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Child maltreatment not only leads to epigenetic changes, but also increases the risk

of related behavioral deficits and mental disorders. These issues presumably are most

closely associated with epigenetic changes in the brain, but epigenetic changes in

peripheral tissues like blood are often examined instead, due to their accessibility.

As such, the reliability of using the peripheral epigenome as a proxy for that of

the brain is imperative. Previously, our lab has found aberrant methylation at the

Brain-derived neurotrophic factor (Bdnf ) gene in the prefrontal cortex of rats following

aversive caregiving. The current study examined whether aversive caregiving alters Bdnf

DNA methylation in the blood compared to the prefrontal cortex. It was revealed that

DNAmethylation associated with adversity increased in both tissues, but this methylation

was not correlated between tissues. These findings indicate that group trends in Bdnf

methylation between blood and the brain are comparable, but variation exists among

individual subjects.

Keywords: Bdnf, blood, cross-tissue correlation, DNA methylation, early-life stress, epigenetics, maltreatment,

prefrontal cortex

INTRODUCTION

An aversive environment in early life can lead to numerous complications, including structural
alterations to the brain and the stress response system and social and cognitive deficits (Cicchetti
and Toth, 2005; De Bellis, 2005; Gould et al., 2012). Additionally, child maltreatment puts one at
greater risk for numerous mental disorders, including depression, bipolar disorder, anxiety, and
schizophrenia (Gibb et al., 2003; Widom et al., 2007; Li et al., 2016; Bahari-Javan et al., 2017;
Kefeli et al., 2018). Epigenetic alterations such as DNA methylation are also a product of early-life
adversity (Weaver et al., 2004; McGowan et al., 2009; Roth et al., 2009; Franklin et al., 2010;
Unternaehrer et al., 2015). DNA methylation is an epigenetic mechanism marked by a methyl
group bound to a cytosine in the DNA sequence, and it is typically associated with decreased
gene expression (Moore et al., 2013). These epigenetic changes may be an origin of associated
neurological and behavioral alterations.

The Brain-derived neurotrophic factor (Bdnf ) gene is involved in brain development,
neuroplasticity, and synaptic transmission, and changes in its gene expression have been associated
with numerous mental disorders (Binder and Scharfman, 2004; Zheng et al., 2012; Zheleznyakova
et al., 2016). DNA methylation at the Bdnf gene has been seen in both brain tissue (in animal
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models) and blood (in humans) following aversive caregiving or
maltreatment (Roth et al., 2009, 2014; Blaze et al., 2013; Perroud
et al., 2013; Thaler et al., 2014; Unternaehrer et al., 2015; Doherty
et al., 2016). Such increasedDNAmethylation and corresponding
reductions in gene expression could be leading to some of the
adverse effects associated with child maltreatment.

Our lab has previously demonstrated that aversive caregiving
leads to increased DNA methylation at Bdnf exon IX but not
IV in the prefrontal cortex (PFC) of infant rodents (Roth et al.,
2009; Doherty et al., 2019). The PFC is an important region to
investigate as both early-life adversity and mental disorders have
been linked to functional deficits in this brain region (De Bellis,
2005; Noble et al., 2005; Gould et al., 2012; Rock et al., 2014; Zhou
et al., 2015). It is more difficult to observe epigenetic changes in
human brains, and most often this is only possible post-mortem.
Instead, many human studies observe epigenetic changes in
peripheral tissues like blood. For example, increased Bdnf DNA
methylation at exons I, IV, and VI has been seen in the blood
of adults who experienced child maltreatment (Perroud et al.,
2013; Thaler et al., 2014; Unternaehrer et al., 2015). However,
researchers are still investigating how reliably epigenetic changes
in the blood mirror that of the brain. Some studies suggest that
methylation at very few CpG sites in the genome are strongly
correlated between blood and the brain (Hannon et al., 2015;
Walton et al., 2016; Braun et al., 2019). Others have found
correlations in global and gene-specific methylation between
blood and brain as well as similar methylation patterns between
the two tissues (Ursini et al., 2011; Horvath et al., 2012; Ewald
et al., 2014; Kundakovic et al., 2015).

The current study aimed to investigate how closely Bdnf
methylation patterns in the blood reflect that of the PFC
following aversive caregiving. DNA methylation within both of
these tissues was examined in infant pups following a scarcity-
adversity rodent model of low nesting resources. Because early-
life adversity has previously been shown to alter methylation at
these exons (Roth et al., 2009; Kundakovic et al., 2015; Doherty
et al., 2019) and because their corresponding transcripts appear
highly expressed in blood (Aid et al., 2007; Cattaneo et al., 2016),
Bdnf exons IV and IX were selected for initial investigation.
Additionally, methylation correlations between the two tissues
were investigated. This research holds valuable insights into
the reliability of drawing conclusions about the brain from the
epigenome of peripheral tissue.

MATERIALS AND METHODS

Subjects
Male and female Long-Evans pups were bred in-house at the
University of Delaware. First-born litters were not used to ensure
that all dams were experiencedmothers prior to experimentation.
The date of birth was designated postnatal day (PN) 0, and litters
were culled to 5–6 pups of each sex on PN1. Animals were given
food and water ad libitum. They were housed in polypropylene
cages with ample bedding in a temperature- and light-controlled
room. A 12-h light-dark cycle (07:00–19:00) was employed, with
all behavioral manipulations performed during the light cycle. All

practices were in accordance with and approved by the University
of Delaware Animal Care and Use Committee.

A Rodent Model for Aversive Caregiving
The scarcity-adversity model of low nesting resources employed
in this study has been previously described and shown to
induce more aversive maternal behaviors compared to control
conditions (Roth et al., 2009; Blaze et al., 2013; Doherty et al.,
2016, 2019). Pups in each litter were randomly split into thirds
and placed in either the normal maternal care, cross-foster care,
or maltreatment condition. For 30min each day from PN1
through 7, cross-foster care and maltreatment pups were placed
with another dam while the normal care pups remained with
their biological dam, only being removed from the home cage
to be marked for identification and weighed each day. These
other dams were lactating, fed the same diet, and postpartum age-
matched to the experimental pups, so as not to impact caregiving
(Purcell et al., 2011; Grieb et al., 2018). Data suggest that pups
cannot distinguish between their biological mother and age-
matched dams fed the same diet (Leon, 1975). The cross-foster
care pups were placed with a dam who was given an hour to
habituate to a plexiglass chamber with plenty of nestingmaterials.
The pups in the maltreatment condition were placed with a dam
with no time to habituate to a plexiglass chamber and inadequate
nesting materials, conditions previously shown to elicit aversive
behaviors (Roth et al., 2009; Blaze et al., 2013; Doherty et al.,
2016, 2019). Video cameras recorded each 30-min session, and
a trained observer scored a random subset (n = 7 litters) for
presence of nurturing (licking and grooming, hovering, and
nursing) and aversive (dropping, dragging, roughly handling,
actively avoiding, and stepping) behaviors in 5-min bins.

Tissue Collection
Brain and blood extractions were performed on PN8. A subset
of animals underwent brain perfusions via a saline (0.9% NaCl)
flush to ensure that no blood in the PFC tissue was confounding
results. These animals were anesthetized with ketamine (80
mg/kg) and xylazine (10 mg/kg), and whole blood was extracted
directly from the left ventricle prior to perfusions. In the
remaining animals, that were not perfused, whole blood was
collected at the neck following decapitation. All blood tissue was
collected in tubes containing 50 µl EDTA to prevent coagulation.
PFC tissue was extracted and homogenized. Whole blood and
PFC were stored in−20◦C and−80◦C freezers, respectively.

DNA Methylation
DNA was extracted from blood and the PFC and bisulfite
converted (Qiagen Inc.). Methylation-specific PCR (MSP) was
performed with methylation-specific primers designed for Bdnf
exons IV and IX (Roth et al., 2009). The comparative Ct method
was employed to establish fold change in DNA methylation
compared to normal care controls, using tubulin as a reference
gene (Livak and Schmittgen, 2001; Pfaffl, 2001).

Statistical Analysis
A two-way ANOVA (infant condition x behavior type) with
Sidak’s post-hoc test was used to analyze maternal behavior.
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A one-way ANOVA with Tukey’s post-hoc test was used to
analyze the ratio of aversive to total maternal behaviors across
the three conditions. Two-way ANOVAs were used to analyze
DNA methylation results with the factors being either perfusion
(perfusion or no perfusion) and infant condition (cross-foster
or maltreatment) or sex and infant condition. After collapsing
across sex and perfusion, unpaired two-sample t-tests or Mann-
Whitney tests (if there was no homogeneity of variance) were
used to compare DNA methylation between maltreatment and
cross-foster conditions. One-sample t-tests were used to compare
DNA methylation in cross-foster and maltreatment groups to a
theoretical normal care mean of one. Linear regressions of fold
change in DNA methylation were run between the PFC and
blood. If there was more than one subject in any group from
the same litter, they were averaged to avoid within-litter effects.
Significance was set to p < 0.05.

RESULTS

Maternal Behavior
Pups were randomly placed into either the normal maternal
care, cross-foster care, or maltreatment condition. A two-way
ANOVA examining behavior type (nurturing or aversive) and
infant condition (normal care, cross-foster, or maltreatment)
revealed amain effect of behavior type [F(1,34) = 117.6, p< 0.001]
and an interaction [F(2,34) = 50.41, p < 0.001]. Post-hoc analyses
indicated that both normal care (p < 0.001) and cross-foster care
(p < 0.001) conditions had more nurturing behaviors compared
to aversive behaviors, while there was no significant difference
between nurturing and aversive behaviors in the maltreatment
condition (Figure 1). A one-way ANOVA examining the aversive
behaviors to total maternal behaviors ratio revealed a main
effect of infant condition [F(2,17) = 25.21, p < 0.001]. Post-hoc
analyses revealed a significantly higher ratio in the maltreatment
condition compared to normal care (p = 0.022) and cross-foster
care (p < 0.001) conditions. Additionally, the cross-foster care
condition had a significantly lower ratio compared to normal
care controls (p = 0.002), an unexpected result; cross-foster
and normal care groups typically do not display differences in
behavior (Blaze et al., 2013; Roth et al., 2014).

Perfusions
Fold change in DNA methylation compared to normal
care controls was calculated for both maltreatment and
cross-foster care animals. In two-way ANOVAs (perfusion x
infant condition), no main effect of perfusion was found
in blood or the PFC at exon IV or IX in males or
females (Supplementary Table 1). As a result, perfusion and no
perfusion groups were collapsed for the remaining analyses.

DNA Methylation Increases in Maltreated
Animals
Changes in DNA methylation following aversive caregiving were
investigated in both blood and the PFC at exon IV. In the
PFC, a two-way ANOVA revealed no main effect of sex or an
interaction but a trending effect of infant condition [F(1,124)
= 3.750, p = 0.055]. One-sample t-tests revealed a significant

FIGURE 1 | Percent occurrence of aversive and nurturing behaviors across

the three infant conditions (normal care, cross-foster care, and maltreatment).

***p < 0.001, ∧p < 0.05 compared to normal and cross-foster care; error bars

represent standard error of the mean.

increase in maltreatment males [t(31) = 2.204, p = 0.035] and
females [t(31) = 3.287, p = 0.003] compared to normal care
controls (Figure 2). When collapsing by sex, the maltreatment
group was again significantly above normal care controls [t(63)
= 3.829, p < 0.001] and trending above cross-foster care animals
[t(126) = 1.924, p= 0.057].

The DNA methylation in whole blood tissue was similar to
that of the PFC at exon IV. A two-way ANOVA revealed no
main effect of sex, infant condition, or an interaction. However,
one-sample t-tests showed that maltreatment males [t(31) =

2.111, p = 0.043] and females [t(31) = 2.532, p = 0.017]
exhibited significantly more methylation than normal care
controls (Figure 3). Once sexes were collapsed, the maltreatment
group was again significantly increased compared to normal
care controls [t(63) = 3.207, p = 0.002] but not cross-foster
care animals.

Methylation changes due to aversive caregiving were also
examined at exon IX. In the PFC, a two-way ANOVA revealed
no main effect of sex, infant condition, or an interaction, but
maltreatment males [t(31) = 2.635, p = 0.013] and females
[t(31) = 2.188, p = 0.036] both exhibited significantly more
methylation than normal care controls (Figure 4). With sexes
collapsed, the maltreatment group was significantly increased
compared to normal care controls [t(63) = 3.044, p = 0.003] and
trending above the cross-foster care group (U= 1,665, p= 0.068).

Similar methylation changes were seen in the blood at exon
IX (Figure 5). A two-way ANOVA again revealed no main effect
of sex, infant condition, or an interaction. Maltreatment females
were trending above normal care controls [t(31) = 1.879, p =

0.070], but maltreatment males were not significantly different.
However, after collapsing across sex, the maltreatment group was
significantly increased compared to normal care controls [t(63) =
2.191, p= 0.032], although not compared to cross-foster animals.

DNA Methylation Increases in
Cross-Foster Care Animals’ Blood
Fold change in DNA methylation in the cross-foster group was
also compared to the normal care condition. No significant
difference was found between cross-foster care animals and
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FIGURE 2 | Fold change in Bdnf DNA methylation at exon IV in the PFC in the maltreatment and cross-foster groups graphed vs. normal maternal care (dotted line).

n = 12–21 per group; *p < 0.05 vs. normal maternal care (NMC); **p < 0.01 vs. NMC; ***p < 0.001 vs. NMC; ∧p < 0.1 vs. cross-foster care; error bars represent

standard error of the mean.

FIGURE 3 | Fold change in Bdnf DNA methylation at exon IV in blood in the maltreatment and cross-foster groups graphed vs. normal maternal care (dotted line).

n = 12–21 per group; *p < 0.05 vs. normal maternal care (NMC); **p < 0.01 vs. NMC; error bars represent standard error of the mean.

FIGURE 4 | Fold change in Bdnf DNA methylation at exon IX in the PFC in the maltreatment and cross-foster groups graphed vs. normal maternal care (dotted line).

n = 12–21 per group; *p < 0.05 vs. normal maternal care (NMC); **p < 0.01 vs. NMC; ∧p < 0.1 vs. cross-foster care; error bars represent standard error of the mean.
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FIGURE 5 | Fold change in Bdnf DNA methylation at exon IX in blood in the maltreatment and cross-foster groups graphed vs. normal maternal care (dotted line).

n = 12–21 per group; *p < 0.05 vs. normal maternal care (NMC); **p < 0.01 vs. NMC; #p < 0.1 vs. NMC; error bars represent standard error of the mean.

normal care controls in the PFC (Figures 2, 4). However, in
the blood at exon IV, significant increases compared to normal
care controls were present in cross-foster females [t(32) = 2.507,
p = 0.017] and cross-foster (sex collapsed) [t(63) = 2.934, p =

0.005] (Figure 3). At exon IX in blood, cross-foster females were
trending above normal care controls [t(32) = 2.016, p = 0.052]
while males [t(30) = 2.445, p = 0.021] and the sex collapsed
group [t(63) = 3.166, p = 0.002] displayed significantly increased
methylation compared to normal care (Figure 5).

Correlations in DNA Methylation Between
Blood and the PFC
Linear regressions were run for any group that exhibited the same
directional change in methylation in both blood and the PFC
(an increase, decrease, or no change in both tissues) (Figure 6).
At exon IV, this included maltreatment males, maltreatment
females, maltreatment (sex collapsed), and cross-foster males. At
exon IX, this included maltreatment females and maltreatment
(sex collapsed). No significant correlations were found between
blood and the PFC for any of these groups. Using a method based
on that of Davies et al. (2012), mean difference scores of the
log transformed data were analyzed, but also failed to reveal any
significant correlations.

DISCUSSION

Since there was no main effect of perfusion in either sex,
either exon, or either tissue, it can be concluded that the
remaining blood in the rodent brains was not confounding brain
methylation results. The blood was presumably in too small a
quantity to alter methylation quantification. This suggests future
studies exploring methylation in this tissue can gain an accurate
reading of brain methylation without performing perfusions.

Once collapsing the data by perfusion, an increase in DNA
methylation at exon IV in the maltreatment group compared
to normal care controls was found in both tissues. Previously,
studies have found no methylation change at exon IV in

the infant PFC following this aversive caregiving paradigm
(Roth et al., 2009; Doherty et al., 2019). The unexpected
increase at exon IV in the current study could be due to
the animals being obtained from a vendor not previously
used by our lab. Additionally, the sample sizes are larger in
this study compared to these previous studies (Roth et al.,
2009; Doherty et al., 2019). Although not previously seen
in infancy, this paradigm has demonstrated an increase in
exon IV methylation in the adult PFC (Roth et al., 2009). It
is possible that a minor increase in methylation in infancy
becomes a more prominent, and thus more visible, increase
in adulthood. Additionally, the human literature has found
that exon IV mRNA expression in the PFC does change
over the course of early life (Wong et al., 2009), indicating
that environmental factors like aversive caregiving may indeed
be able to increase exon IV methylation in the PFC at
this age.

Aversive caregiving also led to an increase in DNA
methylation at exon IV in blood. This is in accordance with
previous human studies that have found increased exon IV
methylation in the blood of adults maltreated in childhood
(Perroud et al., 2013; Thaler et al., 2014). To the best of
our knowledge, no studies have investigated such methylation
changes in infancy. The current findings suggest that this
increased exon IV methylation may occur early in the lifespan.

Aversive caregiving led to increased DNA methylation at
exon IV in both tissues, suggesting that methylation alterations
within the two tissues may occur in tandem, at least to some
extent. This affirms previous research that has found that a
rodent model for early-life stress leads to increased exon IV
methylation at CpG site 4 in males in the hippocampus and in
blood (Kundakovic et al., 2015), along with other studies that
have found significant correlations between blood and frontal
cortex methylation (Ursini et al., 2011; Horvath et al., 2012). This
indicates that blood is an appropriate proxy for the epigenome of
the brain in some cases.

After collapsing by perfusion and sex, the maltreatment group
exhibited significantly more methylation at exon IX in both the
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FIGURE 6 | Linear regressions between PFC and blood DNA methylation at (A) exon IV in maltreatment males, (B) exon IV in maltreatment females, (C) exon IV in

maltreatment: sex collapsed, (D) exon IV in cross-foster males, (E) exon IX in maltreatment females, (F) exon IX in maltreatment: sex collapsed. DNA methylation was

quantified in terms of fold change vs. normal care controls. n = 12–21 per group.

PFC and blood. This effect in the PFCwas an expected replication
of previous findings (Roth et al., 2009; Doherty et al., 2019).
To the best of our knowledge, the increase at exon IX in blood
brought on by aversive caregiving is a novel finding. However,
human studies have previously found child maltreatment to be
associated with hypermethylation in blood at exons I, IV, and
VI (Perroud et al., 2013; Thaler et al., 2014; Unternaehrer et al.,
2015). Additionally, research has suggested that methylation at
exon IX in blood is susceptible to modifications (Hsieh et al.,
2019). Just as it did at exon IV, DNA methylation at exon IX
appears to follow the same pattern in both the PFC and blood
after aversive caregiving. This has important implications for
human literature that may be able to rely on using certain
methylation changes in the blood as an indication of changes in
the brain.

Compared to normal care controls, cross-foster animals
exhibited no change in methylation at either exon in the PFC.
This is in accordance with previous findings (Roth et al., 2009;
Doherty et al., 2019). However, the cross-foster group did show
increased DNA methylation at exons IV and IX in the blood.
Some shared factor between maltreatment and cross-foster
conditions, such as exposure to a novel environment or increased
handling, may increase blood Bdnf methylation. As such, a cause
and effect relationship between aversive caregiving and increased
methylation in blood is not explicitly demonstrated. However,
as previous literature suggests that blood Bdnf methylation
increases following early-life adversity (Perroud et al., 2013;
Thaler et al., 2014; Kundakovic et al., 2015; Unternaehrer et al.,

2015), it is likely that the increase in methylation seen in
the maltreatment group is, at least partially, a result of the
aversive environment.

Additionally, as gene expression was not explored in this
study, it is unknown how the increased DNA methylation in the
blood of cross-foster care animals would impact gene expression,
if at all. Previously, increased PFC methylation associated with
this paradigm has been shown to correspond to decreased gene
expression (Roth et al., 2009). However, DNA methylation can
also be linked to increased gene expression (Blaze and Roth,
2013). If this is the case in the cross-foster care group, a similar
increase in methylation in both conditions could lead to opposite
effects on gene expression. Future studies should examine mRNA
levels to assess how methylation changes in both cross-foster and
maltreatment groups may be impacting gene expression.

No correlations were found in DNA methylation between
blood and the PFC at either exon. This suggests that there is
no clear-cut correlation in Bdnf DNA methylation between the
two tissues following aversive caregiving. Despite observing the
same group trends in DNAmethylation between PFC and blood,
there does not appear to be uniformity between tissues at the
individual subject level. Additionally, if correlations between
the two tissues had been significant, conclusions would have
been limited as only select groups exhibited the same directional
change in both tissues.

The current study used a method of methylation
quantification that allows for methylation to be assessed at
individual exons, but not at individual CpG sites within those
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exons. Previous reports that have found significant correlations
between the two tissues have analyzed methylation at individual
CpG sites (Ursini et al., 2011; Horvath et al., 2012; Witzmann
et al., 2012; Ewald et al., 2014; Hannon et al., 2015; Kundakovic
et al., 2015; Walton et al., 2016; Braun et al., 2019). Quantifying
methylation at this level in the future may elucidate site-specific
correlations that are otherwise impossible to detect. This is quite
likely, as only select CpG sites within the genome appear strongly
correlated between blood and the brain (Hannon et al., 2015;
Walton et al., 2016; Braun et al., 2019). Additionally, correlations
between the two tissues have been found when comparing
different CpG sites in each tissue (Ewald et al., 2014), another
result that would have been impossible to detect using the
method employed in the current study. In the future, examining
methylation at individual CpG sites would be valuable in further
understanding how these tissues may be correlated.

In addition to exploring methylation at individual CpG
sites, future studies may sort cells before assessing methylation
changes. As both PFC and blood tissue are made up of multiple
cell types, some cell populations may be more closely correlated
with the opposing tissue than others. Additionally, blood cell
proportions can change due to stress (Dominguez-Gerpe and
Rey-Mendez, 2001). Cell sorting would allow us to detect
any such proportional changes and the impact this may have
on methylation levels, as different blood cells are known to
exhibit varying degrees of methylation (Jaffe and Irizarry, 2014).
Thus, apparent changes in blood methylation following aversive
caregiving may be two-fold: a result of increased methylation in
certain blood cells and a result of increased quantities of blood
cells that naturally have greater methylation than others.

This study compared PFC and blood methylation at one gene
impacted by early-life adversity, but future studies should explore
other genes. Studies could also compare blood methylation to
other brain regions, as methylation differences have been found
between different regions of the brain (Roth et al., 2014). Some
research suggests that methylation in saliva may bare a closer
resemblance to the brain compared to blood (Smith et al., 2015;
Braun et al., 2019). Future studies could explore methylation
in saliva to see if this is the case after aversive caregiving.
Further research could also explore methylation changes in adult
rodents. After aversive caregiving, adult rodent brains have some
methylationmarkers that were present in infancy and some novel
methylation markers that arise later in life (Roth et al., 2009,
2014). Thismay also be the case in the blood. Knowing how blood
and brain methylation compare throughout the lifespan would
be critical when using blood as a proxy for the epigenome of
the brain. The experimental design currently employed does not
allow for an analysis of the degree to which individual animals’
methylation values correlate to their caregiving experiences.

Future studies should also adjust the experimental design so that
this analysis can be performed.

Overall, this study found that aversive caregiving alters blood
and brain DNA methylation at Bdnf exons IV and IX in a
similar vein at the group, but not necessarily the individual,
level. No correlations were found inmethylation between the two
tissues. Although further research is needed to more thoroughly
understand the relationship between epigenetic changes in these
two tissues, there is potential for blood to serve as a proxy for
epigenetic changes of the brain following aversive caregiving.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Delaware Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

HBDD and TLR designed the study and took part in
interpretation of the results. Animal generation, tissue collection,
and biochemical and data analyses were performed by HBDD
and overseen by TLR. HBDD wrote the first draft of
the manuscript. TLR edited the manuscript. Both authors
contributed to the article and approved the submitted version.

FUNDING

Funding for this research was provided by a grant from The
Eunice Kennedy Shriver National Institute of Child Health and
Human Development (R01HD087509) awarded to TLR.

ACKNOWLEDGMENTS

This project has previously appeared online in HBDD’s Master’s
thesis (Duffy, 2020). We thank Professors Mary Dozier andMark
Stanton for their comments on the manuscript. We thank Lauren
Reich and Katelyn Donoghue for their assistance in running and
scoring behavior and performing biochemistry.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2020.594244/full#supplementary-material

REFERENCES

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., and Timmusk, T. (2007). Mouse and

rat BDNF gene structure and expression revisited. J. Neurosci. Res. 85, 525–535.

doi: 10.1002/jnr.21139

Bahari-Javan, S., Varbanov, H., Halder, R., Benito, E., Kaurani, L., Burkhardt, S.,

et al. (2017). HDAC1 links early life stress to schizophrenia-like phenotypes.

Proc. Natl. Acad. Sci. U.S.A. 114, E4686–E4694. doi: 10.1073/pnas.1613842114

Binder, D. K., and Scharfman, H. E. (2004). Brain-derived neurotrophic factor.

Growth Factors 22, 123–131. doi: 10.1080/08977190410001723308

Frontiers in Human Neuroscience | www.frontiersin.org 7 November 2020 | Volume 14 | Article 594244

https://www.frontiersin.org/articles/10.3389/fnhum.2020.594244/full#supplementary-material
https://doi.org/10.1002/jnr.21139
https://doi.org/10.1073/pnas.1613842114
https://doi.org/10.1080/08977190410001723308
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Duffy and Roth Brain and Blood Bdnf Methylation

Blaze, J., and Roth, T. L. (2013). Epigenetic mechanisms in learning and memory.

WIREs Cogn. Sci. 4, 105–115. doi: 10.1002/wcs.1205

Blaze, J., Scheuing, L., and Roth, T. L. (2013). Differential methylation of genes in

the medial prefrontal cortex of developing and adult rats following exposure

to maltreatment or nurturing care during infancy. Dev. Neurosci. 35, 306–316.

doi: 10.1159/000350716

Braun, P. R., Han, S., Hing, B., Nagahama, Y., Gaul, L. N., Heinzman, J.

T., et al. (2019). Genome-wide DNA methylation comparison between live

human brain and peripheral tissues within individuals. Transl. Psychiatry 9:47.

doi: 10.1038/s41398-019-0376-y

Cattaneo, A., Cattane, N., Begni, V., Pariante, C. M., and Riva, M. A. (2016). The

human BDNF gene: peripheral gene expression and protein levels asbiomarkers

for psychiatric disorders. Transl. Psychiatry 6:e958. doi: 10.1038/tp.2016.214

Cicchetti, D., and Toth, S. L. (2005). Child maltreatment. Annu. Rev. Clin. Psychol.

1, 409–438. doi: 10.1146/annurev.clinpsy.1.102803.144029

Davies, M. N., Volta, M., Pidsley, R., Lunnon, K., Dixit, A., Lovestone, S.,

et al. (2012). Functional annotation of the human brain methylome identifies

tissue-specific epigenetic variation across brain and blood. Genome Biol. 13:6.

doi: 10.1186/gb-2012-13-6-r43

De Bellis, M. D. (2005). The psychobiology of neglect. Child Maltreat. 10, 150–172.

doi: 10.1177/1077559505275116

Doherty, T. S., Chajes, J. R., Reich, L., Duffy, H. B. D., and Roth, T.

L. (2019). Preventing epigenetic traces of caregiver maltreatment:

a role for HDAC inhibition. Int. J. Dev. Neurosci. 78, 178–184.

doi: 10.1016/j.ijdevneu.2019.05.002

Doherty, T. S., Forster, A., and Roth, T. L. (2016). Global and gene-specific

DNA methylation alterations in the adolescent amygdala and hippocampus

in an animal model of caregiver maltreatment. Behav. Brain Res. 298, 55–61.

doi: 10.1016/j.bbr.2015.05.028

Dominguez-Gerpe, L., and Rey-Mendez, M. (2001). Alterations induced by

chronic stress in lymphocyte subsets of blood and primary and secondary

immune organs of mice. BMC Immunol. 2:7. doi: 10.1186/1471-2172-2-7

Duffy, H. (2020). The impact of aversive caregiving on DNA methylation in blood

and the prefrontal cortex (master’s thesis). University of Delaware, Newark, DE,

United States.

Ewald, E. R., Wand, G. S., Seifuddin, F., Yang, X., Tamashiro, K. L., Potash, J. B.,

et al. (2014). Alterations in DNA methylation of Fkbp5 as a determinant of

Blood–brain correlation of glucocorticoid exposure. Psychoneuroendocrinology

44, 112–122. doi: 10.1016/j.psyneuen.2014.03.003

Franklin, T. B., Russig, H., Weiss, I. C., Gräff, J., Linder, N., Michalon, A., et al.

(2010). Epigenetic transmission of the impact of early stress across generations.

Biol. Psychiatry 68, 408–415. doi: 10.1016/j.biopsych.2010.05.036

Gibb, B. E., Butler, A. C., and Beck, J. S. (2003). Childhood abuse, depression,

and anxiety in adult psychiatric outpatients. Depress. Anxiety 17, 226–228.

doi: 10.1002/da.10111

Gould, F., Clarke, J., Heim, C., Harvey, P. D.,Majer,M., andNemeroff, C. B. (2012).

The effects of child abuse and neglect on cognitive functioning in adulthood. J.

Psychiatr. Res. 46, 500–506. doi: 10.1016/j.jpsychires.2012.01.005

Grieb, Z. A., Holschbach, M. A., and Lonstein, J. S. (2018). Interaction

between postpartum stage and litter age on maternal caregiving and medial

preoptic area orexin. Physiol. Behav. 194, 430–436. doi: 10.1016/j.physbeh.2018.

06.025

Hannon, E., Lunnon, K., Schalkwyk, L., and Mill, J. (2015). Interindividual

methylomic variation across blood, cortex, and cerebellum: implications for

epigenetic studies of neurological and neuropsychiatric phenotypes. Epigenetics

10, 1024–1032. doi: 10.1080/15592294.2015.1100786

Horvath, S., Zhang, Y., Langfelder, P., Kahn, R. S., Boks, M. P. M., van Eijk, K.,

et al. (2012). Aging effects on DNA methylation modules in human brain and

blood tissue. Genome Biol. 13:10. doi: 10.1186/gb-2012-13-10-r97

Hsieh, M. T., Lin, C. C., Lee, C. T., and Huang, T. L. (2019). Abnormal

brain-derived neurotrophic factor exon IX promoter methylation, protein, and

mRNA levels in patients with major depressive disorder. J. Clin. Med. 8:568.

doi: 10.3390/jcm8050568

Jaffe, A. E., and Irizarry, R. A. (2014). Accounting for cellular heterogeneity

is critical in epigenome-wide association studies. Genome Biol. 15:R31.

doi: 10.1186/gb-2014-15-2-r31

Kefeli, M. C., Turow, R. G., Yildirim, A., and Boysan, M. (2018). Childhood

maltreatment is associated with attachment insecurities, dissociation

and alexithymia in bipolar disorder. Psychiatry Res. 260, 391–399.

doi: 10.1016/j.psychres.2017.12.026

Kundakovic, M., Gudsnuk, K., Herbstman, J. B., Tang, D., Perera, F. P., and

Champagne, F. A. (2015). DNA methylation of BDNF as a biomarker

of early-life adversity. Proc. Natl. Acad. Sci. U.S.A. 112, 6807–6813.

doi: 10.1073/pnas.1408355111

Leon, M. (1975). Dietary control of maternal pheromone in the lactating rat.

Physiol. Behav. 14, 311–319. doi: 10.1016/0031-9384(75)90039-6

Li, M., D’Arcy, C., and Meng, X. (2016). Maltreatment in childhood

substantially increases the risk of adult depression and anxiety in

prospective cohort studies: systematic review, meta-analysis, and proportional

attributable fractions. Psychol. Med. 46, 717–730. doi: 10.1017/S003329171

5002743

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data

using real-time quantitative PCR and the 2(-delta delta C:T)) method.Methods

25, 402–408. doi: 10.1006/meth.2001.1262

McGowan, P. O., Sasaki, A., D’Alessio, A. C., Dymov, S., Labonte, B., Szyf,

M., et al. (2009). Epigenetic regulation of the glucocorticoid receptor in

human brain associates with childhood abuse. Nat. Neurosci. 12, 342–348.

doi: 10.1038/nn.2270

Moore, L. D., Le, T., and Fan, G. (2013). DNA methylation and its basic function.

Neuropsychopharmacology 38, 23–38. doi: 10.1038/npp.2012.112

Noble, K. G., Tottenham, N., and Casey,. B. J. (2005). Neuroscience perspectives

on disparities in school readiness and cognitive achievement. Future Child 15,

71–89. doi: 10.1353/foc.2005.0006

Perroud, N., Salzmann, A., Prada, P., Nicastro, R., Hoeppli, M. E., Furrer,

S., et al. (2013). Response to psychotherapy in borderline personality

disorder and methylation status of the BDNF gene. Transl. Psychiatry 3:e207:

doi: 10.1038/tp.2012.140

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in

real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Purcell, R. H., Sun, B., Pass, L. L., Power, M. L., Moran, T. H., and Tamashiro,

K. L. (2011). Maternal stress and high-fat diet effect on maternal behavior,

milk composition, and pup ingestive behavior. Physiol. Behav. 104, 474–479.

doi: 10.1016/j.physbeh.2011.05.012

Rock, P. L., Poiser, J. P., Riedel, W. J., and Blackwell, A. D. (2014). Cognitive

impairment in depression: a systematic review andmeta-analysis. Psychol. Med.

44, 2029–2040. doi: 10.1017/S0033291713002535

Roth, T. L., Lubin, F. D., Funk, A. J., and Sweatt, J. D. (2009). Lasting epigenetic

influence of early-life adversity on the BDNF gene. Biol. Psychiatry 65, 760–769.

doi: 10.1016/j.biopsych.2008.11.028

Roth, T. L., Matt, S., Chen, K., and Blaze, J. (2014). Bdnf DNA methylation

modifications in the hippocampus and amygdala of male and female rats

exposed to different caregiving environments outside the homecage. Dev.

Psychobiol. 56, 1755–1763. doi: 10.1002/dev.21218

Smith, A. K., Kilaru, V., Klengel, T., Mercer, K. B., Bradley, B., Conneely,

K. N., et al. (2015). DNA extracted from saliva for methylation studies of

psychiatric traits: evidence for tissue specificity and relatedness to brain. Am.

J. Med. Genet. B. Neuropsychiatr. Genet. 168, 36–44. doi: 10.1002/ajmg.b.

32278

Thaler, L., Gauvin, L., Joober, R., Groleau, P., de Guzman, R., Ambalavanan,

A., et al. (2014). Methylation of BDNF in women with bulimic eating

syndromes: associations with childhood abuse and borderline personality

disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry 54, 43–49.

doi: 10.1016/j.pnpbp.2014.04.010

Unternaehrer, E.,Meyer, A. H., Burkhardt, S. C., Dempster, E., Staehli, S., Theill, N.,

et al. (2015). Childhood maternal care is associated with DNA methylation of

the genes for brain-derived neurotrophic factor (BDNF) and oxytocin receptor

(OXTR) in peripheral blood cells in adult men and women. Stress 18, 451–461.

doi: 10.3109/10253890.2015.1038992

Ursini, G., Bollati, V., Fazio, L., Porcelli, A., Iacovelli, L., Catalani, A., et al. (2011).

Stress-related methylation of the catechol-O-methyltransferase Val158 allele

predicts human prefrontal cognition and activity. J. Neurosci. 31, 6692–6698.

doi: 10.1523/JNEUROSCI.6631-10.2011

Walton, E., Hass, J., Liu, J., Roffman, J. L., Bernardoni, F., Roessner, V., et al.

(2016). Correspondence of DNA methylation between blood and brain tissue

and its application to schizophrenia research. Schizophr. Bull. 42, 406–414.

doi: 10.1093/schbul/sbv074

Frontiers in Human Neuroscience | www.frontiersin.org 8 November 2020 | Volume 14 | Article 594244

https://doi.org/10.1002/wcs.1205
https://doi.org/10.1159/000350716
https://doi.org/10.1038/s41398-019-0376-y
https://doi.org/10.1038/tp.2016.214
https://doi.org/10.1146/annurev.clinpsy.1.102803.144029
https://doi.org/10.1186/gb-2012-13-6-r43
https://doi.org/10.1177/1077559505275116
https://doi.org/10.1016/j.ijdevneu.2019.05.002
https://doi.org/10.1016/j.bbr.2015.05.028
https://doi.org/10.1186/1471-2172-2-7
https://doi.org/10.1016/j.psyneuen.2014.03.003
https://doi.org/10.1016/j.biopsych.2010.05.036
https://doi.org/10.1002/da.10111
https://doi.org/10.1016/j.jpsychires.2012.01.005
https://doi.org/10.1016/j.physbeh.2018.06.025
https://doi.org/10.1080/15592294.2015.1100786
https://doi.org/10.1186/gb-2012-13-10-r97
https://doi.org/10.3390/jcm8050568
https://doi.org/10.1186/gb-2014-15-2-r31
https://doi.org/10.1016/j.psychres.2017.12.026
https://doi.org/10.1073/pnas.1408355111
https://doi.org/10.1016/0031-9384(75)90039-6
https://doi.org/10.1017/S0033291715002743
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nn.2270
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1353/foc.2005.0006
https://doi.org/10.1038/tp.2012.140
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/j.physbeh.2011.05.012
https://doi.org/10.1017/S0033291713002535
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1002/dev.21218
https://doi.org/10.1002/ajmg.b.32278
https://doi.org/10.1016/j.pnpbp.2014.04.010
https://doi.org/10.3109/10253890.2015.1038992
https://doi.org/10.1523/JNEUROSCI.6631-10.2011
https://doi.org/10.1093/schbul/sbv074
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Duffy and Roth Brain and Blood Bdnf Methylation

Weaver, I. C. G., Cervoni, N., Champagne, F. A., D’Alessio, A. C., Sharma, S.,

Seckl, J. R., et al. (2004). Epigenetic programming by maternal behavior. Nat.

Neurosci. 7, 847–854. doi: 10.1038/nn1276

Widom, C. S., DuMont, K., and Czaja, S. J. (2007). A prospective investigation of

major depressive disorder and comorbidity in abused and neglected children

grown up. Arch. Gen. Psychiatry 64, 49–56. doi: 10.1001/archpsyc.64.1.49

Witzmann, S. R., Turner, J. D., Mériaux, S. B., Meijer, O. C., and Muller, C. P.

(2012). Epigenetic regulation of the glucocorticoid receptor promoter 1:7) in

adult rats. Epigenetics 7, 1290–1301. doi: 10.4161/epi.22363

Wong, J., Webster, M. J., Cassano, H., and Weickert, C. S. (2009). Changes

in alternative brain-derived neurotrophic factor transcript expression in

the developing human prefrontal cortex. Eur. J. Neurosci. 29, 1311–1322.

doi: 10.1111/j.1460-9568.2009.06669.x

Zheleznyakova, G. Y., Cao, H., and Schiöth, H. B. (2016). BDNF DNA

methylation changes as a biomarker of psychiatric disorders: literature

review and open access database analysis. Behav. Brain Funct. 12, 1–14.

doi: 10.1186/s12993-016-0101-4

Zheng, F., Zhou, X., Moon, C., and Wang, H. (2012). Regulation of brain-

derived neurotrophic factor expression in neurons. Int. J. Physiol. Pathophysiol.

Pharmacol. 4, 188–200.

Zhou, Y., Fan, L., Qiu, C., and Jiang, T. (2015). Prefrontal cortex and the

dysconnectivity hypothesis of schizophrenia. Neurosci. Bull. 31, 207–219.

doi: 10.1007/s12264-014-1502-8

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020Duffy and Roth. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 9 November 2020 | Volume 14 | Article 594244

https://doi.org/10.1038/nn1276
https://doi.org/10.1001/archpsyc.64.1.49
https://doi.org/10.4161/epi.22363
https://doi.org/10.1111/j.1460-9568.2009.06669.x
https://doi.org/10.1186/s12993-016-0101-4
https://doi.org/10.1007/s12264-014-1502-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Increases in Bdnf DNA Methylation in the Prefrontal Cortex Following Aversive Caregiving Are Reflected in Blood Tissue
	Introduction
	Materials and Methods
	Subjects
	A Rodent Model for Aversive Caregiving
	Tissue Collection
	DNA Methylation
	Statistical Analysis

	Results
	Maternal Behavior
	Perfusions
	DNA Methylation Increases in Maltreated Animals
	DNA Methylation Increases in Cross-Foster Care Animals' Blood
	Correlations in DNA Methylation Between Blood and the PFC

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


