimria and failure oftubular reabsorption); chronic alcoholism (increase in renal

clearance of zinc and hyperzincuria); gastrointestinal disorders (insoluble zinc-protein and

zinc-fat complex formation); cirrhosis of the liver (abnormal zinc assimilation and

hyperzincuria); diabetes mellitus (increased urinary losses of zinc); various neoplastic diseases

(anorexia and starvation); parasitic infections (blood loss); burns (losses in exudates);

psoriasis (loss of skin epithelial cells and the massive formation of new cells); and AIDS

(reamed appetite, decreased dietary intake, gastrointestinal malabsorption, and fiequent acute

and chronic infections) (Prasad, 1979; Pai and Prasad, 1988; Endre et 01., 1990; Shippee et

01., 1992; Odeh, 1992; Walsh et al., 1994).

Collectively, this information supports the critical role of zinc in many biological

fimctions, with zinc deficiency resulting in numerous physiological complications including

impairment ofimmune fiinction. The studies provided herein have utilized the induction of

dietary ZD in mice as a general model to emphasize the importance of zinc in immune

integrity and to provide significant information on the status ofvarious immune components

inZD.
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fine Deficiency and the Immune System: The interrelationship between nutritional

deficiencies and the immune response has been well established in both human and animal

studies (Good andLorenz, 1992; Sherman, 1992; Fraker et al., 1993; Prasad, 1995). Being

a dynamic system with constant development, differentiation, and proliferation, the immune

system requires a continuous flow of nutrients for its proper function. Among nutritional

elements zinc has been recognized as an essential trace element for the development and

integrity ofthe immune system, as discussed previously (Endre et 01., 1990; Sherman, 1992;

Aggett and Comerford, 1995). In fact numerous clinical and experimental observations have

documented the deleterious effects ofZD on immune fiinction (Keen and Gershwin, 1990;

Prasad, 1991; Dardenne, 1993; Fraker et 01., 1993; Walsh et al., 1994).

Asmarfiawdpreviwdyflwmrponmeofa'minhmnumywasfirstrecogruzedwith

the discovery ofhuman ZD due to a poor diet (Prasad et aL, 1963). Dwarfisrn, testicular

atrophy, low n‘nc concentrations in plasma, hair, and erythrocytes, and increased susceptibility

to infections were characteristic complications in these patients. The reversibility of these

clinical manifestations upon zinc supplementations established the presence ofZD in these

individuals.

Further evidence relating zinc deficiency to impaired immunity have come fi'om

patients with Acrodennatitis enteropathica, a classical model for zinc deficiency. Early

studies by Moynahan and Barnes (1973) described a 2-year-old giri with severe AE and

several immunological complications such as skin lesions, gastrointestinal disorders,

decreased delayed hypersensitivity reactions, and reduced numbers of peripheral T and B

cells. This lymphopenia is a condition accompanying ZD. Upon zinc supplementation all the
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symptoms were corrected. The immunological abnormalities generally described in patients

with AE are thymic atrophy, lymphopenia, reduced proliferative response to mitogens,

decreased natural killer (NK) cell activity, decreased neutrophils and monocytes chemotaxis

activity, deficient thymic hormone activity and increased susceptibility to infections (Chandra

1980; Van Wouwe, 1989; Endre et al., 1990). The presence ofZD in these patients is thought

to be due to congenital malabsorption ofzinc.

The development of experimental dietary ZD in humans was an advancement in the

characterization ofspecific physiological and immunological alterations caused by mild ZD

(Abbasi et 01., 1980; Prasad, 1991; Rabbani er a1., 1987). Consumption of a semisynthetic

soy-protein based diet (3-5 ngn/day) by male volunteers for 28 weeks resulted in

oligospermia, decreased serum testosterone and thymulin activity, decreased lean-body mass,

and decreased interleukin II (IL-2) production. In addition, diminished NK activity, and

alterations in T-lymphocytes subpopulations with selective decrease in T-helper cells were

noted. Zinc supplementation of 30 mg/day for 20 weeks reversed all the above symptoms

(Rabbani et al., 1987).

The incidence ofZD and immunological abnormalities have been also reported in

children with severe protein calorie malnutrition (PCM). Indeed lower serum zinc levels are

often noted in PCM. The common features observed in human ZD and PCM include:

anorexia, diarrhea, growth retardation, thymic atrophy, lymphopenia, reduction in lymphoid

tissues, impaired cell-mediated and immoral-mediated immunities, and increased susceptibility

to infections. These manifestations as well as reduction in plasma, muscle, and liver zinc

levels led to the suggestion ofthe role ofZD in the development ofPCM. As expected, zinc
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therapy in children with PCM reversed the manifestations and resulted in thymus growth in

these subjects (Golden et 01., 1977; Kuvibidila et aI., 1993).

Children with Down's syndrome, trisomy of chromosome 21, also demonstrate a

muginal zinc deficiency associated with impairment ofthyroid functions, reduced thymulin

activity, reduced neutrophil chemotaxis function and subsequent increased susceptibility to

infections (Licastro et 01., 1992). Improved immunological efficiency observed in these

subjects after zinc supplementation confirms the role ofZD in the pathogenesis ofsome of

these immune defects (Licastro et 01., 1992).

The role oflow bioavailability ofzinc on the impairment ofimmune system, has also

been reported in patients with rheumatic heart disease (rum), cystic fibrosis, leukemia, and

chronic uremia. The impaired cell-mediated immunity, decreased delayed hypersensitivity

responses, decreased thymulin activity, and significant low serum zinc levels are the common

immunological defects in these patients (Gorodestky et aI., 1985; Consolini et 01., 1986;

Gupta et aI., 1992; Bonomini et aI., 1993; Mocchegiani et aI., 1994; Mocchegiani et aI.,

1995).

The role ofzinc in cellular immunity, or the thymus-dependent immune firnctions, has

bear recently related, in part, to the regulatory role ofthymulin in T-cell differentiation and

matrn'ation (Prasad et al., 1988). Thymulin (previously known as facteur timique serique, or

FTS), one ofthe best known thymic hormones, is a zinc dependent hormone synthesized by

the epithelial cells ofthe thymus and is adversely afl‘ected by ZD. Zinc is required to confer

biological activity to thymulin, which has a modulating action on cell-mediated immunity.

The inc-unbound form is inactive and can inhibit the active form possibly via competing for
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the thynarlin receptor (Fabris et aI., 1984; Prasad et aI., 1988). It has been shown that with

ZD the thymic peptide, thymulin, is synthesized and secreted in normal amounts, but only a

fiaction of it binds zinc ions and becomes active. However, in vitro addition of zinc ions

causes an increase in the active form of thymulin (zinc-bound thymulin) which in turn

edunces thymocyte responses to mitogens (eg., phytohemagglutinin, PHA; concanavalin A,

ConA) (Saha et aI., 1995).

In addition to disease states, many physiological conditions in which the state ofzinc

deficiency is observed are accompanied by altered immunological functions. For instance,

during aging there is a considerable loss in both zinc status, possibly due to reduced intestinal

zinc absorption, and immunological fiinction particularly cell-mediated immunity (Chandra,

1990; Ripa and Ripa, 1995). Several investigators have shown improvement of immune

function-specially delayed type hypersensitivity reactions (DTH) and significant restoration

ofserum thymic hormones-activities in elderly subjects after low dose zinc supplementation

(20-30 ngn/day) (Bunker et 01., 1987; Prasad, et aI., 1993; Boukaiba et 01., 1993; Bogden

er‘ aI., 1994; Bogden, 1995). This indicates that zinc supplementation in elderly populations

provides significant immunological benefits. Furthermore, it should be noted that the zinc

requirement is higher during periods ofrapid growth such as infancy, childhood, adolescence,

and pregnancy, thereby putting these populations at a greater risk ofZD (Moore et aI., 1984;

Harnbidge et aI., 1986; Prasad 1995; Ripa and Ripa, 1995).

Parallel to human studies, dietary studies in animals have also shown similar patterns

of impaired cellular and humoral-mediated immunity as well as thymic atrophy and

lymphoperfia due to zinc deprivation and the restoration ofimmune function by zinc repletion.
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Using a murine model in a 30-day dietary a'nc studies, Fraker and colleagues initiated a series

of investigations on the efi'ects of suboptimal dietary intake on immunity. The following

information is a review of these accomplishments as well as some studies by other

investigators which in parallel explain the immune capacity of the murine system in zinc

deficiency.

In 1977, Fraker etaI. demonstrated that 4-week dietary ZD (0.5 uan/g diet) caused

rapid thymic involution (>60%) in young adult (6-week old) All mice. In 6 weeks, mice fed

ZD diet became athymic. When the antibody-mediated response ofthese mice to sheep red

blood cells (SRBC) was evaluated, ZD mice produced only 10% ofthe number ofanti—SRBC

antibody producing cells (PFC; plaque forming cells) generated by zinc adequate (ZA) control

mice. Reconstitution of the ZD mice with thymocytes from normal mice restored their

response and generated 61% as many plaques as the control mice. These data clearly

indicated that ZD greatly affected T-cell helper function. In a similar dietary zinc study,

Fernandes and coworkers (1979) investigated the immune response of difl‘erent strains of

young adult mice (A/J, C57BI/Ks, and CBA/H) to deficiencies in zinc. When placed on ZD

diet, these mice showed loss ofbody weight, significant involution ofthymus, and low serum

zinc levels within 4-8 weeks afier initiation of diet. Almost 50% of the mice on ZD diet

developed severe skin lesions on tail and paws and diarrhea. Furthermore, defective

development of both direct and indirect PFC after in viva immunization with SRBC,

depressed T—killer cell activity against in viva immunization with tumor cells, and low NK cell

activity were observed in ZD group. These data confirmed the previous findings on the
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impairment of T-cell dependent immune firnctions in ZD and demonstrated similar

immunological response fi'om different strains ofmice to this nutritional deficiency.

To further characterize the effects ofZD on antibody-mediated responses ofyoung

achrlt mice, the capacity ofZD mice to respond to T-cell independent (TI) antigens were also

evaluated (Jardieu and Fraker, 1990). The TI antigens primarily elicit responses from

macrophages and B-cells with less involvement ofT-helper cells. Furthermore, response to

TI antigens develops at difi‘erent stages ofB-cell development. Trinitrophenyl conjugated

lipopolysaccharide (TNP-LPS), a TI-class 1 antigen, stimulates immature B-cells; whereas,

TNP-Ficoll, a class 2 TI antigen, stimulates more mature B-cells (Fraker et al., 1984). After

a 28-day period ofsuboptimal intake ofzinc, the deficient mice exhibited only 32% as many

total splenic anti-TNP PFC to TNP-LPS and 50% as many PFC in response to TNP-Ficoll

as compared to ZA fed mice at day four afier immunization. By day 5, the deficient mice

could only produce 28,000 anti-TNP PFC per spleen compared to 69,000 PFC produced by

ZA mice. These data represented a significant reduction in host defense capacity. The

kinetics ofthe response ofthe ZD mice to each antigen was delayed by two days fiom the

optimal time of response to the antigen (day 3). In evaluation of the proportion of

splenocytes responding to antigenic challenge (PFC/10‘ viable splenocytes) over time (3, 4,

5 days post immunization), the optimal response ofthe deficient mice was again delayed by

two days compared to theresponse onAgroup. However by day 5, the number ofPFC/lO‘

splenocytes had increased in the ZD group, being equivalent to ZA group at their optimum

day (day 3). This suggested that the residual B-cells of ZD mice were functional, with

perhaps slower rate of activation and proliferation in response to antigenic stimuli. In a
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sirm'lar dietary a'nc study conducted by Moulder and Steward (1989), mice fed ZD diets had

reduced numbers of T-cells and T-cell subsets, decreased antibody and cell-mediated

responses to T-cell dependent (TD) and TI antigens as well as decreased IL-2 production.

Overall, the significant reduction in antibody-mediated responses to either TD or T1 antigens

indicate a substantial loss in host defense capacity in zinc deprived mice.

As indicated earlier susceptibility to infection is also pronounced in ZD. In this

regard, Fraker et 01., (1982) investigated the effects ofthis deficiency on host resistance to

infection by Topanosoma cruzi, an intracellular parasite causing Chagas’ disease in South

America. The extreme vulnerability of ZD mice to this pathogen was demonstrated by a

substantial increase in blood parasites in ZD mice (50 fold) compared to controls (infected

mice in restricted or zinc adequate fed groups). Furthermore, by 22 days post-infection,

almost 80% ofthe infected ZD mice died, whereas there was no mortality among either the

uninfected ZD or the infected ZA mice. These data clearly demonstrated the synergistic

interaction between ZD and T. cmzi on the observed death rate.

Since mononuclear phagocytic cells (MNPs) are the first line of defence against T.

cruzi, the follow-up experiments were designed to evaluate MNP function. In this case, it

wasshownthattheinability oftheZD mice to defend against infection by T cmziwas most

likely due to the defective phagocytic and microbicidal activities of resident macrophages

(Wirth et 01., 1989). At time zero after infection, the percentage ofmacrophages engaged

with T crust and the number of T. mm’ per 100 macrophages was substantially reduced in

the ZD group. Twenty four hours after infection, macrophages from the ZD group were

unable to destroy as many parasites as macrophages from the ZA group. In other words,
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there was a reduction (20-50%) in the number ofparasites per 100 macrophages in the ZA

group but not in the ZD group. Interestingly, pro-incubation ofMNPs from the ZD mice for

one hour with zinc chloride (10 ug/ml) restored all the functions (Wuth et 01., 1989). Thus

it was evidernt that the macrophages fiom ZD mice had some functional processes that were

impaired due to the low availability of zinc. This defective function was later related to the

oxygern burst activity which is thought to be heavily dependent on metals such as zinc (Cook-

Mills and Fraker, 1993b).

The profound efl‘ects of zinc deficiency on immune integrity against pathogens has

beern further emphasized in recent murine studies in which animals fed difl‘erent dietary zinc

levels were challenged with a variety of intestinal parasitic worms (Fenwick et aI., 1990a;

1990b; Nawar et 01., 1992). In all cases zinc deficiency depressed both humoral and T-cell

mediated immunity, enhanced establishment of the parasites and impaired expulsion ofthe

parasite from the intestine. Zinc supplementation, however, restored rapidly the ability to

expel the infection by few days postinfection (Fenwick et al., 1990a; 1990b).

In contrast to these studies, when Minkus and coworkers (1992) challenged the mice

with Helignsosmroidespoblgmas, (an intestinal nematode), their results showed no sigrnificant

differences between zinc restricted fed (5 mykg) mice and control mice with respect to cell

mediated immune response, worm proliferation (worm numbers), and egg production.

However, plasma a'nc corncerntrations were sigrnificantly lower in the zinc restricted fed mice.

These outcomes were reversed when the same examinations were evaluated in mice made

severely zinc deficienct (<0.75 mg/kg in the diet) (Shi et aI., 1995). These findings clearly

irndicate that marginal intake of dietary zinc (5 mg/kg) is not sufficient to affect the survival
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oftlne intestiml rnernatodes. Furthermore, the low plasma zinc cannot be used by itself as an

index for zinc deficiency, since many physiological alterations (including infections) causes

plasma zinc depletion (Walsh et aI., 1994).

As with ZD human subjects, delayed type hypersensitivity reactions (DTH) in which

macrophages and T-helper cells are primarily involved are also afi‘ected in ZD mice. When

DTH response was nneasured in mice, ZD animals gave a very poor response (50% less than

ZA corntrols). However, after 21 days of nutritional repletion, re-feeding the ZD group with

ZA diet (55 uan/g diet) reanlted in normal DTH response in previously ZD mice (Fraker et

al., 1982).

With regard to these observations, it appeared that in spite of multiple defects in

immune system due to ZD, nutritionally deficient animals had the capacity to repair their

immune system when re-fed nutritionally adequate diets. To confirm this, 5-week old All

mice were fed ZD diet (<1 uan/g diet) for 31 days (Fraker et aI., 1978). Thymuses fiom ZD

mice were one-third ofnomnal size with preferential involution ofthe cortex. The direct PFC

(IgM response) and the indirect PFC (IgG response) produced per mouse spleen to SRBC

immuniution were 34% arnd 18% ofthe normal, respectively. The deficient mice were then

re-fed ZA diet (50 uan/g diet) and the degree of restoration of the thymus as well as

regeneration ofT-cell helper function were evaluated at 1, 2, and 4 weeks. By 4 weeks, the

thymus weights and antibody-mediated responses to SRBC were normal. Thus it was

obvious that ZD young adult mice had the capacity to restore T-cell dependent antibody-

mediated responses after dietary zinc repletion.
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In a subsequent study in which the functional capacity of residual lymphocytes from

ZD mice was investigated, cultured splenic T-cells in autologous sera from ZD mice gave

normal proliferation and adequate IL-2 activity when stimulated with Con A Furthermore,

splenic B-cells from ZD mice which were stimulated in vivo with SRBC produced

significantly lower rannbu' ofPFC (50%-70% depression based on the degree ofdeficiency)

compared to the ZA group. However, the proportion ofB-cells responding as determined

by the number ofPFC/10‘ viable splenocytes remained unchanged in ZD mice. It was also

demonstrated that similar amounts of IgM and IgG antibodies per activated B-cell were

produced by all cells fi'om all dietary groups. In addition, the average number of splenocytes

irn MZD and SZD was reduced by 43% to 47%, respectively, compared to ZA control. These

firndirngs emphasized that many ofresidual lymphocytes oftine deficient mouse were firnctional

and correlated the impaired immunity in ZD to lymphocytopenia ( Cook-Mills and Fraker,

1993a).

The presense of lymphopenia and defective host defense in ZD prompted the

investigations on the degree ofsensitivity oflymphoid subsets to the effects ofthis deficiency.

In this regard, the spleern, which contains predominantly mature lymphocytes of difi‘erent

subsets, was used to evaluate the proportion or the phynotypic distribution ofT and B cells

(King et 01., 1991). In spite of sigrnificant reduction in the total numbers of splenic

lymphocytes (~50% loss), it seemed that ZD had no sigrnificant efi‘ect in the distribution of

the more mature lyrrnphoid subsets residing in the spleen. Marginally ZD mice showed a

rnormal ratio ofT cells to B cells, and severely ZD mice demonstrated a 20% increase in the

overallratioofThelpertoTsuppressorcells. Thesedata, aswellasotherhumanandanimal
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studies in which thynnic atrophy and lymphopenia were predominantly observed in ZD

arbjects (Moulder and Steward, 1989; Fraker et 01., 1993; Kuvibidila et al., 1993), suggested

that reduction in absolute number of lymphocytes involved in immune response was the

principal cause of reduced host defense. Knowing that zinc plays a sigrnificant role in the

firnctioml activities ofmany enzymes involved in cell proliferation and growth, alteration of

lymphopoiesis in ZD was possible. Thus, extensive studies on the BM, as the site of

lymphopoiesis in adult mammals, were initiated. In fact, Chapter Two represents the first

detailed study on the status of developing B-lymphocytes in the marrow ofZD mice. This

was acollaborativeworkwithDr. Louis King, a sernior investigator in our laboratory. As will

be shown, this study demonstrates a significant loss (40-90%) in the proportion ofnucleated

marrow B-cells with substantial sensitivity ofmore immature B-cells (35%-80%) depending

on the severity of the deficiency in ZD animals. These observations mediated more close

examination of B-lymphopoiesis in earlier stages of development (eg., progenitor and

precursor B-cells) to further specify the pattern of alterations in these populations. This will

be addressed in Chapter Three.

Thus, the overall pattern of immunological changes in ZD arnimals shows a high

correlation with alterations observed in zinc deprived human subjects. Furthermore, both

arnimal and human studies once again emphasize the multiple roles of zinc in the developing

immune response. The summary ofabove findings mainly indicate that a substantial portion

ofthe impairment ofimmune response was due to the lymphopernia and decreased number of

lymphocytes engaged in defense rather than functional disruption. This reduction in

lymphocytes rnurnbers could be either due to susceptibility ofthese cells to the less availability
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ofzirnc, as zinc is critical to cellular and metabolic activities and survival ofthe cells, or due

to alterations irn lymphopoietic processes responsible for generation ofthese cells. In addition

to the direct efl‘ects of zinc deficiency by itself, the elevation of glucocorticoids in zinc

deficiency, which is krnown to be irnmunosuppressive, could be an additional sigrnificant factor

in depressed cellularity of the immune system. These are some important possibilities that

unfortunately have been neglected in the study of nutritional-immunology and

immurnopathology. However, this study has tried to focus and to evaluate the aforementioned

possibilities in the suppression oflymphopoiesis in zinc deficiency. Since BM is the primary

site of lymphopoiesis in adult mammals, and thymus is the site of T-cell maturation, these

tissues were utilized in this work. Chapters Two and Three will exclusively demonstrate the

efi‘ects ofZD on B-lymphopoiesis in the marrow and the extent ofthe susceptibility ofeach

subpopulation ofB-lymphocytes to the efl‘ects ofthis deficiency. Furthermore, the status of

T-cell maturation in the thymus ofdietary ZD mice will be addressed in Chapter Five.



SECTIONIII: Phenotypic Characterization ofB and T

Lymphocytes at Different stages ofdevelopment in

Murine System
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Introduction: During mammalian ontogeny, the lymphohernopoietic lineages are

generated seqnerntiallyinyolksac, fetalliver, fetal spleen, and bone marrow (BM) whichthen

becomes the major site oflymphohemopoiesis during postnatal life (Kincade, 1981; Ikuta et

aI., 1992; Marcos et aI., 1994). The process of lymphohemopoiesis is believed to be

regulated by the BM microenvironment. The hematopoietic microenvironment in the bone

marrow, which consists of adherent stromal cells such as endothelial cells, fibroblasts, and

dendritic cells as well as various cytokines and adhesion molecules, supports a continuous

proliferation and differentiation oflymphohematopoietic cells of multilineages, in addition to

the pluripoternt hematopoietic stem cells (PHSCs) (Dorshkind, 1990; Ikuta et aI., 1992).

These stem cells, with an estimated fiequency of0.01-0.005% of all nucleated cells in the BM

(Tsai et aI., 1994), have the capacity for extensive self-renewal, and the ability to rescue

lethally irradiated arnimals by giving rise to all difi‘erent blood cell types which are the cellular

components ofthe immune system (Figure l) (Heimfeld and Weissman, 1992; Ikuta et al.,

1992).

Although, the question of whether T and B lymphocytes arise fiom a common

lymphoid progenitor or directly fi'om multipotent hematopoietic stem cells is still unclear, it

is certain tlnat their site ofnnaturation is different. Progernitor T-cells are generated in the BM,

arnd tlnern migrate irnto the thymus, where they proliferate and difl‘erentiate into mature T-cells.

Mature Tocells which reside in the thymic medulla leave this tissue through veins and

lymphatic vessels and join the circulating lymphocyte pool (von Boehmer, 1992; Kruisbeck,

1993; Pawlowski and Staerz, 1994). In contrast, B progenitors in mammals are generated

and remain in the BM, where they differentiate into mature immunoglobulin (Ig) bearing
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B—cells via a complex series ofsteps. These maturation steps involve lymphocyte-stromal cell

irnteractiorn, Ig gerne rearrangement, and surface expression ofIg molecules (Osmond, 1993;

Melclners etal., 1995). The mature B-cells then enter the blood stream and migrate into the

secondary lymphoid organs (eg., spleen, lymph nodes) where they participate in immune

responses. Tlnus, since all development and maturation ofB-lymphocytes occurs in the EM,

it is easy to assess the status ofdifi‘erent stages ofB-cell development and the firnction ofBM

lyrrnphopoiesis irn ZD in which lymphopenia is predominantly observed. Thus to comprehend

the status of lymphopoiesis in ZD, it is necessary to review the stages of lymphocytes

development as well as associated cellular and molecular events, all ofwhich will be discussed

in the following sections.

B-cell development in the BM:

As mentioned earlier, adult mammalian B-cells, which comprise 23-25% of the

heterogernous BM population, are predominantly generated and mature in the primary

lymphoid orgarn, BM (Osmond et aI., 1994). Although early stages ofB-cell development

are not well defined, a combination of cellular and molecular events such as Ig gene

rearrangements and gene expression, the expression of specific surface and molecular

markers, as well as growth requirements have been utilized to characterize the sequential

steps irn B-lymphopoiesis in the BM. In this regard a few models have been proposed, some

of which will be discussed here. However, with the use of Hardy's scheme of B-cell

development (1991) in this dissertation, the main emphasis will be given to this system.

The most primitive cells oftire B-lineage are called progenitor B (pro-B) cells. These

B lineage restricted cells, which comprise 4-6% of the total nucleated bone marrow cells,
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retain Ig genes irn the germlirne configuration arnd lnave the capacity to differentiate into mature

B cells expressing diverse antigen receptors (Hardy et 01., 1991). These progenitor B-cells

that are believed to start gene rearrangement by joirning the D (diversity) and I (joint)

segrnernts ofthe Ig heavy chain (D-JH), subsequently become large precursor B-cells (pre-B)

in which the variable(V) segment ofthe Ig heavy chain (IgH) is joined to the previous D-JH

complex (V-D-J“) (Tarlinton, 1994). This recombination generates a complete IgH chain

gene (u), shown in Figure 2, which is expressed in the cytoplasm ofpre-B cells (Cu) and is

the characteristic oftlne pre-B stage ofdevelopment. This population accounts for 8-12% of

the total BM cells. Furthermore, studies on early B-cell development have identified the

association ofa pseudo light chain, known as surrogate light chain (nlrL), with u heavy chain

(pH) ofIg irn place ofthe conventional light chain (KL or AL) ofIg on the surface ofpre-B

cells (Karasuyanna et aI., 1994). This protein is composed oftwo polypeptide chains and

encoded by the Vpre-B arnd A5 genes (Rolink et al., 1994). the Vpre-B gene has sequence

honnology to the V region ofthe IgH and IgL chain genes and the A5 gene has homology to

the J and C regions ofIg AL chain gene (Rolink et aI., 1994). The expression ofthese two

genes is largely restricted to developmental stages before light chain gene rearrangement,

namely the pro-B cell stages and the large pre-B (Melchers et 01., 1993; Li et 01., 1993;

Karasuyarna et aI., 1994). In vitro studies on the sigrnificance of the uH-nlrL complex

formation have assigrned sigrnal transduction activities to this complex, since its expression was

accompanied by an increase in intracellular Ca++ levels as well as tyrosine phosphorylation of

irmacellular proteins (Misener et aI., 1991). Moreover, using AS-deficient mice generated by

gene targeting technique, it was shown that B-cell development ofearly stages (pro and pre-B



57

cells) was disrupted in these mice (Kitarnura et 01., 1991). In the next step of Ig gene

rearrarngemerls, the liglnt chain gene rearrangement (V-JL) occurs in small pre-B cells carrying

cytoplasrra'cuhesvychain Therearrangementoflightchainbeginswiththexgene segment.

Ifthe rearrarngernernt is successive, the light chain rearrangement would stop with It being the

predominant light chain of the Ig molecule. If the rearrangement of both I: alleles is

nonproductive, the A gene segment undergoes rearrangement. Successful light chain

rearrangement together with it heavy chairn results in the expression ofa complete Ig molecule

(IgM) on the surface ofimmature B-cells. Further differentiation of immature B-cells will

lead to the coexpression of IgM and IgD on the surface of mature B-cells (Rolink and

Melclners, 1991; 1993). The mature B-cells will then leave the BM and migrate to the spleen

and lymph nodes where they could be stimulated by foreign antigens (Picker and Butcher,

1992; Butcher and Picker, 1996). Upon activation of B-cells by antigens, IgD is down

regulated arnd the cells develop into memory cells and antibody secreting plasma cells with

IgM secretion as the early primary response (Roes and Rajewsky, 1993; Desiderio, 1994).

Recent studies on the structure of the B-cell membrane bound Ig molecules have

demonstrated that tlnese Ig receptors are non-covalently associated with a heterodirner oftwo

transmembrane proteins, namely Ig-a and Ig-B (Hombach et 01., 1988; 1990; Campbell and

Cambier, 1990). In fact, several studies have concluded that the IgM molecules will be

expressed on the surface only when associated with Ig-a/Ig-B chains, becoming a complex

receptor analogous to T-cell receptor complex (CD3-ctB/TCR) (Sakaguchi et 01., 1988;

Hombach et aI., 1988; Kaslniwamura et aI., 1990). The Ig-a and Ig-B proteins are the

product ofmb-l arnd 829 genes, respectively (Hombach etal., 1990; Matsuuchi et aI., 1992).
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Tlnese transmennbrarne glycoproteins seem to be involved in sigrnal transduction since

modies agairnst mb-l causes Ca++ influx in pre-B lymphoma cells (Yamarnishi et al., 1991;

Normrra et aI., 1991; Matsuo et 01., 1993). The heavy chain ofIgD is also associated with

these heterodimer glycoproteins, however, with slightly different Ig-a size (Campbell and

Cambier 1990; Chen et aI., 1990).

Besides Ig gene expressiorn, the progression of early immature B-cells to mature Ig

bearirng B-cells is also marked by acquisition or loss ofB-cell differentiation markers as well

as expression of specific genes and their products required for B-cell development. Hardy

et 01., (1991) in their recent investigations on determination of early stages of B-cell

development were able to subdivide B-lineage cells of the marrow into several distinct

fi'actiorns or subpopulations. This investigation was based on flow cytometric analysis of cell

surface markers such as CD43 (S7) or leukosialin, BP-l, heat stable antigen (HSA), IgM,

IgD, immunoglobulin gene rearrangement arnd growth requirements. Thus, they proposed an

ordered difl'erentiation pattern of B lineage cells as: Pre-pro B @220*CD43‘HSA'BP-l';

Fraction A), early Pro-B (B220*CD43*HSA*BP1'; Fraction B), late Pro-B plus to precursor

B-cells (8220+ CD43”HSA‘BP-l"; Fraction C), small pre-B (B220‘CD43'IgM‘; Fraction D),

immature B (B220’CD43'IgM‘IgD'; Fraction E), and mature B (B220‘CD43'IgM’IgD’3

Fraction F) (see Figure 3). The modified version of this scheme was utilized in tlnis

dissetation to identify the subpopulations ofpro and pre-B cells, as demonstrated in Figure

3. When the growth requirement ofeach isolated subset was evaluated, they found that the

growth arnd proliferation of cells from the earliest fi'action (Pre-Pro B) was absolutely

dependent on contact with a stromal layer whereas later fractions (early Pro-B, late Pro-B,
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large Pre-B) could proliferate irn the presence of soluble mediator interleukine—7 (IL-7) alone.

This data is in agreement with earlier studies from Dorshkind Laboratory (1985; 1990) which

slnowed the absolute dependence ofearliest B lineage progenitors on direct connection with

stromal layer arnd the proliferation oflarge pre-B cells on r1L-7 alone (without the presence

ofstronnal cells). Furthermore, using a deletions! PCR assay, which permits the amplification

ofDNA sequences that are normally deleted upon gene rearrangement, they noticed that cells

of the earliest fiaction (Pre-Pro B) showed no Ig rearrangement, and as cells progressed

toward irntermediate (eariy Pro-B) arnd late fractions (late Pro-B, large Pre-B) they possessed

D-Jfl rearrangements (Hardy et 01., 1991).

Several years later (1993) Li and his colleagues from Hardy's laboratory confirmed

and extended the aforernerntiorned observations by identifying the stage-specific expression of

genes involved in Ig gene rearrangements such as terminal deoxynucleotidyl transferase

(TdT), recombirnation activating genes (RAGl , RAG2) (Ferguson et 01., 1994) and genes that

associate with heavy chain, eg., A5, and Vpre-B (Melchers et aI., 1993). In this

complementary study they detected high expression ofTdT in early Pro-B, late Pro-B, and

large Pro-B, and its absence in small pre-B cells. TdT, an intranuclear zinc metalloenzyme,

plays a role in generating immunological diversity by addition of non-germline encoded

nucleotides (N regions) at the V-D and DJ junctions of IgH chain genes (Landau et aI.,

1987). PresenceofnrcthegionsinIgI-Ichaingeneanditsabsencein light chain gene (V-J.)

correlates with the detection of TdT early in B cell difl‘erentiation and its absence in later

stages of development reported by Li et al., (1993) findings. The other two genes, A5 and

Vpre-B, which form the surrogate light chain (Karasuyarna, et 01., 1994), showed the same



60

espruionpattern, beingdetected inearlyPro-B, latePro-B, and largePre—B cells and absent

when light chain gene rearrangement occurs. In contrast with these three genes, the co-

expression of RAG-1 and RAG-2 enzymes responsible for heavy and light chains gene

rearrangements (Ferguson et 01., 1994) was significant in small pre-B , where much ofthe

light chain gene rearrangement takes place. Moreover, these enzymes were also detected in

early and late pro-B cells (Li et aI., 1993).

Parallel to Hardy's scheme of B-cell development, Osmond and his colleagues in a

series ofstudies have defined stages ofB-cell differentiation using a combination ofB-lineage

associated surface and molecular markers as well as mitotic arrest techniques (Park and

Osmond 1987; 1989a; Osmond 1990; 1991). As demonstrated in Figure 4, the B-cell

compartment of the bone marrow were divided as: Pro-B cells subdivided to early pro-B

(TdT*B220’), intermediate pro-B (TdT”B220*) and late pro-B (TdT‘B220*); pre-B cells

exhibiting cytoplasmic u heavy chain and lacking TdT subdivided to large pre-B and small

pre-B cells; and finally B lymphocytes expressing surface IgM.

Osmond (1990, 1991) in his kinetic studies demonstrated that the early B-cell

compartment including pro-B and pre-B cells undergo a series of mitoses, at least once at

each phenotypic stage ofdevelopment with the exception ofsmall pre-B cells that show much

lower turnover rate (Figure 4). As shown in Figure 4, the turn over rate of large pre-B cells

followed by smaller turn over rate of small pre-B cells indicated a dramatic change in this

transition state. Ifthis significant change is translated into less survival of small pre-B cells

,asitissuggestedbyOsmond(1993), then, thereisasignificantcell loss at this stage ofB-cell

development. This substantial cell death has been also reported by other investigators
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(Jacobean etal, 1994; Osmond et 01., 1994). It is suggested that tlnis cell loss is mainly due

to defective lg gene rearrangements (Jacobsen et 01., 1994), which has also been suggested

to occur among cells of late pro-B cell subset (Td'I‘B220‘p') which may have undergone

nonproductive gerne rearrangements (Rolink arnd Melclners 1993; Rolink et 01., 1994). In vivo

studies have suggested that much of the loss occurs via apoptotic cell death followed by

mophage mediated phagocytic elimination ofthese cells (Jacobson et 01., 1994; Osmond

et a1., 1994). This cell loss provides a control mechanism to eliminate cells with

nonfunctional gene rearrangement and to regulate cell numbers entering the circulation. It

is estimated that out of 5x107 cells generated from B-cell progenitors in the BM of adult

mouse, only 2-Sx10‘ cells are released to the peripheral pool each day (Rolink and Melchers,

1993). Indeed, this dramatic cell loss at the pre-B stage ofdevelopment is highly sigrnificant

for the study presented in this dissertation since it suggests the high susceptibility ofthese

cells to apoptotic cell death which might play a regulatory role in lymphopoietic processes.

The question of whether or not zinc deficiency and the subsequent increased endogenous

glucocorticoids would adversely afi‘ect this population that is highly programmed to die will

be addressed in Chapters two and three oftlnis dissertation.

As previously nnentiorned, early stages ofB-cell development have been identified via

surface expression or elimination ofmaturation markers, gene recombination and expression,

and growth requirernernts. However, the studies herein have utilized only one aspect ofthese

developmental markers That is, the surface expression ofB-cell maturation markers. The

availability arnd the specificity ofnnonoclonal antibodies (mAbs) against stage specific surface

markers on B-lymphocytes and the flow cytometric determination of difl‘erent lymphocyte
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subpopulations were efliciernt tools for the evaluation ofthe BM B-cell genesis. Thus, a brief

reviewonthestnncturalandfiunctional properties ofmajorearin-cells surface markers, most

ofwhich were used in this dissertation, will be given below.

Structural and Functional Properties of Key B-Cell Maturation Markers:

B-lineage cells can be recogrnized by exclusive expression oftlne high molecular weight

fornn (220 KDa) of the leukocyte common antigen (L-CA) designated as B220 (CD45R)

tlnrouglnout the stages ofB-cell maturation on the surface of all B committed and mature B-

cells (Cofi‘man and Weissmarn, 1981). This transmembrane glycoprotein is composed of

composed of elongated, heavily glycosylated exterior domain (~538 residues and less

conserved) arnd a large globular cytoplasmic domain (705 residues and highly conserved) with

a 22 amino acids membrane spanning region. Within the cytoplasmic domain there is an

internal duplication of about 300 amino acid residues with 33% homology within each

duplication (Thomas and Lefrancois, 1988). These regions of duplications has been shown

to have protein tyrosine phosphatase (PTPase) activity (Koretzky et al., 1992). It is

suggested that this portion ofthe molecule is involved in the signal transduction pathway by

acting on P593, arnd PS6“, ofthe Src-farnily protein-tyrosine kinases, in T-cells and P21m in

B-cells, activating the signal transduction complex (Guttinger et al., 1992; Rothstein et aI.,

1993; Kawauchi et aI., 1994). This is the molecule that has been selected in this dissertation

to identify BM B-lymphocytes, by using the mAb, RAB-6B2. There is no known cross

reactivity of this mAb with the L-CA found on T-cells (T-200) (Thomas and Lefrancois,

1988) (see Figure 3).
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HSA, Heat stable antigern, is a molecule widely distributed on many cell types with

heterogeneous forms of 30.60 KDa depending on the cell type (Wenger et aI., 1991).

Molecular cloning arnd sequencing analysis of HSA showed a very short 27-amino acid

polypeptide that is anchored to the cell surface through a glycosyl-phosphatidylinositol

linkage with extensive N—and O-linked glycosylation (Wenger et aI., 1991; 1993). This

molecule slnows a fluctuating pattern ofexpression during B-cell differentiation indicating its

possible role in B-cell development. HSA is first detectable at low levels on the DJ

rearranged (BZ20‘CD43+) cells, then reaches the highest levels at the large cycling pro-B to

late pre-B stage (Hardy et aI., 1991; Ehlish et aI., 1993). Immature B cells and newly

generated B cells in the spleen all express high levels of HSA. The expression of this

molecule is down regulated on most peripheral B-cells, increases upon B-cell activation and

becomes low or non-detectable in memory B cells and plasma cells (Allman et aI., 1992;

1993) (see Figure 3). HSA is recogrnized by several antibodies such as 30Fl, 111d, M1/69,

and 79, all ofwhich have shown similar specificity and staining patterns for HSA molecule V

(Hardy et 01., 1991; Hough et aI., 1996; Hahne et aI., 1994).

In terms of its finnction, HSA was first identified as a costimulatory molecule on

activated B-cells, dendritic cells and epidermal langerhans cells being essential for the

irnduction ofproliferative response in CD4+ T-helper cells (Hubbe and Altevogt, 1994; Liu

et a1., 1992; Enk and Katz, 1994). The second function assigned to HSA is as an adhesion

nnolecule (Sammar et 01., 1994). It has been shown that mAb 79 against HSA inhibited the

aggregation oflipopolysaccharide (LPS)-activated spleen B cells and induced an increase in

intracellular Ca++ levels (Hahne etal, 1994). Hough and colleagues in their two most recent
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studies evaluated the role ofmurine HSA in lymphocyte maturation. Using transgenic mice

with overexpressed HSA, their data clearly showed perturbation of T and B lymphocyte

developrnernt. This was indicated by major reductions in both double-positive (CD4+CD8")

arnd single-positive (CD4*CD8'; CD4' CD8”) thymocytes, profound depletion ofpro and pre

B-cells especially at the level ofIL7-responsive B-cells, and reduced mature peripheral and

splenic B-cells with impaired response to LPS stimulation (Hough et 01., 1994; 1996). Thus,

these observations suggested a regulatory function for HSA tlnroughout the early stages of

T and B cell development. Being a general marker for B-lymphocytes and being detected on

more than 90% of nucleated BM cells (personal observation), the HSA molecule was not

evaluated in phenotypic determination of B-lymhpocytes presented in Chapter four.

NevethdesetlnisstnrdywasabletoidentilytlnesameB-cell subsets aswhen HSAwould have

been irncluded.

C1143 or leukosialin (also known as sialophorin in humans, LY48 or mouse CD43

(S7) in mice, and W3/13 in rats) is a major sialoglycoprotein present on granulocytes,

macrophages, T cells, erythroid and B cells at specific stages ofdevelopment (Gulley et al.,

1988; Fukuda, 1991). In mice, this molecule is recogrnized by rat mAb S7 and has been

detected on early B cell progenitors arnd is be as these cells differentiate to pre-B and mature

B-cells but is upregulated on te'minally difi‘erentiated plasma cells (Hardy et aI., 1991). More

recently an additional site ofexpression for this molecule was found on both mice and human

pluripotent lnematopoietic stem cells (PHSC) by Moore and his coworkers (1994). These

cells (PHSC) upon transfer into SCID (severely combined immunodeficient) mice caused

rapid population ofBM, spleen and thymus and repopulation oflyrnphohemopoietic cells in
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secondary recipients The expression ofCD43 on only a subset ofB-lymphocytes in the BM

was significant to tlis study where the combirnation ofthis marker with a predominant B-cell

determinarnt such as B220 could exclusively identify the population of interest, namely

progenitor B-cells. This will be addressed in Chapter three ofthis dissertation.

CD43 molecule has a highly O-glycosylated extracellular domain and a highly

consevedtrannnenbraneandinuacelhrhrdomainswithinnufineand human species (Pallant

et 01., 1989). The conserved intracellular/transmembrane domains in CD43 have been

postulated to play a role in intracellular events such as signal transduction or interaction with

cytoskeletal structures (Yonemura et 01., 1993). Furthermore, the heavy glycosylation of

CD43 extracelhnlar domain is thought to interact with lectin-like receptors on cells (Greaves

et (11., 1992). In terms of its function, human CD43 has been shown to act as cell adhesion

molecule on T cells via birndirng to intracellular cell adhesion molecule 1 (ICAM-l) on stromal

cells (Rosenstein et al., 1991), therefore, suggesting its involvement in cell adhesion and cell

proliferation. Most recently, a group of investigators studied the in-vivo efl‘ects of

disregulated expression of CD43 in B-cell lineage of transgenic mice (generated by

microirnjection oftlne infused nnouse CD43-IgH chain enhancer gene) (Dragone et al., 1995).

These transgeru'c mice exhibited splenomegaly due to increased number of B-cells, and

prolonged survival of their B-cells in culture with decreased apoptosis. Based on these

obse'vations they suggested a role for CD43 in delivering signals by itself or by its

conjurnction with other molecules in the adhesion cascade (i.e., lectin-like receptor on stromal

cells) to rescue B-cells from apoptotic death arnd to promote B-cell expansion and

development. Indeed the suggested antiapoptotic role ofCD43 molecule in B-lineage cells
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would give better understanding for the observed distribution pattern ofCD43 bearing early

B-lineage cells in the zinc deficient mice which will be presented in Chapter three of this

dissertation.

BP-1/6C3 molecule is a 140 KDa cell surface homodimer glycoprotein formed by

disulfidelinked chainswlnich isidentified innnicebytlne mAb BP-l and rat mAb 6C3 (Cooper

et aI., 1986; Wu et al., 1989). This molecule is expressed on early B-lineage cells in BM and

irn relatively lnigh levels on nnost neoplastic pre-B cells; pre-B cells in long term bone marrow

cultures; certain stromal cell lines; brush borders of the proximal renal tubules and small

intestinal enteocytes; arnd a subpopulation oftlnymus cortical epithelial cells (Wu et 01., 1989;

Wlnitlock et aI., 1987; Welch et al., 1990). The broad tissue distribution and the transitional

extinction ofBP1/6C3 on early B-cells support the diverse biological function and the highly

ordeed regulation ofthis molecule in B-cell development.

In a sequencing study, BP-l/6C3 was shown to be a member ofzinc-metalloprotease

farme with a highest homology to aminopeptidase N (APN; microsomal aminopeptidase)

which acts on peptides with an N-terminal neutral amino acid (Kenny et aI., 1987). A few

years later, however, another group ofinvestigators demonstrated anninopeptidase A (APA)

activity ofBP-1/6C3 (Wu et aI., 1991). This enzyme catalyzes the removal ofN-terminal

acidic arrnirno acid (i.e., glutarnic arnd aspartic) residues fi'om peptides. This peptidase activity

ofBP-l molecule may be sigrnificant in activating or inhibiting the activity ofmolecules that

are involved in cell progression through differentiation pathway. Collectively, the limited

expression of BP-l molecule on early stages of B-lymphopoiesis; its expression on BM-

deived stronnal cell lines; and the IL-7 (a BM stromal cell cytokine) induced proliferation of
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B-cell precursors expressing BP-l, all suggest the important role ofthis molecule in growth

and difi‘erewation ofearly B-cells. Thus, the study presented in Chapter three utilized this

molecule to specifically identify and investigate a small subset ofbone marrow early B-cells

(late Pro-B) that would have not been possible, otherwise.

T Cell Development in the Thymus:

In contrast to B-lymphocytes that are produced arnd mature in the BM, the cells

cormnitted to differentiate into T-lymphocytes are generated in the BM, but then migrate to

the thymus to mature. By analogy to B-cell development in the BM, differentiation of

progenitor T-cells is associated with expression of difi'erent surface markers as well as

rearrangements ofthe germ-line T-cell receptor (TCR) genes (Pawlowslci and Staterz, 1994).

The early precursors ofT-lymphocytes within the thymus express neither ofthe major T-cell

accessory molecules CD4 and CD8 so are referred to as double-negative (DN) cells. These

DN (CD4’CD8’) tlnymocytes difi‘erentiate irnto early double-positive (DP) cells, which express

low levels ofCD4 and CD8 (CD4*CD8*). This transition in phenotype is associated with

extensive proliferation and rearrangement of germ-line TCR a and [5 gene segments which

is very similar to lg gene rearrangement in B-cells (von Boehmer, 1992; Kruisbeck, 1993;

Godfi’ey et aI., 1994). DP thymocytes with non-productive TCR-gene rearrangement will be

programmed to die but the productively rearranged all heterodimer of TCR will then be

associatedwithCD3 andwillbeexpressedontlnecell surfaceofDP thymocytes (Hedrickand

Eidelman, 1993).

The fate of most developing thymocytes is intrathymic death, either early in the

development due to the failure ofthe TCR molecule to be engaged by self-MHC, or later in



68

maturation due to self-reactive thymocytes. Through the combination of positive and

negative selections, these cells (>95%) will be eliminated via programmed cell death

(apoptosis), and the remaining thymocytes (~5°/o) that are capable of interacting with self-

MHC/arntigen will survive (Sprent et 01., 1988; von Boehmer and Kisielow, 1990; Tough and

Sprent, 1994). Differentiation and maturity ofthymocytes are thought to be supported by

thymic epithelial cells (TECs) through direct cell contact and secretion ofthynnic hormones

(von Boehmer, 1992; Anderson et aI., 1994; Coto et 01., 1992). A number of thymic

hormone-like peptides that influence this maturity have been isolated from the thymus,

irncluding thymulin (Bach et 01., 1975). This zinc-dependent hormone is thought to play an

important role in T-cell difl'erentiation and maturation and subsequent cell-mediated immunity

(Coto et 01., 1992; Okamato et 01., 1993), as in vitro addition .of thymulin to cultured

thymocytes enhanced their response to mitogens (i.e., PHA; ConA) (Saha et al., 1995).

The irnrrnature CD4"CD8‘TCR'° thymocytes that survive the thyrnnic selection develop

into TCR'll single-positive CD4‘ or CD8+ mature T-cells representing 10-14% or 5-8%.of

total thynnic T-lymphocytes, respectively (Sprent and Webb, 1987; Fowlkers and Pardoll,

1988; van Ewijk, 1991). These mature single positive T-cells (CD4‘CD8'TCR‘i/CD4'

CD8‘TCR“) leave the medulla through veins and lymphatic vessels to join the recirculating

lymphocyte pool arnd home to peripheral lymphoid organs (Shortman et 01., 1990). In terms

of cell numbers, it has been estimated that about 1x10‘ mature T-cells per day leave the

thymus and enter the peripheral blood in young mice (Tough and Sprent, 1994).

Due to the fact that immature thymocytes are highly susceptible to apoptotic death,

the presence of thymic atrophy in ZD with preferential involution of the cortex, where
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immature thynnocytes reside, could suggest ofa similar phenomenon. Thus, it was ofinterest

to evaluate the effects of ZD on phenotypic distribution of thymic T-cells, particularly

innrnature DP tlnyrrnocytes as well as the verification ofapoptosis as a mean for elimination of

cortical tlnynnocytes marnifested as thymic atrophy in ZD. These will be addressed in Chapter

Five ofthis dissertation.
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W Aschenatic view oftlne events required for heavy chain gene rearrangements and

generation of u heavy chain protein (Kuby, 1992).
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WCell surface and molecular marker expression during the stages of B-cell

development in murine bone marrow.
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W Osmond’s scheme of B-lymphocyte differentiation and dynamics of B-cell

production in murine bone marrow.
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Effects of zinc deficiency on stress axis:

Selye in his book, The Stress ofLife (1956), clearly demonstrated that stress fi'om a

variety of sources caused adrenal enlargement, increased serum glucocorticoids (GCs) and

thymus atrophy and that stress-induced atrophy was much diminished in adrenalectomized

rats. These obse'vatiorns led to the specnrlation that the activation ofhypothalamus-pituitary-

adrernal axis (HPA axis; stress axis) played as an important link between the neuroendocrine

and immune systems during stress. Since then, chronic elevation of endogenous GCs

followed by downsizing ofthe immune system has been documented in various stress related

conditions including: burn and trauma (Maldonado et aI., 1991); infection (Hermann et aI.,

1994); poa surgery; arnd malnutrition (Barone et 01., 1993; Fraker et aI., 1995). It has been

noted that zinc deficiency (ZD) activates the stress axis and leads to the chronic elevation of

GCs irn the circulation. In fact, there are studies suggesting the role ofelevated endogenous

GCs irn the induction ofimmunological alterations such as thymic atrOphy, and lymphopernia

observed in ZD (Quarterman and Humphries, 1979; DePasquale-Jardieu and Fraker, 1979;

1980; Fraker etal, 1995). In addition to trace element nutritional deficiency, other forms of

malnutrition, such as protein-enegy-malnutrition, which resenble ZD in terms ofthe impaired

immune system also result in elevation of GCs followed by profound thymic atrophy, and

lymphopenia (Becker, 1983; Barone et aI., 1993; Kuvibidila et al., 1993). Thus it appears

that the elevation ofglucocorticoids is common to all the conditions in which downsizing of

the immune system has been reported.

A series of early studies by Quarterman (1972; 1974; Quarterman and Humphries,

1979) denonstrated thynnic atrophy and enlargement ofthe adrenal glands with concomitant
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increase irn cholesterol (precursor ofglucocorticoids) content in ZD rats. These observations

were followed by a significant increase in plasma corticosterone (CS) level (about 2-fold) in

ZD rats compared to the control group. Interestingly, when ZD rats were given a large

arnournts ofzirnc (~10 mg zirnc sulfate per day irn drinltingwater), an increase in thymus weight

and a decrease in plasma CS concentration to levels detected in control zinc adequate (ZA)

rats were obseved. In a similar study, increased pituitary and adrenal weights, accompanied

by hypersecretion of adrenocorticotropin hormone (ACTH; released fi'om pituitary gland),

arnd adrenal corticoid hormones were reported in ZD albino rats (Macapinlac et aI., 1966).

These obsevations led to speculation that stress-induced elevation of GCs was playing a

major role in suppression ofirmnunity. A few years later this hypothesis was investigated by

DePasquale-Jardieu and Fraker (1979; 1980). They noted that ZD mice exhibited thymic

atrophy with a prefeential invohrtion ofthe thynnic cortex as well as sigrnificantly elevated GC

levels (3-fold lnighe' than control mice). Furthemore, a concomitant reduction in T-dependent

antibody rrnediated response and rise in CS concentration suggested a role for GCs in the

suppression ofimmune response (DePasquale-Jardieu and Fraker, 1979). IfCS played a key

role in impaired immunity, specifically thymic involution in ZD, then the elimination ofthis

hormone should be able to block such immunological defects. This was tested by

adrenalectomizing mice and removing CS fi'om the circulation (DePasquale-Jardieu and

Fraker, 1980). The results indicated complete thynnic protection in adrenalectonnized ZD

mice, whereas the sham-operated ZD mice showed a significant thymic involution. Similar

results were also obseved irn adrenalectonnized ZD rats by another investigator (Quarterman

and Humphries, 1979). When DePasquale-Jardieu and Fraker evaluated the T-cell helper-
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mediated arntibody response ofzinc dietary mice, a significant drop (50%) in the response in

the ZD nnice was noted before any elevation of serum CS, possibly due to other factors (eg.,

nutritional deficiency). However, another reduction (20%) in antibody response was noted

irn just sham-operated ZD mice who exhibited significant elevation ofGCs (~7 fold increase)

irn their serum (DePasquale—Jardieu arnd Fraker, 1980). These findings indicated the impaired

T-lnelper finnctiorn arnd the sensitivity ofcortical thymocytes (immature T-cells) to the elevated

levels of GCs marnifested as thymic involution since adrenalectomized ZD mice showed

complete thymic protection. Furthemore, it suggested a combination ofboth suboptimal zinc

intake arnd elevated CS in the suppression ofimmune response.

Thus the use of adrenalectomy was able to begin to clarify the role of elevated GC

levels during ZD in tlnynnic involution arnd elimination ofimmature cortical thymocytes as well

as the impairment of cell-mediated immunity due to T-helper cell dysfunctions. In fact the

sensitivity ofimmature T-cells to GCs followed by glucocorticoid-induced apoptotic death

irn tln's population is a well established phenomenon (McConkey et a]. 1989; Cohen and Duck,

1992; Sun et aI., 1992; Brown et 01., 1993). The GC sensitivity was not just restricted to T-

cells, as B-cells wee also shown to be affected. In a CS pellet implantation system in young

adult mice delivering CS analogous to levels detected in ZD, a significant depletion in BM

total B—cells and immature B-cells (75% and 25% respectively) were noted within five days

(Garvy et al., 1993a). However, mature B-cells were modeately increased. This suggested

the prefe'erntial elimination ofimmature B-cells by CS and the resistance ofmore mature B-
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cell population. Detailed studies on distribution ofBM B-lymphocytes in ZD mice will be

presented irn Chapters two and three.

Knowing that both immature T and B cells are highly sensitive to the elevated GCs

arnd adrenalectomy provides protection against thymic involution, it was ofinterest to examine

the status of B-lymphocytes in adrenalectomized ZD mice. Chapter four will thoroughly

address the role of chronic elevation of GCs in ZD on BM B-cell development, thus,

identifying a more clear role for GCs in nutritional deficiencies.

General Characteristics of Glucocorticoids:

Glucocorticoids are in a class of major steroid hormones released from zona

fasciculata ofthe adrenal cortex. These hormones have been shown to have a wide range of

effects on components ofthe immune system and inflammatory responses in both humans and

animals (DePasquale-Jardieu and Fraker, 1979; 1980; Garvy et aI., 1993a; 1993b; Flaherty

et aI., 1993; Adcock etal, 1995; Marx, 1995). In terms oftheir synthesis, cholesterol is the

known biosynthetic source of all steroid hormones, including GCs (Miller, 1988).

Adrenocortical cells have large numbers ofreceptors that mediate the uptake oflow-density

lipoprotein (LDL), the predorm'nant form ofcholesterol, into the cells. The cholesterol is then

enzymatically converted to pregnenolone via cholesterol desmolase. Dehydrogenation of

pregnenolone yields progesterone which is the precursor to all steroid hormones (Bolander,

1994; We, 1988; Hadley, 1992; Rudney and Sexton, 1986). The biosynthelic pathways of

steroid hormones are summarized in Figure 1.

Production and release of GCs by the adrenal cortex is primarily under control of

ACTH released fiom the anterior pituitary gland. In turn, the release ofACTH is regulated
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by a variety ofneurohypophysical peptides produced by hypotlnalarnic neurons. One ofthe

mairn regulating peptides is corticotropirn-releasing factor (CRF) which is released at neuronal

endings and transported via the portal vein to the anterior pituitary where it stimulates the

synthesis and secretion ofACTH (Figure 2) (Berczi, 1994; Bolander, 1994; Hadley, 1992).

The efl‘ects ofCRF arnd ACTH are mediated by activation ofadenylate cyclase and the cyclic

AMP-dependent protein kinase (Hadley, 1992). Briefly, ACTH interacts with plasma

membrane receptors ofthe zona fasciculata cells of adrenal cortex and activates adenylate

cyclase. This activation results in increased cAMP levels and subsequent activation ofone

or more protein kinases. The active phosphorylated protein will activate a cholesterol ester

hydrolase to convet sequesteed cholesterol into free cholesteol available for steroidogenesis

(Hadley, 1992).

Cortisol (hydrocortisone; 119, 17a, 21-trihydroxy-pregn-4-ene 3, 20, dione) arnd

corticosterone (17a, 2l-dihydroxy-pregn-4-ene 3, ll, 21 trione) are the main GCs secreted

by the adrenal cortex. However, the relative amounts ofthese hormones that are generated

depend on the species. For example, in man, dog, and monkey, cortisol secretion

predominates, whereas irn rats, mice and rabbits, corticosterone is the main secretory GC

(Simpson and Waterman, 1988). The rate ofsecretion of cortisol in normal human subject

under optimal conditions is about 20-30 mg/day. However, the rate is not steady and exhibits

circadian rhythmic, be'ng relatively high in the early morning hours, declining during the day,

and reaching a minimum during the evening (Smith et al., 1981; Hadley, 1992). Being

nocturnal, the rodents exhibit the reverse diurnal cycle, with the highest CS concentrations

in the evening (20 mg/dl) and the lowest in the early morning. \Vrth this in mind and due to
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thefinctthatcla'onicelevationofGCs accompaniesZD, carewastaken in this work to collect

all blood samples required for CS assay during early morning, 8-9 AM, at the lowest

concentration time point in the diurnal cycle for rodents.

In terns ofGC transport system, plasma is the main route ofGC transport to target

tissues. In the plasma, 90% or more ofthe cortisol and CS is reversibly bound to two main

proteins, namely corticosteroid-binding globan (CBG, transcortin) and albumin (Ballard,

1979; Siiteri et aI., 1982; Baxter and Tyrell, 1987). The CBG has been identified as a

member of the serine protease inhibitor (SEPRIN) superfannily, with a molecular weight

between 50,000-60,000 daltons in most species (Hammond et aI., 1987; Nyberg et aI., 1990).

Tlnis protein has lnigh afinity but low total binding capacity for GCs, whereas albumin has low

affinity, but relatively large binding capacity. The remaining fraction of GCs in plasma

comprises the pool of nonprotein bound or "fies” steroid that is generally assumed to be

biologically active (Brien, 1981; Siiteri et 01., 1982; Vermeulen, 1986). The fi'ee hormone

model ofsteroid action has been defined by Lan et 01., (1984) as: ”only those steroids which

are not bound (eg., flee) to CBG in plasma are available to difl‘use out ofthe capillary bed

irnto the interstitial space, arnd go across cell membranes to initiate hormonal effects". In fact

in an early study by Slaunwhite et 01., (1962), they showed that injection of cortisol alone

increased liver glycogen in adrenalectomized mice, whereas injection of cortisol-CBG

complex caused no increase, thus demonstrating that CBG-bound cortisol is biologically

inactive.

The free hormone model was further supported by the work ofFaict et aI., (1985).

They investigated wlnether trarnscortin (CBG) modulates the in vitro efl‘ects of cortisol on the
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prolifeation ofhuman peripheral blood mononuclear cells (PBMC) stimulated by different

mitogens. Doses of cortisol in Physiological range (10-1000 nM) strongly inhibited the

prolifeation ofPBMC (80% lymphocytes, 20% monocytes) stimulated by the mAb OKT3,

a nnitogen specific for T-lymphocytes, and by phytohaemagglutinin (PHA). However, a

smaller degree of inhibition was obseved with pokeweed nnitogen (PWM). As expected,

CBG alorne lad no influence on the proliferation of stimulated PBMC. However, addition of

pure cortisol-flee transcortin to the cultures sigrificantly reduced the effects of cortisol. It

was, thus, concluded that when evaluating the effects ofGCs on lymphoid tissues, only the

free steroid level rather than the total steroid concentrations should be considered. In fact,

this was considered in the study presented in Chapter five in which the amount equall to the

estimated biologically active free CS level as opposed to total concentration ofCS detected

in ZD mice was added to the culture system.

Structure and Function of Glucocorticoid Receptor:

The action of steroid hormones including GC is primarily mediated via binding to a

cytoplasmic receptor followed by nucleus translocation and binding ofthe hormone-receptor

complex to the specific DNA sequence of the target cell genome. Briefly, the hormone

initially interacts with the cytoplasmic receptor in the target cell, thereby inducing a change

in the receptor which is followed by dissociation ofthe receptor-associated protein complex

and exposure of the DNA binding domain. The activated receptor-ligand complex

translocates toward the nucleus via the cytoskeleton transport system, and into the nucleus

via nuclear pores, where it binds to a consensus binding sequence of target genes. The

bindirng ofthe receptor-steroid complexes to DNA initiates changes in gene expression that
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are translated into the cellular response to GC (Gustafsson et aI., 1987; Distelhorst, 1989;

Meisfield, 1990).

The glucocorticoid receptor (GR) is a member ofthe steroid receptor superfamily,

which is fournd irn all mammalian tissues but at difl‘erent levels (Pratt, 1993). The firnction of

GR as transcriptional activator is uniquely hormone dependent, since its nuclear translocation

and transcriptional activation only occurs upon ligand binding (Gustafsson et aI., 1987;

Burnstein and Cidlowski, 1989; Godowski and Picard, 1989; Smith and Tell, 1993). The

structure ofGR is composed of a ligand binding domain at the C-terminal, a DNA binding

domain in the center and a modulating domain at the N-terminal (Figure 3). The DNA

binding domain is composed of two zinc-finger structures which have been proposed to

interact with the hormone responsive elements (HRE; GRE in case ofglucocorticoids) on

DNA arnd regulate transcription ofthe gene downstream. These zinc atoms are located in a

cysteine-rich region of the DNA binding domain, and are each tetrahedrally bound to 4

cysteine residues, forming zinc finger structures (Gustafsson et 01., 1987; Luisi et aI., 1991;

Hutchison et aI., 1992). Using point mutations, the presence of zinc fingers in the DNA

binding domain has been shown to confe the specificity ofreceptor binding to GREs (Archer

et al., 1990). The GRE is a 15 base-pair, partially palindromic sequence that consist oftwo

hexameic half-sites separated by three bases (Beato, 1989). Based on sequence analysis, a

consensus binding sequence, 5 ’-AGAACAnnnTGTTCT-3 ’ (where n can be any nucleotide)

located within the 5 ’-flanking regions ofthe promoter ofthe targeted genes was proposed

(Beato, 1989; Gustafl‘son et at, 1990). In nature, the sequence ofthe half-sites ofGREs may

vary considerably, but the spacing between the half-sites is always three bases. The
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palindromic nature of GREs suggest that the receptor binds its targets as dimers. The

crystallographic analysis (Luisi et al., 1991) or the electrophoretic mobility studies (Alroy and

Freedman, 1992) have shown that two monomers ofthe GR DNA-binding domain bind to

the DNA target site face to face, making extensive protein-protein contacts. The binding of

the first monomer increases the afinity ofthe second monomer by two orders ofmagnitude

(Hard et 01., 1990). Regions required for dimeization are located in both the hormone

‘ binding and DNA binding domains (Dahlman-Wright et 01., 1993) (see Figure 3).

Early studies on isolation arnd characterization of steroid receptors led to the isolation

oftwo ste'oid birnding forms: a large 8-9S form and a smaller 4S form (Pratt, 1987). The 8-

9S receptor form was found predominantly in the cytoplasm, whereas the 48 form was

detected irn the nucleus. Furthemore, stimulation ofhormone decreased the amount of8-98

form in the cytoplasm and increased the amount of 4S form in the nucleus, indicating

horrnnone irnduced transformation and nuclear translocation of the receptor (LaFond et al.,

1988). The untransformed cytosolic receptor is predominantly associated with a 90KDa heat

slnock protein (hsp90) which is dissociated upon ligand binding and receptor transformation

to the 48 form( Sanchez et 01., 1986; Housley etal., 1990). Further studies have established

flntlnp90assodafionismqunedforeeoidbhndingmflnekaheeasdissociafion ofhsp90

precedes the DNA birnding ofreceptor-steroid complex (Meshinchi et aI., 1990; Hutchiso et

aI., 1992). Furthermore, hsp90 is thought to stabilize the receptor, and prevent it from

birnding to DNAby masking the donnairns required for receptor localization and DNA binding

(Housley et 01., 1990; Pratt, 1993). Sequence studies and insertional/deletional mutations of

GR lave identified a 20 amino acid sequence at the N-terminal region ofthe steroid binding
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domain for hsp90 association (Pratt et 01., 1988; Housley et aI., 1990). Thus the proximity

of hsp90 birnding domain to the steroid binding, DNA binding, and nuclear localization

domains support the hsp90 dissociation upon ligand binding and disposing the domains

necessary for DNA birnding.

In addition to the association of hsp90 as the predominarnt non-hormone binding

protein with GIL thee are also a number ofproteins associated with the untransformed GR

Among tlnen is hsp70 that is present in chinese hamster ovary cells (CHO) that overexpress

the mouse GR arnd for some unknown reasons is entirely nuclear in hormone free CHO cells

(Sanchez et aI., 1990a; l990b). It is important to note that as opposed to hsp70 association

arnd localization ofmouse GR in CHO cells, the mouse GR in L cells is cytoplasmic and not

associated with hsp70 (Snachez et aI., 1990b). This has caused an speculation that the

presence of receptor-associated hsp70 is in some way related to the arrival of steroid

receptors in the nucleus, thereby serving as a molecular chaperon (Sanchez et aI., 1990b;

Pratt arnd Scherer, 1994). It is thought that hsp70 binds to hydrophobic regions ofproteins

to facilitate their unfolding to cross organelle’s menbranes (Rotlnrnan, 1989). The association

ofGRwith a complex containing hsp70 could play a role in maintaining steroid receptors in

an unfolded state for passage through the nuclear membrane (Sanchez et aI., l990b; Pratt et

01., 1992). In this respect Shi and Thomas (1992) have shown an hsp70 requirement for

transport ofnucleoplasrnin into Hela cell nuclei.

Besides the association ofhsp90 arnd hsp70 with GR, a number ofother proteins such

as hsp59 (also krnown as hsp56, hsp60), p50, p23, and p14 has been reported to occur as a

part ofheteomeric structure ofuntransformed GR (Pratt, 1992; Pratt, 1993; Lebeau et aI.,
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1994) (Figure 4). In fact, coirnmunoadsorption studies with GR (Bresnick et aI., 1990;

Sanchez et aI., 1990b; Pratt, 1990) suggest that the receptor-hsp90 complex is a core unit

deived flour a larger heteromeric complex that also contains hsp70, hsp56, and some other

proteins. The heat shock protein heterocomplex exists in cytosol independent of steroid

receptors (Sanchez et aI., l990a; Tai et 01., 1992) and the three heat shock proteins in the

complex are thought to be involved in protein folding/unfolding and protein traflicking in the

cell (Pratt et aI., 1992). This heterocomplex has been suggested to function as a transport

particle, tlars temed a 'Transportosome" to which the steroid receptor remain attached while

they undergo trafficking via cytoskeleton-mediated transport within the cell (Pratt, 1992).

Following steroid binding, receptor dissociation fiom hsp90 with its simultaneous

transformation to DNA binding state, and cytoskeletal-mediated transport, the receptor must

translocate across the nuclear nnenbrarne to access to the nuclear chromatin via nuclear pores.

Nuclear proteins larger than relative molecular mass of ~40,000 appear to require a nuclear

localization signal (NLS) for passage through the nuclear pores (Pratt and Scherrer, 1994).

Picard arnd Yamamoto (1987) have identified two nuclear localization signals, NLl and NL2,

in the COOH-teminal halfofthe GR. NLl maps to a short segnent at the COOH-terminal

side ofthe DNA binding domain, whereas NL2 is located within the hormone binding ofthe

receptor. Both NLS are hormone dependent, accounting for cytoplasmic location ofthe GR

irn the absence ofhormone (Picard and Yamamoto, 1987). Thus, it appears that hsp90 caps

both DNA binding arnd rnuclear localization domains, which are uncapped upon ligand binding,

tlnus allowing the progression ofboth processes. The transformed receptor would then move

along the cytoskeletal (nnicrotubules, nnicrofilarnents) pathway toward the nuclear envelope
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and translocate across the nuclear membrane through nuclear pores using NLS to reach the

rarclearchromatin Thesereceptorscanbeexported outofthe rnucleus to be recycled (Madan

arnd DeFranco, 1993). Subsequent birnding ofthe transformed active receptor to the GRE on

DNA, would then either stimulate or inhibits transcription ofthe targeted gene (Pratt et aI.,

1989; Meisfield, 1990; Pratt, 1993).

Two receptor subtypes for adrenal steoids have been characterized: type I receptors,

or mineralocorticoid receptors, and type H receptors known as glucocorticoid receptors.

Type I receptors lnave a higher afiinity for naturally occurring adrenal steroids (cortisol in men

and corticosterone in rodents) (Beaumont and Fanestil, 1983; Spencer et 01., 1991). On the

contrary, type 11 receptors have a highe' affinity for synthetic glucocorticoid, dexamethasone

(Reul and deKloet, 1985; Sutanto and deKloet, 1987; Reul et al., 1987). Both of these

receptors have been identified in immune cells, however, with considerable expression

variation among irrnmune tissues (Lowy, 1989; Miller et 01., 1990; Spencer et 01., 1991).

Thymus has been shown to express the highest type II receptor concentration in the body,

whereas spleen exhibited both typeI and type 11 receptors (Lowy, 1989; Miller et aI., 1990).

This pattern of receptor expression is suggestive of the difl‘erent responses or different

sensitivity ofvarious immune compartments to the glucocorticoid hormones (Miller et aI.,

1990; Miller et aI., 1994; Spencer et 01., 1993).

Effects of Glucocorticoids on Lymphocytes:

Glucocorticoid hormones have wide-ranging efi‘ects on the immune system (Cupps

and Fauci, 1982). At pharmacological levels, these hormones exert anti-inflammatory and

imrrrunosuppressive efi‘ects, whereas at physiological levels they play important
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inmarnoregulatory roles (Munck etal, 1984; Flahety et aI., 1993; Adcok et al., 1995; Marx,

1995; Auphan et aI., 1995).

In an early study by Fauci and Dale (1974), the in viva efl‘ects of hydrocortisone

(cortisol) on ubpopulations oflymphoid cells in human peripheral blood were investigated.

A single intravenous injection of either 100 mg or 400 mg of hydrocortisone showed a

profound decrease in absolute numbers of circulating lymphocytes and monocytes between

4-6 hours after either concentration of hydrocortisone. However, the counts returned to

rnorrnal by 24 hours. The depletion of lymphocytes fi'om the circulation was selective in that

there was a greater decrease in the number of thymus derived T-cells than B-cells, which

returned to baselirne by 24 hours after hydrocortisone iry'ection. The in vitro response to PHA

was relatively unafl‘ected, while responses to concanavalin A (Con A), PWM (at high

hydrocortisone concentrations=400 mg), and in vitro responses to antigens (streptokinase-

streptodorrnase arnd tetarnnrs toxoid) were significantly diminished. This selective depletion of

nnonocytes and lymphocytes was suggested to be the result of redistribution ofthese cells out

oftlne circulation irnto the other body compartments. However, this proved not to be the case

in studies hereirn, which will demonstrate the selective sensitivity of difl‘erent immune

components to the GCs resulting in their elimination or survival rather than their

redistribution.

The susceptibility of lymphocytes to GCs was further demonstrated by the study of

Mille’etal, (1991). In this study they showed that dexamethasone (Dex) treatment (0.3 to

10 ug/hr) had a significarnt efl‘ect on T-cell proliferation where a stepwise increase in the Dex

concentration added to the drinking water was associated with a stepwise decrease in the
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Con-A 'mduced splenocyte prolifeative response. To ascertain that the observed effects were

irndeed due to the GCs, these investigators initiated a multidimentionals study. This study

examined the effects ofGCs and the GR agonist on the number and percentage ofimmune

cells irn the peripheral blood arnd spleen ofrats (Mille et 01., 1994). Irnplanting corticosterone

irn adrenalectomized and sham-operated rats for seven days, they demonstrated a significant

increase (>50%) in the neutroplnil population and a substantial depletion of all lymphocyte

subsets irncluding T-cells (helper and suppressor), B-cells, natural killer cells, as well as

monocytes in the peripheral blood and the spleen. In addition, the effects ofRU28362, a

potent GR agonist, on immune cell distribution in the peripheral blood was examined.

Implanting osmotic nninipumps which delivered 1, 4, and 10 uglinr ofRU28362 resulted in

a significant decrease in lymphocyte numbers with concomitant increase in neutrophil

population in a dose-dependent manner. Similarly, the high concentration ofRU28362 (10

rig/hr) significantly reduced the spleen cellularity, decreased the absolute numbers and the

percentage ofall lynrphocyte subsets, with B—cells exhibiting the greatest decline (>80%), and

a substantial increase in the percentage of neutrophils. Consistent with the depletion ofB-

cells irn RU28362 treated rats, a significant increase in B-cell population ofperipheral blood

in non-treated adrenalectomized animals compared to sham adrenalectonnized and RU28362

treated rats was observed. These firndirngs denonstrated the potent efi‘ects ofchronic delivery

of both naturally occurring GCs, corticosterone, and the GR agonist, RU28362, on the

distribution of immune cells mainly manifested as lymphopenia and neutrophilia, as

adrenalectomy blocked the efl‘ects. In this regard, studies presented in Chapter Two and

Four will demonstrate the pattern of BM B-lymphocyte development in the presence of
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elevated endogenous CS (ZD mice) and in the absence ofCS (ZD adrenalectomized mice)

in zinc dietary studies, respectively.

The sensitivity of lymphocytes, particularly T-cells, to exposure to GCs was

emphasized in a recent study by Flaherty et 01., (1993). In this investigation they evaluated

the efl‘ects ofcorntinuous CS adnninistration on peipheral blood lymphocytes ofFischer 344

rats. This was accomplished by subcutaneous pellet implantation releasing CS (0.07, 0.48,

arnd 4.8 mg/day) over a 21-day period. As expected, a significant decrease in total

lymphocytes with reductions in the absolute numbes ofthe T-helper, T-cytotoxic and B~cells

was observed. Histopathological examination ofanimals treated with the high dose CS, for

seven days, revealed involution ofthe thymus with diminished thymic lymphocytes. Due to

the lu'gh sensitivity of T-cells to GCs, it was important to relate the distribution and the

susceptibility of thymic T-lymphocyte subpopulations to the effects of ZD, which is

accompanied by tlnynnic atrophy and elevated levels ofGCs. This will be addressed in Chapter

Five.

Besides the irnmunosuppressive effects ofpharmacological doses of synthetic GCs,

stress induced alteration ofimmune cell distribution due to endogenous GCs has been also

reported recently. Dhablnar et aI., (1995) denonstrated that restraining rats for up to 2 hours

caused a rapid and significant increase in plasma corticosterone levels. This elevation was

accomparnied by a significant decrease in numbers and percentages oflymphocytes (T-cells,

B-cells, NK cells) and monocytes and an increase in numbe’s and percentages ofneutrophils

in the peripheral blood. The observed alteration in immune cells was related to the high

concentration of corticosterone, since adrenalectomy significantly reduced the depletion of
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immune cells. Furthermore, administration of corticosterone to adrenalectonnized rats

resulted irn the same irnnnnurnological alteration as those observed irn stress-induced intact rats.

In thermal irnjury which results in secretion ofelevated levels ofGCs, depression of

host defense systen was observed (Organ et. 01., 1989; Calvano et aI., 1987; 1988). In this

regard, Calvano and his co-workers studied 10 thermally injured human subjects over time

for both percentages arnd absolute numbers of peripheral blood lymphocytes. Their results

showed a significarnt reduction irn CD3+ lymphocytes percentage in the early post burn period,

with a concomitant decline in CD4+ T-cell subset. The percentage ofCD8+ T-cells did not

change significantly at any time post burn. The change in T-lymphocyte subsets caused a

general lyrnphopernia on day four following the injury. A previous work from the same

laboratory (Calvano et 01., 1987) clearly demonstrated the role of GCs in the change of

lymphocyte distribution irn burn patients, by comparing these patients with healthy individuals

infused with hydrocortisone for 6 hours. Both groups showed significant lymphopenia,

monocytopenia and granulocytosis. Additionally, there was a substantial decrease in

percentage ofCD4+ T-cells with no significant change in the percentage ofCD8+ cells.

Parallel to tlnese studies, the irnmunosuppressive efi‘ects ofGCs on cells ofthe immune

systen 'm protein-calofie-malrnutrition (Becker, 1983; Barone et at, 1993) have revealed close

similarity to those observed in other stress induced conditions (eg., ZD, trauma and burn

patients) (DePasquale-Jardieu arnd Fraker, 1980; Organ et 01., 1989; Maldonado et aI., 1991;

Fraker et aI., 1995). Recent studies on the evaluation of the role of elevated serum CS

observed in protein malnutrition demonstrated a substantial sensitivity of T-lymphocytes,

particularly immature CD4*CD8+ and mature CD4”CD8'subsets along with impaired
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nnacroplnge finnction in nnice fed protein deficient (PD) diet (Barone et 01., 1993; Hill et al.,

1995). Blocking the stress CS response with adrenalectomy or using RU486 to block CS

receptor prevented the impairment ofnnacrophage function (Hill et al., 1995). Furthermore,

administration of CS via a subcutaneous pellet implantation reproduced macrophage

impairmernt (Hill et 01., 1995) and resulted in severe thymic atrophy and lymphopenia

analogous to thou ofPD nnice (Barone et at, 1993). Collectively, These results, once again,

strongly support the critical role of glucocorticoids in lymphopenia and selective alteration

in immune cell distribution which are observed in ZD.

Interestingly, endogenous levels of GC in the absence of any stimuli has also been

shown to control the connponents oftlne immune system (DelRey et 01., 1984). In this study,

normal mice and adrenalectonnized mice were evaluated. In normal mice, there was an

inverse correlation between endogenous levels ofGCs (4-26 mg/dl) and splenic nnass, splenic

cellularity, arnd numbers of Ig secreting cells. These observations were reversed in

adrenalectonnized mice, which showed trace amounts of CS (3-4 mg/dl), confirming the

contribution ofGCs to the irnmunosuppression.

Recent studies on the evaluation of the efi‘ects of GCs on B-cells indicate that B-

lymphocytes in the early stages of their development bear the same sensitivity to GCs as

irnnnature T-cells do. A recent study by Voetberg et 01., (1994) demonstrated the significant

susceptibility of murine lymphocytes, specifically BM B-cells, to the GCs, in this case

predrnisolone (PD). Ten days ofexposure to 2-5 mg PD/ml ofplasma via pellet implant in

mice resulted in a dramatic depletion (50%) ofthe circulating lymphocytes. Early B-cells

(B220*IgM') arnd immature B-cells (3220*IgM’IgD') showed a significant susceptibility to
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PD (3-fold decrease), whereas the nnature B-cells (B220”IgM*IgD*) were resistant.

Furthermore, exposure to PD both in viva and in vitro also afl‘ected the finnctional capacity

of BM-B cells to the T-cell-independent antigen TNP-LPS (trinitrophenylated-

lipopolysacclnaride). This was denonstrated by a significant inhibition of plaque-forming cells

(PFC) production. However, as expected, the GR antagonist, RU38486, caused 50-70%

greater PFC production in PD treated cultures.

Garvy and Fraker (1991) showed a substantial decrease (50%) in in vitro responses

ofBM innrnature B-cells to TNP-LPS with physiological levels ofGCs. This inhibition was

nnore significant (SO-80% decrease in plaque fornning cells) when dexamethasone, the more

_ potent synthetic GC, was utilized. The specificity of the observed effects by GCs was

confirmed when RU38486 counteracted the inhibitory efl‘ects of the glucocorticoids.

Interestingly, the marked inhibition of plaque formation by B-cells was accompanied by a

significam depletion in the proportion ofB-cells present in Dex-treated culture. Thus the data

clearly irndicate the inhibitory efl‘ects ofglucocorticoid hormones on BM B-cell function via

significant reduction in the proportion ofimmune B-cell population.

A significarnt study recently presented by Garvy et al, (1993a) revealed a clear picture

oftire role ofGCs on BM B-cell component ofthe immune system in mice. In viva delivery

of levels of GCs analogous to that detected during ZD was shown to down regulate the

immune system. Implantation of CS tablets in mice resulted in chrornic exposure to the

hormone levels normally detected during stress, including ZD (DePasquale-Jardieu and

Fraker, 1979). The imnarnosuppressive effects ofthe chronic exposure to CS was primarily

indicated by the seve'e tlnynnic atrophy within the first day of pellet implantation. Analysis of
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BM B-lirneage cells indicated a 70% decrease in total B-cells as well as 40% decrease in Ig“

B-cells. The early B-cells were completely depleted by day 5 and the cells remaining were

shown to be mature B-cells. The results were also accompanied by a decrease in the

proportion of B-cells in the S phase of the cell cycle. These observations once again

emphasize the down regulation of the immune system by the chronic elevation of GCs as

shown by thynnic atrophy and depletion of immature lymphocytes. Furthermore, the

evaluation ofthe status ofB-cell subsets in the presence ofGCs enriches the literature which

is heavily focused on T-cell susceptibility to GCs.

Although a substantial investigation has been devoted to the immunosuppressive

effects of GCs, the effects of chronic elevation of GCs accompanying ZD on the immune

systen, particularly early developing B—cells, is still unclear. In this regard, it was of interest

to evaluate arnd identify the role of elevated corticosterone accompanying ZD on the

distribution of developing BM B-cells. Use of adrenalectomized ZD mice in which CS is

eliminated clarified the role oftlnis hormone in distribution ofBM B-lineage cells. This study

will be presented in Chapter Four.

Glucocorticoid-Induced Apoptosis:

The association of elevated levels of endogenous GCs with thynnic atrophy and the

subsequent suppression ofimmature thymocytes have been extensively documented in both

lnumans arnd arnimals (Weissman, 1973; DePasquale-Jardieu and Fraker, 1979; Becker, 1983;

Barone et aI., 1993). The cells affected in this system are predominantly the immature

double-positive (CD4+ CD8+) thymocytes. Early studies considered this type of cell loss in

thymocytes as cytolysis (Clarnan et al., 1971). However, it is now clear that exposure of cells
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to GCs innitiates a range ofevents that leads the cells to “commit suicide.” This type of cell

death is termed progarnnmed cell death (PCD) or apoptosis (Wyllie, 1980; Cohen, 1992).

Apoptosis (A,) or PCD is a process responsible for selective deletion of cells during

morphogenesis, enbryogenesis, tumor regessiorn, and tissue involution in response to

chemical or physical stimuli (Wyllie et 01., 1980; Wyllie, 1987; Walker et aI., 1988). This

form ofcell death was first applied to cells dying physiologically without swelling, necrosis

or inflammation by Kerr et 01., (1972). Since then many investigators have evaluated the

morphological arnd molecular events in apoptotic cells in a wide range oftissues. Compared

to necrosis, in which cells swelling is followed by nnpture ofplasma and organelle membranes

snnd an inflammatory response, apoptotic death is unique and different. Based on histological

examinations and electron nnicrogaphs, apoptosis is distinct from necrosis in various

morphologic features: reduction in cell volume; condensation and margination of nuclear

clnromatin; maintenance oforganelle integity; blebbing ofthe cell surface and packaging of

cytoplasmic organelles into membrane-bound fragnents called apoptotic bodies; and lack of

an innflarnmatory response. These alterations are accompanied by endonucleosomal cleavage

of chromatin DNA into 180-200 base pair multinners also known as DNA ladders (Wyllie,

1987; Ker et 01., 1987; Cohen, 1992). The DNA ladders are extensively used as a primary

arnd predonnirnarnt marker to identify apoptotic death (Telford et aI., 1991; Cohen and Duke,

1992; Schwartzrnan and Cidlowski, 1993).

Apoptosis is triggeed by divese signals including abnormal expression ofoncogenes

sucln as bcl-2, and c-myc, or tumor suppressor genes such as p53, and intracellular elevation

of Ca‘ concentration which activates nuclear Ca‘lMgtdependent endonuclease activity
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(Bissonnette et 01., 1992; Caelles et 01., 1994; Herrneking and Rick, 1994; Nicotera and

Rossi, 1994). Besides the morphological features of apoptotic cells, the formation of the

DNA ladders was primarily used to identify apoptotic populations. This was primarily

achieved by determination of total and fragnented DNA in whole cell lysates either

colorimetrically or by electrophoretic separation oflow-molecular—weight DNA fiagments on

agarose gels (Wyllie, 1980). However, these techniques have the disadvantages of not

quantifying the apoptotic proportion ofa population and substantial time consumption (2-3

days). The use offlow cytometry in conjunction with surface and DNA irnmunofluorescent

labeling provides a rapid, reliable and quantitative method of identifying snnbpopulations of

cells within heterogeneous tissues such as BM that are apoptotic based on forward light

scatteing (size); and fluorescent intensity. This method was recently developed in our

laboratory by William Telford and Louis King (Telford et 01., 1991). Using cell cycle

analysis, they demonstrated that cells undergoing apoptosis accumulated in the so called

hypodiploid region to the left of GolG, phase ofthe cell cycle, also termed A,. This region

(A) was also correlated with cells with fragnented DNA (DNA ladder) on agarose gels and

morphological characteristics ofapoptotic cells identified by electron nnicrographs (Telford

etal, 1991). Furthemore, using apoptotic inhibitors (eg., zinc, GR antagonist) the apoptotic

peak (A) was elinnirnatcd, all ofwhich confirmed the detection oftrue apoptotic cells by this

rapid arnd highly quantitative method. This technique was extensively used in quantitation of

apoptotic cultured thymocytes presented in Chapter Seven. In addition to the use ofDNA

birndirng dye for detecu'on ofA, recently more sophisticated techniques have been introduced

for deection ofthis population. Among them, in situ nick translation ofnucleotide analogs
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into the DNA strand breaks and TdT labling ofDNA breaks at their 3’-OH terminal with

dUTP have shown to be more sensitive and nnore eficient methods compared to those

previously described (reviewed by Telford et 01., 1994).

Among many inducers of apoptosis, glucocorticoid-induced apoptosis in mouse

thymocytes has become a classical model in understanding and characterization of

biochenical events in this type of cell death (Cohen, 1992). Apoptosis of immature

tlnynnocytes can be induced not only by GCs but also by anti-CD3 antibodies (Smith et aI.,

1989; Slni et 01., 1991). Furthermore, removal of autoreactive T-cells and cells with

nonfunctional gene rearrangement during thynnic T-cell development have been shown to

occur via apoptosis (Murphy et 01., 1990; Kisielow, 1995). Thus it seems that the sensitivity

of difi‘erent subsets of T-lineage cells to GCs is based on the level of differentiation and

maturation, sinnce the nnore mature single positive cells are much less sensitive (Telford et al.,

1991). This was further proved by Telford et al. (1994). Their in vitro studies of

glucocorticoid-induced apoptosis in thymocytes denonstrated geater sensitivity of cells

exhibiting CD4*CD8" phenotype with low expression ofTCR. However, single positive T-

cells with high expression of TCR showed resistance to apoptotic death. The stage-

dependernt sensitivity ofthymocytes has been also demonstrated in viva (Sun etaL, 1992).

Intrapeitoneal injection ofrats with dexamethasone (1 mgkg), caused 50% thynnic atrophy.

A loss inn thymocytes occurred within 2-8 hours after exposure to Dex primarily in only one

fiction ofthe two main fi'actions isolated by percoll gradients. This fi'action was shown to

be innnnature thymocytes. This loss was accompanied by the appearance ofsmall dense cells

with characteistics ofapoptosis falling in the hypodiploid peak on flow cytometric analysis.
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Fmthermore, cells eliminated in this fractionwere presumed to be immature thymocytes (Sun

etal, 1992) These results suggested that the widely used in vitro model ofglucocorticoid-

induced thymocyte apoptosis closely mimics the in viva events.

Although studies on glucocorticoid-induced apoptosis in B-lineage cells are limited,

evidence indicate that B-cells show similar sensitivity to GCs as T-cells. In fact the

elinnination of autoreactive B-cells, B-cells with non-functional gene rearrangement at the

transition state from pre-B cells to immature B-cells, and positive selection ofB-cells with

high afinity surface Ig for foreign antigens have been suggested to occur via apoptosis (Liu

et 01., 1989; Rolink et 01., 1991; Scott, 1995).

Voetberg arnd colleagues demonstrated that the delivery ofprednisolone (PD) to nnice ‘

at a rate ofa few nanograms per milliliter ofplasma significantly reduced the proportion of

early B-cells (BZZO‘IgM’) and immature B-cells (B220”IgM). To ascertain whether

apoptosis played a role in elimination ofthese developing B-cells, BM cells were cultured in

low levels of PD (0.1 nM) for 16 hours. Approximately 40% of cells expressing B220

(B220‘) and IgM (IgM') were located in the sub GJG, or A, region of the cell cycle

representing the apoptotic population. Further use ofRU38486 elinninated the cells irn A,

region confirming the GC-induced apoptotic death oftlnis population (Voetberg et 01., 1994).

Tln'sstudydemonstratedtlnatbothinvivoandinvitrochronic exposure ofBMB-cells to low

levels ofPD dirnirnslned the population ofearly and immature B-cells via apoptosis.

A similar study by Garvy and co-workers demonstrated a large proportion ofmurine

BM 8220+ and IgM (45-65%) B-cells underwent apoptosis when exposed to physiological

levels ofGCs for 12 hours inn-vitro. Apoptosis was inhibited by high levels ofzinc (500 pM),
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a known inhibitor of apoptosis, and RU38486 (Garvy et aI., 1993b). Furthermore, in viva

CS pellet implantation in nnice mimicking plasma CS levels detected during chronic stress (30-

100 ml/dl) also indicated apoptotic loss ofBM 3220* and IgM“ B-cells (Garvy et aI., 1993a).

However, the apoptotic proportion ofB-cells from CS treated mice was considerably lower

than in vitro exposure ofcells to the same apoptotic cue. This study demonstrated the rapid

clearance ofapoptotic cells over the first 24 hours alter pellet implantation, since depletion

of 8220+ cells at 50% ofthe controls diminished to 4% in the A0 region. This is expected

since the rapid clearance ofapoptotic cells by macrophages in viva has been well documented

(Wyllie et 01., 1980; Cohern, 1991). In fact, The rapid clearance of apoptotic cells by

macroplnages substantially prevents the leakage oftoxic cell contents and local tissue injury.

The degradation ofingested apoptotic cells by macrophages is remarkably fast as this process

has been reported as short as 10-20 minutes (Savill et al., 1989a; 1989b) or even shorter

(Evan et 01., 1992) after the occurance of histological changes ofapoptosis. This significant

phenomenon has been considered in Chapter Five ofthis dissertation.

In addition to normal developing B-cells, some transformed B-cells also exhibit

glucocorticoid-induced apoptosis. In vitro exposure ofneoplastic B-cell lineage (B-chronic

lynnplnocytic leukenu'a, B-cell) to methylprednisolone caused influx ofCa+ followed by DNA

fragmentation which are the characteristics of apoptosis. Furthermore, addition of protein

synthesis inhibitor (cycloheximide) and RU38486 elinninated apoptosis in this population

(McConkey et al., 1991). This observation indicates the pharmacological importance ofGCs

in the suppression ofleukemic cells in leukemia.
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Knowing the sensitivity ofdeveloping B-cells to GCs in both in viva and in vitro and

their elimination via apoptosis upon exposure to GCs (Voetberg et aI., 1994; Garvy et aI.,

1993a; 1993b), it was of interest to exannine whether or not the same phenomenon would

occur in zinc deficiency where chronic elevation of GCs is present. This study will be

presented in Chapter Five.
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mm; Biosynthetic pathways ofadrenal steroid hormones (Hadley, 1992).
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W Hypotlnalarms—pituitary—adrenal axis; Regulation ofglucocorticoid production.
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mSchematic representation of the glucocorticoid receptor heterocomplex in

untransformed state.
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Abstract

Though lymphopenia is ofien noted in malnourished humans and rodents, little is known

about tlne efl‘ects ofsuboptinnal nutriture on lymphopoietic processes. Focusing primarily on

cells of the B-lineage in the marrow of young adult mice, this study demonstrated that a

moderate degree of zinc deficiency (MZD) caused a 43% decline in the proportion of

molested cells bearing B220 with a 91% decline noted among more severely zinc deficient

nnice (SZD). Early B-cells (B220‘Ig') were lniglnly sensitive to the deficiency, being barely

detectable in SZD mice and reduced by almost 60% in MZD mice. Immature B-cells

(3220‘IgM‘IgD’) were similarly afl‘ected, declining 35% to 80% depending on the degree of

the deficiency. In MZD mice, mature B-cells (IgM‘IgD‘) exhibited moderate losses, being

somewhat resistant. A nnore profound loss in this population was noted for SZD mice. Flow

cytometric (FACS) scatter profiles indicated that zinc deficiency caused a sharp decline in the

proportion of small nucleated cells which in the marrow are thought to contain a high

proportion ofdevelopirng lymphoid cells. There was a concomitant increase in large granular

cells which paralleled a substantial increase in the proportion ofnucleated cells bearing Mac-1

for both MZD and SZD mice. Given the dramatic depletion of cells ofthe B-lineage in the

marrow created by a deficiency in zinc, it is probable that disruptions in lymphopoietic

processes 'm the marrow play a key role in the resulting lymphopenia observed in many types

ofmalnutrition.
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Introduction

Thyrm'c atrophy and lymphopenia are alien noted irn malnourished humans and rodents (Endre

etal, 1990; Kuvibidila et 01., 1993; Fraker er al, 1993; Cook-Mills and Fraker, 1993a). The

resulting reduction in leukocytes, especially lymphocytes, suggests that some nutritional

deficiencies might be altering bone marrow firnction and reducing its ability to produce

lymphocytes. However, there is little infornnation in the literature on this important topic.

Therefore, the present study focuses on the effects of zinc deficiency, because it is a well

characterized mtritional-immunological paradigm, on lymphopoietic processes in the marrow

of young adult mice (Endre, et al., 1990; Fraker et al., 1993). Dietary deficiencies in zinc

(ZD) are frequently noted in underdeveloped countries and occasionally in Western nations

(Endre et 01., 1990; Walsh et at, 1994). However, the deficiency also accompanies a variety

ofcommon disease states such as renal disease, alcoholism, chronic gastrointestinal disorders,

sickle cell anemia, AIDS, certain cancers, etc. (Endre et al., 1990; Keen and Gershwin, 1990;

Walsh et al., 1994; Prasad, 1995). Increased incidences of sepsis, respiratory infections, and

various other secondary infections are seen in individuals with suboptimal intake of zinc,

indicating the immune system is compromised (Endre, et 01., 1990; Keen and Gershwin, 1990;

Fraker et aI., 1993; Hadden, 1995). The prevalence of this deficiency in the human

population spawned interest in the development of rodent models for the study of zinc

deficiency. In the case ofthe mouse, thirty days of an inadequate intake of zinc by young

adult mice reduced thymic weights and splenocyte numbers 50% to 75% depending on

whether the deficiency was moderate or severe (Cook-Mills and Fraker, 1993a).
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Nevertheless, the phenotypic distribution or proportion ofvarious subsets ofmature T and

B-cells were nearly normal even in the spleens of severely zinc deficient mice (King and

Fraker, 1991). The residual mature splenic T and B-cells in the deficient mice responded

appropriately to mitogenic and antigenic challenges producing normal levels of cytokines,

antibodies, plaque forming cells, etc., when considered on a per cell basis (Cook-Mills and

Fraker, 1993a). Indeed, reductiorns in the capacity ofzinc deficient mice to respond to in viva

antigenic challenges directly correlated with reductions in the number ofmature peripheral

lymphocytes available to participate in such responses (Cook-Mills and Fraker, 1993a).

. Because the reduction in mature lymphocytes noted in zinc deficiency is substantial,

and because zinc is krnown to play a key role in cell division and replication (Chesters, 1992;

Vallee arnd Falchuk, 1993; Cousins, 1996), it seemed probable that the deficiency had altered

lymplnopoiesis in the borne marrow arnd thymus. The study herein represents the first detailed

study of the efi‘ects of a nutritional deficiency on lymphopoietic processes, focusing on

developing cells ofthe B-lineage. It shows that zinc deficiency causes significant losses in the

proportion ofcells oftine B-lirneage in the marrow that correlate with the degree ofdeficiency.

This depletion of developing B-cells probably represents a seminal event in the eventual

reduction of mature B—lymphocytes observed in the peripheral immune system as zinc

deficiency advances. This is a collaborative work with Dr. Louis King who initiated this

investigation and remained as a potential investigator throughout the study.
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Materials and Methods

11' III 12' l I"

Six week old All female mice weighing 17.1:t:0.1g (Jackson Labs, Bar Harbor, ME) were

distributed irnto three dietary groups. The zinc adequate group (ZA) received diet containing

30 ug zinc/g diet, and the deficient group (ZD) received diet containing less than 0.7 pg

zinc/g diet ad Iibitum. A third group, received zinc adequate diet restricted to the average

quantity of food consumed the previous day by the ZD mice to control for inanition that

accomparnies the deficiency (RZA, restricted zinc adequate) (King and Fraker, 1991; Cook-

Mills arnd Fraker, 1993a). All three dietary groups were housed in stainless steel cages with

mesh bottonns to reduce recycling ofzinc for a period of28 days . Feed jars and bottles were

washed in 4N HC1 and the drinking water was acidified to reduce Pseudamanas infections.

Mice in all tlnree dietary groups were weighed weekly to establish the mean weight 3; standard

deviation After a 28 day dietary period, ZD mice were subdivided into moderately afi‘ected

mice by zinc deficiency (MZD), weighing 72%-76% ofZA mice and bearing a modest degree

of parakeratosis of the eyes, ears, and tails; and severely affected mice by zinc deficiency

(SZD), weighing 64%-68% ofZA nnice and bearing extensive parakeratosis (King and Fraker,

1991; Cook-Mills and Fraker, 1993a). Zinc adequate and restricted zinc adequate rnnice

selected for experimental analysis were randomly chosen to approximate the mean weight 1

standard deviation for their respective group.
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Bloodcollectedfiomthesubclavianarteiesofanesthetized mice fromall fourdietary

groups was processed individually in acid washed microtubes. For zinc analysis, serum

sanples were diluted 1:10 in 1% HCl and analyzed immediately by flame atomic absorption

spectrophotometry (Varian AA-20 Plus, Mulgrave, Victoria, Australia) at 213.9 nm with

WWWAstarndard curvewasestablishedusingconcentrationsof

zinc ranging fi'om 0.1 to 1 ppm (ug Zn/ml) prepared fiom an ultra-pure standard (Sigma, St.

Louis, MO). Addition ofknown concentrations ofZn to serum samples (standard addition)

resulted in greater than 90% recovery ofzinc by this method.

WW1;

Bone marrow fiom five to seven mice fi'om each of the four dietary groups was

fiushedfiomfirnanrandtibiaandindividuallyprocessed using harvest buffer (Harnk's balanced

salt solution contairning 10 mM Hepes, pH 7.4 and 4% heat inactivated fetal bovine serum

absorbed with mouse cells) (Garvy et al., 1993a). Red blood cells were removed by

centrifirgation over a 3 ml Histopaq gradient (1.083 g/ml) (Sigma Chemical Co, St Louis,

MO) except where noted. Alter washing, cells were resuspended in harvest bufi‘er containing

0.15% sodium azide and kept at 4°C for phenotypic labeling and FACS analysis (Garvy et

al., 1993a). Cell viability at the completion of processing was greater than 95% by trypan

blue dye exclusion.



 

Bone marrow fi'om each mouse was processed separately and phenotyped in single

arnd two color protocols as desenbed below. Antibodies used were: 3220 (RA3-632 isolated

fi'om ascites fluid by protein G column chromatography arnd biotinylated), IgM (u chain

specific and afinity purified, Tago, Burlingame, CA) or IgD (Fe specific, absorbed against

a chain, Nordic, CA). Single antibody phenotyping was used to identify changes in the

proportion of all 3-cells ofthe marrow (3220*), immature-mature cells (IgM*), and mature

3-cells (IgD*). Two color antibody combirnations were used to identify specific 3-cell

subpopulation changes in the marrow such as early 3-cells (3220*Ig'), immature 3-cells

(IgMIgD'), mature 3—cells (IgM*IgD"), etc. Antibody combinations were: 1) biotinyl-anti-

3220/Strep-Avidin-phycoerythrin (AV-PE) vs anti-Ingichlorotriazinyl amino fluorescein

(DTAF) for the detection of early 3-cells versus immature-mature 3-cells; 2) biotinyl-anti-

IgD/Strep-AV-PE vesus anti-IgM DTAF for the detection ofimmature and mature 3-cells;

3) anti-3220-PE versus biotinyl-anti-Mac- l/Avidin-fluorescein-isothiocyanate (AV-FITC)

for the detection of 3-cells versus myeloid derived cells. One million marrow cells were

labeled irn the presence of harvest buffer plus 0.15% azide for 30 nninutes at 40 with each

reagent. The cells were analyzed immediately by flow cytometry.

- One and two color flow cytometric arnalyses were done using an Ortho 50H

Cytofiuorograph/80386 computer system using Acqcyte software. Cells were selected for

arnalysis based on presence irn a scatter cytogram region consisting oflow angle forward light

scatter (channels 12-90, y-axis) vs orthogonal light scatter (channel 2-98, x-axis) which

excluded cell debris and cell aggregates. Cells included in the scatter gate were examined for
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the presence of antibody in single phenotype experiments or simultaneously examined for

green. (DTAF) and orange (PE) fluorescence in two color phenotypic experiments.

Thymocytes were labelled in parallel, saving as negative controls. Background fluorescence

found within positive fluorescence gates was subtracted from all data. In two color

phenotyping less than 10% electronic color compensation was required to correct for spectral

ove'lap irn the detection ofWm. FITC, DTAF, and PE were excited using the 488

nm line of an argon laser. FITC and DTAF ennission was detected at 525 i 10 nm and PE

enission was detected at 570 i 5 nm using band pass interference filters. The proportion of

small nucleated cells in the marrow was determined by light scatter based an inclusion of

greater than 80% ofa thymocyte population within the small nucleated cell scatter cytogram

region.

SI l' l' I l I . .

Nornpararnetric statistical analysis was used for all data presented. The nonparametric

Kruskal-Wallis test was used to determine whether significant differences existed between

treatrnnent groups. Tukey's test, which does not presume normal data distribution, was used

in posthoc arnalysis to determirne which experimental groups were sigrnificantly different (Steel

and Torrie, 1980). The mean : standard deviation is presented in all cases.
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Results

'l—nl' ‘ l. ’ l» .. :.. .. I. .. -. .-,. .. .. .. ,. .a . -

The reuniting body weights for a typical 28 day dietary study are shown in Figure 1A

wheethe average ZD and RZA mouse weighed 76% and 83%, respectively ofZA controls.

The ZD mice were then subdivided into MZD and SZD based on body weights (~75% and

~65% respectively) and external signs of zinc deficiency as described in the Methods.

Accordingly, tlnynnic weiglnts were nearly rnorrnal for RZA mice but exhibited extensive weight

loss of 47% and 72%, respectively for MZD and SZD mice (Figure 13), all of which is

analogous to past dietary experiments. The zinc content ofthe serum was reduced 56% for

ZD mice arnd were nearly normal among RZA mice (Figure 1C). As observed here, the zinc

content offluids and tissues often can not distinguish between degrees ofdeficiency though

irmrnurne paranneters often do (Endre et 01., 1990; Fraker et al., 1993; Cook-Mills and Fraker,

1993a). MZD and SZD mice also exhibited more than a two-fold elevation in serum

corticosterone levels compared to ZA mice (data not shown), which is also characteristic for

zinc deficiency (DePasqualeJardieu and Fraker, 1980; Fraker et aI., 1993).

l~l\ ‘l:\[ 'ti't 'l'lrsr l. It Hill I U'II".

With regard to the bone marrow, scatter analysis of the nucleated cells by FACS

showed statistically sigrnificarnt draps of24% and 57%, respectively, for MZD and SZD mice

in the proportion of small nucleated cells thought to contain large numbers of developing
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lynnplnoid cells (Figure 2A) (Osmond, 1986). A sample scatter profile ofthe nucleated cells

fi'omthemarrowofaZAandaSZDmouseisprovided (Figure 3). It clearly shows a marked

depressioninsmallnucleatedcellswithaconcomitant increase ingranular cells in SZD nnice.

A brief exploratory experiment indicated that cells of the myeloid lineage bearing Mac-1

(3220MAC-1*) increased substantially. However, it correlated with the loss of3-lineage

cells inMZD and SZD mice (Figure 23). This fits with the scatter profiles (Figure 3) where

an irneease in the proportion ofmore granqu cells (side scatter) was clearly observed in the

marrow of SZD nnice. Thus, the myeloid compartment is probably more resistant to the

efl‘ects ofzinc deficiency than differentiating marrow 3-cells.

From Figure 4, it is evident that zinc deficiency had a profound effect on cells ofthe

B-lineage. The proportion of cells of the 3-lineage among nucleated cells of the marrow

(total 3220*) declined 43% in MZD and 91% in SZD mice. Using dual color analysis, the

following stages of 3-cell development were also analyzed: (1) 3220*Ig‘, early 3-cells

corntairnirng pro arnd pre-B cells; (2) 3220*IgM*IgD', immature B-cells; (3) IgM*IgD*, mature

3—cells (Osmond, 1986; Hardy et al., 1991). The early B-cell (3220*Ig‘) population was

most severely affected by ZD. MZD mice exhibited a 56% reduction in the proportion ofthis

population, whereas the early B-cells were almost completely eliminated by SZD (4% of

controls). The profound efl'ect that nutritional deficiencies may have on early B-cells is

further evident in the RZA mice, which exhibited a 40% drop in the proportion of this

populafioneventhouglntheirreductionincaloricirntakewasmodest. It serves to demonstrate

that reduced food intake that accomparnies deficiencies in zinc in humans or rodents, also
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contributes to changes in the immune system as previously shown (Prasad, 1991; Fraker et

aI., 1993; Cook-Mills and Fraker, 1993a).

Immature B-cells (3220*IgM‘IgD') were somewhat more resistarnt with no statistically

significant decline in this population noted among RZD mice. Nevertheless, the immature

B-cells declined about 35% in MZD mice. The severe form ofthe deficiency took a greater

toll with a loss of 80% of immature cells among SZD mice (Figure 4). Mature 3-cells

normally account for only 3-5% ofthe marrow as is the finding here and thus, can be more

diflicult to measure quantitatively (Osmond, 1986). A small decline in this population ofcells

among MZD mice was repeatedly observed, though it was never statistically different from

ZA mice (Figure 4). However, SZD mice experienced more than a 70% drop in the

proportion ofIgM‘IgD* bearing cells.
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Discussion

The data presented herein indicate that 28 days of a suboptimal intake of a single essential

rutrient, zirnc, has a profound efi'ect on lymphopoietic processes ofthe marrow. Both MZD

and SZD caused sigrnificant depletions in the proportion of small nucleated cells of the

marrow and of cells bearing 3220* in particular. Early 3-cells (32201g) were especially

sensitive to suboptimal zinc with immature B-cells (IgMIgD‘) following closely in sensitivity.

The more mature IgM’IgD* cells, while harder to measure accurately, appeared to be

somewhat nnore resistant to moderate levels ofzinc deficiency. Thus, some resistance to the

deficiency seemed to be acquired with lineage maturity. Experiments presented in Chapter

Three will extensively examine the effects of the deficiency on progenitor (pro-3) and

precursor (pre-3) 3-cells in the marrow of mice in dietary zinc study. Whether or not the

nanltipotent sten cells are affected by the deficiency is also ofinterest, though it is krnown at

least some stem cells and/or early progenitor cells must survive since the immune system is

almost completely rejuvenated within a two weeks ofrnutritional repletion in the case ofMZD

mice (Fraker et aI., 1978).

It seems clear that the ability oftlne marrow to produce and/or maintain lymphoid cells

was severely compromised by ZD with gradations in magrnitude of effects noted between the

MZD arnd SZD mice. The rapid atrophy ofthymus and reduction in thynnic hormone activity

previously observed during ZD would probably greatly hamper, if not prevent, the maturation

of any early precursor T-cells that were generated in the marrow of the deficient mouse

(Dardenne et at, 1982). "Thus, it is higlnly probable tlnat production and/or maturation ofboth
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3 arnd T-cells are altered by ZD. This further suggests that changes in bone marrow function

trust at least partly accournt for the lymphopenia commonly observed in zinc deficient rodents

and people (Fraker et aI., 1993; Prasad, 1995).

Shncelynnphopeuaunddnynficatrophyuefiequendynotedinbothdeficiencies ofzinc

and protein-calories (Endre et aI., 1990; Prasad, 1991;Kuvibidi1a et al., 1993; Fraker et al.,

1993; Cook-Mills and Fraker, 1993a), one wonders ifa purposeful down-sizing ofthis part

of the immune system is set in motion as the nutritional deficiencies advance. The large

number oflymphocytes that must be produced each day by the marrow would require high

arnraunts ofrartrients. As the body shifls from a well fed to a starved state, nutrients must be

saved for truly vital tissues such as the brain, heart, liver, kidney, etc, so perhaps production

of new lymphocytes must be reduced. In this light, it is interesting to point out that blood

concentrations of the glucocorticoids cease their normal circadian rhythm and become

chronically elevated albeit at modest levels during the course of zinc and protein calorie

deficiencies in both lnunnarns arnd rodents (DePasquale-Jardieu and Fraker, 1980; Smith et aI.,

1981; Fraker et al., 1993; Kuvibidila et al., 1993). Recently it was demonstrated that

nnodeately elevated levels ofcorticosterone delivered over a ten day period analogous to the

concentrations observed during ZD, caused substantial thynnic atrophy (by day 3), and

depletedthennarrowofcellsoftheB-lineage in nnice (by day 5) (Garvy eral.,1993a). Early

and immature 3-cells were preferentially affected with some resistance noted among

IgM’IgD*, as was observed for ZD mice (Garvy et al., 1993a). Furthermore, such levels of

steroid increased three to four fold the proportion of3220* cells in the marrow undergoing

apoptosis (Garvy et al, 1993a). In vitro 10"M cortisol induced 30% of3220* marrow cells
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to undergo apoptosis in 8 in, further demonstrating that early 3-cells are highly sensitive to

glucocorticoids, arnd very prone to undergo steroid induced apoptosis (Garvy et aI., 1993b).

In orde to renove glucocorticoids from the equation, mice were adrenalectomized prior to

placingthemonZAorZD diets. Itwasfound that in the adrenalectomized nnice thymocytes

weeprovided anbstantial protection duringthe course ofzinc deficiency (DePasqualeJardieu

and Frake, 1980). This finding prompted the question of whether adrenalectomy also

provides protection for the cells ofthe 3-lineage in ZD. This will be addressed in Chapter

Foun

Though apoptosis appears to be one likely cause ofdepletion of3-cells during zinc

deficiency, at least two other possrbilities must also be considered: 1) reduction in the rate of

B-celliproductiorn, and 2) disruption ofthe cell cycle of precursor B-cells. In first case, zinc

deficiency could alter the activities of one or more zinc dependent enzymes (Vallee and

Falchuk, 1993; Cousins, 1996) such that cell cycle progression would be lengthened. In the

secornd case, zinc deficiency irn connbirnation with the initial rise in serum corticosterone could

block the cell cycle. In support of the latter, this lab has previously shown corticosterone

treatment significantly reduces the percentage of3220* B-cells in the S phase ofthe cycle

(Garvy et al., 1993a). In addition, the effects ofzinc deficiency and corticosterone on 3-cell

cycle status arnd rate oflymphopoiesis are other important parts ofthe puzzle, and questions

for upcoming projects in this laboratory.

- Finally, theincreaseingraranlarcellsnotedintheenclosed scatter profiles onD mice,

along with the greate proportion of3220' Mac-1* cells, fits with past observations that cells

of the myeloid lineage are more prevalent in marrow exposed to glucocorticoid than are
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lymphoid cells (Dexter et al., 1977; Dexter arnd Tests, 1980). Sirnce cells ofthe myeloid series

provide substantial immune protection, being part of our first line of defense, their

preservation may represent a sort ofimmunological “fail-safe” mechanism. Collectively, the

data indicate a substantial sensitivity of early developing B-cells to the efi‘ects of ZD.

Furthermore, they suggest that induction ofthe hypothalamus-pituitary-adrenocortical axis

during zirnc deficiency may play an important irnmunoregulating role by reducing production

ofnew lymphocytes which require substantial amounts of nutrients.
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WFlow cytometric light scatter profiles of nucleated cells of bone marrow

prepared fi'om normal and severely zinc deficient mouse after a 28 day dietary

period. (A) ZA mouse. (3) SZD mouse weighing 68.5% ofZA controls and

exhibiting extensive parakeratosis. The peaks at low forward and side scatter

identify the heterogeneous small nucleated cell population ofthe bone marrow.

The peaks at intermediate forward and high side scatter identify cells of the

granular myeloid series in bone marrow.
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Abstract

Short periods ofzinc deficiency (ZD) have adverse efl‘ects on immune system, causing thymic

atrophy and lymphopenia in both humans and rodents. The previous chapter demonstrated

that early B-cells (3220*Ig') exhibited high sensitivity to the efl‘ects ofZD, with 60%-90%

depletion depending on the severity of deficiency. Conversely, mature B-cells

(3220*IgM‘IgD*) showed moderate losses, being somewhat resistant to the suboptimal

dietary zinc. Whether the high sensitivity of different stages of early B-cells to ZD was stage

specific was not clear. To investigate the status of early developing B-cells in the marrow

ofZD mice, 3M cells were irnrnunofluorescently labeled with monoclonal antibodies (mAbs)

directed to the key 3-cell maturation surface markers (13220, CD43/S7, 6C3, and IgM)

followed by flow cytometric analysis. Three color irnmunofluorescence staining of3M 3-

lynnphocytes indicated 25% to 50% decline in 3220 bearing cells, 50% to 70% decline in pre-

3 cells (3220*S7'IgM') and 30 % to 60% drop in immature/mature B-cells (3220*S7‘IgM")

(data not shown) ofmodester and severely affected mice by zinc deficiency (MZD,SZD),

respectively. However, early progenitor B-cells (early pro-B) (3220*S7”6C3') and late pre-B

cells (3220*S7*6C3*) showed only moderate losses in some cases being otherwise resistant

depending on the severity of ZD in individual mice. Total cellularity of 3M was also

examined in all dietary groups and there were no significant differences among groups as the

results of zinc deficiency. Evaluation ofthe zinc content of serum as well as some tissues

detected 55% depression in the zinc content of serum in both MZD and SZD, and 32% to

39% decline in zinc level in leg bones ofthe MZD and SZD, respectively, compared to the
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ZA nu'ce. Irnteestingly, there was no detectable change in the zinc levels ofmarrow or liver

cells ofZD mice. The pattern of tissue zinc distribution observed in this study suggest the

redistribution or mobilization ofzinc in the body to maintain the survival and the function of

the renairnirng cells. Taken together, the results indicate that the sensitivity of developing B-

lymphocytes to ZD is stage specific and may depend on the degree ofongoing cellular and

molecular activities which are zinc dependent. Furthermore, the role of other

irnnrrannoregulatory factors (eg., GCs), secorndarily to ZD, in the alteration ofB-lymphopoiesis

is suggested.
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Introduction

Lymphopenia and thynnic atrophy are hallmarks ofmany forms ofmalnutrition including zinc

deficiency (ZD) (Endre et 01., 1990; Frake et al., 1993; Kuvibidila et 01., 1993). In previous

studies, a strong correlation was noted between the loss in host defense capacity and losses

irn the numbe oflymphocytes populating the secondary immune tissues in zinc deficient adult

mice. This suggested that alterations in the production oflymphocytes in the marrow might

be an underlying cause ofthe lymphopenia so commonly observed in malnourished animals

and people (King and Fraker, 1991). It seemed likely that insuflicient zinc would alter

lymphopoiesis since this essential trace element is critical to cell divisiorn, maturation, and

developmental processes, all of which are integral to the production oflymphocytes by the

bone marrow (Chesters, 1992; Vallee and Falchuk, 1993; Cousins, 1996).

The previous study presented in Chapter 2 examined the efl‘ects of a 30 day period of

suboptirnnal irntake ofdietary zinc on young adult mice focusing on 3-cell development in the

marrow, which is the prime site for production and maturation ofB-cells in all higher arnimals

(King et aI., 1995). Using flow cytometric analysis it was evident that ZD substantially

reduced the 3-cell compartment by 40% to 90% depending on the degree ofzinc deficiency.

Substantial losses of 56% to 95% were noted among the so-called early B-cells (3220*Ig')

with losses of35%-80% noted for immature B-cells (3220*IgM*‘IgD'). The mature B-cells

(IgM‘IgD*) showed greater resistance to ZD with more moderate losses observed in this

subset during the course of the deficiency. Clearly, suboptimal intake of zinc substantially

altered the B-cell compartment ofthe marrow.
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" The current study expands upon the earlier work by employing three color flow

cytonnetric analysis to specifically examine the effects ofZD on early and late pro-B cells as

well as pre-B cells. It was of.sigrnificance to know how ZD afi‘ected pro-3 cells, with their

immunoglobulin (Ig) genes still in the gerrnline configuratiorn, versus pre-B cells, which are

actively engaged in rearranging the Ig genes (Rolink and Melchers, 1991; Li et al., 1993).

The serum a'nc content arnd the intracellular zinc concentration ofmarrow, several lymphoid,

and non-lymphoid organs along with analysis ofthe effects ofZD on the overall cellularity

ofthe marrow also were investigated.
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Materials and Methods

M' 111' l'

. Six week old female All mice (Jackson Laboratory Bar Harbor, ME) weighing

17.1107 grnn were provided a biotin fortified egg white based diet using AIN-93G vitamins

arnd mirneals (Reeves etal, 1993) to which was added 30 pg Zn/g diet (zinc adequate group;

ZA) or ~ 0.5 pg Zn/g diet (zinc deficient group; ZD) (Table l). A restricted-fed group which

was a control (RZA) for monitoring inanition that accompanies ZD, were fed zinc adequate

diet (30 pg Zn/g diet) being limited to the average amount of food consumed by the zinc

deficient group the previous day (Cook-Mills and Fraker, 1993a). All three dietary groups

wee mairntained in stairnless steel cages with mesh bottoms to reduce recycling ofzinc for a

period of 27 days. Feed jars and water bottles were washed in 4 N HCl and the drinking

waterwas acidified to reduce Pseudamanas infections. Food consumption was recorded

dailyandbodyweightsweremeasuredtwiceaweek. At the end ofthe dietary study, theZD

group was subdivided into modeately affected mice by zinc deficiency (MZD) weighing

72%-76% of the ZA group with moderate signs of parakeratosis of the ears and tail or

seveely afl‘ected nnice by zinc deficiency (SZD) weighing 66%-68% ofthe ZA group which

exhibited extensive parakeratosis per previous studies (King and Fraker, 1991; King et 01.,

1995). The specific contents ofthe diet is presented in Table 1.

Wabash:

Blood collected fiom the subclavian arteries ofanesthetized mice fi'om all four dietary
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groups was processed individually in acid washed nnicrotubes. For zinc analysis, serum

sampleswee diluted 1:10 in 1% HCl and arnalyzed immediately by flame atomic absorption

spectrophotometry (Varian AA-20 Plus, Mulgrave, Victoria, Australia) at 213.9 nm with

derterium background correction A standard curve was established using concentrations of

a'rnc ranging from 0.1 to 1 ppm (pg Zn/ml) prepared from an ultra-pure standard (Sigma, St.

Louis, MO). Addition ofknown concentrations ofZn to serum samples (standard addition)

resulted in greater than 90% recovery ofzinc by this method.

What:

The following procedures were used to avoid zinc contamination from the

environment. Throughout sample preparation acid washed disposable plastic pipers, tubes

arnd containers and EDTA washed surgical tools were used to reduce zinc contamination.

Isotonic saline (0.9% NaCl) prepared from trace metal grade sodium chloride

(SigmaUltra, Zn <0.0005%, Sigma chemical co.,St.Louis,MO) dissolved in milli Q

water was used for cell suspensions. Tissues, including bone marrow, bones (devoid of

marrow) and liver from mice in all dietary groups were processed and assessed

irndividually. Marrow was flushed from femurs and tibias of 5-8 mice from each dietary

group and suspended in isotornic saline. After removal of red blood cells (RBC) from

extnnded marrow by lysis (Coligan er al., 1991a), the nucleated marrow cells were washed

twice, and counted using Turk's nuclear staining solution (Whitlock et al. , 1984). They

wee then aliquoted at 1x107 cells in acid washed tubes to be centrifuged at 400 xg for 5

min. The upper left liver lobe from each mouse was removed, rinsed in isotonic saline,
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blotted, weighed and placed in acid washed tubes. Bones devoid of marrow followed the

same procedure. An inductively coupled plasma-atomic emission spectroscopy

(ICP/AIE), a polyscan 61E simultaneous/sequential instrument (Thermo Jarnell Ash Corp,

Franklin, MS) interfaced to a U-SOOO ultrasonic nebulizer (Cetac Technologies Inc,

Omaha, NB) was used for tissue zinc analysis (Nixon et al., 1986). Marrow cells

(lxlO’lsample) and whole tissues (liver and bones) were digested in 250 pl and 500 #1 of

Baker analyzed Ultrex II ultrapure nitric acid (Zn <20 pg/g) (J.T.Baker Inc, Phillipsburg,

NJ), respectively, for 6 hrs in 60-65°C waterbath. The samples were then cooled to room

temperature and brought to a final concentration of 5% nitric acid by addition of Ultrex

11 ultrapure water (Zn < 100 pg/g) (J.T.Baker Inc, Phillipsburg, NJ).

The accuracy of the analysis was verified by comparing the readings obtained with

sundards from National Institute of Standards and Technology (NIST) multielement mix

A-1 and multielement mix-B diluted to 1 ppm with 5% nitric acid. Quality control was

achieved by using NIST bovine liver standardized for the ICP/AES method (Rajaram et

01., 1995). TheICP/AFS valuesobtained from standards were within 97% to98% ofthe

NIST established range.

 

‘Bonemarrow(BM)samplesfromallmicewereprocessedandassessed

individually. Marrow was flushed from femurs and tibias of 6—9 mice from each dietary

group and sumended by gentle aspiration into Hepes buffered modified Hank's balanced

salt solution (HBSS) supplemented with 4% fetal bovine serum (FBS). Red blood cells
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were removed by density gradient centrifugation (I-Iistopaq 1083, Sigma Chemical, St.

Louis, MO). The nucleated cells at the interface were washed twice, counted, and tested

for viability by trypan blue exclusion (>90% viable) (Coligan er al. , 1991b). To evaluate

the absolute number of BM nucleated cells, marrow cell suspensions were prepared by the

same investigator to provide consistency. In this case cells were immediately counted

using 'I‘urk's nuclear staining solution (Whitlock er al., 1984) without the use of any

separation methods. All marrow cell suspension were kept at 4°C throughout processing.

 

R-phycoerythrin (R-PE) conjugated rat anti-mouse CD45R (3220); fluorescein

isothiocyanate (FITC) conjugated rat anti-mouse leukosialin (CD43/S7); biotin-conjugated

rat anti-mouse 6C3 (Ly-6C) as well as the isotype-matched controls (biotin, PE or FITC

conjugated rat Igtht) were all obtained from Pharmingen (San Diego, CA). Biotin—

conjugated affinity-purified F(ab’)2 goat anti-mouse IgM which was p-chain specific was

purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA) while

streptavidin Red 670 (R-670) was obtained from the Gibco BRL (Grand Island, NY). All

the antibodies were used at their saturating concentration subsequent to titration.

For labeling with antibodies 1x10“ nucleated BM cells were resuspended in label

buffer containing Hepes buffered modified HBSS containing 0.1% NaN3 with 2% FBS

which was supplemented with 5% rat serum and 5% goat serum to reduce nonspecific

binding. Cells were incubated in this mixture at 4°C for 20 min. After washing cells

were then incubated in 150 pl of label buffer containing either anti-BZZO—PB, anti-CD43-



144

FITC, anti-IgM—biofin or anti-B220—PE, anti-CD43—FITC, anti-6C3-biotin for 30 min at

4°C and washed twice. To detect the biotinylated antibodies, an additional ‘15 hr

incubation at 4°C with 100 pl of R-670 was required. Samples were then washed and the

cells were suspended in 1 ml of label buffer, kept at 4°C being immediately analyzed on

a Becton Dickinson Vantage equipped with a Consort 32 HP computer system with LYSIS

II software. Fluorochrome excitation was accomplished using an ILT model RCP-SO

argon laser tuned to 488 nm for FITC, PE, and R-670. Fluorochrome emission for FITC,

PE, and R-670 was detected at 5301.15 nm, 575:1;13 nm, and 670i14 nm, respectively.

Negative controls included unstained cells to define the negative population and detect

autofluorescence. Cells exposed to R-670 alone or labeled with isotypematched non-

specific antibodies were used to detect background fluorescence. Single and dual color

controls were used to define the negative as well as the positive population for each

antibody and to set color compensation. To calculate the background correction for each

gated phenotypic population in the BM, a three color negative control composed of

isotype-matched non-specific antibodies was used for each corresponding primary antibody

that was used. Multistep gating was used to limit phenotypic analysis to lymphocyte

populations using the following gates: cytogram gated BM cells which excluded debris and

doublets (gate 1); B220 histogram gated selected for B220” cells (gate 2); and the

cytogram scatter gated selected for lymphocytes only (gate 3). Cells which met these

criteria were used for the phenotypic analysis.
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W

All data were analyzed by the Kruskal-Wallis nonparametric test and the analysis

of variance (ANOVA) for parametric data in order to identify significant differences

between dietary groups (Daniel, 1987). A Tukey's post-hoc test was then applied to locate

differences among the means of the dietary groups (Daniel, 1987). Differences were

considered statistically significant at P<0.05. All data are presented as the mean :1; SD

where n is 6 to 9 mice unless otherwise indicated.
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Results

WWW

Figure 1 illustrates the changes in body weight and thymus size for all dietary

groups. By day 27, the average ZD mice weighed 70% of the ZA controls while RZA

mice showed no statistieally signifieant decrease in body weight (Figure 1A). Prior to the

termination of diet study, mice in the ZD group were subdivided into MZD and SZD

groups based on the degree of body weight (7296-7696 and 66%-68% of the ZA group,

respectively) (Figure 1A) and the severity of skin parakeratosis as described in Materials

and Methods. With this subdivision, MZD mice exhibited an almost 50% decline in

thymus weight, while SZD mice exhibited severe thymic atrophy or a 70% decline in

weight (Figure 1B). RZA mice had nearly normal thymic weights (Figure 1B).

Winner

The zinc content of sera (2A), nucleated BM cells (2B), liver and bones devoid of

marrow (2C) of mice from all dietary groups on a 27 day of the diet study are shown in

Figure 2. The serum zinc in both MZD and SZD groups declined similarly to about 41%

of that in the control ZA group, whereas RZA group showed no statistically significant

change in their serum zinc content (Figure 2A). The lack of distinction in serum zinc

levels between MZD and SZD groups has been noted in previous studies (King and

Fraker, 1991; Cook-Mills and Fraker, 1993a; King et aI., 1995). By contrast, mice from

all four dietary groups showed the same zinc concentration for nucleated cells from the



147

marrow (Figure 2B). Likewise, the liver zinc content showed no significant difference

among mice from the four dietary groups (Figure 2C). However, the zinc level in the

bonedeclined signifieantlyintheZDgroups, showinga32% declineinMZD, anda39%

in SZDcompared to thatonA group (Figure 2C).

Wm

To evaluate the effects of ZD on early stages of B-cell development, Hardy’s

sclnerrne of B-cell development in murine system ,illustrated in Figure 3, was extensively

used. Multiple three color phenotyping of BM cells using monoclonal antibodies against

B-cell differentiation antigens (eg., B220, S7, 6C3, IgM) were carried out and analyzed

usingaduallaseflowcytrxneter. Inthefirst setofthreecolorphenotyping, B220+ gated

BM B-lymphocytes wee screened for the expression of CD43/S7 and/or IgM molecules.

This approach enabled us to identify multiple stages of B-cell development to include:

early B-cells (B220‘IgM'), pro-B cells (B220"S7+IgM’), pre-B cells (B220"STIgM‘),

immture arnd nature B-cells (B220*STIgM") (Hardy et al., 1991). As shown in Figure

4A, the proportion of all cells of the B-lineage @220”) in the marrow was reduced by

approximately25% inMZDmiceand50% in SZD mice. Thepr compartrnentofthe

BM normally comprising 12-15% of the nucleated BM cells was affected the most by ZD

declining almost 50% in MZD mice, and 70% in SZD rrnice. Interestingly, in contrast to

the pre-B cells, the pro-B cell population comprising 4%-6% of the nucleated BM cells

exhibited significant resistance to the deficiency remaining at near normal levels in the

marrow of both MZD and SZD animals (Figure 4A). In agreement with these findings,



148

the flow cytometric seatter profile of total B220+ cells from the marrow of a ZA and a

SZD mouse is presented in Figure 5. It clearly demonstrates a significant depression in

B220” gated lymphocyte population (right panels), as well as precursor B-cells with

relative resistance of progenitor B—lymphocytes in the marrow of SZD mouse (left panels).

Since the pro-B cells could be further divided into subcompartments, another set

of three color phenotyping was used, replacing the biotinylated-anti-IgM with biotinylated

anti-6C3 (Hardy er al., 1991) (Figure 4B). The 6C3 (BPl) molecule is a cell surface

glycoprotein whose expression is limited to early B-lineage cells in hematopoietic tissues

and is not found on mature B-lymphocytes. This new combination of antibodies

subdivided pro—B cells into early pro-B cells (B220*S7*6C3’) and late pro-B cells

(B220‘S7‘6C3‘) as well as pre-B cells (B220+ST6C3*) and immature and mature B-cells

@220*ST6C3'). Pre—B cells, as expected, were significantly affected by ZD showing

50% to 70% decline in both MZD and SZD mice, respectively (Figure 4B). As

demonstrated in Figure 4B, evaluation of total pro-B cells and late pro-B compartments

indicated no significant decline in these populations in either the MZD and SZD mice.

Thee was, however, a moderately significant loss of early pro-B cells in SZD mice, but

not MZD mice. Clearly, pre-B cell precursors were much more affected by ZD than

pro-Beells.

The phenotypic data presented above was expressed as a percentage of the total

population of nucleated cells found in the BM. To better demonstrate overall degree of

the change in tlne early B-cell compartment during ZD, the pro and pre-B cell populations

oftheBMweeexpressedasaproportionoftlneB—cellcompamnentitself. Ascanbeseen
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in Figure 6, the differences in sensitivity of pre-B cells and pro-B cells to ZD are

highlighted using this type of analysis. The signifieant depletion of pre-B cells detected

in MZD arnd SZD groups (26% and 47%, respectively) was concomitant with a moderate

accumulation of pro-B cells for MZD (+10%) and SZD (+43%) groups. This more

clearly shows the seve'ity of depletionn of pre-B cells by ZD arnd the much higher resistance

of the pro-B cell population to ZD.

W

Given the sigrnifieant decline in the number of cells in the B-cell compartment, we

wee also interested in the effects of the deficiency on the overall cellularity of the BM.

To investigate this parameter, marrow suspensions were prepared from nnice in all dietary

groups in order to determine the total number of nucleated BM cells per two legs.

Interestingly, the data showed almost no change in the overall cellularity of the BM of

mice in any of the dietary groups. Thus, in spite of depletion of the B-cell compartment

in the nnarrow during ZD, the overall BM cellularity was not significantly altered (Figure

7).
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Discussion

The results heein confirm results from the previous study (Chapter 2) in which depletion

of total nucleated BM B-cells as well as early B-lineage cells in the course of 28 days of

dietary zinc deprivation in mice were demonstrated (King et al. , 1995). It furthermore

identifies the effects of ZD on the status of a small subpopulation (4-6%) of early B-

lineage cells, namely, progenitor B-cells that are the earliest committed cells in the B-

lineage and tlnerefore the key to the B-cell development. The results of this study indicate

a selective and stage-specific sensitivity of B—lymphopoiesis to the effects of zinc

deficiency in the marrow of young adult mice. The BM cells bearing B220 surface antigen

(total B-cells) demonstrated a 25% to 50% decline (based on the severity of deficiency)

in zinc deficient mice. Utilizing Hardy's scheme of B-cell development (Hardy er al. ,

1991) in subdividing the early B-lineage cells into subpopulations (Figure 3), a significant

depletionn of precursor B—cells (pre-B) (B220*STIgM') was noted in both MZD (50%) and

SZD (70%) groups indicating their high sensitivity to the effects of suboptimal zinc intake.

The progenitor B-cells (pro-B) (B220‘S7 *IgM ), on the other hand, demonstrated a

substantial resistance to the effects of ZD with the exception of the early pro-B cells

(B220*S7*6C3‘) in the SZD group which showed a moderate but statistically signifieant

loss. These data fit the scatter profiles (Figure 5) whee a remarkable depletion in the total

lymphocyte population due to sigrnificant alteration in the phenotypic distribution of pre-B

and immature/nnature—B cells and only a moderate decline in pro-B cells, in SZD mice

were noted. Furtlnermore, the extensive loss of pre-B cells and the protection of pro-B
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cells in the course of zinc deficiency were even more magnified when these populations

wee expressed as proportions of the B-cell compartment.

This unique stage specific effect of ZD on BM B-cell development could be

evalum fronn different prospective views. It is well documented that zinc is an essential

elernernt involved in DNA, RNA arnd protein synthesis, and gene expression. Zinc also is

asu'uctnualorfnnnctionalcomponentofmany metalloenzymes (Endreeral., 1990; Vallee

and Falchuk, 1993; Cousins, 1996). With this in mind, this study evaluated two early B—

cell populations which exhibit different levels of biochemical activities. Progenitor B-

cells, onornelnnd, arethemostimmatureB—lineagecommitted cells whichretainlg genes

in the ge-rnline configuration; they exhibit low turnover rate with an average of 2.5x10‘

cells/day (Hardy er al., 1991; Li et al. , 1993; Osmond et aI., 1994). Thus the survival

ofthispopulationisakeytotheB—celldevelopnnent. Precursor B-cells, on theother hand,

are actively cycling cells with an aveage tumove rate of 28x106 cells/day (Osmond er al. ,

1994). This pool is heavily involved in the Ig gene rearrangement, gene expression and

protein synthesis, all of which are required for successive progression of cells from this

stage to the neat stage ofB-cell development (Rolinkand Melches, 1991; Li er al., 1993).

Therefore, the bioavailability of zinc for these biological activities and survival of this

population may be more crucial.

Furthermore, the notion of stage-specific expression of Bel-2 oncogene in

developing B-cells and its correlation with glucocorticoid-induced death (Merino er al. ,

1994; Nunez et 01., 1994; Cory, 1995) could also play a role in the observed patterrn of

B-cell development in the course of zinc deficiency. Previous studies from our lab have
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shown the modulation of the stress axis (hypothalamus-pituitary-adrenocortical axis) via

zirnc deficiency and the subsequent chronic elevation of glucocorticoids in the circulation

in mice (DePasqualeJardieu and Fraker, 1979; 1980). A lO—day in viva delivery of

corticosterone analogous to the concentrations detected during zinc deficiency caused

substantial depletion of B-cells, preferentially early and immature B-cells (Garvy et al.,

1993a). In addition, this chronic elevation of corticosterone caused a three to four fold

increase in the proportion of B-cells in the apoptotic region (Garvy er a1. , 1993a).

Moreover, the recent study by Merino er al. (1994) regulation of Bel-2 in B-cell

development, demonstrated high expression of the product of the Bel-2 protoorncogerne, a

known inhibitor ofapoptosis, in progenitor B-cells and its downregulation in precursor and

immature B-cells. They further showed the sensitivity of pre-B cells and the resistence of

pro-B cells to dexarrnetlnasorne induced apoptosis arnd their correlation with the Bcl-2 levels.

Thus, chrornic elevation of glucocorticoids during zinc deficiency along with changes in

expression of Bel-2 at different stages of B-cell development could be considered as

anotherpossibility for depletion in one case (pre-B) and protection in another (pro-B). In

this regard, the significant depletion of pre—B cells and the substantial resistance of pro—B

cells obseved in ZD mice could be a reflection of their sensitivity to the elevated level of

GCs irnduced by insufficient dietary zinc intalne along with ther level of Bcl-2 expression.

Inthecaseofserum zinc determination, thedata confirms theprevious reports in

which serum zinc depletion has been repeatedly observed in both humans and rodents

suffeing from 21) (Endre er 01.,1990; Walsh et 01., 1994; King et 01., 1995). Howeve,

the same level of depletion in serum zinc concentrations in botln MZD and SZD as
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observed in this study is indicative of problems observed in botln human and rodent

research where plasma or serum zinc content give only a relative idea of zinc status

without indicating the severity of the deficiency (Cook-Mills and Fraker, 1993a; Walsh

et 01., 1994; King er aI., 1995). In regard to tissue zinc analysis, bone which is known

as orne of the largest nnobilizable zinc pools (Jackson, 1989), showed significant drop (32%

to 39%) in its zinc content in both MZD and SZD mice. This is possibly due to the

redistribution of zinc from this tissue to other vital tissues such as the liver in the course

of zinc deficiency (Brown et al., 1978; Masters et al., 1983; Guigliano and Millward,

1984), as there is no bodily store for zinc (Golden, 1989). Soft tissues such as marrow and

live of ZD mice, on the othe hand, did not demonstrate any change in their zinc content

and still maintained the same levels of zinc detected in ZA mice. This suggests that the

survival and function of the cell machinery particularly in vital tissues, is based upon a

continuuous inflow of nutrients. Thus, in situations where zinc becomes suboptimal,

extracellular sources such as serum and mobilieable sources such as bone would be the

available sources of zinc redistribution for vital tissues to survive (Jackson, 1989).

Alternatively, the similar zinc content in soft tissues of all dietary groups could suggest the

contribution of other factors in the disruption of lymphopoiesis; factors such as elevated

levels of GC secondary to the ZD as well as overexpression or downregulation of some

oncogenes (e.g. Bel-2) which have been shown to regulate cell survival (Merino er al. ,

1994; Cory, 1995; Fraker et 01., 1995).

Fimlly, the unchanged cellularity of BM in all dietary groups indieates the survival

of other cell types such as myeloid lineage in the BM of zinc deficient mice, as was
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demonstratedinChapte2(Kingeral., 1995). Ithasbeenshownthatthein vitro survival

of myeloid lineage (Dexter culture condition) is based upon GCs (hydrocortisone)

supplementation to the culture system (Dexter and Tests, 1980). Thus, in ZD, where

chrornic elevation of GCs is reported (DePasqualeJardieu and Fraker, 1979; 1980; Fraker

et al., 1995; King et 01., 1995), survival of cells of myeloid lineage (King et aI., 1995)

is expected.

Taken togethe, these observations strongly indicate that the effects of ZD upon B-

cell development is stage specific. The sensitivity of pre-B cells and the resistant of pro-B

cells to the effects of ZD could be due to the degree of biological activity and related zinc

requirements. Furthermore, the stage specific expression of molecules such as Bel-2 in

B-lymphocytes could regulate B-cell survival by protecting their elimination via GC-

induced apoptosis which is thought to happen in ZD. Finally, the pattern of zinc

distribution in different tissues of ZD mice suggest the redistribution of zinc in the body

to maintain homeostasis and biochemical activities in vital tissues which are key to the

survival.
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Table 1: Composition of the Diet

 

 

   

g/kg Percent

_I_Lngredients diet diet Source

Glucose mornohydrate 609 60.9 Harlan/Teklad, Madison, WI

Egg white solids 200 20.0 Harlan/Teklad, Madison, WI

Corn oil 100 10.0 Michigan State Uni., Food Services

Salt mix‘ 40 4.0 Bioserv Inc., Frenchtown, NJ I

Fiber2 30 3.0 Bioserv Inc., Frenchtown, NJ

Vitamin mix3 10 1.0 Bioserv Irnc., Frenchtown, NJ

Biotin-premix‘ 10 1.0 Made in house

Ethoxyquin’ l 0.1 Monsanto Chemical Co. St.Louis, MO

Total 1000 100    
‘ AIN-93G nnineral mix without zinc carbonate, supplemented with appropriate amount

of zinc carbonate added in house to the zinc adequate diet to make it ~30 ngn/g

diet.

2 Cellulose-type fiber.

3 AIN—93 vitamin mix

‘ Onne part d-biotin mixed with five parts glucose monohydrate to offset the avidin found

in the egg white protein.

5 Ethoxyquin or santoquin for prevention of oxidation of polyunsaturated fatty acids.
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figure]; Effect of ZD on body and thymus weights for the 27 day dietary study. (A)

Changes in body weights of ZA (O—O), RZA (Au-A) and 2D (Du-Cl) dietary

groups at various time points during the dietary study. Filled symbols

represent final mean body weights of mice selected for the ZA (O), RZA (A),

MZD (I), and SZD (6) groups at day 27. (B) Average thymus weights for

each dietary group at day 27. ZA, n=7; RZA, n=5; MZD, n=9; SZD, n=8.

Data are meaniSD being representative of 3 separate experiments. * Denotes

data significantly different from ZA group at p<0.05.
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Egan}; Analysis of the zinc content of sera and tissues of mice from the ZA, RZA,

MZD, and SZD groups at day 27. (A) Serum from individual nnice was

evaluated for zinc content using atomic absorption spectroscopy. (B)

Aliquots (1x107 cells) of nucleated BM cells from individual mice in each of

the four dietary groups were digested and analyzed for zinc content via the

ICP/AES method. (C) Tibia and femurs devoid of marrow, and the upper

left liver lobe from mice were digested and analyzed by ICP/AES analysis.

ZA, n=8; RZA, n=5; MZD, n=7; SZD, n=7. Data are expressed as

meaniSD. "‘ Denotes data significantly different from control (ZA) at

P<0.05.



159

H
n
—
-

H

9
O
)

a
:

O
N

#
-

O
O

O
O

O
0

S
e
r
u
m

Z
i
n
c

(
,
u
.
g
/
d
1

)

N C

 O

ZA RZA MZD SZD

H
N
N
N
O
D

0
9
0
:
m
e

(
,
u
g
Z
n
/
1
0
9

c
e
l
l
s

)

E
S

 

N
u
c
l
e
a
t
e
d
B
o
n
e
M
a
r
r
o
w

C
e
l
l
s

0
u
h

o
n

ZA RZA MZD SZD

 

   

3,... c

g roo~ ‘

“53 80- §

36“ s
Lil: 401 §

.30 20 §

0     
 

 

ZA RZA MZD SZD

BONE LIVER



160

W Schematic representation of stages of B-cell development in the BM of

murine system as proposed by Hardy et 01., 1991. Acquisition and/or loss

of surface maturation markers, progression through Ig gene rearrangement,

and the growth requirement (not shown) were utilized to identify different

subpopulations in the B—cell compartment of the murine BM in this diagram.
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WEffects of ZD on phenotypic distribution of early B-cells of the marrow. (A)

A three color phenotyping of BM B-cells using anti-B220-PE, anti-CD43/S7-

FITC, anti-IgM-biotin was used to identify precursor and pro-B cells. Total

B-cells consist of all the B220+ cells, pro-B cells are defined as

(B220*S7"IgM') and pre-B cells are B220*STIgM'). (B) The phenotypic

distribution of early pro-B cells (B220"S7*6C3') and late pro-B cells

(B220*S7*6C3”) using a second set of three color phenotyping. For these

expeiments ZA, n=7; RZA, n=5; MZD, n=9; SZD, n=8. Data are shown

as meaniSD being representative of 3 separate experiments. * Denotes data

significantly different from ZA group at p< 0.05.
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Emmi: Three-dimensional presentation of flow cytometric scatter profiles of B220+

gated nucleated BM cells from a ZA (Top panels) and a SZD (Bottom

panels) mice after a 27-day dietary period. Left panels demonstrate the 2-

color (IgM vs CD43) cytogram scatter profiles of three major subpopulations

of the B-cell compartment (Pro, Pre, and immature/mature B-cells) in the

marrow of a ZA or a SZD mouse. Right panels illustrate the light scatter

profiles of lymphocytes gated B220+ population in the BM of a ZA and a

SZD mice, respectively. Forward scatter (FSC) is indicative of cell size

while side scatter (SSC) indicates cell granularity. Data are from a ZA

(control) and a SZD mouse representative of seven to eight mice in each

dietary group, respectively.
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figural: Evaluation of BM cellularity for 27 day of a dietary zinc study. Marrow from

mice in ZA, MZD, and SZD dietary groups were extruded from femurs and

tibias and individually processed in order to determine the total number of

nucleated cells by staining with Turk's solution. ZA, n=7; MZD, n=9; SZD,

n=9. Data are expressed as mean :1; SD.
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Role of Glucocorticoids in the Suppression ofB-

Lymphopoiesis During Zinc Deficiency

170



171

Abstract

Previous investigations fi'om this laboratory have provided strong evidence that the rapid

thymic atrophy and bone marrow (BM) B-lineage lymphopenia associated with zinc

deficiency in mice correlated with chronically elevated levels ofplasma corticosterone (CS).

Furthermore, removal of endogenous C8 by adrenalectomy provided significant thymic

protection against zinc deficiency in adrenalectomized mice (ZD Adr) as compared to zinc

deficient non-adrenalectomized controls (ZD sham). However, it was not clear whether

adrenalectomy in ZD mice would also protect BM cellularity, particularly the B-cell compart-

ment. To address the role ofendogenous glucocorticoid (GC) elevation on B-lymphopoiesis

in 21) mice, a zinc dietary study using adrenalectomized and non-adrenalectomized mice was

conducted. However, due to the special care and handling required of adrenalectomized

mice, a typical 30—day dietary study was lengthened to 8 weeks. As a result, mice in the ZD

group were only moderately deficient. Plasma CS levels showed a six-fold increase in ZD

shams compared to ZD Adr mice, indicating the induction of the stress axis by ZD and

successful removal ofGCs via adrenalectomy. Consistent with the earlier report from this

laboratory, removal of adrenal glands provided substantial protection of the thymus ofZD

mice, whereas ZD non-adrenalectomized group exhibited a 28% thymic atrophy compared

to ZA sham. Interestingly, two color flow cytometric analysis ofBM B-lymphocytes in ZD

Adr indicated a complete protection of early developing (B220*s1g') and immature

(BZZO‘IgM‘IgD‘) B-lineage populations, as their proportions were analogous to those ofZA

sham group. As expected, ZD sham operated mice exhibited significant depletion in early
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(57%) and immature (50%) B-cells comparing with ZA shams. However, there was no

significant change in the mature (BZZO‘IgM‘IgD‘) B-cell compartment in either ofZD Adr

or ZD sham operated mice. Taken together, the data confirms the selective sensitivity of

developmental stages ofBM B-lymphocytes to the efl‘ects ofZD, as was demonstrated in

previous chapters. More importantly, it suggests a role for chronic elevation ofCS during

ZD in the alteration ofB-lineage lymphopoiesis in the murine system.
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Introduction

Malnutrition including zinc deficiency has been shown to exert a rapid and deleterious efl‘ect

on host defense in both humans and animals (Fraker et aI., 1986; Fraker et aI., 1993;

Kuvibidila etal, 1993; Prasad, 1995). Earlier studies from this lab have shown a significant

alterationinbothantibodyandcellmediatedreaponseaduringthe course onD (Frakeretal.,

1986; Fraker et aI., 1993). Nevertheless, splenic T and B-cells from ZD mice were

responsive to different mitogenic stimuli indicating normal firnctional capacity (Cook-Mills

and Fraker, 1993a). Further studies indicated rapid thymic atrophy as well as lymphopenia

in zinc deficient mice (DePasquale-Jardieu and Fraker, 1979; Fraker et 01., 1982; King and

Fraker, 1991). Thus, it was clear that part ofthe reduction ofhost defense in ZD was due

to the reduced number of leukocytes actively participating in immune responses. Data

presented in previous chapters (2,3) clearly indicated that ZD profoundly afl‘ected

lymphopoiesis, in particular B-lymphopoiesis, in the marrow ofmice. The deleterious effects

on B-cell development were mainly observed in precursor and immature B-cells, leaving the

progenitor and mature B-cells relatively unaffected. However, the mechanism(s) underlying

these alteration was still unknown.

It is well documented that physiological stresses such as surgery, burns, infections,

and malnutrition are associated with a two to five fold increase in circulating plasma GC

levels (Maldonado et aI., 1991; Barone et aI., 1993; Hermann et 01., 1994; Fraker et 01.,

1995). In fact, there are studies in which the role of elevated levels ofendogenous GCs in

thymic atrophy and lymphopenia in ZD has been suggested (Quarterman, 1973; Quarterman
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and Hamplnires, 1979; DePasquale—Jardieu and Fraker, 1979; 1980). A few years ago, this

laboratory demonstrated that ZD, possibly through the activation ofthe stress axis, led to the

chronic elevation ofGC from a basal level (IO-20 ug/dl) to a higher level (100-120 pg/dl)

which was shown to be immunosuppressive (DePasqualeJardieu and Fraker, 1979). In

addition, a series of in vivo studies were performed using implanted CS pellets in mice to

chronically deliver levels ofCS (32 to 94 pydl) similar to the levels detected in ZD (Garvy

et al, 1993a). Interestingly, a short exposure (3 days) to these levels ofCS resulted in thynnic

atrophy and significant reduction (~70%) of BM early developing B-cells (B220‘, sIg')

(Garvy et aI., 1993a). In separate studies, this lab also demonstrated that removal of

endogenous CS via adrenalectomy provided complete thymic protection against atrophy in

ZD Adr compared with ZD sham (DePasquale-Jardieu and Fraker, 1980). Considering the

above observations, one might hypothesize that if immature B-cells are as sensitive as

immature thymocytes to chronically elevated levels of GC, removal of circulating

corticosteroid by adrenalectomy should also provide BM protection against ZD as it did to

the thymus. To investigate this question, mice were either adrenalectomized or sham

operated and after 7-10 days of recovery they were started on a dietary zinc study. In a

typical diet study, mice are normally housed in hanging stainless steel cages with open-wire

mesh bottoms to prevernt zinc contamination fiom their feces (Cook-Mills and Fraker, 1993a).

However, to keep these vulnerable mice as warnn and protected as possible, the metal cages

were replaced with EDTA washed polycarbonate cages with hardwood chips bedding. While

these conditions protected the nnice fi'om additional stress, they increased the possibility er

zinc recirculation between the nnice and their surrounding environment. For these reasons,
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the diet study was lengtlnerned to eight weeks resulting in only moderate degree ofdeficiency

among mice in the ZD group. Results presented herein confirm the role ofadrenalectomy in

protection of the thymus against atrophy in ZD, as was demonstrated in an early study by

DePasquale-Jardique and Fraker (1980). More significantly, removal of the CS provided

substantial protection ofB-lymphopoiesis in the marrow ofZD mice as well.
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Materials and Methods

B I' I D . |'

Young adult A/J female mice (4-5 weeks old) obtained from the Jackson Laboratory

(Bar Harbor, Mairne) were used in this study. Mice were housed in transparent polycarbonate

cages with woodclnip bedding and maintained in a temperature (72-74°F) and humidity (45-

50%) controlled facility on a 12 hr/12 hr light/dark cycle (lights on 7 am.) Mouse chow and

acidified water were fieely available and 5-7 days ofclimate adjustment was allowed prior to

the surgery. Following surgery, at least 7-10 days were allowed for healing before starting

the dietary study. In addition, to maintain the mice as warm and comfortable as possible,

hanging stainless steel cages were not used. Instead, the mice were housed in pairs in EDTA

washed polycarbonate cages provided with 4N HCl washed feed jars and water bottles.

These conditions lengthened the period of dietary study to about 8 weeks resulting in only

a moderate degree ofdeficiency. To initiate the dietary study, mice were subdivided into four

dietary groups: zinc adequate adrenalectomized (ZA Adr), zinc adequate sham operated

(ZA sham), zinc deficient adrenalectomized (ZD Adr) and zinc deficient sham operated

(ZD sham). Mice in each group were fed ad libitum a biotin-fortified egg white containing

eitlner deficient (~05 ppm) or adequate (~30 ppm) levels ofzinc (see Table l in Chapter 3).

Adrenalectomized and non-adrenalectomized mice were maintained on physiological saline

(0.9% NaCl) and deionized distilled drinking water, respectively. The diet study was

terminated using criteria for moderately zinc deficient mice such as moderate changes in coat

color, texture, eye, tail and skin along with diminished food consumption and body weights.
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' Mice that were to be adrenalectomized were anesthetized with methoxyfiurane

(Metafane, Pitman-Moore, Inc., Mundelein, IL) using a nose cone and received bilateral

dorsal incisions through the skin and muscle wall at the level of the last rib. To maintain

consistency in the operational procedure, the adrerml gland on the left side was always

removed first arnd the night adrenal gland was removed subsequently. The incision was closed

with 6-0 etlnilon sutures (Etlnicon Irnc., Somerville, NJ). Sham operated mice (controls) were

exposed to the same surgical procedure except the adrenal glands were left intact. All

surgical procedures were done using sterile techniques. Following the surgery, all ofthe mice

received 0.3 nnl subcutaneous injections ofBuprenex (2.5 nyml) in Lactated Ringers solution

followed by two to tlnree more irnjections at l2-hr intervals to minimize post-surgical pain and

dehydration Adrenalectomized and sham operated (non-adrenalectomized) mice were then

placed inndividually in cages with sterile, autoclaved bedding material. A recovery period of

7-10 days was allowed before the initiation of the zinc dietary study. The success of the

operation was verified via visual inspection for any trace amount of adrenal glands and by

measurement ofthe plasma CS levels at the time of sacrifice.

BI ICII I' III C |° | IZ' ! .

To prevent elevation ofendogenous corticosterone and obtain it at the lowest levels

during the diurnal cycle, mice were bled within 90 seconds ofdisturbing the cages between

8-9 am. Blood samples collected fi'om the subclavian arteries ofanesthetized mice from all

four dietary groups were processed individually in acid washed heparinized nnicrotubes. A
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spectrofluorometric method for measuring corticosterone in small volume ofplasma (Garvy

etal, 1993a) was utilized. Briefly, CS was extracted fiom 30 pl ofplasma by addition of600

pl diclnlorometlnane (Aldricln,Milwaukee,Wl). Alter vigorous slnaking and centrifugation, the

aqueous layer (top phase) was discarded. Then the solvent layer (bottom phase) was treated

with 0.1N NaOH, mixed well and centrifuged. The organic phase (bottom layer) was then

used for the fluorescence development. A volume of200 pl ofa pre-fluorescence mixture

consisting of three parts concentrated sulfuric acid (Aldrich,Milwaukee,WI) and one part

absolute ethanol (200 proof) was added to the organic phase. To develop the fluorescence,

samples were then vigorously shaken for 2 min, centrifuged and the solvent layer (top phase)

was discarded by aspiration. After 30 min. incubation ofthe acid layer at room temperature,

the fluorescence irnternsity was deterrnirned on a spectrofluorometer (Perkin Elmer, model 650-

40) at 475 mn excitation wavelength and 525 nm anission wavelength. Standards containing

10-75 ng CS (Sigma, StLouis, M0) were carried through the same procedure resulting in a

linear relationship between the fluorescence intensity and the standard concentrations used

in this study. Addition of known amount of standards to the plasma samples of known

concentrations resulted in 85% to 95% recovery by this method.

For zinc analysis, plasma samples were diluted 1:10 in 1% HCl and analyzed

immediately by flame atomic absorption spectrophotometry (Varian AA-20 Plus, Mulgrave,

Victoria, Australia) at 213.9 nm with deuterium background correction. A standard curve

was established usirng concentrations of zinc ranging from 0.1 to 1 ppm (pg Zn/ml) prepared

fiom an ultra-pure standard (Sigma, St. Louis, MO). Addition ofknown concentrations of
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zirnc to plasma samples (standard addition) resulted in greater than 90% recovery ofzinc by

this method.

2 |° [C II S . .

BM cell suspensions were prepared by fluslning the femoral and tibial shafts with

Hepes buffered modified Hank’s balanced salt solution (HBSS) (Sigma, St. Louis, MO)

supplemented with 4% FBS. After removal of erythrocytes using density gradient

centrifiigation over Histopaque (1083) (Sigma, St. Louis, M0), the interphase was removed,

waslned two times and resuspended at 1x10‘ cells/ml in cold HBSS with 2% FBS and 0.1%

sodium azide and kept on ice for phenotypic analysis.

5 H l' .

Biotin-conjugated rat anti-mouse B220 (RAB-632) prepared in house, sheep anti-

mouse biotinylated IgD (7 chain specific) (The Binding Site, San Diego, CA), and

dichlorotriazinyl amino fluorescein (DTAF) conjugated goat anti-mouse IgM (p chain

specific) fi'orn the Jackson Labs (West Grove, PA) were used in this study. For biotinylated

antibodies, streptavidin conjugated phycoerythrin (AV-PE) fluorochrome, purchased from

Vector (Burlingame, CA), was used to detect the biotin.

I 1| 5| . . .

Iabelirngofcellsurfaceantigenswasperforrned by incubating one million cells for 30

min. on ice with 150 pl of appropriately diluted antibody combinations. The antibody
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combinations were either biotin-anti-B220 arnd DTAF-anti-IgM to detect early B-cells versus

immature/mature B-Cells, or DTAF-anti-IgM and biotin-anti-IgD for the detection of

immature and mature B-cells. Cells stained with biotinylated antibodies were washed once

and irncubated for anotlner 30 min with streptavidin conjugated phycoerythrin for developing

fluorescence. The negative controls were unstained cells, cells stained with secondary

antibody (AV-PE), and cells fi'om tissue negative in expression of cell surface antigens (eg.,

thymocytes).

mama:

Two color FACS analysis of stained cells was performed on a Becton Dickinson

Vantage flow cytometer linked to a HP consort 32 computer system on which multiparameter

data were collected arnd arnalyzed using LYSIS II software. The flow cytometer was equipped

with an ILT laser exciting at 488 nm. Electronic compensation was used for color correction

ofDTAF arnd PE Fluoroclnromes. DTAF emission was collected at 530115 and PE emission

was collected at 575:13. Singlet cells were gated by light scatter (forward vs side scatter)

to exclude debris and cell aggregates. Data fi'om 10,000 cells were collected in list mode.

SI |° |° I l I . .

All data were analyzed by the Kruskal-Wallis nonparametric test and the analysis of

variance (ANOVA) for parametric data in order to identify sigrnificant difl‘erences between

dietary groups (Daniel, 1987). A Tukey's post-hoe comparisons was performed when
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appropriate (Daniel, 1987). Differences were considered statistically sigrnificant at P<0.05.

All data are presented as the mean i SD where n is 6 to 8 mice unless otherwise indicated.
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Results

6 .'c'||‘-r'l"' ..:.. it. .tn... teut'tu 'I '

Mia:

The clnange in body weights ofthe four difl‘erent dietary groups obtained at difl‘erent

time points during the diet study are shown in Table 1. As indicated in Table 1, the body

weights in ZD Adr nnice were not sigrnificantly different from their corresponding control

group, ZD sham, tlnroughout the diet study. However, by the end ofthe dietary study ZD

adrenalectomized and sham operated mice weighed significantly less than adrenalectonnized

and slnam operated ZA fed groups. In this case, ZD Adr mice weighed 86% and ZD sham

79% oftheir corresponding controls, ZA Adr and ZA sham mice.

In terms of thymus integrity, the thymus weight (Figure 1) of the ZD sham mice

decreased signnificantly, being 72% of control sham operated ZA fed mice. The degree of

atrophy was in accordance with the values obtained fiom mice moderately affected by zinc

deficiency in the previous chapters (2,3). More importantly, the thymus weights ofthe ZD

Adrgroupremainedatabout90% oftheZAAdr and 1.5 fold greaterthanthat inZD shams,

indicating sigrnificant protection against the effects ofZD (Figure 1).

its“: ;tg,t',.,qnni ll '1 ll fle’nn ,n , ,.nU. It On | .n 1‘

upon termination of the dietary study (day 56), mice fi'om each of the four dietary

groups were bled arnd their plasma CS was determined by a fluorometric assay (Garvy et aI.,

1993a). As shown irn Figure 2, the mean plasma CS level in ZD sham operated mice was 2.6
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and 6 fold greater than that in the control ZA sham and ZD Adr groups, respectively.

Further, the plasmaCS levels inZD AdrandZAAdrgoups remained at 2.8-4.1pg/dl, while

the levels in ZA sham operated mice was elevated slightly to 6.6 pg/dl (Figure 2).

Theresultsoftheplasmazinclevelsofthenniceineachgroup obtainedatthe

termination of diet study are illustrated in Figure 3. Adrernalectonnies appeared to have no

efl‘ect on the plasma zinc levels, as no significant difl‘erence in plasnna zinc level was noted

between ZD Adr and ZD sham mice. Likewise, the zinc level in ZA Adr mice showed no

significant change compared to the levels detected in ZA sham operated group. By contrast,

plasma zinc levels in mice fi'om ZD fed adrenalectonnized and sham operated goups were

moderately declined (21-28%) compared to the control ZA fed adrenalectomized and sham

operated mice, respectively (Figure 3).

HI I i"Z°Dfi°|!I II'IM"

To determine the effects of adrenalectomy or removal ofGC on B-cell development

in ZD mice, fluorescently labeled antibodies directed against major B-cell surface markers,

B220, IgM and IgD, were used, and flow cytometric analysis was performed. Using this

approach, the proportion of early (B220‘Ig'), immature (B220‘IgM’IgD'), and mature

(B200”IgM‘IgD‘) B-cell subcompartments in the marrow ofmice in each ofthe four dietary

goups were determined (Figure 4). In Figure 4, it is clear that ZD had a profound efl‘ect on

cells ofthe B-lineage at the early and immature stage ofdevelopment as shown in previous

studies (Chapters 2,3). The proportion of early developing B-cells (B220"Ig') in ZD sham

mice indicated 57-70% depletion compared to that of ZA sham and ZD Adr goups,
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respectively. Similarly, immature (B220‘IgM‘IgD‘) B-cell declined significantly (57-65%)

inthemarrowonDshamopeatedgoupwheneomparedtoflneZAshamandZD Adrnnice.

However, the more mature (B220‘IgM*IgD*) B-cell subset showed marginal but not

statistically sig'n'ficarnt reduction in ZD sham operated mice. Interestingly, adrenalectonnized

mice maintained on the ZD diet (ZD Adr) demonstrated complete protection in their B-cell

subpopulations. The immature (8220*IgM‘IgD') and nnature (B220‘IgM*IgD”) B-cell subsets

in the ZD Adr mice exhibited no depletion, as their proportions were analogous to those

found in ZA Adr and sham operated mice. Likewise, the early B-cells in the marrow ofZD

Adr goup wee not afl‘ected by the deficiency, showing a moderate accumulation (+23% to

+39%) compared to that in ZA Adr and ZA slnam controls, respectively (Figure 4).
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Discussion

The disruption ofB-cell development in the marrow ofZD mice resulting in lynnphopenia,

along with chronic release of known irnmunosupressor, GCs, during zinc deprivation

suggested a role for GC for these observations. In the light ofan early study (DePasquale-

Iardieu and Fraker, 1980), in which removal ofGC via adrenalectomy provided complete

protection of the thymus ofZD mice against atrophy, speculation on the role of GC with

respect to B-cells was intensified. To investigate the role of CS (the predominant form of

GCs in narrine systen) in lymphopoiesis, adrenalectomy was performed to essentially remove

GC from the circulation. Using this approach, it was possible to ascertain how much ofthe

alteration in lymphopoiesis was due to suboptimal zinc levels versus the chronic levels ofCS

that are produced in later stages of the deficiency in mice. Adrenalectomy has been

previously shown by this laboratory as a convenient way for removal ofGC (DePasquale-

Jardieu annd Fraker, 1980). Furthermore, the use oftlnis technique by many other investigators

for the characterization of the potential role of difl‘erent adrenal hornnones including GCs

(Dunn, 1988; Sloviter et aI., 1989; Jerrells et 01., 1990; Mitchell and Meaney, 1991; Rinner

et aI., 1992; Kitson et aI., 1994; Dhabhar et 01., 1995) added more reasonings for the

selection of this technique. It should be noted that although adrenalectomy also removes

mineralocorticoids, the substitution of isotonic sodium chloride for drinking water has been

slnown to compensate for the loss ofthis hormone (Sakai and Epsteirn, 1990). An alternative

to adrenalectomy would be drugs which block glucocorticoid receptors or release ofGCs.
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Such treatment would require continuous delivery to the already stressed dietary nnice

throughout the experiment (at least four weeks), which is impractical.

Just aszincinfluencesthehormonal secretion, particularlyfromtheadrenalglands,

changesinthe concentrations ofadrenal horrnornes (eg., GCs) have been shown to afl‘ect zinc

concentrations. Early studies have indicated that adrenalectomy or adrenocortical

insufliciency (eg., hypopituitarisrn) have been accompanied by increased serum zinc

concentrations, decreased urinary zinc excretion, and increased retention ofzinc in several

tissues (Flynn et at, 1973; Henkin, 1974). Thus, it was ofinterest to measure zinc levels of

all mice, particularly those in adrenalectomized goups, to monitor any possible variation in

zincleivelsduetoadrenalectomyaswellassuboptimalzinc intake. As shown inFigure 3, the

results indicated a moderate but statistically significant decline in the zinc levels ofZD Adr

andZD shamgoupsindicatingtheexpected depletion ofzincin moderate deficiency. Onthe

other hand, the plasma zinc levels in ZD Adr goup showed no significant variations

cornmared to ZD sham opeated goup. Likewise, no significant change in plasma zinc levels

of ZA Adr compared to that in ZA sham goup was observed. These data suggest that

adrenalectomy or removal ofCS from the circulation had no apparent efi'ects on serum zinc

distribution as opposed to what was indicated by earlier studies (Flynn et aI., 1973; Henkirn,

1974).

‘ Although moderately zinc deficient, the mice in ZD sham operated goup had 6 fold

higherplaslmCS levelscornparedtotlnelevelsdetected inZD Adrgroup. This indicatesthe

activation oftlne hypothalmms-pimitary-adrenocortical axis (stress axis) in ZD sham mice as

reported in the literature (DePasquale-Jardieu and Fraker, 1979; 1980; Quarterman and
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Hunpll'ies, 1979; Prasad, 1985;) at even moderate stages ofthe deficiency. Furthermore, the

low levels ofCS in adrenalectomized mice compared to non-adrenalectomized mice (sham

operated) were irndicative ofproper adrenalectomy or nearly complete elimination ofCS via

adrenlectomy, andthelackofdetectibleadrenaltissueatthetimeofsacrifice supported this.

ExaminationofflnednyrmsesonDgouprevealedthatinspiteofmoderate induction

of ZD in tlnis study, the thymus ofZD slnarn operated mice were involuted 28% to 33%,

comparedtothethyrmsweightsoftlneZAshamsand ZD Adr mice. This observation, along

with the similarity between the thynnic weights of ZD Adr and ZA Adr goups, strongly

suggested a role for GC in thymic atrophy, as the elimination of this hormone significantly

protected the thymus from atrophy (DePasquale-Jardieu and Fraker, 1980; Jerrells et al.,

1990).

The major question to be addressed in this study was the degee to which

adrenlectomy had protected the development of cells ofB-lineage in the ZD Adr mice. As

shown in anure 4, B—cell subpopulations whose susceptibility to the effects ofZD has been

shown herein and in the previous chapters (2 and 3) were now completely protected with

adrenlectomy. InZDslnamoperatedmicewheeCSwaselevated,earlyandhnmatureB-cell

subcompartments exlnibited significant depletion in accordance to the previous findings (King

et aI., 1995). However, adrenalectomy appeared to provide substantial protection to the

developirng B-cells inn ZD mice. This was demonstrated by the presence of all the BM B-cell

arbpopulatiomevaluatedintlu’sstudyinproportions similarto those detected inZAAdr and

ZA slnam operated mice. Thus, suboptimal zinc may not be directly affecting the marrow's

ability to produce nnew lymphocytes during moderate deprivation. Secondary efl‘ects ofzinc
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deficiency, especially the elevation in production of glucocorticoids, may be significantly

reducins lymphopoiesis!-

As stated earlier, in viva exposure ofnnice to the levels ofCS irnduced by ZD were

shown to be suficient to alter B-lymphopoiesis, particularly in early and immature stages of

B-cell development (Garvy et aI., 1993a). Furthermore, sensitivity ofthese populations to

short exposure (8 Inns) ofsynthetic (dexamethasone) and natural (cortisol, corticosterone) GC

invitrowasalsodenonsuatedbytheirsubstantialdepletioninflneBM andtheiraccumulation

irn the apoptotic region ofDNA histogarn evaluated by flow cytometry (Garvy et aI., 1993b;

Voetberg et 01., 1994). These findings are in accordance with the more recent literature in

which adrenalectomy protected the suppressive effects ofGC on cells ofthe immune system

(Kitson et 01., 1994; Dhabhar et aI., 1995). The results fi'om this study clearly demonstrated

the neuroendocrine (stress-induced CS release) regulation ofthe immune system suggested

in the literature (Bateman et aI., 1989; Dantzer and Kelley, 1989; Homo-Delarche and

Dardenns, 1993; Berczi, 1994).

It appears that although zinc is an essential element in many biochemical activities

inside cells (Vallee arnd Falchuk, 1993; Cousins, 1996), the deficiency ofzinc by itselfmay not

be directly exerting suppressive efl‘ects on the cells of immune system. Instead, it is the

stimulation ofthe stress axis with the production ofGCs at elevated levels, which leads to

imnarnosuppression in ZD (DePasquale-Jardieu and Fraker, 1979; Prasad, 1985; Hambidge

etal, 1986; Bunce, 1989). Thus, it seens that ZD purposely downsizes the immune system,

which is one ofthe largest tissues and major users of nutrients in the body, to provide this

limited nutrient to other vital tissues for their protection. This is achieved apparently via
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activation of the stress axis and subsequent chronic release of GC in later stages of the

deficiency. 0n the other hand, the survival ofmature lymphocytes (T and B) in the course

ofZD provides a fully functional defense system (Cook-Mills and Fraker, 1993a), but with

lower magnitude in the periphery. Taken together, these observations identified the

significant role of CS in the alteration of murine BM B-lymphopoiesis in the course of

suboptimal dietary zirnc intake. Howeve, the possibility ofother factors (eg., oncogenes) that

might play additional mechanistic roles (eg., blocking or facilitating GC actions) can not be

ruled out and needs to be investigated.
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In“ Body weights ofslnarn wasted and adrenalectomized mice maintained on zinc

adequate or zinc deficient diet during eight weeks ofdiet study.
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a Data are expressed as mean i: SD of 6 to 8 mice per dietary goup, and

. represent 2 separate experiments.

b Significantly different from ZA Adr at P< 0.05.

c Significantly different from ZA sham at P< 0.05.
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Bun-J; Comparison of thymic weights of adrenalectonnized and sham operated mice

mairntained on zinc adequate or zinc deficient diet, obtained at the terminal point

of the diet study (day 56). ZA Adr, n=6; ZA sham, n=8; ZD Adr, n=7; ZD

sham, n=8. Data are mean i SD and represent two separate diet studies.

‘Denotes significantly different fiom ZA sham operated and ZD Adr mice at

P<0.05, where comparisons were made separately .
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W Plasma corticosterone levels of adrenalectonnized and sham operated mice fed

zinc adequate or zinc deficient diet. Upon termination ofdiet study (day 56),

mice from each of the four dietary goups were bled and their plasma was

collected individually for a fluoromfic CS assay. ZA Adr, n=6; ZA sham, n=8;

ZD Adr, n=7; ZD sham, n=8. Data are expressed as mean :1: SD and are

representative of two separate diet studies. * Denotes significantly different

from ZA sham and ZD Adr goups at P< 0.05 in separate comparisons.
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mComparison ofplasma zinc levels ofadrenalectomized or sham operated mice

maintained on zinc adequate or deficient diet for eight weeks. Plasma zinc

concentration of individual mice from each of the four dietary goups were

determined via flame atomic absorption spectroscopy on the last day of diet

study(day56). DatarepresentmeaniSD,whe'en=6to 8 miceineach dietary

goup. "' Indicates significantly difl‘erent flom ZA sham at P< 0.05. " Indicate

significantly different fi'om ZA Adr at P<0.05.
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mProportion of early developing (BZZO‘Ig‘), immature (B220’IgM’IgD') and

mature (BZZO‘IgM‘IgU) B-cells in the marrow of mice that were sham

operated and maintained on zinc deficient diet (ZD sham) or zinc adequate diet

(ZA sham) or which were adrenalectomized and maintained on zinc deficient

(ZD Adr) or zinc adequate diet (ZA Adr). Fluorescently labelled antibodies

were used to quantitate the proportion ofB220‘, Iglvf and IgD” cells in the

marrow ofeach dietary goup as detemirned by flow cytometry where data from

10,000 cells were collected for each analysis. Data are expressed as the mean

values ofthe percentage ofall nucleated cells oftlne marrow for each population

:|: SD, and represent two separate studies. The number ofmice per treatment

goup ranged from n = 6 to 8. * Denotes numbers significantly different from

ZA sham and ZD Adr mice at P< 0.05, where separate comparisons were

performed.
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Abstract

The presence ofthynnic atrophy and lymphopenia and the disruption ofB-lymphopoiesis in

zinc deprived mice led to the investigation of two main questions in this study. The first

question was to detemine how suboptimal zirnc inntake afl‘ects phenotypic distribution ofmajor

thynnic T-cell subsets including progenitor (CD4'CD8'), immature (CD4”CD8*), and mature

(CD4*CD8'/CD4‘CD8*) T-cells. The second question was to determine if apoptosis was the

means for the elimination ofsusceptible lymphocytes in the course ofdietary zinc deficiency.

To investigate the first objective, young adult All mice were provided zinc adequate (ZA) or

zinc deficient (ZD) diet for 27 days. This was followed by flow cytometric evaluation ofthe

phenotypic distribution ofT-lymphocyte subsets in the thymus ofmice in zinc dietary study.

The results fiom this investigation irndicate that T-lymphocyte subsets are selectively afl‘ected

by the deficiency. Phenotypic analysis of thynnic T-lymphocytes revealed a significant

resistance of double negative (DN) progenitor (CD4'CD8‘) as well as single positive (SP)

mature (CD4*CDB‘/ CD4‘CD8‘) T-cells to the effects ofZD. By contrast, the proportion of

double positive (DP) immature T-cells (CD4‘CD8”) showed marginal decline in moderately

afl‘ected (MZD) and geater depletion (15%) in severely affected mice by zinc deficiency

(SZD). However, when the absolute number ofthis population was evaluated a substantial

decrease (38%) in MZD mice and a significant reduction (86%) in SZD goup were noted.

Furthermore, moderate levels of zinc deficiency (MZD) caused a 41% depletion in thynnic

cellularity, with substantial depletion (83%) in SZD mice. The suppression in T-cell numbers
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was directly correlated to a 36 and 67% involution ofthe thymus in MZD and SZD goups,

respectively.

Detemimtion ofapoptosis in zinc deficiency, the second objective, was investigated

both in viva and in vitro. However, due to rapid clearance ofapoptotic cells by phagocytic

cells in vivo, detection ofapoptosis after 27 days ofdiet study was hardly possible. Thus, the

in viva approach utilized a short incubation (6 hrs) ofthynnic T—cells from mice in a 27-day

dietary zirnc study in regular culture media (RPMI-1640), to reveal apoptosis in cells that had

received the death signal in viva, but had escaped detection by phagocytic cells. This

approach was able to detect a 23% level of apoptosis in immature T-cells of SZD mice,

whereas MZD mice showed almost the same level of apoptosis in this population (17%) as

did control ZA fed mice (16%). This result indicated that perhaps most of the apoptotic

thymocyteshadalreadybeenclearedinvivobyphagocytic cells and onlyavery small portion

ofapoptotic cells had the chance to escape in viva phagocytosis and to be captured by this

system. To bypass this problem, simulation ofZD - though for a short time- in an in vitro

culture systen was investigated. This approach utilized a short incubation (8 hrs) ofregular

mouse thymic T-cells in culture media (RPMI-1640) to which known amounts ofzinc (Zn)

and corticosterone (CS) at the estimated levels in ZA and SZD mice, were added. This

system detected a substantial percentage of apoptotic T-cells particularly among immature

T-cells (2.8 fold) in the SZD simulated culture media compared to the control ZA simulated

culture condition Taken together, the data presented herein indicate the selective sensitivity

of thynnic T-lineage subsets to the efl‘ects of zinc deficiency and verifies the occurrence of

apoptosis in the thymus ofSZD mice.
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Introduction

Previous investigations on the evaluation of the effects of suboptimal zinc intake on the

immune system has strongly documented the immune impairment, marnifested as thynnic

atrophy, lymphopenia and impaired antibody and cell mediated immunity (Fraker et al., 1986;

1987; Keen and Gershwin, 1990; Zeng et al., 1991; King et aI., 1995). In addition, the

results from previous chapters (2, 3, and 4) indicated that ZD resulted in stage-specific

alteration in BM B-lymphocytes which were otherwise protected in adrenalectonnized mice.

However, the status of phenotypic distribution of developing T-cells in the thymus ofZD

mice, and the mechanism by which thymocytes were eliminated remained unclear. Thus, the

objectives of the study presented herein were two fold. The primary objective was to

investigate the relative sensitivity or resistance of thymic T-lineage cells (progenitor,

immature, and mature T-cells) to the effect of ZD. It was of interest to see whether the

results would show a pattern of alterations similar to that observed in BM B-lymphopoiesis

in ZD mice. In this regard, thymocytes prepared from the three dietary goups (ZA, MZD,

SZD) were phenotyped with monoclonal antibodies against T-cell maturation markers (CD4

arnd CD8) followed by flow cytometric analysis. This is the first detailed examination ofcells

ofthe T-lineage in the thymus ofzinc dietary mice.

. The second objective ofthis study was to investigate whether apoptosis played a role

in the elimination of susceptible lymphocytes in zinc deficiency. One of the earliest

investigations which linked ZD to apoptosis, was reported by Elrnes (1977). He observed

significarnt increase in the number of apoptotic bodies in the mucosa of small intestine ofZD
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rats compared to ZA fed rats, suggesting the induction of apoptosis via deficiency in zinc.

Martin and colleagues (1991) examined the survival ofthree cell lines ofhuman lymphoid

(Molt-3 and Raji) or myeloid (TIL-60) origin in vitro under zinc sufficient or zinc deficient

conditions. Zinc deficiency resulted in dinnirnislned proliferative capacity and viability ofall the

cell types. Cell death occurred mainly via apoptosis in the HL-60 and Raji cells and via

necrosis in the Molt-3 cells. These studies suggested that ZD can induce apoptosis both in

viva and in vitro. A more recent study by Treves et aI., (1994) suggested a role for zinc as

an intracellular regulator of apoptosis, since the chelation of zinc resulted in induction of

DNA fi'agnentation into 200 bp in peripheral blood lymphocytes.

Parallel to the above studies, GC hormones are also thought to induce thynnic atrophy

in vivo through the enhancement of apoptosis (Munck and Grabtree, 1981; Compton et al.,

1987). It has been long recognized that mouse thymocytes undergo apoptosis in response to

a variety ofapoptotic cues including GCs (Wyllie, 1980; Morris et al., 1984; Telford et 01.,

1991; Nieto et al., 1992; Cohen, 1992). These findings prompted the question ofwhether

the sensitivity ofirnmature thymocytes to the effects onD might be relevant to the in vivo

and in vitro elimination of thymocytes via GC-induced apoptosis. Thymocytes have been

extensively used over the past decade as an easy and reliable model for the study and

characterization of GC-induced apoptosis (Wyllie, 1980; Cohern, 1992; Sun et 01., 1992;

Gruber et aI., 1994; Korsrneyer, 1995). The homogeneity ofthe thymus (populates >90%

thymocytes) not only makes it easier to assess apoptosis but also brings the opportunity to

determine the efl‘ects ofZD on T-cell development.
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Thus, the occurrence of apoptosis in ZD, as the second objective ofthis study, was

investigated in the thymus both in vivo and in vitro. However, based on a small pilot study,

we knew that the detection ofapoptotic thymocytes alter a period offour weeks diet study

would not be successful, perhaps due to rapid clearance ofapoptotic cells by macrophages

in viva (Wyllie et 01., 1980; Cohen 1991). Short incubation of thymocytes (6 hours),

however, might allow those cells that had just received the death signal in vivo, to complete

the apoptotic phase in vitro without detection by macrophages. To investigate, thymocytes

prepared fiom different dietary groups were incubated in RPMI-1640 medium at 37°C for

6 hours, followed by immunophenotyping and DNA staining. Not to our surprise, this

approach could only detect a small portion ofthe apoptotic lymphocytes occurring in a ZD

mouse. Therefore, a second approach consisting ofan in vitro culture system designed to

simulatetlneinvivoCS andanevelsofaZAand aSZDmouse, was investigated. Although,

the establishment of in vivo conditions of 28-day dietary mice in an s hrs-in vitro culture

system is absolutely impossible, the in vitro system presented herein was an attempt to test

the survivability ofthymocytes in culture conditions where Zn and CS levels were analogous

to the levels observed in ZA and SZD mice. Since addition ofCS to the culture media at

levels detected in zinc dietary mice (ZA and SZD) resulted in >70% cell death in thymocytes

(preliminary data), the estimated fi'ee CS (unbound CS in plasma) levels which is believed to

exet the biological activity ofGCs (Faict et 01., 1985; Verrneulen , 1986), were utilized. In

this systen thymocytes prepared from regular mice wee incubated for 8 hours in RPMI-1640

culture media supplemented with estimated levels ofZn (50 or 100 pgdl) and flea CS (2 or

6 pg/dl) found in ZA and SZD mice, respectively. Subsequent to incubation, thymocytes
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were subjected to two color immunofluorescernt phenotyping against major T-cell surface

markers (CD4 and CD8) followed by DNA staining to detect apoptosis in distinct T-cell

subsets.

The data presented in this study indicates the high susceptibility of immature

thymocytes and the relative resistance of progenitor and mature T-cells to the efl‘ects ofZD.

Furthermore, the high incidence of apoptosis in thymocytes, particularly in immature

subpopulatiorn, irndicates the presence of apoptosis in ZD, and suggests that it plays a

significant role in the elimination ofvulnerable lymphocytes (lymphopenia) in the course of

the deficiency.
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Materials and Methods

Six week old female A/J inbred mice (Jackson laboratory Bar Harbor, ME) weighing

17. 1+ 0.7 g were used throughout the study. All mice were fed ad libitum a biotin fortified

egg white based diet which contained either 30pg Zn/g diet (zine adequate goup; ZA) or

~0.5pg Zn/g diet (zinc deficient goup; ZD). The composition ofthe diet has been described

in Chapter 3. All dietary goups were maintained in stainless steel cages with mesh bottoms

to reduce recycling ofzinc for a period of27 days. Feed jars and water bottles were washed

in 4N HCl and the drinking water was acidified to reduce Pseudomonas infections. Food

consumption was recorded daily arnd body weights were measured twice a week. At the end

of the dietary study, the ZD goup was subdivided into moderately affected mice by zinc

deficiency (MZD) weighing an average of 78% of the ZA goup with moderate signs of

parakeratosis ofthe ears and tail or severely afl‘ected mice by zinc deficiency (SZD) weighing

an average of71% ofthe ZA goup which exhibited more severe parakeratosis.

Warm

To prevent elevation of endogenous corticosterone and maintain it at the lowest levels

during the diurrnal cycle, mice were bled within 90 seconds ofdisturbing the cages between

8-9 irn the morning. Blood collected fi'om the subclavian arteries ofanesthetized mice fi'om

all tlnree dietary goups, was processed individually in acid washed heparinized microtubes.

A spectrofluorometric method for measuring corticosterone irn small volume ofplasma (Garvy
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eral, 1993a) was utilized. Briefly CS was attracted fi'om 30 pl ofplasma by addition of600

ul dichloromethane (Aldrich, Milwaukee, WI). After vigorous shaking and centrifugation,

the aqueous layer (top phase) was discarded. Then the solvent layer (bottom phase) was

treated with 0.1N NaOI-i, mixed very well and centrifirged. The organic phase (bottom layer)

was then used for the fluorescence development. A volume of 200 pl pre-fluorescence

nirdureconsiathtgofflueepartsconcentratedwlfirncacid(Aldrich, Milwaukee, WI) and one

part absolute ethanol (200 proof) was added to the organic phase. To develop the

fluorescence, samples were then vigorously shaken for 2 min., centrifuged and the solvent

layer (top phase) was discarded by aspiration. After 30 min. incubation ofthe acid layer at

room temperature, the fluorescence intensity was determined on a spectrofluorometer (Perkin

Elmer, model 650-40) at 475 nm excitation and 525 nm emission. Standards containing 10-

75 ng CS (Sigma, St. Louis, M0) were followed through the same procedure as plasma

samples. Emciency of the recovery of CS fi'om plasma was determined by adding known

concentration ofstandards to the plasma samples ofknown concentration and ranged between

85% to 95%.

am. . I. um“ .... I. . u .. . . . mi .. ..
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Thymuses ficm mice in difl‘erent dietary groups (6-8 mice per group) were removed,

weighed, minced and passed individually through sterile 100 micron mesh stainless steel

screen into sterile Hepes bufl‘ered Hank's balanced salt solution (HBSS) supplemented with

4% heat imctivated fetal bovine serum (FBS) (Hyclone,Logan,UT). Single cell suspensions
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were washed twice, counted for total T-cell numbers (thymus cellularity) and tested for

viability using trypan blue exclusion dye (>95% viability). The cells were then resuspended

in RPM-1640 supplemented with 5% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100

IU/rnl penicillin, 100 uglnfl streptomycin, 1% non-essential amino acids, 50 ug/ml gentarnicin

and 5x10" M 2-mercaptoethanol (2-ME). Aliquots of cells (10‘ cells/ml/well) were plated

in24-welltisare cultureplates (triplicates ofeach sample) and incubated for 6 hours at 37°C,

5% CO2 atmosphere. Cultured thymocytes were then irnmunophenotyped and stained with

DNA dye to evaluate the phenotypic distribution as well as apoptosis in distinct T-cell

subsets.

I . .0

'. I '.',' ' " "‘.‘hl.-.‘ ll” \9‘4 ' U . ' r ..’l’ . '1 .l' l 6 '1" '

Thynaises fi'om young adult (6 to 10 weeks old) A/J female mice were removed and

extruded through 100 micron stainless steel screen into modified HBSS supplemented with

2% FBS. Single cells were washed twice by centrifugation at 400 xg for 5 min, resuspended

in HBSS/FES, and counted using trypan blue-exclusion viability dye (>97% viable).

WWW

Since the core ofthe in vitro culture system was based upon the supplementation of

the system with known amounts ofCS and zinc, it was necessary to minimize the possible

interference ofthe basal levels ofGCs and zinc normally present in the FBS, with the in vitro

assay described below. To do this, the FBS was treated with dextran coated charcoal which

as reported removes GC fi'om serum (Hayashi et al., 1984). Subsequently, the charcoal
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treated FBS was treated with Chelex-lOO (Bio-Rad laboratories, Hercules, CA) using the

batch method (Bio-Rad instructional manual) to remove zinc. Briefly, FBS

(11mewas mixed with 1 mg/ml dextran (Sigma Chemical Co., St. Louis, MO)

and 10 mg/ml Norit A activated charcoal (Matheson Clernan and Bell, Norwood,OH) and

incubated for 30 min. in a 50°C waterbath subjected to fi'equent shaking. Dextran coated

charcoal was removed from FBS by centrifiigation at 4000 xg for 10 min. at 4°C and

subsequent filtration through a 0.22 pm filter. These steps resulted in CS deficient FBS. To

remove a'nc from this serum, Chelex-IOO was added to the FBS at 5 g/ml followed by gentle

stirring on an electronic mixer for one hour. The resin was separated from FBS by filtration

through a 0.22 pm filter and the FBS was stored at -20°C. The FBS obtained fiom these

treatments (Zn‘ CS') was periodically tested for Zn and CS levels both ofwhich were below

the detection limit of the assays (< 0.01 ug/dl). This serum was used to supplement the

culture media to which known amounts ofCS (2 or 6 ug/dl)(4-Pregnene-1 1B,21-diol-3,20—

dione, Sigma Chemical Co., St. Louis, MO) and/or Zn (0, 50 or 100 ug/lezinc sulfate

heptahydrate, J.T.Baker, Phillipsburg, NJ) were added depending on the culture condition

described below.

[III C I'l' EEIZIDII' I! |°‘

RPM-1640 medium (Sigma Chemical Co., St. Louis, MO) supplemented with 2 mM

glutamine, 1 mM sodium pyruvate, 100 rig/ml of streptomycin, 100 IU/ml of penicillin, 50

rig/ml gentamicin, 1% non-essential amino acids, and 5x10" M 2-mercaptoethanol was used

in this assay. This medium was then supplemented with one ofthe combinations illustrated

in the chart below:
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_ W“ W, C___ded Zded

l) Basal CS/basal Zn 20% 0.06 uM 3.5 pM

(BL CS/BL Zn) (2 uydl) (100Jydl)

2) High CS/low Zn 20% 0.17 pM 1.25 uM

(HI CS/LO Zn) (6 jig/d1) (50 1 d1

3) High CS/high Zn 20% 0.17 uM 500 uM

' (HI CS/HI Zn) (6 pg/dlL (14.3 1 dl

4) Basal CS/undetectable Zn 20% 0.06 uM no addition

(BL CS/UN Zn) (2 ug/dl) undetectable

      

Thyrnic T-lymphocytes prepared from regular mice were added at 2x10‘ cells/ml/well

to the various culture media in 24-well plates. The cultured cells were incubated for 8 hours

at 37°C in 5% CO2 atmosphere. Each culture condition was tested in quadruplicate.

I 'II III |' ISI" [5 II'CII'

Afler incubation ofthymic T-cells from dietary mice in regular culture media (6 hrs),

or thymic T-cells fi'om regular mice in CS/Zn supplemented culture conditions (8 hrs), the

percent recovery (100%) and the viability (>90%) of the cultured cells were examined.

Aliquots of 1x10‘ cells/ml were then resuspended in cold label bufi‘er (HBSS, 2% FBS, 0.1%

sodium azide), washed at least once, and irnmunophenotyped using antibodies to T-lineage

surface markers. CD4 and CD8 surface markers on mouse T-cells were simultaneously

labeled using 150 pl ofphycoerythrin (PE) conjugated rat anti-mouse CD4 and fluorescein
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isothiocyanate (FITC) conjugated rat anti-mouse CD8 monoclonal antibodies (Pharmingen,

SanDiego, CA). All labeling was performed at 4°C for 1/2 hour followed by two washes in

cold label bufifer. Furthermore, all the antibodies were used at their saturating concentration

subsequent to titration.

To evaluate the presence ofapoptosis in thymic T-lymphocytes, phenotyped samples were

resuspended in one part (0.4 ml) cold phosphate buffer saline (PBS) supplemented with 50%

FBS, and fixed by dropwise addition ofthree parts (1.2 ml) ofcold ethanol followed by gentle

mixing. Cells were kept overnight at 4°C, washed twice with cold label bufl‘er to remove

fixative and resuspended in DNA staining dye 4',6-diamidino-2-phenylindole (DAPI) at 1

rig/ml. Stained samples were kept on ice prior to flow cytometric analysis.

W111

Irmunofluorescently labded samples were analyzed on a Bacton Dickinson Vantage

equipped with a consort 32 HP computer with LYSYS‘“ II and MultiPlusTM sofiwares.

Fluorochrome excitation for one and two color analysis (PE, FITC and PE/FITC) was

accomplished using an ILT model RCP-SO argon laser at 488 nm. Fluorochrome emission for

FITC and PE was detected at 530:15 nm and 575113 nm, respectively. For three color

analysis of samples stained with DAPI, PE and FITC, simultaneous use of a Krypton laser

exciting at 350 nm for DAPI and the argon laser was required. Negative controls included

unstained thymocytes to define the negative population and detect autofluorescence. Cells

labeled with isotype-matched non-specific antibodies were used to detect background

fluorescence. Single and dual color controls were used to define the negative as well as the
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positive population for each antibody and to set color compensation. Phenotypic distribution

of T-cells as well as quantitation ofapoptotic thymocytes were determined by initial gating

through DAPIDNAwidth vs ares fluorescence, excluding debris and doublets and including

apoptotic cells. The gated population was then used for cytogram scatter phenotypic and cell

cycle histogram analysis.

In order to identify any significant differences among dietary groups or different cell

culture conditions, all the data were analyzed by the Kruskal-Wallis nonparametric test and

the analysis ofvariance (ANOVA) for parametric data (Daniel, 1987). A Tukey's post-hoc

comparisons was then applied where appropriate (Daniel, 1987). Differences were

considered statistically significant at P<0.05. All the data are presented as the meantSD of

6 to 8 mice for the dietary study, and quadruplicates ofeach culture condition for the in vitro

culture samples.
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Results

' The effect of ZD on growth, thynurs weight, thymic cellularity, and plasma CS levels

ofmiceona27-daydietarystudyarepresented in'I‘able 1. Onthe last day ofdiet study, ZD

mice were divided into MZD and SZD groups based on body weight and degree of

parakeratosis. As shown in table 1, consumption ofZD diet for a period ofabout four weeks

caused 22% to 29% drop in body weight in ZD group based on the degree ofdeficiency. The

thymus weights in ZD mice declined significantly, with 36% to 67% depletion in the thymus

weight ofMZD and SZD groups, respectively, compared to that in ZA controls. Thymus

cellularity was also affected by ZD. Mice in the MZD group lost 41% of their total

thymocytes with more severe depletion ofthymocytes (83%) observed in SZD group. The

plasma CS levels exhibited significant elevation in ZD group, showing about 2.4 to 3 .4 fold

increase in MZD and SZD mice, respectively, compared to ZA mice. The presence ofgrowth

retardation, thymic involution as well as elevation ofGC in this study resembles the previous

diet studies (DePasquale-Jardieu and Fraker, 1980; King and Fraker, 1991; King et 01., 1995;

Fraker et al., 1995).

EflilEZD IIIMI l' 'IIII ,

To evaluate the efl‘ects of ZD on phenotypic distribution of thymic T-cells, 6 hrs

cultured thymocytes prepared fi'om individual mice in each dietary group were
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immunofiuorescently labeled with monoclonal antibodies against major T-cell surface

markers. The labeled cells were then fixed and stained with DAPI DNA binding dye for in

viva detection of apoptotic thymocytes which will be explained in the next section. The

irnmunophenotyping of cells resulted in detection of four distinct thymic T-cell subsets,

including progenitor (CD4'CD8'), immature (CD4*CD8*), and mature (CD4*CD8')/(CD4'

CD8”) thymocytes. Figure 1 demonstrates the distribution of CD4/CD8 T-lymphocyte

subsets in all dietary groups. As seen in figure 1A, the proportion ofprogenitor T-cells (CD4‘

CD8).wlu'ch are the earliest committed T-cells in the thymus was increased to +20% in MZD

and +48% in SZD compared to the ZA controls. Likewise, the proportion ofmature T-cells

(CD4‘CD8'ICD4’CD8‘) exhibited +36% to +69% (Figure 1B) and +33% to +82%

accumulation (Figure 1C), respectively, depending on the level of the deficiency. The

immature T-cells (CD4*CD8*), however, showed moderate decline in MZD and a greater

depletion (15%) in SZD group compared to ZA control mice (Figure 1D). This cell loss was

more significant when the absolute number of CD4“CD8+ cells were examined for each

dietary group (Figure 2). As Figure 2 demonstrates, the total number ofimmature T-cells in

SZD nice dropped significantly to about 14% ofZA control group. Likewise, the immature

population in MZD mice declined to a lesser degree, being 62% ofthat in ZA mice. When

the absolute number of progenitor and mature T-cell compartments were evaluated, a

moderate decline in each population was noted (data not shown).
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‘ The irnmunofiuorescently labeled/DNA stained cultured thymocytes fiom mice in

difi‘erent dietary groups were evaluated for in viva apoptosis. Two color phenotype-gated

DAPI cell cycle analysis was applied to specifically investigate the degree of apoptosis in

double positive thymocytes. As shown in Figure 3, a small percentage ofCD4“CD8” subset

(16%) 'm ZA nice appeared in the apoptotic region ofDNA histogram (Bottom panel). This

may indicate the normal level ofapoptotic death among self-reactive and non-fianctional T-

cells in the thymus (Kisielow et 01., 1988; Murphy et aI., 1990). In the evaluation ofZD

group, it was noted that while moderate levels ofdeficiency exhibited no significant change

in the levels of apoptosis, severe deficiency in zinc resulted in 23% apoptosis in immature

thymocytes (Figure 3). Progenitor and mature T-lymphocytes in ZD groups also showed

some low degree of apoptosis which was not difi‘erent fi'om that ofZA controls (data not

shown). These results indicated that perhaps most ofthe apoptotic cells had been eliminated

by macrophages in viva, leaving only a very small portion of apoptotic cells undetected by

phagocytic cells. To overcome this problem, an in vitro culture system simulating ZD-though

short-wasdesigned. Itwasofinterestto determinewhetherinasystemwhereZnandCS

are added at the estimated levels observed in zinc dietary mice, and without the presence of

macrophages, apoptosis could be detected.

1! | |° E l | . fl [2! .

Thymic T-cells prepared from regular mice were incubated in difl‘erent culture

conditions ( see the chart in materials and methods) for 8 hrs and were subsequently
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immunophenotyped against CD4/CD8 T-cell surface markers with simultaneous DNA

staining. As Figure 4 illustrates, total thymic T-cells in control ZA simulated culture

condition (BL CS/BL Zn) demonstrated a low level ofapoptosis (16%) similar to the in viva

level detected in ZA mice shown in Figure 3. By contrast, T-lymphocytes incubated in

HI CS/LO Zn culture media (simulated culture condition of a SZD mouse) showed almost

three fold increase in their apoptotic population (45% apoptosis) compared to the control

(BL CS/BL Zn). Furthermore, among difl‘erent thymic T-cell subpopulations, immature

thymocytes showed the most sensitivity, comprising almost 80% ofthe total apoptotic events

in mouse thymic T-cells (Figure 4). Moreover, addition ofhigh concentrations ofzinc (500

nM), which is known to inhibit apoptosis, to the SZD simulated culture media (HI CS/HI Zn)

prior to incubation, suppressed apoptosis close to the background levels observed in control

ZA sirmlated culture condition (Figure 4). It was also important to investigate how absence

ofzinc would affect T-cells survival. As it can be seen fiom Figure 4, short term incubation

ofcells in culture condition deficient in zinc (BL CS/UN Zn) showed significant apoptosis (~2

fold increase) in total T—cells fiom which 80% were immature thymocytes. Thus, this

approach could demonstrate the significant increase in apoptosis in immature thymocytes

treated in conditions in which CS and Zn levels closely resembled the in viva levels in SZD

mice.
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Discussion

Earlier chapters (2 and 3) demonstrated that ZD exerts deleterious efl‘ects on B-cell genesis,

mainly on early precursor and immature B-cells with no substantial effects on early progenitor

or mature B.lymphocytes. Furthermore, it was shown (Chapter 4) that chronic elevation of

GCs in ZD played a major role in thymic atrophy and alteration in B-cell development as

elimination ofthis hormone via adrenalectomy protected thymic atrophy and lymphopenia and

resulted in normal distribution ofB-cell subcompartments in adrenalectomized ZD mice. The

study presented herein extended our knowledge on lymphopoietic processes in ZD by

providing the first detailed study on the status ofT-cell development in zinc deficient mice.

Furthermore it showed that apoptosis was a possible mechanism by which lymphocytes

susceptible to suboptimal zinc intake and elevated GC were eliminated.

The availability of a panel ofmAb directed to T-cell associated surface antigens of

mice (CD4 and CD8) as well as DNA fluorochrome (DAPI) in conjunction with

multiparameter FACS analysis allowed for the analysis of thymic T-cells carrying these

antigens and their cell cycle status for detection of apoptotic population. The first objective

ofthis study which was to evaluate the phenotypic distribution ofthymic T—cells in mice in

a zinc dietary study, clearly demonstrated that T-cell maturation was adversely affected by

ZD similar to the observed alteration in B-lymphopoiesis (Chapters 2 and 3). The highest

susceptibility among different thymic T-cell subpopulations was observed in DP immature

(CD4*CD8‘) thymocytes, in particular in the SZD group. This is analogous to the alteration

in B-cell development where precursor B-cells exhibited the most sensitivity and losses in zinc
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deprived mice (Chapter 3). Interestingly, both ofthese populations are heavily involved in

Ig or TCR gene rearrangements which require many enzymatic and molecular activities most

of which are Zn dependent (Vallee and Auld 1990; 1993; Coleman, 1992; Li et 01., 1993;

Osmond et al, 1994;Watat, 1994). Sensitivity ofthe immature population was even

more magnified when their absolute number was evaluated. This analysis demonstrated that

as the level ofZD intensified it created greater losses in immature thymocyte population

where in SZD almost 85% ofthe DP population were lost. By contrast, the proportion of

progenitor and mature T-cells showed significant accumulation, specifically in SZD mice,

suggesting the less sensitivity or to some degree the resistance ofthese populations to zinc

deprivation. As was shown in earlier Chapters (2,3) progenitor and mature IgD” B-cells also

demonstrated more resistance to the effects of ZD. These are the populations that their

antigen receptor genes (Iy'l‘CR) are either in a germline configuration or have been

niecesafiilly rearranged (Hardyetal., 1991; Li et 01., 1993; Godfrey et aI., 1994; Pawlowski

and Staterz, 1994), thereby, are not actively involved in enzymatic and molecular activities.

These cells might be, thus, less susceptible to nutritional deficiency and subsequent cell loss.

The second objective ofthis study was to investigate the presence of apoptosis in ZD

mice as a mean of elimination of lymphocytes susceptible to zinc deprivation. As was

described earlier in this chapter, this investigation was examined via two approaches. In the

first approach (in viva), in which thymic T-cells fi'om dietary mice were shortly incubated in

regular media, moderate levels of apoptosis, specifically in immature thymocytes of SZD

mice (23%) was noted. MZD mice, however, did not show a detectable change in their

apoptotic T-cells compared to the control ZA mice. With regard to the significant depletion
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in immature thymocytes ofZD mice, it was clear that this approach was only capturing a

small portion of apoptotic cells that had survived the in viva elimination by macrophages.

Thus apparently the rapid clearance of apoptotic cells by macrophages in viva was still a

barrier in the detection ofactual apoptotic events in immature thymocytes during ZD. It is

well documented that apoptotic cells are rapidly recognized and cleared by macrophages

through the expression of specific surface changes (eg., phosphatidyl serine expression )

(Fadok eta], 1992a; 1992b; 1993) before their membrane integrity is lost (Ran et aI., 1995).

To overcome this problem the second approach including the in vitro culture system

was investigated. As shown in Figure 4, short time incubation ofnormal T-lymphocytes in

media supplemented with basal levels onn and CS was accompanied with a low level (16%)

ofapoptotic T-cells in dis culture condition This level reflects the normal ongoing apoptotic

events in thymocytes that will not survive during thymic education (positive and negative

selections) (Hedriclt and Eidelman, 1993; Tough and Sprent, 1994). However, as expected,

a significara number of T—cells, in particular DP population, died apoptotically when Zn and

CSinculturewere adjusted tothelevels ofa SZD mouse. Infact, anearly studybyElmes

described the presence of apoptotic bodies in the small intestine of severely deficient rat

(Elmes, 1977). This phenomenon was, however, explained to be due to decreased DNA

synthesis. Furthermore, addition of high levels ofZn (500 nM) to the system suppressed

apoptosis to the background levels observed in the control culture condition. This is in

agreementwiththe literature in which zinc at high levels (500-1000 uM) has been shown to

act as an apoptotic inhibitor ofGC-induced apoptosis (Cohen and Duke, 1984). It has been

suggested that the inhibitory action of zinc at high levels on GC-induced apoptosis might
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occur at any steps during GC binding to its cytoplasmic GR, GR transformation or

translocation in target cells (Fraker and Telford, 1995). When the deficiency ofZn by itself

inthepresenceofbasal levels ofCS was examined (BL CS/UNZn), a significant increase in

apoptosis, specifically in DP population was observed. Similarly, culture media deprived of

zinc also resulted in apoptotic death in certain lymphoid and myeloid cell lines, indicating the

induction ofapoptosis by zinc deprivation (Martin et al., 1991). Thus it appears that zinc at

suboptimal levels can by itselfeliminate susceptible cells by triggering apoptosis (Telford and

Fraker, 1995).

The pattern of alteration in T-cell maturation and the detection ofapoptosis both in

viva and in vitro in immature thymocytes, which are the core of sensitivity in the thymus of

ZD mice, are all indications of a synergistic actions of zinc and GC in down sizing of the

immune system. As mentioned in earlier chapters, the crucial role ofzinc for cell growth,

development, anddifi‘erentiationaswellasanessential component ofmorethan200enzymes

has been well documented (Vallee and Auld, 1993; Walsh eta1., 1994; Cousins, 1996).

Considering these facts, one would expect that cells that are more metabolically or

enzymatically active would be in more need for this nutritional element. Thus in situations

where zinc is in suboptimal levels, cells such as immature thymocytes that are actively

involved in TCR gene rearrangement and require zinc for their zinc-dependent biochemical

activities would be sensitive to this deficiency and are programmed to die. On the contrary,

cells of progenitor or mature T-cells that are either prior to gene rearrangement (TCR) or

have successfully rearranged their gene tolerate this deficiency and are less prone to die.
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In addition, chronic elevation of GCs in later stages of ZD and its induction of

apoptoa'sspeciallyinimmaturelymphocytesis anotherimportant phenomenonthatmustbe

considered in apoptotic depletion of sensitive lymphocytes in zinc deprivation. GC-induced

apoptosis oflymphoid cells, in particular the immature lymphocytes ofthe thymus gland, is

perhaps the most widely studied model ofprogrammed cell death (Compton and Cidlowski,

1992; Cohen, 1992). Furthermore, in vitro exposure oflymphocytes to low levels of synthetic

or naturallyoccuningGCs resultedinaccunuilationofimmatureTandearlyB cellsin

apoptotic region of the cell cycle (Telford et aI., 1991; Garvy et aI., 1991; 1993a; 1993b;

Voetberg et al., 1994). These observations are strong indications ofthe suppressive effects

ofGCs an immature lymphocytes via induction of apoptosis.

Another consideration in observed alteration in T-cell development and its correlation

to the apoptotic elnnination ofimmature thymocytes is the expression ofprotooncogenes such

as Bel-2 and its related gene Bel-x oncogene. The protooncogene Bcl-2 (apoptosis-

suppressing gene) was the first gene studied in the context of program cell death (PCD)

regulation (Reed, 1994; Korsrneyer, 1995). Over expression ofBcl-2 in DP thymocytes of

transgenic mice enhances the resistance of these cells to y-radiation and GC-induced PCD

(Sentman etal, 1991; Strasser et al., 1994). Elimination ofBcl-2 by gene targeting in mice

results in progressive apoptosis ofB and T lymphocytes beginning at 3 to 4 weeks of age

(Nakayams et 01., 1993; Veis etal, 1993). Based on these experiments it appears that Bel-2

regulates the survival oflymphocytes in response to a variety of stimuli that induce PCD.

As in the case of B—cell development explained in Chapter 3, the pattern of Bcl-2

expression in T-lymphocytes closely resembles the stage specific sensitivity of T—cells to
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ZD/GC-induced apoptosis. Murine Bel-2 is expressed in the developmentally early CD4'CD8'

progern'tor T-cdls, but diminishes as T-cell difi‘erentiation progresses into the CD4“ CD8* DP

stage such that little or no Bel-2 is detected in immature thymocytes (Veis et 01., 1993) - the

stage at which selflnon-self screening and negative selection occurs. This is followed by

upregulation ofBel-2 in mature T- cells. Making the T-cell development scenario potentially

more complex is the recent obwation that expression ofapoptotic-promoting Bcl-x, peaks

during the immature stage (Boise et 01., 1993), and it diminishes as cells progress to

CD4"CD8'/CD4‘CD8* mature T-cells. The stage specific upregulation or downregulation

ofBcl-2 and its related gene Bel-x, in thymocytes overlaps the stage specific resistance or

susceptibility ofthymocytes to the effects ofZD. Thus it could be suggested that in addition

to deficiency of zinc and chronic elevation of CS as the main core underlying apoptotic

elimination ofimmature thymocytes in ZD, the presence of other factors such as expression

or absence ofsome oncogenes in the target cells could also contribute to the overall fate of

the cells.

Collectively, it may be possible to suggest that at early stages of ZD prior to the

elevation ofGCs there might be some degree ofapoptotic death among cells in need for this

raitrient, largely due to deficiency in zinc. However, as ZD progresses, specifically in severe

zinc deprivation, it activates stress axis and subsequent release ofGC hormones that remains

chronically elevated through the later stages ofdeficiency (DePasquale-Jardieu and Fraker,

1979; 1980; Fraker et aI., 1995). At this point GCs will possibly take over the situation by

triggering cells that are susceptible to ZD (in this case immature thymocytes) to die

apoptotically. This would limit the pool of zinc mostly available to those tissues that their
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function is vital to the survival ofthe system. In fact high levels ofGC hormones has been

shown to redistribute zinc in the body (demonstrated in Chapter 3) and possibly increases zinc

uptake by cellsthat are in need forthis essential nutrient (Henkin, 1974). Thus,it appears that

mture has set a series ofevents to protect vital tissues fi'om adverse effects ofthis nutritional

deficiencyandinairethesurvivalbydownsizingthe immune systemvia increased GC release

and subsequent induction ofapoptosis in susceptible cell populations.
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m Body and thynnisweights, thymus cellularity and plasma CS levels ofmice after

27 days on zinc dietary study‘.

noun Groups ”In“

   

Initial body weight” (g) 17.2 i 0.7 17.0 i 0.5 17.0 i 0.5

Final body weight‘ (g) 20.3 s: 1.4 _ 15.8 3: 0.3’ 14.4 i 0.6’

‘

Thymus weight (mg) 25.1 i 1.1 16.2 i 0.9‘ 8.4 i 1.9‘

Thymus cellularity (x107) 5.1 i 1.7 3.0 i 1.1‘ 0.85 i 05‘

Plasma cs (pg/d1) f f 17.6 i 50 , f 414 i583 59.8 i 2.4‘ 
a = Data represent two separate diet studies.

b = Mean :1; SD of 18 mice on ZA and 24 mice on ZD diet on day Q ofdiet study.

c = Mean :1; SD of6 to 7 mice in each dietary group assayed on day 27.

* = p < 0.05 or greater as compared to ZA mice.
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Elam}; Absolute number (total numbers) ofimmature thymocytes in the thymus ofZA,

MZD, and SZD mice. The total number ofimrnature CD4*CD8+ T-cells in each

dietary group was determined as: % CD4*CD8+ thymocytes in each mouse

multiplied by the total number ofT-cells in that corresponding mouse. Data are

mean i SD of6 to 8 mice in each dietary groups and represent two separate

zinc dietary study. " denotes significantly different at P< 0.05 as compared to

ZA mice.
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W Apoptosis in thymic T-cells in in vitro culture system. Thymic T-lymphocytes

fi'om regular mice were incubated in RPMI-1640 culture media with 20% CS‘

Zn' FBS supplemented with various CS and Zn concentrations for the period of

8 hrs. Cells were then immunophenotyped and stained with DNA dye and were

subsequently analyzed by flow cytometry as described in the text. Basal

CS/basal Zn (BL CS/BL Zn) (control) represents CS at 2 ug/dl and Zn at 100

ug/dl; high CS/Low Zn (HI CS/LO Zn) represents CS at 6 pg/dl and Zn at 50

rig/d1; high CS/high Zn (HI CS/HI Zn) indicates CS at 6 rig/d1 and Zn at 500

M(14.3 mg/dl); and basal CS/undetectable Zn (BL CS/UN Zn) indicates CS

at 2 ug/dl with no addition ofzinc to the culture. Data are expressed as mean

3; SD ofquadruplicates ofeach treatment and representative ofthree separate

experiments. " indicates significantly different (P< 0.05) fi'om total thymocytes

in control group (BL CS/BL Zn). ” Denote significantly difi‘erent (P< 0.05)

compared to CD4"CD8+ thymocytes in the control group.
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Summary and Suggestions

The world wide prevalence ofzinc deficiency with deleterious effects on the immune system

demanded investigation on the specific efi‘ects of this deficiency on lymphocyte

subpopulations. The occurrence oflymphopenia in zinc deficiency prompted the question of

whether the deficiencies in zinc interfered with lymphopoietic processes. Furthermore, it was

important to determine ifelevation ofglucocorticoids associated with ZD was playing a role

in the alteration oflymphopoiesis, as immunosuppressive effects ofGCs are well established.

Finally, the possibility ofapoptotic death as a mean for elimination ofvulnerable lymphocytes

in ZD was investigated.

The results presented in this dissertation clearly demonstrate for the first time that

B-cell development is adversely affected by ZD. Examination of the marrow ofZD mice

revealed that small nucleated BM cells representing the lymphocyte population in the marrow

were significantly diminished, whereas a significant accumulation in the myeloid lineage was

noted. Precursor B-cells were the most severely affected population, followed by a significant

depression in the proportion of immature B-cells in the BM of zinc deprived mice. By

contrast, progenitor B-cells which are the earliest identifiable committed cells in the B-lineage

exhibited substantial resistance to the deficiency. Likewise, the mature B-cell subpopulation

demonstrated much less sensitivity, being less affected by the deficiency. In spite of

significant depletion in some B-cell subcompartments, the marrow cellularity was unafi‘ected,

showing the analogous number ofBM nucleated cells in all dietary groups. This finding
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indicated the resistance of other lineages (eg., myeloid) in the marrow ofZD mice as was

identified earlier.

Evaluation ofthe efi‘ects ofZD on T-cell maturation in the thymus revealed alteration

in T-lymphocyte subsets in a pattern analogous to the B-lymphocyte subpopulations in the

marrow. That is, the progenitor and mature T-cells showed substantial resistance to the

effects ofZD, whereas immature thymocytes were depleted significantly. Together, these

observations clearly indicated a selective and stage specific alterations in B-lymphopoiesis as

well as in T-cell maturation in the course ofZD.

In investigation ofthe zinc content ofseveral lymphoid and non-lymphoid tissues, a

sigriificantdepletioninthebonezincwithno changeinthezincconcentrationintheBMand

liver cells was noted. This pattern suggested a possible mobilization of n'nc fi'om bone to

other tissues such as BM and liver as has been also indicated by other investigators.

However, dietary studies terminated at different time points in which the zinc content of

larger lumber oftissues are evaluated would better identify the kinetics ofzinc depletion and

the possibility of zinc redistribution in the course of the deficiency. Furthermore, the

assessment ofthe zinc content ofsorted populations (eg., B220‘Ig', B220”Ig*, CD4*CD8*)

along with the determination of their phenotypic distribution at various time points in the

course of dietary study would be able to better correlate the intracellular zinc levels to the

survivability of each population. However, in order to specifically identify the role of

suboptimal zinc levels by itself, the use of adrenalectomized mice in which there is no

interference ofGC hormones is suggested.
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Alterationinlymphopoieaisalongwiththeuncharigedzinclevels in the marrow onD

mice also suggest the contribution of other factors secondary to ZD. As it is documented,

progression ofZD activates the stress axis and results in chronic release ofglucocorticoids

which remain elevated throughout the deficiency. Due to the immunosuppressive efi‘ects of

GCs on lymphocytes, particularly an immature populations, their role in the alteration of

lymphopoiesis during ZD was speculated. In this regard, removal ofCS via adrenalectomy

clearly showed that ZD adrenalectomized mice exhibited complete thymic protection and

normal phenotypic distribution in early developing, immature and mature B-cell

subpopulations compared to ZD sham control mice. This data identified a significant role for

CS in the suppression oflymphopoiesis in fine deprived mice. Furthermore, the accumulation

of glucocorticoid resistance cells of the myeloid lineage in the marrow of ZD mice

emphasized the role of GC as one possible mechanism in the suppression of vulnerable

lymphocytes. Nevertheless, other possibilities such as alteration in the rate oflymphopoiesis

and cell cycling can not be ruled out. The necessity ofzinc for cell division and proliferation

along with the presence ofelevated GC during ZD, increases the possibility ofreduced rates

of lymphopoiesis and cycling in early developing B-lymphocytes. Using the FACS

methodology developed in this laboratory along with metaphase arrest techniques (eg., use

of vincristine to block cells at GM phase) in a time point diet study would identify the

contribution of these parameters to the observed lymphopenia in zinc deprived mice.

Furthermore, interrelating these parameters to the plasma zinc and CS levels, as well as zinc

content oflymphoid tissues would provide a more detailed picture ofhow gradual changes
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in the (zinc and CS levels in the course ofZD would play a role in lymphopoietic processes

and determine the eventual fate oflymphocytes.

Over expression or down regulation ofsome ofthe oncogenes particularly Bel-2 and

its family members (eg., Bel-x, A1, Bax, Bak, etc.) at difi‘erent stages of B and T—cell

development could also determine cell survival or cell death to maintain the potentially

fiinctional cells and also homeostasis of the system . As a clear example, Bel-2, an anti-

apoptotic oncogene has been shown to be expressed in progenitor and mature B-cells and

down regulated in precursor and immature B-cells. The pattern ofon and offexpression of

dis oncogene in these lymphocytes overlaps with the resistance or the sensitivity of different

B-cell subpopulations to the efl'ects of ZD, namely GCs. Thus, the expression or down

regulafionofoncogulescmddraideracdleiflia'sensifiveorresistance to deficienciesinzinc

or its secondary outcomes (eg., GC hormones).

Along with these factors, there are other possibilities that might contribute to the

selective sensitivity of lymphocytes in zinc deprivation, one of which is the BM

microenvironment in which lymphopoiesis occurs. Stromal cells, as one of the key

components ofthis microenvironment, provide a substantial support for lymphohemopoietic

processes. This is achieved via production ofdifferent cytokines and expression ofvarious

cell adhesion molecules that are involved in growth, maturation and differentiation of difi‘erent

cell lineages. It is possible that in the course of zinc deficiency the organization of this

microenvironment is altered in such a way that cells that are greatly dependent on cell

contacts or specific cytokines for their survival would somehow lose these supportive

elements and, therefore, become eliminated in the course ofZD. Our insuficient knowledge
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about the status of the microenvironment of the BM or thymus during zinc deprivation,

demands arterisive investigations which will likely reveal some explanations for the observed

immunological defects due to this nutritional deficiency.

The results from the in viva verification ofapoptosis in ZD mice showed a moderate

level of apoptosis in immature thymocytes detected by flow cytometric cell cycle analysis.

However, due to rapid elimination of apoptotic cells by macrophages in viva, it was

speculated that the data was not a true representative ofapoptotic events occurring in viva.

Therefore, an in vitro culture system with supplementation ofdifferent levels ofzinc and CS

analogous to their levels in dietary zinc mice was established. Data fiom these experiments

clearly showed that in culture conditions where zinc was as low and CS was as high as their

levels in ZD mice, a significant accumulation in apoptotic thymocytes, particularly, in

immature thymocytes were evident. Furthermore, addition of high amounts ofzinc to this

culture condition substantially inhibited apoptosis, maintaining it at basal levels detected in

the control media. These data suggested that apoptosis apparently occurs in ZD mice and

might be a mechanism for the elimination of susceptible lymphocytes in ZD, thus creating

lymphopenia Nevertheless, more thorough investigations employing time point diet studies

would greatly enhance the possibility of capturing apoptotic lymphocytes in viva before their

rapid clearance by macrophages.

In conclusion, the work described here has shed considerable light on the status of

lymphopoietic processes in zinc deprived mice and has provided some insights into the

possible roles of glucocorticoids and apoptosis in the observed lymphopenia. Although,

future studies examining the role ofthe afi‘ormentioned factors in the impaired immunity in
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zinc deficiency are highly required, the importance ofzinc in the integrity ofimmune system

and the its deleterious efi‘ects on immune components were substantially provided by this

project. More importantly, this work has laid a foundation for further investigations which

are likely to provide considerable insight into the treatment ofhuman subjects, particularly

children, that are either malnourished due to improper diet or are sufi‘ering from difi‘erent

diseases that would lead them to malnourished state.
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