
metric nature of the observed pattern 
precludes explanations based on non- 
symmetric instability; the length scales 
predicted for this experiment from 
classic symmetric instabilities (5) are 
much larger than the ones observed. 

We have also observed sheets in an 
arrangement where the linear gradient 
lies below a layer of homogeneous den- 
sity. In that case, the sheets appear at 
the top of the gradient, below the ho- 
mogeneous layer. Density sheets also 
appear near the bottom of the con- 
tainer when the cylinder speed is 
changed markedly, and then they de- 
cay and disappear as the fluid reaches 
the new equilibrium rotation speed. 
Their role in the process of nonlinear, 
stratified unsteady flow is not yet un- 
derstood. 

The existence of horizontal sheets 
of density gradient in the laboratory 
immediately raises the question of the 
presence of the proposed mechanism 
in nature. McIntyre (1) has suggested 
that the process could be operative in 
frontogenesis in the atmosphere, and 
R. W. Stewart (6) has suggested that 
some mechanism based on the differ- 
ence between the turbulent transfer co- 
efficients of momentum and density is 
responsible for the density microstruc- 
ture observed in freshwater lakes. The 
present instability would be operative 
on a scale determined by molecular 
diffusion, should the molecular coef- 
ficients and gradient Richardson num- 
ber satisfy the instability criterion (Eq. 
1); moreover, should the small-scale 
turbulence in nature result in transfer 
of momentum and density character- 
ized by constant turbulent transfer co- 
efficients, an eddy Prandtl number 
could be used in the criterion and the 
length scales would be increased. 

For molecular diffusion, the experi- 
ment has demonstrated that sheets ap- 
pear when a is greater than 310. Since 
the proposed instability mechanism is 
the same for all r greater than 1, we 
infer that sheets will appear for all (r 
between 1 and 310 whenever the crit- 
ical velocity gradient is exceeded. For 
example, in a freshwater lake, r = 7. 
The typical temperature gradients of 
about 0.01 ?C per centimeter observed 
in regions of lake microstructure (6) 
lead to instability according to the 
present theory, if the basic flow is geo- 
strophic and the velocity gradient 
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instability requirement indicate that 
the gradient Richardson number must 
be less than one-fourth the eddy 
Prandtl number, a criterion that is 
often met (9). Simultaneous measure- 
ments of gradient Richardson number 
and transfer coefficients in the regions 
of microstructure are required to test 
the hypothesis that the mechanism 
exists on these larger scales. 
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infection. 

According to Chisolm (1), "Among 
the natural substances that man con- 
centrates in his immediate environ- 
ment, lead is one of the most ubiqui- 
tous." The scientific literature is 
replete with reports on the toxic mani- 
festations, diagnosis, and treatment of 
lead poisoning. There are also sugges- 
tions of subclinical influences of lead 
on the well-being of man and animals. 
However, little attention has been di- 
rected toward determining the effects 
and influence of lead on the resistance 
to bacterial invasion and immunologic 
reactivity of susceptible hosts. Wil- 
liams et al. (2) suggested that lead 
may inactivate antibodies and thereby 
interfere with mechanisms whereby 
man and animals resist infectious 
disease. Their conclusions were based 
on the study of an acute, fatal illness 
in a 23-month-old child with a history 
of eating paint. Neuropathologic find- 
ings were so similar to those seen in 
acute septicemia that, in spite of con- 
centrations of lead of 0.348 mg per 
100 ml of blood, it was assumed that 
death was due to bacterial agents that 
were able to grow uninhibited as a 
result of lead-mediated antibody in- 
activation. The influence of various 
environmental pollutants on resistance 
to disease has been suggested in a num- 
ber of reports (3-5). These include 
the study of Friend and Trainer (3) 
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who described the interaction of an 
organochlorine pollutant and viral in- 
fection in mallard ducklings. Selye et 
al. (4) discussed the effect of lead 
acetate on the susceptibility of rats to 
bacterial endotoxins, and similar studies 
have more recently been reported in 
chicks (5). 

The study described herein was de- 
signed to determine the influence of 
exposure to subclinical doses of lead 
on the resistance of mice to bacterial 
infection. The results confirm the hy- 
pothesis that exposure to low concen- 
trations of lead in mice leads to re- 
duced resistance to bacterial infection. 

Seventy-five white mice (Swiss- 
Webster strain) were divided into 
three groups of 25 each and housed 
five per cage. The mice were of uni- 
form size and age, weighing 18 to 20 g. 
Each mouse was given a daily intra- 

peritoneal injection of either soluble 
lead nitrate or saline for 30 days ac- 
cording to the following paradigm: 
group I, 100 u/g of lead nitrate in 0.5 
ml of saline solution; group II, 250 
j/g of lead nitrate in 0.5 ml of saline 
solution; and group III (control group), 
0.5 ml of sterile saline solution. Dur- 
ing the 30-day period of exposure to 
subclinical doses of lead nitrate (6) 
and saline, no signs of toxicity were 
observed. Five mice died during this 
period from other causes: one in group 
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Salmonella typhimurium 

Abstract. Mice were treated with subclinical doses of lead nitrate for 30 days. 
Lead-treated mice showed greater susceptibility to challenge with Salmonella 
typhimurium than controls which received no lead. This result confirms the hy- 
pothesis that treatment with lead reduces the resistance of mice to bacterial 
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1, two in group II, and two in the 
control group. 

A strain of Salmonella typhimurium 
(7) with limited pathogenicity for mice 
was selected. The bacterial agent was 
cultured in trypticase soy broth for 
24 hours after transfer from an agar 
slant. Then the organism was trans- 
ferred to fresh trypticase soy broth and 
incubated for 4 hours more. Prelimi- 
nary titrations of the bacterial agent 
indicated that a 4-hour culture con- 
tained approximately 108 organisms 
per milliliter, as determined by plate 
counts. The LD50 '(dose lethal to 50 
percent of the animals tested) of the 
4-hour culture for normal mice was 
determined to be 10-3.7, as calculated 
by the method of Reed and Meunch 
(8). Each group of five mice was chal- 
lenged 24 hours after the final injec- 
tion of lead nitrate or saline with a 
dilution (10--?0, 10-'37, 10-4.0, 10-4.7, 
or 10-5-0) of a 4-hour culture of Sal- 
monella typhimurium. Plate counts of 
the inoculum were also conducted. 
Mice were observed daily for signs of 
illness or death. Confirmation of death 
by Salmonella typhimurium was made 
by necropsy and culture of organs 
from the dead mice. 

After being given the challenging 
dose of Salmonella typhimurium, 54 
percent of the mice in group I but 
only 13 percent of the mice in the 
control group died within 7 days (Fig. 
1). All of the mice in group II, which 
had received 21/2 times more lead 
nitrate than the mice in group I, died 
by the third day after challenge. At 
the termination of the experiment, the 
mortality was highest in mice chal- 
lenged with the lowest dilutions of 
bacterial culture. The calculated LD5( 
for Salmonella typhimurium in the con- 
trol group was 10-3.7, whereas that 
for mice in group I was 10-4.7. An 
LD,), for the mice in group II could 
not be determined since all the mice 
died. 

A statistical analysis was carried out 
to compare the mortality of mice in 
the three treatment groups during the 
first 24 hours after challenge. All mice 
in a group, irrespective of the degree 
of dilution of the challenge agent, were 
pooled. The chi-square (X2) test indi- 
cated a highly significant difference 
(P < .01) between mice in the lead- 
treated groups and those in the con- 
trol group. There was also a highly 
significant difference (P < .01) be- 
tween mice in group I, which received 
100 jug of lead nitrate, and those in 
group II, which received 250 ,tg. 

Continuous exposure of mice to low 
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Fig. 1. Accumulated mortality in three 
groups of mice challenged with Salmon- 
ella typhimurinum var. Copenhagen. 

concentrations of lead nitrate during 
a 30-day period produced no clinical 
signs of lead toxicity but did indicate 
enhanced susceptibility to bacterial in- 
fection. Such a conclusion is supported 
by the observation that there was a 
tenfold difference in the LD,0 of the 
Salmonella typhimurium organisms be- 
tween the control and the lead-treated 
mice. The susceptibility of the lead- 
treated mice to a strain of Salmonella 
typhimurium with limited pathogenicity 
was markedly increased. 

The very rapid mortality observed 
for mice in group II (all but one died 
within 24 hours) raises the question 
of how lead may increase suscepti- 
bility to Salmonella typhimurium. Selye 
et al. (4) reported that exposure of 
rats to lead markedly increased their 
susceptibility to bacterial endotoxin 
when both were given simultaneously. 
This enhancement effect probably does 
not fully explain our results. It is doubt- 
ful that quantities of endotoxin suffi- 
cient to kill mice could have been 
present in 0.5 ml of a 10-5.0 dilution 
of a 4-hour culture containing ap- 
proximately 500 organisms. Further- 
more, more than 24 hours elapsed be- 
tween the last administration of lead 
nitrate and challenge with Salmonella 
typhimurium. A more logical explana- 
tion would be that lead interfered with 
resistance mechanisms in the mice, 
thereby permitting uninhibited bac- 
terial growth. In the mice receiving 
250 utg of lead, lethal quantities of 
endotoxin could have been quickly 
produced in the animal with a re- 
sultant rapid mortality. In contrast, 
mice receiving 100 ,ug of lead were 
either not so susceptible to endotoxin 
or were able to restrict somewhat the 
growth of the bacterial agent. Irre- 
spective of which mechanism was op- 
erational, there must have been a re- 
duced resistance on the part of the 
exposed mice to bacterial multiplica-- 
tion. 

The reduced resistance we observed 
could result from the action of lead 

on one or several immunologic mecha- 
nisms. Interference with phagocytic 
activity of polymorphonuclear leuko- 
cytes has been reported in cases of 
lead toxicity in man (9). Lead has 
also been reported to bind antibodies 
in vitro (2) and could potentially do 
so under in vivo conditions. This ability 
to bind proteins could also interfere 
with the functional activity of the 
properdin and complement systems 
(10). 

A significant aspect of this study 
is the effect of subclinical concentra- 
tions of lead, since none of the lead- 
treated mice showed toxic manifesta- 
tions during the 30-day period of ex- 
posure to lead. The increased suscepti- 
bility to bacterial infection in the ab- 
sence of lead toxicity is of paramount 
public health significance. A large por- 
tion of our human and animal popu- 
lation is continuously exposed to ap- 
preciable quantities of lead as a result 
of the presence of this element in air, 
water, and food. Lead has long been 
suspected of causing significant changes 
in normal physiological mechanisms at 
some point short of clinical disease. 
Methods are needed for the detection 
of minimal alterations. The measure- 
ment of specific immunologic response 
mechanisms may provide a sensitive 
measurement of adverse responses to 
lead. 
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