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ABSTRACT
Wince, Leon C., Carol A. Donovan and Albert J. Azzaro:
Alterations in the biochemical properties of central dopamine
synapses following chronic postnatal PbCO3 exposure. J. Phar-
macol. Exp. Ther. 214: 642-650, 1980.

Behavioral studies on spontaneous and stimulant-induced lo-

comotor activity after chronic low-level lead (Pb) exposure
prompted us to investigate the pre- and postjunctional bio-
chemical properties at central dopamine (DA) synapses. Rat
pups were chronically exposed from birth to 40 ppm of Pb and
tested behaviorally and biochemically at 25 to 35 days of age.
Pb-exposed rat pups demonstrated locomotor hyperactivity,
but the locomotor response to d-amphetamine SO4 (0.5-2.0

mg/kg) or apomorphine HCI (0.5-5.0 mg/kg) was attenuated.
Correlative biochemical studies in rat brain tissue demonstrated
associated pre- and postjunctional changes at central DA syn-
apses. These biochemical changes included 1 ) diminished
KC1 -evoked release of exogenous [3H]DA from brain slices,
and 2) suppression of the DA receptor-mediated activation of
adenylate cyclase in neostriatal homogenates. No changes
were observed in the synthesis, accumulation or d-amphet-
amine-induced release of radiolabeled DA in brain tissue from
these animals. These results are discussed in relation to the
possible mechanisms associated with Pb-evoked neurochemi-
cal changes as well as the role that each of these effects may
play in the Pb-induced alterations of locomotor activity.

The nervous system is particularly vulnerable to the toxic

effects of lead (Pb). In this regard, clinical (e.g., ataxia, stupor,

convulsions and coma) and morphological (hemorrhage, edema

and necrosis) encephalopathy is the prominent feature in the

immature nervous system, whereas peripheral nerve toxicity

(segmental demyelination and axonal degeneration) is more

common in the adult (for review see Goyer and Rhyne, 1973).

Because Pb is highly toxic to the developing central nervous

system (CNS), increasing concern over the rise in the Pb

content in the environment has been expressed (Cannon and

Bowles, 1962; Chow, 1970). These concerns seem appropriate

since more recent clinical studies have shown that prolonged

exposure of children to so called “subclinical” concentrations of

Pb may be associated with behavioral disorders, learning disa-

bilities and mental retardation (de la Burde and Choate, 1975;

Lin-Fu, 1972; David et al., 1972, 1976; Landrigan et al., 1975;

Beattie et al., 1975). Moreover, animal studies have shown that

chronic perinatal low-level Pb exposure elicits alterations of

both learned and spontaneous behavioral patterns (Silbergeld

and Goldberg, 1973; Sauerhoff and Michaelson, 1973; Snowdon,

1973; Sobotka and Cook, 1974; Carson et al., 1974; Sobotka et

al., 1975; Reiter et al., 1975; Brown, 1975; Driscoll and Stegner,

1976; Winneke et al., 1977) in the absence ofthe typical outward
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signs of Pb-induced neurological toxicity (Michaelson and

Sauerhoff, 1974; Silbergeld and Goldberg, 1975).

In addition to the above mentioned behavioral abnormalities,

chronic Pb exposure also alters the behavioral responses to

pharmacological agents. Chronic postnatal exposure of neo-

nates to low concentrations of Pb salts causes an attenuation of

the locomotor stimulatory properties of d-amphetamine (511-

bergeld and Goldberg, 1974; Sobotka and Cook, 1974; Wince

and Azzaro, 1977) and apomorphine (Wince and Azzaro, 1977)

when the recorded activity is expressed as a percentage of the

ongoing or base line activity. These studies demonstrate that

amphetamine or apomorphine are stifi capable of enhancing

locomotor activity but in a manner that is nonproportional to

the elevated basal level of motor activity seen after chronic

postnatal lead exposure (Silbergeld and Goldberg, 1973; Sauer-

hoffand Michaelson, 1973). This finding is curious since animals

made hyperactive by other methods (e.g., raphe lesion or p.

chlorophenylalanine administration) demonstrate d-amphet-

amine-induced increases in locomotion proportional to the en-

hanced basal level of spontaneous activity (Neil! et al., 1972;

Mabry and Campbell, 1973; Jacobs et al., 1975) and therefore

suggests that chronic postnatal Pb exposure elicits central

neurochemical changes that allow for an altered d-amphet-

amine or apomorphine behavioral response.

Since both d-amphetamine and apomorphine are believed to

produce locomotor stimulation through neuropharmacological

interactions at central dopamine (DA) synapses (Anden et al.,

1967; Ernst, 1967; Holster et al., 1974; Roberts et al., 1975;

Pijnenburg et al., 1975; Kelly et al., 1975), the possibility exists

for an action of Pb on some aspect of central DA metabolism.
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In this regard, earlier studies were unsuccessful in demonstrat-

ing a change in either the steady-state levels of DA (Golter and

Michaelson, 1975; Silbergeld and Goldberg, 1975; Sobotka et

al., 1975) or the rate of DA turnover (Michaelson et al., 1974).

However, Silbergeld and Goldberg (1975) reported a small

(about 20%) but significant reduction in [3H]DA accumulation

by brain nerve ending particles (synaptosomes) prepared from

chronically Pb-exposed developing mice. This latter finding

suggests the possibility of more subtle Pb-induced alterations

in one or more ofthe biochemical properties ofthe DA synapse.

The present series of experiments were performed to more

fully explore the possible interaction of Pb with a number of

pre- and postjunctional biochemical properties of the central

DA synapse. In this study, rats were chronically exposed to low

concentrations of PbCO3 which produce no typical outward

signs (weakness, ataxia and paraplegia, etc.) of neurological

toxicity (Pentschew and Garro, 1966; Michaelson, 1974). How-

ever, all litters displayed alterations in spontaneous and phar-

macologically induced locomotor responses. A preliminary re-

port of this work has been presented in abstract form (Wince

& Azzaro, 1978).

Methods

Pregnant Sprague-Dawley rats (17 days gestation) were caged mdi-

vidually in the medical center animal facility and given food and water

ad libitum. After pa.rturition, experimental dams were given a powdered
laboratory chow containing 4% PbCO3 (31,016 ppm) and control dams

were provided unadulterated powdered laboratory chow (Sauerhoff

and Michaelson, 1973). At 5 days of age, all litters were normalized to

eight pups per dam. Control dams were pair-fed daily with respect to

the amount of chow consumed by experimental dams during the
previous 24-hr period (Michaelson and Sauerhoff, 1974). This procedure

minimized the differences in weight gain between experimental and

control litters. Lead-exposed neonates were weaned to a diet of 40 ppm
of Pb. This weaned exposure level was chosen since maternal milk from
experimental dams exposed to a diet consisting of 4% PbCO3 contains
40 to 50 ppm of Pb (Pentschew and Garro, 1966). By using this method

of exposure, rat pups were chronically exposed to low levels of lead
through 35 days of age. All behavioral or biochemical studies were

performed in 25- to 35-day-old rat pups.
Atomic absorption analysis ofwhole-brain Pb levels. Rat pups

were decapitated, their brain removed, weighed and rinsed with glass

distilled water. The tissue was liquifled in HNO3 by a modification of

the methods of Murphy et a!. (1973) and Parker et al. (1967) as follows:
10 ml ofconcentrated redistilled HNO3 was added to each tissue sample

and heated to a gentle boil under a water cooled reflux column for 2.5
to 3 hr. The liquified tissue samples were concentrated to approximately

0.5 ml by using an all glass flash evaporator (Buchier Instruments)

under reduced pressure. The concentrated sample was transferred, the

reaction flask was rinsed 2 to 3 times with 0.5-mi aliquots of 1% HNO3
and the washings were combined with the concentrated sample. The

final volume of each sample was adjusted to 2.0 ml with 1% HNO3.
Blank values were obtained by repeating this procedure in the absence
of tissue.

The quantity ofPb in each sample was determined by using a Perkin-
Elmer (model 305B) atomic absorption spectrophotometer (A =

2170.OA). Each day, lead standards (certified atomic absorption stan-
dard, Fisher Scientific Co., Pittsburgh, PA) were prepared in 1% HNO3
and used to establish a standard curve.

The quantity of Pb (micrograms per milliliter) in each sample was
determined from the standard curve. This value was corrected for
volume and background Pb content (blank). The final quantity of Pb
(micrograms) was normalized to tissue wet weights.

All glasswarc used throughout these studies was thoroughly scrubbed

in hot, soapy tap water, rinsed with glass distilled water, soaked
overnight in glass distilled water and oven dried before use. This

procedure was effective in maintaining low background values.
Spontaneous and drug-induced locomotor activity. The spon-

taneous locomotor activity and the locomotor stimulation effects of d-

amphetamine sulfate (0.5-2.0 mg/kg, i.p.) or apomorphine hydrochlo-
ride (0.5-5.0 mg/kg i.p.) were determined by using a Columbus Instru-

ments selective activity meter (model 2S, Columbus Instruments, Co.
lumbus, OH). This instrument uses radio frequency electromagnetic

proximity sensors (six equally spaced) to detect the horizontal move-

ment of an animal confined to its surface (Taylor and Sulser, 1973).

The activity meter was adjusted to a sensitivity setting of 9.9 and a

tuning setting of 80% of the maximum needle deflection.

Rat pups were randomly selected from approximately 100 litters over

a 2-year period. The testing was porformed in a room isolated from all
major laboratory traffic and noise. In performing the study, each animal

was placed in a recording environment consisting of a plastic cage (17”
x 18.5” x 6.5”) positioned over the six electromagnetic proximity

sensors. The bottom of the plastic cage was cut away to maximize the

contact between the animal and the recording surface. The animal was
allowed a 30-min acclimation period b.�fore testing. After acclimation,
each animal was administered saline, d-amphetamine or apomorphine

by i.p. injection (0.2 ml/100 g b.wt.). The doses of d-amphetamine or
apomorphine were carefully chosen to avoid vertical (rearing) or ster-
eotyping (gnawing and grooming, etc.) activity. The locomotor activity
of each animal was monitored for a maximum of 120 mm. Cumulative
total locomotor activity was recorded in 5-mis intervals by an attached

Sodeco print-out recorder. Each animal was tested once and then
destroyed. All rat pups were of an average of 30 days.

Synthesis of DA in synaptosomal-rich fractions of rat fore-
brain. Lead exposed and pair-fed control rat pups were decapitated,

their brains quickly removed and placed into ice-cold physiological
buffer (Besson et al., 1969). The composition of the buffer was as

follows (milhimoles per liter): NaCl, 126.45; KC1, 2.4&, CaCl2, 0.97;

MgC12, 0.83; Na�SO4, 0.50; KH2PO4, 0.50 NaHCO3, 27.62; and glucose,

5.88. A forebrain section was prepared by making a coronal cut from
the rostral border of the superior colliculi to the optic chiasm. Fore-

brains were blotted, weighed and homogenized in 10 volumes of ice-

cold 0.32 M sucrose. A crude synaptosomal (P2) fraction was prepared

as described by Gray and Whittaker (1962). The P2 pellet was resus-

pended in 2.5 volumes of ice-cold physiologic buffer (0.4 g of original
tissue weight per ml).

A 200-id aliquot of the resuspended P2 fraction was assayed for the
capacity to synthesize DA by using the method described by Kuczenski

and Segal (1974) with only minor modifications. The ionic composition

of the physiological medium was as above. The incubation was per-
formed for 30 mm (37#{176}C)in the presence of20�M [1-’4C}tyrosine (New
England Nuclear, Boston, MA, 53.6 mCi/mmol) and the production of

‘4C02 was monitored. The reaction was linear for 60 mm and propor-
tional to homgenate protein. Nonspecific evolution of ‘4CO2 was deter-
mined in the presence of 2 mM 3-iodotyrosine (Sigma Chemical Com-

pany, St. Louis, MO), a specific inhibitor of tyrosine hydroxylase
(Udenfriend et al., 1965) and routinely subtracted from all experimental
values. The ‘4CO2 was assayed by liquid scintillation spectrometry.

Release of rH]DA by d-amphetamine and KCL Rat pup fore-

brain slices were prepared with a mechanical tissue chopper at 0.3-mm
intervals, rotated 9O� and resliced as before (Ziance et al., 1972). Release

of [3H]DA was examined by using methods previously described (Az-
zaro and Rutledge, 1973). Briefly, forebrain slices were incubated at

37#{176}Cin the presence of 0.8 �M [3H]DA for 15 mm. After extensive

washing of the tissue slices with physiological medium (Besson et al.,

1969), the tissue was equally distributed among several incubation
tubes containing 0.1 �tM to 0.1 mM d-amphetamine or 2.4 to 45 mM
KC1. The tissue was incubated for 10 min (37#{176}C)and the amount of
[3H]DA released from the tissue into the medium was isolated by ion-
exchange (Dowex 50W-X4; 200-400 mesh; Na� form) chromatography
and assayed by liquid scintillation spectrometry.

The protein content of each tissue sample was determined by the
biuret method (Layne, 1957). The [3H]DA in both tissue and medium

fractions was adjusted to the tissue protein. The results are expressed

as [3H]DA in the medium as a percentage of the total [3HIDA in tissue
and medium (Azzaro and Rutledge 1973).

In some experiments, the amphetamine-induced release of newly-

synthesized DA was examined as above except that the tissue was
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incubated with 20 �M [3H]tyrosine (New England Nuclear; 0.25 Ci/
mmol) and allowed to form [3H]DA for a period of 40 mis (37#{176}C;95%

02-5% C02). Medium and tissue [3H]DA was separated from [3H]
tyrosine, [3H]norepinephrine and [3H]deaminated catabolites of DA or
norepinephrine by cation-exchange chromatography (Dowex 50W-X4;
200-400 mesh; H� form). Briefly, medium and tissue extracts were
acidified (pH = 2.0) and passed over a 60 x 5 mm Dowex 50W-X4

cation-exchange column. [3H]Deaminated catabolites were washed
through the column with 20 ml of glass distified water. [3H]Tyrosine,

[3H]norepinephrine and [3H]DA were sequentially eluted with 0.1 M
sodium phosphate (pH = 6.5), 1 N and 2 N HCI, respectively. The prior
addition of 50 �zg of DA made it possible to obtain recovery values for

each sample. Recovery values for DA, as determined fluorometrically
(activation of 225 am and emission at 325 nm), were always greater

than 80%. Each [3H]DA value was corrected for recovery. The newly-

synthesized [3H]DA found in the medium was expressed as a percentage

of [3H]DA in both tissue and medium (see above).

Accumulation and catabolism of [3H]DA by rat forebrain
slices. The accumulation of [3H]DA by DA-containing neurons within
rat forebrain slices was studied by using the procedure of Snyder et al.

(1968) with only minor modifications. Forebrain slices were prepared
with a mechanical tissue chopper at 0.3-mm intervals (see above). The
tissue (4 to 6 mg of protein) was preincubated for 5 mis at 37#{176}C(95%

O�-5% C02) in centrifuge tubes containing 2 ml of a physiological salt

solution (Besson et al., 1969). [3H]DA (New England Nuclear; 8.8 Ci/
mmol) was added to give a final concentration of 0.1 �.tM and the

incubation was continued for an additional 5 mm. The active accumu-

lation of [3H]DA was terminated by rapidly chilling the tubes on ice,
immediately followed by centrifugation at 10,000 x g for 5 miii (4#{176}C).
The accumulated [3H}DA was extracted by disrupting the pellets in 2
N HC1 by using a tissue grinder. Acidified medium and tissue extracts
were adjusted to pH = 6.5 and passed over a 30 x 5 mm Dowex SOW-

X4 (200-400 mesh; Na� form) cation-exchange column. [3H]DA was

eluted in 2 N HC1 and assayed by liquid scintillation spectrometry
using a toluene based scintillation fluor containing Triton X-100. The
column recovery of previously added DA (50 �g) was determined by
spectrophotofluorometry (activation at 285 am and emission at 325
am). Recoveries for DA ranged from 75 to 85%. The [3H]DA in each
sample was corrected for recovery.

Total tissue protein was determined by the biuret method (Layne,

1957). Tissue wet weights in each sample were obtained according to

the method of Ziance and Rutledge (1972). Diffusion blanks were
obtained by incubating the tissue in the presence of 0.1 �tM [3HJDA for
5 mm on ice (4#{176}C).

In some experiments, the accumulation and subsequent intraneu-

ronal catabolism of [3H]DA was examined in control and Pb-treated
rat pup forebrain slices. These experiments were performed as above

except that in addition to [3H]DA an aliquot of the column effluent

was also assayed for [3H]deaminated catabolites of [3H]DA. An esti-

mate of the nonenzymatic catabolism of [3H]DA was determined at
4#{176}C.

The activity of DA-sensitive adenylate cyclase. Striata from

30-day-old rat pups were rapidly dissected (Glowinski and Iversen,
1966) and homogenized in 25 volumes (w/v) of 2 mM tris(hy-
droxymethyl)aminomethane-maleate buffer (ph=7.4) containing 2 mM

ethylene glycol bis(/1-aminoethyl)N,N’-tetraacetic acid. Basal and DA-
sensitive adenylate cyclase activity was obtained by using the procedure

described by Kebabian et al. (1972). A 50-pl aliquote of the striatal

homogenate was assayed in a total volume of 300 �sl. 3-Isobutyl-1-
methyixanthine (1 mM; Sigma Chemical Company) was used in the
incubation to inhibit the activity of phosphodiesterase (Beavo et al.,

1970). The incubation was performed at 30#{176}Cfor 2.5 mm in a shaking

water bath. The amount of cyclic adenosine 3’:S’-monophosphate
(cAMP) formed per assay tube was determined by the competitive
protein binding assay of Gilman (1970) as modified by Tovey et al

(1974) by using commercially available binding protein (Diagnostic
Products Corp., Los Angeles, CA). The activity of DA-sensitive aden-
ylate cyclase was obtained by subtracting the basal activity from that

obtained in the presence of various concentrations (1 �tM-1 mM) of DA

(Kebabian et al., 1972).

Statistical analysis. All behavior data (locomotor activity) was
statistically evaluated by using the nonparametric Mann-Whitney U

test for significance (Siegel, 1956). Biochemical data was statistically

analyzed using Students t test (Fryer, 1966).

Drugs and chemicals. d-Amphetamie 504 (a donation from Smith

Klein & French Laboratories, Philadelphia, PA); apomorphine HC1 (a

donation from Merck & Co., Rahway, NJ). All chemicals were obtained

commercially in the highest purity. Radioisotopes used were 1-[1-’4C]

tyrosine, 1-[ring-2,6-3H]tyrosine and 3,4-[ethyl-2-3H]N-dihydroxyphen-

ylethylamine (DA).

Results

Locomotor activity after chronic postnatal PbCO3 ex-

posure. Rat pups were chronically exposed, from birth to 40

ppm of Pb. As expressed in table 1, this level of Pb exposure

produced a 5-fold increase in the whole-brain content of Pb. In

spite of this large increase in brain Pb content, the rat pups

appeared otherwise normal; no signs of high-dose Pb intoxica-

tion (Pentschew and Garro, 1966).

The results of the locomotor studies are summarized in table

2. A 1.5- to 2.0-fold increase (P < .05) in the spontaneous

(saline) locomotor activity of 25- to 35-day-old rat pups was

observed after chronic PbCO3 exposure. When d-amphetamine

or apomorphine was administered to these animals, a progres-

sive, dose-related increase, above basal (saline) locomotor ac-

tivity, was observed. However, the magnitude of the drug-

related increase (above basal) in locomotor activity in Pb-

exposed pups was not proportional to that seen in pair-fed

control animals. This observation is best demonstrated by re-

expressing the data as a percentage of the appropriate saline

injected group (table 2, percentage of saline). At each dose of d-

amphetamine or apomorphine, the increase in locomotion,

above spontaneous (saline) activity, was significantly less (P <

.05) than that seen in pair-fed control pups.

Prejunctional alterations at DA synapses after chronic

postnatal PbCO3 exposure. DA synthesis in rat forebrain

synaptosomes. The synthesis of DA in synaptosomal-rich frac-

tions of rat pup forebrain was examined in pair-fed untreated

and PbCO3-exposed animals (table 3). Synaptosomes from 25-,

30- and 35-day old Pb-exposed rat pups showed the same

capacity to synthesize DA as did those obtained from pair-fed

control animals.

Accumulation of PH]DA by rat forebrain slices. [3H]DA

accumulation after chronic PbCO3 exposure is summarized in

table 4. As can be seen from the tissue/medium (T/M) ratio for

[3HJDA, rat forebrain slices were effective in concentrating this

amine 14-fold over that found in medium. However, no change

in the T/M ratio for [3H]DA was noted in slices from PbCO3-

TABLE 1

Whole-brain Pb content after postnatal exposure to PbCO3
Pups were exposed to Pb through the maternal milk. Assays for whole-brain
levels of Pb were performed at 27 days of age. Numbers in parentheses, number
of pups.

Pair-Fed Control Pupsa PbCO3-Exposed Pupsa

�tg/gwetwt. �g/gwetwt.

0.27 ± 0.02 1.36 ± 0.13”

(8) (8)

aThe values represent the mean ± S.E.M. of eight rat pups.
b p < .005 as compared to pair-fed control.
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TABLE 2

Locomotor activity after d-amphetamine or apomorphine in postnatal PbCO�3-exposed rat pups
All animals were permitted a 30-mm habituation period in the testing environment before injection Op.); injection volume - 0.2 ml! 1 00 g b.wt.

Agent
Pair-Fed Control PbCO3-Exposed

N Total locomotor activit? % of saline N Total locomotor activity % of sahne

d-Amphetamine SO4
0(saline) 10 1412 100 10 2161” 100

0.5mg/kg 10 4264c 301 10 2285c 105b

1.0mg/kg 10 4361c 308 10 4621c
213b

1.5mg/kg 10 6321c 447 10 7071c
327b

2.0 mg/kg 1 0 7743C 548 10 8660C 4�b

Apomorphine HCI
0(saline) 18 450 100 18 916” 100

0.5mg/kg 14 1721c 382 15 1674c 182b

1.0mg/kg 13 3600C 800 12 2944C
321b

2.5mg/kg 12 4955C 1101 12 5127c

5.0 mg/kg 1 2 5829C 1 295 1 2 5393C 588”

a Median responses of number (N) of animals tested for a period of 1 20 mm (d-amphetamine) or 70 mm (apomorphine).

b p < .05 as compared to pair-fed control.
C p < .05 as compared to saline.

TABLE 3

The synthesis of DA by synaptosomal-rich fractions of rat pup
forebrain after chronic lead carbonate exposure
Mean ± S.E.M. of four to seven expeiments.

Agea
Treatment

Pair-fed control PbCO,

p-mo! ‘4C0,/rng protein/30 mm

25 22.72 ± 1 .58 23.74 ± 0.66
30 21 .62 ± 0.77 21 .88 ± 0.45
35 23.23 ± 1 .01 21 .66 ± 0.71

aDays after birth.

exposed rat pups. Moreover, careful examination of the data

shows that tissue and medium [3H]DA content as well as the

formation of total deaminated catabolites of [3H]DA remained

unchanged after PbCO3 exposure.

KC1 and d-amphetamine-evoked release off�H]DA from rat

forebrain slices. The effects qf PbCO3 exposure on the K�-

evoked release of [3H]DA are f�und in figure 1. The percentage

of [3H]DA found in the medium containing normal K� concen-

trations (2.4 mM) was similar with tissue from either pair-fed

control or PbCO3-exposed animals. When the K� concentration

in the medium was raised to 15, 30 or 45 mM, a concentration-

dependent efflux of accumulated [3H]DA was observed. How-

ever, at each elevated K� concentration, the percentage of’[3H]

DA found in the medium ofslices from Pb-exposed animals was

significantly (P < .05) less than that seen from control brain

slices. This data suggests that PbCO3 was effective in reducing

the release of exogenous [3H]DA by KC1.

d-Amphetamine elicits the release of DA from neuronal

stores (Besson et al., 1969; Azzaro and Rutledge, 1973), although

by a mechanism which differs from that of K� (Ziance et al.,

1972). We therefore examined the amphetamine-evoked release

of [3H]DA from brain slices of PbCO3-exposed rat pups. The

results of these studies are found in figure 2. In control forebrain

slices, d-amphetamine elicited the release ofexogenous [3H]DA

in a concentration-related manner (fig. 2A). At 0.1 mM d-

amphetamine, nearly 60% of the total [3H]DA was found in the

medium, demonstrating the effective releasing properties of this

agent. The release of exogenous [3H]DA (fig. 2A) by d-amphet-

amine was unchanged by chronic PbCO3 exposure, although

there was a small consistent trend toward a reduction in the

percentage of [3H]DA found in the medium (nonsignificant).

Since the behavioral effects of d-amphetamine are associated

with the release of a newly synthesized pool of DA (Dominic

and Moore, 1969; Svennson, 1970; Thornburg and Moore, 1973),

the experiments were repeated in tissue allowed to form [3H]

DA from the natural precursor substrate [3H]tyrosine (fig. 2B).

the d-amphetarnine-induced release of newly synthesized [3H]

DA (fig. 2B) was similar to the release of exogenous [3H]DA

(fig. 2A). As before, d-amphetamine released [3H}DA in a

manner that was directly proportional to concentration and

nearly 60% of the newly synthesized [3H]DA was found in the

medium at the highest concentration of d-amphetamine tested.

PbCO3 exposure was also ineffective in altering the release of

newly synthesized [3H]DA from rat pup forebrain slices.

Postjunctional alterations at DA synapses after

chronic postnatal PbCO3 exposure.Several investigators

have demonstrated a DA-sensitive adenylate cyclase in brain

tissue which appears closely associated with the po8tjunctional

DA receptor (Kebabian et al., 1972; Horn et al., 1974; Miller et

al., 1974). The DA and apomorphine-evoked stimulation of

adenylate cyclase activity was therefore used as an index of the

postjunctional response to DA receptor activation.

In these studies, rat pup neostriatal homogenates were used

because of the high density of postsynaptic DA receptors pres-

ent in this brain region (Creese et al., 1975). The activity of

adenylate cyclase in the absence of DA or apomorphine (basal

activity) was unchanged by chronic PbCO3 exposure (table 5).

DA concentrations ofO.01, 0.1 and 1 mM produced a significant

(P < .05) elevation (above basal) in the activity of adenylate

cyclase in control and Pb-exposed tissues (table 5). This effect

of DA was directly related to concentration. However, the

magnitude ofthe DA-evoked activation in PbCO3-treated tissue

was significantly (P < .05) less than that seen in control tissue

at 0.1 and 1 mM concentrations of DA. This apparent effect of

chronic PbCO3 exposure was even more dramatic when apo-

morphine-evoked activation of adenylate cyclase was studied

(fig. 3). In the latter experiments, a significant (P < .05) reduc-

tion in the magnitude of the response was observed at 10 and

100 �M concentrations of this agent.
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TABLE 4
Effect of chronic PbCO3 exposure on (3HJDA accumulation and deamination in 25. to 35-day-old rat pup forebrain slices
Each value represents mean ± S.E.M. of five experiments.

Treatment Tissue[�H�A Medium [3HJ�A Total[�HJDeaminated TIM Ratio [3H�A

p-mol/g p-mourn! p-mol/g

Pair-fed control 571 .1 2 ± 31 .81 39.19 ± 2.14 1 1 71 .03 ± 96.08 14.58 ± 0.44

PbCO3 584.32 ± 33.82 44.82 ± 3.1 4 1 059.99 ± 71 .59 1 3.1 0 ± 0.39

a Diffusion blanks/control - 32.10 ± 4.29 pmol/g; PbCO3 = 38.16 ± 4.35 pmol/g.
b Represents the sum of (3Hjdeaminated catabolites found in tissue and medium.

TABLE 5

DA stimulation of adenylate cyclase activity in homogenates of 25- to 35-day-old rat pup neostriatum after chronic lead carbonate
exposure

Control PbCO3

DA Adenylate cyclase activity�’ % of basal DA Adenylate cyclase activity’ % of basal

0 (basal) 72.60 ± 1 .69 1 00 0 (basal) 70.32 ± 1 .95 100
iO� M 74.28 ± 4.33 102 106 M 71.40 ± 4.67 101
1 o5 M 87.00 ± 3.27” 1 1 9 1 O� M 83.1 6 ± 6.02” i i 8
i04 M 106.88 ± 3.00” 147 iO� M 94.20 ± 347b.C 133
i0� M 109.02 ± 5.22” 150 iO� M 92.08 ± 3.36bc 130

a Pico-moles of cAMP per 50 il/2.5 mm; mean ± S.E.M. of five experiments in duplicate.

b p < .05 with respect to basal actIvity.
C p < .05 wIth respect to pair-fed control animals.
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Fig. I . The KCI-evoked release of exogenous [3HIDA from rat forebrain
slices. Forebrain slices were prepared from pair-fed control and
PbCO3-exposed rat pups (25-35 days of age) and allowed to accu-
mulate exogenous [3H]DA. The release of[3H]DA from the tissue to the
incubation medium after 2.4, 1 5, 30 and 45 mM KCI was examined.
Release is expressed as (3H]DA in the medium as a percentage of the

total [3H]DA in the tissue and medium. Each value represents the mean
± S.E.M. of six experiments. #{149}a significant difference from pair-fed
controls; P < .05.

Discussion

The actions of drugs on the CNS are, for the most part,

associated with specific alterations in the neurochemical prop-

erties of synaptic transmission. It is therefore reasonable to

assume that industrial wastes and other environmental pollu-

tants may interact in similar ways with these same neuronal

mechanisms to produce CNS toxicity. The behavioral studies

presented here confirm that chronic postnatal exposure to low

levels of Pb will produce a locomotor hyperactivity in devel-

oping rodents (Silbergeld and Goldberg, 1973; Sauerhoff and

Michaelson, 1973). Moreover, the previously reported atten-

uated locomotor response to d-amphetamine and apomorphine

was also observed (Silbergeld and Goldberg, 1974; Sobotka and

Cook, 1974; Wince and Azzaro, 1977). This latter effect was of

particular interest since both of these agents are thought to

enhance locomotion through actions at dopaminergic synapses

within the brain (see “Introduction”). Biochemical studies were

therefore designed to investigate the possibility of a Pb-evoked

alteration in the neurochemical properties of central dopami-

nergic neurotransmission.

Initially, our attention was directed toward the effects of Pb

on prejunctional biochemical properties at central DA synapses.

It was demonstrated that chronic PbCO3 exposure was unable

to elicit a change in either the capacity of brain tissue to form

DA from [‘4C}tyrosine (table 3) or to accumulate exogenously

administered [3H]DA (table 4). Since the accumulation of [3H]

catecholamines by brain slices reflects the ability of nerve

terminals to transport, store and catabolize this amine neuro-

transmitter substrate (Azzaro and Smith, 1975), it would suggest

that each of these metabolic events associated with the DA-

containing neuron is unaffected by chronic postnatal low-level

Pb exposure.
The accumulation data presented here was somewhat unex-

pected since Silbergeld and Goldberg (1975) reported a small

(20%) but significant reduction in the forebrain accumulation

of exogenous [3H}DA after chronic postnatal Pb acetate expo-
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sure. Although several differences exist between our studies

and those ofSilbergeld and Goldberg (1975), which may account

for the discrepancy, one important difference resides in the

method employed for the exposure of animals to Pb salts.

Silbergeld and Goldberg exposed mice pups to Pb by adminis-

tering Pb acetate (5 mg/nil) in the drinking water of nursing

dams. Although there is no indication as to the brain content of

Pb, this alternate method of exposure may have resulted in a

Pb concentration that was higher than that presented here.

Silbergeld (1977) demonstrated that 0.1 mM concentrations of

Pb (in vitro) are required to significantly reduce the accumu-

lation (by 20%) of[3H]DA. The data presented in table 1 would

suggest that brain Pb concentration in our animals are only in

the micromolar range. Therefore, if the level of Pb exposure

relates directly to the effects of this cation on [3H]DA accu-

mulation, it would suggest that the concentration o Pb obtained

in our studies was too low to produce an inhibitory effect.

effect.

Although no change was observed in the capacity of DA-

containing neurons to synthesize, transport, store and catabolize

radiolabeled DA, chronic Pb exposure did alter the release of

exogenously administered [3H]DA from these same neural ele-

ments. In this regard, Pb was effective in significantly reducing

the K�-induced release of [3H]DA from brain slices. However,

this action of Pb was only observed at elevated K� concentra-

tions (fig. 1) and was not seen when d-amphetamine was used

as the releasing agent (fig. 2). The inability of chronic Pb

exposure to alter the d-amphetamine-evoked release of[3H]DA

from brain slices is significant. KC1 is well established as a

releasing agent whose depolarizing action of neuronal mem-

branes is very similar to physiological stimulation (Human and

Mdllwain, 1961; Nowycky et al., 1975). Accordingly, the strict

Ca� requirement for the K�-induced release of neurotransmit-

ters has been demonstrated (Rubin, 1970). In contrast, the d-

amphetamine-induced release of monoamines is essentially in-

dependent of Ca’� (Ziance et al., 1972). The reduction in the

K� but not the d-amphetamine-induced release of[3H]DA from

Pb-exposed brain slices suggests the possibility of a competition

between P� and Ca� for sites associated with the Ca��-de-

pendent release of [3H]DA.

Previous work by other investigators support the concept of

a competition between Pb�� and Ca�� with regard to neuro-

transmitter release. Kostial and Vouk (1957) demonstrated a

reduction in the stimulus-evoked release of acetylcholine

(ACH) from perfused superior cervical ganglion after the addi-

tion of PbNO3 to the perfusion medium. These investigators

were able to reverse the inhibitory effects ofPbNO3 by elevating

the Ca� concentration of the perfusion medium. Similar inhib-

itory effects on ACH release have been observed at the neuro-

muscular junction after in vitro and in vivo Pb exposure (Sil-

bergeld et al., 1974a, 1974b; Manalis and Cooper, 1973) and in

cortical minces after chronic low-level Pb acetate exposure

(Carroll et al., 1977). In each of these studies, the suggestion

was made of a competition between Pb� and Ca� as the

mechanism for the inhibitory effects of Pb on ACH release.

Thus, the inhibitory action of Pb on [3H]DA release from brain

tissue may prove to be a nonspecific effect associated with the

Ca��-dependent release of all neurotransmitter substances.

Postjunctional properties at synaptic sites within the CNS

are more difficult to assess. However, we examined the effect of

chronic postnatal Pb exposure on the activity of DA-sensitive

adenylate cyclase as an index of the postjunctional response to

DA receptor activation. The rationale for this approach was

based upon previous studies which show the close association

of postsynaptic norepinephrmne (NE) and DA receptors with

the membrane-bound adenylate cyclase enzyme (Kebabian et

al., 1972; Horn et al., 1974; Miller et al., 1974). Activation of

this enzyme by NE or DA results in the intracellular formation

of cAMP; a substance which is postulated as the 2nd messenger

in mediating the postjunctional effects of these catecholamine

neurotransmitter substances (Klainer et al., 1962; Greengard,

1976; Nathanson, 1976).
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Fig. 3. The effect of chronic PbCO3 exposure on the apomorphine-.
evoked stimulation of neostriatal adenylate cyclase activity. Homoge-
nates of the neostriatum were prepared from pair-fed control and
PbCO3-exposed rat pups (25-35 days of age) and the activity of
adenylate cyclase was determined in the absence (basal) and presence
of apomorphine HCI. The results are expressed as an increase in cAMP
formed above basal levels. Each value represents the mean ± S.E.M.
of five experiments. #{149}significant difference from pair-fed controls; P
< .05.

The ability of DA or apomorphine to stimulate the activity

of adenylate cyclase was depressed by chronic PbCO3 exposure

(table 5; fig. 3). This observation was made in the absence of an

alteration in the basal activity of adenylate cyclase. These

results suggest the possibility of a postjunctional subsensitivity

to DA and other DA receptor agonists.

Taylor et al., (1978) have recently provided electrophysiolog-

ical evidence for a Pb-evoked postjunctional subsensitivity to

NE in the cerebellum. In their studies it was shown that the

iontophoretic application of Pb�� to Purkinje cells antagonized

the receptor-mediated inhibition of Purkinje cell firing by NE.

A NE-sensitive adenylate cyclase has been shown to be closely

associated with the Purkinje cell NE receptor (Nathanson et

al., 1976; Bloom et al., 1972; Siggins et al., 1973). Of interest is

that acute addition of PbCl2 (1-30 �M) to cerebellar homoge-

nates inhibits the activation of this adenylate cyclase enzyme

by NE (Nathanson and Bloom, 1976).
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It remains to be established whether the acute and chronic

effects of Pb on adenylate cyclase activity are mediated by

similar mechanisms. Acute in vitro PbCl2 (1-30 jIM) inhibits

proportionally both the basal activity and the NE-evoked ac-

tivation of adenylate cyclase (Nathanson and Bloom, 1976).

This observation has been duplicated in our own laboratory

with DA-sensitive adenylate cyclase after in vitro addition of

PbNO3 to striatal homogenates (unpublished observations).

However, chronic postnatal low-level PbCO3 exposure is with-

out effect on the basal activity of striatal adenylate cyclase and

only inhibits the DA receptor-mediated activation of this en-

zyme (table 5). Additional studies will be required to resolve

this dilemma.

Although speculation on the role of observed synaptic

changes with regard to various behavioral responses must be

made with extreme caution, our neurochemical fmdings at the

DA synapse would seem to at least partially explain the behav-

ioral alterations in the drug-induced locomotor activity after

chronic low-level PbCO3 exposure. Much evidence has accu-

mulated to suggest that both d-amphetamine and apomorphine

enhance locomotion through actions at central DA synapses

(see “Introduction”). Amphetamine is believed to act indirectly

on postjunctional DA receptors by increasing the synaptic

concentration of DA through the prejunctional release of this

neurotransmitter substance (Besson et al., 1969; Azzaro and

Rutledge, 1973). Apomorphine, on the other hand, is indepen-

dent of prejunctional DA and acts directly as a postjunctional

DA receptor agonist (Anden et al., 1967). If the inhibition in

the receptor-mediated stimulation of DA-sensitive adenylate

cyclase, observed in our animals, truly reflects a postjunctional

subsensitivity to DA and other DA receptor agonists, then a

reduction in the locomotor response to d-amphetamine and

� apomorphine might be expected.

The spontaneous locomotor hyperactivity observed in

chronic PbCO3-exposed rodents is more difficult to explain.

Locomotor hyperactivity is complex and is more likely associ-

ated with alterations at a number of neurotransmitter synaptic

sites (see Wender, 1974). However, it has been demonstrated

that the selective destruction of DA-containing neurons, in

neonatal rats, is associated with a locomotor hyperactivity

appearing between 12 and 22 days ofage (Shaywitz et al., 1976).

In their study (Shaywitz et al., 1976) it was demonstrated that

only a partial reduction (about 50%) in the number of DA-

containing neurons was sufficient for the expression of hyper-

activity. Therefore, it is tempting to speculate that the pre- and

postju.nctional changes observed in our studies may represent

a sufficient depression of DA synaptic activity to at least

partially account for the observed changes in spontaneous

locomotion. However, the possibility of an effect of Pb on the

metabolism of other neurotransmitters (e.g. ACh) cannot be

excluded and therefore additional neurochemical studies will

be required to fully understand the effect of this cation on

locomotion.
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