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SUMMARY

Studies were performed to investigate the effects of chronic, low level pre- and post-natal lead
exposure on cell-mediated immune function in rats. Weanling female rats were exposed to lead
(as lead acetate) in their drinking water at 0, 25, and 50 ppm for 7 weeks. At the end of 7 weeks
they were mated with untreated males and continued on the same dosage throughout gestation
and lactation. The offspring of these females were weaned at 21 days of age and continued on the
same lead exposure regimen as their mothers. These offspring were used in immune surveillance
procedures between 35 and 45 days of age.
Lead exposure at the levels employed had no statistically significant effect on growth and did not

result in overt signs of toxicity. Thymic weights were significantly decreased in both males and
females of the two lead dosage groups. Furthermore, lead exposure resulted in suppression of
responsiveness of lymphocytes to mitogen stimulation and in reduced delayed hypersensitivity
responsiveness. Results indicate that chronic low-level lead exposure causes suppression of cell-
mediated immune function.

INTRODUCTION

There has been increasing interest in the effect of environmental contaminants on immune function in
recent years. A number of compounds of environmental concern have now been shown to produce
immunosuppression or reduce host resistance to infectious agents. The list of these compounds includes
the chlorinated hydrocarbons, polychlorinated biphenyls and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(Faith & Moore, 1977; Friend & Trainer, 1970; Koller & Thigpen, 1973; Street & Sharma, 1975;
Thigpen et al., 1975; Vos & De Roij, 1972; Vos & van Genderen, 1973; Vos, Moore & Zinkl, 1973; Vos
& Moore, 1974), organometallics like triphenyltin and methyl mercury (Ohi et al., 1976; Spyker, 1975;
Verschuuren et al., 1970), and inorganic metals such as lead, cadmium and mercury (Hemphill, Kaeberle
& Buck, 1971; Jones, Williams & Jones, 1971; Koller, 1973).

Lead-related diseases have been recognized for more than 2000 years (Chislom, 1971). Lead causes
both acute and chronic poisoning depending on exposure length and level (Chislom, 1971) and toxicity
is often overtly manifested in the form of various gastrointestinal and neurological symptoms. Immuno-
suppression appears to be a more subtle effect of exposure to heavy metals. In this respect, lead has been
shown to suppress antibody responses in adult mice and rabbits (Koller, 1973; Koller & Kovacic, 1974;
Koller, Exon & Roan, 1976), to reduce resistance to bacterial challenge in mice (Hemphill et al., 1971)
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and to reduce the phagocytic function of the reticuloendothelial system in rats (Trejo et al, 1972). Such
immunosuppressive effects, however, were mostly investigated at toxic, high-level lead exposures in the
above studies. This leads one to wonder if more moderate, low-level lead exposures may produce
immune response deficits in otherwise apparently 'asymptomatic' lead-exposed animals.

Immunosuppression induced by low-level lead exposure was suggested by earlier observations
(Grant et al, 1978), which lead to initiation of the study reported here. Using the same dosage regimen
as that employed here, rats chronically exposed pre- and post-natally to low levels of lead appeared to be
more vulnerable to various infectious diseases (Grant et al, 1978). The studies reported here were,
therefore, undertaken to investigate more systematically the effects of low-level pre- and post-natal lead
exposure on cell-mediated immune function. For many agents, the pre-natal organism is more sensitive
to chemical injury than the corresponding adult (McLachlan & Dixon, 1976). For example, offspring
from mice exposed to methyl mercury while pregnant have been shown to be immunosuppressed
(Spyker, 1975). The results of the studies reported here showed mitogen responsiveness of lymphocytes
and delayed hypersensitivity responses to be reduced in rats exposed to lead early in development.

MATERIALS AND METHODS

Animals. Weanling female Sprague Dawley (CD) rats were purchased from Charles River Breeding Laboratories (Wil-
mington, Massachusetts) at 21 days of age. The animals were housed individually in hanging wire-mesh cages and handled
as described below.
Lead dosage and breeding. The weanling females were exposed to lead as previously described (Kimmel et al., 1978) by

incorporating lead acetate in the drinking water at 0, 25, and 50 ppm as lead acetate. This water source was provided ad
libitum. The rats were fed a semi-purified diet (zinc control diet, Teklad Test Diets) to avoid uncontrolled lead exposure as a
result of variable lead contamination found in commercial laboratory animal diets.
The female rats were maintained on the above dosage regimen for 7 weeks. They were then mated with untreated males of

the same strain and continued on the same dosage regimen throughout gestation and lactation. At 21 days of age, offspring of
these females were weaned onto the same dose of lead as their mothers. Offspring (25-30 animals per dose group) were used
in immune surveillance procedures between 35 and 45 days of age.

Mitogens. The mitogens employed in this study were phytohaemagglutin-p (PHA) and Concanavalin A (Con A) (Difco
Laboratories, Detroit, Mighican). PHA was employed at the level of 50 pimg/culture and Con A was employed at the level of
0.1 A/culture.

Cell cultures. Animals used for in vitro lymphocyte cultures were killed with CO2 and their spleens and thymuses
removed aspetically. Thymuses were carefully trimmed of associated lymph nodes. Cell suspensions were prepared as
previously described (Faith & Moore, 1977). Cell counts were determined with a Coulter Counter (Model ZB, Coulter
Electronics, Inc., Hialeah, Florida). The lymphoid cells (mixed populations) obtained from individual spleens or thymuses
were cultured as previously described (Faith & Moore, 1977). The rate of cellular DNA systhesis was measured by the in-
corporation of 3H-thymidine into acid-insoluble material as previously described (Faith & Moore, 1977).
The degree of mitogen stimulation was determined by calculating a stimulation index; this was the mean counts per min

(cpm) of the triplicate mitogen-stimulated cultures divided by the mean cpm of the non-stimulated cultures.
Delayed hypersensitivity reactions. Delayed hypersensitivity reactions were performed using the method of Lefford (1974).

Briefly, the animals were sensitized by i.p. injection of 0.1 ml of Freund's complete adjuvant (HR37A, Difco Laboratories,
Detroit, Michigan). Seven days after sensitization the animals were injected i.p. with 3H-thymidine ((methyl-3H) thymidine,
specific activity 6.7 Ci/mM, New England Nuclear, Boston, Massachusetts); lpCi/gm body weight. Twenty-four hr later, one
ear was injected with 102 purified protein derivative (PPD) (Aplisol, Parke-Davis, Detroit, Michigan); 10 mg/ml and the
other ear injected with 102 phosphate-buffered normal saline (PBS). Twenty-four hr after this challenge, the animals were

killed with CO2 and a 6 mm diameter plug taken from each ear. The tissue plugs were solubilized with NCS (Amershaml
Searle Corp., Arlington Heights, Illinois) in standard scintillation vials, and 10 ml of scintillation fluid (Aquasol, New
England Nuclear, Boston, Massachusetts) was added. The samples were counted in a Packard Tri-Carb Liquid Scintillation
Spectrometer, Model 2450. An index of reactivity (DHR index) was calculated by dividing the cpm of the challenged ear by
the cpm of the control ear.

Histopathology. Tissues selected for histopathological examination were fixed in 10% neutral buffered formalin, embedded
in paraffin, sectioned at 6 pum, and routinely stained with haematoxylin and eosin.

Statistical analyses. Analysis of variance procedures (Hollander & Wolfe, 1973) were employed to assess the significance of
treatment effects, replicate differences, and replicate X treatment interactions. In some cases the logarithmic transfor-
mation was employed to equalize the variancies. Pairwise comparisons were made by Fisher's LSD test (Hollander & Wolfe,
1973). The significance of dose-response trends was determined by Jonckheere's test (Snedecor & Cochran, 1967).
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RESULTS

Effects ofpre- and post-natal lead exposure on body weight and selected organs
Table 1 summarizes the body weight and selected organ effects of pre- and post-natal lead exposure.

Lead exposure at the levels employed had no significant effect on body weights in either males or females
Actual thymus weights were reduced in both exposure groups in male and female animals, as were
relative thymus weights. Also among lead-exposed males there was an increase in actual (P< 0 10) and
relative (P< 0.01) spleen weights in the 50 ppm exposure group.

Histologically there was no difference in spleens or thymuses in lead-exposed animals and non-exposed
animals.
In vitro responsiveness oflymphocytes to mitogen stimulation

Table 2 and Fig. 1 illustrate the reactivity of thymic and splenic lymphocytes from lead-exposed rats
to mitogen stimulation by the mitogens Con A and PHA. Both treatment groups showed deviation from
normal. In the 25 ppm dosage group thymic cells were significantly reduced in responsiveness to PHA
and splenic lymphocytes were significantly reduced in responsiveness to both PHA and Con A. In the
50 ppm dosage group thymic lymphocytes did not differ significantly from controls in their response to
either Con A or PHA while splenic lymphocytes were significantly reduced in their response to both Con
A and PHA. The differences in responsiveness of thymic or splenic lymphocytes from the 25 ppm
dosage group and the 50 ppm dosage group were not statistically significant.
Although all pairwise comparisons for thymic cells stimulated with Con A were not significant, the

overall dose-response trend was significant at the P< 0 05 level.

Delayed hypersensitivity reactions
Fig. 2 illustrates the response of sensitized rats to challenge with PPD. Rats exposed to lead pre- and

post-natally either at 25 ppm or 50 ppm were suppressed in their ability to mount delayed hypersensi-
tivity reactions to PPD (P< 010).

TABLE 1. Selected weight effect in lead exposed rats

Dosage group*

0 ppm lead 25 ppm lead 50 ppm lead

Males
Body wt (gms) 113.33+ 20O63t 117-99+ 22-84 113-48+ 20-26
Thymus wt (gms) 0.510+ 0.079 0 405± .047t§ 0.446+ 0-078T
Thymus /body wt (X1O -3) 4-61+ 1.02 3.56+0.86** 3 99+0 74
Spleen wt (gms) 0423+0.127 0.420+ 0.090 0 562+ 0 194¶
Spleen/body wt (X 10-3) 3-71+0-65 3 55+ 0.20 484± 1 01§

Females
Body wt (gms) 103-38+ 18-46 104-99+ 24-22 92-79+ 17-47
Thymus wt (gms) 0-529+0 066 0.422+0-078§ 0-416+0-051§
Thymus/body wt (X10-3) 5.19+0.65 4-19±0.98§ 4 56+0 58
Spleen wt (gms) 0-441+0-138 0.388+04124 0-391+04131
Spleen/body wt (X10-3) 4-21+0.80 3.64+0.51 4-14+0-75

* At least ten males and ten females were observed in each dosage group.
t The results are recorded as the mean+ s.d.
IAll levels of statistical significance are for indicated dosage group versus control group.
§P< 0.01
¶P< 0-10
**P< 0.05
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TABLE 2. Proliferative response of splenic and thymic lymphocyte cultures to PHA and Con A

following in vivo exposure to lead acetate

Thymidine incorporation*

Unstimulated Stimulated Stimulation
cultures (C) cultures (E) index (E/C)

Stimulus Treatment + s.d. dpm + s.d. dpm + s.d.

Splenic lymphocytes
PHA None? 302.2+ 140.3 2546 0+ 845 8 8-8+ 213

25 ppm Pbt 301 8+ 139-9 1139.9±704.3§ 3.8± 1-6§
50 ppm Pbl 288.3+82.4 12514+±823 6§ 4.0+0.9§

Con A None 71445+±7205-8 19-6+ 13-0
25 ppm Pb 2185-9+ 1071-7¶ 7.3±2-7¶
50 ppm Pb 233-84+ 1844 6¶ 8-4± 8-6T

Thymic lymphocytes
PHA None 239-5+77-7 905-1+427-3 3 9+ 1-8

25 ppm Pb 290.2+ 113.8 593-4±310.2§ 2.1+009§
50 ppm Pb 220X4+ 43-7 684.7+ 257 5 3.2+ 1.2

Con A None 12970-5+ 5765.6 54 5± 24-8
25 ppm Pb 15169-6+ 6919.2 51-9+ 20-4
50 ppm Pb 10375-0+4297-0 43-7+ 15-8

* The values given represent the mean dpm+ standard deviation.
t There were ten animals in the non-treated or control group.
t There were nine animals in both of the lead-exposed groups.
§ Indicates a significant difference from control at the P< 0 05 level.
¶ Indicates a significant difference from control at the P< 0 01 level.

DISCUSSION

Because of its many useful properties, lead has been mined and worked by man since antiquity. Lead
ingestion results in toxicity, and lead-related diseases have long been recognized (Chisolm, 1971). In
recent years, it has become clear that low level exposure to toxic chemicals may result in subtle effects
without evidence of overt toxicity. Examples of this include behavioural effects of low-level pre-natal
exposure of mice to methyl mercury (Spyker, 1975), and reduced resistance to bacterial infection by low-
level exposure of mice to 2,3,7,8-tetrachlorodibenzo-p-dioxin (Thigpen, et al., 1975) or lead (Hemphill
et al., 1971). The studies reported here were undertaken to determine if chronic low-level pre- and post-
natal lead exposure affects immune function. The exposure regimen employed in this study resulted in
fetal and neonatal lead exposure as lead has been shown to cross placenta in small quantities (Kimmel
et al., 1978) and to be readily excreted in milk (Pentschew & Garrow, 1966).

Offspring from females dosed with 25 and 50 ppm of lead acetate in their drinking water showed no
inhibition of growth exhibited by body weight gains. In addition, the animals showed no other overt
signs of toxicity. When selected lymphoid organs were examined, it was found that actual thymic weights
were decreased in males and females of both dosage groups (25 and 50 ppm). Relative thymic weights
were also reduced in all groups. This observed reduction in actual and relative thymic weight is similar to
findings in studies with other toxic compounds (Faith & Moore, 1977, Gupta et al., 1973; Harris et al.,
1973; Seinen & Williams, 1976; Vos et al., 1973, Vos & Moore, 1974). In male offspring of the 50 ppm
dosage group, there was also an increase in splenic weight and relative spleen weight, which may be due
to increased extramedullary haematopoiesis occurring in the spleens of these animals. The reason
for increased splenic haematopoiesis in these animals was not clear but did not appear to be due to lead-
induced anaemia.

In vitro culture techniques were utilized to assess the response of thymic and splenic lymphocytes to



(a)

12-0

80

4-0

x
A

C:

0

E

Effect oflead exposure on CMI

T (b)

( c )

80

60

40~

201-

-iJ~~~~1
0 ppm 25 ppm 50 ppm

Lead Lead Lead

(d)

0 ppm 25 ppm

Lead Lead
50 ppm

Lead

Dosage group

FIG. 1. Effect of pre- and post-natal lead exposure on the responsiveness of thymic and splenic lymphocytes to

mitogen stimulation. The response of splenic lymphocytes to PHA, (a) spleen and (b) thymus, was suppressed
significantly in both lead dosage groups (P< 0.05) The response of thymic lymphocytes to PHA was signifi-
cantly suppressed in the 25 ppm dosage group (P< 005). The response of splenic lymphocytes to Con A, (c)
spleen and (d) thymus, was significantly suppressed in both dosage groups (P< 0.01). The response of thymic
lymphocytes was not significantly suppressed in either dosage group, but the overall dose-response tend was

significant at the P< 0 05 level. The results are reported as mean+ s.d.
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FIG. 2. Effect of pre- and post-natal lead exposure on delayed hypersensitivity responsiveness. Both lead
exposure groups were significantly syppressed in their delayed hypersensitivity responses (P< 0.10). The
results are reported as mean+ s.d.
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the T-cell mitogens PHA and Con A. Thymic lymphocytes tended to be somewhat reduced in their
response to PHA with the reduction being significant in animals from the 25 ppm lead dosage group;
however, the difference between the two lead dosage groups was not significant. The response of thymic
cells to Con A tended to be reduced in both the 25 ppm and 50 ppm dosage groups but this reduction in
response was not statistically significant. In contrast the response of splenic lymphocytes from animals
of both dosage groups was significantly reduced to either PHA or Con A.
Two possible explanations for the observed differences in mitogen responsiveness of thymic and

splenic lymphocytes are: (1) an alteration in the normal circulatory or homing patterns of lymphocytes
in lead-exposed animals; or (2) lymphocyte functional properties are affected by lead exposure. It is
impossible, from the results of these studies, to say whether one or both of these possibilities is correct.
If lymphocyte function is altered by lead exposure it would appear that the function of peripheral
lymphocytes is affected to a greater degree than lymphocytes in central organs such as thymus. Sup-
pression of lymphocyte responsiveness to mitogen stimulation was greater in spleen (a peripheral
lymphoid organ) than in thymus (a central lymphoid organ), in fact responsiveness of thymic lympho-
cytes to Con A was not significantly affected in either dosage group.
An alteration in the normal circulatory or homing patterns of T cells from thymus to spleen, whereby

mitogen responsive T cells did not find their way to spleen in normal numbers, would result in the same
observation (greater suppression of mitogen responsiveness in spleen than in thymus). It is well docu-
mented that lymphocytes have specific traffic or ciculatory patterns (Cantor & Weissman, 1976; Guy-
Grand et al., 1971; Linna, Back & Hemmingsson, 1971; Niewenhuis & Ford, 1976; Weissman, 1967).
A number of studies have shown that treatment of lymphocytes, in vitro or in vivo, with various agents
will interfere with normal circulatory patterns: (1) in vitro treatment of lymphocytes with the enzymes
glucosidase, neuraminidase, and trypsin alters homing patterns of the treated cells (Gesner & Ginsburg,
1964; Morse & Asofsky, 1974; van den Broek, 1971; Woodruff & Gesner, 1967 & 1968); (2) in vivo
treatments with anti-lymphocyte serum have been shown to alter homing patterns of murine lymphocytes
(Morse & Asofsky, 1974); (3) injections of cortisone have been shown to alter lymphocyte traffic patterns
in rabbits (van den Broek, 1971); and (4) lymphocytes from animals exposed developmentally to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) have altered homing patterns (Faith & Luster, 1978). It is con-
ceivable that lead exposure may alter lymphocyte traffic patterns either directly or indirectly through
an adrenal hormone mechanism.

In addition to affecting lymphocyte mitogen responsiveness, pre- and post-natal lead exposure sup-
pressed delayed hypersensitivity responsiveness (DHR). While this suppression was only statistically
significant at P< 010, one would expect that it would alter the manner in which a lead-exposed animal
would respond to infectious challenge, as was observed earlier (Grant et al., 1978). It is possible that
interference with macrophage function could result in suppression of DHR seen in these experiments.

TABLE 3. Blood lead levels in rats following
chronic developmental lead exposure

Dosage group* Blood lead level (.ug/100b)t

Oppm 5-5+±101
25 ppm 29-3+ 14-1
50 ppm 52-8+ 10.0

* Animals exposed pre- and post-natally to
lead acetate in the drinking water.

t Blood lead levels were determined by atomic
adsorption spectrometry as described previously
(Kimmel et al, 1978).

t Results reported as mean blood lead level+
standard error.
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However, this appears unlikely since it has been reported that lead exposure in mice as high as 1300 ppm
in the drinking water resulted in slightly enhanced machrophage function instead of suppression of
machrophage function (Koller & Roan, 1977). This finding is in contrast to the findings of Trejo et al.,
(1972) but the lead dosages were given by injection in their study instead ofper os.
The results reported here have shown chronic low level pre- and post-natal lead exposure to be imm-

unosuppressive. Additional significance is lent to these results when viewed in light of the blood lead
levels obtained with the lead exposure regimens employed in this and other studies (Grant et al., 1978;
Kimmel et al., 1978). Blood lead determinations indicate that the levels seen with the 25 and 50 ppm
doses employed here (see Table 3) are comparable to blood lead levels found in many children in urban
areas (Caprio, Margulis & Joselow, 1974; Committee on Biologic Effects of Atmospheric Pollutants,
1971). For example, 34-9%4 of 5226 children between 1 and 5 years old tested in Newark, New Jersey
had blood lead levels greater than 50 pg/100 ml (Caprio, Margulis & Joselow, 1974). In light of these
facts, low level lead exposure may be more undesirable than previously thought, since it is conceivable
that it leads to immunosuppression in humans as well as in rats as demonstrated here.

The authors wish to thank Ms Lela D. Lawson and Mr Kermit N. Farris for expert technical assistance, Ms Sharyn Wilkin
Ms Mary Niehaus for manuscript typing and Dr J. K. Haseman for statistical analyses.
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