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Fig. 2. Trajectory of Pioneer 10 as a function of radius and magnetic I; 
satellites Amalthea, lo, and Europa are shown as points in the equatorial plaI 
each oscillates in magnetic latitude with amplitude 10?. Times in hours 
(-) and after (+) perijove are indicated along the trajectory. 
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at a magnetic latitude of 7.6?. The 

period of greatest danger to the space- 
craft appears to lie during the 5 hours 
just before perijove passage, when the 

sa ~ spacecraft will be inside 7 Rj at mag- 
\ netic latitudes from -9? to +8?. 

\This is the latitude region where the 
\ moons are least effective in absorbing 

+8h )\ radiation belt particles and where fluxes 
are expected to be the most intense. 

Ri R We have calculated the absorption ef- 
10- J feet as a function of magnetic latitude 

Europa and averaged the reduction factor over 
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interaction of the electrons and protons 
with electric field fluctuations generated 

by an atmospheric-ionospheric dynamo. 
The rate of radial diffusion should be 

approximately the same for protons and 
electrons. By fitting the observed radial 
distribution of Jupiter's decimeter radio 
emission (5) to -a model of trapped 
electrons emitting synchrotron radia- 

tion, we have estimated (4) the elec- 

tron radial diffusion coefficient to be D 
= (1.7 ? 0.5) X 10-9 (R/RJ)1'95 ? 0.5 

Rj2/sec. (The best-fit value - = 770 

Mev/gauss also comes from this analy- 
sis.) We assume that this value of D 

can be extrapolated out to 20 Rj, al- 

though the radio emission is insignifi- 
cant beyond 4 RJ. 

The energy degradation term in Eq. 
1 is due to synchrotron radiation emis- 

sion, which is effective only in the 

region 1 to 4 RJ. At 1.85 Rj, the center 

of the synchrotron emission region, a 

10-Mev electron loses half its energy 
via synchrotron radiation in approxi- 
mately 6 months. Because of their much 

greater mass, protons with comparable 
energies do not emit synchrotron radia- 

tion, and consequently there is no such 

energy degradation term in the proton 
equation. 

The remaining factor in Eq. 1 repre- 
sents particle absorption by the satellites 

Amalthea, To, Europa, and Ganymede. 
We assume that these four moons sweep 

up in snowplow fashion any particles 

1(22 
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which lie in their paths (2). The elec- 
trical conductivity of these satellites is 
taken to be sufficiently low that they 
do not distort the electromagnetic fields 
in Jupiter's magnetosphere, and thus 

trapped particles cannot slip around 
and past the satellites. 

Figure 2 shows the trajectory of 
Pioneer 10 in magnetic coordinates. At 

perijove (the position of closest ap- 
proach to Jupiter), 0225 U.T. on 4 
December 1973, the spacecraft will be 
2.86 R,. from the center of the planet 
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The nervous system is very sensitive 
to the toxic effects of lead, and it is the 

young who are particularly susceptible 
to cerebral dysfunction produced by 
lead (1). Although the histopathologi- 
cal findings of lead encephalopathy are 
well documented (2), practically nothing 
is known about the biochemical changes 
in brain following acute lead intoxica- 
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tion or chronic low-level exposures to 
lead during early developmental years. 
An experimental model with morpho- 
logical alterations closely resembling 
those occurring in humans with lead 
toxicity has been described by Pent- 
schew and Garro (3). This model uti- 

lizes the suckling rat and in some ways 
is analogous to pica seen in clinical 
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Hyperactivity and Brain Catecholamines in 

Lead-Exposed Developing Rats 

Abstract. Newborn rats that suckled mothers eating a diet containing 4 percent 

lead carbonate display hyperactivity, aggressiveness, and excessive stereotyped 
behavior starting at 4 weeks of age. There is an eightfold increase in the concen- 

tration of lead in brain, no change in norepinephrine, but a 20 percent decrease 

in dopamine relative to coetaneous controls. This suggests a relationship between 

central nervous system dysfunction due to lead and dopamine metabolism in brain. 
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cases of lead poisoning. We have modi- 
fied the experimental design so that 
paraplegia and extensive cerebellar 
vascular damage do not develop as 
previously described (3, 4), but the 
lead-exposed neonates display (i) hy- 
peractivity, (ii) aggressiveness, and (iii) 
stereotyped repetitive behavior as mani- 
fested by excessive self-grooming. It 
has been suggested that the catechola- 
mines regulate these behavioral func- 
tions (5). Therefore, we have mea- 
sured brain tissue levels of norepineph- 
rine and dopamine in lead-exposed 
young rats prior to and during hyper- 
active episodes. 

Timed pregnant Sprague-Dawley rats, 
obtained from ARS/Sprague-Dawley 
Co. (6), at approximately 16 days of 
pregnancy, were caged individually and 
housed in temperature-controlled rooms 
illuminated from 8 a.m. to 8 p.m. 
Powdered Ralston Purina Laboratory 
Chow Meal and tap water were freely 
available to them. After parturition the 
experimental females were given pow- 
dered chow containing 4 percent lead 
carbonate (PbCOa). The food con- 
sumption of experimental mothers was 
measured each day and the average 
amount eaten was provided in the form 
of normal chow to pair-fed control 
lactating mothers. On day zero the 
litters were adjusted to ten animals 
and at 5 days of age they were culled 
to six sucklings per nursing mother. 

Pentschew and Garro (3) reported 
that lactating rats eating a diet con- 
taining 4 percent PbCO3 produce milk 
containing 40 parts of lead per million. 
Michaelson and Sauerhoff (7) have ob- 
served that 18-day-old experimental ani- 
mals suckling leaded milk are capable 
of gaining access to and consuming 
some of the solid-lead-containing diet 
intended for the mother and thereby 
have a 1000-fold increase in lead ex- 
posure. Therefore, to maintain a con- 
tinuous 40-ppm lead exposure in the 
present study the mother's diet was 
changed from 4 percent PbCO3 to that 
containing 40 ppm lead on the 17th 
experimental day. Neonatal rats from 
experimental and control mothers were 
weighed each day and there was no 
difference between experimental and 
control groups. During the fourth week 
of development the lead-exposed rats 
displayed hyperactivity and aggressive- 
ness and exhibited excessive stereo- 
typed self-grooming behavior relative 
to coetaneous controls. Spontaneous ac- 
tivity was quantitated with the use of 
a Selective Activity Meter (8). Six ex- 
perimental or six control young rats 
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Fig. 1. Comparison of spontaneous loco- 
motor activity in young rats raised on con- 
trol diet and lifetime exposure to diet 
containing 40 parts of lead per million 
(see text for details). Ordinate: mean 
activity counts (crossings of a magnetic 
field) per colony of six rats per hour 
during a 24-hour test period. 

were removed from their mother and 
placed in a cage on the Selective Ac- 
tivity Meter for a 24-hour period with 
free access to food and water. Twenty- 
five to 28-day-old experimental and 
control groups were tested on alternate 
days. A 40 to 90 percent increase in 
spontaneous movement in lead-exposed 
animals relative to control animals is 
shown in Fig. 1. At the completion of 
the test period the animals were de- 
capitated and their brains were rinsed 
in ice-cold deionized water, separated 
longitudinally into two halves, frozen 
on Dry Ice, and weighed. One half of 
the brain was dissolved in tetramethyl- 
ammonium hydroxide (24 percent in 
methanol) and its lead content was 
estimated by flameless atomic absorp- 
tion spectroscopy (9). The second half 
of the brain was analyzed for norepi- 
nephrine and dopamine according to 
the method of Anton and Sayre (10). 

In a concurrent study experimental 
and control rats were killed at 5, 13, 
21, and 29 days of age and their brains 

were treated as described above. Brain 
lead and catecholamine content of ex- 
perimental and control animals at vari- 
ous ages of development and during the 
period immediately after assessment of 
hyperactivity is shown in Table 1. Ex- 
posure to lead via the regimen described 
leads to a significant increase in the 
amount of lead in brain within 5 days 
of the onset of exposure (compare 
columns A and E, Table 1). The brain 
lead content of exposed animals in- 
creases another 33 percent after an 
additional 3 weeks of exposure. It is 
interesting to note that there are no 
observable differences in the norepineph- 
rine content between control and lead- 
exposed animals (compare columns B 
and F, Table 1). Dopamine content is 
similar in 5- and 13-day-old experi- 
mental and control animals; however, 
there is a statistically significant de- 
crease in dopamine at 21 and 29 days 
in the leaded animals relative to con- 
trols (compare columns C and G, Table 
1). Furthermore, a comparison of dopa- 
mine to norepinephrine ratios in experi- 
mental animals relative to control ani- 
mals (compare columns D and H, Table 
1) shows an approximate 20 percent 
depression of dopamine in the 21- and 
29-day-old experimental animals. 

Hyperactivity in children is charac- 
terized by a high level of motor activity, 
short attention span, low frustration 
tolerance, hyperexcitability, and im- 
pulsiveness (1I). Lead poisoning can, 
in some instances, be followed by hy- 
peractivity (12). In a study of hyper- 
active children, David et al. (13) found 
a higher incidence of lead exposure in 
hyperactive children relative to con- 
trols. These investigators (13) report 
that blood lead was 15 percent higher 
in hyperactive children than in controls 
and that following a single provocative 
challenge with penicillamine, 60 per- 

Table 1. Lead, norepinephrine (NE), and dopamine (DM) concentrations (in micrograms per 
gram wet weight) in brains of developing rats eating leaded diet (40 parts of lead per million) 
and in brains of pair-fed controls. Values are means ? standard deviation. 

Pair-fed controls Lead-exposed experimentals 
Age (D) (H) 

(days) (A) (B) (C) Ra) () (H) 
Lead NE DM /B Lead NE DM 

C__ G/B 
5 0.10 0.156 0.266 1.70 0.60 0.156 0.261 1.67 

(N- 7) +.01 +.010 ?.049 ?.1 00 ? . 024 

13 0.10 0.168 0.318 1.89 0.70 0.160 0.300 1.87 
(N =6) ?.01 ?.020 ?.026 ?.15 ?.020 ?.024 

21 0.10 0.230 0.560 2.43 0.78 0.238 0.467* 1.96 
(N- 6) +.01 ?.020 ?.020 ?.15 +.020 ?.046 

29 0.10 0.298 0.560 1.88 0.88 0.293 0.4504 1.54 
(N = 6) +.01 ?.020 ?.033 +.11 ?.035 ?.041 
* P .01 by Student's t-test. 
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cent of these children had urinary lead 
levels in the toxic range. Penicillamine 
is an effective heavy-metal-chelating 
agent capable of mobilizing bone stores 
of accumulated lead and was chosen 
(13) because of its comparatively low 
toxicity and oral mode of administra- 
tion. This suggests that a large burden 
of body lead existed and probably rep- 
resents earlier exposure to subtoxic 
levels of lead. We are presently un- 
aware of any definitive studies on cate- 
cholamine metabolism in hyperactive 
children. However, it has been sug- 
gested that brain catecholamines regu- 
late activity and influence aggressive- 
ness and stereotyped repetitive behavior 
(13). It is interesting to note that in 
the present study hyperactivity in lead- 
intoxicated rats is associated with an 
altered norepinephrine to dopamine 
ratio. The experimental design as de- 
scribed provides a model of central 
nervous system dysfunction due to lead 
exposure without debilitating histo- 
pathologies (3, 4). The observation 
that hyperactivity following lead ex- 
posure is accompanied by an effect 
on dopamine metabolism in the brain 
could offer an avenue to further study, 
and possibly explain some of the be- 
havioral sequelae of high-level and, 
more importantly, low-level environ- 
mental exposure to lead. 

MITCHELL W. SAUERHOFF 

I. ARTHUR MICHAELSON 

Department of Environmental Health, 
College of Medicine, 
University of Cincinnati, 
Cincinnati, Ohio 45219 
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Electrophoretic Variation in Escherichia coli 

from Natural Sources 

Abstract. At each of five loci in 829 Escherichia coli clones from 156 samples 
from diverse natural sources, electrophoretic analysis reveals a prominent mo- 
bility class (frequency over 0.70) and 2 to 11 distinct mobility classes at lower 
frequencies. The frequency distribution of the classes argues against the im- 
portance of neutral mutations in allozymic variation. Heterosis is not the uni- 
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For a variety of reasons, it is of in- 
terest to study natural genetic variation 
in Escherichia coli. Is there genie poly- 
morphism in a species that is haploid 
and thus has essentially no heterosis? 
Does each host animal species harbor 
a genetically unique strain? To what 
extent do the E. coli within a host vary 
genetically? And finally, can one use 
E. coli to distinguish between predic- 
tions based on the "neutral" (or non- 
Darwinian) hypothesis from those based 
on the "strong selectionist" hypothesis 
of electrophoretic variation (1, 2)? 

Studies of allozymes at five loci lead 
to the following conclusions. (i) Ge- 
netic variation is not very different 
from that observed in the many di- 

ploid species studied. (ii) There is no 
obvious parallel between any allele and 
the phyletic position of its source. (iii) 
There is often a great deal of genetic 
variation among the E. coli within a 
host. (iv) The results are inconsistent 
with the current- form of the neutral 

hypothesis (3, 4). 
The neutral hypothesis attributes 

most observed electrophoretic varia- 
tion, and most amino acid substitutions 
over the course of evolution, to the 
random genetic drift of the frequencies 
of various alleles at a locus, all of 

practically equivalent adaptive value. 
Thus a newly arisen neutral allele has 
a small but finite chance of rising in 

frequency, even to the point of re- 

placing its predecessor. Since popu- 
lations are large and time is abundant, 
even this improbable event occurs often. 
On the way to replacement, and in 
other cases that never go that far, two 
or more alleles coexist, each at a sub- 
stantial frequency. The neutralists 

point out that there is no known quan- 
titative relation between the number 
of allelic substitutions and most evolu- 

tionary changes at higher phenotypic 
levels. Thus, we cannot be certain 
that all the genie polymorphisms we 
detect by electrophoretic analysis re- 
sult from the same process of natural 
selection that shapes morphological and 

physiological evolution. Perhaps only 
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variation among the E. coli within a 
host. (iv) The results are inconsistent 
with the current- form of the neutral 

hypothesis (3, 4). 
The neutral hypothesis attributes 

most observed electrophoretic varia- 
tion, and most amino acid substitutions 
over the course of evolution, to the 
random genetic drift of the frequencies 
of various alleles at a locus, all of 

practically equivalent adaptive value. 
Thus a newly arisen neutral allele has 
a small but finite chance of rising in 

frequency, even to the point of re- 

placing its predecessor. Since popu- 
lations are large and time is abundant, 
even this improbable event occurs often. 
On the way to replacement, and in 
other cases that never go that far, two 
or more alleles coexist, each at a sub- 
stantial frequency. The neutralists 

point out that there is no known quan- 
titative relation between the number 
of allelic substitutions and most evolu- 

tionary changes at higher phenotypic 
levels. Thus, we cannot be certain 
that all the genie polymorphisms we 
detect by electrophoretic analysis re- 
sult from the same process of natural 
selection that shapes morphological and 

physiological evolution. Perhaps only 

1 percent of this allelic variation is in- 
volved, the rest being "evolutionary 
noise" (2). 

Naturally, not all mutations are neu- 
tral; a nonsense mutation near the 
amino end of a polypeptide will annihi- 
late it. Selection will eliminate such mu- 
tations and many others in essential 
polypeptides. But perhaps many amino 
acid substitutions cause charge- and 

electrophoretic mobility changes with- 
out altering substantially the value of 
the polypeptide to the organism. Limi- 
tations on the number of such substi- 
tutions at any one time have been 
described by Fitch in the form of the 
covarion theory (3, 5). For most high- 
er organisms, the number of alleles at 
frequencies above 1 percent is likely 
to be well Ibelow ten at any locus be- 
cause of these limitations on accept- 
able substitutions and because of lim- 
iting population size and limiting du- 
ration of existence of the species (or 
existence since passing through a bot- 
tleneck of small numbers) (6, 7). Thus 
it is hard to distinguish between the 

predictions of the neutral and the strong 
selection hypotheses. But in E. coli, 
whose numbers are astronomical and 
whose existence doubtless extends back 
100 million years, there must be a 
veritable tree of covarions, and the 
number of alleles at any locus antici- 

pated by the neutral hypothesis would 
be very great. A convenient table has 
been prepared by Kimura (8). 

The allelic diversity in a population 
is most usefully thought of in terms 
of the likelihood of encountering the 
same allele at a locus twice in a row. 

Extremely rare alleles are negligible; 
thus, instead of the total number of 
alleles in a population, we determine 
the effective number, no, which is the 

reciprocal of the sum of the squared 
frequencies of all the alleles. 

For a given total number of alleles 
at a locus in a population, nc is maxi- 
mal when all their frequencies are 

equal. The expected n, in a population 
is 4NCu + 1, where N. is effective pop- 
ulation size, and u the mutation rate 
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