THE INFLUENCE OF INFANT-CAREGIVER EXPERIENCES ON
AMYGDALA Bdnf, OXTr, AND NPY EXPRESSION IN DEVELOPING AND

ADULT MALE AND FEMALE RATS

by

Kathryn Taylor

A thesis submitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree of Master of Science in Neuroscience

Fall 2014

© 2014 Kathryn Hill
All Rights Reserved



UMI Number: 1585149

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI

Dissertation Publishing

UMI 1585149
Published by ProQuest LLC (2015). Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code

ProQuest

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, Ml 48106 - 1346



THE INFLUENCE OF INFANT-CAREGIVER EXPERIENCES ON
AMYGDALA Bdnf, OXTr, AND NPY EXPRESSION IN DEVELOPING AND

ADULT MALE AND FEMALE RATS

by

Kathryn Hill

Approved:

Tania L. Roth, Ph.D.
Professor in charge of thesis on behalf of the Advisory Committee

Approved:

George H. Watson, Ph.D.
Dean of the College of Arts and Sciences

Approved:

James G. Richards, Ph.D.
Vice Provost for Graduate and Professional Education



ACKNOWLEDGMENTS

I wish to thank my advisor, Dr. Tania Roth, for all of her help and support with
this project. I would also like to thank my husband, Mike Hill, without whom none of
this would have ever been possible.

I would also like to acknowledge my appreciation for the funding that made
this project possible. This work was supported by grant number 1P20GM103653-
01AT from The National Institute of General Medical Sciences and a grant from the
University of Delaware Research Foundation. This manuscript was published in

Behavioural Brain Research in July 2014. The citation can be found below:

Hill, K. T., Warren, M., & Roth, T. L. (2014). The influence of infant—caregiver
experiences on amygdala< i> Bdnf</i>,< 1> OXTr</i>, and< 1> NPY</i> expression
in developing and adult male and female rats. Behavioural brain research, 272, 175-
180. DOI: 10.1016/j.bbr.2014.07.001.

ii



TABLE OF CONTENTS

LIST OF FIGURES ... .ottt s v
ABSTRACT ..ttt vi
Chapter
I INTRODUCTION .....ooiiiiiiiiieitieieeestete ettt sttt st 1
1.1  Early-life Stress and Its Effects on Behavior and the Brain ................ 1
1.2 Early Maltreatment and Its Effects on DNA Methylation................... 2
1.3 Rationale for Current StUAY ........coceeeiririeerinieieeiriereeeereeeeeeseeeeenena 2
2 METHODS ...ttt sttt sttt 4
2.1 SUDJECLS ettt ettt e aeeenne 4
2.2 Caregiving Manipulations ............cceeeueeviieniienienieeieeeee e 5
2.3 Gene EXPreSsion ASSAYS......eieiueeerieeeiieeeiiieeniereeaieeesreeesseesnseesnsseenns 6
2.4 Statistical ANALYSIS ..c..eriiriirriiiiinieienteseee e 7
3 RESULTS .ttt 8
3.1  Gene Expression in the Adult Amygdala.............ccoooiiiiiiiiiiiinnnn.. 8
3.2 Gene Expression in the Developing Amygdala...........c.ccccvvevveennenn. 10
4 DISCUSSION ..ottt s 14
CONCLUSIONS ..ottt ettt s 18
REFERENCES ...ttt 19
Appendix
A PERMISSION LETTER....cc.coctiiiiiiieieeeeeeeeeeeee e 26



LIST OF FIGURES

Figure 1 Adult gene expression. Baseline measures of fold changes in (a) Bdnf,
(b) OXTr, and (c) NPY mRNA in PN90 amygdala tissue. For all genes,
n = 8-14/group; *p<0.05 versus normal care controls; error bars
represent SEM. The solid line represents a fold change of 1, equal to
no difference in expression between experimental and control
Y810 15101 £ F SRR 9

Figure 2 Pup gene expression. Baseline measures of fold changes in (a) Bdnf,
(b) OXTr, and (c) NPY mRNA in PN8 amygdala tissue. n = 7-8/group;
*#p<0.01 versus normal care controls; error bars represent SEM. The
solid line represents a fold change of 1, equal to no difference in
expression between experimental and control subjects. ...........cccccceevienen. 11

Figure 3 Adolescent gene expression. Baseline measures of fold changes in (a)
Bdnf, (b) OXTr, (¢) NPY mRNA in PN30 amygdala tissue. n = 7-10/
group; **p<0.01 or *p<0.05 versus normal care controls; error bars
represent SEM. The solid line represents a fold change of 1, equal to
no difference in expression between experimental and control subjects .....13



ABSTRACT

Previous work with various animal models has demonstrated that alterations in
the caregiving environment produces long-term alterations in anxiety-related and
social behaviors, as well as amygdala gene expression. We previously introduced a
rodent model in which the timing and duration of exposure to maltreatment or
nurturing care outside the home cage can be controlled to assess neurobiological
outcomes. Here we sought to determine whether our brief experimental conditions
produce changes in gene expression within the developing and adult amygdala.
Using a candidate gene approach, we examined fold mRNA changes for the Brain-
derived neurotrophic factor (Bdnf), Oxytocin receptor (OXTr), and Neuropeptide Y
(NPY) genes, which are all highly expressed in the amygdala and play important roles
in anxiety-related and social behaviors. In adults, significant group differences were
detected for only Bdnf, with higher levels of Bdnf mRNA for females that had been
exposed to maltreatment and males exposed to nurturing care outside the home cage
relative to littermate controls. For pups, significant group differences were detected
for only OXTr, with lower levels of OX7Tr mRNA in females exposed to maltreatment.
Finally, for adolescents, maltreated-females showed significant changes in Bdnf
(decreased), OXTr (decreased), and NPY (increased) mRNA relative to controls. These

data illustrate the ability of brief, but repeated exposure to different caregiving

Vi



environments during the first postnatal week to have long-term effects on gene

expression within the developing and adult amygdala, especially in females.
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Chapter 1

INTRODUCTION

1.1 Early-life Stress and Its Effects on Behavior and the Brain

Rodent models of early-life stress, ranging in depriving offspring of maternal
care to exposing them to bouts of unpredictable shock or aberrant caregiving,
demonstrate the ability of early-life environmental disturbances to have long-term
effects on both social and non-social behaviors and their underlying neurobiology [1-
6]. For example, adolescent and adult rats that receive less maternal care or
unpredictable shock during infancy express increased anxiety-like behavior and
heightened stress responses [7-11]. Alterations in social behavior, increased
depressive-like behaviors, and maltreatment of next-generation offspring are also
outcomes observed in rodents exposed to changes in the caregiving environment [12-
16]. The neural correlates of these behavioral outcomes include structural remodeling,
changes in neuropeptide and hormone systems, decreased cell proliferation, and
aberrant DNA methylation and gene expression in regions such as the prefrontal

cortex, hippocampus and amygdala [3, 5, 17-20].



1.2 Early Maltreatment and Its Effects on DNA Methylation

To better understand the capacity of exposure to maltreatment to alter the
developing and adult brain and its relationship to subsequent development of behavior,
we previously introduced an experimental model where we expose rat pups to brief
but repeated bouts of caregiver maltreatment outside the home cage [13, 21, 22]. Our
initial work using this paradigm showed that adults exposed to maltreatment displayed
significant alterations in Brain-derived neurotrophic factor (Bdnf) mRNA and DNA
methylation in the prefrontal cortex [13, 21]. We also demonstrated that females with
a history of maltreatment displayed significant amounts of aversive behaviors toward
their own offspring in the forms of increased stepping on the pups, roughly handling
them, and frequently dropping them during transport [13]. More recent work has
demonstrated Bdnf DNA methylation alterations in additional brain regions, including

the hippocampus and amygdala [22].

1.3 Rationale for Current Study

The aim of this study was to further extend our characterization of the
developing and adult amygdala by examining gene expresson. Given the role of the
amygdala in social and emotional behavior, such data may help to understand
mechanisms by which early-experiences contribute to the development of mood- and
social-related behaviors later in life. Three genes associated with brain plasticity,
stress reactivity, and social behaviors were explored: Bdnf, the Oxytocin receptor

(OXTr), and Neuropeptide Y (NPY). Basal expression (i.e. in animals at baseline



conditions and not in response to any stimulus) of all three genes were assessed at
multiple time points (infancy, adolescence, and adulthood) to enable us to compare
group differences across development. We also explored whether amygdala gene

expression patterns differed between males and females.



Chapter 2
METHODS

2.1 Subjects

Male and female Long-Evans rats were obtained from Harlan and housed in
our laboratory’s breeding colony. Animals were housed in polypropylene cages with
plentiful amounts of wood shavings. Temperature and light were controlled in the
colony room (12-hour light/dark cycle with lights on at 6:00 am), and animals were
provided ad libitum access to food and water throughout the experiments. Prior to
beginning experiments, females raised at least one litter so that no first-time mothers
were used. Females were bred, and on postnatal day (PN) 1 litters were culled to 5-6
males and 5-6 females. 18 litters were used to generate all PN8, PN30 and PN90
subjects for tissue collection. The sample used here includes subjects that were also
used in our recent studies reporting methylation patterns within the prefrontal cortex,
amygdala, and hippocampus [21, 22]. The University of Delaware Animal Care and

Use Committee approved all procedures.



2.2 Caregiving Manipulations

Behavioral manipulations were always performed during the light cycle using
methods as previously reported [13, 21, 22]. Litters were divided in to three equal
groups on PN1: maltreatment, cross-foster care and normal maternal care. Beginning
on PN1 and continuing through PN7, up to 4 pups (2 males and 2 females) from a
litter were exposed daily to a stressed dam outside of the home cage for 30 minutes
(maltreatment condition). The maltreatment condition consisted of a lactating female
placed in a novel environment with limited nesting material (approximately 100ml of
wood shavings scattered on the chamber floor). Additional pups (up to 2 males and 2
females) from the same litter were exposed to a non-stressed dam outside of the home
cage (cross-foster condition). The cross-foster caregiver was also a lactating female
that was given 1 hour to habituate to the novel chamber and was provided with ample
amounts of bedding material (a 2-cm layer across the chamber floor). Remaining pups
from the litter (up to 2 males and 2 females) remained with the biological mother in
the home cage during manipulations and were deemed the control group. After each
30-minute exposure session, the experimental pups were removed from the exposure
chambers and were placed back into the home cage with the biological mother. On
PNS (24 hrs. following the last manipulation), some of the subjects had their brains
removed, while others were allowed to reach PN30 (each litter provided one male and

one female rat for each experimental condition and age). A separate cohort of rats was



used to generate PN90 animals. At PN21-23, rats were housed in same-sex and same-
condition pairs through adolescence and into adulthood.

Caregiving behaviors and pup vocalizations were scored for all 3 exposure
conditions by live observations and/or video recordings. As previously reported for
this sample [21, 22], pups assigned to our maltreatment condition were subjected to a
greater proportion of aversive caregiving behaviors (i.e. being stepped on, dropped,
dragged, actively avoided, and roughly handled) than pups assigned to either the
cross-foster or normal maternal care conditions. Pups assigned to the maltreatment
condition also emitted significantly more audible and ultrasonic vocalizations during

cexXposure sessions.

2.3 Gene Expression Assays

Animals were sacrificed at baseline conditions (i.e. straight from the home
cage with minimal stimulation) on PN8, PN30 or PN90. Brains were removed and
sliced using a 1-mm brain matrix. They were then flash-frozen on untreated slides
with 2-methylbutane and placed in a -80°C freezer until needed for later tissue
extraction and processing. The amygdala (basolateral, lateral, and central nuclei were
homogenized together to yield sufficient RNA) was dissected on dry ice using
stereotaxic coordinates [23] and RNA was extracted using the AllPrep DNA/RNA kit
(Qiagen Inc., Valencia, CA) and following the manufacturer’s instructions.

Quantification and qualification of nucleic acid were determined using



spectrophotometry (NanoDrop 2000). Reverse transcription was performed using a
cDNA synthesis kit (Qiagen) and cDNA was then amplified using a real-time PCR
system (Bio-Rad CFX96). Tagman probes (Life Technologies) targeted Bdnf, OXTr,
and NPY or tubulin (for a reference gene) mRNA. Gene assays were always run in
triplicates, and product specificity was determined via gel electrophoresis.
Comparative C; measures [24, 25] were used to obtain fold changes for the

maltreatment and cross-fostered animals relative to normal care animals.

2.4 Statistical Analysis

One-sample t-tests compared with a hypothetical mean value of 1 were used to
analyze fold changes in transcripts in the maltreatment and cross-foster care conditions
in comparison to normal care controls. A mean value of 1 would indicate no change
in transcript level in comparison to the control group. Additionally, two-way
ANOVAs (and t-tests when appropriate) were used to compare fold changes between
maltreated- and cross-fostered animals. Differences were considered statistically

significant for p <0.05.



Chapter 3

RESULTS

3.1 Gene expression in the Adult Amygdala

Since our prior work with this model revealed long-term changes in Bdnf
mRNA levels in the prefrontal cortex of adult animals that had been maltreated [13],
we first examined Bdnf gene expression in the amygdala of our PN90 animals (Figure
1). For Bdnf, both the cross-fostered males (t;=2.47, p < 0.05) and maltreated females
(t13=2.62, p < 0.05) had higher mRNA levels relative to controls. An ANOVA
analysis showed no significant main effect of pup condition or sex but a significant

sex X pup condition interaction (F;, 30=4.76, p<0.05).



Amygdala gene expression at PN90
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Figure 1 Adult gene expression. Baseline measures of fold changes in (a) Bdnf, (b) OXtr, and (c) NPY
mRNA in PN90 amygdala tissue. For all genes, n = 8-14/group; *p<0.05 versus normal care controls;
error bars represent SEM. The solid line represents a fold change of 1, equal to no difference in
expression between experimental and control subjects



We also examined two other candidate gene loci known to be highly expressed
in the amygdala and that play roles in social behavior and stress responsivity, OXTr
and NPY. For OXTr, maltreated and cross-foster care animals did not statistically
differ from controls. An ANOVA showed a significant main effect of sex (F; 37=6.12,
p<0.05), with females showing higher expression than males, but no significant main
effect of pup condition or a significant sex X pup condition interaction. Likewise, one-
sample t-tests showed no differences between our experimental and control groups in
NPY expression. There was again a significant main effect of sex for NPY (F; 34=5.24,
p<0.05) with males showing higher NPY expression than females. There was no
significant main effect of pup condition or a significant sex X pup condition

interaction.

3.2 Gene expression in the Developing Amygdala

To assess the effects of our caregiving environments on pup gene expression
patterns, gene assays were performed on tissue collected 24 hrs. after the last exposure
session (at PN8; Figure 2). For Bdnf, there were no significant group differences
across conditions or sex. For OXTr, maltreated females (t;=4.84, p<0.01 vs. normal
care controls) had significantly less mRNA in comparison to normal care controls. As
with Bdnf, there were no significant changes for NPY. Two-way ANOVAs for each
gene locus also did not reveal any significant main effects of pup condition or sex, or

any sex X pup condition interactions.
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Amygdala gene expression at PN8
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Figure 2 Pup gene expression. Baseline measures of fold changes in (a) Bdnf, (b) OXtr, and (c) NPY
mRNA in PN8 amygdala tissue. n = 7-8/group; **p<0.01 versus normal care controls; error bars
represent SEM. The solid line represents a fold change of 1, equal to no difference in expression
between experimental and control subjects.
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Finally, to assess the effects of our caregiving environments on adolescent
gene expression patterns, real-time PCR assays were performed on tissue collected at
PN30 (Figure 3). Maltreated-females had significantly less Bdnf (t;=3.77, p<0.01) and
OXTr (ts=2.56, p<0.05) mRNA than normal care controls. For NPY however,
maltreated-females had significantly higher mRNA levels (to=2.57, p<0.05 vs. normal
care controls). Two-way ANOVAs for Bdnf and NPY did not reveal any significant
main effects of pup condition, sex, or sex X pup condition interaction. There was a
significant main effect of sex for OXTr (F,, 34=5.42, p<0.05), but no significant main

effect of pup condition or an interaction.

12



Amygdala gene expression at PN30
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Chapter 4

DISCUSSION

This study was designed to determine whether different caregiving conditions
experienced by pups during infancy, particularly maltreatment, produced changes in
amygdala gene expression. We examined this in both developing and adult males and
females using an experimental design where we distributed pups within the same litter
to different and repeated experimental treatments during the first week of life. Our
observations of caregiver and pup behavior during the exposure sessions indicate that
within the maltreatment conditions pups were subjected to frequent occurrences of
aversive caregiving (including frequent stepping on, dragging, and rough handling),
and that they differentially responded to this caregiving environment by emitting
significant audible and ultrasonic vocalizations [21, 22]. This is in contrast to the
cross-foster and normal care conditions, where pups emitted significantly fewer
vocalizations and experienced significant levels of nurturing care, including pup
licking and grooming and nursing.

The major finding of the present study is that exposure to our maltreatment
regimen produced an age-dependent and long-term impact on amygdala gene
expression in females. Both PN30 and PN90 maltreated females displayed significant
alterations in Bdnf mRNA levels (relative to normal care controls). Strikingly, the

directional nature of group differences differed in adolescence (decreased) and

14



adulthood (increased). Isolation from the nest and/or biological mother and variations
in the caregiving environment have been shown to produce changes in the levels of
Bdnf mRNA and protein in the adult prefrontal cortex and hippocampus, with
concomitant changes in various realms of behavior [13, 14, 26-30]. Consistent with
our age-related observations here, age-dependent effects of maternal deprivation have
been previously reported for Bdnf'in the prefrontal cortex, with stress producing an
increase in Bdnflevels in PN17 rats while a decrease in levels in PN90 rats [29]. A
recent report has shown that periodic bouts of pup separation from the mother
produces increased BDNF immunoreactive cells within the adult amygdala [31]. Here
we demonstrate divergent developmental effects of maltreatment on Bdnf expression
within the female amygdala. An increase in Bdnf mRNA in adult females may be
consistent with observations of dendritic remodeling and amygdala hyperresponsivity
that are known to occur with development and stress [32-35].

During both infancy and adolescence, maltreated females also exhibited lower
levels of OXTr mRNA in comparison to normal care controls. Maternal deprivation
and low levels of pup-licking and arched-back nursing have been shown to reduce
CNS OXTr levels [36, 37], while high levels of early peer interactions are known to
increase OXTr binding in regions of the adult amygdala [30]. OXT is involved in
affiliative/social and stress-related behaviors, and a reduction in OX77 has been linked
to increased anxiety responses, neuroendocrine responses to stress, and decreases in
social interactions [38-43]. Our data indicate transient OX7r mRNA changes that are

present across two life periods when socialization is a major factor driving CNS and

15



behavioral trajectories. Future work will be necessary to determine whether the
observed mRNA reductions have relevance in regard to early affiliative/social
behaviors.

Adolescent maltreated females also had greater NPY mRNA levels in
comparison to normal care controls. Previous work has also shown that early maternal
deprivation decreases adult hippocampal NPY levels [44-46] while increasing
hypothalamic NPY levels [45]. Furthermore, work has shown that individual
susceptibilities to long-lasting neuroendocrine differences are significantly influenced
by an interaction between a NPY gene variation and an aversive family environment
[47]. As alterations in limbic NPY are common observations in models of depression
and anxiety [48-50], our data suggest adolescent females could have alterations in
stress regulation and stress-related behaviors.

Finally, a manipulation that did not produce any obvious behavior difference in
pups (at least in terms of vocalizations), brief and repeated experiences with a
nurturing foster dam, also had long-term effects on Bdnf gene expression. This effect
however was exclusive to adult males. Since we did not see Bdnf changes in
maltreated-males, this suggests males from the foster-care condition responded to a
factor unique to their treatment. This would mostly likely be experiencing nurturing
care from multiple dams.

We have previously shown later emerging (by PN30) and age-dependent
(decreased at PN30 while increased at PN90) effects of maltreatment on Bdnf DNA

methylation in the female medial prefrontal cortex [21]. As changes in the caregiving

16



environment are known to change the developmental trajectory of prefrontal-amygdala
connectivity in humans [51], and with the late developing nature of the prefrontal
cortex [52] and bidirectional connections between the regions [53], it is possible that
our observations of gene alterations in the amygdala are related to those in the
prefrontal cortex. A number of other mechanisms may be involved in the
developmental changes in gene expressions we observed, including neuroprotection
and stress adaption [54-56] and later emerging DNA methylation alterations [21, 22].
Finally, we also note that due to the design of our exposure chambers, we were
not able to attribute specific types of caregiving behaviors or vocalizations to
individual male or female pups during the exposure sessions. It is possible that
caregiving behaviors displayed by dams differed between males and females. It is
also known that mRNA and protein levels of epigenetic regulators within the
developing amygdala (Dnmt3a [57] and MeCP2 [58]) are higher in females than in
males. These are both additional factors likely responsible for our different
observations in males and females. Future studies will be necessary to determine
which specific factors within each condition and mechanisms are responsible for the

observed effects.
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CONCLUSIONS

In the present study, we have shown that repeated exposure to caregiver
maltreatment during the first postnatal week produces long-term and age-dependent
alterations in amygdala gene expression. These findings provide further empirical
support of epigenetic consequences of exposure to caregiver maltreatment, and the
ability of early-life experiences to differentially affect developmental trajectories (of
amygdala gene expression) in males vs. females. Extending this work on cellular and
behavioral levels will be necessary to ascertain how early-life environmental

conditions and social stressors can affect developmental trajectories.

18



REFERENCES

[1] Holmes A, le Guisquet AM, Vogel E, Millstein RA, Leman S, Belzung C.
Early life genetic, epigenetic and environmental factors shaping emotionality in
rodents. Neuroscience & Biobehavioral Reviews. 2005;29:1335-46.

[2] Branchi I, Francia N, Alleva E. Epigenetic control of neurobehavioural
plasticity: The role of neurotrophins. Behavioural Pharmacology. 2004;15:353-62.

[3] Cirulli F, Francia N, Berry A, Aloe L, Alleva E, Suomi SJ. Early life stress
as a risk factor for mental health: Role of neurotrophins from rodents to non-human
primates. Neuroscience & Biobehavioral Reviews. 2009;33:573-85.

[4] Youngson NA, Whitelaw E. Transgenerational epigenetic effects. Annual
Review Genomics Human Genetics. 2008;9:233-57.

[5] Roth TL. Epigenetic mechanisms in the development of behavior:
Advances, challenges, and future promises of a new field. Development and
Psychopathology. 2013;25:1279-91.

[6] Moriceau S, Roth TL, Sullivan RM. Rodent model of infant attachment
learning and stress. Developmental Psychobiology. 2010;52:651-60.

[7] Macri S, Laviola G, Leussis MP, Andersen SL. Abnormal behavioral and
neurotrophic development in the younger sibling receiving less maternal care in a
communal nursing paradigm in rats. Psychoneuroendocrinology. 2010;35:392-402.

[8] O'Mahony SM, Marchesi JR, Scully P, Codling C, Ceolho A-M, Quigley
EMM, et al. Early life stress alters behavior, immunity, and microbiota in rats:
Implications for irritable bowel syndrome and psychiatric illnesses. Biological
Psychiatry. 2009;65:263-7.

19



[9] Wigger A, Neumann ID. Periodic maternal deprivation induces gender-
dependent alterations in behavioral and neuroendocrine responses to emotional stress
in adult rats. Physiology & Behavior. 1999;66:293-302.

[10] Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl
JR, et al. Epigenetic programming by maternal behavior. Nature Neuroscience.
2004;7:847-54.

[11] Sarro EC, Sullivan RM, Barr G. Unpredictable neonatal stress enhances
adult anxiety and alters amygdala gene expression related to serotonin and gaba.
Neuroscience. 2014;258:147-61.

[12] Franklin TB, Russig H, Weiss IC, Graff J, Linder N, Michalon A, et al.
Epigenetic transmission of the impact of early stress across generations. Biological
Psychiatry. 2010;68:408-15.

[13] Roth TL, Lubin FD, Funk AJ, Sweatt JD. Lasting epigenetic influence of
early-life adversity on the bdnf gene. Biological Psychiatry. 2009;65:760-9.

[14] Lippmann M, Bress A, Nemeroff CB, Plotsky PM, Monteggia LM. Long-
term behavioural and molecular alterations associated with maternal separation in rats.
European Journal of Neuroscience. 2007;25:3091-8

[15] Raineki C, Moriceau S, Sullivan RM. Developing a neurobehavioral
animal model of infant attachment to an abusive caregiver. Biological Psychiatry.
2010;67:1137-45.

[16] Raineki C, Cortés MR, Belnoue L, Sullivan RM. Effects of early-life
abuse differ across development: Infant social behavior deficits are followed by

adolescent depressive-like behaviors mediated by the amygdala. The Journal of
Neuroscience. 2012;32:7758-65.

20



[17] de Kloet ER, Joels M, Holsboer F. Stress and the brain: From adaptation
to disease. Nature Reviews Neuroscience. 2005;6:463-75.

[18] Fenoglio KA, Brunson KL, Baram TZ. Hippocampal neuroplasticity
induced by early-life stress: Functional and molecular aspects. Frontiers in
Neuroendocrinology. 2006;27:180-92.

[19] Champagne FA, Curley JP. How social experiences influence the brain.
Current Opinion in Neurobiology. 2005;15:704-9.

[20] Korosi A, Naninck EFG, Oomen CA, Schouten M, Krugers H, Fitzsimons
C, et al. Early-life stress mediated modulation of adult neurogenesis and behavior.
Behavioural Brain Research. 2012;227:400-9.

[21] Blaze J, Scheuing L, Roth TL. Differential methylation of genes in the
medial prefrontal cortex of developing and adult rats following exposure to

maltreatment or nurturing care during infancy. Developmental Neuroscience.
2013;35:306-16.

[22] Roth TL, Matt S, Chen K, Blaze J. Bdnf DNA methylation changes in the
hippocampus and amygdala of male and female rats exposed to different caregiving
environments outside the homecage. Developmental Psychobiology. 2014;epub ahead
of print.

[23]Sherwood N, Timiras P. A stereotaxic atlas of the developing rat brain:
University of California Press; 1970.

[24] Schmittgen T, Livak K. Analyzing real-time pcr data by the comparative
c(t) method. Nature Protcols. 2008;3:1101-8.

[25] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative pcr and the 2—3dct method. Methods. 2001;25:402-8.

21



[26] Chatterjee D, Chatterjee-Chakraborty M, Rees S, Cauchi J, de Medeiros
CB, Fleming AS. Maternal isolation alters the expression of neural proteins during
development: ‘Stroking’ stimulation reverses these effects. Brain Research.
2007;1158:11-27.

[27] Roceri M, Hendriks W, Racagni G, Ellenbroek BA, Riva MA. Early
maternal deprivation reduces the expression of bdnf and nmda receptor subunits in rat
hippocampus. Molecular Psychiatry. 2002;7:609-16.

[28] Greisen MH, Altar CA, Bolwig TG, Whitehead R, Wortwein G. Increased
adult hippocampal brain-derived neurotrophic factor and normal levels of

neurogenesis in maternal separation rats. Journal of Neuroscience Research.
2005;79:772-8.

[29] Roceri M, Cirulli F, Pessina C, Peretto P, Racagni G, Riva MA. Postnatal
repeated maternal deprivation produces age-dependent changes of brain-derived

neurotrophic factor expression in selected rat brain regions. Biological Psychiatry.
2004;55:708-14.

[30] Branchi I, Curley JP, D’Andrea I, Cirulli F, Champagne FA, Alleva E.
Early interactions with mother and peers independently build adult social skills and

shape bdnf and oxytocin receptor brain levels. Psychoneuroendocrinology.
2013;38:522-32.

[31] Berman AK, Lott RB, Donaldson ST. Periodic maternal deprivation may
modulate offspring anxiety-like behavior through mechanisms involving
neuroplasticity in the amygdala. Brain Research Bulletin. 2014;101:7-11.

[32] Koss WA, Belden CE, Hristov AD, Juraska JM. Dendritic remodeling in
the adolescent medial prefrontal cortex and the basolateral amygdala of male and
female rats. Synapse. 2014;68:61-72.

[33] Tottenham N, Hare TA, Quinn BT, McCarry TW, Nurse M, Gilhooly T, et
al. Prolonged institutional rearing is associated with atypically large amygdala volume
and difficulties in emotion regulation. Developmental Science. 2010;13:46-61.

22



[34] Sanders BJ, Anticevic A. Maternal separation enhances neuronal
activation and cardiovascular responses to acute stress in borderline hypertensive rats.
Behavioural Brain Research. 2007;183:25-30.

[35] Malter Cohen M, Jing D, Yang RR, Tottenham N, Lee FS, Casey BJ.
Early-life stress has persistent effects on amygdala function and development in mice
and humans. Proceedings of the National Academy of Sciences. 2013;110:18274-8.

[36] Pedersen CA, Boccia ML. Oxytocin links mothering received, mothering
bestowed and adult stress responses. Stress. 2002;5:259-67.

[37] Noonan L, Caldwell J, Li L, Walker C, Pedersen CA, Mason G. Neonatal
stress transiently alters the development of hippocampal oxytocin receptors. Brain
Research Developmental Brain Research. 1994;80:115-20.

[38] Heinrichs M, Domes G. Neuropeptides and social behaviour: Effects of
oxytocin and vasopressin in humans. Progress in Brain Research. 2008;170:337-50.

[39] Lee H-J, Macbeth AH, Pagani JH, Scott Young 3rd W. Oxytocin: The
great facilitator of life. Progress in Neurobiology. 2009;88:127-51.

[40] Landgraf R, Neumann ID. Vasopressin and oxytocin release within the
brain: A dynamic concept of multiple and variable modes of neuropeptide
communication. Frontiers in Neuroendocrinology. 2004;25:150-76.

[41] Huber D, Veinante P, Stoop R. Vasopressin and oxytocin excite distinct
neuronal populations in the central amygdala. Science. 2005;308:245-8.

[42] Bale TL, Davis AM, Auger AP, Dorsa DM, McCarthy MM. Cns region-
specific oxytocin receptor expression: Importance in regulation of anxiety and sex
behavior. The Journal of Neuroscience. 2001;21:2546-52.

23



[43] Carter C, Keverne E. The neurobiology of social affiliation and pair
bonding. Hormones, Brain and Behavior, Five-Volume Set. 2002.

[44] Husum H, Termeer E, Mathé AA, Bolwig TG, Ellenbroek B. Early
maternal deprivation alters hippocampal levels of neuropeptide y and calcitonin-gene
related peptide in adult rats. Neuropharmacology. 2002;42:798-806.

[45] Husum H, Mathe AA. Early life stress changes concentrations of
neuropeptide y and corticotropin-releasing hormone in adult rat brain. Lithium
treatment modifies these changes. Neuropsychopharmacology. 2002;27:756-64.

[46] Jiménez-Vasquez PA, Mathé AA, Thomas JD, Riley EP, Ehlers CL. Early
maternal separation alters neuropeptide y concentrations in selected brain regions in
adult rats. Developmental Brain Research. 2001;131:149-52.

[47] Witt SH, Buchmann AF, Blomeyer D, Nieratschker V, Treutlein J, Esser
G, et al. An interaction between a neuropeptide y gene polymorphism and early

adversity modulates endocrine stress responses. Psychoneuroendocrinology.
2011;36:1010-20.

[48] Jiménez-Vasquez PA, Overstreet DH, Mathé AA. Neuropeptide y in male
and female brains of flinders sensitive line, a rat model of depression. Effects of
electroconvulsive stimuli. Journal of Psychiatric Research. 2000;34:405-12.

[49] McGuire JL, Larke L, Sallee F, Herman J, Sah R. Differential regulation
of neuropeptide y (NPY) in the amygdala and prefrontal cortex during recovery from
chronic variable stress (CVS). Frontiers in Behavioral Neuroscience. 2011;5.

[50] Roseboom PH, Nanda SA, Fox AS, Oler JA, Shackman AJ, Shelton SE,
et al. Neuropeptide y receptor gene expression in the primate amygdala predicts
anxious temperament and brain metabolism. Biological Psychiatry.

[51] Gee DG, Gabard-Durnam LJ, Flannery J, Goff B, Humphreys KL, Telzer
EH, et al. Early developmental emergence of human amygdala-prefrontal connectivity
after maternal deprivation. Proc Natl Acad Sci U S A. 2013;110:15638-43.

24



[52] Benes FM, Taylor JB, Cunningham MC. Convergence and plasticity of
monoaminergic systems in the medial prefrontal cortex during the postnatal period:
Implications for the development of psychopathology. Cerebral Cortex. 2000;10:1014-
27.

[53] Marek R, Strobel C, Bredy TW, Sah P. The amygdala and medial
prefrontal cortex: Partners in the fear circuit. The Journal of Physiology.
2013;591:2381-91.

[54] Fanous S, Hammer Jr RP, Nikulina EM. Short- and long-term effects of
intermittent social defeat stress on brain-derived neurotrophic factor expression in
mesocorticolimbic brain regions. Neuroscience. 2010;167:598-607.

[55] Heaton MB, Mitchell JJ, Paiva M, Walker DW. Ethanol-induced
alterations in the expression of neurotrophic factors in the developing rat central
nervous system. Developmental Brain Research. 2000;121:97-107.

[56] Kormos V, Gaszner B. Role of neuropeptides in anxiety, stress, and
depression: From animals to humans. Neuropeptides. 2013;47:401-19.

[57] Kolodkin MH, Auger AP. Sex difference in the expression of DNA
methyltransferase 3a in the rat amygdala during development. Journal of
Neuroendocrinology. 2011;23:577-83.

[58] Kurian JR, Forbes-Lorman RM, Auger AP. Sex difference in mecp2
expression during a critical period of rat brain development. Epigenetics. 2007;2:173-
8.

25



Appendix A

Permission Letter

ITYor College of Arts & Sciences 108 Wolf Hall

Mewark, DE 19716-2577

El AWA R E DEPARTMENT OF PSYCHOLOGICAL & BRAIN SCIENCES Phone: 302.831.2271
| Fax: 302-831-3645

November 14, 2014

This letter is to verify that Kathryn Taylor received all necessary animal training for the experimental
work that is the basis of her thesis. Also, I verify that all procedures are consistent with our IACUC
protocol #1216.

Sincerely,

N W

Tania L. Roth, Ph.D.
Assistant Professor

26

www.udel.edu





