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Abstract
Aims—The precise neurochemical perturbations through which perinatal (gestation/lactation)
lead exposure modifies the reinforcement efficacy of various psychoactive drugs (e.g., cocaine,
opiates) are unknown. The present study considers the role of altered serotonin and dopamine
functionality in perinatal lead-psychostimulant interactions.

Main Methods—Female rats were administered a 16-mg lead or a control solution (p.o.) for 30
days prior to breeding with non-exposed males. Lead exposure was discontinued at weaning
(postnatal day [PND] 21). Starting at PND 120, male rats born to control or lead-exposed dams
were injected with either PAL-287 or PAL-353, at doses of 0, 2, 4, 8, or 16 umol/kg (ip) with each
dose given prior to an acute (45 min) locomotion test. Whereas PAL-287 is a potent releaser of
serotonin, PAL-353 is not. Each drug induces comparable release of norepinephrine (NE) and of
dopamine (DA).

Key Findings—Control and lead rats exhibited minimal locomotion to PAL-287. PAL-353
produced a dose-dependent activation of locomotion in control rats relative to the effects of
PAL-287 in control rats. Lead-exposed rats exhibited a subsensitivity to PAL-353 at doses of 4
and 8 umol/kg.

Significance—The subsensitivity of lead rats to PAL-353 is consistent with a lead-induced
diminution of dopamine function, an effect noted earlier for the reuptake inhibitor cocaine (Nation
et al. 2000). The similar response of lead and control rats to PAL-287 is inconsistent with
diminished serotonin function.
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Introduction
In spite of regulations aimed at reducing lead contamination, concern remains that certain
populations, especially in the inner city, continue to be exposed to significant levels of lead.
Of particular concern is the observation that the deleterious effects of lead appear to begin in
utero. Pregnant women with elevated blood lead levels give birth to children who have
correspondingly high concentrations of lead in their bloodstream. In fact, during pregnancy,
lead previously stored in bone appears to be liberated and redistributed to the vascular
system (Gulson et al. 1997). Blood lead levels reach a peak during the second trimester at
which point the metal is is absorbed by the placenta, crosses the underdeveloped blood–
brain barrier, and penetrates the soft bone structure. Although lead in blood may have a
biologic half-life approximating 1 month, the half-life of lead in bone is estimated to be 20–
30 years (Weizaecker 2003). Accordingly, possible health consequences associated with
early lead exposure may be long lasting.

Developmental lead exposure seems to potentiate the behavioral effects associated with
repeated administration of cocaine. That is, perinatal lead exposure increases the stimulatory
properties of cocaine when animals are tested in a locomotor chamber at either postnatal day
(PND) 30 or PND 90 and repeatedly dosed with a fixed dose of cocaine (Nation et al. 2000).
In other studies, rats developmentally exposed to lead self-administered cocaine at doses too
low to sustain responding in untreated controls (Nation et al. 2004; Valles et al. 2005). In
contrast, perinatal lead exposure can result in an initial subsensitivity to cocaine in acute
tests of locomotion (Nation et al. 2000).

The neurochemical underpinnings for the effects of perinatal lead on psychostimulant
function are unknown. Drugs such as cocaine act to block the transporters for dopamine
(DAT), norepinehrine (NET), and serotonin (SERT) (Howell and Kimmel 2008). There is
evidence that perinatal lead exposure alters dopamine neurochemistry. Whereas dopamine
levels in striatum and cortex are not altered, dopamine turnover is enhanced by prenatal lead
exposure (Szczerbac et al. 2007). Additional studies suggest changes in presynaptic
dopamine autoreceptors (Lasley 1992), diminished release of dopamine by potassium or
amphetamine (Devoto et al. 2001) as well as enhanced D2 postsyanptic receptor function
(Szczerbac et al. 2007) in lead as opposed to control animals. Cocaine, however, is also an
antagonist for SERT which raises the issue of the extent to which lead-induced changes in
SERT function contribute to augmented reactivity to cocaine (Nation et al. 2000). There are
relatively few studies that bear on perinatal lead exposure and brain serotonin function.
Whereas perinatal lead exposure was without effect on striatal serotonin level (Devoto et al.
2001), adult lead exposure reduces striatal serotonin (Virgolini et al. 2005).

In order to assess the possible roles of dopamine and serotonin function for the effect of
perinatal lead on psychostimulant function, we employed two amphetamine-like analogs that
vary in SERT activity. Whereas PAL-287 is a potent serotonin releaser, PAL-353 is not (see
Table 1). PAL-287 and PAL-353 induce similar effects on release of norepinephrine (NE)
and dopamine (DA) (Rothman et al. 2001;Wee et al. 2005). Behaviorally, PAL-287 induces
less hyperlocomotion than does PAL-353, in part because the the serotonergic properties of
PAL-287 normally attenuate the stimulant effects mediated by the impact of PAL-287 on
release of DA/NE (Hall et al. 2008;Roberts et al. 1999;Rothman et al. 2005;Rothman et al.
2002;Wee et al. 2005). In the present study, adult male control and lead rats were dosed with
these two drugs, at equivalent molecular amounts, in acute locomotion tests commencing at
PND 120. Our guiding hypotheses were that if perinatal lead impairs serotonin function,
then lead treated rats should exhibit enhanced locomotion relative to control rats since the
serotonergic aspect of PAL-287 normally offsets the stimulatory properties associated with
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release of DA and NE. Secondly, if perinatal lead impairs dopamine function, then perinatal
lead rats should exhibit diminished locomotion to PAL-353, a drug that releases DA/NE.

Materials and Methods
Lead Exposure Regimen

For 30 consecutive days, 16 adult female (200–225) Sprague-Dawley rats (Harlan; Houston,
TX) were exposed once a day to 0-mg lead (sodium acetate) or 16-mg lead (as lead acetate)
daily using a 18 ga gavage needle to administer the respective solutions in a volume of 1.0
ml deionized water. This procedure has been used in previous developmental lead studies to
ensure stable blood/tissue levels (cf. Nation et al. 2000, 2003, 2004; Rocha et al. 2004). The
present lead concentration was selected based on previous studies that found it produces
differential behavioral effects, while not altering dam body weights or the locomotor ability
of pups (see Nation et al. 2000). Following this 30-day lead exposure period, females were
bred with non-exposed males. Once females tested positive for copulatory plugs, the males
were removed from the home cage. Females continued to receive their daily doses of the
control solution or lead acetate solution throughout the gestation and lactation periods.
Standard rat chow (Teklad; Madison, WI) and tap water were continuously available for
dams in the home cage. Litters were culled to eight pups on PND 1.

Blood/Tissue Analyses
For control and lead-exposed dams, 100–150 µl of tail-blood was drawn at breeding,
parturition (PND 2), and weaning (PND 21) and analyzed for lead levels. A single littermate
for each of the test animals was sacrificed on PND 2, and blood samples were collected for
subsequent analyses. Dams were sacrificed at weaning with blood and tissue (brain, kidney,
liver and bone) samples collected for subsequent analyses.

Lead residues in blood and tissue samples were measured by inductively coupled plasma -
mass spectroscopy on a Perkin Elmer DRC 2 instrument following acid digestion in a
microwave. The 208Pb isotope and 209Bi were used as internal standards. Weighted linear
calibration was performed with a blank and three external standards (0.05, 20, and 200 parts
per billion) and was verified by analyzing NIST SRM 1640 (trace elements in water). Data
were acquired in peak hopping mode, using the autolens feature and three replicate reads per
determination. Verification of the calibration and baseline were performed after every group
of 10 samples and at the end of the analytical run.

Rate of pregnancy did not differ between groups (p>0.05). On PND 21, pups used for testing
were weaned and housed individually. All animals were maintained on a 12-hour light/dark
cycle. Testing commenced on PND 120, at approximately 10:00 hrs, two hrs into the 12-hr
light cycle.

Apparatus
The assessment of locomotion was made in a set of 8 automated optical beam activity
monitors (Model RXYZCM-16; Accuscan Instruments, Columbus, OH, USA). Each
monitor is housed within a 40 × 40 × 30.5 cm acrylic cage. Activity monitors and cages
were located in a sound-proof room with a 40 dB [SPL] white noise generator operating
continuously. A multiplexor-analyzer monitored beam breaks from the optical beam activity
monitors and tracked the simultaneous interruption of beams. The multiplexor-analyzer
updated the animal's position in the acrylic cage every 10 msec using a 100% real-time
conversion system. Computerized integration of the data obtained from the monitor afforded
the recording of general activity using total distance traveled scores (in cm) as the primary
dependent measure (cf. Sandberg et al. 1987).
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Drugs—A vehicle saline solution was prepared as 0.9% sodium chloride in distilled water.
The amphetamine-like drugs used in the present study were synthesized by Dr. Bruce E.
Blough. PAL-287 is 1-napthyl-aminopropane while PAL-353 is meta-fluoramphetamine
(Wee et al. 2005). The profile of activity of these drugs at DAT, NET, and SERT is given in
Table 1. Each molecule exerts a similar releasing effect at DAT and at NET. Of these,
PAL-287 exerts the greatest SERT releasing activity, whereas PAL-353 exert substantially
less SERT releasing activity. Drug doses (umol/kg) were calculated as the base (with
equivalent numbers of molecules) and all injections were administered i.p. in a volume of 1
ml/kg.

Procedure
Test animals were randomly selected from a given control or lead litter and then these
groups were in turn randomly assigned to drug treatment condition. Thus four test groups
(n=8 each) were created by interacting lead-exposure condition (0, 16 mg) and drug type
(PAL-287 or PAL-353). In the initial phase of the project, animals were tested during 1 hr
sessions each day for 7 successive days, in squads of eight rats, counterbalancing by group.
With the room lights off, animals were placed in their respective test chambers for a 15-min
baseline-recording period. On the last two days of the baseline period, each rat received an
i.p. injection of saline at the end of the 15 min period. After injection, each rat was placed
back in the chamber immediately for an additional 45 min period. On Days 8, 11, 14, 17,
and 20, all animals within each of the four groups received successive daily ip injections of
0, 2.0, 4.0, 8.0 and 16.0 umol/kg of their respective PAL drug. Each rat received each drug
dose once and drug doses were given in random order. On the two days in between each
drug dose, no injections were given and tests were conducted as above. The rats were run in
four squads to yield a group size of n=8 per drug condition for the present study.

Data Analyses
The overall design of the study was a split-plot (mixed) factorial design consisting of the
between-group factors of lead exposure (control versus lead) and PAL drug (PAL-287
versus PAL-353) and within-group factors of PAL dose (0, 2.0, 4.0, 8.0, and 16.0 umol/kg)
and time after injection (three 15 min bins over a 45 min period). Because the treatment
means and variances were proportional, the total distance traveled scores were subjected to a
log transformation (Kirk 1982). The body weight and blood lead level data were analyzed
using a complete factorial consisting of the factors of lead exposure (control versus lead).
Statistical significance was deemed to be p < 0.05 and the Bonferroni procedure was used to
examine mean group differences.

Results
Blood/Tissue Lead Levels

As expected, dams exposed to lead exhibited a considerable body lead burden (Table 2). At
the time of weaning, dams exhibited significant levels of lead accumulation in tibia ((F1,14)
= 47.9, p < 0.0001), in kidney ((F1,14) = 31.9, p < 0.0001), In liver ((F1,14) = 15.4, p <
0.002), in brain ((F1,14) = 280.1, p < 0.0001), as well as blood ((F1,14) = 20.5, p < 0.0001).
Similarly, littermates showed significant blood levels of lead at PND 21((F1,14) = 95.7, p <
0.0001). In the present study, blood lead levels were not determined in PND 120 rats,
inasmuch as in earlier studies, lead is cleared from the blood so that by PND 70 (and
beyond), blood lead levels in both control and lead groups are similar (Nation et al. 2000).
Thus, the behavioral disturbances associated with perinatal lead exposure occurred at a time
point far beyond that at which the lead burden had cleared from blood.
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Total Distance Traveled Scores
The impact of PAL-283 and of PAL-353 on total distance traveled scores in lead and control
rats is depicted in Figure 1. Analysis of the impact of PAL-287 and PAL-353 in control rats
only revealed a significant effect of drug (F(1, 14) = 21.1, p < 0.0001), a significant effect of
dose (F(4,56) = 15.88, p < 0.0001) and a significant interaction between drug and dose
(F(4,56) = 9.347, p < 0.0001). The interaction reflected the fact that PAL-353 markedly
stimulated forward locomotion as dose increased, whereas PAL-287 did not. The overall
ANOVA revealed a significant effect of dose (F(4, 112) = 19.01, p < 0.0001), a significant
effect of drug (F(1, 28) = 21.1, p < 0.0001) and a nearly significant effect of lead (F(1, 28) =
3.938, p < 0.057). The latter outcome is attributed to the observation that trend analyses
revealed a significant linear trend for dose (F(1,28) = 65.992, p < 0.0001) whereas there was
a significant quadratic trend for the interaction of dose and lead (F(1,28) = 4.338, p < 0.045)
as well as a significant quadratic trend for the interaction of dose and drug (F(1,28) = 12.18,
p < 0.002). This trend reflected control versus lead differences at the intermediate doses of
PAL-353, but not PAL-287.

Additional analyses were computed for each drug separately comparing lead and control
responses as a function of dose. Analyses of data from PAL-353 treatment conditions
revealed a significant effect of dose (F(4,56) = 35.38, p < 0.0001) as well as a significant
quadratic trend for the interaction of lead and dose (F(1,14) = 5.04, p < 0.041). The changes
in locomotion induced by PAL-353 for each level of dose were used to compute a regression
curve for each rat and that curve was used to generate individual ED50 values for each rat.
The average group ED50 value (+ SEM) for the lead group was 5.79 (± 0.88) umol/kg,
which was significantly higher than the 3.53 (+ 0.73) umol/kg value noted for control rats
treated with PAL-353 (t(14) = 2.85, p < 0.013). In contrast, analyses of lead and control data
for PAL-287 treatment only revealed a significant effect of dose (F(4,56) = 2.94, p < 0.028),
but no effect of lead treatment nor was there an interaction between lead and dose in the
PAL-287 conditions. Because of the shape of the dose-effect curves for PAL-287, no efforts
were made to compute ED50 values for the control and lead groups. Overall, these analyses
suggest no differences between lead and control responses to PAL-287, whereas PAL-353
induced less locomotion in lead rats than in control rats, in effect shifting the dose-effect
curve to the right.

Discussion
In the present experiment, PAL-287 induced minimal changes in locomotion in either
control or lead treated rats across a range of doses (2 umol/kg through 16 umol/kg). In
contrast PAL-353 induced marked locomotion in control rats that peaked at 16 umol/kg.
Each of these two drugs exerts a similar degree of releasing activity at NET and at DAT, but
have widely varying releasing activity at SERT (Rothman et al. 2001; Wee et al. 2005;
Negus et al. 2007). PAL-353 has minimal releasing activity at SERT in contrast to PAL-287.
The reduced stimulation of locomotion in control rats in response to PAL-287, relative to
PAL-353, confirm and extend earlier studies in which PAL-287 induced less motor
activation than did PAL-353 in rats (Rothman et al. 2005; Wellman et al. 2009). These
results are consistent with the view that activity at SERT may interact so as to diminish or
attenuate drug reinforcement associated with activity at DAT/NET (Hall et al. 2008; Roberts
et al. 1999; Rothman et al. 2005; Rothman et al. 2002; Wee et al. 2005).

In the present study, rats exposed to lead did not show an altered profile of locomotion to
PAL-287, a drug that only weakly stimulates locomotion. Lead expsoure did, however, alter
the locomotor responses of rats treated with PAL-353, a drug that markedly stimulates
locomotion. The interaction of lead with PAL-353, however, was a function of dose.
Although lead rats showed a subsensitivity to PAL-353 at doses of 4 and 8 umol/kg, these
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rats showed locomotor stimulation at 16 umol/kg PAL-353 that was similar to that of control
rats. Earlier studies of psychostimulant function in perinatally lead exposed rats have noted a
biphasic response. In rats perinatally exposed to lead and tested at PND 90, 7 daily
treatments with cocaine resulted in a locomotor subsensitivity to cocaine in lead rats (Nation
et al. 2000). When the duration of daily cocaine exposure was increased to 14 days,
perinatally lead treated rats showed a supersensitivity to the locomotor effects of cocaine.
Our present data, in which rats treated with PAL-353 showed a subsensitivity are similar to
the 7 day data point of the Nation et al. (2000) study. It should be noted that the Nation et al.
(2000) study employed cocaine, a psychostimulant that acts via blockade of DAT, NET and
SERT. The present study is the first to examine the impact of drugs that are substrates for
these transporters and thus act as releasers of dopamine, of norepinephrine, and of serotonin
in perinatal lead rats.

The overall profile of effects of the present study do not support the view that the capacity of
lead to alter psychostimulant function is modulated by diminished serotonin function. When
challenged with PAL-287, a drug that is a substrate for SERT, there were no differences
between lead and control groups. Were lead to impair serotonin function, our prediction was
that lead rats would show greater behavioral activation to PAL-287. This was based on the
view that lead rats would fail to react to the serotonergic property of PAL-287, which
normally offsets the motor activation noted in control rats associated with release of DA and
NE. In contrast, when challenged with PAL-353, lead rats showed a subsensitivity similar to
that noted earlier by Nation et al. (2000) for cocaine. This outcome is most consistent with
the view that lead impairs dopamine function. Future studies are required to consider the
impact of repeated dosing of lead and control rats with PAL-353 and perhaps PAL-287.
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Fig.1.
Panel A. Mean group total changes in total distance traveled scores (cm/45 min) for control
and lead exposed rats injected with a dose series of 0, 2, 4, 8 and 16 umol/kg PAL-287.
Panel B: Mean group total changes in total distance traveled scores (cm/45 min) for control
and lead exposed rats injected with a dose series of 0, 2, 4, 8 and 16 umol/kg PAL-353. The
lines above and below each symbol represent the S.E.M.
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Table 1

In vitro potency values of PAL compounds for monoamine release. Values are means for three experiments
(methods are described in Rothman et al., 2001; Wee et al., 2005).

Releasing Activity (IC50, in nMol)

DRUG: Dopamine Serotonin Norepinephrine

PAL-287 12.6       3.4 11.1

PAL-353 24.2 1937.0 16.1
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Table 2

Mean (SEM) blood and tissue lead concentration values for dams and littermates of test animals.

Blood lead concentration (µg/dl)

Group 0-mg Group 16-mg

Dams

Postnatal Day 2 2.34 (1.10) 86.58 (18.6) *

Postnatal Day 21 1.01 (0.36) 43.45 (7.19) *

Littermates

Postnatal Day 2 0.87 (0.41) 53.51 (5.38) *

Tissue Concentrations of Dams at Weaning (µg/g)

Brain 0.01 (0.001) 0.56 (0.03) *

Kidney 0.08 (0.02) 14.19 (2.50) *

Liver 0.02 (0.001) 0.93 (0.23) *

Tibia 0.38 (0.07) 121.34 (17.54) *

The symbol * indicates that control and lead-exposed animals were significantly different (p < 0.05). N=8 per control/lead treatment condition.
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