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Abstract

The effects of adult and perinatal lead treatment on the development of locomotor sensitization produced with repeated morphine

administration was investigated. In Experiment 1, adult male rats received a diet containing 250 ppm lead acetate or a control diet for 43 days.

Animals then received 10 mg/kg morphine sulfate or water vehicle (ip) and locomotor activity was monitored for 14 consecutive days. While

both control and lead-exposed animals demonstrated a locomotor sensitization to morphine, the magnitude of the increased locomotor

response was reduced in lead-treated animals. Subsequent analysis of blood-lead in the adult lead-exposed animals indicated residue levels

ranging between 20 and 30 mg/dl. In Experiment 2, adult female rats were treated daily with 0, 8, or 16 mg lead via gavage for 30 days before

breeding with non-exposed males. Lead exposure in dams continued through gestation and until pups were weaned at postnatal day (PND)

21. At PND 60, male offspring received morphine or vehicle challenges identical to those described in Experiment 1. Animals perinatally

exposed to dams receiving 16 mg lead daily demonstrated an enhanced behavioral response to morphine relative to control animals. Analysis

of offspring blood indicated lead levels below detectable limits (<1 mg/dl) for all animals. The results suggest exposure to lead at

environmentally relevant levels produces long-lasting changes in drug-induced behavior, and the developmental period in which lead

exposure occurs is a significant contributor to the manifestation of these effects. D 2000 Elsevier Science Inc. All rights reserved.

Keywords: Development; Lead; Locomotor; Morphine; Sensitization

1. Introduction

Initially linked to lead-based paints and atmospheric

dispersal from auto emissions, lead prevalence is now

widespread with exposure vectors that include food, water,

and soil [4,30]. The extant literature on lead contamination

indicates that the metal is associated with disturbance of a

variety of neurobehavioral functions, including toxicant-

related deficits in intellectual and cognitive performance

(e.g., Ref. [2]; but see Ref. [23]). Expanding the range of

behavioral phenomena potentially affected by lead, an

emerging animal literature suggests that exposure to lead

produces an alteration in the behavioral properties of com-

monly abused hedonic drugs. At clinically relevant levels

(� 20 mg/dl lead in blood), adult exposure to this heavy

metal produced a tolerance to the rate-altering properties of

cocaine on an operant task [5] and blocked the increase in

locomotor activity that typically follows acute administra-

tion of cocaine [11]. Regarding repeated presentation of

cocaine, the development of locomotor sensitization was

attenuated in rats that received a lead-contaminated water

supply as adults relative to animals that received an un-

adulterated water supply [32].

Developmental (perinatal) exposure to lead also has been

associated with an alteration in cocaine-induced behaviors.

Pups exposed perinatally to dams receiving 8 or 16 mg lead

daily, when tested as adults, displayed a decreased response

to the locomotor-activating properties of an acute presenta-

tion of cocaine, relative to control animals. With repeated

cocaine administration, lead-exposed and control pups both

exhibited a locomotor sensitization effect, but the magnitude

of sensitization was greater in pups exposed to lead than

control pups [33]. These behavioral results were present

although levels of lead in blood had fallen below detectable

limits (< 1 mg/dl).
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The directional differences in locomotor sensitization to

cocaine with adult lead exposure (attenuation) and perinatal

lead exposure (augmentation) are not altogether surprising

given the differential neurochemical effects produced by lead

presented during different stages of development. At the

adult level, lead has been shown to decrease dopaminergic

and glutamatergic function integral to the expression of

cocaine sensitization [12,13,28,37], yet the opposite neuro-

chemical pattern has been reported when lead is exposed

during early development [44]. Because other receptor

systems such as the opioids may similarly be affected

differently by developmental or adult lead exposure (cf.

Ref. [24]), it must be considered that the pattern of change

in opiate responsiveness produced by lead would depend on

the stage of the life cycle where the toxicant was exposed. To

test this possibility, the present study examined the effects of

adult lead exposure (Experiment 1), or perinatal lead ex-

posure (Experiment 2), on the locomotor-stimulating effects

of repeated administration of morphine [21].

2. Method

2.1. Experiment 1 Ð Adult lead exposure

2.1.1. Animals

The subjects used in this study were 32 male Sprague±

Dawley rats (Holtzman, Madison, WI) that were approxi-

mately 50-days-old at the time of their arrival to the

laboratory. Body weights ranged from 175 to 199 g. Sixteen

animals received ad libitum access to a purified rodent diet

(AIN-93G). The remaining 16 animals received ad libitum

access to an identical diet, except that it contained 250 ppm

lead acetate. Both were specially prepared by Dyets (Beth-

lehem, PA). Continuous access to tap water was available in

the home cage.

Throughout the experiment, animals were single-housed

in hanging polycarbonate cages. These cages were located

in a temperature- and humidity-controlled animal colony

with a 12/12-h light/dark cycle. Food consumption and

body weights were recorded weekly throughout the experi-

ment. Behavioral training and testing sessions commenced

at 0700 h during the light portion of the cycle.

The Department of Psychology animal holding and

testing facility at Texas A&M University is approved by

the Association for Assessment and Accreditation of La-

boratory Animal Care International (AAALAC Interna-

tional), and all animal maintenance and research was

conducted in accordance with the guidelines provided by

the University Laboratory Animal Care Committee. The

health of the animals was monitored throughout the duration

of the project by the campus veterinarian.

2.1.2. Apparatus

The behavioral apparatus used was an automated Digis-

can-16 system. The system included four optical beam

activity monitors (Model RXYZCM-16; Omnitech Electro-

nics, Columbus OH) composed of 16 vertical and 16

horizontal infrared sensors. Each monitor surrounded an

acrylic activity monitor cage (40� 40� 30.5 cm), which

was completely enclosed and had 0.5 cm air holes drilled

into the top panel. The monitors and cages were located in a

sound-proof room with a 40-dB white noise generator

operating continuously. A multiplexor-analyzer (Model

DCM-4; Omnitech Electronics) in an adjacent room mon-

itored 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 ms 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 (in cm) as the dependent measure. It has been

suggested that of the 14 measures available from the

Digiscan-16 system, total distance provides the most appro-

priate index of general locomotor activity [40]. A selector

switch on the multiplexor-analyzer was set to print updated

totals for each test cage at 5 min intervals.

2.1.3. Drugs

Morphine sulfate was provided gratis by the Research

Technology Branch of the National Institute on Drug Abuse.

The drug was dissolved in a filtered distilled water vehicle,

and the dosage is expressed as the salt. The volume for all

injections (ip) was 1 ml/kg.

2.1.4. Procedure

On Day 43 of exposure to their respective dietary regi-

mens, Control and lead-exposed animals were assigned to

one of two drug administration groups (water vehicle,

morphine), such that four total groups were formed (Con-

trol-Vehicle, Control-Morphine, Lead-Vehicle, Lead-Mor-

phine). On each of 14 testing days, rats were administered

vehicle or 10 mg/kg morphine sulfate and immediately

placed in the test chamber apparatus. The subjects remained

in the apparatus each day for 80 min and lights were turned

off while activity was monitored. Test chamber assignments

were counterbalanced for exposure condition and type of

injection.

On Day 15 of testing, all animals within each group were

given vehicle injections. Previous investigations of locomo-

tor stimulants have shown that contextual cues contribute to

the augmented responding associated with repeated drug

administration [38]. Insofar as administering the injections,

placement in the test chamber, turning off the test room

lights, and other pre-injection events serve as conditional

stimuli, it is reasonable to assume that such events could

play an additive role in behavioral sensitization. Although it

has been determined that these factors play a nominal role in

behavioral sensitization to morphine [18,34], it was of

interest to determine the potential degree of involvement

of conditioning (context) elements in any disturbances

registered in lead-treated animals.
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In the present experiment, all animals received 0, 10,

and 20 mg/kg morphine sulfate on successive days (Test

Days 15±17). This permitted the characterization of the

profile of the locomotor-altering properties of morphine in

animals that had previously received the drug (Control-

Morphine and Lead-Morphine) and drug-naive animals

(Control-Vehicle and Lead-Vehicle).

Twenty-four hours after the final day of testing, animals

were rendered unconscious with 60 mg/kg sodium pento-

barbital (ip). Animals were decapitated and 3±5 ml trunk

blood was collected. Following collection of blood sam-

ples, lead residues in blood were measured via atomic

absorption spectrophotometry [35]. To assure accuracy in

measurements of blood levels, certified standards (National

Institutes of Health, Centers for Disease Control, and

Wisconsin Blood Lead Certification Program) for blood-

lead were processed before and after blood-lead samples

collected from the experiments reported here. Further,

spiked samples were spaced intermittently (1 per 20 ex-

perimental samples) to insure adequate recovery. If, at any

time, values from the standards were more than 5% above

or below the certified mean or outside the 99% confidence

interval, analysis of samples was stopped and recom-

menced following diagnosis of any problem with the lead

analysis procedures.

2.2. Experiment 2 Ð Developmental lead exposure

2.2.1. Animals

Upon arrival to the laboratory, adult female Sprague±

Dawley rats (Charles River, Houston, TX) were weighed

and randomly assigned to one of three exposure groups (0,

8, and 16 mg lead). Rats were housed individually in

hanging polycarbonate cages, and maintained on a 12 h/

12 h light/dark cycle (lights on at 0500 h). Standard rat

chow (Teklad) and tap water were available ad libitum.

Body weights and food consumption were recorded weekly.

On the day before lead exposure commenced, and again

at breeding, parturition, and weaning, 100±150 ml of tail

blood was drawn from the dams. The blood was mixed

with heparin and frozen at ÿ 70°C and stored for later

analysis [35].

Following 30 days of daily intubation with 0, 8, or

16 mg lead, females were paired with a non-metal

exposed male for breeding. Males were removed once

females tested positive for a copulatory plug. Females

continued to receive daily administration of the appro-

priate lead solution through gestation and lactation, and

no lead was administered to the pups by the investiga-

tors. At postnatal day (PND) 7, litters were culled to 8±

10 pups. All male pups remained in the litter, and

enough female pups remained to maintain consistent

litter size across all dams.

At PND 21, pups were weaned and transported to a

different colony room. Pups were double-housed and had ad

libitum access to ordinary laboratory chow and tap water

throughout the remainder of the experiment. Body weights

were recorded weekly.

2.2.2. Apparatus

The apparatus used for Experiment 2 was the same as

used for Experiment 1.

2.2.3. Drugs

Morphine sulfate was prepared and administered to pups

in Experiment 2 exactly as described for Experiment 1.

2.2.4. Procedure

At PND 59, pups perinatally exposed to dams receiving

0, 8, or 16 mg lead were weighed and assigned randomly to

one of two drug administration groups (water vehicle,

morphine), such that six total groups were formed (Con-

trol-Vehicle, Control-Morphine, 8 mg Lead-Vehicle, 8 mg

Lead-Morphine, 16 mg Lead-Vehicle, 16 mg Lead-Mor-

phine). Behavioral testing commenced on PND 60 and the

procedures were precisely as described for Experiment 1.

For 14 consecutive days (Test Days 1±14), pups received an

injection of 10 mg/kg morphine sulfate or water vehicle and

were placed in the apparatus for 80 min. On Test Days 15±

17, dose±effect testing was conducted with all animals

receiving 0, 10, or 20 mg/kg morphine sulfate before

placement in the apparatus for 80 min.

2.3. Data analysis

All data are expressed as the mean, plus or minus the

standard error of the mean. For Experiment 1, body weights

and food consumption were recorded weekly from the

arrival of animals to the laboratory through euthanasia. A

2 Exposure Group (control, lead)� 6 Week (1±6) repeated

measures analysis of variance (RANOVA) was performed

on the weekly body weight data from arrival to the labora-

tory through commencement of behavioral testing. A sepa-

rate, identical analysis was performed on food intake data.

When appropriate, Newman±Keuls post-hoc tests were

employed throughout the study to determine significant

group differences. For Experiment 2, dam body weights

and food consumption were recorded weekly, and pup body

weights were recorded at PND 30 and PND 60 (commence-

ment of behavioral testing). To avoid problems associated

with litter effects (cf. Ref. [15]), the data from pups from the

same litter were averaged and treated as a single statistical

unit (N = 5±6 litters/group).

Because the interval (5-min bins) variable failed to yield

locomotor response patterns different from those evident in

the overall session data, only the latter are reported here. For

Experiment 1, data were analyzed through a 4 Groups

(Control-Vehicle, Control-Morphine, Lead-Vehicle, Lead-

Morphine)� 14 Test Days RANOVA. Simple effects ana-

lyses and Newman±Keuls post-hoc tests were used when

appropriate to determine significant group differences

(p < 0.05). Total distance scores from the Days 15±17
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morphine injections (0, 10, and 20 mg/kg morphine) were

analyzed with a 4 Groups� 3 Test Days RANOVA. For

Experiment 2, data were analyzed through an identical

procedure, except that six groups (Control-Vehicle, Con-

trol-Morphine, 8 mg Lead-Vehicle, 8 mg Lead-Morphine,

16 mg Lead-Vehicle, 16 mg Lead-Morphine) served as the

between-subjects variable for the separate Days 1±14 and

Days 15±17 analyses.

3. Results

3.1. Experiment 1 Ð Adult lead exposure

3.1.1. Food intake and body weights

A significant main effect of Exposure Group was found

(F(1,30) = 7.04, p < 0.05) as animals receiving the control

diet (mean = 182 g, SEM = � 2 g) consumed more each week

on the average than animals receiving the lead diet

(mean = 171 g, SEM � 3 g). A significant interaction of

Exposure Group�Weeks was also found (F(5,150) = 3.32,

p < 0.01). Post-hoc tests indicated that control animals con-

sumed more than lead-exposed animals in weeks 1, 5, and 6;

and lead-exposed animals consumed more in week 3. On the

measure body weight, a significant main effect of Exposure

Group was found (F(1,30) = 5.67, p < 0.05) as control ani-

mals (mean = 389 g, SEM = � 11 g) had greater body

weights than lead-exposed animals (mean = 362 g,

SEM = � 9 g).

3.1.2. Behavioral data

A significant Groups�Test Day interaction was found

(F(39,364) = 4.32, p < 0.01). Subsequent post-hoc analyses

were conducted to examine the effects of lead exposure on

morphine-related changes in locomotor activity (see Fig. 1).

On Test Day 1, Groups Control-Morphine and Lead-Mor-

phine, which did not differ, both exhibited lower total

distance scores than Groups Control-Vehicle and Lead-

Vehicle, which did not differ (p < 0.05). With repeated

administration of 10 mg/kg morphine, there was an increase

in locomotor activity for control and lead-exposed animals

relative to animals in either metal exposure group that

received only vehicle. It was determined further that animals

in the Control-Morphine group showed greater increases in

locomotor activity than animals in the Lead-Morphine

group on Test Days 7, 10, 11, 12, and 14. No significant

differences were present among animals in the Control-

Vehicle and Lead-Vehicle groups.

Within the groups of animals that received repeated

morphine administration, there was an increase in locomo-

tor activity (sensitization) relative to the acute presentation

of the drug (Test Day 1). Simple effects analyses and post-

hoc tests revealed a significant effect of Test Day for

animals in the Control-Morphine group (F(13,91) = 5.90,

p < 0.001). Post-hoc tests indicated a significant elevation in

locomotor activity relative to Test Day 1 on Test Days 2, 3,

and 5±14. For animals in the Lead-Morphine group, a

significant main effect of Test Day was also found

(F(13,91) = 1.86, p < 0.05). However, relative to Test Day

Fig. 1. Mean ( � SEM) total distance traveled (cm) per daily session on Test Days 1 through 14 following a vehicle-only or 10 mg/kg morphine injection for

animals that received a diet containing 250 ppm lead or a control diet. The following symbols denote significant group separation (p < 0.05): `̀ * ''= Control-

Morphine on that Test Day> Control-Morphine on Test Day 1 (acute morphine challenge); `̀ y''= Lead-Morphine on that Test Day>Lead-Morphine on Test Day

1; `̀ a''= Control-Morphine> Lead-Morphine; `̀ 1''= Control-Vehicle> Control-Morphine; `̀ 2''=Lead-Vehicle>Lead-Morphine.
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1, a significant elevation was evident on Test Days 2, 13,

and 14 only.

On Test Days 15±17, dose±effect testing was conducted

with 0, 10, and 20 mg/kg morphine administered to animals

in all four groups. A 4 Groups� 3 Test Days RANOVA was

performed on total distance traveled data. A significant

Groups�Test Day interaction was found (F(6,56) = 6.06,

p < 0.001). Subsequent post-hoc analyses were conducted to

examine possible differential effects on the locomotor

activity elicited by the dose±effect testing in the adult

exposure case.

There was no statistically significant difference among

groups on Test Day 15 (p < 0.05), suggesting that the

contextual and environmental stimuli associated with the

experimental procedure alone were not sufficient to elicit

the behavioral sensitization demonstrated on Test Day 14 in

Control-Morphine and Lead-Morphine group animals (see

Fig. 2). On Test Day 16, however, group separation was

evident, and post-hoc tests indicated Control-Morphine and

Lead-Morphine group animals had total distance scores

greater than animals in the Control-Vehicle and Lead-

Vehicle groups (p < 0.01). No differences were found among

animals in the Control-Morphine and Lead-Morphine or

Control-Vehicle and Lead-Vehicle groups. On Test Day 17

group differences again were found. Post-hoc tests indicated

the same pattern of group differences as reported for Test

Day 16 (p < 0.01).

3.1.3. Blood-lead concentrations

Animals receiving the lead-contaminated diet

(mean = 26.2 mg/dl, SEM = � 3.1 mg/dl) had blood-lead le-

vels significantly greater (t(30) = 27.96, p < 0.001) than

animals receiving the unadulterated control diet (mean = 0.3

mg/dl, SEM = � 0.1 mg/dl).

3.2. Experiment 2 Ð Developmental lead exposure

3.2.1. Maternal and pup food intake and body weights

No significant differences in body weight were present

among female rats at the commencement of lead exposure

(control mean = 221 g, SEM = � 9 g; 8 mg lead mean = 226

g, SEM = � 10 g; 16 mg lead mean = 219 g, SEM = � 6 g;

F(2,19) = 0.97, p = 0.74) or breeding (control mean = 276 g,

SEM = � 15 g; 8 mg lead mean = 250 g, SEM = � 13 g; 16

mg lead mean = 259 g, SEM = � 17 g; F(2,19) = 1.05,

p = 0.22). Further, no differences were noted in dam weekly

food consumption throughout the study (control mean = 127

g, SEM = � 16 g; 8 mg lead mean = 120 g, SEM = � 14 g; 16

mg lead mean = 136 g, SEM = � 17 g; F(2,19) = 1.27,

p = 0.36).

With regard to the breeding procedures, there was a

decrease in litter size between the 16-mg lead-exposed dams

(mean = 9.8 pups, SEM = � 1.6 pups) and either control

(mean = 13.7 pups, SEM = � 1.8 pups) or the 8-mg lead-

exposed dams (mean = 12.4 pups, SEM = � 0.9 pups),

Fig. 2. After behavioral sensitization testing, the mean ( � SEM) total distance traveled (cm) for animals that received a diet containing 250 ppm lead or a

control diet. Ascending test doses of 0, 10, and 20 mg/kg morphine were presented daily to every animal. The following symbol denotes significant separation

by Test Day for a given group (p < 0.05): `̀ 1''= Control-Vehicle < Control-Morphine: `̀ 2''= Lead-Vehicle < Lead-Morphine.
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although the statistical analysis did not reach acceptable

levels for statistical significance (F(2,18) = 0.65, p = 0.47).

An analysis of pup body weights on PND 30 indicated a

significant decrease in body weights (F(2,33) = 3.08,

p < 0.05) in 8 mg (mean = 118 g, SEM = � 7 g) and 16 mg

(mean = 113 g, SEM = � 9 g) lead pups relative to control

pups (mean = 138 g, SEM = � 8 g). When behavioral testing

commenced on PND 60, there were no significant differ-

ences in body weights (F(2,33) = 1.07, p = 0.14) among

groups (control mean = 178 g, SEM = � 16 g; 8 mg lead

mean = 166 g, SEM = � 11 g; 16 mg lead mean = 160 g,

SEM = � 10 g).

3.2.2. Behavioral data

In Experiment 1 of this report, the acute presentation of

morphine was associated with a decrease in locomotor

activity relative to animals that received an administration

of vehicle-only. In the present experiment, however, there

was no significant difference among Groups on Test Day 1

(F(5,35) = 0.25, p = 0.93; see Fig. 3). Furthermore, in Ex-

periment 1, animals that were exposed to lead as an adult

had an increase in locomotor activity following morphine

administration, but the magnitude of the increase was less

than that present in control animals that were administered

morphine. In Experiment 2, however, animals in the 16-mg

Lead-Morphine group had total distance traveled scores

greater than Control-Morphine animals on several test days

during sensitization training with 10 mg/kg morphine (see

Fig. 3); F(65,312) = 1.91, p < 0.01. Further, there was a

significant elevation in the 16-mg Lead-Morphine group

relative to the 8-mg Lead-Morphine group on numerous test

days during sensitization training (Fig. 3).

Within the groups of animals that received repeated

morphine administration on Test Days 1±14, there was an

increase in locomotor activity relative to the acute presenta-

tion of the drug (Test Day 1). Simple effects analyses and

post-hoc tests determined a significant effect of Test Day for

animals in the Control-Morphine group (F(13,52) = 3.32,

p < 0.01). Post-hoc tests indicated a significant elevation in

locomotor activity relative to Test Day 1 at multiple points

during sensitization training (Fig. 3).

On Test Days 15±17, dose±effect testing was conducted

with 0, 10, and 20 mg/kg morphine administered to animals

in all six groups. A significant Group�Test Day interaction

was found (F(10,48) = 7.16, p < 0.001). Subsequent post-

hoc analyses were conducted to examine possible differen-

tial effects of the respective lead exposure regimens on

morphine-related changes in locomotor activity.

Consistent with the results from Experiment 1, there was

no statistically significant difference among groups on Test

Day 15 ( p>0.05; see Fig. 4). On Test Day 16, however,

group separation was evident, and post-hoc tests indicated a

significant elevation in locomotor activity in the Control-

Morphine and 16-mg Lead-Morphine groups relative to

Fig. 3. Mean ( � SEM) total distance traveled (cm) per daily session on Test Days 1 through 14 following a vehicle-only or 10 mg/kg morphine injection for

animals perinatally exposed to dams receiving 0 (control), 8, or 16 mg lead. The following symbols denote significant group separation ( p <0.05):

`̀ * ''= Control-Morphine on that Test Day>Control-Morphine on Test Day 1 (acute morphine challenge); `̀ y''= 8 mg Lead-Morphine on that Test Day>8 mg

Lead-Morphine on Test Day 1; `̀ #''= 16 mg Lead-Morphine on that Test Day>16 mg Lead-Morphine on Test Day 1; `̀ a''= Control-Morphine< 16 mg Lead-

Morphine; `̀ b''= 8 mg Lead-Morphine< 16 mg Lead-Morphine.
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each of the three groups of animals that had received vehicle

on Test Days 1±14 (p < 0.05). The 8-mg Lead-Morphine

group was not different from any other group. Finally, on

Test Day 17 group differences were found. The 16-mg

Lead-Morphine group had total distance scores significantly

greater than the Control-Morphine and 8-mg Lead-Mor-

phine groups (p < 0.05). Differences were not indicated

between the Control-Morphine and 8-mg Lead-Morphine

groups, nor were differences evident among the groups of

animals that had received vehicle on Test Days 1±14.

3.2.3. Blood-lead concentrations

Analysis of dam blood-lead concentrations indicated no

differences among lead exposure groups before commence-

ment of metal treatment (all animals below detectable limits

of 1 mg/dl). At breeding, following 30 days of gavage with

the appropriate lead concentration, there was a significant

elevation (F(2,12) = 5.05, p < 0.01) in blood-lead levels in

dams treated with 16 mg lead (mean = 32.5 mg/dl,

SEM = � 6.5 mg/dl) and 8 mg lead (mean = 16.5 mg/dl,

SEM = � 5.2 mg/dl) relative to control dams (all animals

below 1 mg/dl). At parturition, this elevation in blood-lead

levels persisted (F(2,10) = 15.23, p < 0.01), as dams from the

16-mg lead (mean = 34.1 mg/dl, SEM = � 5.5 mg/dl) and 8-

mg lead groups (mean = 22.7 mg/dl, SEM = � 7.0 mg/dl) had

increased levels relative to control dams (mean < 1 mg/dl).

Finally, at weaning (PND 21), there was a significant

elevation (F(2,12) = 8.80, p < 0.01) in 16-mg lead

(mean = 37.0 mg/dl, SEM = � 4.7 mg/dl) and 8-mg lead dams

(mean = 24.3 mg/dl, SEM = � 5.5 mg/dl) relative to control

dams (all animals below 1 mg/dl).

Regarding the pups, previous studies that employed

experimental procedures identical to those reported for

Experiment 2 [33] indicated that on PND 1 pups from dams

gavaged with 16-mg lead had blood-lead levels approxi-

mately 22.0 mg/dl and pups from dams gavaged with 8-mg

lead had blood-lead levels approximately 12.5 mg/dl. By

PND 30, control and 8-mg lead group pups had blood-lead

levels below 1 mg/dl and levels in 16-mg lead pups were

approximately 4.8 mg/dl. In Experiment 2, blood-lead levels

in pups from each exposure group were below 1 mg/dl when

blood samples were collected at approximately PND 80.

4. Discussion

Consistent with previous investigations [21,34], in both

experiments reported here the repeated administration of 10

mg/kg morphine sulfate across 14 consecutive days induced

the development of a locomotor sensitization effect relative

to the initial presentation of the drug. In Experiment 1,

relative to controls, the development and/or expression of

morphine sensitization was attenuated in animals exposed to

250 ppm lead acetate as adults. With respect to perinatal

lead exposure (Experiment 2), pups from dams exposed to

16 mg lead showed an enhanced response to morphine

Fig. 4. After behavioral sensitization testing, the mean ( � SEM) total distance traveled (cm) for animals perinatally exposed to dams receiving 0 (control), 8, or

16 mg lead. Ascending test doses of 0, 10, and 20 mg/kg morphine were presented daily to every animal. The following symbol denotes significant separation

by Test Day for a given group (p < 0.05): `̀ 1''= Control-Vehicle < Control-Morphine; `̀ 2''= 16 mg Lead-Vehicle < 16 mg Lead-Morphine; `̀ a''= Control-

Morphine < 16 mg Lead-Morphine; `̀ b''= 8 mg Lead-Morphine < 16 mg Lead-Morphine.
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administration relative to control animals. This differential

sensitivity to morphine in lead-exposed animals occurred

when blood-lead concentrations were at clinically relevant

levels in the adult exposure case (20±30 mg/dl, Experiment

1), or below detectable limits in offspring ( < 1 mg/dl,

Experiment 2).

Despite the directionally opposite nature of the adult vs.

developmental data, the pattern of results from Experiments

1 and 2 are consistent with previous lead investigations in

which cocaine was administered repeatedly. Presentation of

cocaine across multiple consecutive test days is associated

with an increase in locomotor activity relative to the initial

presentation of the drug. Adult lead exposure produced

attenuation in the development of cocaine locomotor sensi-

tization [32], but with perinatal lead exposure, a heightened

sensitization was present in lead-exposed pups, relative to

control animals [33]. It appears this subsensitivity/super-

sensitivity dichotomy with adult/developmental lead expo-

sure persists across different classes of abused drugs

(psychomotor stimulants, opiates).

4.1. Experiment 1 Ð Adult lead exposure

Although in Experiment 1 there was an attenuation in the

development of locomotor sensitization, it is important to

note that there was no complete inhibition of a morphine-

induced increase in locomotor activity in lead-exposed

animals. Only a delay in the development of statistically

significant sensitization was present in these animals, such

that more test days were required to produce the phenom-

enon. The results from dose±effect testing (Test Days 15±

17) suggest that the subsensitivity to morphine in lead-

treated adult animals might be surmountable after repeated

drug treatment.

An alternative explanation to the suggestion of a reduced

sensitivity to morphine in adult lead-treated animals is a

heightened sensitivity to the drug following lead exposure.

It is possible that on Test Days 1±14 Lead-Morphine

animals were more sensitive to the drug than Control-

Morphine animals, and this was demonstrated through an

increase in stereotypy and an attendant decrease in locomo-

tor activity. However, the fact that repeated morphine

administration systematically increased responding over

the course of testing in lead-exposed animals, rather than

further diminished it, would seem to argue against such an

interpretation.

It is presumed that the behavioral differences produced

with lead exposure are a result of some central action of the

metal on neural function/morphology. With respect to the

present investigations on lead/opiate interactions, the current

belief is that the development of morphine locomotor

sensitization occurs coincident to increases in the activation

of dopamine fibers projecting from the ventral tegmental

area (VTA) to the nucleus accumbens [17,41]. The VTA is

an area rich in opioid receptors [29], including the m-opioid

receptor. The VTA also is the site of many gamma-amino-

butyric acid (GABA) neurons [3], which are linked to

dopamine cells in the VTA [31]. In the absence of sub-

stantial VTA m-opioid receptor activation, GABA interneur-

ons modulate glutamate-stimulated dopaminergic activity,

ultimately constraining the basal firing rate of dopamine

projection neurons [22]. With the application of morphine,

however, there is an inhibition of the inhibitory effect of

GABA interneurons, resulting in greater glutamate involve-

ment in the region of the VTA, and a dopamine increase the

nucleus accumbens [20].

Regarding this putative neural model for morphine

sensitization, it is possible that each component of the

cascade may be susceptible to disturbance by adult lead

exposure. Low-level lead exposure produces a change in

dopamine synthesis [16], release [19], and pre- and post-

synaptic binding within the nucleus accumbens [37]. The

NMDA (glutamate) receptor is also altered with adult

(postweaning) lead exposure [6,12,26] and this might be

related to changes in dopaminergic system functioning

[7,25]. Certainly, additional experiments must be conducted

to investigate the effects of adult lead exposure on opiate

pharmacodynamics and pharmacokinetics. In particular,

reliable interactions among lead exposure and opioid bind-

ing and receptor properties have not yet been characterized.

Further, it is unknown whether lead exposure alters the

absorption and distribution of morphine from the periphery

into the central nervous system, such that levels of the drug

are equivalent between control and lead-treated animals.

4.2. Experiment 2 Ð Perinatal lead exposure

As indicated, the results from Experiment 2 were direc-

tionally opposite those of Experiment 1, such that perinatal

lead exposure was associated with a supersensitivity (rather

than a subsensitivity) to morphine in lead-exposed animals.

In Experiment 2, the morphine supersensitivity persisted in

pups from the 16-mg Lead-Morphine group through dose±

effect testing. While Control-Morphine pups had a non-

monotonic pattern of activity across Test Days 15±17, for

pups in the 16-mg Lead-Morphine group there was elevated

locomotor activity following both 10 (Test Day 16) and 20

mg/kg morphine (Test Day 17) relative to 0 mg/kg morphine

(Test Day 15). The pattern for development of locomotor

sensitization for pups in the 8-mg Lead-Morphine group

was similar to control animals.

Just as adult exposure to lead results in changes in the

neural systems associated with morphine sensitization (do-

paminergic, glutamatergic, GABAergic), exposure to lead

during development also is associated with changes in these

systems. Early postnatal lead exposure has been shown to

produce an increase in the number of dopamine receptors

and receptor sensitivity [8,42]. This could be related to a

reported decrease in basal dopamine levels following early

postnatal lead treatment [1]. Glutamatergic neurons also

appear to be susceptible to developmental lead exposure,

such that there is a decrease in NMDA receptor sensitivity
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[13] and synaptic plasticity [10]. Finally, prenatal and

postnatal lead exposure has been shown to alter opiate-

induced behaviors, perhaps through a disruption of endo-

genous opioids and the binding properties of m- and d-opioid

receptors [24].

It is clear that both adult and developmental lead exposure

is associated with a change in the neural systems associated

with morphine sensitization. However, precisely why the

pattern of behavioral results differed so dramatically in

Experiments 1 and 2 is yet to be determined. This dichotomy

is obviously related to the developmental period in which

lead exposure occurs, but at this juncture, identification of

differential changes in neuroanatomical or chemical

substrates responsible for such diverse effects necessarily

remains a matter for conjecture. Also, issues such as differing

routes of exposure (adults were exposed to dietary lead, pups

were exposed to lead via a lactating dam), body weight

differences, and other contrasts in experimental conditions

must be considered as possible determinants of the diverse

behavioral patterns observed in this investigation.

In any event, as relates to morphine-induced changes in

locomotor activity, it is clear that early lead exposure has

appreciably different consequences than lead exposure later

in life. Or at least this would seem to be the case under the

testing conditions imposed here. Perhaps other methodolo-

gical conditions would yield quite different results. For

instance, it is known that female rats self-administer cocaine

and heroin more readily than male rats [27], and it must be

considered that such gender differences could interact with

lead/morphine effects (only males were tested in this study).

Also, the present investigation used only sexually naive

dams that had not previously littered, so questions about the

generalizability of the present findings to broader popula-

tions of experienced breeders arise. Along these lines, it

would further be of interest to examine the selective impact

of prenatal (gestation) vs. postnatal (lactation) lead exposure

on morphine responsiveness (animals were perinatally ex-

posed to lead in this study).

4.3. Implications

It is evident from in vitro and in situ studies that lead

presented to an adult or developing organism impacts neural

loci associated with morphine sensitization [1,6±8,13,

16,19,24,25,37,42]. Confirmatory behavioral studies have

determined a role for dopamine, glutamate, and opioid

receptor types in sensitization through careful manipulation

of selective receptor ligands. For example, the role of the

NMDA receptor in morphine sensitization was suggested

through studies in which the selective NMDA receptor

antagonist dizocilpine (MK-801) blocked the expression,

but not the development, of morphine sensitization [18,43].

In the present in vivo studies, it was not possible to present

the non-selective antagonist (lead) at certain test days or

remove the influence of the metal. As a result, it is unknown

whether adult or developmental lead exposure has a pre-

ferential impact on either the development or the expression

of morphine sensitization. This is significant because the

development of sensitization is thought to be correlated with

changes in the motivational properties of abused drugs [39].

The potential importance of the present findings derives

from the implications of the results for drug seeking and

taking in human populations. Measures of drug use patterns

suggest that children and adults who are born in the inner-

city are more likely to be drug users and live in a

neighborhood with heavy drug trafficking, compared to

those who live in suburban areas [9]. Although those who

live outside the city are not immune to opiate abuse, it is

clear that there is increased availability and higher rates of

drug use in the inner-city [14]. In addition to concerns of

drug use for inner-city residents, studies of blood-lead levels

report consistently that socio-demographic factors, such as

poverty, are correlated positively with increases in blood-

lead levels [36]. Perhaps this is because those with low-

income levels are more likely to live in urban areas that

retain lead through residual paint and past automobile

pollution [30]. Although it would be inappropriate to assert

that lead toxicity is a principal determinant of drug selection

and use patterns, it is reasonable to suspect that lead

exposure may alter drug responsiveness and therein con-

tribute to the overall use profile.
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