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Pb (lead) exposure and stress are co-occurring risk factors
(particularly in low socioeconomic communities) that also act on
common biological substrates and produce common adverse
outcomes, including cognitive impairments. This study sought to
determine whether lifetime Pb exposure combined with prenatal
stress would enhance the cognitive deficits independently associ-
ated with each of these risk factors and to explore associated
mechanisms of any observed impairments. Learning was evalu-
ated using a multiple schedule of repeated learning and
performance in female rats subjected to lifetime Pb exposure
(0 or 50 ppm Pb in drinking water beginning in dams 2 months
prior to breeding; blood Pb levels ~10 pg/dl), to prenatal restraint
stress on gestational days 16 and 17, or to both. Blood Pb,
corticosterone levels, brain monoamines, and hippocampal nerve
growth factor levels were also measured. Sequence-specific
learning deficits produced by Pb, particularly the number of
responses to correctly learn response sequences, were further
enhanced by stress, whereas performance measures were un-
impaired. Statistical analyses indicated significant relationships
among corticosterone levels, frontal cortex dopamine (DA),
nucleus accumbens dopamine turnover, and total responses
required to learn sequences. This study demonstrates that Pb
and stress can act together to produce selective and highly
condition-dependent deficits in learning in female rats that may be
related to glucocorticoid-mediated interactions with mesocortico-
limbic regions of brain. These findings also underscore the critical
need to evaluate toxicants in the context of other risk factors
pertinent to human diseases and disorders.
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corticosterone; nerve growth factor.

Adverse impacts of elevated blood lead (PbB) status on
children’s IQ have been reported at increasingly lower
exposure levels. Recently, reductions of 7.4 1Q points were
observed as PbB levels increased from 1 to 10 pg/dl,
a reduction actually greater than that observed at PbB levels >
10 pg/dl (Canfield ef al., 2003). A study of this same cohort
designed to elaborate the specific behavioral domains impacted
by Pb revealed marked impairments in the intradimensional-

extradimensional set shift task (Cambridge Cognition), a mea-
sure of discrimination learning, reversal learning, and set
shifting (Owen et al., 1991). We reported reversal learning
deficits in a rat model of Pb exposure using a multiple schedule
of repeated learning (RL) and performance (P) (Cohn et al.,
1993).

Importantly, however, exposure to lead (Pb) does not occur
in isolation but concurrently with numerous other risk factors
that can also influence cognitive outcomes, including genetics,
host risk factors, and other environmental chemical exposures.
One such risk factor is stress, which, like Pb exposure, can
occur at any period throughout the life span. Indeed, Pb and
stress are co-occurring risk factors, particularly for low
socioeconomic status communities. These communities have
a higher percentage of children with elevated PbB levels and
also sustain disproportionately higher incidences of many
diseases and disorders, a phenomenon that has been hypoth-
esized to arise from higher stress levels and chronically
elevated stress hormones (Jones et al., 2009; Lupien et al.,
2001). The consequences of prenatal stress (PS) in particular
appear to have enduring consequences, including, as with Pb,
deficits in cognitive functions, as reported both in human
studies and animal models (King and Laplante, 2005; Laplante
et al., 2004; Lordi et al., 2000).

The commonality of the cognitive deficits associated with Pb
and stress may relate to the fact that they also share common
biological substrates. Both Pb and stress act on the hypothalamic-
pituitary-adrenal (HPA) axis (de Kloet et al., 1998; Rossi-
George et al., 2009). In fact, we have demonstrated that
maternal Pb exposure, like PS, induces a permanent change in
HPA axis function including sustained hypercortisolism and
altered glucocorticoid negative feedback (Cory-Slechta et al.,
2004; Rossi-George et al., 2009; Virgolini et al., 2008). Both Pb
and stress also interact extensively with brain dopamine (DA)
and glutamate systems in regions such as nucleus accumbens
and hippocampus that are important in the mediation of cogni-
tive behaviors (Barrot et al., 2000; Cory-Slechta et al., 1999;
Diorio et al., 1993; Piazza et al., 1996).
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Given their co-occurrence as risk factors, common biological
substrates and corresponding adverse outcomes, the current
study was premised on the hypothesis that combined Pb
exposure and PS might enhance the cognitive deficits produced
by either alone. To evaluate this assertion, RL and associated
neurochemical and biochemical measures were evaluated in
female rats that had been exposed to lifetime Pb exposure,
a model analogous to human environmental Pb exposure, to
PS, or to the combination. This report focuses on outcomes
observed in females; findings from male littermates will be
reported in conjunction with those from males in another study
involving exposures to maternal Pb and stress.

MATERIALS AND METHODS

Dams and Pb Exposure

Three-week-old female Long Evans rats (Charles River, Germantown, NY)
were randomly assigned to receive distilled deionized water drinking solutions
containing 0 or 50 ppm Pb acetate and housed in same Pb treatment condition
pairs. Pb exposure was initiated 2 months prior to breeding to ensure elevated
bone Pb levels and Pb body burden at the time of conception, and was
continued throughout lactation, consistent with human exposure. When females
reached 3 months of age, they were paired with 3-months old male Long-Evans
rats for breeding. Animals were housed in a vivarium room maintained at
22°C + 5°C with a 12-h light-dark cycle (lights on at 0700 h). Standard rat
chow diet was provided ad libitum. All experiments were carried out according
to NIH Guidelines and were approved by the University of Rochester Medical
School University Committee on Animal Resources.

Breeding and PS

At proestrus, as determined by vaginal smears, female rats were mated with
males (2:1) across two estrous cycles. The presence of vaginal plugs or sperm
was considered indicative of pregnancy and deemed gestational day (GD) 1.
Pregnant females in the control and Pb-treated group were weighed and further
randomly subdivided to a nonstress (NS) or PS condition. Beginning on GD1,
all pregnant females were individually housed for the remainder of pregnancy
and lactation.

On GD16 and GD17, timed to correspond to the development of key brain
regions (hypothalamic nuclei, hippocampus, striatum, frontal cortex) associated
with the end points under study (Diaz et al., 1997; Yi et al., 1994), dams
assigned to PS groups were weighed and subjected to a widely employed
restraint stress procedure consisting of three 45-min restraint sessions (0900,
1200, and 1500 h) in plastic cylindrical devices (Ward and Weisz, 1984),
a protocol we verified to elevate corticosterone levels and alter catecholamine
levels in frontal cortex and nucleus accumbens of dams (Cory-Slechta et al.,
2004). NS dams were weighed and subsequently left undisturbed in their home
cages. This resulted in four Pb-stress conditions with the following numbers of
litters: 0-NS (n = 12), 0-PS (n = 9), S0-NS (n = 8), and 50-PS (n = 8).

Offspring Procedures

Prebehavioral testing. At delivery (postnatal day 1 [PNDI]), litter size
was recorded and number of pups culled to eight per litter, maintaining equal
numbers of males and females wherever possible. Pups were weighed and
weaned at PND21, separated by gender, and littermates of the same gender
were housed as pairs.

From weaning, pups were provided with unrestricted access to the same
standard rat chow and to the same Pb drinking solutions that their dam had
received. At 2 months of age, behavioral testing was initiated in a subset of
females from each treatment group, using a single offspring per litter. A subset
of additional female pups from these litters were maintained as nonbehaviorally
tested “extra” offspring.
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With the initiation of behavioral testing at 2 months of age, offspring were
provided with sufficient food to allow a 2- to 3-g weight gain per day until
reaching approximately 220 g. At this point, caloric intake was regulated for the
duration of the experiment to maintain this weight as required for food-
motivated behavioral performance. Because animals were pair housed,
individual feeding was accomplished by separating the residents through the
introduction of a cage divider at the time of feeding which remained in place for
approximately 90—120 min.

Behavioral testing. Behavioral test sessions were carried out Mon-Fri
between 1000 and 1600 h in rat operant chambers (ENV-008; Med Associates,
St Albans, VT) housed in sound-attenuated enclosures ventilated by a fan,
equipped with a grid floor, speaker, house light, and three standard (non-
retractable) response levers (L, left; C, center; R, right) configured horizontally
on the front panel. Reinforcement consisted of the delivery of a 45-mg food pellet
(Bioserv, Frenchtown, NJ) and behavioral contingencies, and data were
controlled by SoftCtrl Cumulative Record interface and Med-PC Version IV
Research Control and Data Acquisition software.

Assessment of learning relied on performance under a multiple schedule
comprised of RL and P components, a paradigm we have previously shown to
be sensitive to postweaning Pb exposure in male rats (Cohn ez al., 1993). In the
RL components, the subject was required to learn a sequence of three lever
press responses, with each correct sequence resulting in food reinforcement; the
correct three response sequence changed with each successive experimental
session. In the P components, the subject was required to complete a sequence
of three responses, but the specific sequence was constant across sessions (see
below).

Assessment of behavior under the multiple schedule was preceded by lever
press training (one session on fixed ratio 1 to 100 reinforcers carried out
separately for each lever) followed by two- and then three-response sequence
RL training, as previously detailed (Cohn et al., 1993). Advancement from two-
to three-response sequence training occurred after 22 behavioral test sessions
and from three-response sequence training to the multiple schedule after 23
behavioral test sessions. Subsequently, the multiple schedule was implemented
(Fig. 1), where each behavioral test session was comprised of two presentations
each of the RL and P components in the order RL1, P1, RL2, and P2, with each
component lasting for 15 min or until 25 reinforcer deliveries, whichever
occurred first. Different discriminative stimuli (lights above the three levers)
were used to signal whether the RL or P component of the multiple schedule
was currently in effect on the multiple schedule.

Sequences used for the three-response RL training included CRL, RCL,
CLR, RLC, LRC, and LCR; sequences with duplicative responses, for
example, LLR, were excluded to minimize reinforcement of perseverative
responding. Based on the high accuracy levels, it sustained during three-
response sequence training (Fig. 3), the sequence LCR was assigned to be the
correct sequence for the P components on the multiple schedule, and the remaining
five sequences were used for the RL components, with each of these sequences
occurring every fifth behavioral test session. Any error during the completion of
the sequence in either the RL or P components initiated a 2-s time-out and turned
off the houselight. Responses during the timeout extended the timeout until 2 s had
elapsed without a response. Subjects were then required to begin the sequence
anew. All correct responses produced a tone. Correct completion of a sequence
resulted in food delivery, a tone stimulus, and the auditory click of the pellet
delivery device.

Performance measures. Measures included accuracy (correct responses
divided by total responses), response rate (responses/time), total responses per
completed sequence (total correct and incorrect responses/total completed
sequences), session length (total session time), reinforcement density (total
reinforcers/total responses), and total RL reinforcers (number of reinforcers
earned in RL1 and RL2).

Blood Pb Determinations
Blood was collected from tail nicks in a subset of dams at three time points

prior to the initiation of breeding (n = 10 at 3 weeks, n = 5 at 2 weeks, and n =5
at 1 week prior to breeding) and at weaning (n = 2). Trunk blood was collected
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Multiple Schedule of Repeated Learning and Performance
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FIG. 1. Schematic depicting the reinforcement contingencies of the multiple RL and P behavioral test paradigm.

from offspring sacrificed at 5-6 days of age (n = 3 and 6, NS and PS,
respectively) and from tail nicks in non-behaviorally tested female offspring at
2.5 months of age (n = 4 each, NS and PS offspring) and in behaviorally-tested
offspring at the completion of behavioral testing, at approximately 10 months
of age (0-NS = 12, 0-PS = 9, 50-NS = 8, and 50-PS = 8). Blood Pb was
analyzed by anodic stripping voltammetry using the Lead Care II system with
a detection limit of 3.3 pg/dl. All 0-NS and 0-PS values were below detection
limits.

Corticosterone Determinations

For determination of corticosterone levels, 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 all behaviorally-tested offspring at approximately
4 months of age and again at 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 female littermates
at 10—11 months of age (-NS = 5, 0-PS = 4, 50-NS = 3, and 50-PS = 2).
Approximately 200 pl of blood was collected into pre-chilled tubes and
centrifuged at 1685 X g for 10 min, after which serum corticosterone was
measured using InmuChem Double Antibody Corticosterone '*I kit according
to the manufacturer’s instructions (MP Biomedicals, Orangeburg, NY). All
standards and samples were run in duplicate. The minimum detectable level in
this assay was 7.7 ng/ml (Rossi-George et al., 2009).

Nerve Growth Factor Determinations

Hippocampal tissue were homogenized in ice-cold homogenate buffer
(0.IM Tris-HCIl, pH 7.0; IM NaCl; 4mM EDTA; 2% Triton X-100) and
protease inhibitors and centrifuged at 14,000 X g for 30 min. Nerve growth
factor (NGF) levels were then determined using an enzyme-linked immunoab-
sorbent assay (ChemiKine Nerve growth Factor Sandwich ELISA Kit;
Chemicon International, Billerica, MA) according to the specified protocols
and optical density absorbance was read at 450 nm.

Neurochemical Determinations of Monoamines

Levels of DA, dihydroxyphenylacetic acid (DOPAC), homovanillic acid
(HVA), norepinephrine (NE), serotonin (5-HT), and 5-hydroxyindoleacetic
acid (5-HIAA) from frontal cortex, nucleus accumbens, striatum, midbrain
(ventral tegmental area and substantia nigra), and hypothalamus were analyzed
using high performance liquid chromatography with electrochemical detection
as previously detailed (Cory-Slechta et al., 2004; Virgolini et al., 2008).
Concentrations of neurotransmitters were expressed as nanogram per milligram
protein. Dopamine turnover (DA TO) was calculated as the DOPAC/DA ratio.

Statistical Analysis

PbB levels. Because all 0-NS and 0-PS PbB levels were below detection
limits, only values from 50-NS and 50-PS groups were analyzed. Blood Pb

levels of dams were analyzed using ANOVA with time point (three time points
pre-breeding and weaning) as a between-group factor. Blood Pb values of
offspring were analyzed using ANOVA with stress (NS, PS) and time point as
between-group factors. Post hoc tests were carried out using Fisher’s protected
least significant difference (PLSD) tests as appropriate.

Corticosterone. Corticosterone levels were analyzed using ANOVA with
Pb, stress, and time point as between-group factors. When significant main
effects or interactions involving time point were found, subsequent ANOVAs
were undertaken separately for each time point followed by post hoc tests using
Fisher’s PLSD tests as appropriate.

NGF. Relative intensity values were analyzed using ANOVA with Pb and
stress as between-group factors, and subsequent post hoc assessments were
carried out using Fisher’s PLSD tests as appropriate.

Neurotransmitter levels. Changes in neurotransmitter levels were ana-
lyzed separately for each neurotransmitter in each region using ANOVA with
Pb and stress as between-group factors, and subsequent post hoc tests were
carried out using Fisher’s PLSD tests as appropriate.

RL and P behavior. Changes in accuracy and total responses per
completed sequence during the three-response RL training program were first
analyzed for sequence differences using repeated-measures analysis of variance
(RMANOVA) that included Pb, stress, and sequence as between-groups factors
and session as a within-group factor. Based on the confirmed sequence effects,
subsequent RMANOVAs including Pb, stress, and sessions were carried out
separately for each sequence.

Assessment of behavior under the multiple schedule for sequence LRC
utilized RMANOVAs with sessions as a within-group factor and Pb and stress
as between-group factors. In the event of main effects or interactions,
subsequent ANOVAs or Fisher’s PLSD post hoc analyses were carried out as
appropriate.

Relationships among neurochemical, biochemical, and behavioral
outcomes. To explore potential mechanistic relationships among behavioral,
neurochemical, and biochemical end points, a correlation Z-test matrix was first
generated using nucleus accumbens DA TO (based on significant Pb X stress
interactions), frontal cortex DA (that showed a similar albeit nonsignificant
[p = 0.10] pattern of Pb-stress interactions), 9-month corticosterone values
(final values of behaviorally tested offspring), and NGF levels as independent
variables, with the maximal value for total responses per completed sequence
seen across all RL lever press sequences used for each individual subject (based
on the observations that different Pb + stress treated subjects exhibited notable
impairments on different sequences) as the dependent variable. Subsequently,
a forward stepwise regression analyses that included these variables was carried
out that required an F of 4.00 to enter an independent variable and ' = 3.996 to
remove an independent variable from the final model.
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FIG.2. (A)Mean + SE PbB levels (ng/dl) of dams over three successive weeks prior to breeding (time points 1-3: n = 10 at 3 weeks, n = 5 at 2 weeks, and
n =175 at 1 week prior to breeding) and at weaning (time point 4: n = 2). *“*’” Significantly different from time point 4. (B) PbB levels (ng/dl) of NS and PS female
offspring measured at PND5-6 (n = 3 and 6, respectively), at 2.5 months of age in nonbehaviorally tested offspring (EXTRA: n = 4 for both NS and PS) and in
behaviorally tested offspring at the completion of testing (1011 months of age; 0-NS = 12, 0-PS = 9, 50-NS = 8, 50-PS = 8). “**’* Significantly different from

o

time point 0.2 and 10 months; “‘~,”” marginally different from time point 0.2 months.

In all analyses, post hoc analyses were based on significant main effects or  consistent with dam values at weaning, declined to 7 pg/dl <
interactions, and significance was defined as a p value of < 0.05. 0.0001) at 2.5 months but had increased again to approximately
10 pg/dl at 10 months, values higher than those at the
2.5-month time point but marginally lower than those at 0.2
RESULTS months (2.5 vs. 10: p = 0.0001; 10 vs. 0.2: p = 0.0553). PbBs
did not differ between NS and PS conditions.
PbB Levels
PbB levels of dams (Fig. 2A; time: F = 23.26, p < 0.0001) RL and Performance
averaged 5-7 pg/dl prior to breeding but had increased to 13 pg/dl Three-response training. As expected (Cohn et al., 1993),

by the end of weaning. Offspring PbB levels (Fig. 2B; group: sequence differences in accuracy levels, that is, in sequence
F = 9.26, p = 0.0006) were 10-13 pg/dl at 0.2 months, difficulty (Fig. 3, top) were notable (F = 14.93, p < 0.0001);

RLC RLC LRC LCR CRL CLR
80 80 80 80q . . 80+ )
807 session Stress Session Session Session
Session
70 4 704 70 704 704 70
>
Q
e
5 60 | 60 4 60 4 60 60
3 60
Q
<
@ 0-NS
50 4 50 504 50 50
50 & 0-PS
-4 50-NS
¥ 50-PS
40 ——— | 40 v v r 40 r v r 40 . v y 40 v v v
1 2 3 T I T 1 2 3 1 2 3 1 2 3 1 2 3
1007 507 session 1509 ph x Stress 207 307 159 session
80 4 404
154
g 100 204 104
L 0 304
a
& 104
Q
& 404 204
6 504 104 54
2
s
204 101
0 v T y [} v T T ) T T T 0 T T T 0 T v T v T T
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Session

FIG. 3. Group mean + SE levels of accuracy (top row) and total responses required per completed sequence (bottom row) for groups (0-NS = 12, 0-PS =9,
50-NS = 8, 50-PS = 8) as indicated for each of the six sequences used in the three-lever repeated learning (RL) training sessions. Pb = main effect of Pb, stress =
main effect of stress, session = main effect of session, and Pb X stress = interaction of Pb by stress in statistical analysis.
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of session, Pb X S = interaction of Pb with stress; Pb X S X session = interaction of Pb by stress with session in the statistical analysis.

values of O—NS controls on the first session ranged from 55- RCL = 63%, LCR = 68%). Subsequent analyses by sequence
68% across the six sequences (from low to high on session 1: revealed stress-induced reductions in LRC accuracy (F = 5.59,
LRC = 54.5%, CRL = 55.3%, CLR = 58.3%, RLC = 61.6%, p = 0.024), with 0-PS values 10% lower and 50-PS values
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sessions requiring learning of the sequence LRC (0-NS = 12, 0-PS =9, 50-NS = 8, 50-PS = 8). Solid gray and black lines represent 0-NS control group mean
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21% lower than 0-NS controls in the final training session.
Additionally, a Pb X stress interaction occurred for total
responses required for completed LRC sequences (Fig. 3,
bottom, F = 5.97, p = 0.0197), with approximately eightfold
higher values of the 50—PS group relative to all other groups
(»p = 0.011, 0.007, and 0.006 for 50-PS vs. 0-NS, 0-PS, and
50-NS, respectively).

Multiple schedule. The five different sequences used in the
RL component were completed at different accuracy levels
across testing under the multiple schedule (main effect of
sequence at final presentation [multiple schedule test sessions
42-46], F = 8.63, p < 0.0001; data not shown), with the same
rank order in 0-NS controls as during training (LRC = 55.1%,
CRL = 58.8%, CLR = 61.6%, RLC = 65.8%, RCL = 77.3%).
Consequently, performance under the multiple schedule was
analyzed separately by sequence. Again, performance under
the sequence LRC exhibited statistically significant Pb + stress-
related differences (Fig. 4). Specifically, modest Pb-induced
reductions in accuracy were observed in both RL1 and RL2
(F=4.63,p =0.038 and F = 8.89, p = 0.0052, respectively).
A marked Pb-related increase in total responses per completed
sequence was observed in RL1 (F = 5.06, p = 0.0031) with

increases most evident in the 50-PS group. A corresponding
effect in RL2 arose selectively from the markedly higher values
of the 50-PS group relative to all other groups (F = 2.32, p =
0.02; post hoc 50-PS vs. 0-NS, 0-PS, and 50-NS = 0.0135,
0.0245, and 0.024, respectively). No response rates differences
were seen in either RL1 or RL2.

Consistent with the effects of Pb + stress on the RL end
points, Pb reduced reinforcement density (Fig. 5; F =7.16, p =
00113) across sessions by 11-26% in the 50-NS group and by
28-48% in the 50-PS group. Similarly Pb reduced the total
number of reinforcers earned during the RL components (F =
6.87, p = 0.0129) by 5-15% and 9-41%, respectively, again,
effects that appear to predominate in the 50-PS group although
not resulting in a Pb X stress interaction. In addition, Pb
increased session length (F = 6.24, p = 0.0174; 108—133% and
122-140% for the 50-NS and 50-PS groups, respectively).

As expected, performance during the Pl and P2 was
characterized by higher levels of accuracy, lower numbers of
responses required for completed LRC sequences, and higher
response rates than seen in the RL1 and RL2 components
(Fig. 6). The only treatment effect consisted of a modest Pb-
related reduction of 1-10% and 3-11% in P2 accuracy (F =
4.14, p = 0.0495) in the 50-NS and 50-PS groups,
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FIG. 7. Plots of median values for total responses per completed sequence calculated across sessions for individual subjects within each treatment group for
each sequence used in the RL component of the multiple schedule. Each subject is identified by a unique symbol (0-NS = 12, 0-PS =9, 50-NS = 8, 50-PS = 8).
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respectively; these effects had disappeared after six LRC
behavioral test sessions.

Although statistically significant Pb and stress effects were
only detected for sequence LRC, there were notable outliers in
the 0—PS, 50-NS, and 50-PS groups for other sequences as
well relative to 0—NS distributions (Fig. 7). One 0-PS subject
showed deviant performance for the sequence RLC. Among
50-NS subjects, four subjects showed performance well
outside the control range for sequence LRC, but an additional
subject showed marked impairments in the presence of
sequences RCL and CLR. Among 50-PS subjects, four
displayed notable deficits in the presence of the LRC sequence,
but additional two subjects showed deficits when RLC (2) or
CRL (1) served as the correct sequence. Thus, of the total
subjects, 1 of 8 (13%) 0-PS subjects, S of 11 (45%; chi square =
17.6, p < 0.0001) 50-NS subjects, and 6 of 9 (67%; chi square =
28.13, p < 0.0001) 50-PS subjects exhibited behavioral deficits
when considered across sequences.

Brain Neurotransmitter Levels

Dopamine and metabolites. PS increased striatal DA by
19-34% (Fig. 8; F = 6.26, p = 0.017) and HVA by 18-28%
(F = 8.86, p = 0.0048). Pb-induced changes included 36-42%
reductions in DA TO in midbrain (F = 4.0, p = 0.052) and

10-16% reductions in hypothalamic DOPAC (F = 4.69, p =
0.036). Notably, nucleus accumbens DA TO was selectively
increased by 21% in the 50-PS group (Pb X stress: F = 4.08,
p = 0.0502, post hoc, p values for 50-PS vs. 0-NS, 0-PS, 50—
NS = 0.0508, 0.026, and 0.018, respectively). S0-PS selective
reductions in DA TO in hypothalamus (Pb X stress, F' = 4.3,
p = 0.044) also occurred, but only relative to the 0-PS (p =
0.04) and 50-NS groups (p = 0.0506).

Norepinephrine. The only change observed was a Pb-
related reduction in NE levels of 7-17% in hypothalamus (F =
5.33, p = 0.026).

Serotonin (5-HT) and metabolite (5-HIAA). PS produced
11-17% reductions in nucleus accumbens 5-HT levels (F =
8.75, p = 0.005) and 24-25% increases in SHIAA levels (F =
6.86, p = 0.012). In midbrain, a Pb X stress interaction for
SHT (F = 6.14, p = 0.017) resulted from a selective 44%
increase in the 50-NS group (p = 0.0008, 0.026, and 0.026 for
50-NS vs. 0-NS, 0-PS, and 50-PS, respectively). A similar
Pb X stress interaction for SHT in hypothalamus (F = 6.18,
p = 0.017) was based on a 25% increase in the S0-NS group
relative to the 50-PS group (p = 0.028), whereas a marginal
Pb X stress interaction for SHIAA (F = 3.95, p = 0.0534) was
based on higher levels in the 0-PS group relative to the 5S0-PS
group (p = 0.049).
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Corticosterone Levels

Corticosterone levels (Fig. 9), differed across age (F =
45.94, p < 0.0001). PND5-6 values (0.2 months) were lower
than those at other times; corticosterone levels at 4 months of
age were lower than those measured at 9 and at 11 months of
age (all p values < 0.05). At PND5-6, no Pb or stress effects
were detected. At 4 months, a Pb X stress interaction (F =
4.52, p = 0.039) reflected the significantly lower corticosterone
levels of the 0—PS group relative to the 0—NS controls. At 11
months, 49-60% PS-associated reductions were observed (F =
6.30, p = 0.031).

Hippocampal NGF

Reductions in hippocampal NGF levels were observed in all
groups relative to 0-NS control (Fig. 10; main effect of Pb:
F =443, p = 0.0415; Pb X stress: F = 3.92, p = 0.054).
Reductions of 22% in the 0-PS group were marginal (p =
0.062), whereas the 23—-34% reductions in the 50-NS and 50—
PS groups were significant relative to 0-NS control (p =
0.0068 and 0.0468, respectively).

Relationships among Behavioral, Neurochemical, and
Biochemical Outcomes

The Z score correlation matrix revealed a number of signi-
ficant correlations (shown in Fig. 11) that included 9-month
corticosterone levels with frontal cortical DA (Fig. 11, left: Z =
—2.229, p = 0.0258, and with maximal total responses per
completed sequence in RL1 (Fig. 11, center: Z = 2.774, p =
0.0055) and RL2 (data not shown; Z = —3.264, p = 0.0011)
and of nucleus accumbens DA TO with maximal total
responses per completed sequence in RL1 (Fig. 11, right:
71.92, p = 0.0551). The critical role of 9-month corticosterone
and of nucleus accumbens DA TO were further supported by
a stepwise forward regression that included NGF, nucleus
accumbens DA TO, frontal cortex DA, and 9-month cortico-
sterone as independent variables and maximal RL1 total
responses per completed sequence as the dependent variable. In
a highly significant model (F = 8.023, p = 0.0014), the
regression confirmed final corticosterone and nucleus accum-
bens DA TO as significant predictors of maximal RL1 total
responses per completed sequence.

DISCUSSION

The current study presents evidence for enhanced impair-
ments of learning in female offspring subjected to lifetime Pb

FIG. 8. Group mean + SE levels of DA, DOPAC, HVA (ng/mg protein),
DA TO (DOPAC/DA), NE, 5-HT, and HIAA in frontal cortex, nucleus
accumbens, striatum, midbrain, and hypothalamus of behaviorally tested
females at the completion of behavioral testing. Pb = main effect of Pb, S =
main effect of stress, and Pb X stress = interaction of Pb with stress in
statistical analysis.
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FIG.9. Group mean + SE corticosterone levels (ng/ml) of female offspring
at PND5-6 (time point 0.2; 0-NS = 7, 0-PS = 3, 50-NS = 7, 50-PS = 6) in
behaviorally tested offspring at 4 and 9 months of age (0-NS = 12, 0-PS =9,
50-NS = 8, and 50-PS = 8) and in nonbehaviorally tested offspring at 11
months of age (0-NS = 5, 0-PS = 4, 50-NS = 3, and 50-PS = 2). S = main
effect of stress and Pb X stress = interaction of Pb with stress in statistical
analysis.

exposure combined with PS in the form of marked increases in
responses required to learn new sequences (Figs. 4 and 7).
Statistically significant increases in total responses/completed
sequence for a specific sequence, LRC, were observed in the
50-PS group relative to other groups during both three-
response training and under multiple schedule conditions, with
8-fold increases observed in the latter. The performance under
the LRC sequence was also characterized by lower accuracy
levels during training (Fig. 3) than several other sequences,
consistent with its greater difficulty to learn. As such, the
findings with the LRC sequence are consistent with a literature

200
Pb,Pbx S

150

100

Relative Intensity
U1
o

0-NS 0-PS 50-NS 50-PS
Group

FIG. 10. Group mean + SE levels of NGF in hippocampus of behaviorally
tested females (0-NS = 12, 0-PS = 9, 50-NS = 8, 50-PS = 8). *“**’ Differs
from 0-NS control; “‘~,”” marginally different from 0-NS control.
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demonstrating greater vulnerability to effects of drugs and
other toxicants of behavior under conditions of lesser stimulus
control, that is, greater difficulty (Winneke et al., 1977). That
these deficits represented actual learning impairments was
supported by the general absence of effects on behavior during
the P components of the schedule, which involves the same
motivational, motor, and sensory requirements as RL compo-
nents but does not require learning per se.

Although statistically significant synergistic effects of Pb +
stress were seen for only one of the five RL sequences, other
individual PS, Pb, and Pb + PS subjects that did not exhibit
deficits to LRC did show markedly impaired performance in
the presence of other RL sequences (Fig. 7). That the deficits
were so highly sequence dependent explains why Pb + stress
effects would be diluted in any statistical analysis that included
all RL sequences, particularly in the face of the baseline
differences in accuracy maintained by different sequences.
Even still, a simple count of outliers for each sequence results
in evidence that these deficits show Pb + stress additivity, that
is, 13% of subjects affected for 0-PS, 45% for S0-PS, and 67%
for 50-PS. For as yet undetermined reasons, individual
variability in response to effects of Pb exposure has long been
noted in experimental studies (Cory-Slechta et al., 1985) and
has also characterized, for example, the PbB levels at which
toxicity occurs in children (Davoli et al., 1996).

Performance of 50-PS females on the LRC sequence
improved gradually across sessions, but not as much as
controls (Fig. 4). Considered in the context of the human
environment, however, where only a fixed or brief time might
be allotted for learning specific concepts, thus precluding later
improvement, such deficits might have residual escalating
effects. For example, an insufficient grasp of basic mathematics
concepts in early academic years is likely to increasingly
impair subsequent grasp of more advanced mathematical
concepts premised on the basics.

As a result of this impairment, Pb + stress females also
experienced a lower reinforcement density (Fig. 5). Intrigu-
ingly, these combined impairments parallel the effort-reward
imbalance models of occupational stress studied in humans that
posit a relationship between efforts spent and rewards received,
with rewards based on money, esteem, promotion prospects,
and security (Siegrist, 1996; Siegrist, 2001). Effort-reward
imbalance has been associated with various adverse health
outcomes, including coronary heart disease, psychiatric
disorders, alcohol dependence, adverse well-being, and chronic
illness. Measures of effort-reward imbalance have also been
associated with markers of aging-related immune senescence
including a reduction in the CD4:CD8 ratio and an increased
number of late-differentiated CD27-CD28 CD8+ T lympho-
cytes (Bosch et al., 2009; Bosma et al., 1998; Head et al.,
2004; Stansfeld and Candy, 2006). In the context of the effort-
reward imbalance model, it could be posited that the behavioral
consequences of Pb + stress themselves contribute to such
adverse health consequences.
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FIG. 11 Simple linear regression analyses relating final corticosterone values of behaviorally tested females to frontal cortex DA values (left) and to the
maximal total responses per completed sequence value to any sequence in RL1 (middle) and of nucleus accumbens DA TO to maximal total responses per
completed sequence value to any sequence in RL1 (0-NS = 12, 0-PS = 9, 50-NS = 8§, 50-PS = 8). Corresponding Z scores and p values are shown.

Neurochemical and biochemical outcomes from behaviorally
tested females were used to explore potential mechanisms of
impairments. Of particular interest in this regard were the
correlations revealed between 9-month corticosterone levels
with frontal cortical DA (which exhibited a marginal increase
at 50-PS) and with maximal number of total responses required
per completed sequence in both RL1 and RL2, as well as
between nucleus accumbens DA TO, which exhibited
a selective increase in the 50-PS group, with maximal value
for total responses per completed sequence in RL1 (Fig. 11).
The latter correlation is consistent with the known role for
nucleus accumbens in learning/reversal learning (e.g., Floresco
et al., 2009). We have demonstrated the significance of nucleus
accumbens to the mediation of postweaning Pb effects on RL
in rats, where blockade of N-methyl-D-aspartate glutamate
receptors mimics the effects of Pb (Bauter er al., 2003; Cory-
Slechta et al., 1999). Frontal cortex DA systems are also
critical to mediation of reversal learning (McAlonan and
Brown, 2003; Ragozzino, 2007).

Stepwise regression analysis also confirmed a critical role for
9-month corticosterone levels in mediation of Pb =+ stress-
induced increases in total responses/completed sequence in
behaviorally tested females. The involvement of corticosterone
is notable given the demonstrated interactions of glucocorti-
coids with frontal cortex and nucleus accumbens and
corresponding monoaminergic and glutamatergic neurotrans-
mitters. Glucocorticoids, for example, have been shown to be
essential for maintaining working memory mediated by
prefrontal cortex, with adrenalectomy impairing working
memory, decreasing DA release, and upregulating prefrontal
cortex D1 DA receptors, effects that were prevented via
replacement of corticosterone (Mizoguchi et al., 2004).
Nucleus accumbens DA is highly responsive to changes in
glucocorticoids (Barrot ez al., 2000; Cho and Little, 1999). The
circadian cycle of mineralocorticoid versus glucocorticoid
receptor activation maintains basal nucleus accumbens DA
release; an overactivation of glucocorticoid receptors, as
characterizes the stress response, can potentiate nucleus
accumbens DA efflux (Tye et al., 2009).

Many studies also document the importance of DA-
glutamate balance in the mesocorticolimbic system to learning

and reversal behaviors (Takahata and Moghaddam, 1998;
Takahata and Moghaddam, 2000). Glutamatergic receptors are
known to be modified both by Pb exposure (Cory-Slechta
et al., 1993; Guilarte, 1997; Guilarte and McGlothan, 1998)
and by PS (Jia et al., 2010). Collectively, the findings suggest
mesocorticolimbic DA-glutamate imbalance as a potential
mechanism for these Pb =+ stress-induced cognitive deficits.
One potential scenario by which this might be incurred is the
protracted HPA axis dysfunction produced by Pb =+ stress
leading to permanent alterations in both frontal cortex and
nucleus accumbens monoamine and glutamate function. Such
a scenario would also explain the patterns of correlations
observed between 9-month corticosterone levels, frontal cortex
DA, nucleus accumbens DA TO, and total responses per
completed sequence. One complexity that will need to be
considered in pursuit of such a hypothesis includes the inverted
U-shaped curves that relate neurotransmitter function to such
behaviors (Robbins and Arnsten, 2009) and that relate
corticosteroid effects to behavior (Park er al., 2006).

Changes in NGF were also examined for potential
mechanistic involvement. NGF reductions in the 0-PS group
appear discrepant from prior reports of increased NGF in basal
forebrain and hippocampus (males only) in offspring whose
mothers had received corticosterone in drinking water from
delivery (Scaccianoce et al., 2001). However, the impact of
stress on NGF is highly dependent upon type of stressor
(Scaccianoce et al., 2000), and experimental conditions here
differed notably from those studied previously (Scaccianoce
et al.,2001). Prior studies suggest an impact of postweaning Pb
exposure on NGF, as demonstrated by reductions in NGF gene
expression in dorsal hippocampus in adulthood (Schneider
et al.,2001) and in p75 receptor number in the medial septum/
vertical limb of the diagonal band of Broca (Kidd et al., 2008).
The current study demonstrates reductions in hippocampal
NGF in response to lifetime Pb exposure levels at considerably
lower PbB levels than those in Schneider et al. (2001), with
current values stabilizing at approximately 8—10 pg/dl (with
slightly higher values likely occurring during gestation and
weaning as would be expected in both humans and rodents
[Dearth et al., 2002; Gulson et al., 2004]). The extent to which
NGF reductions related to Pb + stress-associated learning
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impairments in the current study is not yet clear, given that all
Pb =+ stress groups showed almost equivalent NGF reductions,
an outcome not mirrored in behavioral changes, and by the
more modest nature of NGF correlation with other outcomes,
although these are based on small n’s.

The current studies have particular significance for human
health, particularly given reports that elevated blood Pb levels
mediated inverse associations observed between socioeco-
nomic status and cortisol levels in 9.5-year-old children (Gump
et al., 2009), as well as the increases in systolic and diastolic
blood pressure and the total peripheral vascular resistance
response to an acute stress challenge (Gump et al., 2008),
consistent with Pb-stress interactions in humans. Importantly,
these findings also underscore the critical need to generate
more realistic models of human environmental chemical
exposure, for example, to establish effect levels of Pb and of
other toxicants in the context of other extant risk factors with
which they share either common biological substrates or
adverse outcomes in cumulative risk or multiple hit models.
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