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Abstract
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Over a lifetime, early developmental exposures to neurocognitive risk factors, such as lead (Pb)
exposures and prenatal stress (PS), will be followed by multiple varied behavioral experiences. Pb,
PS and behavioral experience can each influence brain epigenetic profiles. Our recent studies show
a greater level of complexity, however, as all three factors interact within each sex to generate
differential adult variation in global post-translational histone modifications (PTHMs), which may
result in fundamentally different consequences for life-long learning and behavioral function. We
have reported that PTHM profiles differ by sex, brain region and time point of measurement
following developmental exposures to Pb±PS, resulting in different profiles for each unique
combination of these parameters. Imposing differing behavioral experience following
developmental Pb±PS results in additional divergence of PTHM profiles, again in a sex, brain
region and time-dependent manner, further increasing complexity. Such findings underscore the
need to link highly localized and variable epigenetic changes along single genes to the highlyintegrated brain functional connectome that is ultimately responsible for governing behavioral
function. Here we advance the idea that increased understanding may be achieved through iterative
reductionist and holistic approaches. Implications for experimental design of animal studies of
developmental exposures to neurotoxicants include the necessity of a ‘no behavioral experience’
group, given that epigenetic changes in response to behavioral testing can confound effects of the
neurotoxicant itself. They also suggest the potential utility of the inclusion of salient behavioral
experiences as a potential effect modifier in epidemiological studies.
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INTRODUCTION
1. Deleterious Effects of Developmental Exposures to Lead and Prenatal Stress on the
Central Nervous System (CNS): Potential Contributions of Epigenetic Alterations
Environmental agents that impact children’s cognitive development and function include
chemical stressors, e.g., exposures to lead (Pb), as well as non-chemical stressors, such as
prenatal stress (PS). Both Pb and PS have been reported to produce cognitive deficits and
reductions in IQ, attention deficits, and later behavioral problems in children, findings that
are paralleled in animal models [1–12]. These common adverse consequences of Pb and PS
likely arise through their shared biological targets, specifically the HPA axis [13–15] and the
brain mesocorticolimbic system that includes prefrontal cortex and hippocampus [16–24];
additionally, the HPA axis and brain mesocorticolimbic systems are highly interactive [25].
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There is increasing interest in the role of epigenetic impacts in brain of such exposures and
their potential relationships to associated behavioral toxicology and neurotoxicity.
Epigenetic alterations have been described in response to Pb and to PS in both frontal cortex
(FC) and in hippocampus (HIPP), components of the mesocorticolimbic system that are
critical to the mediation of cognitive function [26, 27], suggesting such modifications could
relate to associated cognitive deficits. For example, developmental Pb alters the expression
of DNA methyltransferases and DNA-binding proteins (DNMT1, DNMT3a, and MeCP2) in
rat HIPP, with effects expressed differently by sex [28]. Analysis of genome wide DNA
methylation in the cortex (region(s) not specified) and whole HIPP of 2 month old C57/Bl6
mice from dams with gestational and lactational blood Pb levels of 0.9–1.3 μg/dL (levels in
offspring not reported) showed sex-dependent Pb effects on DNA methylation [29]. Studies
of developmental Pb on Alzheimer’s-like disease report lifelong changes in global PTHM
levels in cortex after exposures to 0 or 0.2% Pb acetate in drinking water via the dam from
birth to weaning. Initial Pb-induced increases in the activating mark H3K9Ac were seen in
20 day old males followed by subsequent reductions out to 700 days of age, while reductions
in the repressive mark H3K4Me2 were lifelong; levels of the repressive mark H3K27Me3
were increased over this total time period [30].

Author Manuscript

Epigenetic changes in CNS also occur in response to PS. Among such changes are increased
methylation of BDNF exon IV critical to synaptic plasticity [31] and altered expression
levels of the gene Gpm6a which plays an important role in neuronal differentiation and
plasticity via changes in DNA methylation status and posttranscriptional regulation by
microRNAs [32]. Numerous genes involved in epigenetic regulation were differentially
expressed after PS in rats, including HDAC4, methyltransferase-like 2 and MBD [33]. PS at
different times during gestation in mice produced changes in corticotropin-releasing
hormone and glucocorticoid receptor gene methylation profiles, with consequences that
were sex-specific [34]. A number of changes in expression levels of DNA
methyltransferases (DNMT1, DNMT3a) in FC and HIPP, particularly in GABAergic
interneurons, were reported in mice exposed to PS [35].
As alluded to above, such changes are often sex-specific [34, 36–38]. Our recent studies,
however, which have focused to date primarily on global post-translational histone
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modifications (PTHMs), suggest far greater complexity in CNS epigenetic profiles that will
need to be considered in any elaboration of epigenetic mechanisms underlying CNS
behavioral function and dysfunction. In addition to these consistent sex differences [38] are
both brain region- and time point of measurement-dependent differences in brain epigenetic
responses to Pb and PS. For example, offspring of C57Bl6 mouse dams treated from 2 mos
prior to breeding through lactation with 0 or 100 ppm Pb drinking solutions combined with
either no prenatal restraint stress or PS administered 3x/day for 30 min each time from
gestational days 11–19 showed brain region differences as indicated by differing PTHM
profiles in FC as compared to HIPP [37]. Each treatment group (0-NS: no Pb, no PS; 0-PS:
no Pb, PS; Pb-NS: Pb, no PS; Pb-PS: Pb and PS) showed unique transitions in PTHMs from
P0 to P6 and these treatment-related differences varied between the HIPP and FC.
Specifically, in HIPP, reductions in expression levels of both marks were seen between
PND0 and PND6 in females, with no impacts of Pb±PS. In contrast, expression levels of
these marks increased across time in male HIPP, and were influenced by Pb±PS: at PND6,
Pb reduced expression levels of H3K9/14Ac by 50%, and Pb+PS reduced levels of
H3K9Me3. In FC, expression levels of both marks again decreased significantly between
PND0 and PND6 in females, but here Pb±PS did influence outcomes: Pb alone reduced
expression levels of H3K9/14Ac at PND0 and PS alone reduced levels of H3K9Me3. In
male FC, expression levels of both marks also declined between PND0 and PND6, while PS
alone significantly increased H3K9/14Ac at PND0 [37].
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Subsequent extension of these studies to a panel of 4 PTHMs (global levels of H3K9ac,
H3K4Me3, H3K9Me2 and H3K27Me3) examined at embryonic day 18 and PND0, 6 and 60
in FC and HIPP further underscored these complexities [39]. Sex, brain region and timedependent changes occurred in controls even in the absence of Pb±PS. Influences of Pb±PS
were likewise sex, brain region and time-dependent. For example, developmental Pb
exposure increased expression levels of all PTHMs in FC at PND0 in female, but not male,
offspring, whereas males showed a prominent increase in expression levels of all 4 PTHM at
PND6 that was further increased by Pb+PS. In HIPP, increases in expression levels in
response to PS only were seen in females at PND60, as were significant reductions in
H3K9Ac and H3K27Me3 in response to Pb+PS, whereas prominent increases at PND6 were
again seen in males, but tended to be significantly reduced by prior PS exposures.
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Results from these studies indicate that at any given time point, global PTHM profiles differ
by context, i.e., developmental exposure conditions (control, Pb, PS or Pb+PS), sex and
brain region, as summarized in Table 1 adapted from data taken at PND6 from a recently
reported study from our laboratories [39]. It presents changes in the expression levels of the
4 PTHMs (H3K9Ac, H3K4Me3, HeK9Me2 and H3K27Me3) as a percent of control group
expression levels (100%) for all treatment groups (rows) [39], with arrows indicating
direction of change. Table 1 shows that Pb alone produced almost no changes in FC or HIPP
PTHM expression levels at this time point in males, whereas PS alone increased FC
expression levels, but reduced levels in HIPP of all 4 PTHMs, while Pb+PS increased levels
of all marks in both FC and HIPP. Patterns in females differed from those in males, with PS
alone decreasing HIPP global expression levels of all 4 marks, and reducing H3K27Me3 in
FC, whereas Pb alone reduced global expression levels relative to controls of the PTHMs
H3K9Ac, H3K9Me2 and H3K27Me3 and generated minor increases in all 4 PTHMs in
Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.
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HIPP. Pb+PS females exhibited robust increases in all 4 PTHMs in FC, but reduced
expression levels of H3K9Ac in HIPP. Based on the known critical interactions of FC and
HIPP in mediating cognitive function [40, 41], interactions between these two regions would
now also likely differ from control. Consequently, near the time of birth, PTHM profiles of
all groups of both sexes differ within and across brain regions, as summarized in Table 1,
likely influencing interactions between FC and HIPP.
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In sum, brain epigenetic responses to such CNS stressors as Pb exposure and PS are not only
sex-dependent, but also brain region dependent [37, 39]. Furthermore, these profiles change
over time, meaning that conclusions or hypotheses generated from a single point in time,
particularly during development, may not reflect trends though development or final adult
epigenetic profiles, indicating the significant impact of environmental contexts in
determination of these PTHM profiles. Of course, our assessments to date, in beginning
these studies, have focused on global PTHM expression levels in these brain regions, and
thus they represent a type of averaging which may obscure more localized gene and regional
changes still to be elaborated. In addition, the brain is composed of multiple cell types and
multiple areas within each region, which studies are showing likewise differ in their
epigenetic response to environmental events [42, 43]. Extension to these additional factors
will provide additional details, that, in concert with global patterns, may help facilitate
understanding of how Pb, PS and behavioral experience influence epigenetic profiles, CNS
protein production and regional function; all of which are needed for appropriate behavioral
output.
2. Contrasting Behavioral Experiences Following Developmental Exposures to Pb and/or
PS Result in Further Divergence of Brain Epigenetic Profiles
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Of course, birth is inevitably followed by exposures to other environmental events that will
encompass a wide range of different conditions and evoke behavioral responses from an
individual (i.e., they will undergo behavioral experience). Such conditions can include
events that are adverse/negative (e.g., early behavioral adversity, such as parental divorce,
child abuse or neglect) or positive (parental affection and attention, reward, accomplishment,
stability, etc.) in nature and, importantly, these experiences further impact future CNS
function [44–47]. Such behavioral experiences have been shown to alter brain epigenetic
profiles. For example, in rodents, differences in levels of early maternal care produce
functional and persistent changes in DNA methylation of the glucocorticoid receptor [48].
Early caregiver maltreatment altered mRNA levels of epigenetic regulators Dnmt1, Dnmt3a,
MeCP2, Gadd45b and HDAC 1 in adult male rats and significantly decreased Gadd45b in
females [49]. Conversely, early environmental enrichment in mice increased histone
acetylation of the BDNF gene in adulthood, but BDNF gene expression levels increased only
after stimulation, suggesting that early enrichment permitted rapid increases in BDNF in
response to a challenge [50]. Similarly, numerous human studies of traumatic stress during
the prenatal period are associated with changes in DNA methylation [44, 51, 52].
As illustrated in Figure 1 (shown for one sex only), environmental events early after birth
would act upon epigenetic profiles that already differ in response to developmental Pb, PS
and Pb+PS exposure for each sex, i.e., these environmental events act upon already
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differentiated epigenetic profiles [77], and thus could result in further divergence of the
trajectories of these profiles, based on the unique combination of early insults and types of
environmental experience. Even under no exposure conditions (control), different
environmental experiences could produce divergence of the consequent brain epigenetic
profile.
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To further simulate the human environmental trajectory of in utero exposures followed by
other environmental events, offspring from each of the 4 treatment groups per sex (0-NS, 0PS, Pb-NS, Pb-PS) were subsequently exposed to either no behavioral experience, positive
behavioral experience or negative behavioral experience, with no more than 1 pup/sex used
from each dam to preclude any litter specific effects within behavioral experience groups.
‘Positive’ behavioral experience consisted of exposure to 30 behavioral test sessions in
which food reward was available on a fixed interval (FI) 60 second schedule of
reinforcement [53–55] in operant chambers (Med Associates, Model ENV-307W) housed in
sound-attenuating cabinets equipped with fans for ventilation and white noise generation.
Three levers were located horizontally across the back wall of the chamber, with a liquid
dipper and dual pellet dispenser for reinforcer (20 mg food pellet; PJ Noyes) delivery on the
front (opposite) wall. On the FI schedule, the first lever press response occurring on the
designated active lever after the 60 second interval elapsed, resulted in food delivery and
initiated the next 60 second interval. Responses during the 60 second interval itself had no
programmed consequences. Sessions lasted 30 min and a total of 30 sessions were carried
out on a M-F schedule. ‘Negative’ behavioral experience consisted of exposure to a single 5
min session of forced swim followed one week later by a single 30 min episode of restraint
stress. These were specifically limited to one experience each to preclude habituation
effects. For restraint stress, mice were placed in a restrictive Plexiglas tube where they
remained for a period of 30 minutes. In the forced swim paradigm, mice were placed in a
pail of water from which escape was not possible, and which was too deep to allow mice to
use their tail to balance. For the ‘no behavioral experience’ condition, mice simply remained
in their home cages (paired by sex and treatment) during the entire period of behavioral
experience afforded to the other groups. Since the positive behavioral experience, i.e., FI
schedule of reward, required mice to be food-motivated, mice in all groups were food
restricted to maintain 90% of their ad-lib weights beginning at approximately 50 days of age
for the duration of the experiment.
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As suggested by a growing literature describing the impacts of early behavioral adversity on
brain epigenetic profiles [56–58], Figure 1 hypothesizes that these different behavioral
experiences will produce further divergence of trajectories of epigenetic profiles and do so in
a sex and brain region-dependent manner, as the different patterns/shapes and arrows under
all different conditions are intended to convey. Indeed, Table 2 illustrates examples of some
observed differences in global PTHM levels for the Pb+PS group relative to the control
group for H3K4Me3 in males and H3K27Me3 for females calculated as a percent of the
non-behavioral control group expression levels (Cory-Slechta et al., unpublished data). As
before, the different shapes/patterns for each condition convey the different epigenetic
profiles already associated with each condition. Subsequently, variations in behavioral
experiences can differentially influence epigenetic profiles even in the absence of
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developmental exposures to Pb±PS. In control males for example, negative behavioral
experience reduced H3K4Me3 levels in FC by 27%, whereas positive behavioral experience
reduced expression levels of this mark by 47% in HIPP. In control females, little impact of
either positive or negative experience relative to no behavioral experience was seen on levels
of H3K27Me3 expression in FC, but both experiences reduced expression of this mark by
>30% in HIPP. As can also be seen, these different types of behavioral experiences produced
divergent profiles in groups exposed to Pb+PS, which again differed by sex and brain region
as well as from profiles in the control group. In the male Pb+PS group, positive experience
further increased FC H3K4Me3 expression levels by 52%, but negative experience further
decreased this mark by 48% in HIPP. In the female Pb+PS group, both types of behavioral
experience reduced H3K27Me3 expression levels in FC by 20–30% as did positive
behavioral experience in HIPP by 54%.
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While these data derive from animal models of developmental exposures to Pb, PS or Pb+PS
and to specific behavioral experiences, the resulting complexities are not likely to be unique
to these particular developmental exposures or behavioral experiences, nor to FC and HIPP.
Epigenetic changes occur throughout the brain in response to environmental events. In fact,
a recent study measuring in vivo epigenetic imaging of HDACs in human subjects showed
them to be simultaneously highly expressed in multiple brain regions, with differences
between gray and white matter as well as between cortical and subcortical gray matter [59].
Further, histones work in ‘codes’ via multiple post-translational modifications occurring at
their N-terminal tails which exhibit significant cross talk at a local level, producing dynamic
and flexible chromatin marking that ultimately determines the pattern of gene expression to
a given environmental stimulus; these changes in histone codes have been shown to vary in a
region-specific manner following similar cognitive/behavioral stimuli, suggesting that
multiple changes are occurring at single genes culminating in global changes that vary
across multiple brain regions following the integrated behavioral response [60].
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How such widespread and yet highly localized epigenetic impacts within the CNS ultimately
relate to brain function and behavior is a critical question, as the brain is a highly-networked
interactive system of systems [61, 62], with an extensive body of fMRI studies
demonstrating existence of overlapping functional (behavioral) networks [63]. Indeed, CNS
responses represent the integrated output of a network of systems of the brain, and not the
modular response of a specific brain region or site or cell type [64–66]. Thus, the networked
brain must somehow be linked to patterns of localized epigenetic changes. Correspondingly,
studies in both human and mouse/rat brain demonstrate that the functional connectivity of
brain regions can actually be predicted by clustered gene expression data, particularly of
synaptic activity-related genes [67, 68]. Data sciences could begin to assist in determining
whether this linkage relies on patterns of specific epigenetic changes or corresponding
emergent global epigenetic consequences. Further, human behavior is highly dynamic
meaning that linkages must be extremely rapid; removing your hand from a flame is far
faster than the time required to produce changes in epigenetic profiles, gene transcription
and subsequent protein production.
Most behavioral epigenetic studies to date have focused on very specific and single
behavioral functions, such as learning or drug abuse, and the associated studies have
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typically used a very limited set of behavioral paradigms to measure that behavioral
function. Assessments of the epigenetic underpinnings of learning and memory, for example,
have primarily relied on the use of fear conditioning, a shock-based Pavlovian conditioning
paradigm, although a few studies have examined object and spatial memory and taste
memory [69] and thus comparative changes in resulting epigenetic profiles in relation to
differential characteristics of behavioral experience are as yet unknown.
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However, the differential epigenetic impact of specifically divergent behavioral experiences,
as observed in our studies, is not without precedent, although such comparisons have been
extremely limited. The effects of histone deacetylase inhibitors, compounds that increase
levels of acetylation at histone tails and thus open up chromatin structure and facilitate gene
expression [70], were examined in honeybees. Changes in rewarding vs. aversive olfactory
conditioning (memories) were compared: bees were trained to discriminate between
rewarding (positive conditioned stimulus; limonene) vs. aversive (negative conditioned
stimulus; natural vanilla) odors that were the conditioned stimuli for sucrose vs. saturated
NaCl solutions, respectively. As it showed, histone deacetylase inhibitors systematically
impaired discrimination memory of aversive stimuli, but had no impact on reward-based
conditioning, despite the fact that both were measures of learning. These effects were shown
not to reflect differences in sucrose sensitivity or locomotor activity [70].
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A study by Bousiges et al [71] suggests controllability vs. uncontrollability in the
environmental experience as a modulator of PTHM changes as well. Specifically, they
compared global dorsal hippocampal histone acetylation in rats that underwent water maze
learning with a constant location visible platform from which escape was possible (hidden
platform; controllable/predictable stressor) vs. one in which the platform was moved on each
trial (variable platform; uncontrollable/unpredictable stressor). Under those conditions,
significant increases were seen in H2B and H4 acetylation levels in the hidden platform
group relative to the variable platform group. In another experiment, H3 acetylation
expression was markedly increased in the variable platform experienced animals relative to
levels obtained from rats that simply remained in their home cage. Such findings are
consistent with our results described above and with the fact that differences in the nature of
the environmental experience can markedly influence the epigenetic outcome.
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That differences in environmental experience lead to divergence of epigenetic profiles is also
suggested by the findings of Cheung et al. [43] in human post-mortem tissue. This study
showed that while there existed highly significant correlations of neuron-enriched H3K4me3
peaks across 11 human subjects, there were also significant individual differences in human
prefrontal cortex neuronal H3K4me3 epigenomes, likely reflecting the different
environmental experiences of these individuals.
3. Challenges to Understanding the Epigenetic Profiles Arising from the Convergence of
Adverse Neurodevelopmental Exposures and Subsequent Behavioral Experience
The primary intention of this article is to highlight the interactive effects upon the brain
epigenome of developmental behavioral and toxicant exposures with subsequent
environmental events that may ultimately result in behavioral toxicity. However, it also
underscores the significant need to link the complexity of regionally-specific changes in
Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 8

Author Manuscript

epigenetic profiles to differences in inter-region brain function and ultimately to behavior, a
linkage likely not achievable based on a totally reductionist strategy [72]. These findings
from our studies summarized above indicate that depictions of an effect of Pb or PS on brain
histone marks are highly context-dependent. In that spirit, the complexity demonstrated to
date in our studies generates many exciting new questions and experimental design
implications for environmental neurotoxicology.
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A. Environmental Experiences per se Can Modify Brain Epigenetic Profiles,
but the Nature of the Experience May Significantly Influence the Resulting
Epigenetic Profile: What Characteristics of the Experience Underlie Those
Differences?—As the above question implies, it is not presently clear what the critical
characteristics are that differentiate the epigenetic impacts of the various behavioral
experiences used here, or more broadly in the literature. Is it possible, for example to
classify categories of, e.g., positive vs. negative behavioral experiences in which members
within each category produce similar epigenetic patterns that would be translatable to human
experiences? With respect to operant learning per se, a recent study using money gain vs.
money loss in humans suggests that stimulus-presentation based positive reinforcement is
actually functionally different from stimulus elimination-based negative reinforcement [73],
even though both lead to the same behavioral outcome. What are the characteristics of
behavior that would allow such classification and consistent epigenetic pattern induction?
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Our choices of positive vs. negative experience were based on our assessment of the
controllability/predictability of outcome of these behavioral paradigms, as has been used to
distinguish stress-inducing from resilience-producing paradigms [74]. Specifically, foodrewarded responding is both controllable and predictable, whereas the single exposures to
forced swim and restraint stress were both uncontrollable and unpredictable and are
supported by the findings of Bousiges et al [71] cited above. However, additional systematic
research will be required to address other potential differences, e.g., in our studies, the
positive behavioral experience paradigm involved food delivery, whereas the negative
behavioral experience did not, the negative behavioral experience also required more intense
motor behavior. By further operationalizing these behaviors and including additional
controls, we will also be able to separate epigenetic alterations associated with metabolism
demands or digestion.
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As current studies have tended to focus on a single or perhaps two brain regions in
assessment of epigenetic profiles, a more holistic networked-based epigenetic
characterization has not yet been approached and may indefinitely remain cost prohibitive,
even though a sizeable literature documents the fact that brain function is characterized by
overlapping large scale functional networks (the connectome, [61, 62]), and that network
connectivity can actually be predicted by local clustered gene expression, corresponding to
the interactive nature of genetic underpinnings of brain function [67, 75].
B. What are the Implications for Experimental Design of Neurotoxicology
Studies?—The fact that different epigenetic profiles emerge in response to different
environmental experiences has critical implications for the design of experimental studies of
epigenetic effects of neurodevelopmental environmental stressors, such as Pb and/or PS. Our
Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.
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previous studies [76, 77] confirm that these different behavioral experiences likewise
differentiate the effects of Pb ±PS on brain neurochemistry and corticosterone levels and on
subsequent cognitive function. If environmental/behavioral experience has the capacity to
change brain neurochemistry and epigenetic marks as well as even peripheral hormone
levels, then assessment of ‘mechanisms’ of e.g., Pb at a molecular/biochemical/cellular level
in animals that have undergone environmental/behavioral experience might actually reflect
an interaction of that behavioral experience with Pb, rather than the impact of Pb alone, thus
confounding interpretation. This makes inclusion of a ‘no behavior’ control group critical in
studies aimed at ascertaining epigenetic mechanisms of environmental stressors per se. It is
important to note that a ‘no behavioral experience’ control group is actually an
environmental impossibility, as some, albeit deprived, stimulation and behavioral experience
occurs even in pair-housed mice. However, the ‘no behavior’ control group nevertheless
provides a requisite alternative group indicating what changes occur based on daily vivarium
and social experiences at baseline. These interactions of behavioral experience with in utero
events also suggest the importance of understanding environmental experience in human
epidemiological studies as a potential covariate or confounder, or, more informatively, as an
effect modifier of subsequent epigenetic readouts to assess its interaction with a chemical
exposure.
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C. The Brain Functions as a Highly-Networked System of Systems: Is There
Epigenetic Profile Patterning Across Brain Regions/Networks? Are There
Patterns of Signatures of Epigenetic Changes within Brain Systems?—An
understanding of the modulation of epigenetic profiles in brain in response to environmental
events will ultimately require elaboration of a complex interactive profile of changes, not
only locally, but also across the brain [78, 79]. Although many studies have examined brain
epigenetic consequences of various chemical exposures or environmental events, it has been
more typical to do so in a specific brain region or gene or site rather than across brain
regions or at potential correlations across regions [80].
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Even then, given the functional connectome of the brain, can a strictly reductionist approach
focused on a single brain region, ever yield a full mechanistic understanding of behavioral
variation? At another scale, given the highly context-dependent nature of epigenetic changes
needed for functional protein transcription, can a single epigenetic change alone ever yield a
full mechanistic understanding of the gene-protein relationship? It seems more likely that an
iterative reductionist-holistic approach will prove more fruitful, in searching for patterns of
epigenetic changes that link to functional brain networks [72]. Such an understanding is
critical because it could ideally be utilized to devise specific behavioral interventions to
reverse earlier adverse environmental impacts [81].
D. The Human Environment is Dynamic and Environmental Experiences Occur
Across the Life Time: The Course and Trajectory of Such Experiences are
Unique to Each Individual—The rightmost side of Figure 1 is included to remind us of
the fact that the trajectory of environmental events that can influence brain epigenetic marks
continues over the course of a human’s lifetime, with the sum and time course of such events
unique to each individual. This raises several critical questions. How dynamic are epigenetic
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changes in brain? Do sequential salient environmental events or exposures simply modify
epigenetic profiles that have already been altered by former exposures or events? Are some
epigenetic changes produced by specific experiences more persistent than others or even
intractable? If so, which experiences result in such responses? That the latter can be the case
is suggested by studies reporting alterations in promoter methylation of the glucocorticoid
receptor gene in leukocyte DNA from healthy adults following early childhood maltreatment
[82]. But not all children end up dysfunctional, some are resilient to these adversities [83].
As noted above, such questions may be best approached via an iterative shifting between
holism and reductionism [72].

Conclusions
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Clearly, there are significant hurdles to advancing the understanding of the epigenetic
consequences of environmental stressors for brain and its control over behavior.
Understanding the characteristics by which behaviors can be classified or grouped with
respect to brain epigenetic impact may provide one strategy to facilitate this understanding.
For example, it is important to determine whether common epigenetic profiles exist for any
single environmental experience or behavioral domain of interest, i.e., those epigenetic
networks/consequences that generalize across different episodes of an environmental event
or across behavioral paradigms that measure a specific behavioral function. In the case of
behavioral functions, for example, what are the epigenetic profiles that occur across operant
learning paradigms; and do they differ from Pavlovian learning? What about positive vs.
negative reinforcement operant learning paradigms? Both increase response frequency, but
the procedures differ. Are these patterns observable at specific epigenetic targets, global
regional patterns or observed in dysfunction of regional connectivity? Presumably,
overlapping marks would relate to the learning itself. Comparative studies addressing such
questions would help to identify epigenetic changes that relate to the behavioral function and
not to the specific paradigm or to specific features of the paradigm or stimuli used, such as
shock delivery or food delivery. In addition, it would be useful to compare experiences that
differ in specific types of controlling characteristics, e.g., controllable/predictable vs.
uncontrollable/unpredictable, extinction (removal of reward) vs. punishment, etc. Such
studies should collectively begin to define groupings of events/behaviors and permit more
generalizability in terms of consequent epigenetic marks that are important.

Author Manuscript

Albeit potentially limited by current costs, it will ultimately be important to assess
epigenetic profiles more broadly and correlatively across brain regions, recognizing that
modularity and site specific changes are only a component of integrated brain function [67,
75]. Looking with both breadth and depth at integration as well as modularity may assist in
finding more generalized markers important to specific environmental events or behavioral
domains.

Acknowledgments
Supported by grants ES P30 001247 (D. Cory-Slechta) and ES 021534 (D. Cory-Slechta and J.S. Schneider, PIs).

Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 11

Author Manuscript

References

Author Manuscript
Author Manuscript
Author Manuscript

1. Canfield RL, Henderson CR Jr, Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP. Intellectual
impairment in children with blood lead concentrations below 10 microg per deciliter. N Engl J Med.
2003; 348:1517–1526. [PubMed: 12700371]
2. Canfield RL, Gendle MH, Cory-Slechta DA. Impaired neuropsychological functioning in leadexposed children. Dev Neuropsychol. 2004; 26:513–540. [PubMed: 15276907]
3. Cory-Slechta DA. Relationships between Pb-induced changes in neurotransmitter system function
and behavioral toxicity. Neurotoxicology. 1997; 18:673–688. [PubMed: 9339816]
4. Cory-Slechta DA. Lead-induced impairments in complex cognitive function: offerings from
experimental studies. Neuropsychol Dev Cogn Sect C Child Neuropsychol. 2003; 9:54–75.
5. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, Canfield RL, Dietrich KN,
Bornschein R, Greene T, et al. Low-level environmental lead exposure and children’s intellectual
function: an international pooled analysis. Environ Health Perspect. 2005; 113:894–899. [PubMed:
16002379]
6. Nigg JT, Nikolas M, Mark Knottnerus G, Cavanagh K, Friderici K. Confirmation and extension of
association of blood lead with attention-deficit/hyperactivity disorder (ADHD) and ADHD
symptom domains at population-typical exposure levels. J Child Psychol Psychiatry. 2010; 51:58–
65. [PubMed: 19941632]
7. Nigg JT. Attention deficits and hyperactivity-impulsivity: what have we learned, what next? Dev
Psychopathol. 2013; 25:1489–1503. [PubMed: 24342852]
8. Morgan RE, Garavan H, Smith EG, Driscoll LL, Levitsky DA, Strupp BJ. Early lead exposure
produces lasting changes in sustained attention, response initiation, and reactivity to errors.
Neurotoxicol Teratol. 2001; 23:519–531. [PubMed: 11792522]
9. Del Giudice M. Early stress and human behavioral development: emerging evolutionary
perspectives. Journal of Developmental Origins of Health and Disease. 2014; 5:270–280. [PubMed:
24965133]
10. Davis EP, Sandman CA. The Timing of Prenatal Exposure to Maternal Cortisol and Psychosocial
Stress is Associated with Human Infant Cognitive Development. Child Dev. 2010; 81:131–148.
[PubMed: 20331658]
11. Glover V. Annual Research Review: Prenatal stress and the origins of psychopathology: an
evolutionary perspective. Journal of Child Psychology and Psychiatry. 2011; 52:356–367.
[PubMed: 21250994]
12. Laplante DP, Brunet A, Schmitz N, Ciampi A, King S. Project Ice Storm: prenatal maternal stress
affects cognitive and linguistic functioning in 5 1/2-year-old children. J Am Acad Child Adolesc
Psychiatry. 2008; 47:1063–1072. [PubMed: 18665002]
13. Rossi-George A, Virgolini MB, Weston D, Cory-Slechta DA. Alterations in glucocorticoid negative
feedback following maternal Pb, prenatal stress and the combination: a potential biological
unifying mechanism for their corresponding disease profiles. Toxicol Appl Pharmacol. 2009;
234:117–127. [PubMed: 18977374]
14. Rossi-George A, Virgolini MB, Weston D, Thiruchelvam M, Cory-Slechta DA. Interactions of
Lifetime Lead Exposure and Stress: Behavioral; Neurochemical and HPA Axis Effects.
Neurotoxicology. 2011:83–99. [PubMed: 20875452]
15. Harris A, Seckl J. Glucocorticoids, prenatal stress and the programming of disease. Horm Behav.
2011; 59:279–289. [PubMed: 20591431]
16. Cory-Slechta DA, O’Mara DJ, Brockel BJ. Nucleus accumbens dopaminergic mediation of fixed
interval schedule-controlled behavior and its modulation by low-level lead exposure. J Pharmacol
Exp Ther. 1998; 286:794–805. [PubMed: 9694936]
17. Cory-Slechta DA, Pokora MJ, Fox RAV, O’Mara DJ. Lead-induced changes in dopamine D1
sensitivity: Modulation by drug discrimination training. Neurotoxicology. 1996; 17:445–458.
[PubMed: 8856740]
18. Zuch CL, O’Mara DJ, Cory-Slechta DA. Low-level lead exposure selectively enhances dopamine
overflow in nucleus accumbens: An in vivo electrochemistry time course study. Toxicol Appl
Pharmacol. 1998; 150:174–185. [PubMed: 9630467]

Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

19. Lasley SM, Gilbert ME. Presynaptic glutamatergic function in dentate gyrus invivo is diminished
by chronic exposure to inorganic lead. Brain Res. 1996; 736:125–134. [PubMed: 8930317]
20. Lasley SM, Gilbert ME. Lead inhibits the rat N-methyl-d-aspartate receptor channel by binding to
a site distinct from the zinc allosteric site. Toxicol Appl Pharmacol. 1999; 159:224–233. [PubMed:
10486309]
21. Lasley SM, Gilbert ME. Glutamatergic components underlying lead-induced impairments in
hippocampal synaptic plasticity. Neurotoxicology. 2000; 21:1057–1068. [PubMed: 11233752]
22. Gemmel M, Rayen I, Lotus T, van Donkelaar E, Steinbusch HW, De Lacalle S, Kokras N, Dalla C,
Pawluski JL. Developmental fluoxetine and prenatal stress effects on serotonin, dopamine, and
synaptophysin density in the PFC and hippocampus of offspring at weaning. Dev Psychobiol.
2016; 58:315–327. [PubMed: 26477449]
23. Negrón-Oyarzo I, Neira D, Espinosa N, Fuentealba P, Aboitiz F. Prenatal Stress Produces
Persistence of Remote Memory and Disrupts Functional Connectivity in the Hippocampal–
Prefrontal Cortex Axis. Cereb Cortex. 2015; 25:3132–3143. [PubMed: 24860018]
24. Pallarés ME, Baier CJ, Adrover E, Monteleone MC, Brocco MA, Antonelli MC. Age-Dependent
Effects of Prenatal Stress on the Corticolimbic Dopaminergic System Development in the Rat
Male Offspring. Neurochem Res. 2013; 38:2323–2335. [PubMed: 24013886]
25. Sullivan RM, Dufresne MM. Mesocortical dopamine and HPA axis regulation: role of laterality
and early environment. Brain Res. 2006; 1076:49–59. [PubMed: 16483551]
26. Laroche S, Davis S, Jay TM. Plasticity at hippocampal to prefrontal cortex synapses: dual roles in
working memory and consolidation. Hippocampus. 2000; 10:438–446. [PubMed: 10985283]
27. Eichenbaum H. A cortical-hippocampal system for declarative memory. Nat Rev Neurosci. 2000;
1:41–50. [PubMed: 11252767]
28. Schneider JS, Kidd SK, Anderson DW. Influence of developmental lead exposure on expression of
DNA methyltransferases and methyl cytosine-binding proteins in hippocampus. Toxicol Lett.
2013; 217:75–81. [PubMed: 23246732]
29. Sánchez-Martín FJ, Lindquist DM, Landero-Figueroa J, Zhang X, Chen J, Cecil KM, Medvedovic
M, Puga A. Sex- and tissue-specific methylome changes in brains of mice perinatally exposed to
lead. Neurotoxicology. 2015; 46:92–100. [PubMed: 25530354]
30. Eid A, Bihaqi SW, Renehan WE, Zawia NH. Developmental lead exposure and lifespan alterations
in epigenetic regulators and their correspondence to biomarkers of Alzheimer’s disease.
Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring. 2016; 2:123–131.
31. Boersma GJ, Tamashiro KL. Individual differences in the effects of prenatal stress exposure in
rodents. Neurobiol Stress. 2015; 1:100–108. [PubMed: 27589662]
32. Boersma GJ, Lee RS, Cordner ZA, Ewald ER, Purcell RH, Moghadam AA, Tamashiro KL.
Prenatal stress decreases Bdnf expression and increases methylation of Bdnf exon IV in rats.
Epigenetics. 2014; 9:437–447. [PubMed: 24365909]
33. Van den Hove DLA, Kenis G, Brass A, Opstelten R, Rutten BPF, Bruschettini M, Blanco CE,
Lesch KP, Steinbusch HWM, Prickaerts J. Vulnerability versus resilience to prenatal stress in male
and female rats; Implications from gene expression profiles in the hippocampus and frontal cortex.
Eur Neuropsychopharmacol. 2013; 23:1226–1246. [PubMed: 23199416]
34. Mueller BR, Bale TL. Sex-specific programming of offspring emotionality after stress early in
pregnancy. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2008;
28:9055–9065. [PubMed: 18768700]
35. Matrisciano F, Tueting P, Dalal I, Kadriu B, Grayson DR, Davis JM, Nicoletti F, Guidotti A.
Epigenetic modifications of GABAergic interneurons are associated with the schizophrenia-like
phenotype induced by prenatal stress in mice. Neuropharmacology. 2013; 68:184–194. [PubMed:
22564440]
36. Anderson DW, Schneider JS, Sobolewski M, Cory-Slechta D. Sex-Dependent Effects of Lead and
Prenatal Stress on Adult Glucocorticoid Receptor Expression and Its Epigenetic Control. Toxicol
Sci. 2015; 144:207.
37. Schneider JS, Anderson DW, Kidd SK, Sobolewski M, Cory-Slechta DA. Sex-dependent effects of
lead and prenatal stress on post-translational histone modifications in frontal cortex and
hippocampus in the early postnatal brain. Neurotoxicology. 2016; 54:65–71. [PubMed: 27018513]

Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 13

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

38. McCarthy MM, Auger AP, Bale TL, De Vries GJ, Dunn GA, Forger NG, Murray EK, Nugent BM,
Schwarz JM, Wilson ME. The epigenetics of sex differences in the brain. J Neurosci. 2009;
29:12815–12823. [PubMed: 19828794]
39. Varma G, Sobolewski M, Cory-Slechta DA, Schneider JS. Sex- and Brain Region- Specific Effects
of Prenatal Stress and Lead Exposure on Permissive and Repressive Post-Translational Histone
Modifications from Embryonic Development Through Adulthood. Neurotoxicology. 2017
40. Savalia T, Shukla A, Bapi RS. A Unified Theoretical Framework for Cognitive Sequencing. Front
Psychol. 2016; 7:1821. [PubMed: 27917146]
41. Wikenheiser AM, Schoenbaum G. Over the river, through the woods: cognitive maps in the
hippocampus and orbitofrontal cortex. Nat Rev Neurosci. 2016; 17:513–523. [PubMed: 27256552]
42. Kozlenkov A, Roussos P, Timashpolsky A, Barbu M, Rudchenko S, Bibikova M, Klotzle B, Byne
W, Lyddon R, Di Narzo AF, et al. Differences in DNA methylation between human neuronal and
glial cells are concentrated in enhancers and non-CpG sites. Nucleic Acids Res. 2014; 42:109–127.
[PubMed: 24057217]
43. Cheung I, Shulha HP, Jiang Y, Matevossian A, Wang J, Weng Z, Akbarian S. Developmental
regulation and individual differences of neuronal H3K4me3 epigenomes in the prefrontal cortex.
Proceedings of the National Academy of Sciences. 2010; 107:8824–8829.
44. Cowan CS, Callaghan BL, Kan JM, Richardson R. The lasting impact of early-life adversity on
individuals and their descendants: potential mechanisms and hope for intervention. Genes Brain
Behav. 2016; 15:155–168. [PubMed: 26482536]
45. Lovallo WR, Farag NH, Sorocco KH, Acheson A, Cohoon AJ, Vincent AS. Early life adversity
contributes to impaired cognition and impulsive behavior: studies from the Oklahoma Family
Health Patterns Project. Alcohol Clin Exp Res. 2013; 37:616–623. [PubMed: 23126641]
46. Wosiski-Kuhn M, Stranahan AM. Opposing effects of positive and negative stress on hippocampal
plasticity over the lifespan. Ageing research reviews. 2011
47. Palfrey JS, Hauser-Cram P, Bronson MB, Warfield ME, Sirin S, Chan E. The Brookline Early
Education Project: a 25-year follow-up study of a family-centered early health and development
intervention. Pediatrics. 2005; 116:144–152. [PubMed: 15995045]
48. Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR, Dymov S, Szyf M,
Meaney MJ. Epigenetic programming by maternal behavior. Nat Neurosci. 2004; 7:847–854.
[PubMed: 15220929]
49. Blaze J, Roth TL. Exposure to caregiver maltreatment alters expression levels of epigenetic
regulators in the medial prefrontal cortex. Int J Dev Neurosci. 2013; 31:804–810. [PubMed:
24120634]
50. Branchi I, Karpova NND, Andrea I, Castren E, Alleva E. Epigenetic modifications induced by
early enrichment are associated with changes in timing of induction of BDNF expression.
Neurosci Lett. 2011; 495:168–172. [PubMed: 21420470]
51. Vinkers CH, Kalafateli AL, Rutten BP, Kas MJ, Kaminsky Z, Turner JD, Boks MP. Traumatic
stress and human DNA methylation: a critical review. Epigenomics. 2015; 7:593–608. [PubMed:
26111031]
52. Fisher PA, Beauchamp KG, Roos LE, Noll LK, Flannery J, Delker BC. The Neurobiology of
Intervention and Prevention in Early Adversity. Annu Rev Clin Psychol. 2016; 12:331–357.
[PubMed: 26666968]
53. Cory-Slechta DA, Weiss B, Cox C. Performance and exposure indices of rats exposed to low
concentrations of lead. Toxicol Appl Pharmacol. 1985; 78:291–299. [PubMed: 4035681]
54. Cory-Slechta DA, Pokora MJ, Preston RA. The effects of dopamine agonists on fixed interval
schedule-controlled behavior are selectively altered by low level lead exposure. Neurotoxicol
Teratol. 1996; 18:565–575. [PubMed: 8888021]
55. Cory-Slechta DA, Pazmino R, Bare C. The critical role of the nucleus accumbens dopamine
systems in the mediation of fixed interval schedule-controlled operant behavior. Brain Res. 1997;
764:253–256. [PubMed: 9295219]
56. Suderman M, Borghol N, Pappas JJ, Pinto Pereira SM, Pembrey M, Hertzman C, Power C, Szyf
M. Childhood abuse is associated with methylation of multiple loci in adult DNA. BMC Med
Genomics. 2014; 7:13. [PubMed: 24618023]

Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 14

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

57. Blaze J, Roth TL. Caregiver maltreatment causes altered neuronal DNA methylation in female
rodents. Dev Psychopathol. 2017; 29:477–489. [PubMed: 28401839]
58. Lutz PE, Tanti A, Gasecka A, Barnett-Burns S, Kim JJ, Zhou Y, Chen GG, Wakid M, Shaw M,
Almeida D, et al. Association of a History of Child Abuse With Impaired Myelination in the
Anterior Cingulate Cortex: Convergent Epigenetic, Transcriptional, and Morphological Evidence.
A J Psychiatry. 2017 appiajp201716111286.
59. Wey H-Y, Gilbert TM, Zürcher NR, She A, Bhanot A, Taillon BD, Schroeder FA, Wang C,
Haggarty SJ, Hooker JM. Insights into neuroepigenetics through human histone deacetylase PET
imaging. Science Translational Medicine. 2016; 8:351ra106–351ra106.
60. Gräff J, Mansuy IM. Epigenetic codes in cognition and behaviour. Behav Brain Res. 2008; 192:70–
87. [PubMed: 18353453]
61. Mevel K, Fransson P. The functional brain connectome of the child and autism spectrum disorders.
Acta Paediatr. 2016; 105:1024–1035. [PubMed: 27228241]
62. Vertes PE, Bullmore ET. Annual research review: Growth connectomics--the organization and
reorganization of brain networks during normal and abnormal development. J Child Psychol
Psychiatry. 2015; 56:299–320. [PubMed: 25441756]
63. Xu J, Potenza MN, Calhoun VD, Zhang R, Yip SW, Wall JT, Pearlson GD, Worhunsky PD,
Garrison KA, Moran JM. Large-scale functional network overlap is a general property of brain
functional organization: Reconciling inconsistent fMRI findings from general-linear-model-based
analyses. Neurosci Biobehav Rev. 2016; 71:83–100. [PubMed: 27592153]
64. Tanimizu T, Kenney JW, Okano E, Kadoma K, Frankland PW, Kida S. Functional Connectivity of
Multiple Brain Regions Required for the Consolidation of Social Recognition Memory. J
Neurosci. 2017; 37:4103–4116. [PubMed: 28292834]
65. Hao X, Huang Y, Li X, Song Y, Kong X, Wang X, Yang Z, Zhen Z, Liu J. Structural and functional
neural correlates of spatial navigation: a combined voxel-based morphometry and functional
connectivity study. Brain Behav. 2016; 6:e00572. [PubMed: 28031996]
66. Engle JR, Machado CJ, Permenter MR, Vogt JA, Maurer AP, Bulleri AM, Barnes CA. Network
Patterns Associated with Navigation Behaviors Are Altered in Aged Nonhuman Primates. J
Neurosci. 2016; 36:12217–12227. [PubMed: 27903730]
67. Forest M, Iturria-Medina Y, Goldman JS, Kleinman CL, Lovato A, Oros Klein K, Evans A, Ciampi
A, Labbe A, Greenwood CM. Gene networks show associations with seed region connectivity.
Hum Brain Mapp. 2017
68. Ji S, Fakhry A, Deng H. Integrative analysis of the connectivity and gene expression atlases in the
mouse brain. Neuroimage. 2014; 84:245–253. [PubMed: 24004696]
69. Graff J, Tsai LH. Histone acetylation: molecular mnemonics on the chromatin. Nat Rev Neurosci.
2013; 14:97–111. [PubMed: 23324667]
70. Lockett G, Wilkes F, Helliwell P, Maleszka R. Contrasting Effects of Histone Deacetylase
Inhibitors on Reward and Aversive Olfactory Memories in the Honey Bee. Insects. 2014; 5:377.
[PubMed: 26462690]
71. Bousiges O, Vasconcelos APd, Neidl R, Cosquer B, Herbeaux K, Panteleeva I, Loeffler J-P, Cassel
J-C, Boutillier A-L. Spatial Memory Consolidation is Associated with Induction of Several
Lysine-Acetyltransferase (Histone Acetyltransferase) Expression Levels and H2B/H4 AcetylationDependent Transcriptional Events in the Rat Hippocampus. Neuropsychopharmacology. 2010;
35:2521–2537. [PubMed: 20811339]
72. Mazzocchi F. Complexity in biology. Exceeding the limits of reductionism and determinism using
complexity theory. EMBO Rep. 2008; 9:10–14. [PubMed: 18174892]
73. Magoon MA, Critchfield TS, Merrill D, Newland MC, Schneider WJ. Are positive and negative
reinforcement “different”? Insights from a free-operant differential outcomes effect. J Exp Anal
Behav. 2017; 107:39–64. [PubMed: 28101928]
74. Koolhaas JM, Bartolomucci A, Buwalda B, de Boer SF, Flugge G, Korte SM, Meerlo P, Murison
R, Olivier B, Palanza P, et al. Stress revisited: a critical evaluation of the stress concept. Neurosci
Biobehav Rev. 2011; 35:1291–1301. [PubMed: 21316391]
75. Xu J, Potenza MN, Calhoun VD, Zhang R, Yip SW, Wall JT, Pearlson GD, Worhunsky PD,
Garrison KA, Moran JM. Large-scale functional network overlap is a general property of brain

Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 15

Author Manuscript
Author Manuscript

functional organization: Reconciling inconsistent fMRI findings from general-linear-model-based
analyses. Neurosci Biobehav Rev. 2016; 71:83–100. [PubMed: 27592153]
76. Cory-Slechta DA, Virgolini MB, Rossi-George A, Weston D, Thiruchelvam M. Experimental
manipulations blunt time-induced changes in brain monoamine levels and completely reverse
stress, but not Pb+/−stress-related modifications to these trajectories. Behav Brain Res. 2009;
205:76–87. [PubMed: 19631235]
77. Cory-Slechta DA, Merchant-Borna K, Allen J, Liu S, Weston D, Conrad K. Variations in the
Nature of Behavioral Experience Can Differentially Alter the Consequences of Developmental
Exposures to Lead, Prenatal Stress and the Combination. Toxicol Sci. 2013; 131:194–205.
[PubMed: 22930682]
78. Greenspan RJ. The flexible genome. Nat Rev Genet. 2001; 2:383–387. [PubMed: 11331904]
79. Grigorenko EL, Kornilov SA, Naumova OY. Epigenetic regulation of cognition: A circumscribed
review of the field. Dev Psychopathol. 2016; 28:1285–1304. [PubMed: 27691982]
80. Turecki G, Meaney MJ. Effects of the Social Environment and Stress on Glucocorticoid Receptor
Gene Methylation: A Systematic Review. Biol Psychiatry. 2016; 79:87–96. [PubMed: 25687413]
81. Szyf M, Tang Y-Y, Hill KG, Musci R. The dynamic epigenome and its implications for behavioral
interventions: a role for epigenetics to inform disorder prevention and health promotion.
Translational Behavioral Medicine. 2016; 6:55–62. [PubMed: 27012253]
82. Tyrka AR, Price LH, Marsit C, Walters OC, Carpenter LL. Childhood adversity and epigenetic
modulation of the leukocyte glucocorticoid receptor: preliminary findings in healthy adults. PLoS
One. 2012; 7:e30148. [PubMed: 22295073]
83. Dubowitz H, Thompson R, Proctor L, Metzger R, Black MM, English D, Poole G, Magder L.
Adversity, Maltreatment, and Resilience in Young Children. Academic Pediatrics. 2016; 16:233–
239. [PubMed: 26868289]

Author Manuscript
Author Manuscript
Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Cory-Slechta et al.

Page 16

Author Manuscript

HIGHLIGHTS
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•

Developmental exposures to Pb, PS and Pb+PS result in sex, brain region and
time-dependent changes in expression levels of global PTHMs in FC and
HIPP.

•

Subsequently imposed behavioral experiences (i.e., interactions of an
individual with its environment), differentially influence these PTHMs,
resulting in a further divergence of brain epigenetic profiles by type of
behavioral experience within each sex and brain region.

•

Linking regional and cell-type specific epigenetic changes to systems and
patterns of network organization comprising the brain connectome (whole
brain structural and functional (behavioral) networks) to ultimately explain
behavior is likely to require an iterative reductionist/holistic approach.

•

Defining the features of behavioral experiences that produce common brain
epigenetic changes could facilitate linkages of regional and cell-type specific
epigenetic changes to the functional brain connectome.

•

Understanding the epigenetic influences in brain of Pb or PS alone may be
confounded by behavioral experience that must be considered in the design of
experimental animal studies and could serve as an informative epigenetic
effect modifier in human epidemiological studies.
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Figure 1.
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Schematic depicting the divergence of brain PTHM epigenetic profiles with developmental
exposures followed by subsequent behavioral experiences. During the course of brain
development, exposures may occur to a variety of insults, here illustrated by Pb, PS or Pb
+PS relative to no such exposures. Brain epigenetic profiles are thus altered early in life after
such exposures by sex and brain-region, such that the corresponding epigenetic profiles in
FC and HIPP differ in each such exposure group (row), as would the interactive functioning
of FC and HIPP which is critical to cognitive functions; this is indicated by the different
shapes/patterns for each region/developmental treatment condition prior to behavioral
experience. Birth is followed by various environmental experiences that themselves can alter
epigenetic marks, but these experiences will be acting on an epigenetic base that already
differs by group due to prior in utero exposures. This results in further divergence of FC and
of HIPP PTHM epigenetic profiles and their interactions as indicated schematically by the
further changes in shapes/patterns for each brain region/developmental exposure/behavioral
experience conditions. This is illustrated for just one sex, and a completely different set of
patterns would occur with females. Over the life course, further environmental experience
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will occur over time (far right), providing yet additional such changes. In essence, each
individual may end with a unique profile of changes over the course of this trajectory.

Author Manuscript
Author Manuscript
Author Manuscript
Curr Opin Toxicol. Author manuscript; available in PMC 2018 October 01.

Author Manuscript

Author Manuscript

Author Manuscript
127±13.9↑
H3K4Me3
108±30.0↑
110±22.4↑
167±19.8↑

120±3.3↑

H3K9ac

93±14.2↓

73±15.0↓

118±7.0↑

100-PS

Females

0-PS

100-NS

100-PS

125±13.6↑

72±17.6↓

93±16.2↓

H3K9Me2

121±6.8↑

102±15.8↑

106±19.5↑

H3K9Me2

118±13.7↑

79±17.5↓

80±28.9↓

H3K27Me3

122±8.8↑

102±6.4↑

111±18.2↑

H3K27Me3

83±4.9↓

106±6.5↑

85±7.3↓

H3K9ac

109±2.0↑

100±4.6-

88±4.7↓

H3K9ac

101±14.3↑

103±11.3↑

65±2.7↓

H3K4Me3

117±4.0↑

103±10.2↑

77±4.4↓

95±8.5↓

104±7.4↑

81±9.0↓

H3K9Me2

112±7.0↑

99±5.0↓

86±7.2↓

H3K9Me2

Hippocampus
H3K4Me3

94±7.3↓

107±8.3↑

78±10.8↓

H3K27Me3

109±5.8↑

103±4.2↑

88±5.8↓

H3K27Me3

Up arrows indicate increased mean values relative to control, down arrows represent decreased mean values relative to control, while dashes indicate no change. Red shaded boxes represent statistically
significant increases relative to control in post-hoc tests following overall ANOVAs with Pb and PS and time (E18, PND0, PND6 and PND60) as factors, while green shaded boxes represent statistically
significant decreases. Patterns of arrows differ for each post-translational histone modification by region and sex. Male 0-NS FC control S.E. values were 5.7, 19.6, 10.7 and 9.8. respectively for H3K9ac,
H3K4Me3, H3K9Me2 and H3K27Me3, respectively; corresponding values for male HIPP were 2.4, 12.0, 8.4 and 5.2; for female FC 5.5, 9.7, 9.9 and 12.2; for female HIPP 5.9, 14.5, 2.8 and 4.3.

a

100±13.6-

102±6.6↑

136±30.3↑

113±2.3↑

0-PS

100-NS

H3K4Me3

H3K9ac

Males

Frontal Cortex

Changes in group mean ± S.E. expression levels of 4 post-translational histone modifications as a percent of the 0-NS control group (baseline) for the
indicated treatment groups as measured at postnatal day 6 in frontal cortex and hippocampus
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Table 2 a

Author Manuscript

Group mean ± S.E. changes in expression level of the indicated post-translational histone modification in male
and female mice from the control or Pb+PS group along with positive or negative behavioral experience.
Values are percent of corresponding no behavioral testing controls (adapted from Cory-Slechta et al.,
unpublished data).
Male
Frontal Cortex
Control

Female

Hippocampus

H3K4Me3

Frontal Cortex

Hippocampus

H3K27Me3

Positive

112±10.3↑

53±14.6↓

97±17.6↓

66±4.4↓

Negative

73±17.4↓

106±6.9↑

91±17.6↓

68±13.9↓

Positive

152±11.8↑

53±11.4↓

73±12.4↓

46±19.5↓

Negative

73±16.3↓

52±11.2↓

80±19.5↓

75±14.2↓

Pb+PS

Author Manuscript

a

Up arrows indicate increased mean values relative to control, down arrows represent decreased mean values relative to control, while dashes
indicate no change. Red shaded boxes represent statistically significant increases relative to control in post-hoc tests following overall ANOVAs
with behavior, Pb and PS as factors, while green shaded boxes represent statistically significant decreases. Patterns of arrows differ for each posttranslational histone modification by region and sex. Male control values for FC were 10.7, 14.5, 17.9 and 12.4 for control non-behavior for FC and
HIPP and Pb+PS non-behavior control for FC and HIPP, respectively. Corresponding values for females were 14.2, 9.4, 4.9 and 5.5.
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