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ABSTRACT 

Splenic and lymph node lymphocytes from Balb/C mice were acti

vated in vitrQ by the heavy metal cations. Zn++ and Hg++. as noted by 

the several-fold increases in 3H-thymidine incorporation at 144 hours 

of culture. Optimal mitogenic concentrations of Zn++ and Hg++ were 

200 ~M and 10 ~. respectively. Data from experiments in which three 

different methods were used to enrich for either T or B splenic 

lymphocytes. i.e. cell passage over nylon wool columns, use of athymic 

Nu/Nu mouse spleen cells. or cell lysis with monoclonal anti-Thy-1 

antibody plus complement, suggested that Zn++ and Hg++ were mitogens 

for T cells. Removal of macrophages from spleen cells by treatment 

with carbonyl iron followed by cell passage through nylon wool elimi

nated the lymphocyte responses to Zn++ and to Hg++. Moreover, 

addition of these macrophage-depleted lymphocytes to monolayers of 

resident peritoneal macrophages restored the lymphocyte responses to 

these mitogens. Both Zn++ and Hg++ activated splenic lymphocytes to 

display lectin-dependent cytotoxicity and to produce gamma interfero~ 

Furthermore. Zn++ induced low levels of natural killer activity in 

spleen cells. In contrast to spleen and lymph node cells. thymocytes 

and bone marrow lymphocytes did not respond to either cation under 

standard culture conditions. However, when cultured in the presence 

of ~ ..Q9ll-derived lipopolysaccharide (LPS) and 2-mercaptoethanol for 

144 hours. thymocytes were activated by Zn++ (200 ~ M) but not by Hg++. 

x 



xi 

Quantitites of LPS as low as 1.0 ng/ml satisfied this culture require

ment. Purified interleukin 1 could not replace the helping activity 

mediated by LP& Thymocyte subpopulation studies showed that Zn++ 

activated enriched peanut lectin receptor-negative mature thymocytes. 

but LPS was required for the response. Spleen cells from mice. intra-

peritoneally injected with ZnCl2 for 7 to 14 days, were not activated 

~ ~ as assessed by 3H-thymidine incorporation ~n ~tro, nor did 

they display enhanced responses to T-cell or B-cell mitogens. 

However. zinc administration had negative effects by decreasing spleen 

cell numbers by 31% and thymic weight by 59%. A theoretical model is 

presented in which Zn++ and Hg++ may mediate their stimulating effects 

in v~~ by altering histocompatibility "selfft structures on the 

surface of lymphocytes and macrophages via interactions with sulf

hydryl groups on these structures to which T lymphocytes with recep

tors for "altered self" structures respond with proliferation or 

cytotoxicity. 



STATEMENT OF PROBLEM 

This dissertation project had several objectives: (1) to 

demonstrate whether lymphocytes from mice can mount a mitogenic 

response to Zn++ and Hg++ or other heavy metals in~, (2) to 

define the metal cation concentration and time requirements for 

lymphocyte cultures that provide an optimal lymphocyte response, (3) 

to note variations, if any, in the lymphocyte response to Zn++ or Hg++ 

with lymphocytes from different lymphoid organ sources, (4) to define 

which lymphocyte type, i.e. B or T cell, is responsible for the mito

genic responses to Zn++ and Hg++, (5) to observe whether lymphocyte 

activation by either metal requires the presence of accessory macro

phages, (6) to discover the culture conditions necessary to enable 

thymocytes to be activated by Zn++ or Hg++, (7) to determine the 

thymocyte type, as defined by its level of functional maturity, that 

is activated by Zn++, (8) to demonstrate whether Zn++ or Hg++ can 

stimulate gamma-interferon-producing lymphocytes, (9) to observe 

whether Zn++ or Hg++ can activate cytotoxic subsets of lymphocytes, as 

determined by the lectin-dependent cellular cytotoxicity assay system, 

(10) to deSign a theoretical model for the mechanism of lymphocyte 

activation by Zn++ and Hg++ that considers possible mechanisms of 

lymphocyte activation by antigens and mitogens, and (11) to note 

effects of Zn++ administration inYiYQ upon lymphocyte proliferation. 

xii 



CHAPTER 1 

INTRODUCTION 

A Prolo~u~ 

The immune system evolved to enable its host to survive an 

invasion by virtually any pathogenic agent. It consists of a variety 

of cellular and humoral components which are intertwined to produce a 

highly regulated network of defense. Much research has focused on a 

fundamental reaction in immunology: the lymphocyte response to the 

antigenic component of a pathoge~ Relatively few lymphocytes within 

the whole lymphoid population can respond specifically to a given 

antige~ Since it is more difficult to detect the response of a small 

number of cells to antigen ln~ in a primary immune response, 

antigen-specific lymphocyte clones can be expanded by an ln~ 

presentation of the antigen. Therefore, following immunization, a 

larger ln~ response, or secondary immune response, can be 

detected (Dutton, 1964). However, with the introduction of lymphocyte 

mitogens, immunological research moved ahead with a quantum leap, 

since many lymphocyte clones could be activated by the mitogens 

without the necessity of prior immunizatio~ 

Lymphocyte Mitogens in Immunology 

In 1960, Nowell made the fortuitous discovery that a red blood 

cell agglutinin, phytohemagglutinin, a lectin from Phaseoulus 

1 



Tab 1 e 1. Lymphocyte ~1itogens 

Mitogen 

Plant Lectins 

Concanavalin A 
Lens culinaris (lentil) 
Lima bean lectin 
Limulus polyphemus 
Phytohemagglutinin 
Pisum sativum (pea) 
POkeweed mitogen 
Robina pseudoacacia 
Ulex europeus agglutinin 
Vicia faba 
Vicia sativa 
WTSter~ribunda 

Microbial Components" 

Actinomyces viscosus homogenate 
Cell walls (Gram pos. bacteria) 
Endotoxin protein 
Fungal mitogens 
Lipopolysaccharide: 

Eo col i 
N. gOriOrrhoeae 

Listeria lipids 
Mycoplasma-derived mitogen 
Nocardia water-soluble mitogen 
Peptidoglycans 
Pneumococcal polysaccharide SIll 
Polymerized flagellin 
Staphylococcal enterotoxin A 
Staphylococcal enterotoxin B 
Staphylococcal protein A 
Teichoic acids 
Trypanosome-derived mitogen 
Whole bacteria: 

Eo col i 
f.["" bovi s 
N. 9QiiCi"rrhoeae 
h aureus 

Responsive Reference 
Lymphocyte . 

T 
T 
? 
T 
T 
T 
T, B 
T 
T, B 
? 
? 
T 

B 
T, B 
B 
? 

B 
B 
B 
B 
B 
T, B 
B 
B 
T 
T 
T, B 
T, B 
T, B 

T, B 
T, B 
B 
T, B 

26,53 
26 

5 
18 

26,31,53 
18,51 
26,53 
46 

5 
5 

12 
18 

11 
33 
49 
55 

25,26,53 
4 

17 
28 
3 

32 
8 
8 

47 
47 

37,38 
33 
44 

34 
34 
39 
34 

(T) indicates data shown in this text. 

Mitogen Responsive Reference 
Lymphocyte 

Antibody Reagents 

Anti-alpha-2-macroglobulin 
Anti-beta-2-microglobulin 
Anti-carbohydrate 
Anti-histocompatibility antigens 
Anti-immunoglobulin 
Antibody Fc fragments 

Leukocyte Products 

B-Cell Activating Factor 
Interleukin 1 
lnterleukin 2 
Lymphocyte Mitogenic Factor 
Mitogenic Factor 

Miscellaneous Reagents 

? 
T, B 
T 
? 
B 
B 

B 
T 
T 
B 
T 

Alpha-thioglycerol B 
Ca++ -ionophore A23187 T, B 
Dextran sulfate B 
Enzymes: Alpha-mannosidase ? 

Chymotryps in B 
Galactose oxidase T 
Papain 
Trypsin B 

Heavy Metal Cations: Hg++ (T) 
Zn++ (T) 

Keyho 1 e 1 impet hemocyani n B 
Lanatoside C B 
Mercaptoethano 1 B 
Pentosane suI fate B 
Polyamino acids B 
Polyfructose (levan) B 
Polygalactan sulfate (carrageenan) B 
Po Iymeri zed dextran B 
Polynucleotides: Poly l:C, Poly A:U B 
Po Iyvi nyl pyrro 1 i done B 
Polyvinyl sulfate B 
Sodium periodate T 
Sodium polyanethole sulfonate B 
12-0-tetradecanoylphorbol-13-acetate T, B 

45 
23,36,57 

56 
36 

26,53 
24,43 

54 
7" 
7 

13 
20 

14 
19,35 
2, 9 

32 
16 

10,30 
22 

16,52 
6,42 

40 
9 

15 
14 
9 

2,19 
8 
2 
8 

2, 9,41 
8 
2 

29 
48 

1 N 



Table 1.--Continued 

References for Table 1 

1. Abb, Bayliss, and I)einhardt (1979) 

2. Blitstein-Wi1linger, Schulz, and Diamnstein (1976) 

3. Bona et a1. (1975) 

4. Brodeur et a1. (1977) 

5. Brown and Hun t (1978) 

6. Caron, Pouta1a, and Provost (1970) 

7. Conlon, Henney, and Gillis (19q2) 

8. Coutinho and ~Ioller (1973) 

9. Diamanstein et al. (1973) 

10. Dixon, Parker, and O'Brien (1976) 

11. Engel et a1. (1977) 

12. Falasca et al. (1979) 

13. Ceha, Hudawwar, and Schneeberger (1977) 

14. Goodman and Weigle (1977) 

15. Hammarstrom, Smith, and Persson (1978) 

16. Hart and Streilein (1976) 

17. Jakoniuk and Tlorowski (1980) 

18. Kimura et al. (191)0) 

19. Lai and Haurer (1'l81) 

20. Larsson, Nannervik, and Blomgrem (1979) 

21. lbino, r:repn, and Crumpton (1975) 

22. Mazzei, Novi, and 1I"7.?i (1%6) 

23. Moller and Persson (1974) 

24. florgan ancl Weip.I" (l'JRO) 

25. Morrison ancl Rvan (l'l7'l) 

26. Oppenheim and Hosl'nstrt'ich (1976) 

27. 07.ato, Somprvill", and Ehf'rt (1'17K) 

28. Nnot, Nrrchnv. nnd t:in"'wrr, (1979) 

29. Novogrod"kv .'11<1 1(;,t"hnl sk i (1972) 

30. Novogrodsky and Katchalski (1971) 

31. Nowell (1960) 

32. Paus and Steen (1978) 

33. Rasanen and Arvi10mmi (1982) 

34. Rasanen et a1. (1980) 

35. Resch, lIouil10n, and Gemsa (1978) 

36. Ringden, Moller, and Sanderson (1978) 

37. Ringden and Rynne1-Dagoo (1978) 

33. Romagnani et al. (1978) 

39. Rosenthal and Holler (1978) 

40. Ruh1 and Kirchner (1978) 

41. Scher et al. (1973) 

42. Schopf, Schulz, and Gromm (1967) 

t,3. Se1a, Wang, and Edelman (1976) 

44. Selkirk, Ogilvie, and Platts-Hills (1981) 

45. Sell (1970) 

46. Sharif, Brochier, and Rourril1on (1977) 

47. Smith and Johnson (1975) 

48. Smith and Hammarstrom (1978) 
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'i0. 
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Sultzer and Goodman (1976) 

Su1t7.er and Nilsson (1972) 

Trowhridge, Ralph, and Bevan (1975) 

Vischer (1974) 

Wedner and Parker (1976) 

C,4. Wood and Gaul (1974) 

'i'j. Yndomae et a1. (1979) 

'if,. YClmCl,,'dta, Clement, Clnd Shevach (1981) 

')7. Y.,mash ita l't a!. (l'l7'll 
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yulgaris, induced normal lymphocytes to undergo blastogenesis. 

Lymphooyte blastogenesis, the morphological expansion of cytoplasm and 

oell size, has been found to aocompany lymphocyte proliferatio~ 

Since the time of Nowell's studies, a variety of other compounds, in 

addition to phytohemagglutinin, have been found to induoe lymphooyte 

proliferation (Table 1). Unlike antigens, these agents do not require 

that the host animal is immunized against them in order to induce a 

significant lymphooyte respons~ Therefore, they have been termed 

nonspecific mitogens (reviewed by Oppenheim and Rosenstreioh, 1976; 

Wedner and Parker, 1976). Table 1 shows that the agents which nonspe

cifioally stimulate lymphocytes consist of various chemioal entities. 

Lymphooyte mitogens oan be classified into five groups: plant 

lectins, microbial oomponents, antibodies and antibody fragments, 

lymphocyte and macrophage produots, and a miscellaneous group of 

various chemical oompounds. Each mitogen group contains agents that 

oan stimulate either B or T cells, although a few mitogens are capable 

of activating both cell types. Underlying the diversity of the 

chemical nature of these mitogens and of the lymphocyte type that 

responds to them is that Band T lymphocytes may be activated through 

different moleoular mechanisms. However, a common ~rait among most, 

if not all, lymphocyte mitogens is that their mitogenic signals appear 

to be introduced to the lymphooyte at ~he cell surface. 

Zinc and Mercury-Mediated Stimulation of Lymphocytes In Vitro 

Of the lymphooyte activators shown in Table 1, one subclass of 
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mitogens, the heavy metal cations, Zn++ and Hg++, are the chemically 

simplest compounds known to activate lymphocytes to undergo cellular 

proliferation in cell culture. Moreover, Zn++ seems to be the only 

ubiquitous cellular component that can function as a lymphocyte 

mitoge~ But in spite of their unique chemical characteristics, Zn++ 

and Hg++ are among the least characterized mitogens in regard to the 

lymphocyte type that responds to them, the accessory cells or factors 

that they require to activate lymphocytes, and whether or not they can 

induce lymphocyte functions and the production of soluble lymphokines. 

Zinc and mercury are unique among most other cations, such as 

cadmium, copper, silver, chromium, arsenic, beryllium, lanthanum, 

gold, lead, magnesium, manganese, cobalt, and calcium, since none of 

these cations can activate lymphocytes and many are cytotoxins 

(Schopf, Schulz, and Isensee, 1969; Berger and Skinner, 1974; Utakoji, 

1972). Some reports in which certain cations are claimed to be 

mitogenic remain controversial while others are clearly untrue. 

Gallagher, Matarazoo, and Grey (1979) reported that Cd++, Pb++, and 

Cr+++ are mitogenic and stimulate lymphocyte 3H-thymidine incorpora

tion by 2 to 6 fol~ However, upon reviewing their work, the data 

were manipulated to show lymphocyte stimulation which did not exist. 

The metal cations, Cd++, Pb++, and Cr+++ are not mitogenic but are 

toxic to lymphocytes. 

Whether Ni++ is a nonspecific mitogen or simply a contact

sensitizing agent is unclear. Studies claiming Ni++ to be a mitogen 

are not supported by many other report~ Nickel cations stimulate 
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significant increases of 3H-thymidine incorporation and of lymphoblast 

cells (6 to 14%) in lymphocytes from both skin-test-negative normal 

individuals and Ni++-sensitive skin-test-positive patients after 5 to 

9 days in culture (Pappas, Orfanos, and Bertram, 1970; Utakoji, 1972; 

Kim and Schopf, 1976; S1lvennoinen-Kassinen, 1980). S1lvennoinen

Kassinen (1981) report that while the vast majority of Ni++-skin-test 

positive individuals respond to Ni++ 1n~, 10% of the Ni++-skin

test-negative normal individuals also respond to Ni++ 1n~. 

Therefore, Ni++ may be a restricted lympbocyte mitogen, since only a 

minority of individuals can respond to it. In contrast, several other 

investigators have found either no or very weak 1n~ stimulation 

of lympbocytes from humans or animals with Ni++ (Schopf, Scbulz, and 

Isensee, 1969; Caron, Poutala, and Provost, 1970; Berger and Skinner, 

1974; Svejgaard et al., 1978; Braathen, 1980; Reardon and Lucas, 

1981). Thus, whether Ni++ is or is not a nonspecific lymphocyte 

mitogen remains controversial. Another divalent cation, U02++, also 

has been reported to have weak mitogenic effects on hUman lymphocytes 

after 5 days of culture (Utakoji, 1972), but no studies have been done 

to verify this report. 

In contrast to otber cations, Zn++ and Hg++ activate lympho

cytes from every animal species that has been tested for a response. 

Zinc salts of acetate, aspartate, chloride, and sulfate stimulate 

mitogenesis in human peripberal blood lymphocytes (Kirchner and Rubl, 

1970; Rubl, Kirchner, and Bocbert, 1971; Rubl, Scholle, and Kirchner, 

1971; Utakoji, 1972; Berger and Skinner, 1974; Kondracki and Milgrom, 
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1977; Frost, Monahan, and Abell, 1978; Ruh1 and Kirchner, 1978; 

Garofalo et a1, 1980; personal observation), ohicken splenic lympho

cytes (Kirohner, Oppenheim, and B1aese, 1973), hamster lymph node 

cells (Hart, 1978), and guinea pig lymph node and splenic lymphocytes 

(Hart, 1978). Additionally, various mercuric salts, including 

chloride, nitrate, and acetate, activate human peripheral blood 

lymphocytes in~ from normal individuals that are not contact 

sensitive to Hg++ (Schopf, Schulz, and Gromm, 1967; Schopf, Schulz, 

and Isensee, 1969; Caron, Poutala, and Provost, 1970; Utakoji, 1972; 

Yachnin, 1972; Berger and Skinner, 1974; Hutchinson, Macleod, and 

Raffle, 1976; Lischka, 1976; Berger, Kociolek and Pitha, 1979; Ohsawa 

and Kimura, 1979). Organomercurials, such as sodium-dibromohydroxy

mercurifluoresceine (Merbromin) and 1,4-bismercury-3,4-dehydroxybutane 

also are mitogenic for human lymphocytes (Caron, Poutala, and Provost, 

1970; Berger, Kociolek, and Pitha, 1979). Mercury cations activate 

splenic or lymph node lymphocytes in animals such as rabbits, rats, 

and guinea pigs (Pauly, Caron, and Suskind, 1969; Hart, 1978). 

Experiments in which animal cage mates were tested to show an absence 

of contact sensitivity to Hg++ suggest that the lymphocytes which 

responded to Hg++ in~ had not been sensitized to Hg++ prior to 

the in ~ assays. 

The concentrations of Zn++ or Hg++, required for optimal 

mitogenic stimUlation of lymphocytes, vary among different reports. 

Concentrations of Zn++ which optimally activate human lymphocytes 

range from 100 ~M (Berger and Skinner, 1974) to 250 ~M (Ruhl, Scholle, 



and Kirchner, 1971), while optimal Hg++ concentrations range from 10 

~M (Berger and Skinner, 197~) to 37 ~M (Schopf, Schulz, and Isensee, 

1969) with intermediate concentrations causing optimal lymphocyte 

stimulation in other aforementioned studies. Guinea pig lymph node 

lymphocytes require 50 11 M Zn++ or 10 to 35 ~M Hg++ for maximal 

stimulation (Hart, 1978). In one report, rabbit and rat lymphocytes 

differed in the amount of Hg++ required for maximal stimulation with 

35 ~M versus 8 ~M, respectively (Pauly, Caron, and Suskind, 1969). 

8 

The variability in findings regarding optimal stimulating concentra

tions of Zn++ and Hg++ may be because of differences in the concentra

tions of serum used in cell cultures and as a result of species

dependent variations. Generally, more Zn++ and Hg++ are required in 

cell cultures containing higher serum concentrations to achieve an 

optimal lymphocyte response. In support, serum-free cultures of 

hamster lymphocytes require only 10 l1M Zn++ for optimal stimulation 

(Hart, 1978). The data suggest that serum proteins compete with 

lymphocytes for binding of Zn++ and Hg++, as previously reported for 

macrophages and Zn++ (Chvapll et al., 1977). 

As activators of lymphocytes, Zn++ and Hg++ share some 

characteristics with lectin mitogens and with antigens. Zinc and 

mercury cations are similar to T-cell lectin mitogens in that they 

appear to be nonspecific lymphocyte mitogens. Lectin mitogens, such 

as phytohemagglutinin, are classified as nonspecific mitogens because 

they activate a large number of lymphocytes which previously have 

never been exposed to them. In contrast, a large lymphocyte response 
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can be induced with an antigen, but it requires prior sensitization to 

the antigenin~ The nonspecific nature of lymphocyte act~vation 

by lectins is further supported by tneir stimulation of lymphocytes 

from umbilical cord blood which presumably have never been exposed to 

the lectins 1n~ (Oppenheim and Rosenstreich, 1976; Wedner and 

Parker, 1976; Yoffey at al., 1978). Zinc and mercury cations also 

have been suggested to be nonspecific mitogens based on their activa

tion of cord blood lymphocytes (Caron, Poutala, and Provost, 1970; 

Ruhl, Kirchner, and Bochert, 1971). However, since these metal ions 

can pass through the placental ~arrier (Kurland, 1973; Zylicz et al., 

1975), the fetus potentially could become "sensitized" to the metals 

in utero. Activation of cord blood lymphocytes may be criticized as 

an inaccurate basis upon which to classify these metals as nonspecific 

mitogen~ Nevertheless, since lymphocytes from all animal species 

tested up to now can respond to both metals, Zn++ and Hg++ are 

presumed to be nonspecific lymphocyte mitogen~ 

One characteristic shared between lymphocyte responses to 

antigens and to the metal cations is the kinetics of the response. In 

~ lymphocyte responses to soluble antigens usually display the 

largest increases in levels of 3H-thymidine incorporation or numbers 

of lymphoblasts at around 96 to 168 hours of culture (Cowling, 

Quaglino, and Davidson, 1963; Marshall, Valentine, and Lawrence, 1969; 

Schwartz, Jackson, and Paul, 1975; Fairchild and Malley, 1976; 

Brummer, Vris, and Lawrence, 1977; DuBois et al., 1978; Lee, 

Wilkinson, and Wong, 1979). In contrast, lectin mitogens, such as 
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phytohemagglutinin or concanaval1n A, show optimal lymphocyte stimula

tion at around 48 to 72 hours (Oppenheim and Rosenstreich, 1976; 

Wedner and Parker, 1976). Like antigen st1mulation of lymphocytes, 

Zn++ and Hg++ optimally induce lymphoblast forms of lymphocytes and 

stimulate increases in 3H-thymidine incorporation at around 120 to 168 

hours (Caron, Poutala, and Provost, 1970; Ruhl, Scholle, and Kirchner, 

1971; Berger and Skinner, 1974). 

The heavy metal mitogens, Zn++ and Hg++, optimally induce 

intermediate numbers of lymphoblasts with respect to those formed in 

response to antigens and lectin mitogen~ Zinc and mercury cations, 

respectively, induce 6 to 33% and 12 to 52% of human lymphocytes to 

become lymphoblasts in culture (Caron, Poutala, and Provost, 1970; 

Ruhl, Scholle, and Kirchner, 1971). Similarly, Hg++ induces 

approximately 50% of the lymphocytes to become lymphoblasts in 

cultures of guinea pig and rat lymph node cells and rabbit spleen 

cells (Pauly, Caron, and Suskind, 1969). As an example of the outcome 

of a lymphocyte response to an antigen, 10 to 20% of the lymphocytes 

fr'om tuberculin-sensitized human subjects transform into lymphoblasts, 

following a 7-day incubation with soluble tuberculin antigen in~ 

(Cowling, Quaglino, and Davidson, 1963). In contrast, the lectin 

mitogen, phytohemagglutinin, induces 90% of human lymphocytes to 

become lymphoblasts in culture (Polgar, Kibrick, and Foster, 1968). 

These data suggest that the metal cations stimUlate a larger number of 

lymphocyte clones than those stimulated during a secondary response to 

antigen but activate a smaller number of clones than the mitogenic T-



cell lectin~ Thus, zn++ and Hg++ appear to be limited polyclonal 

mitogens with respect to lectin mitogens. 
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One way in which zn++ and Hg++ appear to differ from lectin 

mitogens is in the amount of time in which their presence is required 

during the culture period to optimally stimulate lymphocytes. 

Mitogenic lectins are required to contact lymphocytes in1tially only 

for a short time, relative to the appearance of optimal levels of 3H

thymidine incorporation at around 72 hours. The lectin can be removed 

from the lymphocytes through competitive binding with simple sugar 

molecules following this early period of required cell contact, after 

which the lymphocytes are "committed" to enter the cell cycle and no 

longer require the presence of the lectin for optimal stimulation 

(Resch and Gemsa, 1979). In contrast, zn++ and Hg++ cannot be removed 

from lymphocyte cultures after a short incubation period and still 

induce an optimal response. If at any time during the 120-hour 

culture period the heavy metal-supplemented medium is removed from the 

lymphocyte cultures and replaced with fresh medium without the 

pertinent cation, a less-than-optimal lymphocyte response occurs by 

144 hours (Caron, Poutala, and Provost, 1970; Ruhl, Kirchner, and 

Bochert, 1971; Berger and Skinner, 1974). The data suggest ~hat the 

heavy metals must be continuously present in culture for optimal 

stimulation of lymphocyte~ However, this information does not 

necessarily infer that an initial stage of lymphocyte commitment does 

not occur. Since zn++ and ag++ appear to stimulate a smaller number 

of lymphocyte clones than lectin mitogens, a long culture period of 
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144 hours is required for the expansion of ~hese lymphocyte clones to 

aohieve a large lymphocyte response. The heavy metal-responsive cell 

clones may require a short initial exposure to Zn++ or Hg++ to commit 

them to enter the cell cycle and initiate oell division, as with 

lectin mitogens. However, during the process of clonal expansion 

throughout the long culture period, the presence of the metal cations 

is required for each round of cell divisio~ Therefore, experiments 

in whioh Zn++ and Hg++ are removed from lymphocytes, thereby 

preventing an optimal lymphooyte response, may reflect the interrup

tion of cell oycle commitment during various clonal generations. Th1s 

is in contrast to an interruption of oommitment only during the 

initiation of the culture as observed with leotin mitogens whioh oause 

stimulation of the vast majority of lymphocyte clones at the outset. 

Some studies suggest that the lymphocyte olass that is 

stimulated by Zn++ is a T oell. Ruhl and Kirchner (1978) report that 

human T lymphooytes, enriohed through nylon-wool-nonadherence and 

sheep erythrocyte rosette formation, but not B lymphocytes, enriohed 

by rosetting to antibody- and complement-coated sheep erythrocytes, 

are the cell type activated by Zn++. Likewise, Berger and Sktnner 

(1974) found that Zn++ activates a nylon wool-nonadherent human 

lymphocyte populatio~ However, the latter investigators were not 

specifically concerned with isolating T cells and may not have 

obtained optimally enriched T cells. One oriticism of ~he work of 

Ruhl and Kirchner is that their isolated B lymphocytes may have had 

the potential to be activated by Zn++ but did not respond because 
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helper T lymphocytes were remove~ T lymphocytes also seem to be the 

major Zn++-responsive cells in chickens, since splenic lymphocytes 

from both normal and agammaglobulinemic chickens are activated by Zn++ 

to the same magnitude (Kirchner, Oppenheim, and Blaese, 1973). In 

this investigation, young chickens were chemically bursectomized (the 

bursa of Fabricius is an avian lymphoid organ responsible for 

maturization of B lymphocytes) with cyclophosphamide which depletes 

the animal of immunoglobulin-bearing and antibody-producing B cells. 

Since the absence of B cells does not affect the mitogenic response to 

Zn++, the suggestion that Zn++ is primarily a T-cell mitogen is 

further supporte~ 

In conflict with these studies, Cunningham-Rundles et ale 

(1980) report that Zn++ nonspecifically activates B lymphocytes in a 

poly clonal fashion to produce antibodies against antigens to which the 

immune system previously has never been exposed, such as antigens on 

sheep erythrocytes. In this study, human peripheral blood, splenic, 

or lymph node lymphocytes were incubated with ZnCl2 (60-160 ~M) for 

144 hours in oulture to achieve maximal stimulatio~ After tbis 

incubation period, the cells were transferred to an agar plate 

containing a suspension of sheep red blood cells and complemen~ As 

the basis for the plaque-forming cell assay, the number of clear areas 

or plaques indicates the number of lymphocytes producing antibodies 

against the red cells. A significant number of B cells appeared to be 

activated by Zn++ to produce antibodies against the sheep cells, in 

contrast to control cultures. The B-cell response to Zn++ was 
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approximately as great as with the B-cell mitogen from pokeweed and as 

the secondary B-Iymphocyte response to the common antigens, purified 

protein derivative of tuberculin and diphtheria toxoid. Since no 

separation of lymphocyte populations was done, the au~hors' conclusion 

that Zn++ directly activates B cells is very we~ Thus, they could 

not rule out the possibility that Zn++ may be activating T lymphocytes 

to produce B-cell activating factors which, in turn, can polyclonally 

stimulate B cells to produce antibodies. In support of ~his 

possibility, stimulation of T lymphocytes by concanavalin A as well as 

by soluble antigens and cell-bound alloantigens also results in B-cell 

proliferation and/or production of polyclonal antibodies in humans 

(Geba, Mudawwar, and Schneeberger, 1977; Bird et aL, 1981) and in 

mice (Primi, Lewis, and Goodman, 1979; Primi et al., 1979) because of 

the secretion by T cells of factors which directly activate B lympho

cytes polyclonally. Furthermore, Cunningham-Rundles et al. (1980) 

showed that lymphocytes from many patients with immunodeficiency 

diseases, such as common variable immunodeficiency, which results in 

severe hypogammaglobulinemia, failed to be stimulated by Zn++ to 

produce antibody-secreting cells, although the lymphocytes could mount 

a zinc-mediated mitogenic response. These latter data show that even 

when B cells do not produce antibody, the lymphoproliferative response 

to Zn++ remains intact. In light of the data of o~hers as previously 

described, the mitogenic response to Zn++ most likely is mediated by T 

cells. Therefore, Zn++ appears to be mitogenic for human T lympho-



cytes, but whether or not it can directly stimulate B lymphocytes 

remains unclear. 
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As for the lymphocyte type activated by Hg++, no specific study 

has been done in any species. However, the work of Yachnin (1972) and 

Berger and Skinner (1974), who used nylon wool to purifY their human 

lymphocytes and who may have enriched for T lymphocytes by this 

method, implies that Hg++ also activates T lymphocytes. Since these 

two investigators were not specifically concerned with enriching for T 

cells, they may not have used the separation method correctly. 

Therefore, the lymphocyte population activated by Hg++ has not been 

clearly demonstrated but perhaps may be composed of T cells. 

Similar to antigen and mitogen stimulation of lymphocytes, some 

studies suggest that lymphocyte activation by Zn++ requires a helping 

function from an accessory celL However, no slmilar investigations 

have been done for Hg++-mediated lymphocyte activatio~ Kondracki and 

Milgrom (1977) found that activation of human lymphocytes by Zn++ 

requires the occurrence of some cell-cell interactio~ They observed 

that peripheral blood lymphocytes suspended in medium-supplemented 

agarose are not stimulated by Zn++, nor by concanavalin A, pokeweed 

mitogen, or sodium periodate, in contrast to the control mitogenic 

. responses in liquid culture. In a slightly different experimental 

protocol, Frost, Monahan, and Atell (1978) incubated human peripheral 

blood lymphocytes, depleted of glass-adherent macrophages, on the 

surface of an agarose layer with or without glass-adherent mononuclear 

cells underneath the agarose layer. No Zn++ response is observed in 
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macrophage-depleted cell cultures, nor in cell cultures with adherent 

cells under the agarose layer. However, the adherent-oell-depleted 

lymphooytes are aotivated by Zn++ when the adherent oells are mixed 

with them. The authors suggest that the Zn++ response requires an 

aocessory funotion by adherent macrophages whioh is mediated by direct 

cell oontact and not solely by soluble macrophage-derived factors. A 

macrophage requirement for the lymphocyte response to Zn++ also is 

supported by Ruh! and Kirchner (1978) who found that enriched T cell 

populations do not respond well to Zn++ unless 1 to 10% mitomycin C

treated monocytes are added. However, in contrast to Frost et al., 

they showed that the Zn++ response could be restored by 50% with 

adherent-monocyte-conditioned medium. Restoration of the responses to 

Zn++ is increased to 75% with oulture fluids derived from adherent 

monocytes incubated with Zn++ for 2~ hours. In spite of the conten

tion between reports regarding the activity found in macrophage

conditioned medium, the conoensus of the data suggests that lymphocyte 

activation by Zn++ requires macrophage acoessory funotio~ 

In light of the disoussion above, the laok of a lymphocyte 

response to Zn++ in some reports may reflect the loss or low frequency 

of a particular cell type, such as a T-lymphocyte subclass or, most 

likely, an aooessory macrophage. Lymphooyte responses to Zn++ vary in 

some animal speoies depending upon the lymphoid organ source from 

whioh the cells are derived. In hamsters, although lymph node cells 

are responsive, splenocytes and thymocytes are not responsive to Zn++ 

(Hart, 1978). This suggests that hamster splenooytes and thymocytes 
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lack the same frequency of a cell type, such as macrophages, found in 

the lymph nodes. Variations in Zn++ responsiveness of lymphocytes 

from different lymphoid organs also have been demonstrated in humans 

(Cunningham-Rundles et al.,· 1980). Similarly, low responses to Zn++ 

are observed in humans with lymphocyte diseases. Human peripheral 

blood lymphocytes from patients with Hodgkin's disease (a lymphogranu

lomatose neoplastic disease) and chronic lymphocyte leukemia show 

diminished Zn++ stimulation of 3H-thymidine incorporation and lympho

blast development. Lymphoblast percentages ranged from 0.1 to 26% and 

0.1 to 5% in the Hodgkin's disease and leukemia patients' lymphocyte 

cultures, respectively, and were smaller than the range of 12 to 52% 

seen in Zn++-stimulated lymphocyte cultures from normal individuals 

(Ruhl, Scholle, and Kirchner, 1971). Mononuclear leukocytes from 

these leukemia patients, cultured ln~ at a 3- to 5-fold higher 

density, show a greater response to Zn++, suggesting that a Zn++ 

response occurs when some cell type is increased in number. 

Similarly, mononuclear leukocytes from patients with Hodgkin's disease 

in remission can produce a higher response to Zn++ which again 

suggests that the frequency or functional expression of a crucial cell 

type is increased during the remission period. Although the cell type 

responsible for the increases in Zn++-responsiveness was not studied 

in these reports, the previously described data suggest that it is a 

macrophage. 

Zinc and mercury cations are strikingly different from other 

nonspecific mitogens by their induction of certain important 
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biochemical parameters of lymphocyte activation, i.e. amino acid 

transport, early protein phosphorylation, phosphatidylinositol 

turnover, and early changes in cyclic adenosine monophosphate levels. 

During Zn++- or Hg++-induced activation of lymphocytes, there is 

little or no change in early protein phosphorylation and early cyclic 

adenosine monophosphate levels, as well as inhibition of amino acid 

uptake and phosphatidylinositol turnover. In contrast, lectin 

mitogens induce increases of all these parameters (reviewed by Parker, 

1977). Because of these differences, Parker designates lymphocyte 

mitogens into two classes: (1) mitogens which increase these 

parameters, i.e. phytohemagglutinin, concanavalin A, Ca++-ionophore 

A23187, and (2) mitogens which inhibit or fail to stimulate these 

parameters, i.e. Zn++, Bg++, and NaI04. Parker suggests that the 

discordant effects induced by the two classes of mitogens may reflect 

different mechanisms of lymphocyte activatio~ He also suggests that 

Zn++ or Hg++ act to stimulate lymphocytes by bypassing the activation 

parameters mentioned above. However, some or all of these observed 

parameters actually may be be secondary to or not essential for 

lymphocyte activation, and it may be misleading to classify mitogens 

in this manner. The importance of some of ~hese aforementioned 

biochemical parameters, such as increases in cyclic adenosine mono

phosphate remain controversial, since increases in overall cyclic 

guanine monophosphate levels appear to be more relevant to lymphocyte 

activation (Hadden, et a!., 1979). 
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Parker (1974, 1977) has demonstrated that several mitogens, 

including Zn++, Hg++, phytohemagglutinin, concanavalin A, ionophore 

A23187, trypsin, and NaI04 all induce at least one common biochemical 

event, the initiation of Ca++ uptake within the first hour of lympho

cyte stimulatio~ Zinc and mercury cations at concentrations which 

are similar to the concentrations required for optimal 3H-thymidine 

incorporation at 6 days, (250-300 ~M and 30-60 ~M, respectively), 

stimulate maximal Ca++ uptake after 1 hour at levels similar to those 

induced by lectin mitogens. Nonmitogenic divalent cations, such as 

Mn++, Co++, and Cu++ do not stimulate Ca++ uptake, although Cd++ has a 

small, and perhaps artifactual, effect at very high concentrations 

1 mM). As a common cellular event induced by all of these mitogens, 

early Ca++ transport may have some important function during lympho

cyte activation. But, whether or not Ca++ uptake has a primary or 

secondary role in lymphocyte activation has been under considerable 

dispute (as reviewed by Kaplan, 1977). 

In Vivo Effects of Zinc and Mercury on the Immune ~~ 

I. Biological Requirements for Zinc 

As Group lIB metals, zinc and mercury have similar chemical 

properties. However, in a biological point of view, the two metals 

are markedly dissimilar. Zinc is one of the least toxic heavy metals 

and is required for normal metabolic functions in living organisms. 

In contrast, mercury is not required and is a potent biological toxin. 

Thoughout nature, Zn++ appears to be quite important for many cellular 
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processe~ The best described function for Zn++ in eukaryotic cells 

is its role in cell division (reviewed by Riordan, 1916). As 

described in simple eukaryotic systems, this ion is required for the 

initiation of deoxyribonucleic acid synthesis and is necessary during 

all phases of the cell cycle. Studies also suggest an important role 

for Zn++ in ribonucleic acid and protein synthesis. The biological 

necessity for Zn++ may be related to the 10 or more zinc-dependent 

enzymes or zinc-metalloenzymes, some of which are found in every 

enzyme category. Examples of zinc enzymes include deoxyribonucleic 

acid and ribonucleic acid polymerases, reverse transcriptase, 

thymidine kinase, and terminal deoxyribonucleotidyl- transferase (Chang 

and Bollum, 1910; Duncan_ and Dreosti, 19'76; Riordan, 1976). Further

more, zinc is functionally important for maintaining integrity of 

biological structures, such as nucleic acids, lysosomes, cell 

membranes, micro tubules, and ribosomes (reviewed by Chvapil, et al., 

1972, 1976; Riordan, 1976). 

The requirement for Zn++ in cell division is demonstrated by 

the effects of zinc deficiency on the immune system. Many reports 

have described in~ inhibition of 3H-thymidine incorporation 

following chelation of Zn++ in culture medium with ethylenediamine

tetraacetate (EDTA) or orthophenanthroline in lectin-mitogen

stimulated lymphocyte cultures (Alford, 1970; Chesters, 1972, 1975; 

Berger, Johnson, and Skinner, 1975; Riordan, 1976; Zanzonico, 

Fernandes, and Good, 1981). Tritiated-thymidine incorporation is 

restored in the cultures resupplemented with Zn++. In some reports, 
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Zn++ chelation also inhibits incorporation of 3H-uracil into ribo

nucleic acid and incorporation of 3H-leucine into protein in mitogen

activated lymphocytes (W1lliams and Loeb, 1973; Chesters, 1974, 1975; 

Berger, Johnson, and Skinner, 1975). Since these zinc-chelation 

studies showed inhibition of lymphocyte responses to T-cell mitogens, 

such as concanavalin A or phytohemagglutinin, they suggest that the 

proliferation of T lymphocytes is sensitive to the absence of Zn++. 

Moreover, Zanzonico, Fernandes, and Good (1981) showed that concentra

tions of EDTA in culture medium, inhibiting T-cell mitogen responses 

of mouse lymphocytes by 50%, did not affect the B-lymphocyte response 

to the B-cell mitogen, lipopolysaccharide. They found that when fetal 

calf serum, dialyzed against EDTA to remove Zn++, was used in the 

lymphocyte culture medium, the T-cell proliferative response to 

mitogens is inhibited but is restored with 10 ~M Zn++. Therefore, the 

data suggest that T-lymphocyte proliferation is more sensitive to the 

absence of Zn++ than the proliferation of B cells, which support the 

findings of .in nE. deficiencies of zinc. 

Zinc deficiencies occurring .innE..also have been associated 

with defects in lymphocyte proliferation. Autosomal-recessive 

congenital zinc deficiencies in humans (acrodermatitis enteropatbica) 

and in animals (Adema disease of cattle) and dietary zinc deficiencies 

result in lymphopenia and in hypoplasia of all lymphoid organs, 

including the spleen, regional lymph nodes, Peyer's patches, and other 

gut-associated lymphoid tissues (Weismann, 1976). The most noted 

characteristic of zinc deficiency is the decrease in thymic size which 
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can be as much as 97~ (Miller et al., 1968). The hypoplasia is the 

result of depletion of small lymphocytes, primarily the T cells. In 

zinc deficiency, there is an absence of germinal centers in the 

lymphoid organa with a redistribution of B lymphocytes in the normally 

T-dependent areas which again points to a decrease in T-lymphocyte 

numbers. Furthermore, the negative effect of zinc deficiency on T

cell proliferation is supported by the low jn~ responses of 

lymphocytes to T-cell mitogens in zinc-deficient animals (W1lliams and 

Chesters, 1970; Stephan and Hsu, 1973) and in zinc-deficient patients 

(Endre, Katona, and Gyurkovits, 1975; reviewed by Bach, 1981), 

compared to lymphocytes from normal zinc-sufficient control subjects. 

The unique sensitivity of T lymphocytes to jn~ deficiencies 

of zinc also is manifested by defects in lymphocyte functio~ In some 

reports, T-cell-mediated immune responses tojn~ injections of 

natural and synthetic antigens are dramatically reduced under 

conditions of zinc deficiency, while proauction of all irumunoglobulin 

classes of serum antibodies is normal and reflects normal B-cell 

function (reviewed by Weismann, 1976; reviewed by Bach, 1981). 

However, some studies have found decreased levels of immunoglobulin 

production in zinc-deficient animals, but the defect is restricted 

primarily to the helper T lymphocyte and not the B cell. Immuno

globulin G production, detected by the indirect plaque-forming cell 

assay, is decreased in zinc-deficient mice but is restored to a 

significant degree with the jn ~ addition of normal zinc

sufficient thymocytes, which restores only the helper T-cell pool 
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(Fraker, Haas, and Luecke, 1977; Luecke and Fraker, 1978). In 

support, rats on a zinc-deficient diet show a decrease in thymic 

weight and a decrease in splenic plaque-forming cells ~~, again 

suggesting a helper T cell defect (Chandra and Au, 1980). These 

latter investigations and Tanaka et ale (1978) also found that in 

~ cytotoxic T-cell responses against allogeneic target cells is 

impaired in zinc-deficient animals, if sensitization to the target 

cells occurs jn~ However, antigen-specific cytotoxicity in zinc

deficient rats is normal when the cytotoxic cells are sensitized to 

the allogeneic cells jn ~ (Chandra and Au, 1980). This suggests 

that cytotoxic cells can arise from their cytotoxic precursor cells 

and expand their clones when placed under zinc-sufficient culture 

conditions for several days. How the immune system, especially the T

cell compartment, is impaired by a state of zinc deficiency is not 

clear, although the central underlying reason simply may be because of 

the impairment of cell divisio~ 

Zinc-deficiency-induced immunodeficiencies appear to be 

alleviated with oral zinc supplementatio~ Lymphoid organ morphology 

and T-cell-mediated immunity are restore~ Most notedly, supplementa

tion prevents what ordinarily would be an inevitable death from 

infection in the cases of severe zinc deficiency (Weismann, 1976). 

Deficiencies of other trace metals other than zinc have 

detrimental effects on immune functio~ Both iron and copper 

deficiencies in animals cause a decrease of antibody titers to 

antigens, but no hypoplasia of lymphoid organs is observed (Nalder et 
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aL, 1972; Prohaska and Lukasewycz, 1981). No studies have been done 

to determine the immunologic lesion at the T- or B-oell level that is 

produced by these traoe metal deficiencies. 

Zinc, as a biological nutrient, may be ohanneled to lymphocytes 

jn~ with the serum protein,transferrin,and may be stored in the 

oell with the oytoplasmic protein, metallothionei~ Zinc has been 

reported to be taken up by lymphocytes after the zino-bound 

transferrin complex binds a specific lymphocyte surface receptor 

(Phillips, 1976)8 Phillips (1981) suggests that Zn++ then migrates 

through the cytoplasm and into the nucleus where it is required for 

cell divisio~ Upon entering the cytoplasm, Zn++ may bind oytoplasmic 

metallothionein in lymphocytes (Hildebrand and Cram, 1979), as 

similarly observed in liver and kidney cells (Chen, Vasey, and 

Whanger, 1977; reviewed by Cherian and Goyer, 1978). Perhaps the 

Zn++-metallothionein complex can migrate from the cytoplasm into the 

nuoleus to account for this migration observed by Phillips (1981) 

following lymphocyte activation by lectin mitogens. In light of the 

lymphocyte requirement for zino, the data suggest that metallothionein 

may serve to maintain Zn++ pools in the cell during times of Zn++ 

insufficiency or to transport Zn++ into the nucleus or elsewhere in 

the cell in which it is needed. Alternatively, metallothionein may 

serve only as a cytoplasmic chelator of toxic metals as in liver and 

kidney oells. Since Zn++ appears to be very important for T-lympho

cyte proliferation and function, the existence of a zinc-transport 

network would be advantageous to ensure optimal immune funct1o~ 
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II. The Effect of Zino Supplementation on Immune Funotion 

Zinc administrationjn~ has varied effects upon the 

function of the immune systems of humans and animals that are presumed 

to be zinc sufficien~ The effects of zinc supplementation on mitogen 

stimulation of lymphocytes and on antibody production is not consis

tent. Human subjects with low peripheral blood T-cell counts showed 

significantly increased numbers of T cells and elevated serum gamma

globulin and IgG levels when orally supplemented with znS04 (600 

mg/day) (Wesierska-Gadek et al., 1979). Since the zinc status of 

these patients was not determined, and their symptoms and response to 

zinc supplementaion are suspiciously indicative of a deficiency in 

zinc, the data are difficult to interpret. In another study, when 

normal human subjects are given oral ZnSO~ (660 mg/day equa11ng 150 mg 

of Zn++ or 10 times the minimum daily requirement), lymphocyte 

responses to T-cell lectin mitogens are slightly, but not significant

ly, increased (Duchateau, Delespesse, and Vereecke, 1981). Similarly, 

lymphocytes from mice orally supplemented with zinc (~ or 31 ~M Zn++ 

in drinking water for 15 or 30 days) did not respond differently from 

the controls to phytohemagglutinin or pokeweed mitogen (Gaworski and 

Sharma, 1978). Nevertheless in normal rats, oral zinc supplementation 

causes a 3-fold increase in 1n ~ ntimulation of lymphocytes by 

phytohemagglutinin (Chvapil et aL, 1976). In one report, oral zinc 

supplementation did not affect the antibody response of chickens to 

particulate antigens, although the number of circulating lymphocytes 

increased (Makled, Khattab, and El Hammady, 1975). Similarly, sub-
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lethal doses of ZnCl2 added externally to zebrafish do not affect the 

antibody response to viral antigens, although antibody responses to 

bacterial antigens ar'e deoreased with respeot to controls (Sarot and 

Perlumut ter, 1976). 

Although not all reports are supportive of this finding 

(Arachi, 1972; Edwards, 1976), 1n~ zinc administration suppresses 

the initiation of tumor growth 1n ID.g, (Charkasova, 1968; Poswillo and 

Cohen, 1971; Ciapparelli, Retief, and Fatti, 1972; Woster et al., 

1975; Phillips and Sheridan, 1976). Similar studies with mercury 

apparently have not been done. Some investigations found that oral 

zinc supplementation prevents dimethylbenzanthracene-induoed carcino

genesis (PoBwillo and Cohen, 1971; Ciapparelli, Retief, and Fatti, 

1972). Additional investigations have demonstrated that injections of 

Zn++ inhibit growth of transplanted tumors (Charkasova, 1968; Woster 

et al., 1975; Phillips and Sheridan, 1976). Although routes of 

injection varied among these different studies, daily administration 

of Zn++, as zinc sulfate, acetate, or chloride, for 2 to 3 weeks 

following solid tumor inoculation, inhibited tumor growth in 50 to 70% 

of the mice. Woster et ale (1975) found that at least a 7-day 

interval of daily zinc administration, following tumor inoculation, 

was required for maximal host protection. They hypothesized that the 

tumor inhibition was because of an enhancement of the host immune 

response against the tumor. However, a direct toxic effect of Zn++ on 

tumor cells is equally possible. In fact, Zn++ (50 to 100 ~M) has a 

direct negative effect on tumor cells jn ~ by inhibiting 3H-
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tumor growth (Weser, Seeber, Warnecke, 1969). 
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If zinc supplementation stimulates anti-tumor cytotoxicity, two 

possible cellular candidates for mediating the resistance to tumor 

cells are cytotoxic macro phages or lymphocytes. In support of 

macrophage cytotoxicity, in .u.t.r..Q. cytotoxicity of glass-~dherent 

macrophage-like cells against erythrocyte targets is enhanced 5 fold 

in the presence of Zn++ (Melsom and Seljelid, 1973). Additional 

evidence for stimulation of macrophage functions by Zn++ is the 

inorease of 02 consumption and phagocytosiS followingin~ zinc 

supplementation (Charkasova, 1968). In contrast, Chvapil et ale 

(1976, 1977) showed that these macrophage functions, as well as 

macrophage migration, are decreased following zinc administration in 

~ and in~. Clearly,there is controversy over the effects of 

Zn++ on macrophages. Although no studies have been done that 

demonstrate Zn++-induced activation of lymphocyte-mediated killing, 

Zn++ may stimulate lymphocyte cytotoxicity, since other nonspecific T

cell mitogens, as well as cell-bound alloantigens, aotivate oytotoxic 

lymphocytes (as reviewed by Cerrottini and Brunner, 1974). 

IlL Effects of Nercury Supplementation In Vivo 

Mercury, like zinc, displays varied effects on the immune 

system when administered in~. Oral administration of HgCl2 (10 

~g/ml, as a drinking water supplement for 80 days) in rabbits reduced 

the primary and secondary antibody titer to pseudorabies virus by 70% 

and 50%, respectively, below control titers (Koller, 1973). 



28 

Similarly, oral administration of methylmercury (10 ~g/ml, as a 

dietary supplement for 10 weeks) in mice, followed by sensitization to 

a particulate antigen, produced a 67% decrease in the primary antibody 

response (Koller, Exon, and Brauner, 1977). In contrast, the 

secondary antibody response was not significantly affected by methyl

mercury admin1stratio~ No study has revealed wbether the inhibitory 

effects of mercury on antibody production is mediated at the B-cell or 

helper T-cell leveL Since mixed lymphocyte responses of methyl

mercury-supplemented mice are not different from the responses of 

control mice, perhaps T-lymphocyte functions are not seriously 

affected by the same mercury treatment that inhibits antibody produc

tion (Koller and Roan, 1980). However, oral HgCl2 administration in 

mice (100 or 500 ~M as a drinking water sup~lement for 15 days) 

significantly reduces the lymphocyte response to T-cell mitogenic 

lectins below control levels (Gaworski and Sharma, 1978). The data 

suggest that Hg++ supplementationin~ may affect the function of T 

and B lymphocytes. Additionally, the inhibitory effect of Hg++ on 

antibody production may not be mediated at the level of macrophage 

processing of antigen, since macrophage phagocytosis is not affected 

by Hg++ treatment in~ (Koller, Roan, and Brauner, 1980). 

In contrast to the negative effects, Hg++ has "positive" 

effects on immune function by causing increases in antibody produc

tio~ In one example, Hg++ indirectly induces antibody production by 

initially causing kidney damage which leads to production of anti

basement membrane and anti-nuclear antibodies and glomerular nephritis 
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(Roman-Franco et al., 1978; Weening, Fleuren, and Hoedemaeker, 1978). 

More interesting studies have shown that Hg++ increases overall serum 

IgE levels (not anti-basement membrane-specific antibodies, however) 

in rats and boosts the IgE response against immunizing antigens 

(Prouvost-Danon et al., 1981). Therefore, Hg++ can act in a positive, 

albeit not understood, manner on the immune system by potentiating 

specific antibody responses of only the IgE class. 

IV. Contact Sensitivity to Zinc and Mercury 

It is well documented that some human individuals develop skin

contact sensitivity to simple inorganic components, such as heavy 

metals. One very common contact sensitizer is Ni++ to which about 4 

to 5% of the general population is sensitive with a 10-fold higher 

frequency in women than in men (Peltonen, 1979, 1981). Beryllium and 

chromium are other examples of contact-sensitizing metals (Polak, 

Barnes, and Turk, 1968; Vacher, 1972; Deodhar, Barna, and Van 

Ordstrand, 1973; Jones and Amos, 1975). The skin contact response is 

thought to be a delayed hypersensitivity response, mediated by T 

lymphocyes against metal-modified epidermal cells, such as Langerhans 

cells, or macrophages (Braathen, 1980; Silvennoinen-Kassinen, 1980). 

In some cases in which individuals present a widespread erythematous 

reaction following oral exposure to a metal, such as Ni++, B lympho

cytes also appear to be involved in the contact sensitivity reaction 

by producing antibodies to metal-protein complexes (Veien et al., 

1979) • 
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Some evidence suggests that certain individuals may be contact 

sensitive to zinc or mercury. However, reports of sensitivities to 

Zn++ are rare. Feinglos and Jegasothy (1979) found that a few 

diabetic patients develop skin lesions in response to injections of 

insulin, but not zinc-free insuli~ Moreover, the sensitized patients 

were observed to form similar lesions to injections of zinc alone. 

Lymphocytes from these patients are stimulated!n~ by normal 

zinc-contaminated insulin preparations and by Zn++, based on increases 

in 3H-thymidine incorporation and on the production of leukocyte

migration inhibition factors above control levels. In contrast, no 

response is observed with zinc-free insuli~ Although these investi

gators may be criticized for perhaps detecting a nonspecific response 

to Zn++!n~ after 72 hours in culture, the cutaneous response to 

Zn++ in the Zn++-sensitive pa~1ents indicates a specific contact

sensitive delayed hypersensitivity reactio~ This reaction appears to 

be unique to these patients, since contact non-sensitive control 

diabetics do not respond to zinc-contaminated insulin or to Zn++ in 

any of the!n~ and ln~ ~ests. Contact sensitivity also has 

been reported with zineb, a zinc-containing agricultural fungicide, 

C2H6N2S4Zn (Zorin, 1970). However, the zinc component of this 

compound in not known definitively to be responsible for the cell

mediated cutaneous reaction. 

In contrast, many studies have shown that some individuals are 

contact sensitive to mercury. According to some reports, up to 11% of 

people with silver amalgam dental restorations, which also contain 
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mercury, react to mercury in a skin test, whereas people without the 

restorations show no skin test reaction (Djerassi and Berova, 1969; 

Thomson and Russel, 1970). Baer, Ramsey, and Biond (1973) report that 

mercury is one of the most common contact-sensitizing agents. They 

found that 22% of normal people have positive epicutaneous reactions 

to mercury, although the majority of these react10ns are we~ 

However, Epstein (1974) refutes their conclusion that such a high 

number of people are mercury-sensitive. He points out that as a 

result of using the common skin test reagent, HgC12' it is difficult 

to differentiate between a contact-sensitive response and an 

irritative reaction in a skin tes~ The irritation, caused by HgC12' 

may account for the many weak epicutaneous reactions reported by Baer 

et ale Epstein has determined that, instead of 22%, only 4 to 5% of 

the general public is contact sensitive to mercury, when the more 

reliable skin test reagent, ammoniated mercury, is use~ Thus, 

mercury appears to be a very common cutaneous contact-sensitizing 

agent, if, indeed, 4 to 5% of the population responds to it. further

more, data suggest that this mercury sensitivity is a genetically 

inherited trait (Polak, Barnes, and Turk, 1968). 

Jn~ contact sensitivities and in ~ nonspecific mitogen 

responses to Zn++ and Hg++ are both lymphocyte-mediated reactions. 

However, no direct relationship appears to exist between the two 

phenomena in regard to their frequency of occurrence. Lymphocytes 

from virtually all human individuals, as well as a wide variety of 

animal species, respond mitogenically to Zn++ and Hg++ jn yitrQ. In 
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contrast, humans or certain strains of inbred animals that respond to 

Zn++ or Hg++ .in nm with delayed-type hypers.ensitive epicutaneous 

reactions are relatively very few in number. Contact sensitivity to 

zinc is especially infrequen~ The apparent unrelatedness of these 

two cell-mediated phenomena is further suggested by the ability of 

lymphocytes from all human subjects to be activated by Hg++ .in~, 

regardless of whether or not they are contact sensitive to Hg++ 

(Schopf, Schulz, and Isensee, 1969; caron, Poutala, and Provost, 

1970). However, these in ~ and in ~ reactions to Zn++ and Hg++ 

may be very similar with regard to their underlying mechanisms of 

initiating a cell-mediated response, but the mechanistic aspects that 

sets these reactions apart are not know~ 



CHAPTER 2 

MATERIALS AND METHODS 

Preparation of Spleen Cell Cultures 

The lymphocyte populations used in all experiments were 

obtained from 8- to 16-week old female Balb/C mice, unless indicated 

otherwise. The mice were killed by cervicai dislocation, and their 

spleens or other lymphoid organs were removed immediately. Spleens 

were placed in a plastic petri dish (15 x 100 mm; Falcon Products; 

Bioquest Division; Becton, Dickinson, and Co.; Oxnard, CA) containing 

20 ml of Eagle's Minimum Essential Medium (MEM) with Earle's salts 

(GIBCO Laboratories, Grand Island, NY) supplemented with 0.6% Dextran 

75 (Travenol Laboratories, Inc., Deerfield, IL). Cells were gently 

teased out of the spleen with a scalpel. Cells in clumps were 

dispersed with a Pasteur pipet, and the cells were placed in a 50 ml 

sterile plastic conical tube (Falcon Products; Bioquest Division; 

Becton, Dickinson, and Co.; Oxnard, CA). The splenic debris was 

allowed to settle to the bottom of the tube for 5 minutes. The 

majority of the cell suspension above the debris was removed with a 

pipet and placed in a clean 50 ml tube. The cells were pelleted by 

centrifugation at 200 x g for 10 minutes. Following aspiration of the 

supernatant flUid, the cells were suspended in 20 ml of Tris-buffered 

0.83% NH4CI (pH 7.4) for 5 minutes at 250 C to lyse the contaminating 

red blood cells. The cell suspension was diluted with 20 ml of the 
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MEM-Dextran solution and centrifuged as before. The cells were washed 

twice with MEM-Dextran to remove all traces of the ammonium chloride. 

Following the last wash, the cells were suspended in the complete 

medium used in all experiments which consisted of RPMI 1640 (GIBCO 

Laboratories, Grand Island, NY) supplemented with 10% normal donor 

human plasma-derived serum (University of Arizona Health Sciences 

Center blood bank). Serum was prepared by removing fibrin clotting 

components from plasma by the addition of 0.72 g CaC12 per unit of 

plasma and by incubating the plasma at 370 C for 1 hour, followed by 

centrifugation at 1000 x g for 20 minutes to pellet the fibrin clot~ 

The serum was heated at 560 C for 45 m~nutes to inactivate complement. 

Complete medium also contained penicillin (50 units/ml), streptomycin 

(50 ~g/ml) (both from GIBCO Laboratories, Grand Island, NY), sodium 

bicarbonate (24 mM), and glutamine (2 mM). In experiments requiring 

long-term handling of cells, such as in macrophage-depletion studies, 

HEPES buffer (10 mM, Sigma Chemical Co., S~ LoUiS, MO) was used to 

stabilize the pH of the medium. Cells were counted on a hemocyto

meter, and live cells were distinguished by exclusion of 0.25% trypan 

blue in physiological saline. Cell viability was always greater than 

85%. The spleen cells were diluted with medium to a concentration of 5 

x 106 cells per ml. For experiments measuring the spleen cell uptake 

of 3H-thymidine, 0.1 ml of the cell suspension was added to individual 

wells of 96-well round-bottom micro titer plates (Linbro Division, Flow 

Laboratories, Hamden, CN), except where flat-bottom plates are 

specified. In experiments requiring lymphocyte-conditioned medium for 
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interferon detection, spleen cells at 5 x 106 cells per ml were placed 

in plastic tubes (12 x 75 mm; Falcon Products; Bioquest Division; 

Becton, Dickinson, and Co.; Oxnard, CAl in 1 or 2 ml quanti tj,es. 

Cells in either microtiter plates or tubes were incubated at 370 C in 

a humidified incubator containing 5% CO2 for 48 to 192 hours. 

Preparation of Lymph Node Cultures 

Lymphocyte cultures were prepared from the axillary, brachial, 

cervical, inguinal, and mesentary lymph nodes in a similar manner 

described for spleen cell cultures but with some modifications. The 

large amount of adipose tissue that surrounded most lymph nodes was 

removed, since it seemed to interfere with obtaining sOlid cell 

pellets during cell wash centrifugations. This fatty tissue was 

removed by placing one lymph node at a time onto sterile paper towels, 

a few sheets thick, and by teasing away the fat which tended to adhere 

to the paper. Each lymph node was returned to fresh MEM-Dextran to 

prevent dessication, since the original solution, containing non

treated nodes, usually was contaminated with fat droplets. The cells 

were teased out of each node with a scalpel. Lymph node capsule 

fragments were removed from the cell suspension by drawing the cell 

suspension into a 10 ml glass pipet and allowing the debris to adhere 

to the pipet walls for 1 minute. While maintaining the pipet in a 

nearly horizontal position, the cell suspension was slowly delivered 

to a 50 ml tube, leaving the debris behind in the pipet. The cell 

suspension was pelleted, resuspended in complete medium at 5 x 106 
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previously described. 

Preparation of Thymocyte Cultures 
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Thymocyte cultures were prepared in a manner similar to that 

used for spleen cells, except for some minor variations in procedure. 

Intact thymuses were rinsed in a petri dish containing MEM-Dextran to 

remove the majority of red blood cells adhering to the organs. Small 

blood clots were gently scraped from the surface of the thymuses with 

a scapel. Removal of contaminating red blood cells by this protocol 

avoided the use of ammonium chloride for lysing red blood cells. 

Cells were teased out of the thymuses with a scalpel. Organ 

fragmentary debris was removed with a pipet in the manner described 

for lymph nodes. Cells were pelleted and suspended at 1 x 107 cells 

per ml in RPM I 1640 with the same supplements used for spleen cells 

but with doubled concentration~ All thymocyte cultures contained 50 

~M 2-mercaptoethanol (Sigma Chemical Co., St. Louis, MO), except in 

specified experiment~ Thymocyte suspensions were mixed with equal 

volumes of RPMI 1640 in control cultures or of RPM I 1640 diluted with 

specified agents. Thus, the final cell concentration of 5 x 106 cells 

per ml was achieved, and the culture medium contained normal concen

trations of medium supplements. Cells were cultured in microtiter 

plates as previously described. 

Preparation of Bone Marrow Cell Cultures 

Bones, including the humerus, tibia, and femur, were removed 



37 

and extraneous tissue was teased from them. Distal ends of the bones 

were excised, and marrow cells were extracted by injecting MEM-Dextran 

through the marrow with a syringe possessing a 26-gauge needle. Cells 

were washed, placed in complete medium, counted, and placed into 

microtiter plates as described for spleen cells. 

Lymphocyte Mttogena and Other Culture Addttions 

Stock solutions of 10 mM ZnC12 (Matheson, Coleman, and Bell; 

Norwood, OH) were made with physiological salin~ Since ZnCl2 is 

highly hygroscopic and absorbs water vapor during the weighing 

process, the molarity of the solutions was determined with a Perkin

Elmer 305A atomic absorption spectrophotometer (Perkin-Elmer, Norwalk, 

CN; measurements were performed by Mrs. Traudy Nichols in the 

laboratory of Dr. Milos Chvapil). Stock solutions of CdC12, CuCI2, 

HgC12, MgC12, and NiC12 were prepared in saline. All solutions were 

filter sterilized (Millex-GS filter unit, 0.22 meter pore size, 

RUllipore Corp., Bedford, MA) and stored at 40 C. The stock solutions 

were further diluted with sterile sa11ne before use, and 10 ~l of 

solution was added per microtiter well to achieve final concentrations 

of 10 to 400 ~M. Each test concentration was added in a group of 4 to 

6 replicate wells. 

Other lymphocytic mitogens, including phytohemagglutinin, 

(Difco Laboratories, Detroit, MI), concanavalin A (Calbiochem-Behring 

Corp., San Diego, CA), and lipopolysaccharide <L..Q.g]J.. 0127 :B8, lot 

~671562, Difco Laboratories, Detroit, MI) were diluted in physiologi

cal saline and used at optimal final concentrations of 20 ~g/ml, 
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unless specified otherwise. Control cultures contained saline in 

place of mitogens. All mitogens were filter sterilized and added in 

10 ~ quantities to microtiter wells in groups of 4 to 6 wells. In 

specified experiments,2-mercaptoethanol (Sigma Chemical Co., St

LouiS, MO) was diluted in sterile saline and used at a final concen

tration of 50 11M. 

Methods for Detection of Lymphocyte Actiyation 

Incorporation of 3H-thymidine (0.2 IlCi per micro titer well; 

specific activity of 6.7 Cilmmole, New England Nuclear, Boston, MA) 

into DNA was measured following a 4-hour pulse of the labeled 

material. Tritiated thymidine was dispensed at 1 III per microtiter 

well with a 0.05 ml Hamilton syringe, modified with a push-button 

dispensing instrument. The 4-hour pulse-labeling was terminated at 

culture times of 48, 72, 96, 144, or 196 hours. Incorporation was 

terminated by transferring the cells from each well onto glass fiber 

filter strips (Grade 934AH, Whatman, In~, Clifton, NJ) with a 

multiple sample cell harvester (ADAPS, Inc., Dedham, MA). Each 

microtiter well was washed with distilled water to transfer remaining 

cells from the wells to the glass fiber filter. The filter-adherent 

cellular DNA was washed with 95% ethanol to remove non-incorporated 

3H-thymidine. The filters were air dried for several hours. Areas on 

the filters containing deposited cellular DNA were removed as a dis~ 

The disks were placed in glass scintilla~ion vials with 6 ml of 

toluene-based scintillation fluid (4 giL Omnifluor, New England 
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Nuclear, Boston, MA). Each disk was counted for 2 minutes or to a 

preset error of 2J in a Beckman 3133P liquid scintillation spectropho-

tometer (Beckman lnstruments, Fullerton, CAl. Where indicated, the 

results were expressed as a stimulation index which is calculated by 

dividing experimental levels of 3H-thymidine incorporation with 

control levels. 

PreparatiQn and Collection of Spleen Cell 
and Macrophage Culture Fluids 

In experiments concerned with interferon production, spleen 

cell cultures were incubated for 48, 96, 144, 168, or 192 hours in 

sterile plastic tubes (12 x 75mm, Falcon Products, Bioquest Division, 

Becton, Dickinson, and C~, Oxnard, CAl and were terminated by 

centrifugation at 1000 x g for 20 minutes to remove cells and cell 

debris from the cell culture fluids. If not used immediately in 

interferon assays, the culture fluids were pooled and frozen at -700 

C. As Zn++ and Hg++ diversely affected the interferon assay, they 

were dialyzed from the culture fluids before the supernatant fluids 

were tested for interfero~ These culture fluids were dialyzed in 

phosphate-buffered saline (0.05 M, pH 7.3) in Spectrapor 3 dialysis 

bags (Fisher Scientific Co., Pittsburgh, PAl for 18 hours, followed by 

dialysis in RPM! 1640 for 6 hours. Some samples were dialyzed in KCI-

HCl buffer (0.05 M, pH 2.0) in place of the phosphate buffer to 

evaluate whether the interferon was of the gamma type. All dialyzed 

products were filter-sterilized as previously described. Saline 

control spleen cell culture fluids were not dialyzed. 
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Macrophage or macrophage cell line culture fluids were obtained 

for their use in thymocyte experiments. Macrophages were induced into 

the peritoneal cavity with intraperitoneal injections of 3 ml of 

thioglycollate per mouse. 

5 days following injection. 

Peritoneal exudate cells were harvested at 

Cells were plated at 5 x 107 cells per ml 

in RPMI 1640 plus 10% fetal calf serum in small plastic flasks 

(25 cm2j Falcon Proaucts; Bioquest Divis:J,onj Becton, Dickinson, and 

Co.; Oxnard, CAl. After 4 hours, the cells were washed with RPMI 1640 

with vigorous pipetting to remove non-adherent cells. Culture medium, 

consisting of 5 ml of Synmed (Centaurus Biological Corp., Anaheim, CAl 

supplemented with 1% beat-inactivated fetal calf serum (GIBCO 

Laboratories, Grand Island, NY), glutamine (2 mM), penicillin (50 

units/m1), and streptomycin (50 ~g/m1) was added to the adherent 

cells. The cells were cultured for 48 hours after which the culture 

fluid was removed. Since the macrophage culture fluids suppressed 3H

thymidine incorporation in pilot experiments, this suggested that 

thymidine was being released by the macrophages into the culture 

fluids, as previously reported by Kung et ale (1977). The suppressive 

factor in the macrophage culture fluids was removed following a 24-

hour dialysis in RPMI 1640. Thus, all macrophage culture fluids were 

dialyzed routinely and were filter sterilized following dialysis. 

Macrophage cell lines J774~1, PU51R, and P388Dl (donated by the Salk 

Institut~ for Biological Sciences, San Diego, CA), were cultured in 

RPMI 1640 supplemented with '10% fetal calf serum, glutamine, penicil

lin, and streptomycin. When the cells became confluent in the large 
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plastic flasks (250 ml; Falcon Products; Bioquest Division; Becton, 

Dickinson, and Co.; Oxnard, CA), the supernatant medium was replaced 

witb tbe Synmed-based culture medium used for peritoneal macropbage 

cultures. Following a 48-bour incubation, tbe supernatant culture 

medium was removed from tbe cells, dialyzed, and filter sterilized. 

All culture fluids were frozen at -700 C if not used immediately 

following dialysis. Synmed plus 1% fetal calf serum which had not 

been exposed to macropbages was dialyzed and frozen for later use as a 

control for tbe macrophage culture fluids. 

Tbe determination of tbe approximate molecular weigbt of the 

active component in macrophage-conditioned medium was attempted using 

the Synmed-based culture medium, incubated with J774~1 cells for 48 

bours. Tbe culture fluid was passed in succession tbrough 3 different 

ultrafiltration membranes having molecular weigbt retentions of 

100,000, 50,000 and 10,000 daltons (XM100, XM50, and PM10 Diaflo 

membranes, Amicon Cor~, Lexington, MA). Ten ml of tbe culture fluid 

was diluted to 20 ml in RPMI 1640 and added to an Amicon filtration 

unit, having a 50 ml capacity. The culture fluid was filtered until a 

10 ml volume was achieved. At tbis time, an additional 10 ml of RPMI 

1640 was added and filtration was begun aga!~ This procedure was 

repeated a total of 10 times. The final 10 ml volume of material 

retained by tbis membrane was frozen at -700 C for later analysis. 

Tbe large volume of filter eluate was concentrated to 10 ml on a XM50 

membrane. Tbe wasbing procedure described above was repeated with 

this material. Tbe whole set of procedures described above was 
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applied to the XM50 eluate with the PM10 membrane. The resulting 10 

m1 volumes of material retained by the XM50 and PM10 filters were 

frozen at -700 c. 

The macrophage product, inter1eukin 1 (donated by Dr. Steven 

Mizel, Pennsylvania State University, University Park, PAl, was 

obtained in a semi-purified form with homogeneous biological activity. 

Final dilutions of 1:10 and 1:20 were used in thymocyte cultures which 

are equivalent to 10 and 5 units, respectively, of inter1eukin 1. 

Methods for Isolating Enriched Populations of T or B Lymphocytes 

Three methods were used to evaluate the lymphocyte type 

responsible for mitogenic responses to Zn++ and Hg++. In one method, 

spleen cells from 8- to 16-week-01d female mice, homozygous for the Nu 

or nnude" gene (provided by the National Institutes of Health, 

Bethesda, MD), were cultured with mitogens for various periods of time 

and pulsed with 3H-thymidine, as previously described. The advantage 

of using spleen cells from these mice is that they are naturally 

enriched for B lymphocytes, since they lack normal thymuses and thus 

possess few functional T cells. Autopsies were performed on each 

Nu/Nu mouse to verify the presence of thymic rud1ments before their 

spleen cells were placed in cultur~ In a second method, lymphocytes 

were enriched for T lymphocytes with nylon wool columns, as described 

by Julius, Simpson, and Herzenberg (1973). Twelve ml plastic syringes 

fitted with stopcocks were packed to the 10 ml mark with 1 gram of 

nylon wool (LP-1 Leuko-Pak filters, Fenwal Laboratories, Morton Grove, 
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IL) which was previously soaked and washed several times in double 

distilled water and air dried at 370 C to remove toxic contaminants. 

The nylon wool columns were sterilized by autoclaving, were hydrated 

with complete medium, and were incubated at 370 C in a humidified 

incubator before use. One to 1.5 x 108 Balb/C spleen cells in 1 to 2 

ml were slowly added dropwise to the top of t~e nylon wool and were 

moved further into the column with the dropwise addition of 1 ml of 

warm medium. The column was then covered with sterile aluminum foil 

and incubated for 45 minutes at 370 C. Following incubation, 25 ml of 

warm (370 C) medium was slowly added dropwise to the column. The 

cell-containing medium that eluted from the column was collected in a 

sterile tube. Nylon wool treatment reduces the numbers of the 

immunoglobulin-bearing B cells from apprOximately 50% to 5 to 7% of 

the splenic lymphocytes (Julius, Simpson, and Herzenburg, 1973; 

Handwerger and Schwartz, 1974). Cell viability was not affected by 

this metho.d. 

In the third method, the Zn++- and Hg++-responsive lymphocyte 

type was identified through the e11mination of Thy-1-antigen-bearing T 

lymphocytes with anti-Thy-1-specific antibody, followed by complement 

lysis of the antibody-bound T cells. To avoid the possibility of 

eliminating T helper lymphocytes needed for potential B cell 

responses, T cells were lysed at the end of the 6-day incubation 

period and before the addition of 3a-thymidine. A 10 ~l quantity of 

monoclonal F7D5 anti-Thy.,1-antibody (donated by Dr. William He Green, 

Fred Hutchinson Cancer Research Center, Seattle, WA) was added per 
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microtiter well containing suspensions-of spleen cells to achieve a 

final antibody dilution of 1:1000. All control wells received 10 ~l 

of saline in place of the antibody solutio~ The micro titer plates 

were incubated at room temperature for 30 minutes. The complement 

control wells and the wells that had received antibody received 6 ~l 

of rabbit complement (Accurate Chemical and Scientific Corporation, 

Hicksville, NY) representing a 1:20 final complement dilution and were 

incubated for 45 minutes at 370 C before a 4-hour pulse with 3H

thymidine. Control cultures received 6 ~l of saline in place of the 

complement. In these experiments, the human serum, used to culture 

the spleen cells, was previously incubated with whole mouse spleen 

cells for 1 hour at 40 C to remove a non-specific anti-mouse 

lymphocyte antibody whose presence was detected in pilot experiments 

by complement-mediated killing of the spleen cells. 

Techniques for Removing Macrophages from Spleen Cells 

Macrophage removal consisted of combining techniques based on 

phagocytosis, adherence to tissue culture plastic, and adherence to 

nylon wool (which binds some macrophages in addition to B cells) to 

ensure sufficient removal of the cells. Splenic macrophages were 

removed by placing 1 x 108 spleen oells in 10 ml of complete medium 

into 250 ml plastic tissue-culture flasks (Falcon Products; Bioquest 

Division; Becton, Dickinson, and Co.; Oxnard, CAl, containing 200 mg 

of sterile carbonyl iron (Fluka Cor~, Switzerland). Carbonyl iron 

was previously washed 3 times with HEM to remove toxic compounds. The 

flasks were rocked gently several times during the 1 hour incubation 
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at 370 ~ At the end of the incubation, the flasks were gently rocked 

again and then were tilted upright. Tbe cell suspension was quickly 

removed with a pipet and added to a 50 ml plastic conical tube with a 

magnet placed at its bottom. Iron particles were allowed to colleot 

at the bottom of the tube for 5 minute~ The cell suspension above 

the iron was removed, pelleted, resuspended in 5 ml of medium and 

drawn into a 5 ml pipe~ While the pipet was held horizontally with 

the end of the magnet placed on the 0.5 ml mark of the pipet tip, the 

oell suspension was slowly dispensed into a plastic 15 ml conical tube 

(Falcon Produots; Bioquest Division; Becton, Dickinson, and Co.; 

Oxnard, CAl. Cells containing phagocytosed iron remained in the pipet 

near the magnet. Tbe cells not retained in the pipet were counted and 

dispensed into two or more nylon. wool columns, as described 

previously. The spleen cells collected from the columns were counted 

and placed in flat-bottom microtiter plates (Linbro, Flow 

Laboratories, In~, McLean, VA) in the presence or absence of 

monolayers of peritoneal macrophages, as described below. In 

experiments in which macrophage monolayers were not used, the treated 

cells were dispensed into round-bottom plate~ Untreated spleen cells 

were cultured as controls for normal mitogen responses in these 

experiments. 

Procedure for Macrophage Replacement in Macrophage-Deficient Cultures 

Balble mice were killed and their peritoneal cavities were 

irrigated by lavage 4 times with 2.5 ml of fresh MEM-Dextran at 40 ~ 
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The resident exudate cells were collected with a latex-tubing tipped 5 

ml pipet, washed once in MEM-Dextran, and placed in complete medium. 

Cells were counted, and their viability was tested as before. About 5 

to 20 x 106 cells were obtained per mouse. The cells were diluted 

wi th medium to a concentl"a tion of 106 cells per ml. The cell 

concentration was further reduced by several serial dilutions and 

added to flat-bottom microtiter plates at 0.2 ml per well to achieve 

cell concentrations, representing 40%, 20%, 10%, 5% and 2.5% of the 

spleen cell overlay. The cells were incubated for 4 to 6 hours to 

allow for adherence. The cell monolayers were washed 3 times with 0.1 

ml of complete medium per well to remove non-adherent lymphocytes. 

Adherent mouse peritoneal cell monolayers prepared in this manner 

contained greater than 95% macrophages based on staining the cells for 

intracellular esterase (Li, Lam, and Yam, 1973; determined by Dr. 

Carmen Wagner, University of Arizona, Tucson, AZ). The test 

monolayers received medium containing spleen cells, whereas control 

cell monolayers received medium only. The cells received 10 ~1 of 

saline, ZnC12, or HgC12 to produce final concentrations of 200 ~M Zn++ 

and 10 ~M Hg++. 

Separation Of Thymocyte Subpopulations 

In some experiments, thymocytes were separated into "mature" 

and "immature" fractions, based upon the presence of· a cell surface 

receptor for a lectin from peanuts, called peanut agglutinin (PNA). 

However, only tne PNA non-binding or "mature" cells were assayed for 

their response to Zn++. Peanut agglutinin-binding cells were 
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separated from non-binding cells by the method of Kruisbeek and 

Astaldi (1979). A concentration of 2 x 108 thymocytes was incubated 

with 0.25 mg PNA (lot 170106, Vector Laboratories, Burlingame, CA) in 

a final volume of 0.5 ml of HE PES-buffered RPMI 1640 for 10 minutes at 

250 C. One ml of RPMI 1640 plus 5% heat-inactivated fetal calf serum 

was added to the cell suspension, which was gently layered onto 8 ml 

of RPMI 1640 plus 20% fetal calf serum in a 15 ml plastic conical tube 

(Falcon Products; Bioquest Division; Becton, Dickinson, and Co.; 

Oxnard, CA). Following incubation of the cells at 250 C for 30 

minutes, the lectin-agglutinating cells had settled to the bottom of 

the tube. The top 2 ml of lectin-free cells were removed with a 

Pasteur pipet, washed with MEM-Dextran, suspended in complete medium, 

counted, and plated as previously described for unseparated 

thymocytes. The cell yield of this small suhpopulation of thymocytes 

was similar to that obtained by Kruisbeek and Astaldi and represented 

5 to'9% of the total number of unseparated thymocytes. 

Assay for Inter~ 

Interferon (IFN) was detected with a cytopathic effect (CPE) 

assay as described by Armstrong (1971). Target cell monolayers were 

established with cells from the mouse fibroblast cell line, L-929. 

The cells were seeded into wells of flat-bottom microtiter plates 

(Linbro Division, Flow Laboratories, McLean, VA) with 5 x 104 cells in 

a volume of 0.2 ml per well. The cells were cultured with RPMI 1640 

supplemented with 2% heat-inactivated fetal calf serum, glutamine (2 
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mM), penicillin (50 units/ml), and streptomycin (50 ~g/ml) and were 

incubated at 370 C in a humidified C~ incubator. The low 

concentration of serum was necessary to prevent the cells from 

overgrowing the culture surface during the course of the assay. After 

18 to 24 hours, the medium overlay was aspirated away and 0.1 ml of 

various dilutions of spleen cell culture fluids was added per well. 

Each dilution was tested in quadruplicate wells. Additionally, 0.1 ml 

of an interferon standard, derived from virus-infected L-929 cells 

(provided by the National Instituea of Health, Bethesda, MD) and 

containing a mixture of alpha and beta IFN (stewart and Havell, 1980; 

Yamamoto and Kawade, 1980), was added to some cell monolayers as an 

interferon oontrol to ensure experimental reproducibility and to 

monitor the sensitivity of the assay. Following an incubation period 

of 18 to 24 hours, the spleen cell culture fluids were removed and 0.1 

ml of medium containing L-929-passed vesicular stomatitis virus was 

added to each well. Quadruplicate wells of cell monolayers containing 

only medium or the virus solution were used as cell and virus 

controls, respectively. The plates were screened visually for CPE at 

48 hours after the addition of virus, since optimal cytopathic effects 

were conSistently observed at this time. Cytopathic effects were 

observed microscopically in the wells containing virus as the 

shrinkage and rounding up of dying cells. In contrast, no CPE was 

observed in the cell control wells which contained cOl~luent cell 

monolayers. The endpoint for determining the interferon concentra

tion, representing 50% CPE, was observed in the group of monolayers 
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between the groups of cell monoloayers which contained either a lower 

or higher dilution of interferon than the 50% endpoint group and which 

showed approximately no or 100% CPE, respectively. The 50% CPE end

point for the IFN standard usually was observed at a 1:76,800 dilution 

of this reference stock which initially contained 12,000 units of IFN 

per mI. These data suggest that the assay is sensitive to 0.15 

International Reference Units of !nterfero~ Therefore, 1 unit of 

interferon shown in the results section of this text equals 6 NIH 

International Reference Units. 

Assays for In VitrQ Cell-Mediated Cytoxicity 

The lectin-dependent cellular cytotoxicity assay (LDCC) was 

composed of a mixture of cultured spleen cells, 51Cr-Iabeled target 

cells, and PHA. The assay system was slightly modified from the 

protocol of Davignon and Laux (1978). The target cells were from 

cultures of the BW5147 lymphocyte cell line. Two x 106 BW5147 cells 

in 1 ml of RPMI 1640 were labeled wi th 300 lJ Ci of Na251 Cr04 (specific 

activity of 250 mCi/mg Cr, Amersham, Arlington Heights, IL) for 1 hour 

at 370 C. The cells were washed 3 times with RPM I 1640 plus 10% fetal 

calf serum to remove free 51C~ The cells were pelleted during each 

wash at 400 x g for 3 minutes. The cells were diluted to 2 x 105 

cells per ml and 0.1 ml of the cell suspension was added to glass 

tubes (12 x 75 mm Kimax, VWR Scientific, Inc., San FranCiSCO, CA). 

Several individual tubes of cultured spleen cells were combined into 

groups that contained cells incubated with either Zn++, Hg++, or 

salin~ The cells were counted, pelleted, and resuspended to 5 x 106 
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viable cells per ml in fresh complete lymphocyte culture medium. 

Neither Zn++ nor Hg++ was added back to the spleen cells to avoid 

their possible interference with the assay. To the glass tubes 

containing 51Cr-Iabeled target cells, 0.2 ml of the spleen cell 

suspension was added to achieve a ratio of 50 lymphocytes per target 

cell. 'Concentrations of PHA at 10 to 100 ~g/ml in 0.1 ml of RPMI 1640 

was added to the cell mixtur~ Control cultures received RPM I 1640 

instead of PH~ Some cultures received ZnC12 (~OO ~M, final 

concentration) or saline in addition to the PHA to note the effect of 

Zn++ on the assay. Also, in some assays, Zn++ (200 ~M) was added in 

place of P~ All test groups were tested in triplicate. The rack of 

tubes was shaken gently to mix the cells and PHA together. The cells 

were incubated for 4 hours at 370 C. The assay was terminated by 

pelleting the cells at 200 x g for 10 m1nutes, carefully removing 0.2 

ml of the supernatant fluid from each tube, and adding each fluid 

sample to new glass tubes. Each tube was counted on an automatic 

gamma counter (Nuclear Chicago Corp., Des Plains, IL) and triplicate 

sample values were averaged together. Spontaneous 51Cr release and 

total releasable 51Cr was determined with BW5147 target cells that 

were incubated with medium alon~ Spontaneous 51Cr release was the 

amount of 51Cr released by the control target cells over the 

incubation period. Total releasable 51Cr was determined by freeze

thawing the target cells 3 times. The percent spontaneous release of 

51Cr in relation to the total releasable 51Cr was never greater than 
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12% in any experiment. The percent lysis of target cells was 

calcula.ted from the following formula: 

Experimental 51Cr-Release (cpm) - Spontaneous 51Cr-Release (cpm) x 100 
Total Releasable 51Cr (cpm) - Spontaneous 51Cr-Release (cpm) 

In natural killing assays, the Yac-1 cell line (donated by Dr. Gary R. 

Klimpel, Fred Hutchinson Cancer Research Center, Seattle, WA) was used 

as the target, since these cells are sensitive to natural killer cell 

cytotoxicity. This assay system followed an identical protocol as 

described for the lectin-dependent assay, except PHA was not added to 

the cells at any time. Spontaneous release was never greater than 9% 

in this assay. 

Assay for Zinc Absorption In Vivo 

Before evaluating for effects of zinc administration on the 

immune system, increases in zinc levels were determined following.in 

~ administration of ZnC12. Liver was analyzp.d for increases in 

zinc, since it is a normal target organ for this heavy metal. 

Similarly, serum was analyzed for its zinc content following ZnCl2 

administration. Balb/C female and male mice at 8 weeks of age were 

injected with 1.3 mg zinc as ZnCl2 in glycine (pH 7.4) per kg body 

weight, or glycine (0.23 mg/ml) at intervals of 12 hours for 7 to 15 days. 

Non-injected controls were included. Twelve hours following the last 

injection, the mice were killed and their livers were pooled by group. 

The livers of each group were placed into clean 30 ml glass beakers. 
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The beakers had been previously acid washed with 6 N HClfor 12 hours, 

rinsed in double distilled water, dried in a 1200 C oven, and weighed 

individually. The livers were dried in the beakers for 3 days at 1200 C. 

After drying, the beakers were cooled in a dessicator to avoid 

reabsorption of water by the tissues. Each beaker was weighed and its 

original weight was subtracted to obtain the liver dry weight. An 

empty beaker which never received liver accompanied the sample beakers 

and was weighed to control for possible weight changes during 

processing. Up to this point, beakers were handled with clean rubber

tipped tongs to avoid affecting their weight with fingerprints. Each 

liver sample was dissolved in 6 ml of concentrated nitric acid. The 

beakers were covered with watch glasses overnight. The beakers were 

warmed on a hot plate until the liquid inside them became clear. The 

watch glasses were removed, and 1 ml of 30% H2 02 was added dropwise 

slowly to avoid foaming. The liquid was evaporated and 10 ml of 

deionized water was added to each beaker. Total zinc content per 

beaker was determined by atomic absorption spectrophotometry, as 

previously described. The zinc concentration was divided by the dry 

liver weight to derive the ~g zinc/g liver. The control beaker was 

processed along with the other beakers to ensure that no zinc 

contamination occurred. 

The content of zinc in serum was determined also. Mice 

receiving 1.3 mg zinc as ZnCl2 in saline (pH 7.4) per kg body weight or 

physiological saline every 12 hours for 7 days were cardiac or retino

orbital bled 12 hours following the last injection. The blood from 
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each mouse was allowed to clot at 40 C, and the blood was pelleted at 

1000 x g for 20 minutes. The serum was removed above the clot and 

diluted in deionized water. The zinc concentration was measured by 

atomic absorption spectrophotometry. 

Assays for Zinc Effects o.n the Immune System In Viyo 

To determine whether the mitogenic effect of Zn++ seen in ~ 

could be observed 1n~, mice were injected with physiological 

saline or ZnC12 in saline at 1.3 mg zinc per kg body weight every 12 

hours or 2.6 mg zinc per kg body weight every 24 hours. The injection 

schedule lasted for 14 days. Twelve hours following the last 

injection, the spleens and thymuses of the animals were removed. The 

thymuses were weighed to determine wet weight only. The spleen cells 

were prepared, suspended in tissue culture medium, and placed into 

microtiter plates, as previously described. The splenocytes were 

either pulsed with 3H-thymidine immediately or after a 72-hour 

incubation with the mitogens, phytohemagglutinin, or lipopolysaccharide. 



CHAPTER 3 

RESULTS 

Evaluation for In Vitro Activation of Lymphocvtes from the Spleen. 
Lymph Node. Thymus. and Bone Marrow bV Zinc and Mercurv Cations. 

Murine spleen cells were placed in tissue culture and incubated 

with the chloride salts of several different divalent metal cations. 

As shown in Figure 1, only Zn++ and Hg++ activated splenic lymphocytes 

by elevating levels of 3H-thymidine incorporation several fold above 

control levels. In contrast, lymphocytes cultured in the presence of 

Ni++, Mn++, Cd++, and Cu++ incorporated 3H-thymidine less than control 

cultures at all tested concentrations. Although the data in Figure 1 

imply that Zn++ is a "stronger" mitogen than Hg++, in about 50% of the 

experiments that were performed Hg++ produced a better lymphocyte 

response than Zn++. Both metals stimUlated lymphocytes to incorporate 

3H-thymidine at Similar levels only in a few experiments. The reasons 

for the variations in responses to the two cations are unclear. Since 

neither cation consistently activated lymphocyte cultures to a greater 

degree compared to the other metal mitogen, this suggests that, in 

general,Zn++ and Hg++ were very similar in their mitogenic capacities. 

The concentrationsofZn++ and Hg++ that induced optimal mitogenic effects 

were 200 lIM and 10 ~ M, respectively. Zinc cations activated splenic 

lymphocytes at a wider range of concentrations than Hg++ which 

stimUlated cells within a very narrow concentration range. Distinct 
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Figure 1. Mitogenic Activation of Murine Splenic Lymphocytes 
by Zn++ and Hg++ 

Mouse (Balb/C) spleen cells were cultured in vitro in RPM! 1640 + 10% 
human serum for varying periods of time in-rhe presence of various 
concentrations of divalent cations. Chloride solutions of the metals 
tes ted inc 1 uded Cd++ (- ... _ ... -), Cu++ (--.... _ .. _ ...... ), Hg++ (-- --), Mn++ (-------), 
Ni++ (_._._), and Zn++ (--), in addition to the saline control 
(-- --). At the end of the culture period, the cells were pulsed 
with 3H-thymidine for 4 hours. The amount of incorporated 3H
thymidine within the cells was determined on a scintillation counter. 
Data points represent the mean counts per minute value of quadruplicate 
microtiter wells. 
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inhibition of lymphocyte responses was not observed with Zn++ until 

concentrations of BOO ~M were reached (data not shown). However, 

relatively small increases in Hg++ concentration by 40 ~M or as little 

as 15 ~M in some experiments above the mitogenic concentration of 10 pM 

appeared to have toxic effects on the spleen cell cultures by 

decreasing levels of 3H-thymidine incorporation below control values. 

The data presented in Figure 1 shows that the optimal incuba

tion period for maximal stimUlation of splenic lymphocytes by Zn++ and 

Hg++ was most consistently observed at 144 hours in culture with 

smaller mitogenic effects seen at 96 hours. Little or no stimUlation 

of 3H-thymidine incorporation was observed during early culture times 

of 48 hours which is the optimal incubation period for mitogens, such 

as concanavalin A (Con A), phytohemagglutinin (PHA), and lipopoly

saccharide (LPS) (Oppenheim and Rosenstreich, 1976; Wedner and Parker, 

1976). Only on rare occasions did Zn++ or Hg++ induce significant 

lymphocyte mitogenic responses at 48 hours (Table 6). Additionally, 

in a few experiments, Zn++ or Hg++ stimulated peak increases in 

lymphocyte 3H-thymidine incorporation by 96 hours. In these 

experiments, the levels of incorporated 3H-thymidine were the same as 

those observed at the 144-hour time point (Table 6). By 192 hours, 

the levels of 3H-thymidine incorporation in heavy-metal-activated 

lymphocytes usually returned to within control levels but occasionally 

remained greater than control values in some experiments (Table 6). 

Nevertheless, since Zn++- and Hg++-mediated-mitogenesis generally was 
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optimal at 144 hours, this time point was studi~d in the majority of 

experiments. 

Results similar to those with spleen cells were observed in 

experiments with lymphocytes from lymph nodes (Table 2). Of the 

cation concentrations tested, 200 ~M Zn++ and 10 ~M Hg++ induced 

multi-fold increases in levels of 3H-thymidine incorporation above 

control levels in lymph node lymphocytes by 144 hours, which is 

indicated by the stimulation indexes. No culture times other than 144 

hours were evaluated for a response to Hg++ which was very large by 

this time in culture. The table demonstrates that the kinetics of the 

lymphocyte responses to the polyclonal lectin mitogen, Con A, and the 

responses to Zn++ were strikingly differen~ The Con A response 

peaked early at 48 hours and decreased over time, as opposed to the 

Zn++ response (and the Hg++ spleen cell response) which slowly 

increased over time and peaked later during the culture period by 144 

hours. 

In contrast to the response of lymphocytes from the spleen and 

lymph nodes, cells from the thymus and bone marrow did not respond to 

either Zn++ or Hg++. As shown in Table 3, lymphocytes from the thymus 

did not respond to any concentration of Zn++ during culture periods 

from 48 to 192 days. When 2-mercaptoethanol (2-ME) was added to the 

cultures, the 48-hour Con A response was enhanced. However, the 

addition of 2-ME did not promote a mitogenic response to Zn++. 

Similarly, thymocyte responses to Hg++ were not observed at any Hg++ 

concentration tested at 144 hours in the presence of 2-ME {or in the 



Table 2. Activation of Lymph Node Lymphocytes by zn++ and Hg++ 

Lymph node cells were cultured for various time periods in the 
presence of saline (indicated by 11 011

), Con A (20 l-19/ml), and 
different concentrations of zn++ or Hg++. Lymphocytes were 
incubated with 3H-thymidine during the last 4 hours of culture. 
Cellular incorporation of 3H-thymidine, indicative of 
lymphocyte activation, was assessed with a scintillation 
counter. Data are represented as the mean counts per minute 
values of quadruplicate wells ± 1 standard deviation. 

Metal 3H-Thymidine Incorporation (cpm} Concentration 
(lJM) 48 hr S.l. 96 hr s .I. 144 hr S.l. 

Zn++ 

0 366 ± 61 1.0 1,419 ± 763 1.0 1,532 ± 772 1.0 

25 413 ± 74 1.1 1,038 ± 327 0.7 1,600 ± 1,061 1.0 

50 514 ± 34 1.4 1,072 ± 407 0.8 1,098 ± 1,186 0.7 

100 402 ± 62 1.1 1,048 ± 311 0.7 5,206 ± 926 3.4 

200 469 ± 86 1.3 1,903 ± 662 1.3 12,522 ± 6,447 8.2 

Hg++ 

0 N. T. N.T. 243 ± 76 1.0 

5 N.T. N.T. 8,850 ± 2,070 36.4 

10 N.T. N.T. 20,401 ± 2,857 84.0 

Con A 46,087 ± 5,276 126.0 21,624 ± 1,409 15.2 18,906 ± 1,381 12.3 

N.T. =Not Tested 
S.I. =Stimulation Index= Experimental cpm .. Control cpm 
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Table 3. Absence of Thymocyte Responses to Zn++ and Hg++ 

Thymocytes were cultured in standard medium for various time periods 
with saline (indicated by "0"), Con A (20 lJg/ml), or with different 
concentrations of Zn++ or Hg++. Thymocyte activation was assessed 
by incorporation of 3H-thymidine during the last 4 hours of culture 
which was measured with a scintillation counter. Data are represented 
as mean counts per minute values of quadruplicate wells + 1 standard 
deviation. -

Metal 3H-Thymidine Incorporation (cpm) 
Concentration 48hr 96 hr 144 hr 192 hr ( \J~1l 

- 2-ME 0 Zn++ 128 ± 40 65 ± 7 52 ± 17 61 ± 24 

25 129 ± 77 92 ± 90 52 ± 14 44 ± 4 

50 313 ± 376 57 ± 23 89 ± 70 43 ± 5 

100 328 ± 171 78 ± 47 68 ± 7 42 ± 4 

200 160 ± 186 52 ± 12 46 ± 10 46 ± 24 

Con A 13.366 ± 1.189 14.612 ± 1.240 7.127 ± 315 2.942 ± 828 

+ 2-ME 0 Zn++ 87 ± 15 44 ± 3 56 ± 19 89 ± 83 

25 134 ± 101 145 ± 159 54 ± 14 40 ± 0 

50 99 ± 22 52 ± 10 60 ± 29 54 ± 5 

100 164 ± 138 50 ± 1 54 ± 19 50 ± 25 

200 74 ± 8 72 ± 44 46 ± 4 69 ± 27 

Con A 24.578 ± 2.326 15.679 ± 278 5.086 ± 574 1.144 ± 269 

0 Hg++ 46 ± 8 

2.5 48 ± 11 

5 40 ± 1 

10 55 ± 13 

25 65 ± 17 
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absence' of 2-ME, as discussed below). Nonetheless, under certain 

conditions Zn++ could activate thymocytes, as presented later in this 

sectio~ Bone marrow cells also did not significantly increase levels 

of 3H-thymidine incorporation over control levels in response to any 

concentration of Zn++ at 144 hours (Figure 2). However, very marginal 

stimulatio~ of 3H-thymidine incorporation of 75% (P 0.005) with 200 ~M 

Zn++ was observed at 96 hours. The large control background at 96 

hours, which was higher at 48 hours (data not shown) and which 

decreased by 144 hours, reflects the normally high level of prolifera-

tion of marrow cells. As noted in the figure, the effects of Hg++ on 

bone marrow cells were not determined. The data summarized in Figure 

3 indicates that Zn++ and Hg++ mitogenically activated lymphocytes 

from the secondary lymphoid organs, the spleen and lymph nodes, but 

not cells from the primary lymphoid organs, the thymus and bone 

marrow. 

Characterization of the Lymphocytes Actiyated 
by Zn++ and Hg++ as T Cells 

Three different methods for achieving enriched populations of B 

or T lymphocytes were used to demonstrate whether one or both cell 

types were responsible for the observed incorporation of 3H-thymidine 

by spleen cells in response to Zn++ or Hg++. Spleen cells, passed 

through nylon wool columns, which primarily retain B cells, and then 

placed in tissue culture for 144 hours, maintained their response to 

Zn++ compared to the non-treated control spleen cells (Figure 4). 

Lymphocyte responses to Con A and LPS were determined at 48 hours and 



Figure 2. Evaluation of the Bone Marrow Response to Zn++ 

Cells were extracted from the marrow of various bones of the 
extremities, including the humerus, femur, and tibia, and were placed 
into tissue culture in the presence of various concentrations of 
ZnC12. Four hours prior to the time periods shown, the cells were 
pulsed with 3H-thymidine. Data points reflect the mean counts per 
minute values of quadruplicate microtiter wells ~ 1 standard deviation. 
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Data from replicate experiments not shown previously are reflected in 
this summary figure. Mean values of data ± 1 standard deviation are 
shown. 
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Figure 4. Retention of the Splenic Lymphocyte Response to Zn++ 
Following Nylon Wool Passage 

One to 1.5 x 108 spleen cells were added to 1 gm of nylon wool in a 
12 ml plastic syringe, incubated at 37 0C for 45 minutes. The nylon
non-adherent cells were cultured for the time periods indicated in the 
presence of Zn++ and other mitogens. Data are represented as mean 
counts per minute values of 3H-thymidine incorporation + 1 standard 
deviation. -
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were evaluated as control groups to monitor the enrichment process. 

The Con A response was unchanged, but the LPS response was reduced by 

68%. The significant reduction in LP8-responsive B-lymphocytes did 

not dramatically affect the cell population which responded to Zn++. 

These results suggest that T lymphocytes were the Zn++.responsive 

population. 

Spleen cells from Nu/Nu mice were used as another way to obtain 

an enriched population of lymphocytes. Lymphocytes from these mice 

are enriched naturally for B cells, since these animals are 

genetically incapable of producing mature T lymphocytes. Table 4 

displays data showing that spleen cells from these T-cell-deficient 

mice did not respond to any tested concentration of Zn++ at any 

culture period. Although an 80% increase in 3H-thymidine incorpora

tion was observed with 100 ~M Zn++ at 144 hours and at 192 hours and 

with 25 ~M and 50 ~M Zn++ at 192 hours, replicate experiments did not 

confirm this finding which, furthermore, did not compare with the 

multi-fold increases seen in experiments using spleen cells from 

normal mice. Lymphocyte responses to mitogen controls reflected the 

presence of B cells by the response to LPS and indicated the absence 

of T cells by the non-responsiveness to Con ~ The data shown in 

Table 5 indicates that spleen cells from Nu/Nu mice also were not 

responsive to Hg++. No mitogenic response to Hg+~ was observed at any 

tested concentration at any time in culture. Control spleen cell 

responses to mitogens again reflected the presence of B cells and few 

functional T cells. 



Table 4. Absence of Spleen Cell Responses to Zn++ in Nu/Nu Mice 

Spleen cells from Swiss mice, homozygous for the Nu (nude) gene, were cultured 
for various times with saline (indicated by "0"), with different concentrations 
of Zn++, I. coli-derived LPS (20 ~g/ml), and Con A (20 ~g/ml). Lymphocyte 
activation was assessed by incorporation of 3H-thymidine during the last 4 hours 
of culture which was measured with a scintillation counter. Data are represented 
as the mean counts per minute values of quadruplicate wells ~ 1 standard deviation. 

Zn++ 3H-Thymidine Incorporation (cpm) 
Concentration 48 hr 96 hr 144 hr 192 hr 
~ 

0 301 ± 66 558 ± 34 935 ± 68 443 ± 51 

10 N.T. 677 ± 11 1,462 ± 82 510 ± 105 

25 327 ± 90 272 ± 74 772 ± 38 746 ± 78 

50 346 ± 82 317 ± 21 1,038 ± 247 800 ± 109 

100 376 ± 26 651 ± 51 1,694 ± 160 786 ± 126 

200 359 ± 27 390 ± 118 1,020 ± 91 478 ± 61 

LPS 10,283 ± 521 

Con A 433 ± 63 

N.T. = Not tested 
0"1 
U"I 



Table 5. Absence of Spleen Cell Responses to Hg++ in Nu/Nu Mice 

Spleen cells from Swiss mice, homozygous for the Nu (nude) gene, were cultured 
for various times with saline (indicated by "0"), with different concentrations 
of Hg++, ~. coli-derived LPS (20 ~g/ml), and Con A (20 ~g/ml). Lymphocyte 
activation was assessed by incorporation of 3H-thymidine during the last 4 hours 
of culture which was measured with a scintillation counter. Data are represented 
as the mean cpm of 4 data points ~ 1 standard deviation. 

Hg++ 3H-Thymidine Incorporation (cpm) 
Concentration 48 hr 96 hr 144 hr 192 hr ( ~t~} 

° 892 ± 125 2,292 ± 550 3,631 ± 731 464 ± 99 

2.5 1,094 ± 45 2,119 ± 569 3,074 ± 445 269 ± 39 

5 906 ± 135 2,200 ± 282 1,874 ± 174 308 ± 99 

10 348 ± 74 670 ± 75 812 ± 180 643 ± 35 

25 85 ± 45 118 ± 18 255 ± 76 82 ± 12 

50 56 ± 14 54 ± 6 54 ± 5 63 ± 3 

LPS 26,966 ± 3,240 

Con A 2,176 ± 261 

0"1 
0"1 



67 

The third method for defining the type of lymphocyte responding 

to the heavy metals was by the removal of Thy-1-antigen-bearing T 

cells through cell lysis with monoclonal anti-Thy-1-antibody plus 

complement prior to culture terminatio~ Treatment of the spleen 

cells in this fashion dramatically reduced the response to Zn++ by 76% 

to within control levels and totally eliminated the response to Hg++ 

(Figure 5). The slight cytotoxicity observed in the presence of 

complement in the experiments evaluating the Hg++ response probably 

was because of only partial removal of a nonspecific anti-murine-

lymphocyte antibody present in the human serum used in the cell 

cultures. The data from these three lymphocyte enrichment methods 

suggest that the T lymphocyte was the primary murine lymphoQyte type 

that mitogenically responded to Zn++ and to Hg++. 

The Requirement for Macrophages in the Lymphocyte Mitogenic 
Response to Zn++ and Hg++ 

Since macrophages have the ability to adhere to nylon wool and 

to silica-coated plastic and to phagocytose carbonyl iron, both 

adherent and phagocytic functions of macrophages were used to 

eliminate these cells from a mixture of lymphocytes and macrophages, 

normally found in the spleen. To ensure that spleen cell cultures 

would be devoid of the majority of macrophages, the spleen cells were 

processed by allowing the cells to phagocytose carbonyl iron and to 

concomitantly adhere to tissue culture plastic. Cells not adhering to 

the plastic and containing iron were removed from non-adherent and 



Figure 5. Ablation of Spleen Cell Responses to Zn++ and Hg++ by 
Lysis of T Lymphocytes 

Spleen cells were cultured for 144 hours in the presence of saline 
(open bars), 200 ~M Zn++ (dark bars), or 10 ~M Hg++ (shaded bars). 
Prior to termination of the cultures, sets of quadruplicate wells 
were supplemented with saline or anti-Thy-1 antibody and incubated for 
30 minutes at room temperature. Following the addition of rabbit 
complement, the cells were incubated for 45 minutes at 370C and pulsed 
with 3H-thymidine for 4 hours. Data are represented as mean counts 
per minute values ~ 1 standard deviation. 
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non-phagocytic cells with a magne~ The remaining cells were 

incubated on a nylon wool column to further remove any contaminating 

macrophages. Although nylon wool retains B cells in addition to 

macrophages, the'removal of B cells did not interfere with the T-cell 

response to Zn++, as shown above. The data presented in Figure 6 

shows that macrophage-deficient cells lost their ability to respond to 

either Zn++ or Hg++, as compared to the untreated controls. 

The requirement for the presence of macrophages for the T 

lymphocyte responses to the heavy metal mitogens was substantiated by 

the readdition of macrophages to the macrophage-depleted spleen cell 

cultures which restored the responses to Zn++ and to Hg++ (Figure 7). 

The data shown in this figure, like the data of the previous figure, 

also shows that lymphocyte activation by Zn++ and Hg++ was absent in 

the macrophage-depleted cell cultures. However, when the macrophage

depleted cells were placed on monolayers of adherent peritoneal macro

phages, representing various percentages of macrophages with respect 

to the added splenic lymphocyte population, the lymphocyte responses 

to the cations were restore~ Some restoration of the lymphocyte 

response to Zn++ was observed in the presence of as few as 2.5% 

adherent cells. The lymphocyte response to Zn++ was completely 

restored with 5 to 20% adherent cells. However, when spleen cells 

were cultured in the presence of 40% macrophages, the lymphocyte 

response to Zn++ was inhibited. The lymphocyte response to Hg++ also 

was restored to a slight degree with 2.5% adherent cells and was 

optimally restored in the presence of 5 and 10% macrophages. However, 



Figure 6. Macrophage Removal Eliminates Splenic Lymphocyte Responses 
to Zn++ and Hg++ 

Macrophages were removed by placing 1 x 108 spleen cells into plastic 
tissue culture flasks containing carbonyl iron for 1 hour at 37 0 C. 
Non-adherent cells containing ingested iron were removed with a magnet 
and discarded. Cells not retained by the magnet were incubated in 
a nylon wool column for 45 minutes at 37 0 C. Cells eluted from the 
column were added to microtiter plates at a density of 5 x 105 viable 
cells per well containing saline, 200 ~M Zn++ or 10 ~M Hg++. The 
cultures were incubated for 144 hours and pulsed with 3H-thymidine 
for the last 4 hours of incubation. Data reflect the mean counts per 
minute values of quadruplicate wells ~ 1 standard deviation. 
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Figure 7. Restoration of Responses to Zn++ and Hg++ by Reintroducing 
Macrophages to Macrophage-Depleted Spleen Cells 

Macrophages were removed from spleen cells as described in the previous 
figure legend. Macrophage-depleted spleen cells were added to mono
layers of resident BalbjC peritoneal cells at various cell densities 
as indicated. The cell cultures were incubated with saline ( • ), 
200 ~M Zn++ ( • ), or 10 ~M Hg++ ( ~ ) for 144 hours. Cultures 
containing macrophage monolayers alone were incubated also with 
saline ( 0 ), 200 ~M Zn++ ( 0 ), or 10 ~M Hg++ ( ~ ). The 
closed circle, square, and triangle at the far left-hand margin reflect 
the control responses of non-treated spleen cells to saline, Zn++, and 
Hg++, respectively. Spleen cell responses were monitored with a 
4-hour pulse of 3H-thymidine at the end of the culture period. Data 
are shown at the mean counts per minute values of quadruplicate wells 
+ 1 standard deviation. Data points not displaying error bars have 
standard deviations ranging from 1-42 cpm. 
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the response to Hg++ did not return completely to within non-treated 

control levels, although in one experiment not shown here, the Hg++ 

response exceeded control Hg++ responses by a significant degree. 

Similar to the response to Zn++, the restored mitogenic response to 

Hg++ was inhibited in the presence of higher numbers of adherent 

cells, representing approximately 20 and 40% of the total cell popula

tion. The absence of a response to the metals in all control 

adherent-cell monolayers, which did not contain spleen cells, 

indicated that the adherent cells themselves were not responsible for 

the increased incorporation of 3H-thymidine. 

Heayy Metel Actiyation of Interferon-Producing Cells In Vitro. 

To determine whether Zn++ or Hg++ could activate lymphocyte 

functions other than mitogenesis, interferon (IFN) production was 

assessed as another parameter of lymphocyte activation. Splenic 

lymphocytes, incubated for various time periods in the presence of 

200 ~M Zn++ or 10 ~M Hg++, were stimulated by both metals to produce 

interferon after an incubation period of 96 hours, as detected by the 

inhibition of virally-induced cytopathic effects (Table 6). A high 

level of 3H-thymidine incorporation in the Zn++ and Hg++ test groups 

also was observed at this time point. Curiously, although significant 

increases in 3H-thymidine incorporation in response to Hg++ was seen 

at 48 hours in this experiment, no IFN was detected at this time. 

Interferon was never detected at this early culture period in any 

replicate experiments. The table also shows that IFN was not produced 

by lymphocytes cultured with Zn++ or Hg++ for 144 hours, although 3H-



Table 6. Stimulation of Interferon Production in Spleen 
Cells by Zn++ and Hg++ 

Spleen cells were cultured for various time periods with 
either saline, Zn++ (200 ~M), Hg++ (10 ~M), or Con A 
(20 ~g/ml), after which the lymphocyte-conditioned medium 
was removed, dialyzed, and frozen at -700 C. The presence 
or absence of interferon (IFN) was determined with a 
cytopathic effect (CPE) assay using L-929 target cells 
and vesicular stomatitis virus. Units of IFN are defined 
as the reciprocal of the dilution of the IFN source that 
prevents virally-induced CPE in approximately 50% of the 
monolayer. Acid-treated IFN represents conditioned 
medium that was dialyzed in HC1-KCl (pH 2.0) buffer as 
described in the Materials and Methods section. In 
parallel with tube cultures, spleen cell activation in 
microtiter plates was assessed by the incorporation of 
3H-thymidine during the last 4 hours of culture which 
was measured with a scintillation counter. Data are shown 
as the mean counts per minute values + 1 standard deviation. 
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Table 6. Stimulation of Interferon Production in Spleen 
Cells by Zn++ and Hg++ 

3H-Thymidine Units of 
Incubation In Vitro Units of Acid-Treated 

Time Treatment Incorporation Interferon Interferon (cpm) 

48 Hours Saline 810 ± 191 < 4 

Zn++ 2.617 ± 410 < 4 

Hg++ 7.455 ± 783 < 4 

Con A 38.611 ± 3.677 256 

Con A 
+ 10 \lM Hg++ 50.345 ± 2.258 256 

Con A 
+ 25 \lM Zn++ 48.267 ± 1.828 256 

Con A 
+ 200 \lM Zn++ 31.907 ± 2.928 128 

96 Hours Saline 1.333 ± 246 < 4 

Zn++ 11.812 ± 2.921 16 < 4 <: 2) 

H9++ 32.590 ± 6.025 16 < 4· < 2) 

144 Hours Saline 2.983 ± 640 < 4 

Zn 
++ 

9.038 ± 1.008 < 4 

Hg++ 32.029 ± 1.486 < 4 

192 Hours Saline 819 ± 300 < 4 

Zn++ 643 ± 344 < 4 

Hg ++ 3.177 ± 676 < 4 
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thymidine was incorporated at high levels similar to the stimulated 

levels seen earlier at 96 hours. However, IFN was detected in lympho

cyte cultures incubated with Zn++ or Hg++ for 144 and 168 hours in 

other experiments (data not shown). Table 6 shows that 16 units of 

interferon were produced by Zn++- and Hg++-activated lymphocytes at 96 

hours and at later culture periods in other experiments (data not 

shown). This amount of IFN was small compared to the 256 units of IFN 

produced by Con A-activated lymphocytes at 48 hours. The distinct 

differences in amounts of interferon produced by metal-activated 

versus lectin-stimulated lymphocytes sharply contrast with the very 

similar levels of 3H-thymidine incorporation induced by Con A and Hg++ 

in this experiment. 

To account for the difference in interferon levels and as a 

means to control for the possibility that Zn++ or Hg++ may be 

inhibiting IFN production in or secretion from lymphocytes activated 

by the metals, Con A-activated lymphocytes were incubated in the 

presence of Zn++ or Hg++. As noted in Table 6, 10 ~M Hg++ and 25 ~M 

Zn++ did not affect Con A-induced interferon production but slightly 

enhanced the incorporation of 3H-thymidine. However, 200 ~M Zn++ 

slightly lowered levels of 3H-thymidine incorporation and interferon 

production in the Con A-activated lymphocytes. Although the levels of 

interferon appeared to be decreased by 50% in the presence of 200 ~M 

Zn++, 128 units of interferon reflect an endpoint dilution only one 

serial dilution less than the control endpoint of 256 units. In light 

of the nature of the interferon assay, this difference is not signifi-
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cant. Additionally, Con A-induced interferon levels were not reduced 

by the higher Zn++ concentration to the low levels induced in 

lymphocytes by Zn++ alone. Therefore, the presence of Zn++ and Hg++ 

does not inhibit the release or production of interferon to a signifi

cant degree in Con A-stimulated lymphocytes and probably does not 

negatively affect interferon production in the heavy-metal-activated 

lymphocyte~ The data suggest that Zn++ and Hg++ initiate interferon 

production in a smaller number of lymphocyte clones than those 

activated by Con A to produce IFN. 

The interferon produced by Zn++- and Hg++-stimulated spleen 

cells is shown by the data at the right side of Table 6 to be 

sensitive to acidic conditions at pH 2. No interferon activity was 

detectable at the endpoint dilution of 1:4, the lowest tested dilution 

of the lymphocyte-conditioned medium made during the experiment. The 

figures in parentheses represent a retest of the pH 2-treated 

conditioned medium at a lower dilution of 1:2, which again denotes the 

absence of interferon activit~ Therefore, the interferon activity 

was completely eliminated by acid treatment. The data suggest that 

the interferon produced as a result of heavy metal activation was of 

the immune or gamma type. 

~++- and Hg++-Mediated Induction of Cytotoxic Lymphocytes In Vitro 

Previous experiments showed that Zn++ or Hg++ stimulated at 

least two parameters of lymphocyte activation, 3H-thymidine incorpora

tion and interferon productio~ Thus, Zn++ and Hg++ were evaluated 
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for their ability to induce a third parameter of lymphocyte activa

tion, the stimulation of cytotoxic lymphocytes. The assay chosen to 

assess this activity was one in which the expression of lymphocyte

mediated cytotoxicity requires the presence of a T-cell mitogenic 

lectin, such as PHA. As discussed in the Materials and Methods 

section, spleen cells were incubated in the presence of Zn++ (200 ~M) 

or Hg++ (10 ~M) for 168 hours (24 hours following the 144-hour optimal 

culture period for 3H-thymidine incorporation) after which the cells 

were washed to remove the Zn++ or Hg++ stimulu~ The washed cells 

were incubated with 51Cr-radiolabeled BW5147 target cells in the 

presence or absence of PEA. As indicated in some experiments, Zn++ 

also was added to the cytotoxicity assay system with or without PHA. 

The data in Figure 8 shows that both Zn++ and Hg++ activate 

lectin-dependent-cytotoxic cells. Of the two concentrations of PHA 

tested, 10 ~/IDl PEA permits the greater expression of heavy-metal

induced cellular cytotoxicity. The results show that 200 ~M Zn++ 

induces over 50% lysis of target cells while Hg++ induces over 30% 

lysis in this experiment. In some replicate exper1ments not shown, 

Zn++-activated cells caused greater than 80% lysis of target cells. 

In the presence of the higher PHA concentration (100 ~/ml), the 

degree of lysis mediated by Zn++- and Hg++-activated cells was reduced 

by approximately 50%. Treatment of Zn++-activated cells, with mono

clonal anti-Thy-1 antibody plus complement before their addition to 

the cytotoxicity assay eliminated the lectin-dependent cytotoxicity, 

verifying that the cytotoxic cells were of the T-cell class (data not 



Figure 8. Zn++ and Hg++ Activate Lectin-Dependent Cytotoxic Lymphocytes 

Spleen cells were incubated in the presence of saline, 200 ~M Zn++ and 
10 ~M Hg++ for 168 hours. The cells were washed and added to 51Cr
labeled BW5147 target cells at a ratio of 50 spleen cells per target 
cell. The cell mixture was incubated with or without PHA for 4 hours 
at 370 C after which the cell-free supernatant fluid was removed and 
counted on a gamma-counter. Calculation of percent lysis is described 
in the Materials and Methods section. Percent spontaneous release was 
never greater than 12% in all experiments. 
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shown). In the presence of PHA, small background levels of cytotoxic

ity were detected in spleen cell cultures incubated with saline in 

place of the metal cations. However, in the absence of PHA, the 

cytotoxicity induced by the metals as well as in control cultures was 

not expressed. 

To avoid any possible interference by Zn++ or Hg++ with the 

outcome of the cytotoxicity assay, the metals were washed routinely 

from the spleen cells before the cells were added to the assay. 

However, to assess whether the heavy metals could effect the assay in 

any way, Zn++ (200 ~M) was added back to the spleen cells after the 

cells had been mixed with target cells and PH~ The data presented on 

the left side of Figure 9 shows that Zn++-induced cytotoxic cells 

mediated about 50% lysis of target cells in the presence of PHA 

(10 ~g/ml), but when 200 ~M Zn++ was added to the assay, the observed 

cytotoxicity was dramatically reduced to 12% lysis of targets, which 

is a 75% decrease in killing. Moreover, the background cytotoxicity 

of the control cells in the presence of PHA was totally eliminated by 

the addition of Zn++. The effect of Hg++ on the assay was not 

determined. The data displayed on the right side of Figure 9 shows 

that neither 100 ~M nor 200 ~M could mimic the role of PHA in the 

assay to permit the expression of cytotoxic functio~ Additionally, 

neither Zn++ nor Hg++ had any effect upon the release of 51Cr from the 

target cells (data not shown). 

To assess whether these heavy metal mitogens can activate other 

types of cytotoxic cells, Zn++-stimulated spleen cells were tested for 
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Figure 10. Zinc Ions Induce Low Levels of Natural Killer Cell Activity 

The procedure for the LDCC and natural killer cell assays is similar 
to that described in Figure 8. However, in the natural killer cell 
assay, Yae-l cells were used as the target cells and no PHA was added 
during the assay period. Percent spontaneous release was never 
greater than 9% in the natural killer cell assays. 
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the expression of natural killer cell· activity. Spleen cells, 

incubated with Zn++ (200 ~M) for 168 hours, were mixed with 51Cr

labeled Yac-1 target cells which are sensitive to natural killer 

activit Yo The spleen cells also were concomitantly tested for lectin

dependent cellular cytotoxicity, as a positive control. The data 

shown on the right side of Figure 10 reveals that Zn++-induced lectin

dependent cytotoxicity again caused about 50% lysis of the BW5147 

target cells, similar to previously described experiments. In 

contrast, Zn++ induced a small level of natural killer cell fUnction 

as reflected by the 6, lysis of the Yac-1 target cells. However, 

although Zn++ induced only low levels of natural killer cell activity, 

no cytotoxicity was induced in saline-incubated control spleen cells, 

which shows that natural killer cells were activated specifically by 

Zn++. 

Culture Requirements for Thymocyte Actiyation by Zinc Cations 

Thymocytes were shown in early experiments to be non-responsive 

to either Zn++ or Hg++ (Table 3). This was surprising, since Zn++ and 

Hg++ were found to be mitogenic activators for splenic T cells. 

Theoretically, a thymocyte response to these heavy metal T-cell 

mitogens would be expected under the appropriate culture conditions, 

since thymocytes consist of a population of T cells that are 

responsive to other T-cell mitogens, such as Con A (Table 3). 

However, thymocytes are poor responders to some T-cell mitogens, such 

as PHA, which bind carbohydrate moieties different from Con A 

(Oppenheim and Rosenstreich, 1976). Nevertheless, thymocytes can 
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mount higber responses to these weak thymocyte mitogens in the 

presence of factors produced by jn~ cultured macrophages (Gery 

and Handschumacher, 197~). Since thymocytes also may require a 

macrophage-derived factor in order to respond to Zn++ or Hg++, culture 

medium was removed from cell monolayers of the macrophage cell line, 

J77~A.1, and added to thymocyte cultures containing Zn++ (200 ~ M) for 

an incubation period of 1~~ hours. Figure 11 presents data showing 

that thymocytes mounted a vigorous response to Zn++ in the presence of 

the J77~A.1-conditioned medium in contrast to the control cultures 

containing standard culture medium in which the Zn++ response was 

absent. The thymocyte response to Zn++ varied in magnitude between 

replicate wells, as indicated by the large standard deviations in the 

data. This variation ~n response to Zn++ was observed in most 

experiments. The macrophage-conditioned medium did not appear to 

contain high levels of nonspecific lymphocyte mitogenic factors at the 

dilutions indicated in the figure, since thymocytes were not 

stimulated by the conditioned medium in the absence of Zn++. 

To approximate the molecular weight range of the factor(s) 

enabling thymocytes to respond to Zn++~ the J774A.1 culture fluid was 

passed over three different Amicon retention filters in successio~ 

As the data in Figure 11 shows, no active component was retained by 

the 100,000 dalton filter. However, the majority of the activity was 

retained by the 50,000 dalton filter, suggesting that the active 

component has a molecular weight between 50,000 to 100,000 daltons. A 

small amount of the Zn++ response-promoting activity also was detected 



Figure 11. Thymocite Activation by Zn++ in the Presence of J774A.l 
Macrophage Cell Line-Conditioned Medium Plus Molecular 
Weight Estimation of the Active Component 

Thymocytes were cultured for 144 hours in standard medium containing 
RPMI 1640 + 10% human serum + 2-mercaptoethanol (50 ~M) or in Synmed 
+ 1% fetal calf serum previously incubated with J774A.l cells for 48 
hours which was combined with the former medium at a final concen
tration of 25%. The J774A.l-conditioned medium had been fraction
ated by Amicon ultrafiltration in serial steps using filters with 
molecular weight limits as shown above. Thymocyte cultures contained 
Zn++ (200 ~M) or saline. Data reflect mean counts per minute values 

'of 6 replicate wells ± 1 standard deviation. 
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at a low dilution of the culture fluid which passed through the 50,000 

dalton filter and was retained by the 10,000 dalton filter. 

As the molecular weight range of the factor was within the 

range described for the large molecular weight form (75,000 daltons) 

of the macrophage factor, interleukin-1 (Lachman and Metzgar, 1980), 

this factor was evaluated to determine whether it was the agent 

responsible for the thymocyte response to Zn++. Interleukin-1 (IL-1) 

was donated by Dr. steven Mizel (Pennsylvania State University, 

University Park, PA) in a semi-purified form which was pure in regard 

to its biological activity on thymocyte~ Interleukin-1 has a defined 

effect on thymocytes by enhancing their mitogenic response to PH~ 

According to Dr. Mizel, 20 units is the quantity of IL-1 that can 

maximally enhance thymocyte responses to PH~ Ten units of IL-1 

increased the PHA response in thymocytes by 100% (Figure 12). When 10 

units (data not shown) and 20 units of IL-1 were added to thymocytes 

in the presence of Zn++, no response to Zn++ was observed, in spite of 

the thymocyte response to PHA which was elevated above the control PHA 

response. The data suggest that the agent in the J774A.1 culture 

medium responsible for the activation of thymocytes by Zn++ was not 

interleukin-1. 

The determination of the nature of the Zn++ response-promoting 

factor was pursued further. Samples of culture medium inoubated with 

other sources of macrophages were tested for their ability to promote 

a Zn++ response in thymocytes. The data presented in Table 7 shows 

that oulture medium incubated with primary cultures of Balb/C glas3-



Figure 12. Interleukin 1 is not the Cofactor Required for Zn++
Mediated Activation of Thymocytes 

Thymocyte cultures were incubated for 144 hours with either saline. 
PHA (20 ~g/ml). or Zn++ (200 ~M) in the presence or absence of 
interleukin 1. used in a semi-purified form with homogeneous 
biological activity. Experiments assessing thymocyte incubation with 
PHA or Zn++ contained 10 and 20 units of interleukin 1. respectively. 
Units of interleukin 1 are defined in the Materials and Methods 
section. Thymocyte activation was assessed by incorporation of 3H
thymidine as previously described. Data are displayed as mean counts 
per minute values ~ 1 standard deviation. 
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adherent peritoneal macrophages or the macrophage cell lines, PU5IR 

and J774~1, all permitted activation of thymocytes by Zn++. Tbymo

cytes were activated in the presence of macrophage-conditioned culture 

medium at dilutions of up to 1:64. Large standard deviations were 

seen which reflected the wide well-to-well variability in cell 

responses. Thymocyte control cultures containing dilutions of the 

various macrophage-cultured media plus saline, as well as the thymo

cyte controls containing Zn++ plus the standard lymphocyte culture 

medium, showed no thymocyte activatio~ However, when tbymocytes were 

cultured in the presence of the Synmed-based medium, used to culture 

the macrophages, a thymocyte response to Zn++ was observed (Table 7). 

The serum-free synthetic product, Synmed, supplemented with 1% fetal 

calf serum, contained Zn++-response-promoting activity similar to that 

of the macrophage culture fluids. As noted in the table, the active 

agent was present in both the Synmed and the fetal calf serum and 

therefore was not a macrophage-derived product. 

Since the Zn++ response-promoting activity was found in fetal 

calf serum and not in the human serum present in the standard thymo

cyte medium, the possibility existed that the activity might be 

because of contamination of the fetal calf serum with bacterial lipo

polysaccharide. Bacterial lipopolysaccharide is a common contaminant 

of fetal calf serum and bovine serum albumin (Fumarola, 1981), which 

is probably introduced into the serum by bacterial growth during its 

preparation and storage prior to sterile filtratio~ Therefore, 

Synmed could contain LPS that was derived from its bovine albUmin 



Table 7. Promotion of Thymocyte Activation by Zn++ with Culture Medium Components 

Thymocytes were cultured for 144 hours in culture medium shown ~bove. Various tested culture 
media were combined with control medium at the indicated dilutions. Conditioned medium was 
prepared by incubating cells with Synmed + 1% fetal calf serum for 48 hours. Data are 
represented as the mean cpm of 6 data points ~ 1 standard deviation. 

Medium 
+ 

Zn++ (200 llM) 

Control Medium: 

Dilution 
of Medium: 

RPM I 1640 + 10% Human Serum 

Cell-Conditioned Medium: 

Balb/C Adherent 
Peritoneal Cells 

PU5IR Cells 

J774A.1 Cells 

J774A.l Cells (100 0 C)a 

Conditioning Medium: 
Synmed + 1% Fetal Calf Serum 

Synmed 

1% Fetal Calf Serum 

1:4 

40 ± 6 

16,804 ± 5,533 

9,208 ± 962 

10,009 ± 6,249 

N.T. 

11,899 ± 157 

4,821 ± 4,682 

6,468 ± 2,930 

3H-Thymidine Incorporation (cpm) 
1:16 

21,690 ± 11,937 

6,891 ± 3,987 

4,841 ± 3,804 

2,738 ± 2,282 

4,030 ± 4,481 

1,702 ± 721 

4,667 ± 2,615 

1:64 

10 ,003 ± 8,058 

2,018 ± 1,228 

3,476 ± 2,431 

4,241 ± 2,487 

6,836 ± 3,966 

1,880 ± 1,867 

300 ± 30 

a. Conditioned medium was incubated at 1000 C for 15 minutes prior to incubation with thymocytes. 
b. N.T. = Not tested. 
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ingredient. Since the J774~1~conditioned medium could be incubated 

at 1000 C for 15 minutes without inactivating the factor involved in 

supporting the Zn++ response (Table 7), a LPS-contaminant is further 

supported because lipopolysaccharides are not affected by this 

treatment. 

In light" of such findings, LPS was assessed for its effect upon 

the thymocyte Zn++ response. The data shown in Figure 13 reveals that 

in the presence of LPS (100 ~g/ml) and various Zn++ and Hg++ concen

trations for 144 hours, 200 ~M Zn++ was observed to optimally 

stimulate thymocytes as it did for the splenocytes and lymph node 

lymphocytes. However, none of the tested concentrations of Hg++ could 

activate thymocyteso In other experiments not shown, Hg++ concentra

tions down to 1.0 ~M and up to 50 ~M could not activate thymocytes in 

the presence of LPS. Control experiments, containing LPS and no metal 

cations, indicated by "0" in the figure, showed that thymocytes, like 

other T lymphocytes, did not mount a mitogenic response to LPS itsel~ 

By maintaining a constant concentration of Zn++ (200 ~M) and serially 

diluting the quantity of LPS, thymocytes were observed to respond to 

Zn++ at LPS concentrations down to 40 ug/ml (Figure 14) and as low as 

1.0 ng/ml (data not shown). The bottom of the figure shows that 

thymocytes were not affected by any concentration of LPS alone, except 

for a minute effect at 10 ~g/ml that was not seen in other replicate 

experiments. Therefore, the data support the possibility that the 

active factor in Synmed and fetal calf serum was a LPS contaminant. 

Since only nanogram concentrations of LPS are needed to promote a 
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1 2 3 4 

3H-Thymidine Incorporation (CPM x 1o-3) 

Figure 13. Evaluation of Thymocyte Responses to zn++ and Hg++ in the 
Presence of Bacterial Lipopolysaccharide 

Thymocytes were cultured for 144 hours· in standard medium supplemented 
with 2-mercaptoethanol (50 ~M) containing E. coli 0127:88-derived 
lipopolysaccharide (100 ~g/ml). The cells-were incubated with saline, 
zn++, or Hg++ in concentrations indicated. Thymocyte activation was 
assessed by incorporation of 3H-thymidine as described in previous 
figures. Data are indicated as mean counts per minute values + 1 
standard deviation. 
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Figure 14. Low Levels of Bacterial Lipopolysaccharide Promote Thymocyte Responses to Zn++ 

Thymocytes were cultured for 144 hours with or without various concentrations of E. coli 0127:B8-. 
derived lipopolysaccharide and with saline or Zn++ (200 ~M). Thymocyte activation was assessed 
by the incorporation of 3H-thymidine as described previously. Data are represented as mean counts 
per minute values ~ 1 standard deviation. 
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thymocyte response to ZI1++, small contaminating quantities of LPS 

would be expected to easily satisfy this LPS requirement. 
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In addition to the requirement for LPS for the thymocyte Zn++ 

response, the standard lymphocyte medium supplement, 2-ME also 

appeared to be necessary for the response. The data, represented by 

histogram bars on the far right side of Figure 15, show that thymo

cytes responded to Zn++ but not to Hg++ in the presence of the medium 

supplements, 2-ME and LPS. However, the histogram bars show that when 

LPS was present without 2-ME, or when 2-ME was present without LPS, no 

Zn++ response or Hg++ response occurre~ Therefore, both LPS and 2-ME 

were required as culture medium supplements for the thymocyte response 

to Zn++. 

The effects of 2-ME on the heavy-metal-reeponsiveness of thymo

cytes are supported by its effects on the metal responses of spleen 

cells. The data displayed on the left side of Figure 15 shows that 

the spleen cell response to Zn++ was increased by approximately 10 

fold in the presence of 2-ME. Additionally, 2-ME elevated background 

levels of 3H-thymidine in the spleen cell control cultures. In 

contrast, the data in Figure 15 shows that while 2-ME enhanced the 

Zn++ response, it totally eliminated the spleen cell response to Hg++ 

as well as the lymph node lymphocyte response to Hg++ (data not 

shown). Therefore, the data suggest that since 2-ME appears to be 

necessary for Zn++-mediated activation of thymocytes, it probably also 

is required for but concomitantly precludes the potential thymocyte 

response to Hg++. The reasons for this effect are not known, but data 



Figure 15. Different Effects of 2-mercaptoethanol on Spleen Cell and 
Thymocyte Responses to Zn++ and Hg++ 

Spleen cells and thymocytes were cultured for 144 hours with or without 
the presence of 2-mercaptoethanol (50 ~M) or E. coli-derived lipo
polysaccharide (20 ~g/ml) and with saline, Zn~+ (200 ~M) or Hg++ 
(10 ~M). Cell activation was determined by incorporation of 3H
thymidine, as described previously. Data are shown as mean counts 
per minute values + 1 standard deviation. The asterisk indicates a 
standard deviation-of 3,06D counts per minute. 
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not shown suggest that the combination of 2-ME and Hg++ may be toxic 

to lymphocytes. In spleen cell cultures incubated with 2-ME, lectin

dependent cytotoxicity was not induced by Hg++, and numbers of viable 

lymphocytes, recovered from the spleen cell cultures, were lower 

relative to cultures in which 2-ME was not use~ Thymocytes possibly 

have the potential to respond to Hg++, but this potential cannot be 

determined until some agent is found to duplicate the positive but not 

the negative effects of 2-ME in the culture system. 

Since thymocytes are a non-uniform cell population containing T 

lymphocytes at different stages of maturity, the mature and immature 

thymocytes were evaluated for their ability to respond to Zn++. As 

opposed to "mature" thymocytes,· "immature" thymocytes express cell

surface components that can be bound by peanut agglutinin (PNA) 

(Kruisbeek and Astaldi, 1979). The data shown in Figure 16 reveals 

that the PNA-non-binding mature thymocytes, representing about 5% of 

the total thymocyte population, responded to Zn++ at levels similar to 

that of the whole thymocyte populatio~ The data also shows that 

although PNA-non-binding cells purportedly represent mature thymo

cytes, LPS (and perhaps 2-ME) was still necessary for the Zn++ 

response to occur, unlike the mature T cells of the spleen and lymph 

nodes. The PNA-bound immature thymocytes were not evaluated for their 

responsiveness to Zn++, since the effects of PNA-binding on these 

cells are not known and would have produced results that were 

difficul t to interpret. 
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Figure 16. Activation of Peanut Agglutinin-Non-Binding Thymocytes 
by zn++ 

Peanut agglutinin-incubated thymocytes in RPMI 1640 + 5% fetal calf 
serum were layered onto a tube containing RPMI + 20% fetal calf serum. 
Clumped PNA-binding cells settled down and away from the uppermost 
fluid layer containing the PNA-non-binding (negative) cells. The PNA
negative thymocytes were cultured for 144 hours in standard medium 
containing 2-mercaptoethanol with or without E. coli-derived lipopoly
saccharide (20 ~g/ml) and in the presence of saline (open bars) or 
200 ~M zn++ (shaded bars). Thymocyte activation was determined by 
incorporation of 3H-thymidine. Data are shown as mean counts per 
minute values + 1 standard deviation. 
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Effects of Zinc Administration In Vi yo Upon Lymphocyte Reactiyity 

To evaluate whether the mitogenic effects of Zn++ in~ 

could be induced inx1YQ, zinc was administered directly to mice. 

Changes in zinc levels in the mice were monitored with liver and serum 

samples to asseSs whether zinc levels were being increased by ZnCl2 

adminis~ratio~ Liver was the target organ chosen for this analysis, 

as it is a storage organ for zinc and other heavy metals (Prasad, 

1977). In mice injected with ZnCl2 for 1 or 2 weeks, liver zinc 

levels, measured in micrograms per gram of desiccated liver, increased 

by 36 to 44% compared to the pOoled livers of control mice (Table 8). 

Following the seventh day of ZnCl2 administration, serum levels of 

zinc, measured as micromoles per liter, also Were increased by 42%. 

The effects of the increased zinc levels in ~ were assessed 

by changes in cell counts of the spleen and in thymic wet weight. 

Thus, the number of lymphocytes appeared to be reduced in both primary 

and secondary lymphoid organs (Table 9). The number of viable spleen 

cells in individual ZnCl2-injected mice were decreased by an average 

of 31% compared to saline-injected control mice. A decrease in 

numbers of thymic lymphocytes in ZnCl2-injected mice was suggested by 

the dramatic 59% reduction in thymic wet weight, compared to the 

thymuses of saline-injected control animals. 

Since the zinc administration schedule increased zinc levels in 

the mice, spleen cells from zinc-injected mice were evaluated for any 

changes in their incorporation of 3H-thymidine in vitro. The data at 

the top of Table 10 shows that zinc administration did not affect the 



Table 8. Increase in Zinc Levels in Mice Following Zinc Administration 
in vivo ---

Balb/C mice (3-4/test group) were injected i:p. with 1.3 mg zinc as ZnC12 
{in 0.5 ml of saline or 0.23 mg/ml glycine solution in studies of serum and 
liver, respectively)/kg body weight/12 hours until the termination date 
indicated below. Control injections consisted of the described glycine 
solution. Mice were bled by retino-orbital or cardiac puncture to obtain 
serum. Livers were pooled by group, dehydrated to obtain dry weight, 
digested with acid, and rehydrated. Zinc concentrations of sera and livers 
were determined by atomic absorption spectrophotometry. Data are shown as 
the mean zinc concentration of each group of mice ~ 1 standard deviation. 

Treatment Zinc 
Sample Time In Vivo Concentration Percent 
Source (days) Treatment (~g Zn++/g liver) Increase 

Liver None 103.9 

Liver 7 Control Injections 102.7 

Liver 7 Zinc Injections 137.3 36 % 

Liver None 101.4 

Liver 15 Control Injections 104.9 

Liver 15 Zinc Injections 145.0 44 % 

(~moles Zn++Lliter} 

Serum None 13.3 ± 2.3 

Serum 7 Zinc Injections 19.0 ± 1.1 42 % ~ 
0'1 



Table 9. Decrease in Murine Lymphoid Organ Weight and Cell Number 
Following Zinc Administration in vivo 

Balb/C mice (4/test group) were injected i.p. with 0.5 ml of physiological 
saline or 1.3 mg zinc as ZnC12/kg body weight/12 hours for 13 days. Lymphoid 
organs were removed 12 hours following the last injection and were weighed 
individually or were teased apart to determine cell numbers. 

Lymphoid In Vivo Wet Weight Percent 
Organ Treatment (mg) Reduction 

Thymus Control Injections 42 ± 6 

Thymus Zinc Injections 18 ± 3 59 % 

Number of Viable Cells 
Per SQleen (x 107l 

Spleen Control Injections 25 ± 2 

Spleen Zinc Injections 17 ± 2 31 % 

\D 
"-J 



Table 10. Effects of Zinc Administration In Vivo on 
Spleen Cell Activation lB. Yitro-. --

Balb/C mice (3-4/test group) were injected i.p. with 0.5 ml 
of physiological saline or 1.3 mg zinc as ZnC12/kg body 
weight/12 hours for 14 days. Spleens were removed 12 hours 
following the last injection. Spleen cells, incubated with 
saline, PHA (20 ~g/ml), or LPS (20 ~g/ml) for 72 hours, were 
pulsed with 3H-thymidine for 4 hours before termination of 
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the cultures. Some spleen cells, indicated by "None" below, 
were placed in culture and immediately pulsed with 3H-thymidine. 
Data represents the mean counts per minute values of spleen 
cell response of each group of mice + 1 standard deviation. 
In vitro response values between salTne- and zinc-injected 
mice were not significantly different (P > 0.1) in all tests. 

In Vivo 
Treatment 

Saline 

Zinc 

Saline 

Zinc 

Saline 

Zinc 

Saline 

Zinc 

In Vitro 
Treatment 

None 

None 

Saline 

Saline 

PHA 

PHA 

LPS 

LPS 

3H-Thymidine 
Incorporation 

(cpm) 

399 + 54 

458 ~ 148 

245 ~ 115 

352 + 28 

6,744 ~ 2,239 

6,680 .::_ 3.047 

5,361 ~ 3,581 

3,562 ~ 1.025 
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normal "unstimulated" background levels of 3H-incorporation in spleen 

cells. No changes were observed whether the mice were injected for 1~ 

days with ZnCl2 twice daily or once daily with a doubled zinc dose. 

Spleen cells from ZnCl2-treated mice were also tested for changes in 

their responsiveness to mitogens in~. The increased levels of 

3H-thymidine incorporation induced by PHA or LPS in spleen cells of control 

mice were not significantly different (P >0.1) from spleen cell responses 

of ZnCl2-injected mice (Table 10). In summary, increasing the level of 

Zn++ in mice decreases the number of cells in tbe spleen and thymus, does 

not induce spleen cell mitogenesis in~, and does not dramatically 

affect the capacity of the surviving lymphocytes to respond in ~ to T

cell and B-cell mitogen& 



CHAPTER 4 

DISCUSSION 

The work 9resented in this dissertation has demonstrated that 

Zn++ and Hg++, the chemically simplest lymphocyte mitogens, can 

activate murine lymphocytes, since mice are the best understood animal 

model system in immunology. Activation of mouse lymphocytes by Zn++ 

and Hg++ was characterized by many parameters of lymphocyte activation 

jn~ which have not been previously assessed. These include 

stimUlation of specific lymphocyte functions, such as cytotoxicity, 

and stimulation of lymph~cyte production of soluble mediators, such as 

interfero~ Additionally, the nature of the heavy-metal-responding 

cell, accessory cell requirements for the lymphocyte response, and 

conditions required for thymocyte activation were determined. Since 

the means by which Zn++ and Hg++ activate lymphocytes is not known, 

several possib1.e hypothetical models of mechanisms for heavy metal 

activation are described at the end of this chapter. 

Heayy Metal Responsiyeness of Lymphocytes from Secondary Lymphoid Organs 

Experiments with Balb/C mice demonstrated that both Zn++ and 

Hg++ activate splenic and lymph node lymphocytes by stimulating 3H

thymidine incorporation by several fold over control levels (Figures 

and 2). Therefore, murine lymphocytes are responsive to these heavy 

metal mitogens along with lymphocytes from hUmans (Berger and Skinner, 

100 
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1974), hamsters (Hart, 1979), ohickens (Kirohner, Oppenheim, and 

Blaese, 1973), rats, rabbits, and guinea pigs (Pauly, Caron, and 

Suskind, 1969; Hart, 1978). Zino and meroury cations are unique in 

their ability to stimulate lymphooytes, since other divalent cations, 

suoh as Mn++, Cu++, Cd++, and Ni++, did not stimulate lymphocytes in 

~ and were oytotoxio (Figure 1). Studies using human peripheral 

blood 1ymphooytes show similar results and include Co++ as another 

non-stimulating oation (Berger and Skinner, 1974). The absence of a 

mitogenic effeot by Ni++ is supported by investigators using lympho

oytes from non-Ni++-oontact-sensitive human subjeots (Sohopf, Schulz, 

and Isensee, 1969; Caron, Poutala, and Provost, 1970; Berger and 

Skinner, 1974; Braathen, 1980). Murine lymphocytes responded to Zn++ 

over a wide ooncentration range with an optimal response at the 

conoentration of 200 ~M, whioh is similar to the ooncentration that 

aotivates human lymphocytes according to some reports (Ruhl, Kirchner, 

and Boohert, 1971; Ruhl and Kirchner, 1978). In contrast to Zn++, 

Hg++ aotivated mouse lymphocytes over a very narrow conoentration 

range with a peak response at 10 ~M as similarly reported with hUman 

lymphocytes (Yachnin, 1972; Berger and Skinner, 1974; Ohsawa and 

Kimura, 1979). 

Like lymphocytes from other animal species, murine spleen oe11s 

responded to the metals with peak levels of 3H-thymidine inoorporation 

late in in~ culture at around 96 to 144 hours, in contrast to 

other nonspecific mitogens (Table 1) whioh show peak responses at 48 

to 72 hours. The kinetics of the murine lymphocyte response to Zn++ 
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and Hg++ more closely resemble thein~ response of lymphocytes 

immunized in~ with a specific antigen. Human lymphocytes from 

tuberculin antigen-sensitized subjects specifically respond in~ 

to antigen with peak increases in 3H-thymidine incorporation and in 

numbers of lymphoblasts by 144 to 168 hours (Cowling, Quaglino, and 

Davidson, 1963; Marshall, Valentine, and Lawrenoe, 1969; DuBois et 

al., 1978). Lymphocytes from antigen-primed mice show maximal 

increases in 3H-thymidine in response to soluble antigens in 96- to 

16B-hour cultures (Schwartz, Jackson, and Paul, 1975; Fairchild and 

Malley, 1976; Brummer, Vris, and Lawrence, 1977; Brummer and Lawrence, 

1979; Lee, Wilkinson, and Wong, 1979; Lee et al., 1979). Several 

immunological parameters may influence when the time of peakin~ 

murine lymphocyte responses to antigens occurs during the 4- to 7-day 

range. Thus a discussion of the kinetic variations in lymphocyte 

responses to antigens may provide some insight into the kinetics and 

nature of the lymphocyte responses to Zn++ and Hg++. 

The intensity and kinetics of the antigen-specific lymphocyte 

response depends upon the time in which the cells are tested following 

immunization with antigen (Brummer and Lawrence, 1979; Lee et al., 

1979). Lymphocytes which display maximum in~ proliferative 

responses are recovered from mice 3 to 5 weeks (early phase) following 

immunization in contrast to smaller lymphocyte responses observed 

after 6 to 8 weeks (late phase). During the early phase post

immunization period, the lymphocyte response peaks at 72 to 96 hours 

following in ~ culture with high concentrations of antige~ The 
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response kinetics downshifted to 120 to 144 hours with lower antigen 

concentration~ However, toward the later end of the early phase, the 

peak proliferative response to antigen in~ remains at 144 hours 

at both high and low antigen concentration~ During the late phase 

post-immunization period, thein~ lymphocyte response to all 

concentrations of antigens requires a longer incubation period and is 

maximal at 168 hours. Brummer and Lawrence suggest that the dif

ference in kinetics of in~ responses to antigens may be because 

of variations in (1) numbers of antigen-reactive lymphocyte clones, 

(2) the ability of antigen-reactive lymphocytes to recruit other cells 

to join in the response, or (3) numbers of accessory cells available 

to help in the proliferative response. Although not suggested by 

these authors, a fourth possibility would include variations in 

numbers of antigen-specific suppressor cells. Lee ~ Al. (1979) 

support postUlates 1 and 3 above, since they found that murine lympho

cytes, cultured with antigenin~ one week following immunization, 

maximally respond at 72 to 96 hours when high numbers of lymphocytes 

are present and at 120 to 144 hours when lower numbers of lymphocytes 

are culture~ Therefore, the antigen-specific lymphocyte response may 

peak earlier in culture when higher numbers of antigen-specific cell 

clones or accessory cells are present. Other extraneous factors, such 

as the type of serum used in the culture, also influence the kinetics 

of the lymphocyte response to antige~ Brummer, Vris, and Lawrence 

(1977) showed that the in~ response of murine lympnocytes to 

antigen peaked at 96 to 120 hours with human serum but at 144 hours in 
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the presence of horse serum. In conclusion, the kinetics of the 

murine lymphocyte responses to Zn++ and Hg++ were similar to ln~ 

antigen responses of the late-early to late phase post-immunization 

periods or of early periods involving low lymphocyte numbers in 

cultur~ These data suggest that Zn++ and Hg++ stimulate a small set 

of lymph~cyte clones, in contrast to mitogens such as PHA or LPS which 

activate multitudes of lymphocyte clones of many antigen specifici

ties. 

Zinc and Mercury Cations as T-Cell Mitogens 

The murine lympbocyte type activated by Zn++ and Hg++ was 

determined in order to classify the metal ions as either B- and/or T

cell mitogens, so that they may be placed in perspective with other 

nonspecific mitogens. Zinc and mercury cations activated lymphocytes 

of the T class (Figure 4 and 5 and Tables 4 and 5). The best evidence 

that murine splenic T lymphocytes respond to Zn++ and Hg++ was the 

dramatic reduction of 3H-thymidine incorporation at 144 hours in 

culture following anti-Thy-1 monoclonal antibody plus complement 

treatment just before the termination of the cultures (Figure 5). The 

cellular response to Hg++ was totally eliminated by this treatment. 

However, the majority of the proliferative response to Zn++ was 

removed but not completely eliminated. Since concanavalin A-activated 

murine T cells produce a B-cell activating factor which stimulates B

cell proliferation (Primi, Lewis, and Goodman, 1979), Zn++-stimulated 

T cells also may produce a low level of this factor that would recruit 

a small number of B-cell clones to join in the proliferative response. 
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This possible minute level of B-cell recruitment by Zn++-stimulated T 

cells would not have been detected had the T cells been lysed at the 

onset of the culture as is done in most reports, as opposed to the end 

of culture as described herei~ The inability to completely remove 

cells responding to Zn++ through T-cell lysis also may be attributed 

to a small number of activated T lymphocytes that had too few Thy 1 

surface markers to be susceptible to antibody and complement-mediated 

lysis. Ruhl and Kirchner (1978) showed that human T lymphocytes also 

respond to Zn++. Until now no reports have confirmed this in another 

species. Moreover, this is the first investigation that has 

classified Hg++ as a T- or B-cell mitogen in any species. 

Other experimental protocols further support the data that· Zn++ 

and Hg++ are T-cell mitogens. The data presented in Figure 4 shows 

that the spleen cell response to Zn++ was maintained following removal 

of B lymphocytes by lymphocyte passage through a nylon wool colum~ 

The 48-hour T-cell control response to Con A was not affected by this 

treatment, whereas the control lymphocyte response to the B-cell 

mitogen, LPS, was dramatically reduced. Additionally, T-cell

defiCient, B-cell-enriched spleen cells from Nu/Nu mice did not 

respond to either Zn++ or Hg++ at any ion concentration or time period 

(Tables 4 and 5). The low 3H-thymidine incorporation values 

associated with higher concentrations of Hg++ in these experiments 

probably reflect toxic effeots on the cells. Splenic and lymph node 

lymphocytes of congenitally athymic Nu/Nu mioe respond poorly to T

cell mitogens, because these mice lack mature T lymphocytes. In 
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contrast, the B-Iymphocyte responses are normal (Loar and Hagg, 1977; 

reviewed by Pantelouris, 1973; Loor, 1977). Since enriched B cells do 

not respond to either metal ion, as shown by two different experimen

tal methods, the evidence from the T-cell lysis experiments, that Zn++ 

and Hg++ are T-cell, but not B-cell, mitogens is further Bupported. 

Zinc and mercury cations can be categorized along with staphylococcal 

enterotoxins, cell-surface oxidizing agents, and the majority of the 

plant lectins in their unique ability to activate T lymphocytes. This 

finding also supports their similarity to antigen act1vation of 

lymphocytes, since T cells account for the majority of ~he prolifera

ting lymphocytes (Lee et al., 1979). With respect to other lymphocyte 

mitogens (Table 1), Zn++ and Hg++ are the chemically simplest T-cell 

mitogens. Zinc and mercury ions fit in a general scheme that reflects 

the mechanisms involved in B- and T-cell activation. As shown in the 

miscellaneous reagent section of Table 1, B cells tend to be stimu

lated by agents having a polymeric structure, such as dextran sulfate 

and lipopolysaccharides. In contrast, T cells tend to be act1vated by 

small non-polymeric agents, such as sodium periodate. Mechanisms for 

lymphocyte activation will be discussed in a later sect1on. 

Accessory Cell Requirement for Heayy Metal Mitogenesis 

Lymphocyte responses to antigens and mitogens require the 

presence of accessory cells, such as macrophages. Lymphocytes, 

depleted of macrophages, become unresponsive to T-cell mitogens, such 

as Con A and PHA, and to B-cell mitogens, such as dextran sulfate 
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(Persson et al., 1978; Resch and Gemsa, 1979). However, when 

peritoneal exudate cells, rich in macrophages, are added to these 

macrophage-depleted lymphocyte cultures, the mitogenic response is 

restored. Resch and Gemsa suggest that macrop~ages deliver a "second 

signal" in addition to the mitogen-delivered "signal" that commits 

lymphocytes to enter the cell cycle. Lymphocytes require the 

continuous presence of the mitogenic signal until a stage of cell 

cycle "commitment" is reached in which the presence of the mitogen is 

no longer needed. Following this commitment stage, the cells cannot 

progress further into the cell cycle unless macro phages are present to 

deliver a second signal, which permits the lymphocytes to move through 

G1 to S phase. In a biological sense, this second signal is probably 

administered by the production of interleukin 1 by macrophages which 

initiates interleukin 2 productio~ Interleukin 2 would permit proli

feration in the mitogen-stimulated cells which had expressed interleu

kin 2 receptors during the commitment stage (Smith et aL, 1980). 

Macrophages are necessary for lymphocyte activation1n~ by 

soluble antigens. Antigen-specific T-cell proliferation In ~ 

depends upon a glass-adherent, radioresistant, Ia-surface-antigen

bearing, Thy-1-surface antigen-negative, and surface-immunoglobulin

negative cell found in high numbers in the secondary lymphoid organs 

and the peritoneal cavity (Cowing et aL, 1978; Rosenwasser and 

Rosenthal, 1978; reviewed by Schwartz, Yano, and Paul, 1978; Suzuki 

and Tomasi, 1980; reviewed by Unanue, 1981). The accessory cells 

necessary for T-cell proliferation also have been described as large 
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peroxidase-negative cells having high anti-tumor killing activity 

(Lee, Wong, and McIntyre, 1981) or the smallest macrophages that bear 

Ia surface antigen, since large 1a+ cells are not effective for 

antj.gen presentation (Lee, Wilkinson, and Wong, 1979). Some studies 

suggest that the accessory cell is the glass-adherent, Ia+ macrophage

like dendritic cell, at least for the mixed lymphocyte reaction 

(Steinman and Witmer, 1978). 

Macrophages are thought to "present" antigens to T cells. When 

macrophages are "pulsed" with antigen, i.e. incubated ln~ with an 

antigen followed by cell washing to remove unbound or unprocessed 

antigen, and added to antigen-primed T cells, an antigen-specific 

response takes place (Cowing et al., 1978; Schwartz, Yano, and Paul, 

1978; Lee, Wilkinson, and Wong, 1979; Suzuki and Tomasi, 1980). 

Antigen presentation by macrophages is directed towards lymphocyte 

clones that possess cell surface structures which specifically 

recognize the antigen and I-A subregion gene products of the H-2 major 

histocompatibility complex that are present on the macrophage surface 

(Schwartz, Yano, and Paul, 1978). Antigen presentation appears to be 

a specific function of macrophages and macrophage-like cells, since 

cells, such as fibroblasts, cannot substitute for macrophages 

(Rosenwasser and Rosenthal, 1978). 

Like lymphocyte activation by mitogens and antigens, heavy 

metal-mediated lymphocyte activation requires the presence of 

accessory cells. In human studies, activation of lymphocytes by Zn++ 

requires accessory cells (Kondracki and Milgrom, 1977; Frost, Monahan 
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and Abell, 1978) which app€ar to be macrophages (Ruhl and Kirchner, 

1978). Similarly, the activation of lymphocytes in mice by both Zn++ 

and Hg++ also appeared to require adherent accessory cells. 

Macrophage removal by the combined techniques of carbonyl iron phago-

cytosis, glass adherence, and nylon wool passage eliminated the spleen 

cell responses to both metal cations (Figure 6). The addition of 

macrophage-depleted lymphocytes to adherent monolayers of resident 

peritoneal exudate cells significantly restored the heavy metal 

responses (Figure 7). The response to Zn++ was completely restored 

with adherent cells representing 2.5 to 20% of the total leukocyte 

population1• Ten percent adherent cells even enhanced the mitogenic 

effect to a slight degree. However, 40% adherent cells suppressed the 

Zn++-stimulated lymphocyte response. Similarly to Zn++, the lympho-

cyte response to Hg++ was restored significantly although not 

completely, with 5 to 10% adherent cells. Perhaps splenic macro-

phages, which were removed fro~ the lymphocytes, would have been more 

efficient than the added peritoneal macrophages for completely 

restoring the T-cell response to Hg++. However, in some replicate 

experiments, the response to Hg++ in the presence of supplemented 

peritoneal adherent cells was markedly enhanced above the control Hg++ 

1 The percentages of adherent macrophages shown in Figure 7 
may be slightly lower than indicated, since the percentages represent 
the total number of peritoneal cells and do not account for the small 
number of non-adherent cells which were washed from the adherent 
macrophage monolayer. The percentages are assumed not to vary much 
from the amount indicated, since the monolayer density did not appear 
to change after removal of non-adherent cells. 
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response (data not shown). This disparity between experiments in the 

restoration of the Hg++ response may be because of effects of the 

macrophage removal techniques on the responding lymphocytes. It also 

may reflect possible age-dependent variations in resident peritoneal 

macrophage subpopulations, since individual experiments used mice from 

8 or up to 16 weeks old. Like the lymphocyte response to Zn++, higher 

concentrations of adherent cells suppressed the response to Hg++, 

although the Hg++ response was slightly more sensitive to this suppres

sion. 

Concentrations of normal peritoneal macrophages, like those 

which restore or suppress lymphocyte responses to Zn++ and Hg++, 

similarly affect lymphocyte responses to antigens and lectin mitogens. 

Normal resident peritoneal macrophages at concentrations of 10% 

optimally restore the responses to Con A in macrophage-depleted 

lymphocytes. However, the response to Con A becomes increasingly 

suppressed as the macrophage concentration is gradually increased to 

40% in which full suppression of the response is achieved (Youdim, 

1979). Similar to lymphocyte responses to lectin and metal mitogens, 

normal resident peritoneal macro phages from mice restore the 

macrophage-depleted antigen-sensitized T-cell response to antigen as 

long as the macrophage concentration remains below 50% of the total 

leukocyte number. The lymphocyte response is suppressed if the macro

phage concentration is increased beyond 50% (Suzuki and Tomasi, 1980). 

In contrast, if the state of metabolic activity of peritoneal macro

phages is increased by stimulating them in ~ with thioglycollate 
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subsequent to their addition to macrophage-depleted T cells, the 

lymphocyte response to antigen is restored as long as t~e macrophage 

concentration remains below 10%. Macrophage concentrations of 10% or 

more suppress the response (Suzuki and Tomasi, 1980). Suppression by 

thioglycollate-stimulated peritoneal macrophages also was evident in 

experiments that were intended to restore the responses of macrophage

depleted murine spleen cells to Zn++ and Hg++ (data not shown). In 

these experiments, the lymphocyte responses were suppressed at all 

macrophage concentrations tested which ranged from 1 to 20%. The 

changes induced in macropha~es by thioglycollate which increase their 

suppressive function above that of normal resident peritoneal macro

phages are not well understood. 

The restoration of lymphocyte responses to Zn++ and Hg++ by the 

addition of macrophages to spleen cell cultures may be because of the 

secretion of monokines. The addition of soluble mediators from macro

phages to macrophage depleted T-lymphocyte cultures restores in~ 

lymphocyte responses to antigens in place of the macrophages 

themselves (Rosenwasser and Rosenthal, 1978; Lee, Wilkinson, and Wong, 

1979; Suzuki and Tomasi, 1980). Similarly, soluble macrophage 

products replace macrophages in the restoration of the Zn++ response 

of human macrophage-depleted T cells (Ruhl and Kirchner, 1978). 

In contrast, there are also macrophage factors that suppress 

the in~ responses of lymphocytes to antigens and mitogens. These 

factors may account for the suppressive effects observed with supra

optimal concentrations of macrophages, as noted above. The suppres-
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sive effects of these macrophage "factors" may represent only arti

facts of ln~ culture systems. For example, macrophages secrete 

arginase which causes nutrient depletion in lymphocyte cultures with 

subsequent suppression of lymphocyte responses to mitogens (Kung et 

aL, 1977). Additionally, macrophages release thymidine into the 

culture mediu~ through which its competitlon with the incorporation of 

3H-thymidine, used to monitor the lymphocyte response, falsely 

indicates that the response is "suppressed" (Opitz et al., 1975). A 

dialyzable factor suggestive of thymidine was found to inhibit thymo

cyte responses to Zn++ (data not shown). These suppressive "factors" 

probably are not true monokines which regulate the immune response In 

~, as oppOsed to the factors which induce posi~lve effects, such as 

restoration of T-cell responses. 

Heayy Metal Stimulation of Interferon Production 

Interferon (IFN) production was evaluated as an additional 

parameter of lymphocyte activation by Zn++ and Hg++. Interferon is 

secreted by lymphocytes following stimulation In ~ (and in~ 

by antigens in antigen-primed lymphocytes and by nonspecific mitogens 

and is thought to be an agent which normally regulates the immune 

system in addition to its ability to inhibit viral replication 

(Sonnenfeld and Merigan, 1979). The interferon nomenclature, 

regarding the type of interferon made by activated lymphocytes as well 

as non-lymphoid cells, has changed recently. Previous interferon 

terminology included two interferon groups. Type I included inter

ferons produced from virally-infected cells, such as fibroblasts 



113 

(Stewart and Havell, 1980) and from leukocytes stimulated by agents, 

such as LPS or polynucleotides (Ho, 1977). Type II typified the 

immunoregulatory interferons made by activated T cells (Youngner, 

1977). Type I interferons are now classified as alpha IFN, produced 

by virally-infected cells, and beta IFN, made by leukocytes. Type II 

is presently referred to as gamma IFN (Stewart et a!., 1980). T-cell 

mitogens, such aa staphylococcus enterotoxin A, PHA, Con A, and 

calcium ionophore A23187, stimulate gamma interferon production in 

mouse spleen cells within 48 hours of culture (Archer et al., 1979; 

Dianzani et a!., 1980). In the mixed lymphocyte reaction, lympho

cytes, stimulated by cell-bound antigens, produce gamma IFN by 48 

hours with maximal production of IFN late in culture at around 120 

hours (Kirchner et al., 1979; Perussia et al., 1980; Farrar, Johnson, 

and Farrar, 1981). Gamma interferon also is produced in the presence 

of soluble antigens by antigen-.primed T cells (Green, Cooperband, and 

Kibrick, 1969). 

Similar to nonspecific mitogens and antigens, Zn++ and Hg++ 

stimulate mouse spleen cells to produce IFN. Small, yet significant, 

levels of U'N were produced late in culture at around 96 hours (Table 

6). Similar levels of IFN also were observed in replicate experiments 

at 144 and 168 hours (data not shown). Levels of 3H-tbymidine incor

poration and IFN production did not necessarily correlate with each 

other over the 8-day culture period, which is supported by Klimpel, 

Day, and Lucas (1975) and Kirchner et ale (1979) who showed that the 

kinetics of IFN production is independent of that for lymphocyte 
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proliferatio~ Although significant degrees of 3H-thymidine incor

poration were seen at 48, 144, and 192 hours (for Hg++ only), IFN 

production by both heavy metals was found only at the 96-hour time 

point in this experiment. Moreover, levels of 3H-thymidine incorpora

tion were identical at 96 and 144 hours, but why no IFN was found at 

144 hours in this and in similal' experiments is not clear. 

Levels of IFN, produced in response to Zn++ and Hg++, are more 

similar to levels of IFN produced in response to antigens than to the 

amount of IFN produced in response to polyclonal mitogens. On the 

average, human lymphocytes produce 4 to 32 units of IFN in ~ in 

the presence of antigens, such as purified protein derivative of 

tuberculin, tetanus toxoid, or diphtheria toxoid during 4 to 7 days in 

culture, whereas IFN levels of 64 to 128 units are produced in 

response to PHA (Green, Cooperband, and Kibrick, 1969). Like antigen

activated lymphocytes, Zn++ and Hg++ stimulated splenic lymphocytes to 

produce about 16 units of IFN at 96 hours, as opposed to Con A

stimulated cells which produced levels of around 256 units at 48 

hours. When levels of 3H-thymidine incorporation and IFN production 

are compared between the lymphocyte responses of Hg++ and Con A at the 

96- and 48-hour time points, respectively, it can be noted that while 

both Hg++ and Con A stimulated similarly high levels of 3H-thymidine 

incorporation, the amount of produced IFN differed by 16-fold. This 

also supports the investigations described above in which levels of 

IFN do not correlate with levels of incorporated 3H-thymidine. The 

small amount of IFN produced by Zn++- and Hg++-activated lymphocyte 
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cultures suggests that only a small number of lymphocyte clones are 

stimulated to produce IFN, as opposed to the large number of clones, 

activated by Con A, which produce a greater amount of IFN. 

The disparity in quantitites of IFN induced by the cations in 

contrast to Con A also could be the result of Zn++ and Hg++ inhibiting 

the production or release of IFN while concomitantly stimulating its 

productio~ Recently, Morser and Colman (1980) showed that Zn++ (100 ~M) 

inhibits alpha IFN production by 80% in Sendai virus-infected cells 

ln~. Intracellular IFN is completely inhibited within an hour of 

Zn++ addition, although overall protein synthesis is not inhibited. 

Since Zn++ and Hg++ were dialyzed from the lymphocyte-conditioned 

medium in the experiments represented in Table 6, their potential 

interference with the IFN assay was avoided. To test for possible 

,inhibitory potential upon lymphocyte cultures, Zn++ and Hg++ were 

added to splenic lymphocytes to observe their effect upon Con A

induced production of IFN. Although the 200 ~M concentration of Zn++ 

slightly inhibited IFN production by Con A-stimulated lymphocytes, 

neither cation affected Con A-induced IFN production to a great extent 

(Table 6). Thus, Con A-stimulated gamma IFN production appeared to be 

less sensitive to the inhibitory effects of Zn++ than alpha IFN 

production, as reported by Morser and Colma~ More importantly, the 

data s\~gest that the presence of Zn++ and Hg++ do not directly 

inhibit IFN production in the lymphocytes that they stimulate. 

Another possible explanation for low IFN production by lymphocytes in 

response to the metal ions may be because of high production of an IFN 



116 

inhibitor. Baron et ale (1980) report that an inhibitor (8,000 to 

10,000 daltons) of IFN function is produced along with IFN by mitogen

activated T lymphocytes. Heavy metal activation of lymphocytes may 

stimulate production of the IFN inhibitor at higher levels than Con A

activated cells, resulting in lower IFN activity. However, no experi

ments were done to determine whether an inhibitor was present. 

Zinc and mercury cations stimulated lymphocytes to produce 

acid-labile interferon which suggests that it is of the gamma class 

(Table 6). Although the gamma IFN produced by Zn++- or Hg++

stiml!lated lymphocytes would be more definitively verified with an 

anti-gamma IFN monoclonal antibody, its lability at pH 2 is accepted 

at the present time to be a rela~ively specific marker among the 

interferons. Other cbaracteristics of murine gamma interferon are 

functional stability when incubated at 560 C for 30 minutes in 

contrast to alpha and beta IFN and a molecular weight range of 45,000 

to 80,000 daltons (Youngner, 1977) with the variation probably a 

resul t of protein aggregation. A slmilar range for human gamma IFN 

had been previously observed which also may have been because of 

protein aggregation. HUman gamma IFN, produced by cloned IFN genes, 

is known now to have a molecular weight of 17,000 to 20,000 daltons 

(Grey et al., 1982; Yip et al., 1982). Therefore, it is likely that 

murine gamma IFN is also a smaller molecule. 

The cellular interactions and secreted mediators necessary for 

gamma IFN production as well as its own role in the immune response is 

very complex. Macrophages are necessary for antigen-stimulated gamma 
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IFN production in lymphocytes, besides being required for the prolif

erative response. For example, in the mixed lymphocyte response, the 

removal of macrophages abrogates proliferation, IFN production, and 

development of cytotoxic lymphocytes (Farrar, Johnson, and Farrar, 

1981). In addition to IFN, interleukin 1 (IL-1) and interleukin 2 

(IL--2) production are lost following macrophage removaL The authors 

suggest that gamma interferon is part of a lymphokine network in which 

(1) macrophage-produced IL--1 induces IL-2 production in antigen

responding T-cells, (2) IL-2 in turn induces T-cell proliferation and 

gamma IFN production, and (3) gamma IFN induces antigen-specific 

cytotoxic function in the responding T-cell populatio~ According to 

Sonnenfeld and Merigan (1979), the gamma IFN-producing population of 

murine lymphocytes consists of Lyt2 and Lyt3 surface antigen-positive 

suppressor or cytotoxic T cells. Perhaps gamma IFN may act through a 

suppressor cell mechanism to regulate by negative feedback the cells 

that respond to or produce IL-2 in order to limit the above response 

network. Additionally, if gamma IFN is produced by a cytotoxic T 

cell, the cytotoxic lymphocytes stimulated by Zn++ and Hg++ (discussed 

below) may be the same population of cells that produced the gamma IFN 

noted herein. 

In addition to interferon, experiments were performed to detect 

lymphotoxin (LT), although no data is show~ Lymphotoxin is thought 

by some investigators to be an important cytotoxic mediator generated 

by cytotoxic lymphocytes (Kolb and Granger, 1970; Hiserodt, Tiangco, 

and Granger, 1979). Human lymphocytes produce significant levels of 
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LT in response to soluble PHA (Klimpel r Day, and Lucas, 1975). 

However, no significant levels of LT were produced by Zn++- or Con A

stimulated mouse spleen cells. These observations conform with the 

data of Hiserodt, Tiangco, and Granger (1979) in which murine splenic 

lymphocytes produce very low or undetectable levels of LT in response 

to soluble mitogens, such as PH~ High levels of LT are only produced 

when spleen cells are cultured with PHA-coated target cells, such as 

L929 fibroblasts. Thus, zinc cations were as non-stimulatory as other 

soluble polyclonal mitogens for releasing LT into the culture medium. 

Heayy Metal Actiyation of Cytotoxic Lymphocytes 

~ Lectin-Dependent Cellular Cytotoxicity 

Lymphocyte-mediated cytotoxicity was investigated to determine 

whether Zn++ or Hg++ could stimulate a cell-mediated function besides 

soluble mediator productio~ Lectin-dependent cellular cytotoxicity 

(LDCC) was one type of lymphocyte cytotoxicity studied. Historically, 

LDCC was first observed in experiments in which Con A-activated T 

lymphocytes, but not LPS-activated B lymphocytes, nonspecifically 

killed syngeneic, allogeneic, or xenogeneic target cells only if 

mitogenic doses of Con A were present with mixtures of Con A-activated 

lymphocytes and target cells (Andersson, Sjoberg, and Moller, 1972). 

Concanavalin A, but not the B-cell mitogen, LPS, was required in the 

cytotoxicity assay, thereby demonstrating the lectin-dependency of 

this assay system. Bevan and Cohn (1975) also found that cytotoxic 

mouse spleen cells induced in ~ by Con A could express their 
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cytotoxic function against target cells only in the presence of Con A 

or PHA in the assay. Bevan and Cohn and others (Henney and Rubens, 

1977; Davignon and Laux, 1978; Parker and Martz, 1980) determined that 

the cytotoxic effector cells are T cells and that the cells need to be 

in an activated state, since normal unstimulated spleen cells cannot 

lyse tumor cell targets in the presence of the mitogenic lectin. 

Clark (1975) suggests that Con A polyclonally activates a variety of 

cytotoxic cells which only are detected by the presence of Con A 

during the assay period. 

It is generally accepted that most T-cell mitogens act1vate 

LDCC effector cells in ~ (Bonavida and Bradley, 1976; Yeung and 

Laux, 1980). Like most other T-cell mitogens, Zn++ and Hg++ also 

activate LDCC effector cells wnose funotion are expressed in the 

presence of a T-cell lectin, such as PHA, during the cytotoxicity 

assay (Reardon and Lucas, 1983; Figure 7). Therefore, the data offer 

further support that Zn++ and Hg++ are T-oell mitogen~ Significant 

levels of LDCC were induced with both metal ions, and cytotoxicity was 

observed only in the presence of the lecti~ The higher PHA concen

tration inhibited the response, perhaps by forming large cell 

aggregates and reducing efficient contact of effector and target 

cells, thereby limiting the number of lethal hits. Percent lysis 

values potentially could have been higher if the LDCC assay system had 

been optimized by slightly adjusting the leotin concentrations and by 

assaying for LDCC at time points other than the 16B-hour spl~en cell 

incubation period. Zinc-induced lectin-dependent cytotoxicity reached 
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levels as high as 85% lysis in some experiments not show~ In these 

experiments, an alternate source of PHA (Burrows Wellcome Co., 

Research Triangle Park, HC) was used at stock dilutions of 1:100, but 

actual PHA concentrations could not be determined. 

Followingin~ culture, spleen cells normally were washed 

to reduce the concentration of the metal cations present in the 

culture system. Zinc cations (200 ~M) were added back to the lympho

cytes to determine whether the presence of the cations had any effect 

upon LDCC (Figure 9). When Zn++ was added back to the LDCC assay 

along with PHA, the amount of cytotoxicity was significantly reduced 

by about 75%. The background response of saline-incubated control 

cells also was eliminated by Zn++ supplementatio~ One possible 

explanation for the inhibition is that Zn++ may interact with and 

block cell surface thiol groups. External thiol groups are required 

for the initiation of cell lysis, as shown by the inhibition of LDCC 

with cell-impermeable thiol oxidants (Redelman and Hudig, 1980). The 

mechanism of LDCC inhibition may be because of Zn++-mediated inhibi

tion of cell surface protease activity (Fulton and Hart, 1980) perhaps 

via interactions with sulfhydryl groups, since protease activity 

appears to be necessary during the lytic process (Redelman and Hudig, 

1980). 

A controversy has arisen over the past several years about 

whether the lymphocytes which mediate LDCC are a Bubpopulation of 

cytotoxic T cells distinct from lymphocytes which mediate direct cell

mediated cytotoxicity (DCMC) against allogeneic cells. Some investi-
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gators suggest that the lymphocytes mediating LDCC and DCMC are 

separate cell populations. Henney and Rubens (1977) showed that LDCC 

cells appear earlier in mice than DCMC cells following immunization 

against allogeneic target cells, and that LDCC cells cannot be removed 

by absorption on allogeneic target cell monolayers, as can DCMC cells. 

They also found that lymphocytes from mice immunized against syngeneic 

tumor cells mediate LDCC but not DCMC against the syngeneic target 

cells. In support of two distinct cytotoxic cell populations, a high 

immunizing dose of target cells ~ ~ induce both LDCC and DCMC, but 

a low dose challenge induces LDCC without DCMC activity (Davignon and 

Laux, 1978; Laux and Davignon, 1980). Also, Parker and Laux (1981) 

have shown that LDCC is more sensitive than DCMC to cyclophosphamide

mediated inhibition of cytotoxicity. 

However, other investigations suggest that LDCC and DCMC may be 

mediated by the same cell populatio~ In complete contradiction to 

the data of Henney and Rubens, Bonavida and Bradley (1976) showed that 

alloantigen-specific cytotoxic cells, produced from ln~ immuniza

tion, directly kill allogeneic target cells and lyse syngeneic target 

cells in the presence of a mitogenic lectin. They al~o showed that 

the kinetics of DCMC and LDCC expression in mice following ~~ 

immunization are congruent. Bonavida and Bradley postulate that LDCC 

cells are similar to DCMC cells but have a lower density of high 

affinity receptors or simply have low affinity surface receptors for 

alloantigens, since LDCC cells can be removed by absorption on target 

cell monolayers. Furthermore, a single cytotoxic T lymphocyte simul-



taneously can bind and lyse a syngeneic target cell pretreated with 

Con A, PHA, or sodium periodate together with an allogeneic target 

cell (Bradley and Bonavida, 1981). They conclude that the same 

lymphocyte mediates many different types of cytotoxic functions. 
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An important characteristic of the generation of LDCC cells is 

that mitogenic T-cell lectins must be present during the interaction 

of lymphocytes and target cells for the expression of cytotoxicity. 

Concanavalin A, PHA, lentil lectin, and garden pea agglutinin allow 

expression of LDCC. However, B-cell mitogens, such as LPS and 

purified protein derivative, are not effective (Bonavid~ and Bradley, 

1976; Green, Ballas, and Henney, 1978; Yeung and Laux, 1980). 

Pokeweed mitogen, although a T- and B-cell mitogen, also is not 

effective. Most T-cell lectin mitogens can induce cytotoxic effector 

cells in In ~ culture in addition to acting as LDCC-supporting 

lectins during the cytotoxicity assay (Bonav1da and Bradley, 1976). 

However, in contrast to ,other T-cell lectin mitogens, Zn++ could not 

replace the T-cell lectin, PHA, for the expression of LDCC although it 

could activate cytotoxic cells (Figure 9). Nevertheless, Zn++ may 

have the potential to function similarly to the T-cell lectins in the 

LDCC assay, but its suppressive effects upon the expression of cyto

toxicity may preclude such an ability. 

Agglutination of stimulated cytotoxic effector cells to target 

cells by T-cell lectins does not appear to be the mechanism whereby 

these lectins permit the expression of cytotoxicity. Poly-L-lysine, 

because of its positive charge, agglutinates ln~ LDCC effector 
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cells with target cells, but cytotoxicity does not occur. Yeung and 

Laux (1980) showed that non-mitogenic lectins, incapable of generating 

cytotoxic effector cells, agglutinate previously activated spleen 

cells with target cells. However, the target cells are not killed. 

Furthermore, if T cells are activated by the non-Iymphocyte-agglutina

ting T-cell mitogen, calcium ionophore A23187., and mixed with target 

cells, no target cells are killed, even if non-mitogenic lectins are 

present to "glue" lymphocytes and target cells together (Green, 

Ballas, and Henney, 1978). Thus, T cells activated by a non-aggluti

nating mitogen require the presence of an agglutinating mitogenic T

cell lectin for the expression of LDCC in.D..tJ::.Q.. Parker and Martz 

(1980) also showed that mere contact of effector cells with target 

cells is not sufficient for LDCC killing without a T-cell lecti~ 

They found that stable non-lethal cellular adhesions between cytotoxic 

cells and syngeneic target cells can be formed. However, only upon 

the addition of Con A to the agglutinated cells does killing occur. 

Their conclusions were based on showing that PHA, Con A, and castor 

bean agglutinin form non-lethal effector and target cell adhesions at 

low lectin concentrations but allow LDCC to be expressed when their 

concentrations are increased. Moreover, non-T-cell lectins form non

lethal cellular adhesions at any lectin concentration tested. 

Therefore, these data suggest that mitogeniC T-cell lectins do more 

than promote contact of cytotoxic cells to target cells. 

Various ideas have been proposed to explain the function of T

cell lectins in LDCC. Some investigators suggest that the main 
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function of the lectin is performed at the T-cell level, whereas 

others suggest that the lectin acts on the target celL Henney and 

Rubens (1977) observed that Con A-coated targets can be killed by 

activated T cells, whereas Con A-coated cytotoxic T cells cannot kill 

non-treated target cells very well. They postulated that mitogenic T

cell lectins perform two functions: (1) to bind a particular T-cell 

receptor and (2) to bridge the effector cells with the target cells in 

order for lectin-dependent cytotoxicity to take place. Parker and 

Martz (1980) also suggest that the lectin function is mediated at the 

level of the T cell. They hypothesize that the T-cell receptors for 

mitogenic lectins, as well as receptors for antigens, have two 

functions: (1) to form cellular adhesions with target cells and (2) 

to trigger the lethal mechanism. In contrast, Berke et ale (1981) 

hypothesize that the lectin function is performed at the target cell 

level. They suggest that the lectins may form microclusters of the 

major histocompatibility surface products on target cells which may 

stabilize interactions with low-affinity receptors on the effector 

cells that bind these microclusters. They feel that the lectin is not 

associated directly with T-cell receptors involved in target cell 

recognition. 

In support of this conclusions by Berke et al., I feel that the 

data to date suggest that T-cell lectins function at the level of the 

target cell. A new model for the mechanism of T-cell activation by 

lectin mitogens can be used as a foundation by which to interpret the 

previous data regarding the lectin requirement in LDCC. The model 
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described by Kimura and Ersson (1981) suggests that T-cell lectin 

mitogens do not stimulate lymphocytes directly. The lectins 

indirectly stimulate lymphocytes by altering "self" structures, gene 

products of the H-2 major histocompatibility complex, on surrounding 

cells. Pre-existing lymphocyte clones having specific recognition 

receptors for the "altered-self" structures on surrounding cells are 

stimulated by the structures. Self structures may be altered by the 

lectins by bridging the H-2 self structures with other non-self 

components on a cell surface in a vast array of combinations (Figure 

22). Thus, as an extrapolation of this model, the importance of the 

mitogenic T-cell lectin in LDCC would be in its ability to specifical

ly bind and alter self H-2K or H-2D structures on target cells. This 

idea is described schematically in Figure 24. Furthermore, since 

Kimura and Ersson (1981) found that non-mitogenic lectins do not bind 

H-2 structures, it is easy to conceive why p~evious investigations did 

not observe expression of LDCC with these lectin~ 

Cytotoxic lymphocytes are thought to recognize altered K or D 

self structures and kill the cells bearing them (reviewed by Shearer 

and Schmitt-Verhulst, 1977). With the assumption that large numbers 

of cytotoxic cells can be activated polyclonally by a mitogen, the use 

of a single type of target cell, bearing one or more different allo

antigens or "naturally altered" self structures, would detect the 

cytotoxic expression only of a few T-cell clones, i.e. those having 

the appropriate recognition receptors. In this case, most of the 

cytotoxic cells would not be presented with the speoific target cell 
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to which they bear specific receptors. Therefore, the function of the 

T-cell lectins by binding and altering self structures simply 

"transform" a single type of target cell with one or few altered self 

configurations into many new target cells with numerous altered self 

configuration~ In other words, the lectin serves to "create" 

foreign-appearing target cell~ Similarly, Kimura and Ersso~ propose 

that sodium periodate indirectly cross-links self with non-self 

surface components through sugar oxidation to form altered self 

structures. Since sodium periodate-treated cells mimic the effect of 

lectin in LDCC, periodate permits the expression of many cytotoxic 

cell clones having receptors for the various altered self structures 

formed on target cells. Thus, periodate, like mitogenic lectins, may 

create "polyclonal" target cells in LDCC assays. The altered self 

model of lymphocyte activation and cytotoxic cell recognition is 

discussed further at the end of this chapter. 

By viewing the function of lectins in LDCC in terms of creating 

polyclonal target cells, the data of other investigators can be 

reinterpreted. For example, since low concentrations of mitogenic 

lectins probably do not form many altered self structures on target 

cells, this would explain why Parker and Martz (1980) found that 

effector cells could form non-lethal adhesions with target cells at 

low lectin concentrations. Also, their observation regarding the 

expression of cytotoxicity upon increasing the lectin concentration 

may be because of the formation of higher numbers of new altered self 

structures, i.e. the creation of additional target cells. Green, 
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Ballas, and Henney (1978) observed that ionophore A23187-stimulated T 

cells could not kill target cells even in the presence of non

mitogenic lectins. By viewing LDCC in terms of altered self structure 

formation, their results are not surprising. No cytotoxicity would be 

expressed, assuming that 123187 polyclonally activates cytotoxic 

effector cells, because no mitogenic lectin was used in the assay to 

create the necessary polyclonal targets. Additionally, the mechanism 

of lectin-induced altered self formation would support the conclusion 

of Bradley and Bonavida (1981) that LDCC and DCMC are derived from the 

same cytotoxic cell populatio~ Their observation was that a single 

cytotoxic T cell could bind and'kill two different types of target 

cells simultaneously, a lectin-bound syngeneic target cell and an 

allogeneic target cell. Mitogenic lectins could alter self structures 

on the syngeneic targets in such a way as to mimic the self structures 

of the allogeneic target cells, so that the same cytotoxic lymphocyte 

would appear to be specific for both an allogeneic target cell, as 

well as the lectin-bound syngeneic cell. 

B. Natural Killer Cell Cytotoxicity 

In addition to LDCC activity, natural killer (NK) activity was 

assessed for its 1n~ induction by Zn++ and Hg++. Natural killing 

refers to a phenomenon whereby leukocytes from non-immunized mice or 

normal human donors have the innate ability to lyse a variety of 

target cells 1n~. The specificity of NK cell-mediated cytotoxi

city crosses species barriers, since the cells spontaneously kill 

syngeneic, allogeneic, or xenogeneic tumor targets, as well as normal 
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cells in the absence of a T-cell lectin (reviewed by Kiessling and 

Wigzell, 1979). This activity is independent of antibody plus 

complement-mediated mechanisms of cell killing. Cells of the NK 

lineage are characterized as being non-adherent to glass, non

phagocytic, and having cell-surface markers, such as Thy 1 (weak), Lyt 

5, asialo-GM1, Fc (low affinity), but lacking cell-surface immunoglo

bulin, la, complement C3 receptors, and Lyt 1, Lyt 2, and Lyt 3 

antigens (Henney et al., 1978; Cantor et al., 1979; Kuribayashi et 

a!., 1981). The cell-surface marker, Thy 1, is thought to be present 

on the cells at a low denSity, since the cells are not lysed by anti

ThY-1 antibody plus complement. The Lyt 5 antigen, which is found on 

some T cells and on thymocytes, is suggested to be associated with the 

NK lytic mechanism or with tumor target recognition, since anti-Lyt-5 

antibody inhibits NK activity (Cantor et al., 1979). In humans, NK 

cells are morphologically characterized as large granular lymphocytes 

with a large cytoplasm to nuclear ratio and containing cytoplasmic 

azurophilic granules (DeLandazuri et a!., 1981). Since Nu/Nu mice, 

lacking a normal T-cell system, do not develop an inordinately high 

incidence of spontaneous tumors, NK cells are assumed to be the cell 

type responsible for anti-tumor immune surveillance (Kiessling and 

Wigzell, 1979). This infers that NK cells may not be a subpopulation 

of T cells, in spite of the presence of Thy 1 cell-surface markers. 

Incubation of splenic lymphocytes with Zn++ in~ induced a 

small degree of NK activity of approximately 6% lysis at 168 hours in 

culture (Figure 10). This contrasts with levels of cytotoxicity of 
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~6% lysis as observed for Zn++-stimulated LDCC. No kinetic studies 

were done to determine whether the expression of NK activity was 

optimal at this time in culture. Moreover, the low level of Zn++

stimUlated NK activity may be because leukocytic cells were obtained 

from Balb/C mice. Cells from these mice express lower levels of NK 

activity than many other mouse strains (Henney et a1., 1978). Levels 

of IFN produced by lymphocytes are directly proportional to levels of 

NK activity. For example, in mouse spleen cell cultures, polyino

sine:polycytosine (Poly I:C), a B-cell mitogen, induces small but 

significant levels of NK activity of 8 to 9% lysis and about 2~ units 

of IFN activity ..1.n .illJ:Q. (Djeu et al., 1979). Similarly, the low 

level of NK activity of 6% lysis correlates with the small amount of 

IFN produced by Zn++-stimulated T lymphocytes. Eight units of IFN 

were detected in the supernatant fluids from 168-hour Zn++-stimulated 

cell cultures in this experiment (data not shown). 

The relationship between NK and IFN activities bas a well 

supported foundation in other investigation~ Interferon inducers, 

such as tilorone, statolon, bacterial adjuvants (lipopolysaccharide), 

animal viruses, and Poly I:C, administered in~, enhance background 

NK activity when assessed in vitro. The kinetics of appearance of NK 

activity parallels the induction of IFN activity (Gidlund et al., 

1978; Djeu et a1., 1979; Herberman et a1., 1979; DeLandazuri et a1., 

1981). Macrophages also enhance NK activity, but perhaps only to act 

as accessory cells for inducing IFN prOduction and not by functioning 

as NK cells (Herberman et al., 1979). Since interleukin 2 enhances NK 
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activity, Kuribayashi et ale (1981) suggest that the main function of 

IFN on NK cells is to augment the expression or affinity of IL-2 

receptors on NK cells, so that lymphocyte-produced IL-2 can expand NK 

cell clones. In conclusion, heavy metal mitogens stimulate the 

functon of two types of cell-mediated cytotoxicity of which one type, 

LDCC, may be stimulated directly by the metal ions and the second 

type, NK, may be stimulated indirectly through the production of IFN. 

Response Characteristics of Lymphocytes from Primary Lymphoid Organs 
to Zinc and Mercury Cations 

~ Bone Marrow Cells 

In contrast to cells from the secondary lymphoid organs, the 

spleen and lymph nodes, lymphocytes from the primary lymphoid organs, 

the bone marrow and thymus, do not respond to Zn++ or Hg++ under 

standard culture conditions. Mouse bone marrow cells showed a very 

marginal response to Zn++ that was seen at 96 hours but not at 144 

hours (Figure 2). JA~ assays of cell proliferation using 3H-

thymidine incorporation have detected responses to T- and B-cell mite-

gens by bone marrow lymphocytes, as well as responses to antigens with 

cells from antigen-primed animals (Mond and Thorbecke, 1972; Rosse, 

1976, a review; Press and Rosse, 1977; Press, Rosse, and Clagett, 

1977; Press and Rosse, 1978; Hammarstrom et al., 1981). The PHA 

response in whole bone marrow cells is lower than the response of 

cells from other lymphoid organs, requires higher doses of PHA, and 

expresses a peak response late in culture, from 96 to 168 hours, as 
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opposed to 48 to 72 hours with other sources of lymphocytes. The 

response kinetics remains the same even if an enriched population of 

bone marrow lymphocytes is stimulated with PHA (Press and Rosse, 

1977). The cells that respond to PHA in the bone marrow are thought 

to be precursor T cells which are surface-antigen Thy-1-negative that 

become Thy-1-positive cells following activation by PHA (Press, Rosse, 

and Clagett, 1977). The PHA-responding cells are short-lived cells, 

having a high turnover, compared to the long-lived cells found in the 

secondary lymphoid organs (Press and Rosse, 1978). Therefore, the 

slight amount of 3H-thymidine incorporation observed in Figure 2 may 

be because of the Zn++-mediated activation of a very small population 

of short-lived T-cell bone marrow precursors. 

B. Requirement for Lipopolysaccharide in Thymocyte Activation by Zinc 
Cations 

Lymphocytes from the primary lymphoid organ, the thymus, were 

unresponsive to both Zn++ and Hg++ seen by the absence of increases in 

3H-thymidine incorporation at any culture time from 48 to 168 hours 

and at any tested concentration of the metal ions (Table 3). The 

addition of 50 ~M 2-mercaptoethanol (2-HE) to lymphocyte culture 

medium enhances the response to Con A by T lymphocytes (Noelle and 

Lawrence, 1979, 1980) and by thymocytes (Betel et al., 1974; 

otterness, Tochia, and Bliven, 1979; Table 3). However, 2-HE did not 

promote thymocyte responsiveness to Zn++ and Hg++. 2-mercaptoethanol 

also had no mitogenic effects of its own, as similarly reported by 

Betel et ale (1974). Because of the enhanCing effect on the Con A 
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response, 2-ME was maintained in thymocyte cultures in subsequent 

experiments which are discussed within this and the next two sections. 

Early experiments demonstrated that thymocytes could respond to 

Zn++ when the cells were cultured in the presence of macrophage- and 

macrophage cell line-conditioned medium (Figure 11 and Table 7). 

Initially, macrophag~·produced interleukin 1 (IL-1) was thought to be 

the agent responsible for enabling thymocytes to respond to Zn++~ 

Interleukin 1 enhances the PHA response of murine thymocytes which do 

not normally respond well to this mitogen (Gery and Handschumacher, 

1974; Mizel, Rosenstreich, and Oppenheim, 1978; Mizel and 

Rosenstreich, 1979; Lachman and Metzgar, 1980; Smith et aL, 1980; 

Figure 12). Interleukin 1 indirectly mediates its enhancing effect by 

stimulating other cells to produce interleukin 2 which allows thymo

cytes to proliferate following activation by PHA (Smith et al., 1980). 

The agent required for the Zn++ response had an approximate molecular 

weight of 50,000 to 100,000 daltons (Figure 11). Interleukin 1 was a 

possible candidate as the agent responsible for the Zn++ response, 

since the high molecular weight form of IL-1 has a molecular weight of 

about 75,000 daltons (Lachman and Metzgar, 1980). However, three 

lines of data do not support IL-1 as the primary factor required for 

Zn++-activation of thymocytes. First, IL-1 pr1marily exists in its 

low molecular weight form of about 18,000 daltons when produced by 

macrophage cultures containing low serum concentrations (Lachman and 

Metzgar, 1980), similar to the conditions used herei~ Second, medium 

components used to culture the macrophages, Synmed and fetal calf 



133 

serum, were as potent as macrophage-conditioned medium in supporting a 

mitogenic response to Zn++ (Table 7). Third, no thymocyte response to 

Zn++ was observed in the presence of IL-1 that was purified to biolo

gical homogeneity and which was functionally active as seen by its 

enhancement of a thymocyte response to PHA (Figure 12). 

Because the presence of fetal calf serum and Synmed allowed 

thymocytes to mount a mitogenic response to Zn++, lipopolysaccharide 

was suspected as the agent involved in supporting the response. 

Bacterial lipopolysaccharide is a ubiquitous contaminant of most 

biological materials (Fumarola, 1981). Using the limulus amebocyte 

lysate assay, sensitive to LPS concentrations as low as 1.0 ng/ml, 

lipopolysaccharide is found in fetal bovine serum and bovine serum 

albumin (a major component of Synmed) but usually is not detected in 

human serum or in most tissue culture media, such as RPMI 1640 

(Weinberg, Chapman, and Hibbs, 1978). The supporting activity found 

in the J774A.1-conditioned medium, like LPS, was insensitive to 1000 C 

treatment (Table 7), which further suggested the need to directly 

evaluate the effect of LPS upon the thymocyte response to Zn++. A 

response to Zn++ did occur in the presence of 0.04 to 10 ~g/ml LPS 

(Figure 13) and as low as 1.0 ng/ ml LPS (data not shown). 

It is puzzling that the approximate molecular weight of the 

proposed LPS culture medium contaminant is between 50,000 and 100,000 

daltons (Figure 11), because it is smaller than the molecular weight 

of L.Q.Q.l1LPS of 5 to 10 x 105 daltons (Ribi et al., 1966; Morrison 

and Ryan, 1979). The molecular weight of LPS alone, without incuba-
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tion with cells and serum, was not determined. The reduction in the 

size of the contaminating LPS was mediated possible by the presence of 

serum components in the cell-line cultures or by the cultured cells 

themselves. Human, mouse, and rabbit serum reduces the buoyant 

density of ~ ~ LPS to a lower density form (Ulevitch and Johnston, 

1978). The reduction of the bouyant density of LPS is mediated mainly 

by a high density lipoprotein, as well as non-lipid serum components 

which may modify LPS through disaggregation (Ulevitch, Johnston, and 

Weinstein, 1979, 1981). Perhaps under the appropriate conditions, 

these serum components could reduce LPS to its smallest subunit, 

having an approximate molecular weight of 20,000 daltons (Ribi et al., 

1966). Therefore, the evidence suggests that the LPS contaminant had 

been reduced to a smaller form because of its incubation with serum. 

The J774A.1 cells also may have enzymatically degraded the LPS to some 

degree. 

Bacterial lipopolysaccharide has a wide range of effects on 

host immune responses (reviewed by Morrison and Ryan, 1979). When 

administered in~ and in~, LPS enhances the thymocyte mito

genic responses to PHA and Con A (Forbes, Nakao, and Smith, 1975; 

Baroni et al., 1976b; Tanabe and Nakano, 1979; Mizuguchi et al., 1980) 

and the spleen cell response to antigens in~ following in ~ 

LPS administration (Parks, Walker, and Weigle, 1981). These reports 

showed that LPS was effective in ~ at concentrations from 0.01 to 

10 ~g/ml which is similar to the range of doses needed for Zn++ 

activation. Lipopolysaccharide also increases intracellular cyclic 
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adenosine monophosphate levels in tbymocytes (Naylor et al., 1978). 

Increases in levels of cyclic adenosine monopbosphate are not asso-

ciated with T-lympbocyte proliferation (Hadden et al., 1979) but may 

be related to tbe maturation process of tbymocytes, since LPS also 

induces tbe expression of Tby 1 and TLsurface antigens in prothymo-

cytes, tbe T-cell precursors from the bone marrow (Scheid et al., 

1973; Hammerling et al., 1975). 

c. Possible Accessory Function of Tbymic Macrophages in Tbymocyte 
Activation by Zinc Cations 

Lipopolysaccbaride may not mediate its effects directly upon 

tbymocytes but indirectly through its interactions with macrophages. 

Mixtures of allogeneic tbymocytes do not respond witb proliferation 

and cytotoxicity as would spleen cells in a mixed lymphocyte reaction, 

unless at least 10 ng/ml of LPS or a small number of peritoneal 

macropbages are added to the tbymocytes (Ritter et aL, 1975). Anti-

macrophage serum plus complement abolishes tbe effect of LPS in tbis 

reaction, suggesting that LPS activates the thymic macrophages to belp 

in the response. In other experimental immunologic systems, very low 

levels of LPS also are required to activate macrophages. Small 

concentrations of LPS (10 ng/ml) are necessary jn~ for 

lymphocyte-derived macrophage activating factor to induce tumoricidal 

and intracellular anti-parasite killing activities in macrophages 

(Buchmuller and Mauel, 1979; Taramelli and Varesio, 1981). Lipopoly-

saccbaride concentrations as low as 10 pg/ml are required in~ to 

induce tumoricidal activity in macrophages activated in ~ (Hibbs et 
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al., 1977). The lowest dose of LPS reported to have a biological 

effect is 0.1 pg/ml which enhances macrophage colony formation in the 

presence of colony stimulating factor (Moore et al., 1980). When 

assessing the respiratory burst with the production of oxygen radicals 

in macrophages, Pabst, Hedegaard, and Johnston (1982) found that 

radical production minimally requires 1 pg/ml LPS which is equivalent 

to 8 molecules of the LPS aggregate per monocyte. They also suggest 

that LPS is a necessary "growth factor" for "normal" macrophage 

morphology in culture. Fumarola (1981) suggests that many reports in 

the literature describing lymphocyte or macrophage activation by 

various agents will need to be re-evaluated, since the reported 

effects may be mediated through macrophages responding to minute 

concentrations of a LPS contaminant. 

The induction of thymocyte mitogenic reactivity to Zn++ in the 

presence of LPS is mediated possibly by macrophages or macrophage 

product~ A significant number of macrophages exist in the thymus and 

represent approximately 0.3 to 0.5% of all thymiC cells (Beller and 

Unanue, 1978) which are concentrateu at the corticomedullary boundary 

(Hoefsmit and Gerver, 1975; Raviola, 1975). Thymic macrophages are 

similar morphologically to macrophages from other anatomical locations 

and like other macrophages, are esterase positive (Beller, Farr, and 

Unanue, 1978) and have Ia surface antigens (Unanue, 1981). Since 

macrophages are required for the splenic and lymph node lymphocyte 

responses to Zn++, a macrophage requirement for thymocyte Zn++ 

responses is v~ry possible. Perhaps, the large variatiOfis found in 
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thymocyte responses to Zn++, reflected by the large standard 

deviations seen in much of the thymocyte data, may be related to the 

requirement for thymic macrophages. With the assumption that the 

thymic macrophage concentration is very low, i.e. 0.3 to 0.5% of the 

whole thymocyte population, and that macrophages and lymphoid cells 

have an affinity for each other even in the absence of antigens or 

mitogens (Rosenthal et al., 1975; personal observation), the distribu

tion of macrophages within the thymocyte suspension may be non-random 

between individual microtiter wells. Therefore, if the numbers of 

thymic macrophages varied from one well to another, this variation 

would cause the thymocyte response to Zn++ to be different among 

replicate wells so that wells with higher macrophage numbers would 

display larger mitogenic responses. 

Thymic macrophages and their secreted monokines promote 

"maturation" of immature thymocytes by inducing the expression of 

histocompatibility antigens and of functional capabilities similar to 

mature T cells, such as responses to allogeneic cells in mixed lympho

cyte reactions (Beller and Unanue, 1978). These changes also may be 

mediated by a macrophage secretory product or monokine. One monokine, 

thymic differentiation factor, is produced by peritoneal and thymic 

macrophages and causes thymocytes to increase cell-surface histocompa

tibility K and D antigens (Beller, Farr, and Unanue, 1978). Perhaps 

this macrophage factor promotes thymocyte differentiation from an 

"immature" to a Zn++-responsive "mature" state. The monokine, 

interleukin 1, which stimulates interleukin 2 production necessary for 
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lymphocyte proliferation in response to a mitogen or antigen (Smith et 

aL, 1980), is the most likely candidate for a mono kine which supports 

the thymocyte Zn++ response. However, as discussed earlierp the data 

did not indicate that this monokine could function as the main helper 

factor for the response, although IL-1 may be required for the Zn++ 

response together with a second factor. 

With the assumption that a thymic macrophage-secreted monokine 

may be required as a helper factor in the thymocyte response to Zn++, 

the question arises as to why it was not detected in peritoneal macro

phage or macrophage cell-line cultures. Monokines, such as IL-1, are 

produced by macrophage cell lines, such as J774~1, and their produc

tion is enhanced by LPS (Mizel, Oppenheim, and Rosenstreich, 1978). 

However, thymic macrophages may be different from macrophages from 

other lymphoid sources and produce different monokines. Alternative

ly, macrophages may produce different monokines while in the presence 

of the thymic environment. There are some monokines, such as proco

agulant factor, which require the presence of T lymphocytes for their 

production from LPS-stimulated macrophages (Levy, Schwartz, and 

Edgington, 1981). In contrast, monokines, such as IL-1, are produced 

without a similar T-cell requirement, and activated T cells act only 

to enhance their production (Mizel, Rosenstreich, and Oppenheim, 

1978). Therefore, two classes of monokines may exist: one class are 

produced by macrophages in the presence of a single stimulus, such as 

LPS, and a second class requires two signals for production, i.e. a 

non-immunologic signal, such as LPS, and an immunologic signal from T 



139 

cells. Production of this hypothetical monokine, necessary for the 

thymocyte Zn++ response, may require the presence of T cells which 

were not found in the cultures of peritoneal macrophages and macro-

phage cell lines but were present in the thymocyte cultures them-

selves. Therefore, in the presence of LPS and thymic-derived lympho-

cytes, thymic macrophages may produce a helper monokine which enables 

thymocytes to respond to Zn++. 

Like IL-1, the hypothetical monokine helping the Zn++ response 

may initiate the production of interleukin-2 or a related molecule. 

Interleukin 2 most likely would be necessary for thymocyte prolifera-

tion in response to stimulation with Zn++, as shown for other mitogens 

or antigens (Smith et al., 1980). No experiments were'done to detect 

IL-2 productio~ However, if IL-2 was produced in thymocyte cultures 

containing LPS, its production would be initiated by a secondary 

mediator, such as a monokine, since LPS does not directly stimulate 

IL-2 production in mouse lymphocytes (Gillis et al., 1978). 

D. Contrasting Effects of 2-Mercaptoethanol on Thymocyte Reactivity 
to Zinc and Mercury Cations 

A puzzling aspect of the data from thymocyte experiments is why 

a mitogenic response could be induced with Zn++ but not with Hg++. 

Concentrations of Zn++ from 100 to 400 pM stimulated thymocytes in the 

presence of LPS, but Hg++ in concentrations from 2.5 to 10 pM or from 

1.0 to 50 pM (data not shown) could not stimulate thymocytes under the 

same conditions (Figure 14). Subsequent experiments showed that in 

the presence of 50 pM 2-ME spleen cell responses to Zn++ sharply 
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inhibition of 3H-thymidine incorporation, respectively (Figure 15). 
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Similar results were Been for lymph node lymphocytes (data not shown). 

Since 2-ME was maintained as a medium supplement for thymocytes, its 

removal from the medium was evaluated for effects upon the heavy metal 

responses. In the presence of LPS, but without 2-ME, no Zn++ or Hg++ 

responses occurre~ Therefore, both LPS and 2-ME are necessary for 

thymocyte activation by Zn++. The mechanism of action of 2-ME on the 

Zn++ responses of thymocytes and spleen cells may be similar, since 

both responses were enhanced. If both 2-ME and LPS are required for 

Zn++-mediated ac~ivation of thymocytes, a "catch 22" situation may 

exist for the thymocyte response to Hg++. Although 2-ME may be 

required for the response, it concomitantly inhibits the thymocyte 

Hg++ response, as it does in spleen cells. Thymocytes may be capable 

of responding to Hg++ when the approprate culture conditions are 

discovered which avoid the use of 2-ME. How the presence of 2-ME is 

involved in enhancing the lymphocyte response to Zn++ while inhibiting 

the response to Hg++ is not clear. Possible explanations for these 

effects are discussed at the end of this text. 

& Thymocyte Subpopulations Activated by Zinc Cations 

Within the thymus o prothymocytes from the bone marrow are 

"programmed" to become mature T lymphocytes via various stages of 

differentiatio~ It was of interest to dissect out the Zn++-

responsive population of tbymocytes, based on their level of matura-

++ tion, and to observe whether "mature" thymocytes could respond to Zn 
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without the presence of LPS, as can T lymphocytes from the spleen and 

lymph nodes. Immature and mature thymocytes are distinguished from 

each other by several characteristics. One characteristic is the 

expression of a cell surface glycoprotein which can be bound specifi

cally by a lectin from Arachius hypogeae, commonly called peanut 

agglutinin (PNA). Peanut agglutinin-positive cells are thought to be 

immature cells while the PNA-negative cells have characteristics which 

are similar to mature T lymphocytes (Baroni et aL, 1976a, 1976bj 

Reisner, Linker-Israeli, and Sharon, 1976; Kruisbeek and Astaldi, 

1979; Conlon, Henney, and Gillis, 1982). The PNA-positive cells make 

up 90 to 95% of all thymocytes, are located in the thymic cortex, 

express a high density of the Thy 1 and TL surface antigens, and have 

a low density of H-2 histocompatibility antigens. These cells are 

sensitive to hydrocortisone-mediated toxicity and are immuno

incompetent cells based on their inability to respond to PHA, in graft 

versus host reactions, and in mixed lymphocyte reactions. In contrast 

to the PNA-positive cells, the PNA-negative thymocytes are hydrocorti

sone-resistant thymic medullary cells representing about 5 to 10% of 

the total thymocyte populatio~ These cells appear to be similar to 

normal T lymphocytes based on their low level of Thy 1 antigen and 

high density of H-2 surface antigens and their ability to respond to 

mitogens, such as PHA, to function in graft versus host and mixed 

lymphocyte reactions, and to act as cytotoxic effector cells and as 

helper cells for antibody synthesis. Peanut agglutinin-positive cells 

can be induced to differentiate into immunocompetent cells, thereby 
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expressing PNA-negative oell functions, following exposure to factors 

produced by thymic epithelial cells (Kruisbeek and Astaldi, 1979) and 

roaorophages, as discussed below. Additionally, Conlon, Henney, and 

Gillis (1982) have found a distinotion between the PNA-positive and 

PNA-negative oells based upon their responses to the interleukin 

molecule~ Peanut agglutinin-positive thymocytes are not affected by 

IL-1 but do respond to IL-2 with the enhancement of mitogen responses. 

Peanut agglutinin-negative cells proliferate in response to IL-1 which 

initiates the production of the mitogenic factor, IL-2, in IL-2-

producing oells within this thymocyte populatio~ 

Thymocytes, as an unseparated population, respond very weakly 

to PHA. However as previously discussed, PNA-negative thymocytes 

strongly respond to PHA like mature T cells, in contrast to PNA

positive cells. Thus, this small PNA-negative cell population is 

responsible for the response to PHA within the whole thymocyte popula

tio~ In contrast to the PHA response, the thymocyte response to Zn++ 

in the PNA-negative cell population was the same as the response of 

the whole unsepar~ted thymocyte population (Figure 16). Furthermore, 

the PNA-negative oells, like the whole thymocyte population, required 

the presence of LPS in order to mount a response to Zn++. Similarly, 

PNA-negative and unseparated populations respond to Con A to the same 

degree, although LPS is not needed for the response (Baroni et al., 

1976b; Reisner, Linker-Israeli, and Sharon, 1976; Kruisbeek and 

Astaldi, 1979; Table 3). If PNA-negative cells had represented the 
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only thymocyte subpopulation that responded to Zn++, then a ~remendous . 
enhancement of the Zn++ l'esponse would be expected after enriching for 

this small cell populatio~ However, no such enhancement was see~ 

Since unseparated and PNA-negative thymocytes mOlLnt similar responses 

to Zn++, PNA-positive cells also may respond to Zn++. Therefore, the 

subpopulation of thymocytes capable of responding to Zn++ may be 

equally distributed throughout both PNA-positive and PNA-negative 

populations. 

Alternatively, if PNA-negative or "mature" thymocytes were 

assumed to represent the only thymocyte type capable of responding to 

Zn++, the absence of a large response to Zn++ by PNA-negative cells 

above that of unseparated thymocytes may be because thymic macrophages 

were enriched within or lost from the PNA-negative cell populatio~ 

Two interpretations of the data are based on the assumption that PNA-

negative cells require the presence of LPS-activated thymic macro

phages to respond to Zn++, since activation of splenic T cells by Zn++ 

depended upon the presence of macrophages (Figure 7). Whether or not 

thymic macrophages are found among PNA-negative thymocytes during the 

selection process would depend upon whether mouse macro phages are PNA-

negative or PNA-positive, which is not known. If thymic macrophages 

are PNA-negative, they could be enriched to a high concentration which 

suppresses the potentially large Zn++ response, as previously 

described for spleen cells. However, this explanation is unlikely if 

macrophages represent 0.3 to 0.5% of thymic cells. Assuming that they 
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are enriched by 20-fold by the PNA separation techniques2, the macro-

phages would represent about 10% of the PNA-negative cells. This 

concentration of macrophages was the optimal concentration for the 

spleen cell response to Zn++. A more likely alternative explanation 

for a reduced Zn++ response by PNA-negative thymocytes is if murine 

thymic macrophages are PNA-positive, as are human peripheral blood 

monocytes (London et al., 1919). Thus, few PNA-positive macrophages 

would be found among the PNA-negative thymocytes, and the thymocytes 

would display a diminished response to Zn++. Additionally, LPS would 

be required to activate the few macrophages present among the PNA-

negative cells to produce at least some amount of a necessary mono-

kine. However, since PNA-negative thymocytes respond to the T-cell 

mitogen, PHA, it may be assumed that the response to this mitogen is 

less dependent upon the presence of thymic macro phages than thymocyte 

r~pon~s toZ~~ 

Effects of Zinc Administration In ViVo 

In contrast to the stimulatory nature of Zn++ in~, its 

effects on the lymphoid system inx1vQ range from negative to no 

apparent effects. Administration of ZnC12 for about two weeks 

significantly reduced the number of spleen cells by 31% and the thymic 

weight by 59% (Table 9). Similarly, dialkyltin compounds reduce the 

spleen cell numbers by 25% and produce a 15% reduction in thymic 

2 Before their selection, PNA-negative cells represent 5% of 
all thymocytes. 
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weight and cell numbers in rats following oral administration for 2 

weeks (Seinen and Penninks, 1979). Spleen cell numbers also decrease 

in mice following intravenous injections of tin compounds. In 

essence, tin compounds produce a "chemical thymectomy", resulting in 

depletion of lymphocytes from the T-cell areas of the spleen and lymph 

nodes and in depression of all major T-cell functions without effects 

upon other organ systems. 

Because zinc supplementation reduces thymocyte numbers, it 

would be expected to specifically lower T-cell numbers and thus affect 

overall T-cell function~ A decrease in numbers of T-helper cells 

would predict a diminution of antibody production in response to 

antigens. When rats are injected subcutaneously with ZnC12 (4.2 mg or 

72 ~moles/kg body welght/48 hours) for 2 weeks followed by sensitiza

tion to a particulate antigen, antibody titers to the antigen are 

reduced dramatically (Mehrmofakham and Treagan, 1981).' Zinc adminis

tration in fish also decreases antibody titers to immunizing antigens 

(Sarot and Perlmutter, 1976). The effects of zinc supplementation on 

what may be the decrease of helper T-cell function show a remarkable 

similarity to the observed effects of zinc deficiencies in animals and 

humans, as previously described in the introduction sectio~ 

Hypothetically, the decrease of T-lymphocyte numbers or 

function after in ~ zinc administration may not be mediated 

directly by Zn++ but through the increased production of cortico

steroids. Aughey et ale (1977) found hypertrophy of the adrenal 

cortex and the anterior pituitary following oral zinc supplementation 
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in mice. Although adrenal corticosteroid production has not been 

studied consequent to zinc administration, higher than normal levels 

of cortisone ln~ cause thymic involution because of the death of 

immature thymocytes, which compose the majority of the cells in the 

thymus (Clam an, 1972). 

The negative effects of Zn++ on lymphoid organs were not 

because of an administration of toxic levels of ZnC12. The LD50 (dose 

causing 50% lethality) of intraperitoneal Zn+~ administration in mice, 

based on zinc sulfate administration, is 12 mg or approximately 0.2 

mmole zinc/kg body weight (Venugopal and Luckey, 1977). In the 

studies herein, the-amount of zinc administered per injection was 1.3 

mg or 0.02 mmole/kg body weight, which is 10-fold less than the dose 

equivalant to the LD50. Doses of zinc used by other investigators for 

intraperitoneal injection into mice are within the same range as those 

used here and are 0.7 to 4.0 mg zing/kg body weight (Woster et al., 

1975; Phillips and Sheridan, 1976; Sobocinski, Canterbury, and 

Powanda, 1977). In spite of the negative effects of Zn++ on lympho

cyte numbers, spleen cell responses to T-cell mitogens, such as 

PHA, and to B-cell mitogens, such as LPS, were not significantly 

affected, nor were the "background" levels of 3H-thymidine incorpora

tion affected in any way (Table 10). .In.:dJLQ. administration of zinc 

in mice similarly has been shown not to affect the lymphocyte response 

to PHA or pokeweed mitogen (Gaworski and Sharma, 1978). Thus, zinc 

administration in x1YQ neither enhances in~ mitogen responses nor 

generates its own mitogenic effects. 
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In contrast to ZnCl2 , other lymphocyte mitogens, such as LPS 

can induce lymphocyte proliferation and enhance in~ lymphocyte 

responses to mitogens followingin~ administratio~ Significant 

increases of in ~ 3H-thymidine incorporation in spleen cells are 

observed after several days following 1n~ administration of LPS 

into mice (Peavy, Baughn, and Musher, 1978). Lipopolysaccharide 

administration also enhances lymphocyte responses to antigens (Parks, 

Walker, and Weigle, 1981) and to Con A and PHA and enhances helper and 

killer cell functions (Baroni et al., 1976a, 1976b). The toxic 

"effects of Zn++ on T lymphocytes, like the effects of tin compounds, 

may have superseded any positive effects on immune function that may 

have been produced by higher than normal levels of Zn++ in ~ 

Additionally, since 1n~ concentrations of Zn++ of 100 pM or more 

are required for lymphocyte mitogenesis, achieving similar concentra

tions 1n~, above the normal murine physiological levels of 

approximately 15 pM CAughey et al., 1977; Table 8), probably would be 

difficult, because of normal regulatory mechanisms controlling serum 

zinc levels, in addition to its likelihood of being fatal to the 

animal. 

Possible Mechanisms for Lymphocyte Actiyation by Heayy Metal Mitogens 

The mechanisms by which Zn++ and Hg++ activate lymphocytes in 

~ are not known. Few investigators have pursued the molecular 

aspects of heavy metal mitogenesis. However, two general areas of 

hypothetical mechanisms are presented: (1) non-immunologic and (2) 
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immunologic mechanisms. These two areas are distinguished by whether 

Zn++ or Hg++ mediate their effects upon common cellular structures or 

upon structures specifically important for lymphocyte activatio~ 

A. Non-Immunologic Mechanisms 

One possible non-immunologic mechanism by which Zn++ and Hg++ 

may activate lymphocytes is based on the effects of the metals upon 

the cellular cytoskeleton, more specifically, the microtubules. 

Microtubule assembly is suggested to require free sulfhydryl groups 

and is inhibited by Hg++ and Zn++ at ion concentrations which decrease 

the numbers of microtubule sulfhydryl groups (Wallin, Larsson, and 

Edstrom, 1977). Zinc ions cause microtubules to reassemble into sheet 

or 200 nm tubular structures, as observed in~ using purified 

microtubules from cell homogenates (Gaskin, 1981) and within ganglion 

cells, cultured with Zn++ (100 to 300 ~M) for 24 to 48 hours (Gaskin 

et al., 1981), and in ~ within cells following zinc wire implanta

tion (Kress et al., 1981). Mercury cations do not induce sheet or 

tubular structure formation as does Zn++ but do decrease the amount 

and rate of polymerization of microtubules from tubulin in ~ 

(Wallin, Larsson, and Edstrom, 1977; Nobumasa et al., 1980). 

Unfortunately, no experiments have dealt with the effects of Hg++ on 

microtubules of intact cells ln~ and in~. Zinc ions and 

colchicine may bind the Same microtubule receptors because Zn++ (100 ~1) 

competitively inhibits colchicine binding by 75% (Edstrom and 

Mattsson, 1975). Mercury ions (10 ~M) also compete with cochicine 

binding of microtubules, since Hg++ inhibits binding by 22 to 72% 
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depending upon the tissue source (Edstrom and Mattsson, 1976). Since 

zinc ions compete with cytochalasin B binding in Con A-activated 

lymphocytes, they additionally may affect microfilament structures 

(Rao and Schwartz, 1980). Thus, the data indicate that Zn++ and Hg++, 

at concentrations that are mitogenic for lymphocytes, disrupt the 

cellular cytoskeleto~ 

Microtubule depolymerization can stimulate tissue culture cells 

to enter the cell cycle. Colchicine and other microtubule disruptors 

cause effects similar to growth factors with 2- to 3-fold increases in 

3H-thymidine incorporation in fibroblasts in serum-free medium 

(McClain and Edelman, 1980; Crossin and Carney, 1981). Both investi

gations showed that the mitogenic effect of colchicine increases with 

increasing cell confluency. Supporting evidence for a relationship 

between states of microtubule assembly and cell growth is that 

uncontrollably growing transformed cells have disorganized micro

tubular structures (Fuller and Brinkley, 1976). Mercury ions 

stimulate 3H-thymidine incorporation in mouse glioma cell lines with 

an optimal effect with 10 ~M Hg++ and inhibition at 50 ~M Hg++ (Nakada 

and Imura, 1980), as was shown for lymphocytes (Figure 1). Like 

colchicine-stimulation of cells, the stimulation by Hg++ was dependent 

upon the cellular confluency. That Hg++ or Zn++ stimulate cell proli

feration by microtubular disruption is inferred by the effects they 

share with colchicine, such as stimulation of cell proliferation and 

alteration of normal polymerized microtubular structure. Lymphocyte 

activation by colchicine has never been tested, especially during late 
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culture periods in which lymphocytes optimally respond to heavy metal 

mitogens. 

With the assumption that microtubular disruption is important 

for lymphocyte activation by Zn++ and Hg++, the disassembly of micro-

tubules may not be mediated directly by the heavy metals but through 

their stimulation of intracellular transport of Ca++. Microtubule 

disassembly is stimulated ~ ~ and ~~ by elevating intracel-

lular levels of Ca++ (Fuller and Brinkley, 1976). Lymphocyte mitogens 

stimulate Ca++ influx into lymphocytes, and extracellular Ca++ is 

required for lymphocyte proliferation (Parker, 1974; Hadden et al., 

1979). Trypsin, a lymphocyte mitogen, stimulates Ca++ uptake (Parker, 

1974) and breaks down microtubules (Fuller and Brinkley, 1976). This 

apparent requirement of Ca++ influx for lymphocyte activation helps to 

explain why elevated extracellular concentrations of Ca++ signifi-

cantly increase lymphocyte mitogenic responses to Zn++ (Hart, 1979). 

. ++ 
Mitogenic concentrations of Zn++ and Hg++ optimally stimulate Ga 

uptake into lymphocytes within 1 hour. In contrast to Zn++ and Hg++, 

non-mitogenic divalent cations, such as Mn++, Co++, Cd++, and Cu++ do 

not stimulate Ca++ uptake. 

In summary, Zn++ and Hg++ stimulate lymphocytes and some non-

lymphoid cells perhaps by means of microtubular disassembly directly 

or indirectly by stimulating Ca++ influx. The disassembly of micro-

tubules would be part of a cascade of events, such as increases in 

cyclic guanosine monophosphate levels and phosphorylation of non-

histone proteins (Hadden et al., 1979) that lead to cell division. 



151 

However, the microtubule disruption model is inadequate in that it 

does not interface with immunological observations, such as the macro

phage requirement, and more importantly, the response kinetics. 

Microtubule disruption would be expected to affect a large number of 

lymphocytes and induce a large poly clonal lymphocyte response, similar 

to Con A or PH~ Such a response would be presumed to peak early in 

culture. In contrast, the time course for Zn++- and Hg++-mediated 

lymphocyte activation suggests that a small set of lymphocyte clones 

are stimulated by the metals. How Zn++ or Hg++ could selectively 

activate a small number of clones by disrupting microtubules seems 

difficult to imagine. 

~ Immunologic Mechanisms 

B,l. Zinc and Mercury Cation-Mediated Actiyation of LymphO

cytes Through Contact Sensitizatio~ There are a few possible immuno

logically-based mechanisms for Zn++- and Hg++-induced activation of 

lymphocytes. One potential mechanism is that Zn++ and Hg++ are not 

mitogens but directly activate lymphocytes as a result of being 

contact sensitizing agents like other metals, such as beryllium 

(Vacher, 1972; Deodhar, Barna, and Van Ordstrand, 1973; Jones and 

Amos, 1975) and nickel (Hutchinson, Macleod, and Raffle, 1976; 

Peltonen, 1979, 1981). 

Zinc and mercury cations have common traits with metal contact 

sensitizers, such as Be++ and Ni++, which also stimulate lymphocytes 

1n~ from metal-specific hypersensitive individuals (Pappas, 
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Orfanos, and Bertram, 1970; Deodhar, Barna, and Van Ordstrand, 1973; 

Svejgaard et al., 1978; Braathen, 1980; Silvennoinen-Kassinen, 1980, 

1981). In these investigations, maximal stimulation of 3H-thymidine 

incorporation in Ni++-stimulated lymphocytes from Ni++-hyper~ensitive 

patients is seen late in culture at about 5 to 7 days, similar to 

lymphocyte responses to Zn++ and Hg++, and as late as 9 days 

(Silvennoinen-Kassinen, 1980). Also like the lymphocyte response to 

Zn++ and Hg++, the response to Ni++ is mediated by T lymphocytes and 

requires macrophages or macrophage-like Langerhans cells (Braathen, 

1980; Silvennoinen-Kassinen, 1980). However, not all individuals 

whose T lymphocytes respond to Ni++ ln~ display contact sensitive 

reactions to Ni++ (Pappas, Orfanos, and Bertram, 1970; Kim and Schopf, 

1976; Svejgaard et aL, 1978; Sllvennoinen-Kassinen, 1980, 1981), 

although not all reports support this conclusion (Braathen, 1980). 

Silvennoinen-Kassinen (1981) points out that about 10% of skin test

negative people demonstrate an in ~ lymphocyte response to Ni++, 

whereas the majority of the skin test-positive individuals show an in 

~ response. These results suggest that in a small number of 

cases, Ni++ appears to stimulate T cells other than those mediating 

delayed hypersensitive responses. 

In contrast to the response to Ni++ to which a minority of non

Ni++-sensitive individuals demonstrate T-cell responses in~, the 

majority of individuals respond to Zn++ or Hg++ in~ and only a 

minority of individuals display delayed hypersensitive reactions in 

~. Assuming that Zn++ and Hg++ are contact sensitizing agents like 
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Ni++, the jn~ and in~ activities of these metals would 

suggest that Zn++ and Hg++ should be categorized in a class apart from 

other contact sensitizing agents. Perhaps Zn++ and Hg++, and in some 

cases Ni++, activate T lymphocyte populations separate from those that 

mediate delayed hypersensitivity responses or stimulate suppressor T 

cells that block metal-specific delayed hypersensitive reactions in 

most individuals. This would account for the "universal" ability for 

Zn++ and Hg++ to activate lymphocytes in~ from virtually all 

humans as well as all animal species tested at this time without 

causing visible delayed hypersensitive reactions in~ in the 

majority of cases. As described in the introduction section, Hg++ 

causes lymphocyte-mediated cutaneous reactions in 4 to 5% of the human 

population (Epstein, 1974) whereas similar in~ responses to Zn++ 

are very rar~ Perhaps the frequency of cutaneous reactions may be 

higher, especially to Zn++, if people experienced a higher rate of 

skin contact with these two metals. Sensitization to Zn++ and Hg++ 

possibly could take place by an oral route, as a result of being a 

dietary component (Zn++) or contaminant (Hg++). Alternatively, Zn++ 

and Hg++ may sensitize individuals in~, since they can pass 

through the placenta (Kurland, 1973; Zylicz et al., 1975). However, 

data on contact sensitizing agents do not support the idea of such 

agents having the ability to stimulate lymphocytes in~ in the 

majority of individuals without the display of delayed hypersensitive 

responses in~ Therefore, the interpretation that Zn++ and Hg++ 

directly stimulate lymphocytes as the result of being common, but not 
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possible, although unlikely hypothesis. 
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B,2. Lymphocyte Stimulation by Heayy Metal Mitogens Through 

Protease Actiyation. One mechanism by which Zn++ and Hg++ stimulate 

lymphocytes may be through the activation of lymphocyte cell surface 

proteases, as suggested by Hart (1978), since proteases stimulate 

lymphocyte proliferation (Wedner and Parker, 1976). However, in a 

later report, Fulton and Hart (1980) rule out this hypothesis. They 

found that lymphocyte cell surface protease activities are inhibited 

by Zn++ and only slightly stimulated by Hg++. 

B.3. Zinc and Mercury Cations Actiyate Lymphocytes Through 

Sulfhydryl Interactions and the Formation of Altered Self Structures. 

Berger, Kociolek, and Pitha (1979) postulate that mitogenic heavy 

metal cations, such as Hg++, activate lymphocytes by cross-linking 

cell surface proteins in a manner similar to mitogenic lectins or 

antibodies. They hypothesize that the cations bind and bridge free 

sulfhydryl groups just as lectins bind and bridge sugar moieties of 

surface glycoproteins. The divalent nature of the metal cations 

appears to be important, since monovalent methylmercury does not 

stimulate lymphocytes, whereas Hg++ and a divalent organomercurial can 

activate lymphocytes (Pitha and Kusiak, 1983). This model infers that 

the cell surface proteins cross-linked by the metal ions are the same 

proteins bound by mitogenic lectins which are hypothetical receptors 

responsible for transferring the mitogeniC signal to the lymphocyte. 

However, if Zn++ and Hg++ were to induce lymphocyte activation by 
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bridging cell surface "mitogen receptors", they would be expected to 

stimulate lymphocytes polyclonally like the mitogenic lectin~ But, 

various data previously discussed suggest that the metals do not 

stimulate a very large number of lymphocyte clones. Therefore, the 

cross-linking of sulfhydryl group-containing proteins may represent 

only part of the view of the cell surface events necessary for heavy 

metal activation of lymphocytes. 

The immunological mechanism for Zn++- and Hg++-induced lympho

cyte activation that I would like to propose with particular favor is 

the metal ion-induction of a state of "altered selrn. This model of 

lymphocyte activation suggests that "self" cell surface structures, 

products of the H-2 major histocompatibility gene complex, on cells 

other than the T cell that becomes activated, are modified by Zn++ and 

Hg++ either by direct steric alteraction or by their cross-linking of 

self structures with other cell-surface components. Pre-existing T 

lymphocyte clones, selected through thymic processing (Jerne, 1971), 

have receptors that recognize the metal-modified or "altered" self 

structures on surrounding cells. Following recognition of the altered 

self structures, the T cells respond to these foreign-appearing cells 

by proliferating or by displaying cytotoxic function~ Alternatively, 

the metal ions may directly modify the T-cell receptors involved in 

the reoognition of self structures. These altered receptors would 

then recognize unaltered normal self surface structures on surrounding 

cells as "foreign", thereby triggering a lymphocyte response. Since 
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there is no precedent for an "altered receptor" mechanism in lympho

cyte activation, this alternative view will not be discussed further. 

Jerne (1971) presented a theory suggesting that the thymus 

functions as a "mutant breeding" organ in which thymocyte clones 

proliferate and undergo genetic changes. According to this hypothe

sis, thymocytes, bearing receptors for histocompatibility antigens, 

bind to surrounding thymic cells. This affinity for other cells leads 

to their entrapment and eventual destructio~ However, some progeny 

of these proliferating cells are permitted to survive. In these 

thymocytes, the gene coding for the receptor becomes modified so that 

the expressed receptor no longer has an affinity for the histocompati

bility or "self" antigens on surrounding cells. Thus, thymocytes, 

possessing "altered self" receptors, are passively selected by freely 

migrating from the thymus. This hypotheSiS is represented in Figure 

17. Subsequent to their migration to the peripheral lymphoid organs, 

these cells act as mature T lymphocytes and respond to foreign 

antigens which become associated with histocompatibility structures, 

as discussed below. 

One current model for the activation of antigen-specific T-cell 

clones by a specific antigen is that the clones recognize and respond 

to parts of the antigen in association with self H-2 gene products on 

a macrophage cell surface. Macrophages are thought to ingest, 

process, and then present a component or epitope of the antigen on 

their surface, near to or perhaps linked to a histocompatibility self 

structure. The association of the antigen with the self structure 
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(4) Thymic selection (active) against cells having 
·receptors that recognize self molecules and per
haps for structures that are very slight varia
tions of self, i.e~ cross-reactive with self. 
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appears to the lymphocyte clone possessing the pertinent recognition 

receptor as an "altered self" structur~ In mice, the relevant "self" 

structure involved in macrophage presentation of soluble antigen is 

the H-2I-A gene prod~ct which is termed I~ Lymphocyte clones that 

recognize Ia self structures in association with an antigenic epitope 

as an altered Ia structure are helper T cells and respond with proli

feration (reviewed by Shearer and Schmitt-Verhulst, 1977; Zinkernagel 

et al., 1977). This model is diagramed in Figure 18. 

Similarly, another class of histocompatibility self structures 

is involved in lymphocyte activation in which foreign antigens appear 

on a cell surface by a different mechanism. Self structures represen

ting the H-2K and H-2D gene products are, respectively; the K and D 

cell surface proteins and are found on all cells in mice. In 

contrast, the Ia structure is present on a limited number of cell 

types, most of which are lymphoid cells. When an intracellular 

parasite, such as a virus, infects a cell, one way to halt the propa

gation of the viral infection is to kill the infected cell. In viral 

infections, viral proteins often appear on the surface of the infected 

cell. Pre-existing cytotoxic effector cell clones, possessing recep

tors for altered K or D structures, are thought to recognize and kill 

the infected cell by recognizing the association of the viral antigens 

with a K or D self structure as altered self structures (Doherty et 

al., 1976; reviewed by Shearer and Schmitt-Verhulst, 1977; pictorally 

diagramed in Figure 19). The molecular mechanism by which this 

association is performed is not understood. 
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As an experimental model system for lymphocyte stimulation by 

antigens, mouse spleen cells are covalently modified with haptenic 

agents, such as trinitrophenyl (TNP) groups or fluorescein isothiocya

nate. When these cells are mixed with unmodified spleen cells, the 

lymphocyte clones that recognize the hapten-modified cells respond 

with lymphocyte proliferation and cytotoxicity generated against the 

haptenated cells (Shearer et al., 1975; Schmitt-Verhulst, Garbarino, 

and Shearer, 1977; reviewed by Shearer and Schmitt-Verhulst, 1977; 

Seldin and Rich, 1978; Ramos, Moller, and Moller, 1980). This 

reaction will be referred to as the hapten-modified autologous mixed 

lymphocyte response or hapten-modified autologous MLR. The lymphocyte 

response to hapten-modified autologous cells may be viewed as a 

laboratory version of the primary allogeneic mixed lymphocyte response 

or allogeneic MLR. In the hapten-modified autologous MLR, lymphocytes 

respond to the "foreigness" of the hapten-altered surfaces of surround

ing cells. In the allogeneic MLR, lymphocytes are mixed with and 

respond to foreign cells from different inbred mouse strains, or in a 

human MLR, the lymphocytes respond to cells from unrelated human 

individuals. Both types of MLR produce maximal proliferative and 

cytotoxic responses late in in~ culture at around 96 to 168 

hours, Similar to lymphocyte proliferative responses to soluble 

antigens. They require lymphocyte recognition of certain major histo

compatibility self structures, particularly the I-A, K, and D gene 

products for the induction of lymphocyte proliferation or cytotoxicity 

(Schmitt-Verhulst, Garbarino, and Shearer, 1977). 
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In the hapten-modified autologous MLR, when the haptenic agent 

binds to histoc.ompatibility self structures, it creates waltered selm 

structures that are recognized by the appropriate lymphocyte clones 

(Figure 20). Similarly, in the allogeneic MLR, the alloantigens on 

leukocytes from inbred mice, which have a different genetic H-2 haplo

type background than the responding lymphocyte clones, are thought to 

appear to these clones as H-2 self structures that are associated with 

a foreign antigen, i.e. as altered self (Figure 21). In support of 

the concept that alloantigens appear as altered self structures, Levy, 

Gilheary, and Shearer (1980) showed that cytotoxic lymphocytes, 

generated in an allogeneic MLR, recognize and kill autologous cells 

modified with a particular haptenic agent in addition to killing the 

cells expressing the foreign alloantigens. The converse of this 

experimental finding is that cytotoxic cells, generated in a hapten

modified autologous MLR using virus-90ated syngeneic cells as the 

"stimulator" cells, will recognize and kill not only the hapten

(virus)-coated syngeneic cells, but they also recognize and kill 

target cells expressing particula.r alloantigens (Finberg et al., 

1978). Therefore, in both allogeneic and hapten-modified autologous 

mixed lymphocyte responses, the alloantigens and hapten-modified self 

antigens appear as "altered self" to lymphocytes having receptors for 

altered self structures (Finberg et al., 1978; Levy, Gilheary, and 

Shearer, 1980). 

The allogeneic and hapten-modified autologous mixed lymphocyte 

responses are artificial representations of T-lymphocyte responses to 
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foreign antigens expressed on cell surfaces. They are unusual 

reactions in that normal mechanisms by which the foreign antigens 

become associated with self structures are bypassed, such as macro

phage processing and presentation functions in which the antigens 

become associated with Ia structures and when expressed viral antigens 

become associated with K or D structures. Nevertheless, as in normal 

immune responses, each type of lymphocyte response that is observed in 

these MLR reactions is affiliated with a particular type of H-2 

structure. In both groups of mixed lymphocyte responses, helper T 

lymphocyte clones recognize "altered" Ia structures and respond to 

them by proliferating (Greinder, Shevach, and Rosenthal, 1976). In 

support, the binding of anti-Ia antibodies to Ia structures on 

autologous cells, such as macrophages, which alters.the Ia structures 

in place of hapten-modification, also stimulates autologous T-cell 

clones to proliferate (Thomas and Shevach, 1977). Similar to T-cell 

responses to cell-bound viral antigens, cytotoxic T lymphocytes that 

arise in mixed lymphocyte reactions recognize only altered K or D 

structures and respond by killing the cells expressing these altered 

self structures (Shearer and Schmitt-Verhulst, 1977). 

Recently, Kimura and Ersson (1981) suggested that all T-cell 

mitogens activate lymphocytes in a manner similar to antigen-mediated 

stimulation by altering self structures. T- and B-cell mitogens have 

been assumed to activate lymphocytes by binding a hypothetical 

"mitogen receptor". B lymphocytes that are responsive to B-cell 

mitogens, such as LPS (one third of the B cells respond to LPS), 
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apparently have transmembrane receptors which may be associated with 

or are surface immunoglobulins that transfer the activation signals to 

each cell. In the presence of LPS and thymocyte-conditioned medium, 

containing growth-promoting factors, single B-cell clones can indepen

dently proliferate in agar and produce immunoglobulin (Andersson et 

al., 1977). K:i.mura and Ersson point out that T cells in high dilu

tions in agar do not respond to T-cell mitogens even with exogenous T

cell growth factor (IL-2), suggesting that, unlike B cells, some cell 

to cell contact is required for activatio~ Lymphocyte activation by 

Zn++ also requires cell contact (Kondracki and Milgrom, 1977), parti

cularly contact with adherent cells (Frost, Monahan, and Abell, 1978; 

Figure 7). Kimura and Ersson found that mitogenic lectins differ from 

non-mitogenic lectins in that the mitogenic lectins bind to and depend 

upon the expression of H-2 histocompatibility gene products, the la, 

K, and D self molecules, to induce mitogenesis in lymphocytes. In 

contrast, non-mitogenic lectins bind other surface structures. Cell 

surface oxidizing agents that are T-cell mitogens, such as sodium 

periodate and galactose oxidase, also depend upon the expression of 

these H-2 gene products for lymphocyte activatio~ Kimura and Ersson 

suggest that mitogenic lectins may alter self components by bridging 

the H-2-derived self structures with other glycosylated membrane 

components in a not normally occurring and unnatural way which results 

in various physical orientations and combinations of self with other 

cell-surface structures which would be recognized by a variety of T

cell clones (Figure 22). Non-mitogenic lectins may cross-link cell-
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surface components different from the histocompatibility structures. 

Since the self structures would remain unaltered, they would not be 

recognized by any T-cell clones (Figure 23). Similar to mitogenic 

lectins, the cell surface oxidants may cause bridging of self struc

tures with other surface components through the production of free 

aldehyde groups on glycoproteins which combine with free amino groups. 

Therefore, oxidizing and lectin mitogens appear to be poly clonal 

activators not because they directly activate a transmembrane 

mitogenic signal receptor on T cells, but perhaps because they act 

through a polyclonal version of antigen-specific T-cell activatio~ 

Thus, many lymphocyte clones respond to mitogen-modified cells having 

vast arrays of altered self conformations. This concept would explain 

how sodium periodate-modified cells act like hapten-modified cells by 

stimulating autologous T lymphocytes (Schmitt-Verhulst and Shearer, 

.1976). The appeal of describing lymphocyte mitogenesis in terms of an 

altered self mechanisms is the suggestion that mitogens activate 

lymphocytes through the normal mechanisms by which foreign antigens 

induce T-cell responses. 

To briefly interject what was discussed earlier concerning 

lectin-dependent cellular cytotoxicity in light of the present discus

sio~ No model to date has provided a satisfactory explanation for 

the functional role of PHA and other T-cell mitogenic lectins in the 

LDCC assay. However, the altered self concept can be applied easily 

to propose a very simple mechanism for lectin function in this cyto

tOxicity system. The altered self mechanism would suggest that the 
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PHA used in LDCC assay increases the variety of altered self 

structures on the target cells (Figure 24). In essence, PHA appears to 

act during the LDCC assay to artificially transform one type of target 

cell into target cells of many different allogeneic types. This 

functions to increase the likelihood that the altered self receptors 

on Zn++- and Hg++-stimulated cytotoxic T cells will encounter and 

recognize the particular altered K or D self structure for which they 

have specificity. Thus, the cytotoxic cell activity would be detected 

only as long as the target cells express the same altered self 

combinations to which the cytotoxic clones were stimulated, i.e. self 

structures altered by Zn++ or Hg++ during the 16B-hour spleen cell 

cultures. 

Like haptens conjugated to self structures, Zn++ and Hg++ may 

combine with and alter histocompatibility self structures, making 

cells appear "foreign" to the appropriate lymphocyte clones. As 

discussed in more detail below, Zn++ and Hg++ have an affinity for 

sulfhydryl groups, and perhaps the modification of "self" into 

"altered self" structures may be mediated by an interaction with 

intramolecular sulfhydryl groups. Haptenic agents that bind free 

sulfhydryl groups, such as N-iodoacetyl-N'-(5-sulfonic-1-naphthyl) 

ethylene diamine (I-AED), modify spleen cell surfaces and through an 

autologous MLR reaction generate cytotoxic lymphocytes having a 

specificity for I-AED-modified syngeneic target cells. The hapten, 1-

AED, is recognized by the cytotoxic cells only in association with 

self haplotype K or D gene produc~s (Levy et al., 1981). The ~uthors 
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point out that D region gene products of the H_2d haplotype from 

Balb/C mice have free sulfhydryl group~ Therefore, Zn++ or Hg++ may 

sterically alter self structures directly like the hapten, I-AED, by 

interacting with intr'amolecular sulfhydryl groups and thereby induce 

proliferation and cytotoxicity in responsive cell clones (Figure 25). 

Alternatively, Zn++ and Hg++ may activate lymphocytes by cross-linking 

cell surface components similarly to polyvalent T-cell lectins by 

bridging self structures with non-self surface structures through 

intermolecular linking of sulfhydryl groups (Figure 25). The impor

tance of the divalent nature of heavy metal mitogens such as Hg++ for 

activating lymphocytes has been emphasized in some studies (Berger, 

Kociolek, and Pitha, 1979; Pitha and Kusiak, 1983). 

stimulation of lymphocytes through the creation of "foreigness" 

by altering self structures on surrounding "stimulator" cells helps 

explain why Zn++ and Hg++ do not polyclonally activate lymphocytes to 

the same degree as lectin mitogens. Because of their chemical nature, 

these cations may interact with and alter the self structures them

selves, like haptenic agents which create limited orientations of 

altered self structures. Alternatively, Zn++ and Hg++ may cause 

intermolecular interactions between self structures and other cell 

surface constituents that are more limited than with mitogenic 

lectins, since the metals may interact only with cell surface 

structures containing mOieties, such as free sulfhydryl groups. 

The activation of lymphocytes by Zn++ and Hg++ through an 

altered self mechanism is indirectly supported by Hart (1978, 1979). 
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He showed that Zn++ and Hg++ activate hamster lymph node lymphocytes 

in the absence of serum proteins, which eliminates possible alterna

tive mechanisms in which the metals could stimulate lymphocytes by 

acting as antigenic haptens on "carrier" serum proteins or by altering 

normal serum proteins to reveal hidden antigenic si tea. Therefore, as 

proposed for lectin mitogens, Zn++ and Hg++ may not stimulate lympho

cytes directly through a transmembrane "mitogenic receptor", but 

indirectly by modifying the self Ia, K, and D surface structures on 

other cells which are stimulatory for the lymphocyte clones that 

recognize the altered structures. 

Lawrence (1981) also recently suggested that heavy metals 

modify cell surface antigens and induce lymphocyte responses to 

altered self structures. However, he was not able to demonstrate an 

example of his proposed "modified allogeneic effect", since murine 

lymphocytes did not respond to either Ni++- or Pb++-"modified" 

syngeneic cells. Although Zn++ was not tested, lymphocytes pretreated 

with Hg++ at mitogenic concentrations (10 11M) and added back to 

syngeneic spleen cells showed only inhibition of 3H-thymidine incor

poratio~ The reason for the inhibition was unexplained by this 

investigator but probably was because 2-mercaptoethanol (50 11M) was 

present in the culture medium. The presence of 2-ME in lymphocyte 

cultures was shown by experiments described herein to have inhibitory 

effects upon the lymphocyte response to Hg++ (Figure 15). The 

ineffectiveness of Ni++ or Pb++ in activating mouse lymphocytes, like 

many other divalent cations (Figure 1), may reflect an inability of 
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these metals to modi~ self antigens, in contrast to Zn++ and Hg++. A 

similar example of this concept was previously discussed in which 

lectins that bind self structures are mitogenic, whereas lectins that 

bind other cell surface component8 do not induce mitogenic responses. 

Alternatively, non-mitogenic metal ions may alter self structures, but 

do not stimulate lymphocytes because they are concomitantly toxic to 

the cells. 

As recalled from earlier discussions, normal lymphocyte 

responses to soluble antigens require Ia structure-bearing macro phages 

to process and present an antigenic epitope in such a way as to form 

an altered Ia structure. However, the direct binding of haptens or T

cell mitogens, such as Con A, Zn++, and Hg++, to Ia structures would 

bypass the necessity for macrophage presenting functions. Moreover, 

there are many other cell types within a popuiation of lymphoid cells 

that express Ia structures, such as B lymphocytes, some T lymphocytes, 

and macrophage-like cells, such as dendritic cells (Steinman and 

Witmer, 1978). These la-bearing cell types probably stimulate T

lymphocyte proliferation when they display mitogen-altered Ia struc

tures. Thus, macrophages would not be expected to be necessary for T

cell proliferative responses. However, macrophages are required for 

lymphocyte responses to lectin mitogens, Zn++ and Hg++, as discussed 

earlier, as well as for allogeneic and hapten-modified autologous 

mixed lymphocyte reactions (Greinder, Shevach, and Rosenthal, 1976). 

In the lymphoproliferative response to T-cell mitogens, the most 

important function of macrophages may be mediating the expansion of 
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reactive lymphocyte clones through the production of 11-1, which 

initiates the production of the endogenous lymphocyte mitogen, IL-2. 

For example, the requirement for Ia+ macrophages for the generation of 

cytotoxic cells in the hapten-modified autologous MLR (Yamashita and 

Hamaoka, 1979) may be more because of their influence in the produc

tion of IL-2, necessary for expanding the cytotoxic cell clones, than 

because of their Ia structure~ 

In light of the altered self mechanism for lymphocyte activa

tion, a hypothetical solution can be derived to explain how 2-ME 

enhanced T-Iymphocyte and thymocyte responses to Zn++ while inhibiting 

the responses to Hg++. These contrasting effects probably reflect 

differences in the chemistry of these two cations and their interac

tion with lymphocyte structural ligands following reduction of the 

cell surface. Much applicable information has been derived from 

studies concerning thymocyte and splenic T lymphocyte responses to Con 

A which are enhanced when 2-ME or other reducing agents are present in 

the culture medium (Betel et aL, 1974; Chaplin and Wedner, 1978; 

Otterness, Tochia, and Bliven, 1979; Noelle and Lawrence, 1979, 1980, 

1981; Table 3). The enhancing effect of 2-ME on the Con A response is 

mediated through cell surface structures, since the effect cannot be 

mimicked by the addition of intracellular thiol groups (Noelle and 

Lawrence, 1979). Additionally, impermeable cell surface oxidizing 

agents inhibit the Con A response by 80% without affecting the binding 

of Con A (Chaplin and Wedner, 1978; Noelle and Lawrence, 1981). 

Oxidized 2-ME also was found to enhance thymocyte Con A responses 
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(Otterness, Tochia, and Bliven, 1979) and mixed lymphocyte responses 

(Engers et al., 1975) equally well as the reduced form of 2-M~ Since 

exogenous disulfides, such as cysteamide, enhance the lymphocyte 

response to Con A, oxidized 2-ME also may form mixed disulfides on the 

cell surface, as suggested by Noelle and Lawrence (1981). Noelle and 

Lawrence hypothesize that the diminution of.normal lymphocyte surface 

protein cross-linking is responsible for the enhancement of the 

mitogenic response. They suggest that the breaking of intramolecular 

or intermolecular disulfide bonds to form free sulfhydryl groups or 

mixed disulf!des is how surface protein cross-linking is decreased by 

2-ME. 

These data alone do not suggest how cell surface reduction 

elevates mitogenic responses to Con A or Zn++. However, this eleva

tion phenomenon can be explained by considering the hypothetical 

manner by which Con A indirectly activates lymphocytes by creating 

vast combinations of altered self structures on cells (Kimura and 

Ersson, 1981). By diminishing normal protein oross-linking by 

breaking intermolecular disulfide bonds, the varieties of possible 

altered self structure arrays would be inoreased in number, since Con 

A would be allowed to form more intermolecular bridges between self 

struotures and other glycoproteins. The altered self mechanism also 

explains how 2-ME could enhance lymphocyte activation by Zn++. 

Increased formation of free sulfhydryl groups by 2-ME would increase 

the number of free ligands to which Zn++ could bind, forming more 

combinations of self with non-self surface structures which would 
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stimulate additional lymphocyte clones (Figure 26). Also, as for Con 

A, the disruption of intermolecular disulfide bridges would make more 

non-self surface components available for Zn++-mediated bridging of 

self structures. Similarly, 2-ME may break intramolecular disulfide 

bonds within self structure~ Cross-linking the newly expressed 

sulfhydryl groups to other free intramolecular sulfhydryl groups or 

amino acid ligands by Zn++ would produce new altered conformations of 

the self structures. By providing a reasonable explanation for the 

mechanism by which 2-ME might enhance lymphocyte responses to Con A 

and Zn++, the altered self hypothesis provides further support for 

itself. 

How 2-ME interferes with lymphocyte responses to Hg++ is not 

clear, considering that the response to Zn++ is not affected in the 

same way. The extreme contrasting effects of the metals in the 

presence of 2-ME is a reminder that chemical disparities exist between 

these two Group lIB transition metals. In addition to its higher 

electropositivity, Hg++ has a higher affinity for thiols than Zn++. 

Furthermore, Hg++ has the highest affinity for sulfhydryl groups than 

all other metals (Webb, 1966; Venugopal and Luckey, 1977). When 

interacting with thiol .groups in proteins, Hg++ is thought to form 

terdentate complexes with cysteines, whereas Zn++ forms planar 

complexes with two cysteines per metal ion (Friedman, 1973). The 

extremely high affinity for sulfhydryl groups and the bifunctionality 

of Hg++ are believed to be responsible for the ability of Hg++ to 

inhibit the function of most proteins, since the majority of proteins 
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have sulfhydryl groups (Webb, 1966; Friedman, 1973). The inhibition 

of protein function suggests how Hg++ induces toxic effects on lympho

cytes at concentrations slightly above those that stimulate mitogene

sis. The inhibition of enzyme function is because of the progressive 

irreversibility of Hg++ binding to the enzyme as suggested by the 

increasing difficulty in removing Hg++ with competitive binding 

ligands. Webb suggests that after initial reversible binding of Hg++ 

with one or more thiol groups, there is progressive disintegration of 

protein secondary structure with unfolding of the helical structure of 

the polypeptide chain which exposes more free sulfhydryl groups. 

These newly exposed sulfhydryl groups in the protein become more 

available for binding by Hg++ and quickly react with it. Friedman 

describes this chain of events as "all or none inhibition~ Addi

tionally, this senario for protein inhibition would suggest that 2-ME 

could speed up the process of Hg++-mediated protein alteration by 

producing more free sulfhydryl groups at the outset and thus greatly 

enhancing the ability of Hg+ to inhibit protein functio~ Inhibition 

of enzymatic activity by Zn++ is relatively less common, perhaps 

because Zn++ has a lower affinity for sulfhydryl groups which reflects 

its critical role in the function of many zinc metalloenzymes 

(Riordan, 1976). 

Since the presence of 2-ME was required for thymocyte activa

tion by Zn++, thymocytes or thymic macrophages may lack many free 

sulfhydryl groups on the histocompatibility self structures or other 

surface components neceessary to enable Zn++ to create altered self 
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structures. If the need to disrupt disulfide bridges is a requirement 

for heavy metal activation of thymocytes, it is difficult to imagine 

how Hg++ could stimulate thymocytes without inhibiting the function of 

crucial proteins and the cells themselves. Perhaps by altering the 

concentrations of Hg++ and 2-ME, the appropriate conditions may be 

found that permit a thymocyte response to Hg++. However, thymocytes 

were not stimulated by Hg++ in the presence of 50 1-1 M 2-ME even with 

Hg++ concentrations as low as 1.0 1-1M. (data not shown). 

The results of this dissertation show that murine lymphocytes 

were activated by Zn++ and Hg++ to proliferate and express certain 

lymphocyte functions. The characteristics of lymphocyte responses to 

these cations were similar to other T-cell mitogens and to antigens. 

Furthermore, the results of heavy metal activation of lymphocytes 

support a unifying model for T-Iymphocyte activation by antigens and 

mitogens in which cell-surface self structures are modified by these 

cations to produce an "altered self" structure that is stimulatory to 

the appropriate lymphocyte clones. In summary, Zn++ and Hg++ are the 

chemically simplest soluble mitogens that best model activation of 

lymphocytes by antigens. 
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