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Abstract
Both lead (Pb) exposure and prenatal stress (PS) can produce cognitive deficits, and in a prior
study we demonstrated enhanced cognitive deficits in repeated learning of female rats exposed to
both of these developmental insults (Cory-Slechta et al., 2010). However, PS can also lead to
improved cognitive outcomes that are both gender-and context-dependent. Thus, the current study
examined whether Pb ± PS likewise produced repeated learning deficits in males, either after
maternal or lifetime Pb exposure. Repeated learning was evaluated using a multiple schedule of
repeated learning and performance that required learning 3-response sequences in male offspring
that had been subjected to either maternal Pb (0 or 150 ppm) or lifetime Pb exposure (0 or 50
ppm) beginning two mos prior to dam breeding, to prenatal immobilization restraint stress
(gestational days 16–17), or to both Pb and PS. Blood Pb, corticosterone, hippocampal
glucocorticoid receptor density and brain monoamines were also measured. In contrast to
outcomes in females, sequence-specific enhancements of repeated learning accuracy were
produced by PS, particularly when combined with Pb, results that appeared to be more robust in
combination with lifetime than maternal Pb exposure. A common behavioral mechanism of these
improvements appears to be an increase reinforcement density associated with increased response
rates and shorter session times seen with PS ± Pb that could both shorten time to reinforcement.
Trends towards lower levels of nucleus accumbens dopamine activity seen after both maternal Pb
and lifetime Pb combined with PS suggest a possible role for this region/neurotransmitter in
enhanced accuracy, whereas PS ± Pb-induced corticosterone changes did not exhibit an obvious
systematic relationship to accuracy enhancements. While PS ± Pb-based increases in accuracy
appear to be an improved outcome, the benefits of increased response rate are by no means
universal, but highly context-dependent and can lead to adverse behavioral effects in other
conditions.
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INTRODUCTION
Elevated blood lead (Pb) levels and prenatal stress (PS) are co-occurring risk factors for a
variety of diseases and disorders, especially for low socioeconomic status communities
(Vivier et al., 2011). These two risk factors also commonly target both the hypothalamic-
pituitary-adrenal (HPA) axis and the mesocorticolimbic system of the brain (Barrot et al.,
2000; Cory-Slechta et al., 1999; de Kloet et al., 1998; Diorio et al., 1993; Piazza et al., 1996;
Rossi-George et al., 2009; Virgolini et al., 2008b), which is of particular note given the
extensive interactions that occur between the HPA axis and mesocorticolimbic system in
mediation of normal and abnormal behaviors (Belda and Armario, 2009; Locatelli et al.,
2010; Spencer et al., 2004; Sullivan and Dufresne, 2006; Walker et al., 2008). Further, both
developmental Pb exposure and PS have been associated with common outcomes, including
alterations in cognitive functions (Anderson and Armstead, 1995; Bellinger et al., 1994;
Bradley and Corwyn, 2002; Canfield et al., 2004; Canfield et al., 2003; Cory-Slechta, 1995;
Dietrich et al., 2001; Dohrenwend, 1973; Needleman et al., 1996; Schwartz, 1994). These
observations have served as the basis of studies from our laboratory seeking to test the
hypothesis that combined exposures to Pb and PS could produce enhanced adverse effects
relative to either alone.

Pb exposure has been associated with cognitive deficits, both in human populations and in
animal models, with the most recent human cohort studies reporting reductions in IQ down
to the lowest blood Pb (PbB) levels that can be reliably measured (Lanphear et al., 2005;
Wilhelm et al., 2010). Increasing blood Pb levels have frequently been shown to produce
impairments in discrimination learning, repeated learning, reversal learning and in set
shifting (transfer of reinforced stimulus parameter) (Canfield et al., 2004; Cohn and Cory-
Slechta, 1993; Cory-Slechta et al., 2010; Fan et al., 2010; Guilarte et al., 2003; McGlothan
et al., 2008).

In contrast, PS has been associated with dichotomous effects on cognitive function. These
contrasting effects likely reflect the growing recognition that early developmental insults
such as stress can be highly adaptive, in some cases inducing a resiliency phenotype.
Correspondingly, some studies report that early stress can lead to enhancements of cognitive
function (Cannizzaro et al., 2006; Fujioka et al., 2001; Oomen et al., 2010; Parker et al.,
2005) and to hypo-responsivity of the HPA axis in response to stress, and reduced
emotionality and anxiety-like behaviors (Champagne et al., 2009), whereas others report
cognitive impairments (Charil et al., 2010; King and Laplante, 2005; Laplante et al., 2004;
Lordi et al., 2000). The nature of the outcome appears to depend both upon the magnitude
and timing of the stressor, as well as the subject’s developmental status and corresponding
capacity to adapt to the stressor (Kapoor et al., 2009; Lyons et al., 2009; Lyons et al., 2010).
Moreover, resilient vs. psychopathological outcomes following stressors are both gender and
context-dependent and thought to reflect the extent to which early HPA axis reprogramming
effects can match requirements in later life environments (Champagne et al., 2008;
Weinstock, 2007).

Underlying mechanisms for these differential effects of early stress are as yet incompletely
understood, but appear to include dorsal raphe and dorsal striatal serotonin and prefrontal
cortex glutamate and dopamine system involvement (Maier and Watkins, 2010; Strong et
al., 2011), alterations in brain derived neurotrophic factor (Bergstrom et al., 2008;
Cowansage et al., 2010; Feder et al., 2009), alterations in HPA axis function and associated
glucocorticoid receptors (Rossi-George et al., 2011) and alterations in sex hormones
(Brinton, 2009; Charney, 2004; Frye et al., 2008b; Rossi-George et al., 2011; Weinstock,
2007).
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In a prior study, we found that female rats exposed to PS showed sequence-dependent
deficits in repeated learning, particularly when combined with lifetime Pb exposure (Cory-
Slechta et al., 2010). Given the prominent gender differences in PS outcomes (Weinstock,
2007) and the potential role of sex hormones in resilience (McEwen, 2002), the current
study examined the impact of Pb, PS and combined Pb+PS on repeated learning,
neurotransmitter levels and HPA axis function in male offspring. Data from both a cohort of
rats exposed to maternal Pb (Cory-Slechta et al., 2004) as well as to lifetime Pb were
available allowing as well for comparison of the impacts of these different Pb exposure
conditions.

MATERIALS AND METHODS
Animals and Experimental Design

Male and female Long-Evans rats used for breeding were obtained from Charles River
(Germantown, NY; maternal exposures described in Cory-Slechta et al., 2004) to generate a
total of 4 experimental groups of dams: 1) Control: no prenatal stress (NS), no Pb exposure
(0 ppm) (0-NS; n=14 and 12 dams for maternal and lifetime Pb exposure, respectively), 2)
Prenatal stress (PS) only: prenatal stress (PS), no Pb exposure (0-PS; n=18 and 9 dams,
respectively), 3) Pb only: no prenatal stress, Pb exposure (150 (maternal) or 50 (lifetime)
ppm;150-NS or 50-NS; n=15 and 8 dams, respectively), and 4) Pb and PS: prenatal stress
plus Pb exposure (150-PS or 50-PS; n=23 and 8 dams, respectively).

Dams began exposure to either 0 or 50 (lifetime exposure) or 150 ppm (maternal exposure)
Pb acetate in drinking water two months prior to breeding. Maternal Pb exposure ended at
offspring weaning, while lifetime Pb exposure was continued post-weaning in offspring.
Initiation of Pb exposure two months prior to breeding was used to ensure a significant body
burden of Pb as consistent with human environmental exposure. After the two initial two
months of Pb exposure, males were placed with females for 5 days. Females were checked
daily for the presence of a vaginal plug, and females who evidenced mating (day 1 of
pregnancy) were removed and thereafter housed one per cage. Prenatal stress was carried
out on gestational days 16 and 17 as described below. Litter sizes were checked at birth,
culled to 8 pups per litter, with 4 males and 4 females, if possible, and pup body weights
obtained periodically thereafter.

At weaning, offspring were housed one per cage (maternal Pb) or in same gender/treatment
pairs (lifetime Pb) for behavioral experiments. This study describes effects in male offspring
only. (Female siblings of the male maternal Pb exposure cohorts were utilized in other
experiments and not tested here; repeated learning changes in female siblings of the male
lifetime Pb exposure conditions have been previously reported (Cory-Slechta et al., 2010).)
Male pups were given unrestricted access to food and drinking water until reaching
approximately 55 days of age, when caloric intake was regulated until body weights reached
300 gm, at which level they were stabilized for the duration of the experiment through
regulated caloric intake.

In the case of maternal Pb exposure, behavioral testing was initiated at approximately 10
months of age. In the case of lifetime Pb exposure, behavioral testing was initiated at
approximately 2–3 mos of age. For both maternal and lifetime Pb cohorts, no more than a
single offspring/litter was used from any treatment group for any of the outcome measures.
Final sample sizes for the offspring groups were: 0-NS: n=9 and 12, 0-PS: n=10 and 12, for
maternal and lifetime Pb, respectively, 150-NS and 50-NS: n=7 and 12, respectively, and
150-PS and 50-PS: n=10 and 12, respectively.
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Prenatal Stress
Immobilization restraint stress was imposed on days 16 and 17 of gestation. Dams assigned
to stress groups were placed in restraining devices (ITTC restrainer model 81 for rodents
250–400 gm; 63 mm (2.5″)) for 45 min 3 times on each of these two days at 900, 1200 and
1500 hours (Ward and Weisz, 1984). This stress paradigm was chosen because it targets
development of key brain structures involved in mediating stress and cognition, including
hypothalamic nuclei, hippocampus, striatum and frontal cortex (Weinstock et al., 1998),
because of its relatively robust effects, its reported association with changes in mesolimbic
dopamine systems (Alonso et al., 1994; Henry et al., 1995; Takahashi et al., 1992) and our
prior demonstration of its efficacy in elevating corticosterone in dams (Cory-Slechta et al.,
2004). Control or Pb only pregnant females (non-stress groups) were left undisturbed in
their home cages.

Behavioral Test Apparatus
Behavioral testing was carried out in operant chambers housed in sound-attenuating
enclosures ventilated by a fan. Each chamber was equipped with three response levers
located on the front wall, i.e., left: (L), right: (R) and center: (C), located 3.5 cm apart 3.8
cm above the grid floor. A pellet trough through which 45 mg food pellets were dispensed
was located below the center lever. Continuous white noise was used to mask any
extraneous sounds. Behavioral contingencies and data collection for the maternal Pb
exposure study were executed in operant chambers controlled using the SKED-11 system
(Snapper et al., 1982) and lifetime Pb exposure by SoftCtrl™ Cumulative Record interface
and Med-PC Version IV Research Control and Data Acquisition software.

Multiple Schedule of Repeated Learning (RL) and Performance (P)
As in our prior studies, lever press responding was first shaped in overnight sessions using
automated procedures based on a concurrent variable time 20 sec fixed ratio 1 schedule of
reinforcement (Cory-Slechta and Weiss, 1985). It produced non-contingent reinforcement
deliveries at 20 sec intervals on average during the variable time component or if a response
on the designated correct lever occurred. If a total of 10 lever press responses occurred, or
20 min elapsed, the variable time schedule terminated and only the fixed ratio schedule was
in effect, wherein food delivery was contingent upon a depression of the designated correct
lever. Sessions ended after the delivery of 100 reinforcers. Reinforcement was programmed
for only one lever on each of three successive overnight training sessions, although the
variable time 20 fixed ratio 1 schedule only operated on the first overnight training session.
On the subsequent two overnight sessions, only the fixed ratio 1 schedule was in effect. This
procedure ensured comparable reinforcement histories on all three levers prior to the
implementation of repeated learning and performance testing to preclude lever bias.

Maternal Pb Exposure Behavioral Training—Following lever press training, a 3-
response repeated learning training program was imposed, during which reinforcement was
contingent upon completion of a designated sequence of three responses, with the correct
sequence changing with each behavioral test session using the following sequences: LRL,
LCR, RLR, CLR, CRL, LRC, RLC, CRC, RCL, LCL, CLC and RCR. Sequences were
ordered across sessions such that no lever occupied the same position in the sequence from
session to session. Sequences requiring a repetitive series of responses, e.g., LL, were
excluded to prevent any reinforced history of response perseveration. Daily test sessions
were initiated by house-light illumination and lasted 1 hr or until 100 reinforcers had been
earned, whichever occurred first. Any error made during the sequence resulted in a time-out
period during which the house-light was extinguished until 2 seconds occurred without a
response. Errors also required the subject to start the sequence anew (correction procedure).
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All correct responses were signaled by presentation of a tone stimulus. Correct completion
of a sequence produced the tone, the flash of the food cup light, the audible click of the
pellet dispenser and food delivery. A total of 36 sessions were carried out during which
accuracy across groups rose from 15–20% to 61–71%.

Lifetime Pb Exposure Behavioral Training—Lever press training was followed by
two- and then 3-response sequence repeated learning training, as previously detailed (Cohn
et al., 1993). Advancement from two- to 3-response sequence training occurred after 22
behavioral test sessions during which time accuracy levels across groups increased from 35–
40% to 58–70%. The 3-response sequence training program was switched to the multiple
schedule after 23 behavioral test sessions, during which time accuracy levels rose from 35–
40% to 60–74%. Sequences used in 3-response training included CRL, RCL, CLR, RLC,
LRC and LCR; sequences with duplicative responses, e.g., LLR, were excluded to minimize
reinforcement of perseverative responding.

Multiple Schedule of RL and P—Following the 3-response repeated learning training
phase, the multiple schedule of repeated learning and performance was imposed in both the
maternal and lifetime Pb cohorts. The repeated learning component required completion of a
3-response sequence for each reinforcement delivery, with the correct sequence changing
with each successive experimental test session, using the same sequences as in 3-response
training described above for each cohort, with the exception of LCR. The performance
component likewise required completion of a 3-response sequence for each reinforcement
delivery, but in this case the sequence was constant across sessions. The sequence LCR
served as the correct sequence for the performance components for both the maternal and
lifetime Pb cohorts. This sequence was not used in training for the maternal Pb cohort. For
the lifetime Pb cohort, it controlled the highest accuracy levels during training, and was
thereby used for the purpose of maximizing the difficulty of the transitions between repeated
learning and performance components of the session.

Each session consisted of two presentations each of the repeated learning component and the
performance component in the order repeated learning 1, performance 1, repeated learning
2, performance 2. Repeated learning components lasted 10 min and the performance
components lasted 5 min (maternal Pb) or 15 min or 25 reinforcer deliveries, whichever
occurred first (lifetime Pb). The performance component was signaled by the onset of the
stimulus lights above the three levers that remained illuminated during the entire
performance component except during error-initiated timeout periods. The repeated learning
components were signaled by the offset of the lever lights. A total of 33 (maternal Pb) or 56
(lifetime Pb) sessions were carried out on the multiple repeated learning and performance
baseline.

Behavioral Measures of Multiple RL and P Performance
Percent correct was calculated as correct responses/total correct and incorrect responses.
Rate of response was determined by total responses divided by total session time including
responding during time-out periods. These measures were calculated separately for the 3-
response repeated learning training phase and for the repeated learning and performance
components of the multiple schedule. In addition, total session length was measured.

Monoamine Levels
Levels of dopamine (DA), the associated metabolites dihydroxyphenylacetic acid (DOPAC),
and homovanillic acid (HVA), intracellular DA turnover (DOPAC/DA), NE (except
striatum after maternal Pb exposure) and of serotonin (5-HT) and its metabolite 5-HIAA
(HIAA) were determined using methods established in our laboratory (Thiruchelvam et al.,
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2000). Specifically, following rapid decapitation, specified brain regions were dissected out
and placed in 0.1N perchloric acid. Tissues were sonicated and centrifuged for 20 min at
10,000 × g. The supernatants were stored at −80°C until analyzed by HPLC-EC. The pellets
were digested in 1 ml of 0.5N NaOH for measurements of protein concentration using Bio-
Rad assay reagents. Concentrations of neurotransmitters are expressed in terms of ng/mg
protein.

Blood Pb Levels
Maternal Pb—Blood Pb levels following maternal Pb exposure were determined only in
dams at offspring postnatal days 1 and 21and analyzed using anodic stripping voltammetry
according to previously described methods used in our laboratory (Cory-Slechta et al., 1987;
Widzowski and Cory-Slechta, 1994) and have been previously reported (Cory-Slechta et al.,
2004). The limit of sensitivity of the assay is 5 ug/dl.

Lifetime Pb—For lifetime Pb exposure, blood Pb was measured in dams at 3 time points
prior to breeding and again at weaning. Blood was collected from behaviorally-tested
offspring at the completion of behavioral testing at approximately 10 mos of age, and from
littermates of behaviorally tested offspring at postnatal days 5–6 and 2.5 mos of age. Blood
Pb was analyzed by anodic stripping voltammetry using the Lead Care II system with a
detection limit of 3.3 μg/dl. All 0-NS and 0-PS values were below detection limits as
previously reported (Cory-Slechta et al., 2010).

Corticosterone
Maternal Pb
Dams: Blood was taken by tail nick from dams for determination of stress-induced
corticosterone levels immediately after the 3rd restraint stress on the first stress day
(gestational day 16). To avoid differences in corticosterone levels due to circadian rhythms,
blood samples were collected no later than 1530 hr. Day 16 rather than day 17 was chosen
since repeated stress can invoke adaptation that might obscure group differences (Haile et
al., 2001; Orsini et al., 2002).

Offspring: Blood was collected via tail nick for determination of basal corticosterone levels
in littermates of the subjects used in this experiment at week 9 of their adult behavioral
testing, i.e., at approximately 9 mos of age, as previously reported (Cory-Slechta et al.,
2004) and from male offspring used in this experiment at the completion of behavioral
testing at approximately 14 mos of age.

Corticosterone was measured by competitive enzymeimmunoassay using a rabbit polyclonal
corticosterone antibody (Octeia Corticosterone; Alpco Diagnostics, American Laboratory
Products). Sensitivity of the assay is 0.23 ng/ml.

Lifetime Pb
Offspring: Trunk blood was collected from pups sacrificed at 5–6 days of age (0-NS=7, 0-
PS=3, 50-NS=7, 50-PS=6), and by tail nicks from behaviorally-tested offspring at
approximately 4 months of age, again at 8–9 months of age (0-NS=12, 0-PS=9, 50-NS=8
and 50-PS=8), and from a subset of non-behaviorally tested littermates at 10–11 mos of age
(0-NS=5, 0-PS=4, 50-NS=3 and 50-PS=2). Approximately 200 μl of blood was collected
into pre-chilled tubes and centrifuged at 1685 × G for 10 min, after which serum
corticosterone was measured using ImmuChem™ Double Antibody Corticosterone 125I kit
according to the manufacturer’s instructions (MP Biomedicals, Orangeburg, NY). All
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standards and samples were run in duplicate. The minimum detectable level in this assay
was 7.7ng/ml as we have previously reported (Rossi-George et al., 2009).

Hippocampal Glucocorticoid Receptor Level Determinations
Maternal Pb Exposure
Tissue preparation and protein extraction: For the determination of cytosolic and nuclear
glucocorticoid receptor levels, hippocampus was quickly dissected on an ice plate,
immediately snap frozen on dry ice, and stored at −80 °C until use. Tissue was homogenized
in a temperature-controlled manner (4°C) using a modification of a previously described
procedure (Spencer et al., 2000). Tissue was processed in a solution of 0.5ml buffer/100 mg
tissue using a hand-held 2 ml dounce glass-on-glass grinder in homogenization buffer
consisting of 6 mM MgCl2, 1 mM EDTA, 10% sucrose, 1 mM phenylmethylsulfonyl
fluoride, 3 mM benzamine, 5 ug/ml leupeptin, 1 ug/ml pepstatin A, 1 ug/ml antipain, 1 ug/
ml aprotinin, 1 ug/ml soybean trypsin inhibitor, and 50 mM Tris at a final pH of 7.2. The
homogenate was centrifuged at 2,000 g for 5 minutes in a refrigerated centrifuge. The
supernantant was ultracentrifuged at 105,000 g for 30 minutes yielding the cytosolic
fraction. For the nuclear extract, the pellet from low speed centrifugation was re-suspended
twice in 0.5 ml homogenizing buffer and centrifuged at 2000 g for 5 minutes. The pellet was
then resuspended in 0.25 ml of homogenization buffer containing 0.5 M NaCl, incubated in
an ice bath for 1 hour with frequent shaking, and finally centrifuged at 8000 g for 10 min.
The resulting supernatant was collected as the nuclear extract. Protein levels were
determined in an aliquot of each fraction using a commercially available Bio-Rad kit.
Protein concentrations ranged from 4.5 to 7.5 mg/ml for cytosol and 2.0 to 4.0 mg/ml for the
nuclear preparation.

Western blotting: Sample loading was counterbalanced across groups and adjusted to a
final protein concentration of 40 μg/protein for both cytosol and nuclear assays. Samples
were denatured by mixing and boiling with 100 μl of sample buffer containing 10% SDS,
2.5 M sucrose, 0.2 M Tris, 0.02 M EDTA, pH 8.0, 10% 2-mercaptoethanol and
bromophenol blue. Proteins were separated by electrophoresis on 3% Bis-polyacrylamide
gels and electroblotted overnight onto nitrocellulose membranes (Amersham Biosciences,
Piscataway, NJ). Membranes were then blocked for 1 h in a Tris-buffered saline solution
containing 5% Carnation dry milk, 50 mM Tris, 0.05% Triton X-100, 2 mM CaCl2, and
0.02% NaN3, at a pH of 7.4. They were subsequently washed with TBS-TX for 25 min and
incubated overnight at 4 °C with primary antibody (rabbit polyclonal antibody PA1510A
diluted 1:2,000 in TBS-TX with 3% milk for cytosol; mouse monoclonal antibody BuGR2 -
MA1-510- diluted 1:6,000 in TBS-TX with 3% milk for nucleus; Affinity Reagents Inc,
Golden, CO). After washing for 25 min, membranes were incubated for 2 hr at room
temperature with horseradish peroxidase-linked secondary antibody (anti-rabbit antibody
diluted 1: 2,000 in TBS-TX with 3% milk, BioRad Laboratories, Hercules, CA for the
cytosolic fraction; and anti-mouse antibody 1:10,000, Jackson Immunoresearch Laboratories
Inc., West Grove, PA, for the nucleus). The membranes were then washed with TBS-TX for
35 min and proteins visualized on X-ray film (X-OMAT AR Autoradiography film, Kodak,
Rochester, NY) using enhanced chemiluminiscence reagents (West-Pico substrate for
cytosol and West-Femto for nucleus; Pierce Biotechnology Inc., Rockford, IL). The bands
obtained were compared with Kaledoiscope pre-stained standard (BioRad Laboratories,
Hercules, CA) to ensure that the most prominent band visualized corresponded to 97 KDa
representing glucocorticoid receptor molecular mass. Semi-quantitative densitometric
analysis of GR signals was carried out using Scion, a Macintosh-driven-imaging processing
software. Relative measurements of glucocorticoid receptor protein levels were determined
in the darkest region of the band with the background intensity of the film subtracted-out.
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Lifetime Pb Exposure—Hippocampal cytosolic and nuclear glucocorticoid receptor
density values were reported for littermates of males from the current study that had
undergone Fixed Interval behavioral testing (Rossi-George et al., 2011).

Statistical Analyses
Blood Pb, Corticosterone and Neurotransmitter Levels—Blood Pb levels,
corticosterone and glucocorticoid receptor levels were analyzed using ANOVAs with time
point and stress (NS, PS) as between group factors as appropriate to experimental
conditions. Post-hoc tests were carried out using Fishers Protected Least Significant
Difference tests.

Neurotransmitter levels of offspring were analyzed using ANOVA with both Pb and stress
as between group factors. In the case of significant interactions of Pb by stress, one-way
ANOVAs were carried out comparing the 4 treatment groups (0-NS, 0-PS, 150-NS and 150-
PS). For neurotransmitter levels, ANOVAs were carried out separately for each
neurotransmitter in each brain region and for maternal and lifetime Pb exposures.

Behavioral Performance—Changes in percent correct and response rate for 3-response
training (sequence effects) and for the multiple repeated learning and performance schedule
were analyzed using repeated measures ANOVAs with both Pb and stress as between group
factors and sessions as a within group factor. Outcomes were examined separately by
sequence, by component (repeated learning and performance) for the multiple schedule, and
separately for maternal vs. lifetime Pb exposure. In the event of main effects or interactions,
subsequent ANOVAs were carried out comparing the 4 groups at specific time points.
Changes in accuracy from repeated learning component 1 to repeated learning component 2
were analyzed using repeated measures ANOVAs.

RESULTS
Blood Pb (PbB) Levels

Maternal Pb: As previously reported (Cory-Slechta et al., 2004), group mean ± SE blood
Pb values of dams averaged <5 μg/dl for the 0-NS and 0-PS groups, 32.6 ± 4.4 for the 150-
NS group and 40.3 ± 2.1 μg/dl for the 150-PS group at postnatal day 1, and < 5 μg/dl for the
0-NS and 0-PS groups, 42.7 ± 4.0 μg/dl for the 150-NS group and 38 ± 3.3 μg/dl for the
150-PS group at postnatal day 21. While Pb significantly increased blood Pb levels at both
time points (p<0.0001), values were not influenced by PS.

Lifetime Pb: As previously reported (Cory-Slechta et al., 2010), blood Pb levels of dams
averaged 5–7 μg/dl prior to breeding, but had increased to 13 μg/dl by the end of weaning
(time: F=23.26, p<0.0001). Offspring blood Pb levels for 50-NS and 50-PS groups were:
postnatal day 5–6: 12.5 ± 1.46 and 12.89 ± 1.07; 2.5 months of age: 6.43 ± .38 and 6.75 ± .
849; final: 8.98 ± .632 and 9.13 ± .75μg/dl, respectively, and were not influenced by PS.

Multiple Schedule of Repeated Learning and Performance
Overall Accuracy—Changes in accuracy (percent correct) in the repeated learning (top)
and performance (bottom) components of the multiple schedule are shown in Figure 1 for
maternal Pb and Figure 2 for lifetime Pb. As expected, accuracy in the repeated learning
component was lower than in the performance component, both with maternal and lifetime
Pb cohorts. In the performance component, neither Pb nor PS influenced accuracy either for
maternal or lifetime Pb cohorts, which rose over the first 10 sessions to approximately 80–
90% where they remained for the duration of testing. In contrast, for the repeated learning

Cory-Slechta et al. Page 8

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



component, a Pb x PS x session interaction (F(32,992)=1.87, p=0.0025) was found after
maternal Pb exposure, as was a main effect of PS for lifetime Pb (F(1,2420)=14.7,
p=0.0004), the latter based on modest but significantly higher accuracy values across
sessions in the 0-PS and 50-PS groups. Repeated learning accuracy was characterized by
substantial variability from session to session (i.e., from sequence to sequence). Indeed, an
ANOVA examining accuracy based on first session data across sequences during the
repeated learning 1 component of the multiple repeated learning and performance schedule
in the maternal Pb cohort confirmed a highly significant main effect of sequence after
maternal Pb (F(10,351)=15.95, p<0.0001).

Overall Response Rates—Response rates across sessions are shown for the repeated
learning and performance components for maternal (top two rows) and lifetime Pb (bottom
two rows) in Figure 3. Repeated learning and performance response rates were generally
comparable with maternal Pb, with mean values ranging from 15–25 responses per minute.
A Pb x PS x session interaction was found in both the repeated learning (F(32,992)=1.76,
p=0.006) and performance (F(32,992)=1.85, p=0.003) components. In repeated learning,
150-PS produced the highest responses rates, and 150-NS the lowest response rates.
ANOVAs carried out separately at each session confirmed generally elevated levels of the
150-PS group beginning at session 3 relative to all other groups (depending upon sequence,
see below), whereas few consistent differences were found among the other 3 groups (0-NS,
0-PS, 150-NS). Group differences were less systematic in the performance component, and
generally attributable, when they occurred, to increases of the 150-PS group relative to 0-PS
and/or 150-NS groups.

For the lifetime Pb cohort, response rates ranged from 15–30 responses per minute in the
repeated learning component and 25–30 responses per minute in the performance
component. Whereas no effects of Pb ± PS on response rates in the performance component
were seen, a main effect of PS was found during the repeated learning component
(F(1,2464)=4.4, p=0.042) based primarily on generally lower levels of the 50-NS group
relative to all other groups.

Sequence Dependent Effects of Pb ± PS on RL Accuracy
Maternal Pb Exposure and 3-Response Repeated Learning Training: No PS ± Pb-
induced changes in accuracy were seen during 3-response training.

Maternal Pb Exposure and Multiple Repeated Learning and Performance
Schedule
Accuracy: Accuracy values for individual sequences are presented in Figure 4 (top row) in
order of increasing 0-NS accuracy levels (worst to best) in session one from left to right.
Accuracy levels during session one of control (0-NS) subjects were essentially tri-modal,
with 5 of the 11 sequences (LRL, RLR, CLR, CRL, LRC) producing values ranging from
43–52%, 2 sequences (RLC, CRC) generating intermediate accuracy levels (58–60%), and
the final 4 sequences (RCL, LCL, CLC, RCR) associated with initial higher accuracy levels
ranging from 63–66%.

PS ± Pb increased repeated learning accuracy for some sequences, particularly those
controlling lower initial accuracy levels (i.e., the ‘harder sequences’). Specifically, PS
increased LRL accuracy across the two sessions during which it was presented
(F(1,32)=6.03, p=0.0197), although this increase was most evident for the 150-PS group at
session 1 (+33% relative to 0-NS), but seen in both the 0-PS and 150-PS groups at session 2
(+23% relative to 0-NS). RLR accuracy was modified by both Pb (Pb x session
(F(2,64)=5.76, p=0.005) and PS (PS x session (F(2,64)=3.875, p=0.026). These outcomes
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were primarily due to PS-related increases in accuracy in session 1 (p=0.0008), but
selectively to a 150-PS increase in session 2 relative to 0-NS and 0-PS (p=0.035 and 0.024,
respectively); the 150-NS group did not differ from any other group. For CRL, a Pb x PS x
session interaction (F(3,96)=2.70, p=0.0497) reflected increased 150-PS accuracy relative to
0-NS and 150-NS groups (p=0.009 and 0.003, respectively) and increased 0-PS accuracy
relative to 150-NS (p=0.035) in session 1, and higher 150-PS accuracy relative to 0-NS and
150-NS (p=0.008 and 0.017, respectively), and 0-PS increases relative to 0-NS (p=0.039) in
session 2. Additionally, a Pb x PS x session interaction for RLC (F(1,32)=4.18, p=0.049)
was due to the increased 150-PS accuracy relative to 0-PS (p=0.0396) at session one.

Response Rates: PS ± Pb-associated response rate changes were found for all sequences
except RCR (bottom row Figure 4) that included significant, or near significant, Pb x PS
interactions (CLR: (F(1,30)=4.03, p=0.0537); CRL: (F(1,31)=3.387, p=0.075); LRC:
(F(1,32)=9.24, p=0.0047); CRC: (F(1,32)=7.69, p=0.009); RCL: (F(1,32)=3.876, p=0.057);
LCL: (F(1,32)=5.45, p=0.026); CLC: (F(1,32)=7.17, p=0.0116) or Pb x PS x session
interactions (RLR: (F(2,64)=3.51, p=0.036). Post hoc analyses confirmed that these Pb x PS
interactions were almost invariably due to increased rates in the 150-PS group relative to all
3 other groups. For sequence LRL, a PS x session interaction (F(1,32)=11.32, p=0.002) was
due to elevated rates of the PS groups (0-PS and 150-PS) during session 2. Additionally, PS
groups exhibited higher response rates in the presence of sequence RLC (PS: F(1,32)=4.37,
p=0.045).

Lifetime Pb Exposure and 3-Response Repeated Learning Training
Accuracy: PS-related increases in accuracy were found for 5 of the 6 sequences for the
lifetime Pb exposure group as shown in Figure 5 (top row) arranged in order of increasing 0-
NS accuracy values (worst to best) in session 1 from left to right. PS increased accuracy
levels for sequences RLC (F(1,88)=15.16, p=0.0003), CRL (F(1,88)=13.20, p=0.0007), CLR
(F(1,88)=11.03, p=0.0018) and LCR (F(1,88)=5.01, p=0.03). For 3 of these 5 sequences
(RLC, CRL and LCR), mean accuracy levels of the 50-PS group were higher, albeit not
statistically significantly, than those of the 0-PS group. For sequence CLR, a Pb x PS
interaction (F(1,88)= 5.35, p=0.0255) reflected higher initial 0-PS and 50-NS accuracy
levels relative to 0-NS and 50-PS during the initial two sessions.

Response Rate: PS-based increases in response rates were found for all 6 sequences with
modest but significant or marginally significant effects (main effect of PS: RLC: F(1,88)=
5.34, p=0.0255; CRL: F(1,88)= 5.48, p=0.0238; CLR: (F(1,88)=4.73, p=0.035; LCR;
F(1,88)=3.58, p=0.065; RCL: Pb x PS x session (F(2,88)=2.64, p=0.0767).

Lifetime Pb Exposure and Multiple RL and P Schedule
Accuracy: PS also increased RL accuracy in a sequence-specific manner in the multiple
schedule (Figure 6; left column), with main effects of PS for 4 of the 5 sequences (RLC:
F(1,484)=11.86, p=0.0013; LRC: F(1,440)=7.09, p=0.01; CLR: F(1,484)=12.01, p=0.0012;
CRL: F(1,440)=9.07, p=0.0043). Interestingly, however, sequences associated with PS
enhancements here differed somewhat from those observed during 3-response training.
Specifically, PS-related increased RLC accuracy was sustained, but the PS-related increase
in RCL accuracy during 3-lever training was no longer evident. PS did not increase LRC or
CLR accuracy during 3-lever training, whereas significant PS enhancements were observed
during the multiple schedule, particularly for LRC. As during 3-response training, mean
values of the 50-PS group were often higher, although not statistically significantly, than
those of the 0-PS group.
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Response Rates: Sequences showing PS-based increased accuracy likewise showed PS-
based response rate alterations (RLC: F(1,484)=4.44, p=0.0408; LRC: F(1,440)=5.05,
p=0.0297; CLR: F(1,484)=4.32, p=0.0435; CRL: F(1,440)=5.65, p=0.0218). However, as
can be seen from Figure 6 (right column), although PS-based in statistical analysis, these
effects appear to derive primarily from the generally lower response rate of the 50-NS group
across sequences during the multiple schedule.

Individual Animal Data: Accuracy values of individual animals within each treatment
group for session one of identified sequences associated with PS-based enhancement are
shown in Figure 7 for maternal (top) and lifetime (bottom) Pb exposure conditions.
Accuracy values of 150-PS subjects (maternal Pb) were uniformly shifted to the high end of
the range of values shown by controls (0-NS) for both sequences, and this effect was also
evident for 0-PS subjects for sequence CRL. Similarly, accuracy values of 50-PS subjects
(lifetime Pb) were shifted towards or even above the range of control values, effects likewise
seen with the 0-PS group for sequence CRL.

Session Length and Within-Session Learning: Session length (minutes) for sessions 1 and
sessions 10 of the sequence RLC during the multiple schedule of repeated learning and
performance after lifetime Pb exposure were significantly reduced by PS (F(1,44)=9.44,
p=0.0037 and F(1,44)=5.67, p=0.022, respectively) by levels ranging from 17–19% (Figure
8, left column). The shorter session lengths were also evident from cumulative records of
performance (right column from session 10) here depicting the subject with the man value
from each treatment group. That within-session learning was occurring is evident from the
significant increases in within-session percent correct from repeated learning component 1
to repeated learning component 2 in both sessions 1 and 10 (middle column; F(1,44)=65.68,
p<0.0001 and F(1,44)=22.65, p<0.0001, respectively). Consistent with the outcomes
depicted in Figure 6 (top left graph), PS was also associated with higher accuracy levels in
both sessions (F(1,44)=7.64, p=0.0083 and F(1,44)=9.09, p=0.0042, respectively).

Neurotransmitter Changes
Monoaminergic neurotransmitter changes determined at the completion of behavioral testing
were compared primarily for the purpose of assessing any patterns of or profiles of changes
which might overlap and thus contribute to the corresponding accuracy enhancements
observed with both maternal and lifetime Pb (Figure 9). The only suggestive pattern of
correspondence was seen in nucleus accumbens, particularly in levels of metabolites and
dopamine turnover. For DOPAC, HVA and DA turnover, lowest values, albeit not
necessarily statistically significant, were observed in the Pb+PS groups after both maternal
and lifetime Pb. Additionally, group mean values of frontal cortex 5-HIAA were higher in
PS and Pb+PS groups in both maternal and lifetime Pb conditions. No other corresponding
patterns were observed.

Corticosterone and Hippocampal Glucocorticoid Receptors

Maternal Pb: Corticosterone levels determined at the completion of behavioral testing
(approximately 14 mos) in subjects are shown in Figure 10 (panel A, left) along with values
from littermates of approximately 9 mos of age, collected following 9 weeks (males) of
behavioral testing using a fixed interval schedule of food reinforcement (Cory-Slechta et al.,
2004) for comparative purposes. As previously reported (Cory-Slechta et al., 2004), Pb
exposure significantly increased corticosterone levels at 9 mos of age, effects not modified
by PS. However, at 14 mos of age, Pb significantly decreased corticosterone levels by 42–
53% (F(1,32)=24.334, p<0.0001), but PS again did not influence levels.
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Levels of hippocampal cytosolic glucocorticoid receptors determined at the completion of
behavioral testing (14 mos) were decreased by maternal Pb exposure (F(1,25)=4.74,
p=0.039) particularly when combined with PS (−57%), whereas nuclear GR levels were
comparable across groups.

Lifetime Pb: Corticosterone values were available from males at several time points in the
lifetime Pb cohort (Figure 10, panel A, right). Pb marginally increased corticosterone at
postnatal days 5–6 (F(1,16)=4.07, p=0.0607), effects that were more pronounced (+35%) at
4 mos of age (F(1,43)=11.3, p=0.0016). However, by the completion of behavioral testing
(8–9 mos of age), Pb produced modest (−22%) but significant reductions in corticosterone
(F(1,44)=8.07, p=0.0068), which were even more pronounced (up to −68%) at 10–11 mos of
age (F(1,12)=5.56, p=0.036).

DISCUSSION
This study sought to determine whether Pb exposure when combined with PS would
enhance deficits in repeated learning compared to either alone, as previously observed in
female rats (Cory-Slechta et al., 2010). However, in contrast to outcomes with females, PS
tended to improve accuracy of repeated learning in males, with some additional evidence of
further enhancement of this effect under conditions of Pb +PS, effects that were sequence-
specific and not seen in the performance component where no learning was involved after
initial multiple schedule training. These enhancements emerged during the multiple repeated
learning and performance schedule following maternal Pb, whereas they emerged earlier
during the 3-response training that precedes imposition of the multiple repeated learning and
performance schedule with lifetime Pb exposure. For maternal Pb, enhancement of accuracy
was generally seen during the earliest sessions in which the sequence occurred, after which
the control (0-NS) and Pb only groups achieved comparable levels of accuracy (Figure 4),
suggesting that this effect was not an enhancement of accuracy levels per se, but more rapid
attainment of maximal percent correct levels. For lifetime Pb, however, there appeared to be
a sustained PS and particularly PS+Pb enhancement that persisted even for the duration of
multiple RL and P schedule testing (Figure 6), suggesting a more pronounced impact of
lifetime Pb relative to maternal Pb.

The similarity of outcomes in males is particularly striking given the differences in many
significant parameters of these cohorts, including Pb exposure levels and timing of
exposure, housing conditions, age of animals at the time of behavioral testing, and
differences in training and sequences used, among others. The findings are similar to other
studies reporting PS-related cognitive enhancement. Cannizzaro et al. (Cannizzaro et al.,
2006), using a can test that required rats to identify a single rewarded can, identified by
white tape rather than white paint among 7 cans, found enhanced accuracy levels in
adolescent male offspring whose dams had been subjected to a protracted immobilization on
gestational day 16. Notably, learning was even further enhanced when a subsequent stressor
followed the prenatal stressor, daily brief maternal separation from days 2–21; these
enhancements did not reflect associated changes in corticosterone. Both stressors alone also
increased the time spent in the open arms on an elevated plus maze, interpreted as reducing
anxiety. Similarly, Fujioka et al. (Fujioka et al., 2001) reported enhanced 8 arm radial maze
learning in male offspring following exposure of dams to single 30 min restraint stress
sessions on gestational days 15–17, effects likewise not attributable to corticosterone. The
ability of glucocorticoids and prenatal stress to either impair or enhance learning and
memory (Champagne et al., 2008) appear to depend upon the magnitude of the prenatal
stress, with enhanced effects said to arise from milder prenatal stressors, and to reflect the
timing of the prenatal stressor (Kapoor et al., 2009), gender (Mueller and Bale, 2007) and
prior behavioral experience (Yang et al., 2003).
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While the direction of PS ± Pb effects on repeated learning in males was opposite to that
seen with females (Cory-Slechta et al., 2010), they were similar to females in their
sequence- dependence. The gender-specific outcomes show a striking parallel to sex specific
effects in reversal learning in juvenile baboons following late second-early third trimester
administration of betamethasone, a synthetic glucocorticoid (Rodriguez et al., 2011), in
which males tended to show reductions in errors while females showed enhanced error
levels, effects the authors attribute to altered programming. Moreover, these sex-specific
changes were also highly discrimination problem specific. While there were some
differences in the specific sequences enhanced by maternal vs. lifetime Pb, likely reflecting
differences both in training conditions and sequences used in testing (i.e., sequences with
repeats on one lever, e.g., RLR, were used in the maternal Pb study, but not with lifetime
Pb) in the two cohorts, they tended to share the feature of occurring in sequences which
required the moving from one side of the chamber to the other (e.g., R to L or L to R
sequences).

Mechanisms by which such enhancements occur, both behavioral and biochemical, are of
clear interest both for understanding brain-behavior relationships and for the development of
therapeutic strategies. One likely behavioral mechanism of these effects is a higher
reinforcement density arising from the increased response rates seen with both maternal and
lifetime PS and PS+Pb groups (Figure 3–5). Increased response rates can shorten the time to
reward delivery and thereby generate a higher reinforcement density. Indeed, session lengths
were significantly shortened in lifetime PS and PS+Pb groups (Figure 8) and since the
paradigm involved fixed numbers of reinforcers per component, would also increase
reinforcement density and time to reward It is well established that delayed reward retards
learning (Saltzman, 1951; Wolfe, 1934) and that learning is highly sensitive to
reinforcement density (Ito and Nakamura, 1998). In support of this potential behavioral
mechanism, response rates of lifetime Pb+PS females who exhibited enhanced cognitive
deficits did not differ relative to controls. Furthermore, consistent and strong correlations
between accuracy levels and response rates for both for the multiple repeated learning and
performance schedule for maternal Pb exposure and for both 3-response training and
multiple repeated learning and performance sessions for lifetime Pb in males were found in
exploratory linear regression analyses (not shown).

To determine whether maternal and lifetime Pb ± PS treatment revealed any shared
neurotransmitter changes that might provide some suggestive pathways/regions of
involvement, neurotransmitter levels were examined at the completion of behavioral testing.
The only shared effect, and one minor in magnitude, was a reduction in nucleus accumbens
DA function particularly with Pb+PS in response to lifetime Pb exposure conditions and
similar but non-significant trends with maternal Pb. Several caveats are attendant to such an
interpretation, however. We have previously demonstrated that behavioral testing per se
modifies neurotransmitter levels (Rossi-George et al., 2011), with behavioral testing
generally attenuating Pb ± PS effects. Therefore, the post-behavioral neurotransmitter
measured changes shown here may actually reflect adaptations rather than the initial
changes induced by Pb and or PS. Further, these data reflect a single point in time, and not
necessarily dynamic changes, in addition to the other experimental differences between the
maternal and lifetime Pb conditions. Despite the caveats, however, it is notable that females
with lifetime Pb+PS associated cognitive deficits actually showed the opposite change, i.e.,
increases in nucleus accumbens DA turnover that were significantly correlated with the
corresponding deficits in behavioral performance (Cory-Slechta et al., 2010). Determining
the role of neurotransmitter changes in these behavioral changes would be significantly
assisted by time course data comparing neurotransmitter changes in behaviorally-tested vs.
non-behaviorally tested littermates.
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Corticosterone levels were ultimately decreased by Pb and Pb+PS after both maternal and
lifetime exposures. Glucocorticoids facilitate long-term memory in a biphasic capacity, e.g.,
reductions in accuracy in a radial arm maze were seen when levels were either increased or
decreased below control conditions (Park et al., 2006). However, current findings are at odds
with this interpretation, given that lower corticosterone levels were herein associated with
increased accuracy. However, it is important to note that both maternal Pb exposure and PS
permanently alter HPA axis function (Rossi-George et al., 2009) and may consequently alter
the magnitude/shape of this biphasic dose-effect curve for glucocorticoid effects on behavior
as well.

As observed after maternal Pb exposure (Figure 10; not measured with lifetime Pb
exposure), hippocampal glucocorticoid receptor levels declined in response to Pb, with a
slightly (albeit not significantly) greater drop with Pb+PS, findings consistent with the
corresponding decrements in corticosterone in the maternal Pb cohort. After lifetime Pb
exposure, however, 50-PS was associated with significantly increased hippocampal
cytosolic glucocorticoid receptor density, and Pb per se with increases in nuclear
glucocorticoid receptor density (Rossi-George et al., 2011), suggesting that the differential
glucocorticoid receptor changes produced maternal vs. lifetime Pb are not a likely
mechanistic explanation for the common learning enhancements seen with PS ± Pb.
Moreover, like brain neurotransmitter levels (Cory-Slechta et al., 2009), corticosterone
levels and corresponding profiles of Pb ± PS-associated changes are modified by behavioral
experience (Virgolini et al., 2008a), and thus could reflect adaptations rather than initial Pb
± PS-induced effects.

Androgens have also been shown to enhance performance (Cherrier et al., 2001; Osborne et
al., 2009). Testosterone enhanced water maze performance of male rats, an effect that may
be mediated by intracellular androgen receptors in dorsal hippocampus (Edinger and Frye,
2007). Other studies suggest that androgen metabolites may enhance cognition via their
impact on intracellular estrogen receptor beta (Frye et al., 2008a; Frye et al., 2008c; Osborne
et al., 2009). Given that lifetime Pb and PS impaired rather than enhanced learning in female
offspring (Cory-Slechta et al., 2010), whereas acceleration of learning was observed here in
males exposed to Pb + PS, sex hormone differences in mediation of behavior represent a
potentially significant mechanism to be explored for contributions to these effects.

Unlike chronic postweaning Pb exposure in males (Cohn and Cory-Slechta, 1993; Cory-
Slechta et al., 2010), neither lifetime nor maternal Pb alone in males significantly impaired
learning, a finding that could reflect differences in the developmental period of exposure,
and/or the use of different training and procedures and the addition of sequences (maternal
Pb) in this study that had multiple responses on one lever.

In summary, PS, particularly when combined with Pb, can produce a sequence-dependent
acceleration (maternal) or enhancement of repeated learning in male offspring, effects that
may reflect their corresponding increased rates of responding. While at first pass, this might
be viewed as a positive effect, rates of responding are beneficial only in specific behavioral
contexts, whereas in other cases they may impair behavioral function. For example, PS
markedly increased fixed interval response rates in male offspring (Rossi-George et al.,
2011), as can Pb exposure (Cory-Slechta et al., 1998), alterations which represent behavioral
inefficiency and sub-optimal or even dysfunctional resource/energy use as rate increases
cannot accelerate reinforcement availability. Moreover, increased fixed interval response
rates have been reported to be a surrogate for impulsivity in children (Darcheville et al.,
1992; 1993). Increased response rates in memory or delay of reward tasks can decrease
reward and reinforcement density by causing premature responding. Underlying
biochemical and neurochemical mechanisms of the accelerated learning seen here requires
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additional examination, but could include changes in the glucocorticoid dose-effect function,
and/or alterations in mesocorticolimbic dopamine function.
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Highlights

• PS exposure with exposure can enhance repeated learning in male offspring.

• These effects are specific for some response sequences but not others.

• Increases in reinforcement density due to increased response rates may underlie
these effects.

• Nucleus accumbens dopamine function is a suggestive mechanistic avenue for
these effects.
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Figure 1.
Group mean ± S.E. values for percent correct (accuracy) during the repeated leaning (top)
and performance (bottom) components of the multiple schedule of RL and P schedule across
sessions for groups exposed to maternal Pb and PS. Values represent averages of RL1 and
RL2 and P1 and P2. Group sample sizes were 9, 10, 7 and 10 for the 0-NS, 0-PS, 150-NS
and 150-PS groups, respectively. Pb x stress x session = interaction from the repeated
measures ANOVA.
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Figure 2.
Group mean ± S.E. values for percent correct (accuracy) during the repeated leaning (top;
RL1) and performance (bottom; P1) components of the multiple schedule of RL and P
schedule across sessions for groups exposed to lifetime Pb and PS. Group sample sizes were
12 for all groups. Stress = main effect of PS from the repeated measures ANOVA.
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Figure 3.
Group mean ± S.E. response rates (responses per minute) values during the repeated leaning
and performance components of the multiple schedule across sessions for maternal Pb and
PS (Top two panels) and lifetime Pb and PS (bottom two panels). Sample sizes and
conditions are as described for Figures 1 and 2. Pb x stress x session = interaction from the
repeated measures ANOVA. Stress = main effect of PS from the repeated measures
ANOVA. Pb x stress x session = interaction from the repeated measures ANOVA.
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Figure 4.
Group mean ± S.E. values for percent correct (top) and for response per minute values
averaged over RL1 and RL2 over the presentations of each of the RL sequences, as
identified, over the course of testing on the multiple RL and P schedule for maternal Pb and
PS. Sequences are arranged in order from left to right of ascending percent correct levels
(hardest to easiest) of the 0-NS group on session one. Corresponding response rate values
are shown in the bottom row. Sample sizes are as described in Figure 1. S=main effect of
PS, Pb x S=interaction of Pb by PS, S x Session=interaction of PS by session; Pb x S x
session= interaction of Pb by PS by session in repeated measures ANOVA.
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Figure 5.
Group mean ± S.E. values for percent correct (top) and for response per minute values in
RL1 over the presentations of each of the RL sequences, as identified, over the course of
three lever training for lifetime Pb and PS. Sequences are arranged in order from left to right
of ascending percent correct levels (hardest to easiest) of the 0-NS group on session one.
Corresponding response rate values are shown in the bottom row. Sample sizes are as
described in Figure 2. S=main effect of PS, Pb x S=interaction of Pb by PS, Pb x S x
session= interaction of Pb by PS by session in repeated measures ANOVA.
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Figure 6.
Group mean ± S.E. values for percent correct (left) and for response per minute values (rate;
right) in RL1 over the presentations of each of the RL sequences, as identified, over the
course of the multiple schedule for lifetime Pb and PS. Sequences are arranged in order from
left to right of ascending percent correct levels (hardest to easiest) of the 0-NS group on
session one. Sample sizes are as described in Figure 2. S=main effect of stress in repeated
measures ANOVA.
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Figure 7.
Individual percent correct values for each group from session 1 for identified sequences for
maternal Pb (top row) during the multiple schedule of repeated learning and performance,
and from session 1 for identified sequences for lifetime Pb and PS during 3-lever training.
Dashed line indicates group median value.

Cory-Slechta et al. Page 27

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Left: Group mean ± S.E. values for session length (min) for session 1 (top) and session 10
(bottom) of sequence RCL during the multiple schedule for lifetime Pb-exposed treatment
groups. Middle: Group mean ± S.E. values for percent correct from RL1 to RL2 for session
1 (top) and session 10 (bottom) for sequence RCL during the multiple schedule for lifetime
Pb-exposed treatment groups. Right: Representative cumulative records from session 10 of
sequence RCL. Responses cumulate vertically to 100 at which point the pen resets. RL
components are indicated by solid line resets; P components by dashed line resets. Pips
indicate each reinforcement delivery for correct completion of a sequence. The bottom
tracing shows errors during each of the components.
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Figure 9.
Group mean ± S.E. levels (ng/mg/protein) of frontal cortex, nucleus accumbens and striatal
DA, DOPAC, HVA and DA turnover (DA TO), NE and 5-HT and 5-HIAA at the
completion of behavioral testing for the treatment groups, as indicated from the maternal
and lifetime Pb and PS conditions. Group sample sizes as described in Figure 1 and 2,
respectively Pb=main effect of Pb; S=main effect of PS; Pb x S=interaction of Pb with PS in
the two factor ANOVA.
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Figure 10.
A: Group mean ± S.E. levels (ng/ml) of corticosterone following maternal and lifetime Pb
exposure for groups as indicated. Sample sizes ranged from 7–10 for maternal Pb and 3–7
(PND 5–6), 8–12 for 4 and 8–9 mos and 2–5 for 10–11 mos of age (post-behavioral testing)
in lifetime Pb exposure groups. B: Group mean ± S.E. hippocampal GR cytosolic and
nuclear GR density in response to maternal Pb exposure. Sample sizes range from 6–8. Pb
indicates main effect in the two factor ANOVA.
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