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Abstract
Obesity has become one of the major public health issue worldwide, contributing
to the increased risk of several non-communicable diseases such as type 2 diabetes,
cardiovascular dysfunction and neuropsychiatric disorders. Although genetic factor plays a significant role, it alone cannot explain the dramatic rise of obesity
over the past few decades. The rapid advancement of food technology and the
easy access to processed junk food are being considered as the major contributor
of the current obesity epidemic. In this context, the impact of early life exposure
to overnutrition in determining the disease susceptibility in offspring has received
wide attention in recent obesity research. Epidemiological and clinical studies have
linked the escalating growth of maternal obesity or overnutrition before and during pregnancy with the increased predisposition to obesity, metabolic syndrome
and mental health related disorders in the progeny. However, human studies are
often unable to establish the causal link due to the presence of other confounding
factors such as, parental life style, socioeconomic status, postnatal feeding. Therefore, studies on experimental animals become essential to establish the mechanistic
link and to better understand the long-term consequences of maternal obesity on
offspring physiology and behavior. While animal studies have mainly focused on
determining the role of maternal high fat diet (MHFD) on the development of obesity and metabolic syndrome, the impact on offspring’s brain and behaviors has
been little explored. Furthermore, a growing body of evidence suggests that the
effects of maternal obesity or overnutrition are not only limited to the immediate
offspring but can also be transmitted to the successive generations. Few recent
studies have demonstrated the transmission of altered metabolic phenotypes induced by MHFD exposure to the subsequent descendants, however, the underlying
epigenetic mechanisms still remain elusive. Further, relatively less attention has
been paid so far to investigate the transmission of altered behavioral phenotypes
following MHFD across multiple generations.
The present thesis, investigates in mice the effects of 9 weeks MHFD exposure
(3 weeks prior to conception, 3 weeks during gestation and 3 weeks during lactation) on offspring brain, behaviors and metabolism across multiple generations.
In the first project, we investigate the metabolic state and hedonic behaviors in
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the offspring following MHFD and explore the underlying mechanism. We demonstrate that MHFD leads to increased hedonic response to palatable foods as well as
drugs of abuse including alcohol, cocaine and amphetamine in the adult offspring.
Further, offspring born to HFD exposed dams develop obesogenic and metabolic
syndrome like phenotypes which become prominent following a junk food challenge. The altered hedonic and metabolic phenotypes are paralleled with lower
dopamine levels and increased dopamine 2 (D2) receptor density in the striatal
regions, suggesting a hypodopaminergic mesolimbic system as common underlying
mechanism.
We next investigate whether the observed obesogenic and addictive-like phenotypes are transmitted to the subsequent generations. We observe that the altered
hedonic and metabolic phenotypes as well as the hypodopaminergic state of the
mesolimbic system are conserved in the offspring up to third generation via paternal lineage in the absence of any further exposure to HFD. While exploring the
underlying mechanisms for such transgenerational inheritance, we first analyze
sperm DNA methylation pattern in F1 and F2 offspring since sperm methylome
is one of the most well-characterized marks implicated in epigenetic inheritance.
However, we observe moderate changes in sperm CpG methylation in F1 and F2
offspring of HFD ancestors, indicating that sperm methylome might not be the major epigenetic carrier of the observed phenotypes. Sperm small noncoding RNAs
(sncRNAs) has recently been reported as the direct mediator of acquired traits
to the progeny, we therefore, next investigate whether sperm sncRNAs contribute
to the transmission of MHFD induced altered metabolic and hedonic phenotypes
across generations. We observe that microinjection of sperm RNAs, in particular
sperm tRNA derived small RNAs (tsRNAs) from offspring born to HFD dams
into normal zygotes can reproduce the obesogenic and addictive-like phenotypes
in the resulting offspring, suggesting that sperm tsRNAs play the major role for
the transgenerational inheritance. In addition, we explore the critical windows
of development that are more vulnerable to MHFD induced altered phenotypes.
We observe that MHFD exposure during late gestation predisposes the offspring
to addictive-like behaviors. On the contrary, MHFD exposure exclusively during
lactation leads the offspring to develop obesity and schizophrenia like phenotypes.
Together, the data presented in this thesis provide strong evidence that early
life exposure to maternal overnutrition can program the brain and behaviors of
the offspring leading to increased susceptibility to obesogenic and addictive-like
phenotypes across multiple generations. Moreover, the present work identifies a
potential epigenetic mark that contributes to the transgenerational transmission
of acquired traits, which will help us in future to develop novel diagnostic and
therapeutic targets for obesity and related co-morbidities.

Zusammenfassung
Übergewicht ist weltweit zu einem der grössten Probleme im Gesundheitswesen
geworden, da es das Risiko für Diabetes Typ 2, Herz-Kreislauf-Erkrankungen und
Neuropsychologischen Erkrankungen erhöht. Genetische Faktoren spielen hierbei
eine signifikante Rolle, können sie alleine den dramatischen Anstieg von Adipositas in den letzten Jahrzehnten nicht erklären. Als Hauptursache für die aktuelle Adipositas Epidemie werden vor allem die rapide Weiterentwicklung der
Nahrungstechnologie, sowie der vereinfache Zugang zu industriell verarbeiteten
Lebensmitteln angesehen. In diesem Zusammenhang hat in der aktuellen Adipositas Forschung der Einfluss von Überernährung während Frühstadien der Entwicklung grosse Aufmerksamkeit erhalten. Epidemiologische und Klinische Studien konnten zeigen, dass ein Zusammenhang besteht zwischen der Zunahme an
übergewichtigen Schwangeren und einer vermehrten Prädisposition des Nachwuchses für Übergewicht, das Metabolischen Syndrom und psychischen Erkrankungen.
Jedoch sind humane Studien nicht fähig den ursächlichen Zusammenhang zu zeigen, da sie häufig Störfaktoren wie beispielsweise dem Life-Style der Eltern, dem
post-natalem Essverhalten und sozioökonomische Faktoren unterliegen. Tiermodelle sind deshalb essentiell um den mechanistischen Zusammenhang zu zeigen und
um die langfristigen Konsequenzen vom Übergewicht der Mutter auf die Physiologie und das Verhalten des Nachwuchses besser zu verstehen. Die bisherigen Studien
haben sich mehrheitlich darauf fokussiert den Einfluss von maternaler Hochfettdiät (MHFD) auf die Entwicklung des Metabolischen Syndroms und Übergewicht
in den Nachkommen zu untersuchen. Nur wenige Studien haben sich bis heute
mit den langfristigen Folgen von MHFD auf das Gehirn des Nachwuchses und den
damit verbundenen Verhaltensveränderungen, wie beispielsweise Angstzustände,
Kognitive Defizite und veränderte Motivation beschäftigt. Zudem gibt es immer
mehr Evidenz, dass die Effekte von Übergewicht und Überernährung in der Mutter
nicht nur auf die direkten Nachkommen limitiert sind, sondern auch an die drauffolgenden Generationen weitergegeben werden. Aktuelle Studien suggerieren, dass
ein durch MHFD bedingter metabolischer Phänotyp bis in die zweite und dritte
Generation weitergegeben wird. Allerdings, sind die epigenetischen Mechanismen
welche dieser Beobachtung zu Grunde liegen noch nicht genauer erforscht. Kaum
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untersucht wurde bisher der Effekt von MHFD auf Weitergabe von verhaltensbezogenen Phänotypen über mehrere Generationen hinweg.
Die vorgelegte Doktorarbeit untersucht den Effekt von neun Wochen maternaler Hochfettdiät (drei Wochen vor der Empfängnis, drei Wochen während der
Schwangerschaft und drei Wochen währen der Milchproduktion) auf das Gehirn,
das Verhalten und den Metabolismus der Nachkommen über mehrere Generationen
hinweg. In dem ersten Projekt untersuchten wir zunächst der Effekt von MHFD
auf den Metabolismus und das hedonistische Verhalten der direkten Nachkommen.
Zudem wurden die zugrundeliegenden Mechanismen dafür genauer untersucht. Es
konnte gezeigt werden, dass MHFD das Verlangen nach schmackhaften Essen, sowie den Missbrauch von Alkohol, Kokain und Amphetaminen in den erwachsenen
Nachkommen steigern konnte. Des Weiteren zeigten die erwachsenen Nachkommen der MHFD Gruppe einen adipösen und metabolischen Phänotyp, welcher
vergleichbar war mit dem was nach einer Junk-Food Challenge beobachtet werden
kann. Parallel zu den Veränderungen im Metabolischen- und Verhaltens-Phänotyp,
wurden niedrigere Dopamin Level und eine erhöhe Dopamin 2 (D2) Rezeptoren
Dichte in den Striatalen Regionen beobachtet, was suggeriert, dass das Hypodopaminergic Mesolimbic System der gemeinsamen zu Grunde liegenden Mechanismus
sein könnte.
Als nächstes untersuchten wir, ob die der ersten Generation beschriebenen
Phänotypen auch in den folgenden Generationen zu beobachten sind. In der Tat
konnte der hedonistische Phänotyp, der metabolische Phänotyp sowie der hypodopaminergische Status des Mesolimbischen Systems bis zur dritten Generation
beobachtet werden, ohne dass eine weitere Exposition zu Hochfettdiät in den
Nachkommen stattfand. Epigenetischen Marker sind eine Möglichkeit die Transgenerationale Weitergabe der Phänotypen erklären. Die wichtigste epigenetische
Veränderung ist die CpG Methylierung. In den Spermien der F1 und der F2 Nachfahren der MHFD Gruppe konnte allerding nur eine moderate Veränderung der
CpG Methylierung festgestellt werden. Dies impliziert, dass das Methylom der
Spermien vermutlich nicht der Vektor der beobachteten Phänotypen ist. Neuere Studien haben gezeigt, dass Sperm small non codinge RNAs (sncRNAs) der
direkte kausale Vektor für transgenerationale Vererbung sind. Deshalb untersuchten wir auch deren Effekt auf die Weitergabe des durch maternale Hochfettdiät
ausgelösten hedonistischen und metabolischen Phänotyps. Hierfür wurden sperm
RNAs von Nachfahren der MHFD Gruppe in normale Zygoten injiziert. Es könnte
gezeigt werden, dass sperm RNAs, im speziellen sperm tRNA derived small RNAs
(tsRNAs) fähig sind den metabolischen, sowie den hedonistischen Phänotyp an die
Nachkommen weiterzugeben Diese Beobachtung suggeriert, dass die tsRNAs eine
wichtige Rolle in der epigenetischen Vererbung spielen. Zusätzlich untersuchten wir
noch in welchem Zeitfenster maternale Hochfettdiät einen besonders starken Ein-
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fluss auf Veränderungen im Metabolismus und dem Verhalten der Nachkommen
hat. Es wurde beobachtet, dass eine Exposition der Mutter zu Hochfettdiät ausschliesslich am Ende der Schwangerschaft, die Nachkommen für Suchterkrankungen
prädispositioniert. Im Kontrast dazu, konnten wir zeigen, dass wenn maternale
Hochfettdiät ausschliesslich während der Milchproduktion verabreicht wird, die
Nachkommen einen metabolischen und schizophrenen Phänotyp aufweisen.
Zusammengefasst präsentieren die Daten dieser Doktorarbeit Evidenz dafür,
dass die Exposition zu maternaler Hochfettdiät in frühen Lebensphase das Gehirn
und das Verhalten der Nachkommen beeinflussen kann. Dies führt dazu, dass die
Wahrscheinlichkeit einen adipösen oder suchterzeugenden Phänotyp zu entwickeln
über mehrere Generationen hinweg vergrößert ist. Zusätzlich identifiziert die vorgelegte Arbeit mögliche epigenetische Marker die an der transgenerationalen Weitergabe der untersuchten Merkmale beteiligt sind. Diese werden in Zukunft helfen
können neue diagnostische und therapeutische Ansatzpunkte zur Bekämpfung von
Übergewicht und den damit assoziierten Co-Morbiditäten zu finden.

xii

Acknowledgments

First, I would like to acknowledge my supervisors Dr. Daria Peleg-Raibstein and
Prof. Dr. Christian Wolfrum for their help and support in all these years. Daria’s
supervision and guidance have made this thesis possible. I want to thank her for
keeping patience and helping me to develop myself as a scientist. My sincerest gratitude also goes to Christian for giving me the opportunity to work in his research
group. I would like to thank him for his guidance, endless support, important
scientific inputs and critical discussion for this work and his valuable suggestions
for my future career. I would also like to thank Prof. Dr. Denis Burdakov for
agreeing to be my thesis co-examiner and taking the time to read my dissertation.
A special thanks goes to Prof. Dr. Martin Schwab. I would like to thank him
for his nice suggestions and insightful comments during the committee meetings
and for giving me the chance to learn immunohistochemistry techniques in his lab.
In addition, I want to thank all my collaborators at different times during my PhD,
especially Prof. Dr. Wolf Reik, Dr. Rebecca Berrens, Dr. David Rosenkranz, Dr.
Pawel Pelczar, Lennart Opitz and Wenfei Sun. Their support and suggestions
were crucial for getting the respective projects done.
My sincere appreciation also goes to the animal care taker team, especially
Hidir, Daniela, Mandy, Michale, Anuk and Cony for their help. I would also like
to thank our technical service staff, specially Roland who helped me with the
behavioral equipments. Big thanks to Marcel for solving all the IT problems. I
would also like to thank Judith and Lucy, who have worked with me during their
bachelor thesis. They have helped me to move the projects fast and I learned a
lot while supervising them.
More importantly, I would like to thank all the former and current members
of Wolfrum lab for making such a great friendly working environment. I was very
lucky to have the best and coolest office mates (Gerald, Leon and Miro) in these
years from whom I learned a lot! Thank you Gerald for all your helpful suggestions,
in particular your advice on ‘resilience’ helps me a lot to survive all these years.
Special thanks to Miro and Leon for always being there during ‘huge’ dissections

xiv
and their fruitful comments to improve my presentation.
A great thanks to Dianne for her valuable scientific inputs, proof reading and
her help in experiments. Special thanks to Lisi and Arionas, my friends and coffee
buddies, who are always there in my good and bad times. Thanks to Lisi for
teaching me how to bake and for always taking the initiative to arrange social
events. Thank you Arionas for all his jokes (although he always got the least
appreciation from us ;)) to keep the working environment delightful. A big thanks
to Caro for her time and effort to translate the abstract of my thesis. A great
thanks to Katherine for her help in gene analysis.
I would like to thank my parents and my only sister Mitalee for their belief
and pride on me. Maa and Baba, I am grateful to have your unconditional love
and support throughout all these years.
Finally, I offer my heartiest thanks to my husband Pratanu. He is my greatest
source of inspiration to pursue this PhD. I am very lucky to get continuous guidance
and suggestions from an ETH graduate at home. I want to thank him for all his
enthusiasm, encouragement and motivation that helped me to face the challenges
and successfully overcome the difficulties. ‘Thanks’ will not be enough to express
my gratitude for all the mental support and care in all these years.

Contents

1 Introduction
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.1.1 Concept of developmental programming . . . . . . . . . .
1.1.2 Epigenetics and development . . . . . . . . . . . . . . . .
1.1.3 Transgenerational epigenetic inheritance . . . . . . . . . .
1.1.4 Dopaminergic pathways in the brain . . . . . . . . . . . .
1.2 Maternal obesity and current state of research . . . . . . . . . . .
1.2.1 Maternal obesity . . . . . . . . . . . . . . . . . . . . . . .
1.2.2 Global prevalence of maternal obesity . . . . . . . . . . . .
1.2.3 Short term effects of maternal obesity . . . . . . . . . . . .
1.2.4 Long term effects of maternal obesity . . . . . . . . . . . .
1.2.5 The effects of maternal obesity across multiple generations
1.2.6 Maternal overnutrition at critical periods of development .
1.3 Summary of the main goals and thesis outline . . . . . . . . . . .
2 Effects of maternal high-fat diet in the offspring
2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Keywords . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . .
2.4.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4.2 Maternal high-fat diet exposure . . . . . . . . . . . . . . .
2.4.3 The effects of 9 weeks maternal HFD exposure on offspring
weaned on normal chow . . . . . . . . . . . . . . . . . . .
2.4.4 Neurochemical and Neuroanatomical evaluations . . . . . .
2.4.5 PET scan . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4.6 The effects of post weaning HFD exposure . . . . . . . . .
2.4.7 Palatable food choice . . . . . . . . . . . . . . . . . . . . .
2.4.8 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . .
2.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.5.1 Altered hedonic behaviors to food in HFD offspring . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.

1
1
1
3
4
8
13
13
14
15
17
20
24
24

.
.
.
.
.
.

27
28
28
28
30
30
30

.
.
.
.
.
.
.
.

30
32
32
32
33
33
33
35

xvi

Contents
2.5.2
2.5.3
2.5.4

Altered hedonic behaviors to drugs of abuse in HFD offspring 35
deltaFosB . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Neurochemical and neuroanatomical alterations in the brain
reward system of HFD offspring . . . . . . . . . . . . . . . . 37
2.5.5 Striatal dopamine D2 receptor binding availability using positron
emission tomography (PET) imaging . . . . . . . . . . . . . 39
2.5.6 Post weaning HFD exposure . . . . . . . . . . . . . . . . . . 39
2.5.7 The effects of exposure to a free-choice palatable diet during
adulthood . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.8 Conflicts of interests . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.9 Supplementary materials and methods . . . . . . . . . . . . . . . . 48
2.9.1 Phenotypic characterization of offspring . . . . . . . . . . . . 48
2.9.2 Maternal behavior . . . . . . . . . . . . . . . . . . . . . . . 48
2.9.3 Behavioral testing . . . . . . . . . . . . . . . . . . . . . . . . 48
2.9.4 Conditioned place preference (CPP) . . . . . . . . . . . . . . 49
2.9.5 Fat composition and distribution (CT-Scan) . . . . . . . . . 49
2.9.6 Energy expenditure and activity (Metabolic Cages) . . . . . 50
2.9.7 Insulin tolerance test (ITT) . . . . . . . . . . . . . . . . . . 50
2.9.8 PET scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.9.9 PET quantitative analysis . . . . . . . . . . . . . . . . . . . 51
2.9.10 Immunohistochemistry . . . . . . . . . . . . . . . . . . . . . 51
2.9.11 Stereological estimation of TH-positive dopaminergic midbrain neurons . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.9.12 Optical densitometry of dopaminergic markers in prefrontal
cortical and striatal regions . . . . . . . . . . . . . . . . . . 53
2.9.13 Delineation of brain regions . . . . . . . . . . . . . . . . . . 54
2.9.14 Post-mortem neurochemistry . . . . . . . . . . . . . . . . . . 54
2.9.15 Chromatographic conditions for detection of mono-amines
and metabolites . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.9.16 Quantification of mRNA for deltaFosB (real-time PCR) . . . 55
2.10 Supplementary results with statistics . . . . . . . . . . . . . . . . . 56
2.10.1 Maternal behavior . . . . . . . . . . . . . . . . . . . . . . . 56
2.10.2 Mothers metabolic parameters . . . . . . . . . . . . . . . . . 57
2.10.3 Prepubertal (PND 35-45) . . . . . . . . . . . . . . . . . . . 57
2.10.4 Chow food intake (Metabolic Cages) . . . . . . . . . . . . . 57
2.10.5 Fat composition and distribution (CT-Scan) of offspring at
PND 120 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.10.6 CPP locomotor activity during the condition phase . . . . . 58

Contents
3 Transgenerational effects of maternal overnutrition
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Keywords . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . .
3.4.1 Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.2 Experimental design . . . . . . . . . . . . . . . . . . . . .
3.4.3 Metabolic phenotyping . . . . . . . . . . . . . . . . . . . .
3.4.4 Behavioral experiments . . . . . . . . . . . . . . . . . . . .
3.4.5 Molecular experiments . . . . . . . . . . . . . . . . . . . .
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.5.1 Hedonic responses to natural rewards in the F2 and F3 offspring of HFD ancestors . . . . . . . . . . . . . . . . . . .
3.5.2 Addictive-like phenotype in the F2 and F3 offspring of HFD
ancestors . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.5.3 Neuroanatomical alterations in the brain reward system in
the F2 and F3 offspring born to HFD ancestors . . . . . .
3.5.4 Neurochemical alterations in the brain reward system in the
F2 and F3 offspring . . . . . . . . . . . . . . . . . . . . . .
3.5.5 Obesity and insulin resistance development in second (F2)
and third (F3) generation HFD offspring . . . . . . . . . .
3.5.6 Analysis of CpG methylation in F1 and F2 sperm . . . . .
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.1 Persistence of altered hedonic phenotypes across multiple
generations . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.2 Persistence of obesogenic phenotypes across multiple generations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.3 Sexual segregation in the inheritance of altered phenotypes
in F3 generation . . . . . . . . . . . . . . . . . . . . . . .
3.6.4 Can epigenetic be considered as the underlying mechanism
of transgenerational maternal HFD effects? . . . . . . . . .
3.7 Author contributions . . . . . . . . . . . . . . . . . . . . . . . . .
3.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . .
3.9 Conflicts of interests . . . . . . . . . . . . . . . . . . . . . . . . .
3.10 Supplementary information . . . . . . . . . . . . . . . . . . . . .
3.10.1 Experimental design . . . . . . . . . . . . . . . . . . . . .
3.10.2 Fat composition assay . . . . . . . . . . . . . . . . . . . .
3.10.3 Metabolic cage study . . . . . . . . . . . . . . . . . . . . .
3.10.4 Amphetamine-induced locomotor activity . . . . . . . . . .
3.10.5 Conditioned place preference (CPP) . . . . . . . . . . . . .

xvii

.
.
.
.
.
.
.
.
.
.

67
68
68
68
70
70
70
71
73
74
76

. 76
. 77
. 79
. 80
. 84
. 85
. 85
. 87
. 89
. 90
.
.
.
.
.
.
.
.
.
.

90
91
92
92
92
92
93
93
94
94

xviii

Contents
3.10.6 Dissection of brain regions . . . . . . .
3.10.7 Gene expression analysis of deltaFosB .
3.10.8 Immunohistochemistry . . . . . . . . .
3.10.9 Densitometry . . . . . . . . . . . . . .
3.10.10 Steriological analysis . . . . . . . . . .
3.10.11 Post mortem HPLC . . . . . . . . . .
3.10.12 Bisulfite sequencing analysis . . . . . .
3.10.13 In vitro fertilization . . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

4 Sperm tsRNAs as a potential vector
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Keywords . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4.1 Hedonic and metabolic phenotypes in sperm total RNA injected offspring . . . . . . . . . . . . . . . . . . . . . . . .
4.4.2 Characterization of hedonic and metabolic phenotypes in offspring generated from sperm RNA fragments injection . .
4.4.3 Sperm sncRNA profiling of HFD and CTR F1 father and
functional correlation . . . . . . . . . . . . . . . . . . . . .
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.1 Sperm tsRNA mediated transmission of altered hedonic phenotypes . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.2 Sperm tsRNA mediated transmission of altered meta-bolic
phenotypes . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.3 Altered sperm tsRNA content of F1 father and functional
association with the observed phenotypes . . . . . . . . . .
4.6 Author contributions . . . . . . . . . . . . . . . . . . . . . . . . .
4.7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . .
4.8 Conflicts of interests . . . . . . . . . . . . . . . . . . . . . . . . .
4.9 Online methods . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.9.1 Mice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.9.2 Feeding and breeding design . . . . . . . . . . . . . . . . .
4.9.3 Sperm collection, RNA extraction, small RNAs isolation and
sperm RNAs microinjection . . . . . . . . . . . . . . . . .
4.9.4 Small RNA library preparation and sequencing . . . . . .
4.9.5 Small RNA-seq data processing and analysis . . . . . . . .
4.9.6 tsRNA target prediction . . . . . . . . . . . . . . . . . . .
4.9.7 Behavioral experiments . . . . . . . . . . . . . . . . . . . .
4.9.8 Metabolic phenotype . . . . . . . . . . . . . . . . . . . . .
4.9.9 Dissection of brain regions . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

95
95
96
96
97
97
97
98

.
.
.
.

109
110
110
110
112

. 112
. 114
. 126
. 129
. 131
. 131
.
.
.
.
.
.
.

132
134
134
135
135
135
135

.
.
.
.
.
.
.

135
137
137
138
138
139
141

Contents

xix

4.9.10 Gene expression analysis . . . . . . . . . . . . . . . . . . . . 141
4.9.11 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . 142
4.10 Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . 143
5 Maternal overnutrition during critical period
147
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.2 Keywords . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.4 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . 150
5.4.1 Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
5.4.2 Feeding and breeding regime . . . . . . . . . . . . . . . . . . 150
5.4.3 Behavioral experiments . . . . . . . . . . . . . . . . . . . . . 151
5.4.4 Metabolic phenotype . . . . . . . . . . . . . . . . . . . . . . 155
5.4.5 Neurochemical analysis . . . . . . . . . . . . . . . . . . . . . 157
5.4.6 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . 158
5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.5.1 The effects of preconception maternal HFD exposure . . . . 160
5.5.2 The effects of maternal HFD during early and late gestation 162
5.5.3 The effects of maternal HFD during lactation in the metabolic
phenotypes of the offspring . . . . . . . . . . . . . . . . . . . 164
5.5.4 Maternal HFD exposure during lactation affects behavior of
the offspring . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
5.5.5 Neurochemical alterations in the HFD exposed offspring during critical periods of development . . . . . . . . . . . . . . 167
5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
5.7 Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 174
5.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
5.9 Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
6 Discussion and outlook
177
6.1 General discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
6.1.1 Overview of major findings . . . . . . . . . . . . . . . . . . . 179
6.1.2 Effects of 9 weeks MHFD on immediate(F1) offspring . . . . 179
6.1.3 Transgenerational transmission of maternal high fat diet effects185
6.1.4 Sperm sncRNA mediated transmission of maternal HFD effects189
6.1.5 Effects of high fat diet at critical periods of development . . 191
6.2 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
6.2.1 Beyond dopaminergic system . . . . . . . . . . . . . . . . . 196
6.2.2 How maternal HFD induces epigenetic modification . . . . . 197
6.2.3 How sperm tsRNAs could affect the phenotype in next generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

xx

Contents

6.3

6.2.4 Complex interplay among various epigenetic marks
6.2.5 Reversal of the maternal HFD induced traits . . . .
6.2.6 The role of oocyte and maternal lineage . . . . . .
Concluding remarks . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

198
198
199
199

Bibliography

201

Curriculum Vitæ

247

1

Introduction
Obesity represents a global health crisis, having a major impact on the human mortality, morbidity and societal health expenditure [349]. The rising prevalence of
obesity or overnutrition among women of childbearing age is of particular concern
since it increases the risk of obesity and related co-morbidities in the progeny, leading to a multigenerational cycle [52]. It is therefore, crucial to better understand
this phenomena which may lead us to identify new preventive and therapeutic
strategies for global obesity epidemic. In this thesis, we explore in mice the longterm programming effect of perinatal maternal HFD (MHFD) exposure on the
brain, behaviors and metabolism of the offspring. In this chapter, I will give an
overview of the scientific background in Section 1.1 that will help the reader to
understand the present work. In Section 1.2, I will shed light upon the current
state of maternal obesity research and the gap of our knowledge. Finally, I will
summarize the objectives of the current work and provide the thesis outline in
Section 1.3.

1.1
1.1.1

Background
Concept of developmental programming

Developmental programming refers to a process by which a stimulus or insult
during critical developmental periods can trigger permanent alterations to the
physiology of the organism, producing effects that persist throughout life [128].
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Historical overview
Although the impact of pre- and postnatal experiences on long term health and
diseases has gained wide attention in recent decades, the concept has been gradually emerged over the past two centuries. In the early 18th century, it was believed
that a new organism was generated through the process called ‘reproduction’ out
of parental contributions and the various experiences that a mother gained before
or during pregnancy [127]. The severe economic and food crisis during the first
and second World War made it obvious that early life experiences had a profound
influence on the emergence of diseases. Epidemiological studies on Dutch Winter
Famine (1944-1945) showed that male offspring exposed to maternal undernutrition in early pregnancy had significantly higher rates of low birth weight and later
obesity as well as cardiovascular disease risk [316, 220]. The epidemiological observations were further confirmed in experimental animal models by challenging the
intrauterine milieu with various nutritional and hormonal insults [235, 366, 202].
These studies converged into the conceptualization of the “Developmental Origins
of Health and Diseases (DHOaD)”by David Barker in the early 21st century. The
Barker hypothesis postulates that inadequate nutrition during pregnancy not only
affects the growth but also induces adaptive response in the growing fetus, leading
to irreversible physiological changes later in life in the form of metabolic and cardiovascular disorders [18]. Barker’s initial concept was later extended to a broad
spectrum of environmental stressors (stress, infection, chemical substances) and
corroborated in the etiopathogenesis of other non-communicable diseases such as
osteoporosis, asthma, certain cancers and neuropsychiatric disorders [129, 218].
Relevance to current health and socioeconomic condition
The conceptual framework of developmental programming was built on the poor
health outcome due to inadequate maternal nutrition. However, the modern-day
nutritional environment and the global rise of obesity have shifted the focus of
DHOaD research to the effects of maternal adiposity on the offspring’s lifetime
disease risk. Increased urbanization, sustained economic growth and rapid advancement in food technology have brought a radical change in human diet with
easy availability of high fat, high sugar, calorie dense, processed foods [122]. It is
now well-accepted that the rapid emergence of obesity and related co-morbidities is
the reflection of such drastic shift in the dietary regime of the modern society [218].
A growing body of evidence from human and animal studies indicates that maternal excessive consumption of such calorie dense diets predisposes the offspring to
develop obesity and metabolic syndrome [113, 19, 212] and even behavioral disorders such as anxiety [296], learning and memory deficits [390, 422] and cognitive
impairments [432] later in life. Permanent structural alterations of organs or tissue,
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accelerated cellular aging, mitochondrial dysfunction, systemic inflammation and
more importantly epigenetic modifications are some of the proposed mechanisms
involved in developmental programming [415]. However, distinct and/or relative
contribution of various mechanisms still needs to be established.

1.1.2

Epigenetics and development

Epigenetics is defined as ‘the study of mitotically and/or meiotically heritable
changes in gene function that cannot be explained by the changes in DNA sequence’ [326]. Although the concept had its origin in the late 19th century [412],
the discipline emerged from 1990 onwards [103]. The advent of epigenetics provides DHOaD a new tool to explore how early life environmental insults alter the
gene transcription, inducing a sustained effect on gene expression and phenotypic
outcome.
Epigenetic mechanisms
There are three distinct but interrelated molecular mechanisms such as DNA
methylation, histone modifications and non-coding RNAs that regulate transcriptional machinery [173]. Epigenetic modifications, thereby, facilitate a level of
genetic plasticity that allows an organism to alter the pattern of certain genes
expression in response to environmental stimuli.
DNA methylation is defined as the covalent modification of DNA by addition
of a methyl group at the cytosine residue of a CpG dinucleotide, giving rise to
5-methylcytosine (5mc) [389]. The frequency of CpG dinucleotides in the mammalian genome is less than expected due to the spontaneous deamination of 5mc
to thymine [304]. The cluster of CpG dinucleotides, also known as CpG island,
is generally only methylated at imprinted loci that depicts parent of origin dependent expression [97]. The effects of DNA methylation on gene transcription
are context dependent [381]. Methylation at gene promoter regions interferes with
the binding of transcription factors and recruits repressor complexes which inhibit
the gene expression. In contrast, intragenic methylation is known to facilitate
gene expression. Such non-CpG intragenic methylation is increasingly identified
in mammalian embryonic stem cells as well as adult brains, indicating functional
importance [317].
Histone modifications refer to the addition or deletion of covalent moieties to
specific amino acids residues on histone protein complexes that encircle the DNA
strands to form nucleosomes [217]. The modifications such as acetylation, methylation and phosphorylation can repress or activate specific genes via structural
remodeling of the chromatin [17]. Studies have reported that distinct histone mod-
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ifications can corroborate to form multisubunit complexes which in turn, interact
with nucleosome remodeling complexes to remodel chromatin [375].
Noncoding RNAs generally refer to RNAs that do not code a protein. It becomes increasingly evident that non protein coding RNAs have crucial functional
importance in normal cellular and developmental process as well as various diseases’ pathology [231]. Based on their size, non-coding RNAs can be divided into
two main groups: long noncoding RNAs (lncRNAs; length > 200 nt) and small
noncoding RNAs (sncRNAs; length < 200 nt) [100]. The lncRNAs are known to
regulate gene expression by a broad range of mechanisms including interaction with
other epigenetic markers as well as direct transcriptional or translational interference [100]. The most widely studied class of sncRNAs are miRNAs (∼21-25 nt)
which repress mRNA translation to protein by mRNA degredation and inhibition
of translational initiation [149]. Altered miRNA profiles have been reported and
linked to the pathogenesis of obesity, cardiovascular diseases as well as multiple
neurological disorders [437]. Another important class of sncRNAs is Piwi interacting RNAs (piRNAs, ∼24-30 nt) that are known to maintain genomic stability in
germline by suppressing the transposable element expression [214]. piRNAs and
related transcripts have been implicated in cancer development although the underlying mechanisms remain largely elusive [437]. Over the last few years, tRNAderived small RNAs (tsRNAs) have gained significant interest in epigenetic field.
While their biogenesis has not yet fully understood, two major subtypes of tsRNAs
i.e, tRNA-derived fragments (tRFs; 18-28 nt) and tRNA halves (tiRNAs; 30-35 nt)
are known to be generated through extensive modifications of pre-tRNAs and mature tRNA respectively before and after transportation to the cytoplasm [311, 227]
(Figure 1.1A). Several recent studies have reported that tsRNAs could incorporate
into Argonoute proteins and inhibit the gene expression either by translation inhibition or mRNA degredation [367, 361] (Figure 1.1B). Apart from that, tsRNA
have also been reported to activate p53 dependent tumor suppressor pathways and
thereby prevent cance progression [13]. A growing number of human studies have
reported dysregulated tsRNAs profile in various malignancies [13]. The potential
role of tsRNAs in other human diseases still needs to be elucidated.

1.1.3

Transgenerational epigenetic inheritance

Transgenerational epigenetic inheritance (TEI) is defined as transmission of phenotypic information across generations without alteration of the primary DNA
sequence [356]. Altered epigenetic marks induced by early life environmental insults can be maintained and passed on to subsequent generations [6, 118, 60]. Such
non-genomic inheritance of acquired traits across generations might contribute to
the ‘missing heritability’ of complex diseases [27]. True TEI requires germline
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Figure 1.1: (A) tRNA derived small RNA biosynthesis. (B) Proposed functions of tsRNAs
at cellular and tissue level. Figure adapted from [361]

.
based transmission of the epigenetic memory across generations that are not exposed to the causative factor. For instance, when a female (F0) is exposed to an
insult during pregnancy, both fetus (F1 generation) and its germline (F2 generation) are also directly exposed to that insult. Therefore, persistence of the altered
phenotype in the third generation (F3) that is not exposed to the initial stimulus
is minimally required to establish TEI. In case of adult male exposure, the F2
generation is sufficient to assess TEI [78].
Mode of transgenerational epigenetic inheritance
The germline based epigenetic inheritance requires the altered epigenetic marks to
be transferred to the germ cells and the developing embryo [318]. Therefore, early
stages of development are most vulnerable when multiple waves of reprogramming
phenomena take place for the establishment of epigenetic modifications and the
resetting of imprinted genes.
Epigenetic reset in primordial germ cells
The first wave of reprogramming starts in primordial germ cells (PGCs) at around
embryonic day E7.5 and ends by ∼E13.5 [28]. At this stage of development, the
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Protamine installation in sperm

Maternal histone replaces protamine

E7.5

E13.5

Figure 1.2: Epigenetic reprogramming at very early embryonic development. Figure adapted
from [364]

.

highly methylated PGCs enter the gonadal ridge and most but not all DNA methylation and histone post translational modifications (HPTMS) are erased across the
genome [318]. However, some of the loci are protected from the global demethylation such as loci near the repeat associated IAP elements and subtelomeric regions to maintain the imprinting of parent specific epigenetic marks [27]. Once
demethylated, the male and female PGCs enter mitotic and meiotic arrest respectively which prevents replication of the demethylated genomes and thereby
chromosomal abnormalities. The remethylation occurs first in the male germline
at prospermatogonia phase (E15-16 and onwards) when the cells reenter the mitotic and subsequently meiotic division [318]. At a later stage of sperm maturation,
testis specific histones (H4) are hyperactylated in primary spermatocytes and subsequently most histones are replaced by protamine for chromatin condensation
in the spermatids [28]. On the contrary, remethylation in female germline takes
place after birth at different time points of oocyte growth. Dnmt3a and Dnmt3b
are the plausible enzymes that are responsible for the de novo methylation in germ
cells [318].
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Reprogramming events in zygote
Reprogramming events at this stage involve both active and passive mechanisms.
Before fertilization, the mature sperm and oocytes are highly methylated and have
different epigenetic profile. At fertilization, remarkable transformation happens in
the male pronucleus, where the paternal protamine is replaced by maternal histone
which is followed by active demethylation until the DNA replication starts [318].
Protamines, like histones, are known to carry post-translational modifications.
Thus majority of histone marks are erased during this stage except histone H3
lysine 27 trimethylation (H3K27me3) is retained in some of the genes and thereby
carries the epigenetic memory [262]. In female pronucleus, passive demethylation
takes place upon consecutive cell divisions. The remethylation event occurs in the
inner cell mass of the expanded blastocyst at around E3.5 in mice. Notably, during the postzygotic demethylation and remethylation event, some loci of paternal
and maternal genome, for instance, H19, IGF2, IAP retrotransposons, escape the
reprogramming events to maintain the imprinted genes of parental origin [28]. The
enzymes Dnmt1o, Dnmt3a, Dnmt3b and other epigenetic marks are most likely to
protect the imprinted allele during this stage [318].
The epigenetic reprogramming events are therefore crucial for the timing and
severity of the environmental stimuli. Whether the insult takes place at conception or later stages of development will determine the extent and severity of the
phenotypes across generations.
Epigenetic mechanisms elicited by early life environmental stressors
A large number of studies have reported epigenetic modifications following various
environmental insults and its association with poor health outcome. For instance,
in Dutch Famine cohort study, an imprinted gene, insulin like growth factor 2
(IGF2), was shown to be hypomethylated in the blood of the individuals born to
undernourished pregnant women [151]. More recently, altered DNA methylation
patterns at several imprinted genes have been reported in the newborns of obese
parents [369]. In rodents, altered promoter methylation following maternal undernurtition directly or indirectly can affect the gene expression pattern in several
signaling pathways and thereby contributes to the altered metabolic phenotypes.
For example, in a rat model of maternal low protein diet, hypomethylation of the
hepatic glucocorticoid receptors and the peroxisome proliferator activated receptor
alpha (PPARα) in offspring was observed and the effect was completely reversed
with maternal folate supplementation [213]. A few recent reports have shown that
maternal HFD (MHFD) exposure can induce epigenetic modifications in central
feeding regulatory genes such as hypermethylation of hypothalamic POMC promoter, altered methylation of striatal dopamine and opioid related gene promoters
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in the offspring and thereby leads to obesity [285, 410]. In addition to malnutrition,
exposure to prenatal stress and maternal care can also affect DNA methylation
in the hippocampal glucocorticoid receptors of the offspring that in turn leads to
develop anxiety phenotypes [233, 377]. The role of sncRNAs in the context of early
life insults has only recently been investigated [118, 61, 136]. The expression of
several sncRNAs such as miRNAs, piRNAs and tsRNAs has been reported to be
altered in the sperm of offspring exposed to early life stress [118]. Further, paternal
HFD or low protein diet is shown to alter sperm tsRNAs and miRNAs levels in
father which may contribute to the inheritance of impaired glucose tolerance and
insulin resistance in the offspring [60, 136, 357]. Although sncRNAs may be one
of the direct mediators of acquired traits [443], the exact mechanism how early life
insults affect sperm sncRNA levels and how such epigenetic memory contributes
to the inheritance of altered metabolic and behavioral phenotypes is still unclear
and requires further investigation.

1.1.4

Dopaminergic pathways in the brain

General features
Dopamine (DA) is one of the major catecholamines which is mainly synthesized by
mesencephalic neurons located in the ventral tegmental area (VTA) and substantia nigra (SN). Dopmine neurons originate in VTA send projections to the limbic
subcortical areas (nucleus accumbens (Nac), dorsal striatum (dSTR), amygdala
and olfactory bulb) and to the limbic cortex including medial prefrontal (mPFC),
entorhinal and cingular cortex, thereby constitute the mesolimbic and mesocotical
pathways respectively [396]. SN DA neurons innervate the caudate nucleus and
putamen of the dSTR and form the nigrostriatal pathway [238]. The mesocorticolimbic pathways are involved in many physiological functions such as regulation of
emotion, cognition, attention, motivation and reward related behaviors [270, 11].
Dysfunction of these pathways are associated with the pathogenesis of multiple
diseases such as anxiety, depression, schizophrenia and addiction and therefore are
of major interest to the current thesis. The nigrostraital pathways mainly regulate
co-ordinated movements as well as habit formation and are known to be involved
in Parkinson’s diseases (PD) and L-DOPA induced dyskinesia [396].
Dopamine mediates it’s action via interaction with G-protein coupled receptors,
leading to the formation of second messengers and the activation or inhibition of
specific signaling pathways [124]. Five different DA receptors have been identified
and subdivided into two groups based on their structural, pharmacological and
functional properties: D1-like receptors (D1 and D5) and D2-like receptors (D2, D3
and D4) [11]. The receptors have wide range of expression patterns in the brain and
periphery. In the brain, D1 and D2 are the most abundantly expressed receptors
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with high density in the Nac, dSTR, SN and PFC and relatively lower level in
VTA, hippocampus and hypothalamus [21]. The DA neurons have two different
firing patterns to release DA: tonic and phasic. Tonic firing indicates low-frequency
irregular firing of DA neurons to maintain resting extracellular DA level. The high
affinity D2 receptors can get activated by lower level of tonic DA release [11]. In
contrast, the phasic or burst DA release is known to be elicited by afferent inputs
following rewarding or aversive events and low affinity D1 receptors preferentially
are activated in this pattern of DA release [11]. Among different functions of DA,
the role D1 and D2 receptors have been extensively characterized with respect
to locomotion, motivation, drug reinforcement, learning and memory [201, 132].
The role of D2 receptors at signaling level is relatively more complex compared
to the D1 receptors due to it’s pre- and postsynaptic expression. For instance,
activation of presynaptic D2 auto receptors decrease DA release which in turn
reduces locomotor activity, whereas the activation of postsynaptic D2 receptors
enhances locomotion [21].
Mesolimbic dopaminergic circuit
The mesolimbic dopaminergic circuit is a complex network of efferent and afferent
projections with various other neurotransmitter systems that together regulate
the reward related and goal directed behaviors. DA neurons constitute around
60-65% of all cells in VTA [352]. The VTA-DA neurons receive major excitatory input from glutamatergic neurons of PFC, pedunculopontine and bed nucleus
of stria-terminalis that has been reported to regulate DA neuronal plasticity following chronic exposure to drugs of abuse and stress [337]. The cholinergic inputs from pedunculopontine and laterodorsal tegmental nuclei also can excite DA
neurns through the activation of nicotinic and muscarinic receptors and are known
to influence eating and smoking related reward [238]. VTA-DA neurons receive
GABAergic projections mainly from the medium spiny neurons (MSN) of Nac core
and the VTA interneurons that constitute major inhibitory regulation of VTA-DA
cells [238]. Serotonergic afferents from raphe nuclei to VTA DA neurons are known
to be inhibitory via activation of 5-HT2C receptors and can reduce VTA-DA neurons’ burst firing following psychostimulant exposure [238]. A major portion of
VTA dopaminergic neurons projects to the Nac and PFC. In Nac, DA neurons
mainly innervate the medium spiny GABAergic neurons [337]. Accumulating evidence suggest that multiple afferents from cortical areas converge into individual
MSNs in Nac and the density is higher in the core than shell region [238]. A
subgroup of NAc core MSNs also projects back to VTA [352]. The efferent fibers
from Nac shell innervate the ventral pallidum (VP), which in turn targets several
regions of basal ganglia such as the mediodorsal thalamus (MD), the lateral hypothalamus (LH) and the pedunculopontine nucleus [352]. The Nac shell also sends
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Figure 1.3: Major afferent and efferent projections of mesolimbic circuits in the rodent brain
(sagital section). mPFC = medial prefrontal cortex; Hipp = hippocampus; Nac = nucleus
accumbens; Amy = amygdala; LH = lateral hypothalamus; LHb = lateral habenula; VTA =
ventral tegmental area; LDtg = lateral dorsal tegmentum; RMTg = rostromedial tegmentum.
Figure adapted from [337]

.
feedback inhibition to the VTA [169]. In addition, Nac shell receives additional
input from basolateral amygdala (BLA) and the hippocampal (HPC) formation
and provides information regarding conditional associations and affective drive as
well as spatial-contextual memory respectively [352]. The DA microcircuits of
PFC contain glutamategic pyramidal neurons and GABA interneurons, majority
of them are innervated by VTA DA efferent neurons [352]. A simplified summary
of these pathways are displayed in Figure 1.3.
Role in drug addiction
It is now evident from human and animal studies that mesolimbic DA circuit is the
primary target of all forms of addictive drugs such as psychostimulants (i.e,cocaine,
amphetamine), opiates, ethanol, cannabinoids and nicotine [265, 222]. Each drug
stimulates the DA signaling in VTA and Nac either direct or indirect circuit level
actions to elicit the acute rewarding effects [265]. In addition, several drugs are
known to activate the endogenous opioid and cannabinoid systems within the VTANac pathway [11]. In case of chronic exposure to drugs of abuse, VTA-DA neuronal
circuits undergo chronic structural and functional adaptation [201]. After chronic
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exposure to any form of addictive drugs, baseline DA level decreases and thus the
normal rewarding stimuli become less effective to elicit same effect. This functional
alterations lead to the negative physical and emotional symptoms observed in drug
withdrawal. In addition, chronic exposure may sensitize the DA system which
can induce accelerated DA signaling in response to the drug itself or associated
cues and thereby potentiating drug craving and relapse [265]. At molecular level,
chronic exposure to addictive drugs induces a long-term potentiation-like state in
VTA DA neurons which is mostly mediated by the increased AMPA glutamate
receptor activity in these neurons [49]. In parallel, alterations in VTA GABAergic
interneurons activity have also been reported, particularly for opiates [31]. As
downstream molecular effects, changes in two major transcription factors, CREB
and delta FosB in VTA and Nac were observed following chronic exposure to
any form of drugs of abuse. Overexpression of delta FosB in Nac in response to
cocaine or opiates increases the locomotion and incetive drive for these drug related
rewards [263]. On the other hand, repeated exposure to cocaine, amphetamine
or opiates stimulates CREB activity in the Nac, whereas alcohol and nicotine
block CREB action and thereby decrease the drug associated behaviors [48]. At
structural level, chronic opiate, cocaine and alcohol intake has been reported to
reduce the amount of neurofilament proteins and neurotropic factors and thereby
decrease the size of the VTA-DA cell bodies and the axonal projections to Nac [29].
Furthermore, several afferent and efferent projections from other regions such as
amygdala, hippocampus, hypothalamus and prefrontal cortex have been reported
to perpetuate the acute and chronic changes in mesolimbic DA circuits in different
phases of addiction [201].
Role in other neuropsychiatric disorders
Abnormalities in brain dopaminergic system are also involved in the pathophysiology of several other neuropsychitric disorders such as major depressive disorders [24, 423], schizophrenia [40], bipolar disorders [397] and ADHD [372, 339]. For
instance, disruption of DA signaling in reward related brain regions is consistently
linked to anhedonia, a major symptom of depression [135]. The hyperactive infralimbic PFC-amygdala-VP circuit mediated sustained inhibition of VTA-DA neuronal activity has been reported to be responsible for anhedonia and amotivation
in both human [90] and rodent models of depression [114, 251]. Brain dopaminergic system also plays a significant role in the etiopathogenesis of schizophrenia.
The dopamine hypothesis of schizophrenia postulates that the positive symptoms
of schizophrenia such as hallucinations, delusions and illusions develop as a result
of increased subcortical DA level in the Nac which in turn reduces D2 receptor
activity, indicating a hyperactive mesolimbic DA system [72]. On the contrary,
the negative symptoms of schizophrenia including anhedonia, lack of motivation
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and poverty of speech result from the decreased D1 receptor in the PFC as well as
in the caudate nuclues of dSTR, suggesting a hypodopaminergic state [360]. The
cognitive deficits in schizophrenia include working memory deficit, attention inhibition, defective sensory processing have been correlated with a reduced dopamine
level and altered D1 and D2 receptor activation in the PFC [94].
Role in hedonic feeding and obesity
Several recent studies have shown that certain types of food can be as addictive as
drugs of abuse and can activate different reward related brain regions [409, 86, 188].
The pleasurable effects of highly palatable, sugar or fat rich foods are potential
motivating force which can override the homeostatic signals for feeding in certain individuals [406]. The mesolimbic dopaminergic system plays a crucial role
in palatable food consumption by promoting the rapid firing of DA neurons and
thereby facilitating the behaviors for the acquisition of the food reward [409]. Human imaging studies have reported hedonic overeating of palatable foods following
DA receptor agonist treatment in both Parkinson disease (PD) and non-PD individuals [69]. In accordance with human data, experiments in rodents have shown
that upon exposure to sucrose solution or high fat, high sugar diet, increased
DA neurons’ firing in VTA and Nac stimulates DA release, in a similar manner
to drugs of abuse [189]. Further, peripheral signals such as insulin, leptin and
ghrelin can activate DA neuron’s activity either by direct action on VTA-DA neurons or by indirect action on hypothalamic-VTA pathways and facilitate hedonic
feeding [11]. As mentioned earlier, overconsumption of easily accessible palatable
foods is now being considered as a major contributor to the recent surge in obesity.
Emerging evidence suggests that similar to drug-addict, obese people have lower
D2 levels in the striatal regions and D2 receptor availability is inversely related
to their BMI [414]. Furthermore, reduced D2 receptor and DAT levels and overall decreased DA turnover have been reported in chronic high fat fed obese mice
compared to low fat fed control and obese resistant mice [76]. Together, these
data suggest that lower striatal D2 level and DA deficiency may stimulate excess
DA release in obese individuals during palatable food intake to compensate the
decreased DA mediated reward. Although it is clear that both drugs and food
stimulate the mesolimbic DA system which in turn can trigger compulsive drug
taking or food consumption, the mechanism(s) that constitute the vulnerability to
a specific reinforcer (food or a drug) remain to be explored.
Development and maturation of DA circuits
The embryonic development and postnatal maturation of dopaminergic neurons
have been studied extensively, however the precise time of origin of first midbrain
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dopaminergic (mDA) neurons is still not clear. The major part of dopamine neuron synthesis and proliferation (neurogenesis) takes place approximately between
E9-E14. The first TH (tyrosine hydroxylase) positive cells were reported to appear
around E9-9.5 in mouse embryo [85]. The postmitotic mDA precursors that are
not fully differentiated DA neurons are born 1 day after E10.5. The active DA
neurons that are capable of synthesizing the rate limiting enzyme of DA synthesis
(TH) develop at E11.5 [307]. The synthesis of mDA reaches its peak around E12.5
and declines afterwards [307]. Notably, a subtle difference in the development of
mDA neurons is observed in different brain regions. For instance, the neurons of
substantia nigra per compacta (SNc) are synthesized between E10-13 and those of
VTA are generated between E10-14 [325]. Furthermore, a rostrolateral to caudomedial gradient in mDA neurogenesis is also apparent based on their final position
in these regions. The dendritic branching and axonal growth starts as soon as
the mDA neurons reach their final destination. The migration and innervation to
the target areas take place from around E12.5 until the second week of postnatal development [307]. At this phase, mDA neurons gain their adult morphology
and functionality. During the developing phase, mDA neurons also undergo ontogenic cell death. It most likely happens in a biphasic manner where the first peak
comes just after birth and second minor in the second postnatal week [55, 250].
The developmental alterations of D1 and D2 receptors density occur throughout
childhood and adolescence in the PFC whereas such changes happen at an earlier phase (postnatal day 40) in the striatum [55, 250]. Such developmental time
windows are well conserved across different species. The prolonged developmental
time window of DA neurons makes it vulnerable for environmental insults that
can induce permanent alterations in the developing DA circuits, leading to a wide
range of behavioral abnormalities [192]. A summary of the different time windows
of midbrain DA neurons is depicted in Figure 1.4.

1.2

Maternal obesity and current state of research

In this section, I will highlight the present state of maternal obesity in the world.
I will also provide an overview of the ongoing human and animal research on the
long-term effects of maternal obesity or overnutrition, point out the gap of our
knowledge and motivation of this work.

1.2.1

Maternal obesity

Maternal obesity refers to the excessive weight gain of a woman (often including
overweight) during pregnancy time. Based on different stages of pregnancy such
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Figure 1.4: Time course of midbrain dopaminergic neuron development. E = embryonic day;
P = postnatal day; Th = tyrosine hydroxylase; Part of the Figure adapted from [106]

.
as pre-pregnancy, during gestation and post-partum period, the weight gain of a
woman varies. The pre-pregnancy overweight and obesity have been characterized
according to World Health Organization (WHO) weight status criteria, defined as a
body mass index (BMI) of 25-29.9kg/m2 for overweight and >30kg/m2 for obesity.
The Institute of Medicine (IOM) guidelines, published in 2009, recommended a
gestational weight gain (GWG) of 6.8-11.3kg for overweight women and 4.9-9.1kg
for obese women [315]. Weight gain above the IOM recommended guidelines during
pregnancy results in postpartum weight retention [402].

1.2.2

Global prevalence of maternal obesity

Over the last 30 years, the prevalence of obesity and overnutrition has shooted
up throughout the world. According to WHO in 2016, the global obesity nearly
tripled since 1975. It was estimated that approximately 1.9 billion adults over
the age of 18 were overweight and 650 millions among them were obese [424].
Around 11% men and 15% women were reported to be obese by WHO in 2016
indicating that women are more affected than men. Recent data suggest that by
the year 2025, more than 21% women will be obese globally [65]. Furthermore,
the prevalence of obesity and overweight among children (under 5 years of age)
and adolescent (aged between 5-19 years) has increased from 4% to 18% between
1975 and 2016 [424].
As a consequence of the global obesity epidemic in all subpopulation, more
women are entering pregnancy with overweight or obesity. Since there is no di-
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rect population wide surveillance data on pre-pregnancy or gestational BMI, the
data collected from women at reproductive age (20-39 years) currently provide
insights into the maternal obesity epidemic worldwide (Figure 1.5a). According to
National Health and Nutrition Examination Survey (NHANES) for the year 20132014 in the United States, approximately 27% of reproductive age women were
overweight, 37% were obese and the corresponding prevalence of class 3 obesity
(BMI > 40kg/m2 ) was 10.1% [109]. Similar pattern of growth was also observed
in Europe with the rates of maternal obesity above 25% in the UK and over 20%
in five other European countries [306](Figure 1.5b). With the emergence of urbanization and ‘Global Nutrition Transition’ process [305], the prevalence of maternal
obesity and overweight is also increasing dramatically in the low and middle income countries [306]. For instance, the number of obese women in India increased
from 0.8 to 20 million over the last three decades [65].
The higher prevalence of maternal obesity in both developed and developing
countries is a major public health concern. Two thirds of Disability-Adjusted
Life Years (DALYs) in women worldwide are due to obesity and associated comorbidities [182]. Obesity during the child bearing age not only affects the mother,
but also increases the risk of her offspring to develop obesity and other non communicable diseases (NCD), and so creates an intergenerational cycle with related
NCD. To interrupt this intergenerational passage of obesity and associated NCD,
the United Nations Global Nutrition Summit in 2017 emphasized on the systematic
and sustained actions to ameliorate the nutritional status of women and children
from the 1000-day period of early pregnancy until the first two years of life1 . To
accelerate the progress towards the Sustanined Developmental Goals 2.2 by the
year 2030, a multisectorial approach has been proposed by the UN Decade of Action on Nutrition (2016-2030) improving health quality and nutrition of adolescent
girls and women of reproductive age.

1.2.3

Short term effects of maternal obesity

Obesity before or during pregnancy is an independent risk factor for the maternal
and fetal morbidity and mortality. There is higher incidence of polycystic ovary
syndrome (PCOS), infertility and miscarriages among obese women compared to
lean women [139]. The well-known complications during pregnancy and delivery
of obese women are gestational diabetes, gestational hypertension, pre-eclampsia,
thromboembolism, labour complications, cesarean delivery, postpartum hemorrhage and difficulties in breast feeding [312, 306]. The short term outcomes in
offspring associated with maternal obesity are macrosomia, large for gestational
1

Details can be found here - https://nutritionforgrowth.org/agenda-action-close-gapwomens-girls-nutrition/
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a

b

b

Figure 1.5: (a) Age-standerdized distribution of obesity in women aged above 18 years
in 2016.
Source:(http://gamapserver.who.int/mapLibrary/app/searchResults.aspx).
(b) Distribution of maternal obesity from Euro-peristat database and WHO.
Source:(http://www.europeristat.com/our-indicators/euro-peristat-perinatalhealth-indicators-2010.html).
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age, congenital malformation and neonatal hypoglycemia [306, 54].

1.2.4

Long term effects of maternal obesity

In addition to short term complications, maternal overweight or obesity has long
term consequences on the health of the offspring. Emerging body of evidence suggests that obesity before and or throughout pregnancy is strongly associated with
the increased risk to develop obesity, metabolic syndrome, cardiovascular diseases
and neuropsychiatric disorders such as, anxiety, depression, cognitive impairments,
schizophrenia and eating disorders in the offspring later in life [88, 278, 68]. Since
the present work is aimed to investigate the long-term impact of maternal obesity
on offspring’s metabolic health and behaviors, I will summarize the recent evidence
from human and animal studies relevant to maternal obesity/overnutrition induced
metabolic and mental health related disorders (in particular drug addiction) in the
following sections. Furthermore, I will highlight some of the proposed underlying
mechanisms, the gap of our knowledge and the motivation to our present work.
Obesity and metabolic syndrome in offspring:
Numerous studies in human reported a strong association between maternal obesity and the development of obesity and consequently metabolic syndrome and
cardiovascular dysfunction in the offspring. A stronger influence of maternal prepregnancy BMI on the offspring BMI than paternal BMI has been reported in
several cohort studies [53, 209]. Furthermore, a retrospective study in 1400 adults
during their early thirties reported that offspring of mothers with a pre-pregnancy
BMI>26.4kg/m2 had a higher BMI, waist circumference, high blood pressure,
increased insulin and triglycerides independent of GWG and other confounding
factors [148]. Further, the greater the woman’s GWG, the higher the birth weight
and later obesity risk. Women who gain excessive weight in pregnancy are most
likely to develop insulin resistance that leads the developing fetus to be exposed
to maternal hyperglycemia. In response to the increased maternal glucose supply,
the fetal pancreas secrets more insulin which promotes excess fetal growth and
adiposity [268]. A number of clinical and epidemiological studies have frequently
reported such positive association of excessive GWG and the increased childhood
adiposity [71, 322]. These offspring are subsequently are at twice the risk of being
obese and developing diabetes and cardiovascular diseases later in life [113].
Whilst a positive relationship between maternal obesity and offspring’s risk to
adverse metabolic health has been established in several case control and cohort
studies, the presence of confounding variables, in particular parental life style and
maternal influence on determining her child’s diets make it difficult to infer the
causal link. Animal models, however, have provided more insight into the possible
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mechanistic pathways. In rodents, offspring of diet-induced obese dams, being
reared on normal diet were shown to be heavier and fatter compared to those born
to lean dams [19, 353, 212]. Early life exposure to maternal obesity in mice was reported to increase adipocyte size, enhanced adipocyte differentiation by increasing
the expression of beta-adrenoreceptor 2,3 and PPAR-γ and increased unsaturated
fatty acid composition in adipose tissue triglycerides that would contribute to the
increased weight gain/adiposity in the offspring [343, 25]. Increased adiposity is
associated with the development of insulin resistance. Studies have also documented that maternal overnutrition during pregnancy and lactation could induce
the insulin resistance and poor glucose tolerance in offspring via the alteration
of key elements of insulin signaling pathways as well as pancreatic beta cell dysfunction [269]. Moreover, these offspring displayed up regulation of inflammatory
factors in the skeletal muscle that promoted adipogenesis and decreased myogenesis [89]. This together with the increased adiposity would result in higher risk of
insulin resistance in the offspring later in life.
Changes in food intake and the preference to fatty or sugary diets in offspring
of fat versus lean dams have also been linked to have a crucial influence on the
emergence of obesity. The hypothalamus regulates homeostatic feeding through
the integration of peripheral nutrient signals with the synthesis of anorexigenic
and orexigenic peptides [160]. Accumulating evidence from maternal obesity or
overnutrition model reported HFD stimulated increased neurogenesis and consequently upregulation of orexigenic peptides, enkephalin, dynorphin, orexin and
proopiomelanocortin in the paraventricular (PVH) and later hypothalamic (LH)
area of the offspring, leading to hyperphagia and obesity [58, 197, 59, 319]. The
alteration of central insulin, leptin and ghrelin signaling in offspring exposed to maternal HFD has been linked to increased density and gene expression in orexogenic
neurons at the arcuate nucleus of hypothalamus, decreased projections from arcuate to the key hypothalamic neurons (PVH, LH, parasympathetic neurons) and
delayed hypothalamic development. Collectively such alterations induce hyperphagia and subsequently obesity, impaired glucose tolerance and insulin resistance
in the offspring later in life [197, 104, 254, 403].
As described in previous Section 1.1, chronic consumption of highly palatable calorie dense foods overrides the homeostatic mechanisms and triggers neurochemical alterations in the mesolimbic reward pathway, leading to hedonic feeding [219, 404]. Although there is ongoing debate whether food can be as addictive
as drugs of abuse, it is undeniable that overconsumption of palatable foods is one
of the leading cause of global obesity epidemic. A growing body of evidence suggests that maternal consumption of calorie dense foods during critical periods of
development is capable of provoking addictive-like eating in the offspring [430].
Recently, two human studies examined the impact of maternal obesity and junk
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food consumption during pregnancy on the food choice, food intake and meal
pattern in children. It was observed that infants of obese mothers had higher
drive to consume carbohydrate rich foods compared to the infants of lean mothers [327]. The other group observed that the increased drive to overeat sweets
in children was positively correlated with the mother’s overconsumption of sweet
foods during pregnancy [38]. Few recent studies in rodents provided further link
between maternal palatable food consumption and altered offspring’s hedonic feeding [19, 26, 277, 410]. However, conflicting results were found with respect to the
development of obesity in offspring later in life. Whereas some studies showed
that offspring born to junk fed dams during gestation and lactation had higher
preference to junk food and became obese [19, 26], others showed protection from
obesity [277] or no metabolic phenotype at all [410]. Similar discrepancies were
also evident in the dopamine and opioid related genes expression in the mesocorticolimibic reward circuitry in the adult offspring of HFD exposed dams [410, 277].
It thus appears that maternal obesity or overnutrition induces numerous pathophysiological events in the peripheral tissue and the central nervous system, all of
which could potentially be implicated in the development of obesity and metabolic
syndrome in offspring later in life. Whether such processes are independent to each
other or they share common pathways, remain to be ascertained. It is also important to identify whether maternal obesity or the dietary fat per se is responsible
for such programming effect. More importantly, most findings emerge from the
programming effect within the hypothalamus, while the reward circuitry has attracted less attention so far. More studies become essential to identify potential
mechanisms linking maternal HFD consumption with the alteration of central reward system that might predispose the offspring to obesity. In our work presented
in Chapter 2, we therefore, aim to characterize the hedonic response to palatable
foods and metabolic phenotypes of the offspring born to 9 weeks HFD exposed
dams at different age groups and following HFD and junk food challenge. Furthermore, we investigate the mesolimbic dopaminergic system of the offspring to
understand the underlying mechanisms to obesity.

Substance abuse:
The prevalence of substance abuse is approximately 8% among adolescents in the
United States and therefore is considered as a major parental concern [10]. Substance abuse and addiction can lead to various medical disorders such as, cardiovascular dysfunction, stroke, cancer, sexually transmitted diseases and mental
health related disorders [201]. Addictions are highly heritable since around 4060% vulnerability is attributable to genetic factors [199]. However, both gene and
environment contribute to the initiation of illicit drugs use and to the development
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of addiction [199]. Evidence from human and animal research suggests that gestational exposure to drugs of abuse leads to enhanced susceptibility for substance
abuse in the offspring [168]. However, to date, no human studies investigate the
association between maternal obesity and predisposition to addiction for substance
abuse.
Very few studies in rodents have examined the relationship between maternal HFD exposure during pregnancy and the risk to develop substance addiction
in the adult offspring [26, 252]. Adult offspring that were exposed to HFD during gestation showed increased ethanol consumption compared to the control in a
binge drinking test paradigm and increased amphetamine induced locomotor activity, indicating higher susceptibility to addiction [26]. In contrast, another study
reported that offspring born to HFD exposed dams showed lower locomotor response following acute and chronic treatment with amphetamine [261]. Maternal
HFD was further shown to induce the higher susceptibility to nicotine addiction
since maternal HFD offspring exhibited enhanced operant response to nicotine during acquisition and escalation phase, indicating higher response to the rewarding
properties of nicotine [252]. Several neurotransmitter systems such as dopamine,
acetylcholine as well as opioid in the brain reward regions were reported to be
altered in the offspring following maternal HFD exposure that might partially
explain the observed phenotypes [261, 252]. However, more studies are crucial
to understand the phenotypic variations, sex differences and most importantly to
identify the underlying mechanisms.
Considering the current literature and gap of our knowledge, we have examined the link between maternal HFD exposure and the development of addictive
phenotypes in the offspring. We aim to determine whether 9 weeks MHFD could
predispose the offspring to drugs of abuse and to identify the underlying neurobiological mechanisms related to mesolimbic dopaminergic system. The findings are
described in Chapter 2.

1.2.5

The effects of maternal obesity across multiple generations

It is now evident that the effects of parental dietary insults during early periods of
development can endure across successive generations [341, 313], suggesting that
we are not only what we eat but also what our ancestors ate. Whilst majority
of epidemiological studies have concentrated on the adverse outcomes across generations following undernutrition or famine during pregnancy [221, 316, 284], the
current prevalence of maternal obesity is shifting the focus to the effects of maternal overnutrition. The implications of transgenerational epigenetic programming
in maternal obesity may lead us to understand the rapid amplification of obesity
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and related NCD over the last few decades.
Transmission of metabolic diseases onto subsequent generations:
To date, relatively very few epidemiological studies have assessed the effects of maternal obesity or overnutrition on offspring outcomes across multiple generations.
In humans, data from Swedish Overkälix suggest that grandparental overnutrition
during the prepubertal phase increases the rates of diabetes and cardiovascular
disease risk in the second generation offspring [178]. However, the effects indicate
more a grandpaternal than a grandmaternal origin. Another prospective cohort
study in US reported a significant increased risk (17.4%, P < 0.001) of obesity in
children whose parents had normal weight but the grandparents were obese [77].
In comparison to human data, experimental animal research has made progress
to explore the transmission of maternal HFD induced obesity and altered metabolic
phenotypes across generations. In several rodent models, maternal HFD exposure
before and throughout pregnancy and lactation has been demonstrated to increase
the body weight and body length across two generations (F1 and F2) [170, 91].
Multiple studies also reported maternal obesogenic diet induced poor glucose tolerance [130], impaired insulin sensitivity [91] and altered beta cell functions [137]
in two subsequent generations. However, discrepancies in phenotypic inheritance
are evident which might be due to the duration of exposure, age of the offspring
and the atavistic effects (Table 1.1). Interestingly, a significant sex difference was
prominent in most of these acquired traits that might also contribute to the variability in the outcome [93].
Notably, most of these studies mainly reported the intergenerational inheritance of acquired metabolic phenotypes where maternal HFD could directly affect
the somatic cells of the developing fetus (F1) and also the developing F1 germ cells
and thus the F2 offspring. As discussed in previous section, in case of transgenerational transmission of maternal effects, acquired phenotypes need to be observed
in the F3 generation in which no cell is directly exposed to the initial insult. Only
recently, Dunn and Bale have shown in a mouse model of maternal HFD that the
increased body weight and body length are persistent up to the third generation
female offspring conceived through paternal lineage [92].
The mechanisms through which such programming effects are transmitted
across multiple generations involve complex interaction of maternal intrauterine
environment, placental changes and more importantly the epigenetic modifications.
Dunn and Bale have reported that the altered expression of the growth hormone
receptors(GHSR) and associated DNA hypomethylation at the GHSR CpG island
in the arcute nucleus of hypothalamus could be a candidate for the intergenerational transmission of the increased body length phenotype in the maternal HFD
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Study

Huypens et
al.,2016

King et al.,
2013

Gniuli
et
al., 2008

Hanafi et
al., 2015

Dunn
et
al., 2009

Dunn
et
al., 2011

mice

Model

17 weeks preconception

6 weeks preconception,
IVF

Duration of
HFD
exposure

2 months preconception,
during gestation& lactation

mice

mice

2 months

mice

6 months preconception,
during gestation& lactation

rat

mice

6 weeks (preconception,
gestation
&
lactation)

Metabolic trait

• F1: ↑ BW, impaired GTT &
ITT (F)
• F2: ↑ BW (M)

• F1: ↑ BW (M, F)
• F2: ↑ adiposity (M), ↓ insulin and Chol

• F1: ↑ FBG, impaired GTT
& ITT, ↑ beta cell
• F2: ↑ FBG, impaired GTT,
↓ beta cell

• F1: ↑ FBG and ↑ BW (F)
• F2: ↑ FBG, impaired GTT
(M,F)

• F1: ↑ BW and ↑ BL (M, F),
impaired ITT (M)
• F2: ↑ BL (M, F)

• F3: ↑ BL (F)

M

M,F

M,F

F1,F2

F1,F2

F1,F2

F1,F2

no

no

no

no

no

Generation

M,F

F1, F2

yes

Sex

M, F

F1, F2, F3

Epigenetic mark

Hypo-methylation
in
GHSR
CpG
island(hypo-thalamus)

M, F

True epigenetic inheitance

altered imprinted gene
profile (liver)

Table 1.1: Maternal HFD exposure before pregnancy, during gestation and lactation can induce obesogenic and altered metabolic
traits across generations. BW = body weight, BL = body length, GTT = glucose tolerance test, ITT = insulin tolerance test, Chol =
cholesterol, FBG = fasting blood glucose level, F1 = first generation, F2 = second generation, F3 = third generation, M = male, F =
female.
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model, however, the changes were not at magnitude to penetrate several generations [91]. Further, whether altered DNA methylation directly participated in
transmission of the observed phenotypes needs further evidence. In this context,
Sperm RNAs are considered as the absolute proof of direct dissipation of acquired
traits across generations since microinjection of sperm total RNA or sncRNAs in
normal zygote has been reported to transmit altered stress reactivity and metabolic
phenotypes in the rodent models of maternal stress [118] and paternal low protein
or HFD diet [136, 357, 60]. Whether sperm sncRNAs also play such role in the
transmission of maternal diet induced altered metabolic or behavioral traits across
generation has yet to be elucidated.
Transgenerational inheritance of addictive-like behaviors:
Epigenetic mechanisms are known to regulate drug induced structural, synaptic and behavioral plasticity in discrete brain regions [320]. Recently, maternal
prenatal ethanol exposure has been reported to increase ethanol consumption in
offspring across three generations [271]. There was also a recent report of epigenetic inheritance of a cocaine-resistance phenotype in male offspring induced by
F0 fathers that self-administered cocaine [400]. We and other studies have reported that 9weeks perinatal MHFD exposure could increase the risk to develop
addictive-like behaviors in the adult offspring [26, 295, 252]. However, to date
no studies have explored the transmission of addictive behaviors across multiple
generations following maternal HFD insult. Given that epigenetic modifications
play a significant role in the transmission of parental addictive phenotypes across
generations, maternal HFD induced inheritance of addictive-like behaviors might
also have an epigenetic origin.
In view of the current literature and our recent observations, we therefore assess in Chapter 3, whether perinatal maternal HFD induced altered metabolic and
addictive-like behaviors are transmitted to the second and third generation via paternal lineage in the absence of any further exposure to HFD. To understand the
underpinning mechanisms, we further analyze whether such an insult also affects
the mesolimbic dopaminergic circuitry and whether epigenetic methylation marks
could be identified that would promote such inheritance. However, we found that
very few differentially methylated regions (DMRs) were conserved across two generations in sperm methylome profiling, indicating that sperm methylome might
not constitute the major carrier of the phenotype. Since mature sperm harbors
several small non-coding (snc) RNAs and few recent studies have reported sperm
sncRNA mediated transmission of altered metabolic and behavioral traits across
generations [118, 60], we extend our search in Chapter 4 to identify whether sperm
sncRNAs are the potential candidates for the obesogenic and addictive-like phenotypes’ transmission across generations.
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1.2.6

Maternal overnutrition at critical periods of development

The importance of sensitive periods of environmental insults in the developing
organisms and how it affects the subsequent health outcome in the offspring has
been discussed over the past century [350], however it was mostly confined to detect the altered growth, birth defects and morphological abnormalities in specific
organ system. It is mainly the recent decades that their importance with respect
to long-term effects on offspring’s metabolism and behaviors has gained attention.
Even though the most available data are mainly focused on prenatal exposure to
parental alcohol, smoking, infection and medications [108, 205, 241, 229]. Only
a few recent studies in rodents have reported the impact of MHFD exposure at
specific developmental window on offspring’s metabolic health [159, 56, 403, 133],
however no single study has systematically explored the preconceptional, gestational and postnatal developmental exposures to MHFD and subsequent effects
on offspring’s brain, behaviors and metabolism. Given the importance of sensitive
periods of environmental insults in risk assessment and more specific implication
of preventive and therapeutic measures, we aim to investigate in Chapter 5, the independent effects of MHFD exposure during four critical windows of development
including 3 weeks preconception, early (G0-G11) and late gestation (G12-G21) as
well as lactation (PND 1-21) on behavioral and metabolic programming of the
offspring. In addition, we assess the DA and its metabolites level in the reward
related brain regions due to its special developmental trajectory and strong role
in obesity and mental health related disorders (details in Subsection 1.1.4).

1.3

Summary of the main goals and thesis outline

This thesis aimed to investigate: 1) the effects of perinatal MHFD exposure on hedonic behaviors and metabolic phenotypes of the offspring and the underlying neuronal mechanisms, 2) whether the altered hedonic and metabolic phenotypes are
transmitted across generations via paternal lineage, 3) the possible epigenetic modifications including sperm DNA methylation and small non coding RNAs that may
contribute to the transgenerational inheritance of altered hedonic and metabolic
phenotypes, and 4) the independent effects of MHFD exposure at different stages
of perinatal development on the brain, behaviors and metabolism of the offspring.
The rest of the thesis is organized as follows.
The Chapter 2 demonstrates that perinatal maternal HFD exposure induces
addictive-like behaviors and altered metabolic phenotypes in the offspring during
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adulthood. Here, we have reported that a hypodopminergic state of the mesolimbic
dopaminergic system is partly responsible for the observed phenotypes.
The Chapter 3 describes our findings regarding the transmission of addictivelike behaviors and obesogenic phenotypes induced by MHFD insult across multiple
generations. It also provides evidence that sperm methylome might not be the
major mediator of such transgenerational inheritance.
In Chapter 4, we provide evidence that sperm small non coding RNAs, in
particular tRNA derived small RNAs (tsRNAs) may play a potential role in the
transmission of altered hedonic and metabolic phenotypes across generations.
The Chapter 5 has described our findings on the altered hedonic, cognitive
and metabolic phenotypes of the offspring that are exposed to HFD at different
stages of development including pre-conception, early and late gestation as well as
lactation.
Finally, in Chapter 6, we summarize and connect the findings of different chapters and provide some pointers towards future works.
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2.1

Chapter 2. Effects of maternal high-fat diet in the offspring

Abstract

Epidemiological studies have shown an association between maternal overnutrition
and increased risk of the progeny for the development of obesity as well as psychiatric disorders. Animal studies have shown results regarding maternal high-fat
diet (HFD) and a greater risk of the offspring to develop obesity. However, it still
remains unknown whether maternal HFD can program the central reward system
in such a way that it will imprint long term changes that will predispose the offspring to addictive-like behaviors that may lead to obesity. We exposed female
dams to either laboratory chow or HFD for a period of 9 weeks: 3 weeks prior
to conception, during gestation and lactation. Offspring born to either control or
HFD exposed dams were examined in behavioral, neurochemical, neuroanatomical, metabolic and PET scan tests. Our results demonstrate that HFD offspring
compared to controls, consume more alcohol, exhibit increased sensitivity to amphetamine and show greater conditioned place preference to cocaine. Additionally,
maternal HFD leads to increased preference to sucrose as well as to HFD while
leaving the general feeding behavior intact. The hedonic behavioral alterations
are accompanied by reduction of striatal dopamine and by increased dopamine 2
receptors in the same brain region as evaluated by postmortem neurochemical, immunohistochemical as well as PET analysis. Taken together, our data suggest that
maternal overnutrition predisposes the offspring to develop hedonic-like behaviors
to both drugs of abuse as well as palatable foods and that these types of behaviors
may share common neuronal underlying mechanisms that can lead to obesity.

2.2

Keywords

dopamine, obesity, addiction, drug abuse, maternal, reward

2.3

Introduction

An estimated 271 million people worldwide are afflicted with disorders associated with drug abuse [81] and an estimated 1.4 billion adults are overweight, of
which 500 million are classified as obese (http://www.who.int/mediacentre/
factsheets/fs311/en/). This places a huge burden on healthcare and severely
reduces life quality of afflicted individuals. Successful treatments to date are rare
and although few educational programs have been shown to be successful, there
is still a high remission rate [166]. Recently, studies have suggested common underlying uncontrolled eating habits and compulsive behavior linked to drugs of
abuse [86, 120]. This is plausible as energy rich food, is intrinsically rewarding and
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thereby triggers hedonic feeding and could explain why some individuals continue
to consume food although their homeostatic energy needs have been met [189].
Two powerful circuits in the central nervous system regulate feeding behavior: the homeostatic and the hedonic systems. Deregulation of either can lead to
overeating, accumulation of fat stores and ultimately obesity [189]. Under steady
state conditions, energy intake are normally metabolized to maintain metabolic
rate, energy expenditure and thermogenesis to control food intake and energy expenditure and is referred to as homeostatic regulation (mediated by hypothalamic
circuits) of adiposity and body weight [184]. The hedonic circuit, often called the
natural reward circuit, in contrast regulates the motivation to accomplish something desirable, such as seeking or consuming rewarding stimuli like illegal drugs
or palatable foods [189, 186]. The core component of hedonic drive is the mesocorticolimbic dopamine pathway which involves dopamine neurons in the ventral
tegmental area (VTA) and their target areas, the nucleus accumbens (NAc) and
the medial prefrontal cortex (mPFC). While there is ample evidence that there is
overlap in the brain regions affected by palatable foods and drugs of abuse [81],
there is ongoing debate about the idea that food can be 0 addictive0 in the same
sense as drugs of abuse [120, 444].
The causes of both addiction and obesity are multifactorial and are thought
to reflect an interplay of genetic and environmental factors [79]. Although many
argue that behavioral factors play a significant role in developing obesity in adulthood, it is well known that environmental insults at critical periods during fetal
development can have lifelong consequences for the health of the offspring. This
process is known as fetal programming [18]. There is extensive evidence that fetal
priming can predispose the offspring to become obese [2, 379, 380] and alter food
choices [277, 260, 19]. With respect to nutrition, epidemiological studies in humans
support the conclusion that either undernutrition or overnutrition of the mother
during pregnancy will have profound and long-term implications for the health of
the offspring in adulthood, such as increased risk of developing adult obesity and
the metabolic syndrome [18, 275].
It is important to note that correlations between fetal programming and metabolic health of the offspring are stronger in human epidemiological studies of undernutrition than overnutrition because of the heavy confounding effects of prenatal
and postnatal environment in the case of the latter. In the studies investigating the
role of overnurtrition, exposure takes place throughout pregnancy and childhood,
thus, the child is exposed and influenced by the food preferences of the mother,
making it impossible to establish a specific link. With respect to addiction, evidence from human [81, 438, 120] and animal studies suggest that gestational
exposure to drugs of abuse leads to enhanced susceptibility for substance abuse
in the offspring [101]. However, to date no human studies exist linking maternal
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consumption of junk food during pregnancy and predisposition to addiction for
substance abuse.
We aimed in this study to elucidate whether maternal HFD can predispose
the offspring which were not exposed to an obesogenic diet, to hedonic behaviors
to both drugs of abuse and highly palatable foods that might explain in part
the growing rates of obesity that do not originate from a genetic predisposition.
Furthermore, we intended to address, whether these hedonic-like processes may
share similar neurobiological mechanism to obesity.

2.4
2.4.1

Materials and methods
Subjects

C57BL/6N mice were used throughout the study. Female and male breeders were
obtained from Charles River (Charles River, Germany) and were housed under
standard conditions (reversed lightdark cycle: lights on 7:00 pm, temperature: 21
± 1 ◦ C, humidity: 55 ± 5%, food and water ad libitum) All procedures were
approved by the Zurich Cantonal Veterinarian’s Office.

2.4.2

Maternal high-fat diet exposure

Female mice were exposed to HFD (Provimi Kliba, Kaiseraugst, Switzerland; containing 60% energy from fat) 3 weeks prior to mating, 3 weeks during gestation
and 3 weeks during lactation (Figure 2.1a). Control dams were exposed to normal
laboratory chow (Kliba 3430, Klibamühlen, Kaiseraugst, Switzerland).

2.4.3

The effects of 9 weeks maternal HFD exposure on
offspring weaned on normal chow

Sucrose, alcohol, saccharin preferences
The tests were conducted in standard cages. Each cage was provided with two
drinking tubes made from 15 ml polypropylene test tubes (Sarstedt, Germany).
Offspring [Sucrose test: N = 16 (8 m, 8 f) per group, Alcohol test: N = 10 m per
group, Saccharin test: N = 10 m per group] were first familiarized with drinking
water from the two tubes and water consumption was measured every 24 h for 2
days (habituation phase). The preference test begun on the third day and lasted
for 6 days for the sucrose and alcohol preference tests (i.e., 2 days test phase for
each of 3 ascending concentrations) and 4 days for the saccharin preference test.
During the test, the mice were allowed free access to the two drinking tubes and
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food located on the cage top. The intake of the tested substance was calculated
as an amount of consumed substance in mg per gram body weight per 24 h.

Food preference
The Food preference test was performed in metabolic cages (see Supplementary
File). Offspring born to HFD fed mothers (HFD offspring) and offspring born to
chow fed mothers (control offspring) were offered the choice between HFD and
normal chow. N = (6 m, 6 f) per group. Mice were habituated to the apparatus
(without HFD) for a time period of two days and on day 3 the measures of food
consumption were calculated. Mice were given a choice between HFD and normal
laboratory chow and had ad libitum access to water. Chow and HFD intake was
calculated as an amount of consumed HFD in mg per gram body weight per 12 h.

Locomotor response to systemic amphetamine in the open field
The sensitivity to the psychotomimetic drug, amphetamine, was assessed measuring drug-induced locomotor activity in an open field apparatus and was monitored
by the Ethovision tracking system (Noldus Technology), which calculated a mobility score defined as the distance travelled per bin in successive 10 min bins (N
= 5 m per group).

Conditioned place preference test (CPP)
The test apparatus consisted of two large chambers containing explicitly different
visual and tactile cues (wall color and floor material) that were connected by a
small shuttle chamber (neutral environment). Distance (per successive 5 min bins)
and time spent in each compartment (in sec) was monitored by a tracking system
[Control N = 24 (12 m, 12 f), HFD N = 23 (11 m, 12 f)] (see Supplementary File).

Locomotor sensitization to cocaine
Sensitization to the locomotor-activating effects of 20 mg/kg of cocaine (i.p. injection) was measured using the CPP apparatus. Mice [Control N = 24 (12 m, 12
f), HFD N = 23 (11 m, 12 f)] were injected i.p. with cocaine on days 1, 3, 5, 7
(during the CPP test) and for cocaine sensitization on day 21. Basal locomotor
activity was measured for 30 min and thereafter locomotor activity to a cocaine
injection was measured for 60 min.
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Quantification of mRNA for deltaFosB
Control and HFD offspring (N = 16 per group) were injected with 20mg/kg cocaine
for 5 days (1, 3, 5, 7, 21) following the last cocaine dose on day 21 the brains were
extracted one hour post injection. Detailed methods for the qPCR are described
in the Supplementary File.

2.4.4

Neurochemical and Neuroanatomical evaluations

Post-mortem neurochemistry
Levels of dopamine and its metabolites (dihydroxyphenylacetic acid, DOPAC; homovanillic acid, HVA) were determined using high performance liquid chromatography (HPLC) according to procedures established before [293, 294] and are described in detail in the Supplementary File.
Immunohistochemistry
Tissue processing and detailed methods of analysis are described in the Supplementary File.

2.4.5

PET scan

The effect of an amphetamine challenge on the occupancy of available striatal
D2R by dopamine was studied by PET. PET/CT scans were performed with an
Argus (formerly VISTA eXplore) small-animal scanner (Sedecal, Madrid, Spain).
Mice (N = 6 for each group) were immobilized by isoflurane in air/oxygen (4-5% for
induction, 2-3% to maintain anesthesia) and 10 min before [18 F]fallypride injection
and scan start, D-amphetamine (2.5 mg/kg body weight) or an equivalent volume
of saline (baseline) was injected i.p (Supplementary File).

2.4.6

The effects of post weaning HFD exposure

Following weaning offspring born to control or HFD exposed mothers [Control N
= 30 (16 m, 14 f), HFD N = 28 (14 m, 14 f)] were exposed to either control
chow or HFD until adulthood forming 4 groups: control offspring-chow, control
offspring-HFD, HFD offspring-chow and HFD offspring-HFD. Body weight was
monitored on a weekly basis and the end of the experiment fat distribution was
evaluated by CT-scan and metabolic blood parameters were taken.
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Palatable food choice

Adult offspring born to control and HFD exposed mothers (N = 7 m per group)
were given free choice to drink either water or a 1% sucrose solution and to eat
normal laboratory chow or HFD in their home cage for a duration of 13 weeks.
We have chosen the sucrose concentration of 1% since this concentration was used
in the sucrose consumption test and showed increased preference over water by
both the control and HFD offspring. The aim of our study was to investigate
whether a synergistic effect would be induced when the animals were given a
rather lower sucrose concentration in combination with HFD. Body weight was
monitored on a weekly basis throughout the 13 weeks of palatable food choice
exposure. The homeostasis model assessment of insulin resistance (HOMA-IR)
was calculated using glucose and insulin concentrations obtained after 6 h of food
withdrawal, using the following formula: fasting blood glucose (mg/dl) × fasting
insulin (lU/ml)/405 [3]. At the end of the experiment fat distribution was evaluated by CT-scan, metabolic blood parameters and an insulin sensitivity test were
performed (Supplementary File).

2.4.8

Data analysis

Data were presented as mean ± SEM and analyzed employing the StatView statistical package. Two-way repeated measures analysis of variance (ANOVA) was
used to analyze differences between control and HFD offspring followed by Fisher’s
protected least significant difference (PLSD) test as warranted. Statistical significance was set at P-value of 0.05 or lower.

2.5

Results

HFD offspring had an increased body weight shortly after birth, compared to
control offspring. An ANOVA revealed an effect of treatment (F1,9 = 4.67; P <
0.05). While there was no difference between the two groups until adulthood (Figure 2.1b), by postnatal day (PND) 120, HFD offspring kept on chow diet weighed
more. These observations were supported by a significant main effect of postnatal
day (PND) (F3,57 = 404.16; P < 0.0001) and a significant interaction of treatment
x PND (F3,57 = 5.59; P < 0.003). Subsequent post hoc test restricted to individual
time periods showed that while no significant differences were detected at PND 57
and 70 (P = 0.91 and P = 0.48, respectively), there was a significant difference
in body weight at PND 100 and 120 (P < 0.05 and P < 0.01, respectively). Female offspring weighed significantly less than male offspring supported by a highly
significant main effect of sex (F1,11 = 128.13; P < 0.0001). At the end of the
experiment HFD offspring showed higher fat volume (F1,16 = 4.94; P < 0.05) and
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Figure 2.1: Offspring born to mice dams exposed to maternal HFD develop a mild metabolic
phenotype. a. Schematic diagram illustrating the maternal HFD model employed. b. Body
weight development in HFD compared to control offspring. The line plot to the right shows the
sex differences between female and male offspring. Control N = (92 m, 52 f) and HFD N = (64 m,
43 f). c-d. Fat composition and distribution measured by computerized tomography (CT-Scan)
in HFD and control offspring. e-i. Metabolic parameters measured from blood samples taken
from adult HFD and control offspring at postnatal day 120. HFD, high fat diet; CTR, control;
PND, postnatal day.N = 9 m per group; *p < 0.05, ***p < 0.0001. f, females; m, males.
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slightly higher fat body mass only in the visceral depot (F1,16 = 6.04; P < 0.03),
(Figure 2.1c) with no change in lean body mass (Figure 2.1d). Furthermore, significant changes in circulating metabolic parameters such as cholesterol (F1,17 =
8.58; P < 0.01), insulin (F1,17 = 43.69; P < 0.0001), triglyceride (F1,18 = 44.10;
P < 0.0001) and free fatty acid (FFA) levels were detected (F1,19 = 63.67; P <
0.0001) (Figure 2.1e-i).

2.5.1

Altered hedonic behaviors to food in HFD offspring

In the HFD preference test, an ANOVA revealed a highly significant effect of diet
(F1,19 = 219.75; P < 0.0001) and its interaction with treatment (F1,19 = 6.50; P
< 0.04) indicating a greater intake of high-fat food in HFD compared to control
offspring. Both offspring groups hardly consumed the chow diet (Figure 2.2a).
Furthermore, when offspring were given a free choice between drinking water and
a sucrose solution, all the offspring preferred sucrose over water (F1,28 = 257.61;
P < 0.0001). An ANOVA yielded significant interactions of treatment x solution
(F1,28 = 11.14; P < 0.003) and a treatment x solution x concentration (F2,56 =
3.55; P < 0.04) revealing that HFD offspring consumed significantly more from
the sucrose solution at all concentrations tested as compared to controls while
there was no difference in water consumption between the groups (Figure 2.2b).
Females drank significantly more liquid than males (F1,28 = 24.32; P < 0.0001;
Figure 2.2b). In contrast to the alterations in sucrose consumption, there was
no difference detected in saccharin preference between the offspring groups. In
addition, both offspring groups preferred the saccharin solution over water and
consumed more from the saccharin solution in the highest concentration. These
observations were supported by an ANOVA yielding significant main effects of
solution (F1,17 = 183.42; P < 0.0001) and concentration (F1,17 = 303.23; P <
0.0001) (Figure 2.2c).

2.5.2

Altered hedonic behaviors to drugs of abuse in HFD
offspring

When animals were given a free choice between water and alcohol, an ANOVA revealed a significant effect of treatment (F1,17 = 4.52; P < 0.05) and its interaction
with treatment x solution x concentration (F2,34 = 5.82; P < 0.006) indicating
that the HFD offspring consumed more alcohol than their controls in the two
highest concentrations (Figure 2.2d). Both offspring preferred the alcohol over
water as indicated by a significant main effect of solution (F1,17 = 35.45; P <
0.0001). In the CPP paradigm, prior to conditioning offspring from both groups
did not display any preference for one compartment over the other. In the preference test, females were significantly more active compared to male offspring. This
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Figure 2.2: Offspring born to mice dams exposed to maternal HFD show increased preference
and consumption of palatable foods and drugs of abuse.a. High-fat food preference test: Mice
from both groups were offered the choice between HFD and normal chow. N = (6 m, 6 f) per
group. b. Sucrose consumption test: In a free-choice protocol mice could choose either water or
an ascending series of sucrose concentrations (1%, 2% and 3%). The bar graph to the right show
the sex differences between female and male offspring. N = 16 (8 m, 8 f) per group. c. Saccharine
consumption test: Animals were exposed to a free-choice protocol in which mice could choose
either water or an ascending series of saccharine concentrations (0.5% and 1%). N = 10 m per
group. d. Alcohol consumption test: Animals were exposed to a free-choice protocol in which
mice could choose either water or an ascending series of alcohol concentrations (2%, 5% and 8%).
N = 10 m per group. e. Conditioned Place Preference (CPP): Measurement of conditioned place
preference for cocaine in HFD compared to control offspring. N = 48 per group. f. Locomotor
sensitization to cocaine: Distance traveled on the first day of cocaine treatment and following
21 days of cocaine withdrawal in response to a 20 mg/kg cocaine challenge injection. N = 17
per group. N = 16 per group. g. Locomotor reaction to systemic treatment with amphetamine:
Locomotor activity in the open field expressed as distance traveled (cm) per 10-min bin during
the initial baseline phase, following saline administration and following a systemic injection of
amphetamine (2.5 mg/kg, i.p.). N = 5 m per group. *p < 0.05; ** p < 0.001; ***p < 0.0001.
All values are means ± SEM. f, females; m, males.
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observation was supported by a significant main effect of sex (F1,29 = 11.62; P
< 0.003; Figure 2.2e). In addition, both offspring groups displayed a preference
to the cocaine-paired compartment relative to the saline-paired compartment supported by an ANOVA yielding a significant main effect of compartment (F1,29 =
33.51; P < 0.0001). Furthermore, the HFD offspring expressed a significantly
stronger preference to the cocaine-paired compartment as compared to the control
offspring with no difference in their preference to the saline-paired compartment
(Figure 2.2e) as was supported by a significant treatment x compartment interaction (F1,29 = 6.316; P < 0.02). Post hoc comparisons yielded a significant difference
in the paired compartment where HFD offspring spent significantly more time in
the cocaine paired compartment compared to control offspring (P < 0.02). In the
cocaine sensitization test (Figure 2.2f), no difference in baseline locomotor activity
was detected between the offspring groups. HFD offspring displayed an increased
reaction to the first as well as to the second cocaine injection compared to control offspring. This was supported by an ANOVA indicating a significant effect
of treatment (F1,39 = 18.00, P < 0.0001), a significant effect of injection (F1,39 =
12.05, P < 0.002) and a significant effect of time (F5,215 = 7.77, P < 0.0001).
The response to amphetamine is depicted in Figure 2.2g. Spontaneous locomotor
activity and the response to the injection of saline were unaffected, however, the
locomotor-enhancing effect of a systemic amphetamine administration was significantly enhanced in HFD offspring compared to their controls. An ANOVA yielded
a significant effect of treatment (F1,6 = 6.00, P < 0.05) and its interaction with
10-min bins (F1,66 = 5.30, P < 0.0001).

2.5.3

deltaFosB

Levels of deltaFosB were determined following a sensitization intermittent schedule
of cocaine in control and HFD offspring. ANOVA revealed that levels of deltaFosB
were significantly higher in HFD compared to control offspring and that the response was greater in the nucleus accumbens (NAc) (F1,25 = 14.55, P < 0.0009)
than in the dorsal striatum (dSTR) (F1,25 = 5.48, P < 0.03) (Figure 2.3a).

2.5.4

Neurochemical and neuroanatomical alterations in
the brain reward system of HFD offspring

ANOVA revealed a significant effect of treatment indicating that HFD offspring
displayed increased tyrosine hydroxylase (TH) expression in the NAc core (F1,20 =
10.40, P < 0.005), NAc shell (F1,20 = 7.03, P < 0.02) and dSTR (F1,20 = 24.15, P
< 0.0001) (Figure 2.3b). Conversely, TH positive neurons in the ventral tegmental area (VTA) were significantly reduced in HFD compared to control offspring
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Figure 2.3: Maternal HFD exposure leads to alterations in the dopaminergic system. a. mRNA
expression of the transcription factor deltaFosB was significantly elevated in the nucleus accumbens and dorsal striatum of HFD offspring compared to controls. Pregnant mice were exposed
to HFD or normal laboratory chow (control) diet, and immunoreactivities of b-c. TH, d. DAT,
e. D1R, and f. D2R were assessed in the adult offspring (PND70). N = 16 (8 m, 8 f) per group.
g-n. Representative images of coronal brain sections of adult (PND70) offspring derived from
control and HFD exposed mothers stained for D2R (g-h.) in the NAC core and shell subregions
and for D1R in the mPFC region (i-j.) by immunohistochemistry. Representative images of
coronal brain sections for TH protein by immunohistochemistry in the dSTR (k-l.) and the
VTA (m-n.) of control and HFD offspring. o-s. Levels of dopamine (DA) and its metabolites, 3,4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), were determined
in postmortem brain tissue using high-performance liquid chromatography (HPLC). Monoamine
contents were measured in the dSTR, NAc, VTA, SN and hypothalamus. All monoamine levels
are expressed as ng/mg fresh tissue weight. N = 16 (8 m, 8 f) per group. t. Positron emission
tomography (PET) images (binding potentials, BPnd) superimposed on MRI templates (grey).
Average PET images of 3 scans (with lowest tracer concentration) per group. u. PET data
(BPnd) normalized to the respective average accumulation under baseline conditions (%) to
compare the relative response to amphetamine in both offspring groups. N = 6 f per group. *p
< 0.05; ** p < 0.001***; p < 0.0001. All values are means ± SEM. f, females; m, males.
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(F1,20 = 15.45, P < 0.0009) (Figure 2.3c, Figure 2.3m-n). Furthermore, maternal HFD exposure induced activation of the expression of dopamine receptors
D2 (D2R) in the NAc core (F1,20 = 10.40; P < 0.005) and shell (F1,20 =1,20 =
6.45; P < 0.02) subregions (Figure 2.3f, Figure 2.3g-h) as well as in the dSTR
(F1,20 = 6.74, P < 0.02; Figure 2.3f), enhanced expression of D1R in the dSTR
(F1,20 = 6.42, P < 0.02; Figure 2.3e, Figure 2.3 i-j) and increased expression of
the dopamine transporter (DAT) (Figure 2.3d) in the mPFC (F1,20 = 15.446, P <
0.008) (Figure 2.3d). To substantiate these findings we performed a post mortem
neurochemistry analysis which demonstrated that maternal HFD led in offspring
to reduced levels of dopamine in the NAc (F1,48 = 4.69, P < 0.05; Figure 2.3p),
VTA (F1,42 = 9.03, P < 0.005; Figure 2.3q) and dSTR (F1,42 = 4.42, P < 0.05;
Figure 2.3o), while no significant differences in dopamine levels were found in the
substantia nigra (SN) (Figure 2.3r) and in the hypothalamus (Figure 2.3s).

2.5.5

Striatal dopamine D2 receptor binding availability
using positron emission tomography (PET) imaging

One-way ANOVA revealed that under baseline conditions, [18 F]fallypride accumulation and thus the number of available D2R was similar in the striatum of
control and HFD offspring (control offspring 4.87 ± 0.24, HFD offspring 5.16 ±
0.31) (Figure 2.3t-u). Following the amphetamine challenge a significant reduction
of [18 F]fallypride accumulation in the striatum in both groups (control offspring
3.48 ± 0.13, HFD offspring 3.22 ± 0.08) was observed. Moreover, after baselinenormalized [18 F]fallypride accumulation was significantly lower in HFD than in
control offspring, indicating a higher increase in synaptic amphetamine-induced
dopamine release in the HFD compared to control offspring (F1,10 = 8.07, P <
0.02).

2.5.6

Post weaning HFD exposure

No difference in body weight was observed between control and HFD exposed to
post weaning chow diet. Additionally, no difference in body weight was observed
between control and HFD offspring exposed to HFD diet. Additionally, female
offspring weighed significantly less than male offspring supported by a highly significant main effect of sex (F1,107 = 233.19; P < 0.0001). ANOVA revealed a
significant main effect of diet (F1,111 = 24.27; P < 0.0001) and a significant interaction of diet x treatment (F10,110 = 58.48; P < 0.0001) which supported the
fact that offspring exposed to post weaning HFD weighed significantly more than
offspring exposed to a post weaning chow diet. All animals gained weight during the 11 weeks as supported by a main effect of weeks (F10,110 = 1134.77; P <
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0.0001) (Figure 2.4a). The factor of sex and its interactions did not attain significance. Furthermore, post weaning HFD exposure did not lead to any difference
in fasted plasma metabolic parameters between control and HFD male offspring
in any of the parameters measured: cholesterol (F1,13 = 0.07), FFA (F1,13 = 0.02),
triglycerides (F1,13 = 0.86) insulin (F1,13 = 1.54) and glucose levels (F1,13 = 0.002)
(Figure 2.4b-f). In addition, no differences were detected in the CT-scan of fat
composition between control and HFD male offspring in any of the parameters
measured: lean volume (F1,13 = 0.82), fat ratio (F1,13 = 0.28), fat volume (F1,13 =
0.26), subcutaneous fat (F1,13 = 0.17) and visceral fat (F1,13 = 0.41).

2.5.7

The effects of exposure to a free-choice palatable diet
during adulthood

As shown in Figure 2.5a, an increase in weight gain was observed in HFD compared to control offspring following 13-weeks of free-choice palatable food exposure. ANOVA yielded a significant effect of weeks (F12,108 = 46.13; P < 0.0001)
and its interaction with treatment (F12,108 = 2.15; P < 0.02). The increase in
body mass was due to an increased fat pad weight as measured by CT scanning
(Figure 2.5b-f). While offspring did not differ in their lean mass (P = 0.11) the
HFD offspring displayed significantly higher mass of fat, % fat ratio, visceral fat
and subcutaneous fat (P < 0.02, P < 0.04, P < 0.02 and P < 0.03, respectively) as
compared to control offspring. Furthermore, the mice exhibited classical signs of
worsened metabolic control, such as elevated FFA, triglycerides and insulin levels
(Figure 2.5g-i) (P < 0.05, P < 0.003 and P < 0.02, respectively). Maternal HFD
exposure led to impaired insulin sensitivity in HFD offspring as measured by their
response to an insulin challenge in the insulin tolerance test (ITT; Figure 2.5j).
This observation was supported by ANOVA yielding a significant interaction of
treatment x time point (F6,54 = 2.32; P < 0.05). In addition, HOMA-IR was
significantly increased in HFD compared to control offspring (F1,19 = 14.52; P
< 0.005; Figure 5k). The altered basal glucose levels observed in HFD offspring
coupled to the increase in hepatic lipid accumulation observed in liver sections
of CTR (Figure 2.5l) and HFD (Figure 2.5m) suggests a compromised metabolic
regulation.

2.6

Discussion

We demonstrated here that offspring born to HFD exposed mothers compared to
control offspring prefer at adulthood highly palatable foods and show enhanced
sensitivity to and increased consumption of drugs of abuse. These behaviors were
paralleled by relevant alterations of the dopaminergic system such as increased
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Figure 2.4: The effects of post weaning HFD for 11 weeks on offspring born to either control
or HFD exposed mothers. a. Body weights of control and HFD offspring were exposed to either
chow or HFD diet for 11 weeks. Weights were weekly monitored. No difference was observed
between control and HFD exposed to post weaning chow diet. Additionally, no difference in
body weight was observed between control and HFD offspring exposed to HFD diet. The line
plot to the right show the sex differences between female and male offspring. Body composition
of control and HFD offspring exposed to 11 weeks of post weaning HFD. b. No differences in fat
mass and c. lean mass utilized by CT scan were detected. Post weaning HFD did not lead to
any difference in fasted plasma metabolic parameters between control and HFD offspring in any
of the parameters measured: cholesterol (d), FFA (e), triglycerides (f ), insulin (g) and glucose
levels (h). Control N = 30 (16 m, 14 f); HFD N = 28 (14 m, 14 f). All values are means ±
SEM. f, females; m, males.
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Figure 2.5: Food choice in offspring born to mice dams exposed to HFD develop severe obesity
and insulin resistance. a. Control and HFD offspring during adulthood (PND 70-160) were
exposed to a choice paradigm; animals were given the choice in their home cage between control
and high-fat diet and between water and a 1% sucrose solution. b-f. Fat composition and
distribution as measured by CT-scan. g-i. Metabolic parameters measured from blood samples
taken from HFD and control offspring at PND 160. j. Insulin tolerance test (ITT) was performed
in HFD and control offspring. Insulin (0.75 U/kg of body weight) was administered by i.p.
injection. Blood glucose levels were monitored at indicated times. k. Plasma HOMA-IR was
calculated by the fasting glucose and insulin levels. l-m. Representative haematoxylin and eosin
staining of liver sections of control (l.) and HFD (m.) offspring after a 13 weeks exposure to a
choice diet. N = 7 m per group; *p < 0.05, **p < 0.001. All values are means ± SEM. m, males.
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levels of the dopamine D1 and D2 receptors and decreased dopamine levels in the
striatum. Additionally, increased TH expression was detected in the striatum and
reduced TH positive neurons were found in the VTA. These neuroanatomical and
neurochemical alterations likely underlie the behavioral changes related to higher
sensitivity to drugs of abuse as well as to overconsumption of palatable foods.
Contrary to offspring reared on normal laboratory chow or HFD post lactation,
only when HFD offspring were given a free choice palatable diet they developed
obesity and the metabolic syndrome.
Maternal HFD exposed offspring consumed more HFD and sucrose than control
offspring. These results support findings of previous studies showing that maternal HFD can induce preference in rodents for palatable foods later in life [277, 19,
410, 26]. No difference in preference to the artificial sweetener, saccharin, was observed between the offspring groups suggesting that caloric value rather than taste
drives the observed response. We observed that the offspring born to HFD fed
mothers only exhibited increased body weight shortly after birth and by postnatal day 120 concomitant with a slightly higher fat body mass only in the visceral
depot (Supplementary Figure 2.13). This is not surprising since no changes in
feeding behavior (Supplementary Table 2.1 and Supplementary Figure 2.12) were
observed. Similarly, a post-weaning HFD exposure did not exacerbate the mild
metabolic phenotype observed which is in line with previous reports [165, 98]. Up
until now studies have used HFD offspring which were exclusively exposed to a
single diet precluded from choice. In contrast, human daily food consumption is
characterized by their ability to choose between consumption of palatable foods,
generally calorie-dense and rich in sugar and/or fat, either in solid or liquid form to
a healthy balance diet. In order to mimic more closely the human daily consumption, we gave the offspring at adulthood the possibility to freely choose between
HFD and sucrose solution in addition to a normal laboratory chow diet and water.
At the end of the study HFD offspring developed obesity and various features of
the metabolic syndrome. This indicates that the choice element of highly palatable foods may be important to induce hyperphagia in HFD offspring. Studies
exposing adult rats to a free choice diet showed overconsumption, increased abdominal fat and changes in glucose metabolism [123, 204, 239, 203] suggesting that
the choice and the combination of high energy food combined with sweet caloric
dense liquid in addition to the normal balanced chow and water leads to obesity.
In contrast, studies using a non-choice high-fat diet show only an initial increase
in food intake since animals will overeat in the first few days but after a short
period of time will reduce their calorie intake to compensate for the body weight
gain [204, 434]. Recently it was shown that a free-choice diet induced decrease
in striatal D2R availability associated with increased caloric intake due to higher
palatability and subsequently to overconsumption and adiposity [123]. These re-

44

Chapter 2. Effects of maternal high-fat diet in the offspring

sults might explain why we did not observe any metabolic differences between
control and HFD offspring reared on chow diet or on HFD (without a choice) and
that changes emerged only following a free choice palatable diet exposure. Based
on the data from the ITT test which showed a higher initial starting glucose but
a similar drop in relative levels, coupled to the increased HOMA-IR score and the
increased lipid accumulation in the liver, suggests that HFD offspring have developed a mild systemic insulin resistance, which is most likely mediated by hepatic
insulin resistance, while muscle insulin sensitivity is not yet affected. This could
be due either to a specific phenotype of the employed model system, or to the
length of the feeding paradigm.
In the current study we employed 1% sucrose concentration, which is commonly
used in mice and rats [288, 363, 376] and which is considered to be of intermediate
palatability. The concentration was also chosen, since we could demonstrate in our
animal model that even 1% of sucrose led to a significant increased preference over
water, for both groups. Lastly, since higher concentrations of sucrose may have a
significant impact on caloric intake due to the high energy density and since the
aim of the current study was to investigate, whether a synergistic effect of diet and
drink would lead to obesity we chose to study the effect of 1% sucrose. Other studies in rats have used up to 30% of sucrose concentration [204, 203] which could
possibly result in a different phenotypes than the one reported by us. Another
limitation of the current study is that it was carried out in the home cages in the
animal room which precluded an exact food and/or liquid consumption measurement. To measure a precise caloric intake from food and/or liquid the animals
would have to be single housed. Since it is known that individual housing in mice
is associated with a range of behavioral and physiological changes such increased
food consumption [398], significant weight gain [146], increased sensitivity to stressor [14] , elevated heart rate and core body temperature these changes may had a
potential to overshadow the results observed in our experiments.
The metabolic consequences on the offspring following different lengths of maternal HFD exposure have been characterized [277, 410, 165, 99, 70], however,
conflicting results were reported with regard to the propensity of the adult offspring to develop obesity and metabolic disorders. While some studies showed
a mild obesity phenotype following maternal HFD exposure [43, 196], others reported protection from diet induced obesity [98, 104] or no effect at all [165]. The
discrepancies in the offspring’s metabolic phenotype might be explained by the
length of HFD exposure prior to conception. The maternal HFD exposure used
in the present study did not induce any overt metabolic changes in the mother
(Supplementary Figure 2.6, 2.7, 2.8, 2.9) contrary to other studies using considerably longer exposure periods prior to conception [277, 410, 165, 99, 70]. In the
current study we studied the effect exclusively in obesity prone C57BL6/N mice.
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Male mice exhibited significant weight gain in response to HFD even for a period
of 3 weeks compared to control mice fed normal chow diet, a phenomenon which
was not observed in female mice.
The role of the neural reward system in obesity has received increasing attention in recent years as both humans and rodents will consume palatable foods,
i.e. eat out of pleasure, in the absence of a metabolic need. Dopamine, the main
neurotransmitter in the ventral striatum, which has a leading role in the brain
reward circuitry and is associated with compulsive behaviors related to drug addiction [180, 200] is also released following ingestion of palatable foods [186]. In
line with the above, recent findings in humans using PET and functional magnetic
resonance imaging (fMRI) have supported the idea that mechanisms of abnormal
eating behaviors, including those observed in obese subjects, may have similarities
to those underlying addiction to drugs of abuse [406]. To address whether such a
link exists in our model, we quantified the response to and consumptions of different drugs of abuse. We could show that when animals were given a choice between
water and alcohol, a significant increase in alcohol consumption was observed in
HFD offspring. Similarly, HFD offspring showed enhanced cocaine-induced locomotor activity (Supplementary Figure 2.14) and a stronger cocaine-induced conditioned place preference compared to controls, indicating a greater degree of the
reinforcing effect of the drug [391]. Also, HFD offspring showed enhanced response to the locomotor-activating effects of amphetamine as adults but not at
the prepubertal age (Supplementary Figure 2.10) suggesting that maternal HFD
exposure affects the development of the dopaminergic systems and that behavioral
abnormalities only emerge in adulthood. Increased sensitivity to psychostimulant
drugs, such as amphetamine and cocaine, reflect increased dopamine release in the
NAc [84]. Further, dysregulation of the dopaminergic system has been linked to
the pathophysiology of many diseases such as drug addiction and hedonic overeating [83]. Dopamine-mediated reward process in the striatum [11], such as the one
involved in behavioral sensitization, requires a simultaneous stimulation of both
D1 and D2 receptors. HFD offspring displayed increased expression of D1R in
the dSTR and D2R in the NAc core and shell and in the dSTR. In keeping with
the immunohistochemical results, decreased dopamine levels in the NAc, dSTR
and the VTA of HFD offspring were detected. These results are similar to those
reported in a study performed on methamphetamine users where concentration
of the accumbal dopamine D1R was increased [435] and low dopamine levels in
both NAc and the striatum compared to control subjects were found [429]. It
was suggested that the increased dopamine D1Rs concentration could be part of a
sensitization-type, positive feedback phenomenon occurring as a result of prolonged
dopaminergic stimulation by the drug. Studies in rodents, showed that supersensitivity of the dopamine D1R system explains some of the behavioral aspects of
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drug addiction, such as behavioral sensitization and drug self-administration [351].
D1R is known to be the main postsynaptic target to mediate the action of amphetamine and cocaine in the NAc as D1R knock-out mice show no effect to the
locomotor stimulating effect of cocaine [46]. Rats sensitized to repeated cocaine injection also exhibit elevated D2R density [303]. In a different neurodevelopmental
model, prenatal stress produced increased accumabal D2Rs density concomitant
with amphetamine-induced behavioral sensitization [153] and showed increased
vulnerability to develop amphetamine self-administration in the offspring [329].
We observed decreased expression of TH positive neurons, the rate limiting enzyme of dopamine synthesis and a marker for dopamine neurons, in the VTA and
increased expression in the NAc core and shell as well as in the dSTR. This could
be explained by decreased enzymatic activity of TH in NAc and dSTR due to
dephosphorylation of TH which may result in reduced dopamine synthesis and
therefore lower dopamine levels [22, 41]. Similar results were reported in prenatal
ethanol exposed offspring exhibiting lower TH levels in the VTA [382] associated with higher sensitivity to ethanol at adulthood [321]. In addition, we could
show that HFD offspring overexpressed deltaFosB in the NAc and in the dSTR.
As deltaFosB is a transcription factor implicated in long-term neuro-adaptations
and is induced in the NAc following chronic exposure to drugs of abuse [264]
as well as to natural rewards [413] this could indicate that HFD offspring are
more sensitive to the rewarding properties of drugs of abuse. Also, mice overexpressing deltaFosB in dynorphin-positive accumbal medium spiny neurons show
an increased motivation to obtain food reward due to reduced dopamine signaling [385, 276]. Maternal HFD led to reduced dopamine levels in the striatum and
in the VTA and a compensatory increase in TH levels were detected in these regions. This may lead to increased transport of TH by neurofilaments from the VTA
to the nerve terminals resulting in lower TH levels in the VTA. Taking together,
our results suggest an association between a striatal hypodopaminergic state of
HFD offspring and their predisposition to increased consumption of highly palatable foods and higher sensitivity to drugs of abuse. Presynaptic dopamine release
can be indirectly measured by assessing changes in binding of D2R radiotracers
after pharmacological manipulation with dopamine releasing agents measured by
PET imaging [208] and [18 F]fallyplide used in this study competes with endogenous dopamine for binding to D2Rs [256, 335]. To the best of our knowledge, this
work represents the first attempt employing a PET study to investigate the consequences of maternal HFD exposure. We observed a stronger reduction in striatal
dopamine D2R radiotracers in the HFD offspring compared to controls which can
be interpreted as a measure of a greater increase of striatal dopamine release in
response to the drug. A possible explanation for the discrepancies between our
neurohistochemical results and the PET D2Rs findings may be due to the fact
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that for the immunohistochemical evaluations nave animals were used while the
PET study was conducted in response to an amphetamine injection. The findings
of this study mark an important attempt in advancing our understanding of the
underlying mechanisms leading to alterations in the reward system which result
in increased hedonic behaviors following maternal HFD exposure. Additionally,
these results show more directly that excessive striatal dopamine transmission at
the dopamine D2R level is involved in the augmented reaction toward drugs of
abuse and imply for a hyper-responsive mesolimbic dopamine system. A PET
study performed on human subjects reported that striatal dopamine D2Rs level
can predict the reinforcing effects of psychostimulant drugs [408]. Subjects with
high dopamine D2Rs level require a small dose of the drug to perceive a pleasant
response which is in agreement with our finding, meaning that HFD offspring may
perceive the drug as more rewarding as control animals.
In summary, our findings demonstrate that maternal overnutrition during a
period of 9 weeks leads to increased consumption of palatable foods and higher
sensitivity to drugs of abuse in the offspring and that these hedonic behaviors
may be mediated by the same neuronal pathways. We propose that this is due
in part to hyporesponsive mesolimbic dopamine circuit, which is characterized by
lower dopamine levels and enhanced striatal D1 and D2Rs expression. This may
cause a higher vulnerability to addictive-like behaviors leading to an increased
preference to consume palatable foods and sensitivity to drugs of abuse. Based
on these results it will be important to determine long-term and developmental
consequences of diets high in sugar and fat perinataly on limbic functions and
motivated behaviors as this may yield important new insights into the cause and
treatment of compulsive eating.
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Supplementary materials and methods
Phenotypic characterization of offspring

All offspring were weaned and sexed on postnatal day (PND) 21. Littermates
of the same sex were caged separately. Offspring from 28 independent litters
(14 HFD, 14 Control) were randomly selected for the behavioral, neurochemical,
immunohistochemical, metabolic and PET tests. Both male and female offspring
were included in most of the tests described below to assess potential sex-dependent
effects [64] of maternal HFD exposure.

2.9.2

Maternal behavior

Maternal behavior was measured in control and HFD dams in their home cage (5
dams per treatment group). Observations for each litter began on PND 1 until
PND 20, 5 observations per day: 7:30 am, 12:30 am, 16:30 pm, 22:30 pm, 2:30 am (3
observations conducted during the dark phase and 2 observations conducted during
the light phase). The observations were conducted using a video camera installed
on the top of each cage (CMOS camera, 380 TVL, 3.6 mm, Conrad, Switzerland)
connected to videorecorder (Sertek Modell SERT16-679Z, Sertek, Switzerland). A
score of 0 or 1 depending on whether each behavior category occurred or not. Each
observation was scored for a duration of 5 min [362]. For the final analysis the
frequency of each behavioral component was taken across 1 min bins (yielding 5
samples per observation). We have monitored 5 maternal categories which were
described in detail elsewhere [308]. (1) Carrying: the dam grasps the pup by its
skin and carries it to where the littermates are located. (2) Licking: the dams
performs repetitive licking and head movements whilst hovering over the pups.
(3) Off nest: the dam is not in any physical contact with the pups. (4) Blanket
nursing: The dam is over the pups, relatively immobile, bilaterally symmetrical,
with the head not depressed, and in a low dorsal arch posture. (5) Arched back
nursing: The dam lies on its side or on its back with some of the pups attached to
the nipples. The number of occurrences of each maternal behavior category was
summed within 5-day blocks (Days 1-5, 6-10, 11-15 and 16-20) [258].

2.9.3

Behavioral testing

The short- and long-term behavioral effects of maternal HFD exposure were assessed when offspring reached the prepubertal (PND 35-45) or the adult (PND
70-110) age. Prepubertal and adult stages of development were defined based
on the completion of sexual maturity and behavioral manifestation [371]. Independent cohorts of animals were used for the behavioral experiments conducted
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during prepuberty and adulthood to avoid potential confounding transfer effects
from behavioral testing. A naı̈ve cohort of animals was used for neurochemical,
neurohistochemical, molecular and PET evaluations. When the analyses did not
yield a main effect of sex or significant interaction of sex with maternal nutritional
exposure the data of the two sexes were combined for the final analyses. All testing
was conducted during the dark phase of the light-dark cycle.

2.9.4

Conditioned place preference (CPP)

The apparatus used to carry out the conditioned place preference (CPP) consisted
of two large chambers containing explicitly different visual and tactile cues (wall
color and floor material) that were connected by a small shuttle chamber (neutral environment). A digital camera mounted above the CPP apparatus captured
images at a rate of 5 Hz and transmitted them to a personal computer running
the Ethovision tracking system (Noldus Technology), which calculated a mobility
score defined as the distance travelled per bin in successive 5 min bins. Additionally, the total time spent in the compartment was indicated in seconds. All mice
underwent a pre-conditioning test (Pre Test) allowing them to freely explore the
entire apparatus for one 15 min session. The measure for the Pre Test session was
the duration in seconds spent in each compartment. Mice were then randomly
assigned to saline/cocaine conditioning chambers for a total of eight conditioning
sessions (cocaine was paired with the less preferred compartment). On each of the
four saline conditioning days (Days 1, 3, 5, 7) animals received an intraperitoneal
(i.p.) injection of 0.9% NaCl (saline) and were confined to the previously assigned
saline-paired chamber for 30 min. For each of the four cocaine conditioning days
(Days 2, 4, 6, 8) animals received an i.p. injection of cocaine hydrochloride at a
dose of 20 mg/kg (SigmaAldrich, Switzerland) at a volume of 5 ml/kg dissolved
in 0.9% NaCl and were confined to the cocaine-paired chamber for 30 min. The
preference test (Post Test) was performed 48 hours after the last conditioning day
when mice were again permitted free access to all chambers for 30 min. The total
time spent in each chamber during the Pre Test and Post Test was automatically
recorded for subsequent statistical analyses.

2.9.5

Fat composition and distribution (CT-Scan)

Rodent computerized tomography allows to estimate the volumes of adipose tissue,
bone, air, and the remainder, using differences in X-ray density, and distinguishes
between visceral and subcutaneous adipose tissue. Measurements were performed
non-invasively using a rodent computerized tomography (CT) scanner (LaTheta).
Before CT scanning, animals were anesthetized using isoflurane (induction with
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4-5% isoflurane in 600 cc O2 ) and maintained under gas anesthesia (1.5-2.5 %
isoflurane in 300 cc O2 ) throughout the scan, which lasted about 5 min.

2.9.6

Energy expenditure and activity (Metabolic Cages)

Measurements of food and water intake, O2 consumption/CO2 production, were
performed in an automatic feeding monitoring system coupled to an open-circuit
indirect calorimetry system (TSE Phenomaster System). Mice were single housed
under thermoneutral temperature conditions, food and water were available ad
libitum and constantly monitored. Each cage was connected to a fresh air supply as
well as the sample switch unit for drawing air samples from each cage. Cages (N =
12) were enclosed in a ventilated cabinet to precisely control ambient temperature
and light. (control, f N = 6; control, m N = 6; HFD, f N = 6, HFD, m N = 6).

2.9.7

Insulin tolerance test (ITT)

Mice were food deprived overnight (12h-15h), but not water deprived. In the middle of the dark phase a 5uL drop of tail blood was taken for baseline glycemia.
Blood glucose was measured with a blood glucose monitor and the associated glucose test strips for glucose measurement (Accu-Check Aviva). Mice then received
an i.p. injection of insulin (0.75 mU insulin/kg body weight, 10uL of insulin solution/g body weight) and subsequent blood sampling (5uL each time point) were
collected at 15, 30, 60, 90 and 120 min post injection.

2.9.8

PET scan

[18 F]fallypride was synthesized from its precursor tosyl-fallypride (ABX GmbH,
Radeberg, Germany) according to [256]. Radiochemical yield was 20% (decay
corrected), radiochemical purity > 96 % and specific activity at the end of synthesis
between 56 and 84 GBq/umol. PET/CT scans were performed with an Argus
(formerly VISTA eXplore) small-animal scanner (Sedecal, Madrid, Spain). Mice
(N = 6 for each group) were immobilized by isoflurane in air/oxygen (4-5 % for
induction, 2-3 % to maintain anesthesia) and 10 min before [18 F]fallypride injection
and scan start, D-amphetamine (2.5 mg D-amphetamine sulphate per kg body
weight, 0.5 mg/mL in saline) or an equivalent volume of saline (baseline) was
injected i.p. at time zero, 10 to 14 MBq (0.17 to 1.1 nmol) [18 F]fallypride was
injected into a tail vein on the scanner bed and a dynamic PET scan of 60 min
duration was started simultaneously. Body temperature was kept at 37◦ C and
respiration rate around 60 per minute. A CT scan was performed at the end of
the PET scan for anatomical orientation. PET data was reconstructed into twelve
1 min and twelve 4 min frames by a two-dimensional-ordered subset expectation
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maximization algorithm (2D-OSEM, 2 iterations, 16 subsets) with scatter and
random but not attenuation correction. The voxel size of the reconstructed images
was 0.3875 × 0.3875 × 0.775 mm3 .

2.9.9

PET quantitative analysis

PET data were analysed with the image analysis software PMOD (PMOD Inc.,
Zurich, Switzerland) and Microsoft excel. PET images were matched to the CT
images and brain regions were delineated according to the mouse brain template
implemented in PMOD. The volume of the combined striatum regions was 149
mm3 . Time-activity curves of brain regions were generated and binding potentials
(BPND) were calculated by the Logan reference tissue analysis [257], where t*, the
time to reach equilibration was 18 min and correction for k2 (brain to blood rate
constant) was neglected. A sphere in the cerebellum region of 52 mm3 was used as
the reference region. Tracer concentrations in the reference region were calculated
from the PET data and the specific radioactivity and scans with > 6.5 nM at 40
min after injection were excluded from the analysis, as receptor saturation with
tracer was observed for these scans (data not shown). For each group, 6 scans were
finally included in thestatistical analysis. PET images of the binding potentials
(BPnd) were generated with the PXMod module of PMOD. The resulting images
of the three scans with lowest tracer concentration per group were averaged.

2.9.10

Immunohistochemistry

Adult (PND 90) offspring were deeply anesthetized with an overdose of Nembutal (Abbott Laboratories) and perfused transcardially with 0.9% NaCl, followed
by 4% phosphate-buffered paraformaldehyde solution containing 15% picric acid.
The dissected brains were post fixed in the same fixative for 6 h and processed
for antigen retrieval involving overnight incubation in citric acid buffer, pH 4.5,
followed by a 90 s microwave treatment at 480 W. The brains were then cryoprotected using 30% sucrose in PBS, frozen with powdered dry ice, and stored at 80◦
C until further processing. Perfused brain samples were cut coronally at 30um
thickness from frozen blocks with a sliding microtome. Six series of sections were
collected, rinsed in PBS, and stored at 20◦ C in antifreeze solution until further
processing. For immunohistochemical staining, the slices were rinsed three times
for 10 min in PBS, and blocking was done in PBS, 0.3% Triton X-100, 5% normal
serum for 1 h at room temperature. The following primary antibodies were used
to study dopamine-related markers in various brain areas according to protocols
established previously [293]: rabbit anti-TH (Santa Cruz Biotechnology; diluted
1:500), rat anti-dopamine D1 receptor (D1R) antibody (Sigma-aldrich; diluted
1:1000), rabbit anti-dopamine D2 receptor (D2R) antibody (AB5084P, Millipore
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Bioscience Research Reagents; diluted 1:500) and rat anti-dopamine transporter
(DAT) antibody (MAB 369,Chemicon; diluted 1:3000). The tyrosine hydroxylase (TH) antibody (H-196) corresponds to 1-196 amino acids (with a deletion
at 31-61) of human origin and the specificity of this antibody was previously reported [66].The D1R antibody (D2944) used recognizes 97 amino acids at the
C-terminal end of the human D1R and its specificity was previously reported and
validated [334, 247]. The D2R antibody was raised by immunizing rabbit against
a peptide corresponding to 28 amino acid peptide sequence from the human D2R.
The D2R antibody has previously been shown to be a specific and reliable marker
to label D2Rs [334, 411, 425]. We confirmed it by using the dopamine D2R blocking peptide (AG221; Millipore Bioscience Research Reagents) which consists of 28
amino acid peptide sequence from the human D2R and is manufactured to block
the staining of D2R antibody (AB5084P, Millipore Bioscience Research Reagents).
Prior to immunostaining, the blocking peptide (50ug/ml) was mixed with D2R primary antibody (10ug/ml) in PBS containing 0.3% Triton X-100 and 2% normal
goat serum. As control, only D2R primary antibody (10ug/ml) was added in PBS
containing 0.3% Triton X-100 and 2% normal goat serum. Both solutions with or
without blocking peptide were then incubated for 2 hours at room temperature.
The staining was performed in two identical groups of brain sections, using the
blocked antibody for one and the control for the other. Our result clearly demonstrates that the D2R staining observed in the medial prefrontal cortex (mPFC),
dorsal striatum (DSTR) and nucleus accumbens (NAc) of the samples treated
with the primary antibody (Supplementary Figure 2.15a-c) has been disappeared
in the samples treated with the blocked antibody (Supplementary Figure 2.15d-f).
The DAT antibody (MAB369) used recognizes N-terminus of human dopamine
transporter fused to Glutathione S-transferase and it is a common and reliable
marker to label DAT [244]. All antibodies were diluted in PBS containing 0.3%
Triton X-100 and 2% normal serum, and the sections were incubated free-floating
overnight at room temperature. After three washes with PBS (10 min each), the
sections were incubated for 1 h with the biotinylated secondary antibodies diluted
1:500 in PBS containing 2% NGS and 0.3% Triton X-100. Sections were washed
again three times for 10 min in PBS and incubated with Vectastain kit (Vector
Laboratories) diluted in PBS for 1 h. After three rinses in 0.1 m Tris-HCl, pH
7.4, the sections were stained with 1.25% 3,3-diaminobenzidine and 0.08% H2O2
for 1015 min, rinsed again four times in PBS, dehydrated, and coverslipped with
Eukitt (Kindler).
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Stereological estimation of TH-positive dopaminergic midbrain neurons

The numbers of midbrain TH-positive dopamine neurons were quantified in the
two relevant midbrain areas, namely in the ventral tegmental area (VTA) and substantia nigra (SN). For the latter region, TH-positive cells in both the substantia
nigra pars compacta (SNc) and substantia nigra pars reticulata (SNr) were taken
into account. The numbers of midbrain TH-positive dopamine neurons in either
the left or right brain hemisphere were determined by unbiased stereological estimations using the optical fractionator method [142]. With the aid of the image
analysis computer software Stereo Investigator (version 6.50.1; MicroBrightField),
every section of a one-in-six series was measured, resulting in an average of six
sections per brain sample. The following sampling parameters were used: (1) a
fixed counting frame with a width of 40um and a length of 40um; and (2) a sampling grid size of 150 × 110um. The counting frames were placed randomly at the
intersections of the grid within the outlined structure of interest by the software.
The cells were counted following the unbiased sampling rule using the 40× oil lens
[numerical aperture (NA), 1.3] and included in the measurement when they came
into focus within the optical dissector [162].

2.9.12

Optical densitometry of dopaminergic markers in
prefrontal cortical and striatal regions

Quantification of the immunoreactivity for TH, DAT, D1R, and D2R in striatal
regions was achieved by means of optical densitometry using NIH ImageJ software.
Optical densitometry was chosen because these dopaminergic markers are highly
enriched at synaptic sites in the areas of interest. Digital images were acquired at
a magnification of 2.5× (NA 0.075) using a digital camera (Axiocam MRc5; Zeiss)
mounted on a Zeiss Axioplan microscope. Exposure times were set so that pixel
brightness was never saturated. Pixel brightness was measured in the respective
areas of one randomly selected brain hemisphere. In addition, pixel brightness was
measured in the corpus callosum (for striatal measures) as background area. The
background-corrected optical densities were averaged per brain region and animal.
Four to six sections per animal were analyzed in the specimens. All immunohistochemical preparations were quantified in the dorsal striatum [caudateputamen
(CPu)], nucleus accumbens core (NAc core), and nucleus accumbens shell (NAc
shell) (see below).
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Delineation of brain regions

All brain areas of interest were delineated according to The Mouse Brain in Stereotaxic Coordinates by Franklin and Paxinos [111]. The following brain areas were
included in the densitometric and stereological analyses: CPu (bregma +1.34 to
+0.14 mm), NAc core and shell (bregma +1.60 to +0.98 mm), SN (bregma −2.80
to −3.64 mm), and VTA (bregma −2.92 to −3.64 mm). Schematic coronal brain
sections of the brain areas of interest with reference to bregma are provided in
corresponding figure legends.

2.9.14

Post-mortem neurochemistry

Levels of dopamine (DA) and its metabolites (dihydroxyphenylacetic acid, DOPAC;
homovanillic acid, HVA) were determined using high performance liquid chromatography (HPLC) according to procedures established before [293, 294]. Animals assigned to the post-mortem neurochemical investigations were killed by
decapitation on PND 70. HFD and control offspring were killed and dissected in
random order. The brains were extracted from the skull within 1 min after decapitation and immediately frozen on dry ice and then were stored at -80◦ C until
dissection of the brain. For dissection, the frozen brain was placed ventral side up
on an ice-chilled plate covered with filter paper and was cut with a razor blade
into 1 mm thick coronal sections. The slices were placed on an ice cold dissection
plate for the removal of discrete brain regions, using a 1 mm micropunch for the
dorsal striatum (dSTR), medial prefrontal cortex (mPFC; including anterior cingulate and prelimbic cortices), nucleus accumbens (NAc; including core and shell
subregions), substantia nigra (SN) and ventral tegmental area (VTA). Coronal
sections were prepared along the following coordinates with respect to bregma:
anterior-posterior +2.3 to+1.3, +1.3 to +0.3, −0.1 to −0.6, −1.2 to −2.2, and
−2.8 to −3.8. Tissue punches from the left and right hemispheres of each brain
area of interest were combined, weighed and placed in 1.5 ml polypropylene microcentrifuge tubes containing ice cold 300ul 0.4M HClO4 and homogenized using
ultrasound. After centrifugation at 10,000×g for 20 min at 4◦ C, the clear supernatant layers were removed into a 1 ml syringe and filtered through a 0.2um nylon
filter to separate the insoluble residue. This solution was immediately frozen and
stored at 80◦ C until injection onto the HPLC system. For all brain regions an
aliquot of 20ul was injected in the HPLC system.
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Chromatographic conditions for detection of monoamines and metabolites

A HPLC system coupled with an amperometric electrochemical detector (Decade
II; Antec, Leyden, The Netherlands) was used to determine concentrations of DA,
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA). The samples
were injected via a refrigerated autoinjector (ASI-100, Dionex, CA, USA) equipped
with a 100ul injection loop. The samples were separated on a reversed-phase column (125mm×3mm YMC column, Nucleosil 120-3 C 18, YMC Europe GmbH,
Germany). An HPLC pump (P680, Dionex, CA, USA) connected to a pulse
damper and a degasser was used to pump the mobile phase (see below) throughout
the system. The working potential of the electrochemical glassy carbon flow cell
(VT-03; Antec, Leyden, Netherlands) was +0.70V versus an ISAAC referenceelectrode. A chromatography workstation (Chromeleon, Dionex, Olten, Switzerland)
was used for data acquisition and calculations. The mobile phase consisted of
250 ml of HPLC-grade acetonitrile, 5l of aqueous solution containing 0.27mM
sodium ethylendiammoniumtetraacetate (C10 H14 N2 O8 Na2 · 2 H2 O), 0.43mM triethylamine (C6 H15 N), 8 mM potassium chloride, and 0.925 mM octanesulphonic
acid (C8 H17 O3 SNa) which acted as an ion pairing reagent. The pH was adjusted
to 2.95 by adding concentrated phosphoric acid. This was pumped through the
system at a flow rate of 0.4 ml/min. The position and height of the peaks of
the endogenous components were compared with samples of external calibrating
standard solutions.

2.9.16

Quantification of mRNA for deltaFosB (real-time
PCR)

For dissection, fresh brains from both offspring groups (N = 16 per group) were
cut with a razor blade into 1 mm thick coronal sections. The slices were placed
on an ice cold dissection plate for the removal of the dorsal striatum and nucleus
accumbens using a 1 mm micropunch. Coronal sections were prepared along the
coordinates mentioned above. For storage the tissue was frozen at 80◦ C. RNA
from tissue was extracted using the Trizol-chloroform method (Invitrogen), treated
with DNase (Ambion, Austin, Texas) for 30 min at 37◦ C, then converted to cDNA
using High Capacity cDNA Reverse Transcription Kit [Applied Biosystems (ABI),
Foster City, CA)]. 10 ng of cDNA was analyzed by real-time PCR using SYBR
Green master mix (ABI) and the Ct relative comparison method, where target
gene expression was normalized to expression of the housekeeping gene Gapdh.
The forward primer of deltaFosB was 50 -AGGCAGAGCTGGAGTCGGAGAT-30
and the reverse primer was 50 -GCCGAGGACTTGAACTTCACTCG-30 .

56

Chapter 2. Effects of maternal high-fat diet in the offspring

2.10

Supplementary results with statistics

2.10.1

Maternal behavior

A 2 x 5 x 4 repeated measures ANOVA (treatment x observation sessions per day
x 5-day blocks) was employed to assess differences in the 5 categories of maternal
behavior.
Nursing behavior
The frequency of occurrence of this posture declined significantly through the
lactation period (F3,24 = 4.43; P < 0.02). Control and HFD mothers showed
similar changes in the total amount of nursing as evident by the lack of significant
treatment x 5-day block interaction.
Licking/grooming
Licking/grooming behavior generally decreased toward weaning (F3,24 = 4.43; P <
0.02) and was significantly more frequent in the light phase and licking/grooming
occurred at the highest level on block Day 1-5 leading to a significant observations
sessions per day x 5-day blocks interaction (F12,96 = 2.03; P < 0.03). There was
no significant difference between control and HFD dams.
Carrying
Carrying decreased constantly across the lactation period as indicated by the significant main effect of 5-day block (F3,24 = 3.27; P < 0.04). No significant difference
was detected between control and HFD mothers as was evident by a non-significant
effect of treatment, either as a main effect or in interaction with 5-day block.
Mother off pups
Out of nest behavior gradually increased during the lactation period leading to a
significant main effect of 5-day block (F3,27 = 4.03; P < 0.02). Changes across days
did not differ between control and HFD mothers. The main effect of treatment or
its interaction with 5-day block did not attain statistical significance. Mothers off
pups behavior was significantly more frequent in the dark phase, supported by a
main effect of observations sessions per day (F4,36 = 12.22; P < 0.0001).
Passive nursing
Passive nursing increased in the first 5-day block, Days 1-5, and then consistently
declined as supported by a significant main effect of 5-day block (F3,24 = 8.32; P
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< 0.0007). There was no significant effect of treatment on passive nursing scores
and there was no significant differences between the observation sessions per day.

2.10.2

Mothers metabolic parameters

Mothers body weight
Mothers body weights prior to gestation and following 3 weeks of HFD exposure did
not show any differences between mothers exposed to HFD and mothers exposed
to the control diet (F1,27 = 2.10; P = n.s.; Supplementary Figure 2.6).
Mothers plasma metabolic parameters
Mothers glucose levels prior to conception, after birth and after weaning did not
yield any differences between mothers exposed to HFD and mothers exposed to the
control diet (Supplementary Figure 2.7). Similarly, no differences were detected
between HFD and control dams in cholesterol, triglycerides, free fatty acids and
insulin levels in blood after birth (Supplementary Figure 2.8).
Mothers fat composition and distribution (CT-Scan)
In addition, mothers CT-scan utilized after birth did not reveal any differences in
the lean mass, total fat, % fat ratio, the subcutaneous and the visceral fat between
the HFD and control dams (Supplementary Figure 2.9).

2.10.3

Prepubertal (PND 35-45)

Amphetamine-induced locomotor activity
An ANOVA revealed no differences in locomotor activity between control and HFD
offspring during the baseline and saline injection phases. Furthermore, following
the amphetamine injection both offspring groups reacted in enhanced locomotor
activity in response to the drug as indicated by a significant main effect of time
(F11,66 = 19.46, P < 0.0001; Supplementary Figure 2.10).

2.10.4

Chow food intake (Metabolic Cages)

Both offspring born to HFD and control exposed mothers did not differ in consumption of chow diet during the light and dark cycle (F1,20 = 0.04). Animals
ate more during the dark cycle than during the light cycle. This observation was
supported by a 2 x 2 x 2 ANOVA (Treatment x Sex x Cycle) which revealed a
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significant main effect of cycle (F1,20 = 159.86; P < 0.0001). There was no significant difference in food intake between female and male offspring (Supplementary
Figure 2.12).

2.10.5

Fat composition and distribution (CT-Scan) of offspring at PND 120

Maternal HFD treatment led to significantly higher fat ratio (F1,16 = 5.71; P <
0.03) (Supplementary Figure 2.13a), and higher visceral fat (F1,16 = 6.04; P <
0.03) compared to control offspring (Supplementary Figure 2.13b). There was a
trend of a higher volume of subcutaneous adipose tissue in offspring born to HFD
mothers fed a HFD (F1,16 = 4.17; P = 0.058) (Supplementary Figure 2.13c).

2.10.6

CPP locomotor activity during the condition phase

Four days of saline administration
A 2 x 2 x 2 x 4 x 6 repeated measures ANOVA (group x sex x drug x days x 5min time bins) was conducted. Locomotor activity levels in response to the saline
injection gradually increased across days in all offspring groups as was supported
by a significant main effect of days (F3,120 = 6.53; P < 0.0005; Supplementary
Figure 2.14a). In addition, both offspring groups showed a gradual decline in
locomotor activity levels from the first to the last 5-min block. This was supported
by a highly significant main effect of 5-min time bins (F5,200 = 51.38; P < 0.0001).
Female offspring displaced induced locomotor activity levels as compared to male
offspring as was supported by a significant main effect of sex (F1,40 = 18.03; P
< 0.0001; Supplementary Figure 2.14b) and significant interactions of sex x days
(F3,120 = 5.10; P < 0.003), sex x 5-min time bins (F5,200 = 3.85; P < 0.003) and
sex x days x 5-min time bins (F15,600 = 1.96; P < 0.02). The factor of group and
its interactions did not attain significance.
Four days of cocaine administration
A 2 x 2 x 2 x 4 x 6 repeated measures ANOVA (group x sex x drug x days x 5-min
time bins) was conducted. Both offspring groups showed a gradual decline in locomotor activity levels from the first to the last 5-min block. This was supported
by a highly significant main effect of 5-min time bins (F5,200 = 15.26; P < 0.0001).
HFD offspring showed significantly higher locomotor activity levels in response
to cocaine as compared to control offspring. This observation was supported by
a significant main effect of group (F1,40 = 15.90; P < 0.00004; Supplementary
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Figure 2.6: Mothers body weight at different periods of gestation. The body weights of dams
exposed to either control or HFD diets were monitored before mating (a), during middle of
gestation (b), after birth (c) and following weaning (d). No difference in body weight was
detected between dams exposed to either control or HFD during the 4 different time periods.

Figure 2.14c). In general the administration of a cocaine injection induced hyperlocomotor activity compared to the saline injection in both control and HFD
offspring as was supported by a significant main effect of drug (F1,40 = 108.51; P <
0.0001). Female offspring displaced induced locomotor activity levels as compared
to male offspring as was supported by a significant sex x days interaction (F3,120 =
5.10; P < 0.003; Supplementary Figure 2.14d) and a significant sex x 5-min time
bins interaction (F5,200 = 3.92; P < 0.003).
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Figure 2.7: Mothers blood glucose level. Glucose levels of dams either exposed to control or
HFD diets were monitored prior to conception (a), middle of gestation (b), after birth (c) and
after weaning (d). There was no significant difference in glucose levels between mothers exposed
to HFD and mothers exposed to the control diet.

Figure 2.8: Mothers metabolic parameters. Plasma metabolic parameters of dams exposed
to either control or HFD diets were examined following weaning. No differences were detected
between HFD and control dams in cholesterol (a), triglycerides (b), free fatty acids (FFA)(c)
and insulin blood levels (d) following birth.
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Figure 2.9: Fat distribution in mothers. CT-scan of dams exposed to either control or HFD
diet utilized after birth did not reveal any differences in the lean mass (a), total fat, %fat ratio
(b), the subcutaneous (c) and the visceral fat (d) between the HFD and control dams.

Figure 2.10: Amphetamine sensitivity test at peripubertal age. Locomotor reaction to systemic
treatment with amphetamine: Locomotor activity in the open field expressed as distance traveled (cm) per 10-min bin during the initial baseline phase, following saline administration and
following a systemic injection of amphetamine (2.5 mg/kg, i.p.).
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Figure 2.11: Altered metabolic phenotypes at PND 45. Metabolic parameters measured from
blood samples taken from HFD and control offspring at postnatal day 45. No significant changes
in circulating metabolic parameters such as cholesterol, insulin, triglyceride and free fatty acid
(FFA) levels were detected between control and HFD offspring.

Figure 2.12: Food intake in the metabolic cage study. The intake of normal laboratory chow
of HFD and control offspring was monitored in the metabolic chambers. Both offspring born to
HFD and control exposed mothers did not differ in consumption of chow diet during the light
and dark cycle.
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Figure 2.13: CT-scan at PND 120. Fat composition and distribution as measured with a
computerized tomography (CT-Scan) displayed changes in fat disruption between HFD and
control offspring. Maternal HFD treatment led to significantly higher fat ratio (a), higher visceral
fat (b) compared to control offspring. Additionally, a trend was detected in subcutaneous adipose
tissue in offspring born to HFD mothers compared to controls (c). *p < 0.05.

Group

Control

HFD

Food
Dark
cycle
2.57 ±
0.11

intake
Light
cycle
0.28 ±
0.28

2.65 ±
0.10

1.41 ±
0.10

VO2
Dark
Light
Cycle
cycle
3261 ± 3017.73
208.8
±
190.03
3126.18 2856.55
± 88.18 ± 76.65

Dark
cycle
0.79
0.00

RER
Light
cycle
± 0.80 ±
0.01

0.80 ±
0.00

Table 2.1: Metabolic cage study

0.80 ±
0.00

Acivity
Dark
Light
Cycle
cycle
37661.53 26432.22
±
±
3286.86 2261.00
41875.92 24128.36
±
±
4106.80 2152.64
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Figure 2.14: Conditioned place preference (CPP) during each of the eight conditioning days.
Offspring from both control and HFD groups were allocated to either saline or cocaine injections
over a period of 8 days. (a). Four saline conditioning days (days 1, day 3, day 5 and day 7).
Offspring allocated to saline treatment received an injection of saline solution (0.9% NaCl). (b).
Female offspring showed enhanced locomtor activity levels compared to male offspring across the
4 days of saline injections. (c). Four cocaine conditioning days (days 2, day 4, day 6 and day 8).
Offspring allocated to cocaine treatment received a cocaine hydrochloride injection at a dose of
20 mg/kg and were confined to the cocaine-paired chamber for a period of 30 min. (d). Female
offspring showed enhanced locomtor activity levels compared to male offspring across the 4 days
of cocaine injections.
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Figure 2.15: Dopamine receptor 2 (D2R) antibody specificity test. Representative images
of coronal sections treated with the primary antibody (D2R) in the brain regions (a) medial
prefrontal cortex (mPFC), (b) dorsal striatum and (c) nucleus accumbens (NAc). Representative
images of coronal sections treated with the blocked antibody in the brain regions (d) medial
prefrontal cortex (mPFC), (e) dorsal striatum and (f ) nucleus accumbens (NAc).
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3.1

Abstract

Maternal overnutrition has been associated with increased susceptibility to develop obesity and neurological disorders later in life. Most epidemiological as well
as experimental studies have focused on the metabolic consequences across generations following an early developmental nutritional insult. Recently, it has been
shown that maternal high-fat diet (HFD) affects third-generation female body
mass via the paternal lineage. We showed here that the offspring born to HFD
ancestors displayed addictive-like behaviors as well as obesity and insulin resistance up to the third generation in the absence of any further exposure to HFD.
This findings, implicate that the male germ line is a major player in transferring
phenotypic traits. These behavioral and physiological alterations were paralleled
by reduced striatal dopamine levels and increased dopamine 2 receptor density.
Interestingly, by the third generation a clear gender segregation emerged, where
females showed addictive-like behaviors while male HFD offspring showed an obesogenic phenotype. However, methylome profiling of F1 and F2 sperm revealed
no significant difference between the offspring groups, suggesting that the sperm
methylome might not be the major carrier for the transmission of the phenotypes
observed in our mouse model. Together, our study for the first time demonstrates
that maternal HFD insult causes sustained alterations of the mesolimbic dopaminergic system suggestive of a predisposition to develop obesity and addictive-like
behaviors across multiple generations.

3.2

Keywords

maternal overnutrition, hedonic behavior, dopamine, epigenetic, obesity, mice,
DNA methylation

3.3

Introduction

The global rapid rise in obesity, overweight and their associated co-morbidities
such as type 2 diabetes, cardiovascular diseases as well as mental health disorders
over the past two decades become a major public health concern [234]. Therefore,
it is of utmost importance to further understand the underlying mechanisms and to
find ways for early prevention. The causes of obesity are multifactorial and may be
a complex interaction of genetic and environmental factors [67]. Although genetic
factors play an important role [79], it cannot explain the rapid rise of obesity in
the past decades [5].
The Barker hypothesis postulates that environmental insults during critical
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periods of development cause irreversible physiological changes later in life in the
form of various diseases [18]. The increased prevalence of maternal obesity has
raised new interest to study obesity in the light of this process in recent years [154].
Thus, epidemiological studies have revealed associations between maternal obesity
and the increased susceptibility to develop obesity and the metabolic syndrome in
the progeny later in life [32, 116]. However, epidemiological studies are often unable
to determine the specific link due to the presence of other confounding factors
such as, parental socioeconomic conditions, postnatal life style factors and genetic
predisposition. Therefore, studies on experimental animals become essential to
establish the causal links between maternal obesity and subsequent disease risk in
subsequent generations.
Experimental animal studies have demonstrated that maternal high fat-diet
(HFD) exposure can alter the hypothalamic appetite regulatory system of the
offspring, leading to hyperphagia later in life [254, 379, 380]. Recently, studies
have shown that maternal HFD exposure can also program the mesolimbic reward
system that influences offsprings’ food preference and may explain the increased
risk for developing obesity and the metabolic syndrome [261, 277, 295]. Such
programming effect of the central reward circuit might also lead to predisposition
to develop substance abuse disorders in the offspring, although relatively little
attention has been given so far to explore this association. We have shown that
maternal HFD increases the susceptibility to overconsumption of palatable foods in
the first generation as well as enhanced sensitivity to drugs of abuse [295]. These
altered hedonic behaviors are associated with reduced striatal dopamine levels,
suggesting that a hypodopaminergic state of the mesolimbic reward system may
be responsible for the higher vulnerability to develop addictive like behaviors and
altered metabolic phenotypes in the offspring.
DNA methylation, histone modifications and non-coding RNAs are the three
known epigenetic marks that have been implicated in transgenerational inheritance
of the modified traits. Whilst there is emerging evidence of maternal stress [118],
toxins [224] and undernutrition [310] induced inheritance of disease susceptibility
across multiple generations and its association with altered epigenetic marks, there
is not much known about the transgenerational effects of maternal obesity or
overnutrition. Most studies in rodents have demonstrated that altered metabolic
phenotypes induced by maternal HFD exposure can be transmitted up to the
second generaion (F2) [195, 130, 91] and only recently Dunn et al. have reported
increased body length as well as body weight in female mice is transmitted up
to the third generation (F3) [92]. In order to establish a true transgenerational
epigenetic inheritance, it is crucial to study the phenotypic changes up to the
third (F3) generation [313, 150, 245]. Moreover, the underlying mechanisms and
the role of epigenetic marks for such transgenerational effects still remain to be
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explored. Further, to date no studies have explored the transmission of addictivelike phenotypes across multiple generations following maternal HFD exposure.
Therefore, in the present study, we aimed to investigate if altered hedonic behaviors
and metabolic phenotypes induced by a maternal HFD insult are transmitted to
the second and third generations through the paternal lineage. Furthermore, we
analyzed whether such an insult also affects the mesolimbic dopaminergic circuitry
and whether epigenetic methylation marks could be identified that would promote
such an inheritance.

3.4
3.4.1

Materials and methods
Animals

C57BL/6N mice (10 weeks old) were obtained from Charles River, Germany. Mice
were acclimatized for 2 weeks in a temperature and humidity controlled facility
under a reversed light-dark cycle (lights off: 7:00 to 19:00) with chow food (KlibaNafag 3430, Klibamühlen; major nutrients: 18.5% crude protein, dry matter 88%,
crude fat 4.5%, 54.2% NFE) and water ad libitum. All mouse experiments described in this study were approved by the Veterinary Office of the Canton of
Zurich, Switzerland.

3.4.2

Experimental design

To generate the F1 offspring, female mice were fed either a HFD (Kliba-Nafag
2127, Kaiseraugst, Switzerland; 60% energy from fat; major nutrients: 23.9%
crude protein, dry matter 92%, crude fat 35%, 23.2% NFE) or normal laboratory
chow (Kliba-Nafag 3430) for a total of 9 weeks: 3 weeks prior to mating, 3 weeks
during gestation and 3 weeks during lactation [295, 296]. Dams exposed to 9 weeks
maternal HFD were neither obese at the time of mating nor did they develop
obesity or any altered metabolic phenotype as well as changes in maternal care
during gestation and lactation [295]. Upon weaning on postnatal day (PND) 21
all the offspring were given ad libitum access to chow diet. To generate the F2
offspring, F1 males born to HFD exposed dams and chow fed dams were mated
with naı̈ve primiparous female mice reared on chow diet. The males were kept in
the mating cage for 3-4 h until a vaginal copulation plug was confirmed. Pregnant
dams from both groups were exposed exclusively to chow diet throughout gestation
and lactation. Similarly, to generate the F3 offspring, F2 males from HFD and
chow fed ancestors were mated with naı̈ve primiparous females (Figure 3.1). One
offspring per litter from 10 different dams was selected for hedonic, metabolic,
neuroanatomical and neurochemical tests to control for litter effect. Behaviorally
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naı̈ve offspring were allocated for each experiment to avoid the possible effects
of prior behavior testing. Both male and female offspring were included in order
to assess potential sex-specific effects [355]. The groups were defined as HFD
and control (CTR) in both F2 and F3 generations where offspring from HFD fed
ancestors belong to the HFD group and offspring from chow fed ancestors belong
to the CTR group. The experiments and evaluations commenced when offspring
reached adulthood at PND 70.
In a separate cohort of animals, we have used in vitro fertilization (IVF) to
generate F2 offspring by transferring F1 sperm into naı̈ve females, in order to
exclude the possible paternal exposure during mating. The behavioral phenotypes
observed in HFD-IVF offspring were similar to those observed in F2-HFD offspring
(Supplementary Figure 3.6). This supports our hypothesis that male germ cells
are the major direct mediator for the transgenerational inheritance of maternal
HFD insults.

3.4.3

Metabolic phenotyping

Body weight and fat composition
The body weight of the offspring was measured on a weekly basis from PND 28 till
PND 91. Body fat composition was then assessed using a computed tomograpghy
(CT) X-ray scanner. Detailed explanation of the procedure is included in the
supplementary method section (Section 4.10).
Insulin tolerance test
The test was conducted in 14-week old mice. Mice were fasted for 6 h. After
measuring the baseline blood glucose levels, mice were given intraperitoneal (i.p.)
injection of insulin (Actrapid; Novo Nordisk A/S) at a dose of 0.75 IU insulin/kg
body weight in males and 0.6 IU insulin/kg body weight in females. Blood glucose
levels were then monitored 15, 30, 60, 90 and 120 min after injection. Glucose
level was measured in fresh tail blood using Accu-Chek Aviva device (Roche).
Metabolic cage study
The metabolic activity was assessed at the age of 20 weeks. O2 consumption, CO2
expiration, heat production, calorie consumption, locomotor activity and respiratory exchange ratio (RER) were recorded during day and night using the TSE
Phenomaster cages (TSE Systems GmbH, Bad Homburg, Germany). The description of the apparatus and the procedure is provided in the supplementary
Section 4.10.
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Figure 3.1: Breeding design used to generate F1, F2 and F3 progeny of HFD and chow fed
dams. Female mice (F0) were fed either HFD or chow diet for 3 weeks prior to mating, 3
weeks during gestation and 3 weeks during lactation to obtain F1 HFD and F1 CTR offspring
respectively. To generate F2 offspring through paternal lineage, F1 HFD and F1 CTR males were
mated with naı̈ve females. All pregnant dams were on chow diet throughout their pregnancy and
lactation. F2 HFD and F2 CTR males were mated with naı̈ve females to obtain F3 offspring.
F1, F2 and F3 offspring from both groups were on chow diet since weaning. Colors of the mice
are matched with the color codes used for the groups in subsequent graphs.
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Plasma parameters
Mice were fasted for 6 h prior to dissection. Blood was collected by means of
cardiac puncture, mixed with 5 µl EDTA (0.6M) and centrifuged on 1000 × g for 10
min to collect the plasma. Commercially available enzyme linked immunosorbent
assay kit (ELISA; Crystal Chem Inc, USA) was used to measure plasma levels
of insulin. Colorimetric assays were used to measure plasma levels of cholesterol
(Chol; Roche, Switzerland), triacylglycerol (TG; Hitachi, Switzerland) and nonesterified free fatty acids (NEFA; Wako, Germany).

3.4.4

Behavioral experiments

Fat preference
During the experiment, mice were caged individually in type II cages (14 × 18
× 34.5 cm) and had ad libitum access to water. Mice were presented with both
laboratory chow diet and HFD for 3 h on 4 consecutive days. The consumption
of laboratory chow and HFD as well as the animals’ body weight were measured
after the test every day. HFD intake was calculated as an amount of consumed
HFD in mg per g body weight per 3 h.
Sucrose and alcohol preference tests
The same protocol was employed for the sucrose and alcohol preference tests. For
the duration of the experiment, mice were single housed in standard cages. Mice
were first allowed to habituate to drink water from the two 15 ml polypropylene
tubes for two days prior to the test. The preference tests started on the third day
and were conducted for 9 days. The three different sucrose (0.5%, 1% and 3%) and
alcohol (2%, 5% and 8%) concentrations were used. During the test, mice were
given simultaneous free access to the two drinking tubes, one with water and one
with test solution. The consumption of tested drinks was calculated as an amount
of consumed solution in mg per g body weight per day.
Amphetamine-induced locomotor activity
The locomotor response to a systemic amphetamine administration (2.5 mg/kg
body weight; intraperitoneal injection) was tested in an open field apparatus using
the Ethovision system (Noldus Technology, Netherlands). The locomotor activity
was indexed by the distance travelled in the entire arena, expressed as a function
of 12 successive 10 min bins (See also Section 4.10).
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Conditioned place preference (CPP)
The CPP response to systemic cocaine administration at a dose of 20 mg/kg was
assessed in the CPP chamber. The chamber consisted of two equally sized compartments with different colored walls and distinct floor textures that were separated
by a small central area. At day 0 (pre-conditioning phase), mice were allowed to
move freely in all chambers for 15 min. At days 1-8 (conditioning phase), half of the
animals from each group received cocaine hydrochloride (SigmaAldrich, Switzerland) or saline (0.9% NaCl) in one compartment while the other half received it
in the other compartment immediately before a 30 min placement in the assigned
compartments. At day 10 (preference test), the mice were again given free access
to the entire apparatus without any injection for 30 min. The distance travelled
(successive 5 min bins) and total time spent (s) in each compartment were recorded
by the Ethovision software. The detailed description of the procedure is provided
in the supplementary Section 4.10.
Behavioral sensitization to cocaine
The locomotor sensitization effect for cocaine was assessed in the CPP apparatus.
Mice from both HFD and CTR groups received an intraperitoneal (i.p.) injection
of cocaine at a dose of 20 mg/kg on days 2, 4, 6, 8 (during the conditioning phase
of CPP test) and for the evaluation of behavioral sensitization, all the animals
received a cocaine injection on day 21. The basal locomotor activity was measured
for 30 min and cocaine-stimulated locomotor activity was measured for 60 min.

3.4.5

Molecular experiments

Gene expression analysis of deltaFosB
On the last day of cocaine sensitization test, the mice were sacrificed 1 h post
cocaine injection and the different brain regions were extracted and stored at -80◦ C.
The expression of delta FosB in dSTR and Nac was then assessed by quantitative
real time PCR (q-RT PCR). The detailed description of the methods used for brain
extraction and q-RT PCR is in the supplementary method section (Section 4.10).
Immunohistochemistry
The immunohistochemistry was performed in the adult behaviorally naı̈ve mice
using DAB immunostaining. The following primary antibodies were used: rabbit
anti-tyrosine hydroxylase (TH) (Santa Cruz Biotechnology sc14007; diluted 1:500),
rat anti dopamine transporter (DAT) (Chemicon MAB369; diluted 1:1000), rat
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anti-dopamine D1 receptor (D1R) (Sigma Aldrich D2944; diluted 1:1000) and rabbit anti-dopamine D2 receptor (D2R) (Chemicon AB5084P; diluted 1:500). The
specificity of immunoreactions of the primary antibodies were assessed and validated in several recent publications [295, 334, 373]. Microscopic analysis and
quantification were conducted using densitometry and steriological methods. The
full description of the tissue processing for the immunohistochemistry and the
image quantification methods are provided in Section 4.10.
Post mortem HPLC
For post mortem neurochemical analysis, the brain regions isolated from adult
mice were processed usning 0.4 M perchloric acid at 4◦ C. The levels of dopamine
(DA) and its metabolites DOPAC and HVA were measured by a high performance
liquid chromatography (HPLC) system as previously described [294] (See also
Section 4.10 for detailed description).
Preparation of sperm samples
Adult male HFD and control offspring from F1 and F2 generation were sacrificed
by CO2 asphyxiation and sperm was collected as described previously [384]. The
cauda epididymis and vas deferens were carefully removed and punctured to collect the sperm mass which was then suspended into 500 µl M2 medium (Sigma
Aldrich, M7167). The sample was incubated at 37◦ C for 1 h for capacitation. Following capacitation, the upper 32 rd of the fluid containing sperm cells was collected
in a fresh tube to eliminate somatic cell contamination. Sperm was pelleted by
centrifugation at 10,000 rpm for 10 min and stored at -80◦ C.
Sperm DNA extraction
Sperm DNA extraction was following Isolation of genomic DNA from sperm using
the QIAamp DNA Mini Kit.
Bisulfite conversion and sequencing analysis
Whole-genome bisulfite-sequencing libraries were generated using a post bisulfiteadaptor tagging (PBAT) method as previously described [248, 365], using 10 cycles
of PCR amplification. Libraries were sequenced as single end libraries using Illumina HiSeq 2000. Six biological replicates of F1 each HFD and CTR group as
well as 7 biological replicates of F2 each HFD and CTR group were generated to
ensure adequate power to detect statistically significant differences between the
respective groups. CpG methylation calls were analyzed using R and SeqMonk
software (http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/).
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Graphing and statistics were performed using Seqmonk and RStudio. The anlysis
is described in details in the supplementary Section 4.10.
Statistical analysis
Sample size was selected based on the common practice for behavioral experiments
(n of 810) that ensures adequate power to determine a prespecified effect size and
on our previous studies with the chosen methods [295]. Data were analyzed using
the statistical software StatView (version 5.0). Analysis of variance (ANOVA) followed by post-hoc comparisons (Fisher’s least significant difference) or restricted
ANOVA was employed whenever appropriate. For the weekly monitoring of body
weight a 2 × 2 × 10 (maternal exposure × sex × weeks) repeated-measure ANOVA
was employed. To analyze the preference for HFD a 2 × 2 × 2 (maternal exposure
× sex × food) ANOVA was employed. For the sucrose and alcohol preference
tests a 2 × 2 × 2 × 3 (maternal exposure × sex × preference substance × substance concentrations) repeated-measure ANOVA was used. The baseline and
saline phases prior to the amphetamine injection were subjected to a 2 × 2 × 3
(maternal exposure × sex × 10-min bins) and amphetamine induced locomotor
activity was subjected to a 2 × 2 × 12 (maternal exposure × sex × 10-min bins)
repeated-measure ANOVA. In the test of CPP a 2 × 2 × 2 (maternal exposure ×
sex × drug-compartment) repeated-measure ANOVA was employed. Behavioral
sensitization to cocaine was analyzed using a 2 × 2 × 6 (maternal exposure ×
sex × 10-min bins) repeated-measure ANOVA. For the postmortem neurochemical analysis each monoamine and its metabolites was subjected to a 2 × 2 × 6
(maternal exposure × sex × brain area) repeated-measure ANOVA. In the behavioral, metabolic, neuroanatomical and neurochemical tests, no difference was
detecetd in the variance between HFD and CTR groups (F > 1).

3.5
3.5.1

Results
Hedonic responses to natural rewards in the F2 and
F3 offspring of HFD ancestors

We assessed altered hedonic responses to natural rewards (HFD and sucrose) in
the F2 and F3 generations. In the HFD preference test, all offspring groups (both
HFD and CTR) consumed more HFD than chow in both F2 (F1,33 = 117.552, P
< 0.0001; Supplementary Figure 3.7a) and F3 (F1,36 = 300.021, P < 0.0001; Supplementary Figure 3.7b) generations, however no difference was detected in HFD
preference between the groups. Similarly, in the sucrose preference test, both HFD
and CTR offspring preferred the sucrose solution to water in F2 (F1,35 = 422.673,
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P < 0.0001) and F3 (F1,32 = 196.891, P < 0.0001) generations. Both groups (HFD
and CTR) showed gradually increased sucrose consumption with higher concentrations of sucrose in the F2 (F2,70 = 163.739, P < 0.0001; Supplementary Figure 3.7c)
as well as in the F3 (F2,72 = 68.740, P < 0.0001; Supplementary Figure 3.7d) generations. However, no difference in sucrose preference was detected between the
groups.

3.5.2

Addictive-like phenotype in the F2 and F3 offspring
of HFD ancestors

We further assessed the hedonic responses to alcohol and drugs of abuse in the
F2 and F3 offspring. An alcohol preference test revealed that the F2-offspring
preferred the alcohol solution to water (F1,35 = 71.886, P < 0.0001). However,
both male and female HFD F2-offspring showed a significantly higher preference to
alcohol compared to the controls (F1,35 = 7.098, P < 0.02; Figure 3.2a). In the F3
generation, both offspring groups (HFD and CTR) preferred the alcohol solution
to water (F1,33 = 9.625, P < 0.001), whilst female HFD F3-offspring consumed
more alcohol in all three concentrations as compared to their CTR littermates (P
< 0.01). Contrary, male HFD F3-offspring did not show any difference compared
to the CTR offspring (Figure 3.2b).
In an amphetamine sensitivity test, no difference in baseline locomotor activity
and in response to a saline injection was detected between the F2-offspring groups.
Thus, both male and female HFD F2-offspring showed enhanced locomotor activity
in response to a systemic amphetamine injection compared to CTR F2-offspring
(F1,16 = 13.258, P < 0.003; Figure 3.2c). Similarly, the F3 generation, did not
differ in spontaneous locomotor activity levels and in response to the saline injection. However, amphetamine-induced locomotor activity was increased in female
HFD F3-offspring compared to their controls (P < 0.001; Figure 3.2d), whilst no
difference was detected between male HFD F3-offspring and their controls.
In a CPP paradigm, while both F2-offspring groups (CTR and HFD) showed
a higher preference to the cocaine- compared to the saline-paired compartment
(F1,40 = 43.631, P < 0.0001; Figure 3.2e); both male and female HFD F2-offspring
spent more time in the cocaine-paired compartment compared to the CTR offspring (F1,40 = 4.773, P < 0.04; Figure 3.2e). In the F3 generation, both groups
displayed a preference to the cocaine- compared to the saline-paired compartment
(F1,40 = 63.645, P < 0.0001; Figure 3.2f). However, HFD F3-offspring showed
a stronger preference to the cocaine-paired compartment compared to the CTR
offspring (F2,40 = 7.185, P < 0.02; Figure 3.2f). A subsequent post hoc analysis revealed that female HFD F3-offspring showed a stronger preference to the
cocaine-paired compartment as compared with their CTR littermates (P < 0.03).
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Figure 3.2: Addictive like phenotypes persistent in F2 and F3 offspring with HFD ancestors.
(a) and (b) show the alcohol preference in F2 and F3 generation respectively. The bar plots
depict the mean alcohol consumption per day normalized to body weight in three different
concentrations (2%, 5% and 8%). N (F2 CTR) = 20 (10 m, 10 f); N (F2 HFD) = 20 (10 m,
10 f); N (F3 CTR) = 20 (10 m, 10 f); N (F3 HFD) = 20 (10 m, 10 f). (c) and (d) represent
the amphetamine induced locomotor activity in F2 and F3 offspring respectively. The line plots
show the distance travelled in successive 10 min bins following baseline, saline and amphetamine
injection in the open field. N (F2 CTR) = 12 (6 m, 6 f); N (F2 HFD) = 12 (6 m, 6 f); N (F3
CTR) = 12 (6 m, 6 f); N (F3 HFD) = 12 (6 m, 6 f). (e) and (f) depict the conditioned place
preference to cocaine in the F2 and F3 generation respectively. The bar plots show the total
time spent in the cocaine-paired and saline-paired compartments. N (F2 CTR) = 24 (12 m, 12
f); N (F2 HFD) = 24 (12 m, 12 f); N (F3 CTR) = 24 (12 m, 12 f); N (F3 HFD) = 24 (12 m, 12
f). (g) and (h) show the expression of delta FosB in the F2 and F3 offspring respectively. The
bar plots represent the levels of delta FosB in the Nac and dSTR following cocaine sensitization.
N (F2 CTR) = 12 (6 m, 6 f); N (F2 HFD) = 12 (6 m, 6 f); N (F3 CTR) = 12 (6 m, 6 f); N (F3
HFD) = 12 (6 m, 6 f). Data are represented as mean ± s.e.m. *P < 0.05, ***P < 0.0001. m =
male, f = female.
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The sensitization test was performed in the CPP paradigm following 21 days
of withdrawal from cocaine. Whilst no difference in baseline activity levels was detected in the F2-offspring groups, both offspring groups showed enhanced activity
levels in response to the challenge-cocaine injection (F5,90 = 10.310, P < 0.0001;
Supplementary Figure 3.8a). However, both female and male HFD F2-offspring
displayed increased cocaine-induced locomotor activity as compared to their controls (F1,18 = 30.963, P < 0.0001). Similarly, both F3-offspring groups showed
increased locomotor activity in response to the cocaine injection (F5,95 = 6.921,
P < 0.0001; Supplementary Figure 3.8b). However, HFD F3-offspring showed
increased behavioral sensitization to cocaine as compared to CTR F3-offspring
(F1,19 = 16.981, P < 0.001). Next, we determined the expression of delta FosB
in the nucleus accumbens (Nac) and the dorsal striatum (dSTR) of F2 and F3
offspring following cocaine sensitization. HFD F2-offspring displayed higher levels
of delta FosB in both the Nac and dSTR (F1,20 = 18.619, P < 0.001 and F1,20 =
6.380, P < 0.03, respectively) compared to the CTR offspring (Figure 3.2g). Similar results of delta FosB levels were observed in HFD F3-offspring with increased
levels in the Nac and dSTR (F1,20 = 11.795, P < 0.003 and F1,20 = 5.476, P <
0.03, respectively; Figure 3.2h).

3.5.3

Neuroanatomical alterations in the brain reward system in the F2 and F3 offspring born to HFD ancestors

To identify possible transgenerational effects of maternal HFD exposure on the
central nervous system, we investigated and compared the expression of dopamine
(DA) related proteins, i.e., tyrosine hydroxylase (TH, the rate-limiting enzyme for
dopamine synthesis), dopamine transporter (DAT) and dopamine receptor 1 and
2 (D1R and D2R) in the mesocorticolimbic reward system of F2 and F3 offspring.
As shown in Figure 3.3a, no group differences were observed in the F2 generation
with respect to TH immunoreactivity in the dSTR, Nac-core and shell as well as
medial prefrontal cortex (mPFC). In contrast, both male and female HFD F2offspring displayed a reduction in the number of TH positive neurons in the VTA
(F1,18 = 5.331, P < 0.03; Figure 3.3b). In the F3 generation, HFD offspring
displayed lower levels of TH in the dSTR (F1,26 = 5.963, P < 0.03; Figure 3.3c),
Nac-shell (F1,26 = 7.482, P < 0.02; Figure 3.3c) and VTA (F1,28 = 9.930, P <
0.004; Figure 3.3d). Subsequent post hoc analysis yielded a significant reduction
in TH immunoreactivity in the dSTR (P < 0.05), Nac-shell (P < 0.009) and
VTA (P < 0.002) specifically in HFD female F3-offspring compared to the CTR
female F3-offspring. DAT expression was lower in both male and female HFD
F2-offspring in the Nac-core (F1,28 = 6.077, P < 0.03 ) and Nac-shell (F1,28 =
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6.077, P < 0.02) compared to the CTR offspring (Figure 3.3e). In contrast, a
significant group × sex interaction was detected in DAT immunoreactivity in the
Nac-core (F1,27 = 7.151, P < 0.02), Nac-shell (F1,27 = 8.883, P < 0.007) and
mPFC (F1,27 = 4.85, P < 0.04) (Figure 3.3f) in the HFD F3-offspring as compared
to the CTR offspring. Subsequent post hoc analysis revealed that female HFD
F3-offspring showed lower expression of DAT in the Nac-core (P < 0.005), Nacshell (P < 0.003) as well as mPFC (P < 0.02) compared to the CTR offspring. As
shown in Figure 3.3g, a significant interaction between group and sex was detected
in the D1R immunoreactivity in the dSTR (F1,29 = 4.74, P < 0.04) and mPFC
(F1,29 = 9.45, P < 0.005) in the HFD F2-offspring compared to CTR offspring. A
subsequent post hoc analysis revealed that HFD female F2-offspring displayed lower
D1R expression in the dSTR (P < 0.05) and mPFC (P < 0.0001) compared to their
controls. In contrast, HFD F3-offspring displayed increased expression of D1R in
the dSTR (F1,25 = 4.455, P < 0.05), Nac-core (F1,25 = 9.572, P < 0.005) and shell
(F1,25 = 9.15, P < 0.006) (Figure 3.3h). Subsequent post hoc analysis depicted
that HFD female F3-offspring showed higher D1R immunoreactivity in the Naccore (P < 0.04) and shell (P < 0.03). Furthermore, HFD F2-offspring displayed
enhanced expression of D2 receptor in the dSTR (F1,31 = 4.209, P < 0.05), Naccore (F1,31 = 5.438, P < 0.03), Nac-shell (F1,31 = 5.202, P < 0.03) and mPFC
(F1,31 = 12.379, P < 0.002) (Figure 3.3i). Similarly, HFD F3-offspring showed
increased D2R immunoreactivity in the Nac-core (F1,27 = 9.325, P < 0.006), Nacshell (F1,27 = 9.928, P < 0.005) and a tendency to higher D2R expression in
the dSTR (F1,28 = 4.013, p = 0.05; Figure 3.3j). In contrast, HFD F3-offspring
displayed a significant reduction in D2R immunoreactivity in the mPFC (F1,27 =
23.966, P < 0.0001; Figure 3.3j).

3.5.4

Neurochemical alterations in the brain reward system in the F2 and F3 offspring

To support the immunohistochemistry findings, we measured the levels of DA and
its metabolites 3,4 dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA) in VTA, Nac, dSTR, substantia nigra (SN), hypothalamus (Hypo), mPFC,
amygdala (amyg), ventral (V. hip) and dorsal hippocampus (D. hip) of F2 and F3
offspring.
In the F2 generation, lower levels of DA were detected in the Nac, dSTR and
VTA in HFD offspring as compared to their controls (F8,230 = 20.022, P < 0.0001;
Figure 3.3w). A subsequent post hoc analysis yielded that both male and female
HFD-offspring displayed reduced DA levels in the Nac (P < 0.0003) and dSTR (P
< 0.03), whilst only female HFD offspring showed lower DA levels in the VTA (P
< 0.03). In the F3 generation, decreased levels of DA were detected in the Nac,
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Figure 3.3: (Continued on the following page.)
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Figure 3.3: Neuroanatomical and neurochemical alterations in the dopaminergic system of the
F2 and F3- HFD offspring. Immunoreactivities of TH, DAT and D2R in dSTR and Nac (core
and shell) were measured by densitometry and TH positive neurons were calculated in the VTA
and SN by stereology. Levels of DA were measured in post-mortem brain tissue using high performance liquid chromatography (HPLC). (a-d) show the expression of TH in the striatal regions,
mPFC, VTA and SN of the F2 and F3 offspring respectively. (e) and (f) display DAT immunoreactivity in the dSTR, Nac (core and shell) and mPFC of F2 and F3 offspring respectively. (g)
and (h) represent the expression of D1R in the F2 and F3 offspring respectively. (i) and (j)
depict the levels of D2R in the dSTR, Nac (core and shell) and mPFC of F2 and F3 offspring
respectively. (k-v) representative images of coronal brain sections of F2 and F3 offspring for the
expression of TH in the VTA, DAT and D2R in Nac core and shell. (w) and (x) display the
levels of DA in the dSTR, Nac and VTA of F2 and F3 offspring respectively. The inlet graphs
in f, g, i and j display a larger representation of the mPFC since DAT, D1R and D2R expression
are lower in this brain region. The content of monoamine is expressed as ng per mg fresh tissue
weight. Data are represented as mean ± s.e.m. *P < 0.05, **P < 0.001, ***P < 0.0001. N (F2
CTR) = 16 (8 m, 8 f); N (F2 HFD) = 16 (8 m, 8 f); N (F3 CTR) = 18 (9 m, 9 f); N (F3 HFD)
= 18 (9 m, 9 f) for immunohistochemistry. N (F2) = 20 (10 m, 10 f) per group; N(F3) = 18 (9
m, 9 f) per group for HPLC. TH = tyrosine hydroxylase, DAT = dopamine transporter, D2R
= dopamine receptor 2, DA = dopamine, dSTR = dorsal striatum, Nac = nucleus accumbens,
VTA = ventral tegmental area, SN = substantia nigra, mPFC = medial prefrontal cortex. m =
male, f = female.

dSTR and VTA of HFD offspring (F6,196 = 2.349, P < 0.0326; Figure 3.3x). A
subsequent post hoc analysis revealed that only female HFD F3-offspring showed
lower DA levels in the Nac (P < 0.005), dSTR (P < 0.003) and VTA (P < 0.02)
compared to their control littermates. The levels of DOPAC were reduced in the
Nac (P < 0.04) of both male and female F2 HFD-offspring compared to their control littermates (Supplementary Figure 3.9b). In the F3 generation, lower levels
of DOPAC were detected in the VTA (P < 0.02) of HFD-female offspring (Supplementary Figure 3.10b). As shown in Supplementary Figure 3.9d, reduced HVA
levels were detected in Nac and dSTR of HFD F2-offspring (F8,230 = 2.354, P <
0.02). A subsequent post hoc test yielded that both male and female HFD-offspring
displayed lower levels of HVA in the Nac (P < 0.0003), whilst only male F2-HFD
offspring showed lower HVA levels in the dSTR (P < 0.04). In contrast, HFD
female F3-offspring showed decreased HVA levels in the Nac (P < 0.007), dSTR
(P < 0.003) and VTA (P < 0.001) (Supplementary Figure 3.10d). No difference
in the levels of DA, DOPAC and HVA was detected in any other brain region in
both F2 (Supplementary Figure 3.9a,c and e) and F3 offspring (Supplementary
Figure 3.10 a,c and e).
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Figure 3.4: Altered metabolic phenotypes persistent in the F2 and F3 generation of HFD fed
dams. (a) and (b) show the body weight in the F2 and F3 generation respectively. The line plots
depict the mean body weight per week for 11 consecutive weeks. N (F2 CTR) = 80 (48 m, 32
f); N (F2 HFD) = 86 (52 m, 34 f); N (F3 CTR) = 42 (22 m, 20 f); N (F3 HFD) = 52 (26 m, 26
f). (c) and (d) represent the distribution of fat in the F2 and F3 offspring respectively. The bar
plots show the average lean mass and percentage of fat mass ratio. N (F2) = 12 (6 m, 6f) per
group; N (F3) = 12 (6 m, 6 f) per group. (e) and (f) depict the insulin sensitivity in the F2 and
F3 generation respectively. The line plots show the blood glucose levels after 6 h fasting (time
0 min) and 15, 30, 60, 90 and 120 min following insulin challenge. N (F2) = 16 (8 m, 8 f) per
group; N (F3) = 16 (8 m, 8 f) per group. (g) and (h) show the metabolic profiles in the F2 and
F3 offspring respectively. The bar plots represent the concentration of insulin and cholesterol.
N (F2) = 12 (6 m, 6 f) per group; N (F3) = 12 (6 m, 6 f) per group. Data are represented as
mean ± s.e.m. *P < 0.05, **P < 0.001, ***P < 0.0001. m = male, f = female.
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Obesity and insulin resistance development in second
(F2) and third (F3) generation HFD offspring

To identify possible metabolic transgenerational effects of perinatal maternal HFD
exposure, we characterized the metabolic phenotype of F2 and F3 offspring. In
the F2 generation, both male and female HFD offspring gained significantly more
weight from PND 28 until PND 91 compared to the CTR offspring (F9,144 =
7.476, P < 0.0001; Figure 3.4a). Further, F2-HFD offspring showed elevated body
fat content (F1,27 = 4.83, P < 0.04) and higher fat mass in the visceral fat depot
(F1,27 = 5.56, P < 0.03) (Supplementary Figure 3.11a) as well as higher percentage
of fat mass ratio (F1,27 = 5.009, P < 0.04) with no difference in lean body mass
(Figure 3.4c). An insulin tolerance test demonstrated significantly higher blood
glucose level in the HFD F2-offspring compared to the CTR F2-offspring after an
insulin challenge injection (F1,27 = 6.702, P < 0.02; Figure 3.4e). A subsequent
post hoc test supported a stronger insulin sensitivity impairment in HFD males
F2-offspring (P < 0.05) compared to their controls. A lower metabolic rate was
observed in both the dark and light cycle in HFD F2-offspring with reduced O2
consumption and CO2 production (F1,20 = 7.996, P < 0.02 and F1,20 = 8.699, P
< 0.01, respectively; Supplementary Figure 3.12a-b) compared with the CTR F2offspring. In contrast, no difference was detected between the F2-offspring groups
with regard to respiratory exchange ratio (RER), general locomotor activity and
food intake (Supplementary Figure 3.12d-f). Consistent with these findings, F2HFD offspring also displayed a significantly higher fasted plasma levels of insulin
(F1,20 = 8.054, P < 0.02) and cholesterol (F1,28 = 5.911, P < 0.03) (Figure 3.4g)
as well as lower free fatty acids (FFA) (F1,28 = 15.163, P < 0.001; Supplementary
Figure 3.11e) compared to CTR offspring.
In the F3 generation, alteration in body weight was observed in HFD F3offspring (F1,85 = 10.060, P < 0.003; Figure 3.4b). A post hoc test revealed that
male HFD F3-offspring showed a significant increased body weight (P < 0.02)
compared with the CTR male offspring, whilst female HFD F3-offspring weighed
significantly less than the CTR female offspring from PND 70 (P < 0.05). The
CT-scan of body composition revealed that male HFD F3-offspring showed increased total body fat content (P < 0.02), higher fat mass in both subcutaneous
(P < 0.02) and visceral fat depot (P < 0.03) (Supplementary Figure 3.11b) and
higher percentage of fat mass ratio (P < 0.03) with no difference in the lean mass
compared to the CTR male offspring (Figure 3.4d). In addition, male HFD F3offspring showed impaired sensitivity to insulin compared with the CTR offspring
(P < 0.05; Figure 3.4f). Furthermore, lower energy expenditure was detected in
male HFD F3-offspring with lower CO2 production (P < 0.02) and lower RER
(P < 0.04) (Supplementary Figure 3.13b and d; respectively) as compared to the
CTR offspring. Aligned with these findings, male HFD F3-offspring showed higher
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levels of circulating insulin (P < 0.01), cholesterol (P < 0.005) (Figure 3.4h) and
lower FFA levels (P < 0.008; Supplementary Figure 3.11f) compared to CTR offspring. In contrast, female HFD F3-offspring showed lower levels of triglyceride
(P < 0.02; Supplementary Figure 3.11f) and no difference in any other plasma
parameters when compared to CTR offspring.

3.5.6

Analysis of CpG methylation in F1 and F2 sperm

Given the fact that we observed transgenerational inheritance of multiple traits
into F3 which cannot be due to environmental exposures, we performed methylation studies to gain insights into epigenetic transgenerational inheritance by DNA
methylation. In that respect our system is unique, as we are able to correlate the
transmission of alterations in methylation marks with a very strong phenotype of
certain traits over three generations. Therefore, we carried out whole-genome bisulfite sequencing (WGBS) of F1 and F2 offspring sperm. The global CpG methylation levels of the F1 and F2 sperm was 95% both in CTR or HFD offspring
(Figure 3.5a), consistent with previous measurements. To identify differentially
methylated regions (DMRs) in F1 and F2 CTR in comparison to HFD, we defined
DMRs as having a length of at least 100bp and a methylation difference of at least
10% between CTR and HFD. Using this cutoff, we identified 527 DMRs in the F1
sperm (295 hypomethylated and 232 hypermethylated) and 543 DMRs in F2 sperm
(292 hypomethylated and 251 hypermethylated) (Figure 3.5b). Interestingly, even
though we observe a strong penetrance of the metabolic/hedonic phenotype into
the F3 generation we found only an overlap of 6 DMRs across the F1 and F2
generations, 3 being hypomethylated and 3 being hypermethylated (Supplementary Figure 10) independent of a bias in the genomic distribution of DMRs among
unique and repetitive elements (Figure 3.5c). Although most significant DMRs
in F1 offspring were not significantly differentially methylated in F2 offspring the
same trend of differential methylation was still apparent in the F2 generation, with
the methylation of the Epx gene serving as an example (Figure 3.5d). Therefore,
we analysed DMRs which were consistently hypo- or hypermethylated throughout
the F1 and F2 generations, without the necessity of significance in the F2 generation. We found 82 DMRs which behaved consistently over both generations (51
hypomethylated and 31 hypermethylated) (Figure 3.5e).

3.6

Discussion

Our study demonstrates for the first time in a model of maternal HFD exposure
which leads to addictive-like as well as obesogenic phenotypes over 3 generations.
These traits are transmitted by true transgenerational inheritance (i.e. into the
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Figure 3.5: Analysis of sperm CpG methylation changes in F1 and F2 offspring. (a) Violin
plots showing the distribution of CpG methylation levels measured by whole genome bisulfite
sequencing (WGBS-seq) of sperm of F1 CTR (N = 6), F1 HFD (N = 6), F2 CTR (N = 7)
and F2 HFD (N = 7) offspring. Methylated cytosines were counted for each rolling 50 CpG
window genome-wide and are expressed as percentage of total cytosines per window. (b) (left)
Comparisons of the percentage of sperm CpG methylation of differentially methylated regions
(DMRs) found in F1 offspring. (right) Comparisons of the percentage of CpG methylation of
DMRs found in F2 offspring. The size of the dot represents the size of the DMR and the blue
color scale indicates the p-value of the DMR. (c) Genomic percentage of F1 and F2 DMRs
in Promoters (light blue), CpG-islands (CGI) (dark grey), Super enhancers (dark turquoise),
Introns (middle blue), Exons (light grey) and Transposons (dark blue). (d) Example DMR in
the Epx gene. The size of the bar and the colour indicates the methylation level, with high
methylation level being red and low methylation level blue. (e) Heatmap of CpG methylation of
significant DMRs in F1 which have a similar methylation patterns in F2. (left) hypomethylated
DMRs in HFD, (right) hypermethylated DMRs in HFD. DMRs are clustered into 3 clusters
unsupervised by k means clustering. The column mean % of methylation is shown as a graph
above each heatmap. Heatmaps were generated using the iheatmap R library.
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Assessments
Hedonic reponse to
drugs of abuse
Hedonic reponse to
natural rewards
Metabolic phenotypes
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F0 dams
NA

F1 offspring
male
female
↑
↑

F2 offspring
male female
↑
↑

F3 offspring
male female
φ
↑

NA

↑

↑

φ

φ

φ

φ

φ

↑ (mild)

↑ (mild)

↑

↑

↑

φ

Table 3.1: Summary of the observed behavioral and metabolic phenotypes across three generations. The table gives an overview of the observed behavioral and metabolic phenotypes of
the F0 dams exposed to maternal HFD and the subsequent F1, F2 and F3 offspring. Hedonic
response to drugs of abuse refers to the alcohol preference test, amphetamine sensitivity and the
conditioned place preference response to cocaine. Hedonic response to natural rewards refers to
the HFD and sucrose preference tests. Metbolic phenotypes comprise body weight (from weaning
until adulthood), body fat assessment by CT-scan, insulin sensitivity and fasted plasma insulin
and lipid profiles. NA = not applicable; φ = no change; (↑) = increased.
third generation) in the absence of any further exposure to HFD. Notably, we
observed a clear segregation of phenotypes between male and female HFD F3offspring where female HFD offspring showed addictive-like phenotypes and male
HFD offspring showed obesogenic phenotypes. For a clear overview, the main
findings observed in F0 dams as well as F1, F2 and F3 offsprings are summarized
in Table 3.1. The obesogenic and addictive like behaviors observed in HFD-F2
and F3-offspring were strongly supported by the sustained neuroanatomical and
neurochemical alterations in the mesolimbic dopaminergic system. Methylome
profiling of the sperm samples of F1 and F2 offspring revealed hundreds of significant differentially methylated regions (DMRs) between the HFD and CTR groups.
While in a subgroup of these there was a pattern of conservation across the two
generations, for only very few reached statistical significance. Thus, it is possible
that interactions between different methylation patterns occur across generations,
which cannot be deconvoluted using the currently available methodology. Alternatively, it is possible that the sperm methylome might not constitute the major
carrier for the transgenerational transmission of the phenotypes observed in our
model system.

3.6.1

Persistence of altered hedonic phenotypes across multiple generations

The present study is the first to show that maternal HFD exposure results in
inherited addictive-like phenotype that persists across three generations. More
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specifically, HFD-F2 and HFD-female F3 offspring showed increased sensitivity
and preference to drugs of abuse as well as a stronger cocaine-induced conditioned
place preference response compared to the controls. Similar responses to drugs of
abuse were observed in the HFD-F1 offspring [295]. In addition, F2 and F3-HFD
offspring showed higher striatal delta FosB levels following cocaine sensitization.
Delta FosB is well known for its role in long term neuronal adaption [266] and
overexpression of striatal delta FosB in rodents has been reported to be associated
with enhanced sensitivity to cocaine and morphine [187, 441]. The higher striatal
delta FosB levels in our model may therefore indicate that HFD offspring are more
sensitive to the incentive motivational properties of drugs of abuse.
The observed addictive-like phenotypes in HFD-F2 and F3 offspring are further
supported by relevant alterations in the central reward system. Dopamine plays a
crucial role in the mesocorticolimbic reward system and is involved in compulsive
behaviors related to drug addiction and overconsumption of palatable foods that
may lead to obesity [406]. Consistent with our findings in first generation HFD
offspring, lower ventral tegmental TH levels in both F2 and F3-HFD offspring
were detected. In addition, lower DAT expression and higher striatal D2 receptors density were observed in F2 and F3-HFD offspring. In accordance with these
changes, lower DA levels in the VTA as well as in the striatum were observed.
Similar alterations were reported in animal models of addiction following withdrawal from chronic ethanol [12], cocaine [1] and amphetamine [172], which was
associated with decreased VTA DA neuronal activity, lower striatal DA levels as
well as altered D2R density. Such a hypodopaminergic state has been suggested
to cause long lasting alterations in brain function that leads to drug-induced behavioral sensitization [238]. In human drug addicts, a hypoactive mesolimbic DA
system is considered as potential trigger for compulsive drug intake and drug seeking behaviors [201]. A hypodopaminergic state has been linked to compulsive food
intake in rodents where chronic HFD exposed mice showed increased body weight,
which was correlated with higher D2R density and lower striatal DAT and DA
levels [370]. Recently, it has been reported that insulin can interact with central
reward system via modulating dopamine action [374]. In obesity and diabetic animal models, it was shown that insulin resistance leads to reduced DAT expression
and lower DA levels in the Nac, resulting in increased palatable food intake [110]
and reduced sensitivity to drugs of abuse [427]. In addition, unpublished data from
our lab showed that combined systemic injection of insulin and amphetamine in
F1 HFD offspring reduced the amphetamine induced locomotor activity compared
to control offspring. Taken together, our findings suggest that the hyporesponsive
mesolimbic dopamine circuit and or insulin resistance might potentiate enhanced
sensitivity and preference to drugs of abuse as well as leading to excessive weight
gain in F2 and F3-HFD offspring. Therefore, it may suggest that subjects with
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a predisposition for obesity may share similar brain mechanisms to those with
addictive-like behaviors.
In contrast, F2 and F3-HFD offspring do not show any enhanced preference to
natural rewards such as sucrose and HFD compared to their control littermates. In
a PET study, addicted individuals during withdrawal showed increased motivation
when exposed to a drug stimuli and became less responsive when they were exposed
to a food stimuli [405]. It has been suggested that addicted individuals develop a
chronically elevated reward threshold and become unable to return to the baseline
that makes them less responsive to natural rewards [201]. This might explain our
finding where HFD F2 and F3-offspring show higher preference and sensitivity to
drugs of abuse and not to natural rewards. Increased overconsumption of palatable
foods might only be observed following exposure to a free-choice palatable diet
over a long time period leading to insulin resistance and excessive weight gain,
similar to the phenotype observed in the F1 offspring [295]. This pathological
state can be explained by the decreased striatal insulin sensitivity which induces
overconsumption of palatable food leading to obesity [374].

3.6.2

Persistence of obesogenic phenotypes across multiple
generations

Different environmental exposures taking place early in life influence the phenotypic characteristics and increase the risk of diseases in the offspring. Recent
studies which employed different early life insults, such as maternal overnutrition,
maternal undernutrition, maternal infection, maternal deprivation and postnatal
stress [118, 310, 91, 92, 112, 428, 418, 236, 196, 26, 28] showed that besides genetic
changes also epigenetic features may lead to heritable phenotypic alterations that
are preserved through up to the second generation [118, 310, 91, 170]. In recent
years, several studies raised the importance of the epigenetic inheritance via the
paternal lineage of early environmental insults [92, 170, 419, 61], since it is known
that transmission via the maternal linage contains several confounding factors such
as hormones, immune factors, influences from the oocyte, suboptimal uterine environment and maternal care [177, 354, 417]. However, in order to verify that
a real transgenerational effect takes place, the non-exposed generation, namely
F3 offspring, needs to be studied [92, 313, 150, 245, 112]. Here, we have shown
that the metabolic phenotype via the paternal lineage was more pronounced in
HFD F2- and HFD male F3-offspring with increased body weight, increased adiposity, resistance to insulin as well as significantly altered circulating metabolic
parameters compared to the mild phenotypes observed in HFD F1-offspring [295].
A similar pattern of phenotypic inheritance in the second generation while skipping certain phenotypes in the first generation has been reported in an animal
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model of maternal cafeteria diet both via maternal and paternal lineages [195].
A possible explanation for such phenotypic inheritance in our model could be
that maternal HFD exposure induces a mild effect on the F1 somatic cells related
to metabolic phenotype and therefore, F1 offspring manifest moderate metabolic
symptoms. Nevertheless, maternal HFD exposure is still able to reprogram the
developing germ cells, that can transmit the altered phenotypic information to
the subsequent generations and manifest stronger metabolic phenotypes in F2 and
F3 offspring. In another study, contrary to our findings, only F3 female offspring
born via the paternal lineage showed increased body length and increased body
weight with normal insulin sensitivity, while F3 male offspring from the maternal and paternal lineages exhibit no differences in body length and body weight
but showed enhanced glucose tolerance and normal insulin sensitivity [92]. Discrepancies in the findings between these two studies may be related to the timing
and the duration of maternal exposure to the diet, dietary constituents (fat, protein, carbohydrate, micronutrients), especially since opposite to our animal model
Dunn and Bale reported that their maternal HFD exposure of 45% fat induced an
obesogenic phenotype in the dams [91, 92].

3.6.3

Sexual segregation in the inheritance of altered phenotypes in F3 generation

We observed a double dissociation of phenotypes in the third generation where
HFD-male offspring showed an obesogenic phenotype and HFD-female offspring
showed an addictive-like phenotype. At the molecular level, the hypodopaminergic state of mesolimbic reward system was more marked in the HFD F3-female
offspring. Sex differences of phenotypic inheritance have been reported in a few
recent studies of maternal HFD exposures [195, 91, 92, 170]. However, the mechanism by which such segregation occurs still remains unclear. Differences in the
maturation rates, the plasticity of the cellular events within female and male germ
cells and the gonadal hormones have been reported as possible determinants of
sex specific phenotypic inheritance [57, 115]. Alternatively, the placenta may play
an important role in sex specific fetal programming. Studies have reported an
association between sex specific placental gene expression pattern and phenotypic
inheritance in animal models of maternal stress [255] and maternal diet [225].

3.6.4

Can epigenetic be considered as the underlying mechanism of transgenerational maternal HFD effects?

In order to further our understanding of the underlying mechanisms of transgenerational transmission of addictive-like and obesogenic phenotypes we analyzed

3.7. Author contributions

91

the DNA methylation patterns in the sperm of F1 and F2 male offspring. We
focused on sperm CG methylation, since it is one of the well characterized epigenetic marks and it is majorly implicated in transgenerational epigenetic inheritance
[281]. Our findings are in line with other models of early-life nutritional insults
such as maternal undernourishment [310] and paternal overnutrition [419] that
have shown moderate changes (aprox. 10-20%) in cytosine methylation in sperm.
Such moderate differences over a small number of CpGs are most likely to cause
only penetrance of a phenotype across a set of siblings [359]. Further, environmental insults which induced alteration in epigenetic marks may depend on the
onset, duration and the severity of the insults [281]. The latter environmental
challenges are relatively severe compared to the perinatal HFD model employed in
the present paper; indeed our model did not induce any overt metabolic effects in
the mothers. Dams exposed to HFD (3 weeks preconception, 3 weeks during gestation and 3 weeks during lactation) did not show any alteration in body weight,
fat mass ratio, blood glucose, insuiln and lipid profile compared to the chow fed
dams [295]. Studies of nutritional insults exposure later in development only examined first generation offspring and were not associated with changes in sperm
methylation [359, 50].
Together, our data suggest that sperm methylome might not constitute the major mode of transmission of the altered phenotypes to the subsequent generations
following maternal HFD exposure. Given the strong metabolic and addictive-like
phenotypes as well as alterations of the mesolimbic dopaminergic circuitry that
were consistent until the third generation, we propose that other epigenetic carriers such as histone modifications and non-coding RNAs, may play a crucial role
for such transmission. More specifically, small non coding (snc) RNAs present in
the male germ line have gained wide interest in recent years as an alternative mode
of transgenerational epigenetic inheritance. Sperm sncRNAs regulate chromatin
remodeling, DNA methylation, histone modifications and are important for germ
cell development [324]. Recent studies have reported a mechanistic link between
altered sperm sncRNAs and the transmission of metabolic and behavioral phenotypes in the progeny following parental stress [118] or HFD exposure [61]. It
will therefore be of great interest to examine in future studies the role of sperm
sncRNAs in transgenerational transmission of altered metabolic and addictive-like
phenotypes in transgenerational models of maternal HFD insult.
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3.10.1

Experimental design

The sample size selection, breeding and the experiments were designed according to the ARRIVE guidelines [193]. Random allocation of mice was conducted
during breeding as well as during each experiment to exclude the selection bias.
C57BL6/N mice obtained from Charles River, Germany were selected for breeding
at the age of 10 weeks. To generate F1 offspring, 40 female mice were randomly
divided into two groups (20 in each group) and were exposed to HFD or chow
diet for 9 weeks (3 weeks preconception, 3 weeks gestation and 3 weeks lactation).
20 male breeders were randomly chosen and allocated as one male per 2 female
breeders during the mating. To generate F2 and F3 offspring, 12 behaviorally naı̈ve
adult F1 males from HFD and CTR groups were randomly selected (one male per
litter to exclude the litter effect) and mated with naı̈ve primiparous females. All
F2 and F3 animals were bred in identical breeding conditions. In each experiment,
mice from multiple independent litters (one offspring per 10 different dams) were
selected in each group to avoid the litter effect. Both male and female mice were
chosen to assess the sex effects. Behaviorally naı̈ve mice were randomly allocated
for each experiment (hedonic, metabolic, neuroanatomical and neurochemistry).
Initially, the body weight of all offspring (F2 and F3) was measured since weaning
to adulthood (PND 91). In both F2 and F3 generations, HFD preference test,
sucrose and alcohol preference test were conducted chronologically with 20 HFD
(10 male and 10 female) and 20 CTR (10 male and 10 female) offspring. For
the amphetamine sensitivity test, a separate group of mice (12 in each treatment
group; 6 male and 6 female per group) was selected in both generations. Similarly,
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CPP test was performed in a different group of F2 and F3 offspring (24 mice in
each HFD and control group). To assess the metabolic parameters, a separate
group of mice in both generations was allocated and the experiments were conducted in following orders: CT scan, metabolic cage study, and insulin sensitivity
test and plasma insulin and lipid profiles. The behavioral and metabolic experiments were not blindly conducted. All the behavioral experiments (except CPP)
and the metabolic experiments were replicated two times in two independently
generated F2 as well as F3 cohorts. For neuroanatomical, neurochemical analysis
and methylation assays, samples were collected from behaviorally naı̈ve mice. For
neuroanatomical analysis, 32 F2 offspring (16 HFD and 16 CTR) and 36 (18 HFD
and 18 CTR) F3 offspring were used. For postmortem HPLC, 40 F2 (20 mice per
group) and 36 F3 (18 mice per group) offspring were chosen. To perform sperm
methylation assay, 12 F1 (6 HFD and 6 CTR) and 12 F2 (6 HFD and 6 CTR) fathers were selected. These experiments were blindly performed since each sample
was recognized by a number throughout the experiment up to the raw data analysis. The samples were allocated in to the respected groups in the final statistical
analysis.

3.10.2

Fat composition assay

Body fat composition was measured using a CT scanner (La Theta LCT-100;
Aloka Inc, Japan). The scanner measures the volumes of adipose tissue, bone, air
and the rest using differences in X-ray density. The X-ray source was set at 50 kV
with a constant 1mA current. A mouse holder with an outer diameter of 48 mm
and inner diameter of 41 mm was used, resulting in pixel resolutions of 100 m on
480 × 480 pixel images. A pitch size of 1 mm was used. Mice were sedated by
4-5% isoflurane and maintained under gas anesthesia (1.5-2.5% isoflurane) while
scanning. Animals were placed in supine position in the holder. The scan speed
was set to 4.5 s/ image. A whole body scan excluding the head and the tail was
performed for 5 min. Recorded scans were analyzed using the software La Theta
2.10.

3.10.3

Metabolic cage study

Metabolic phenotyping was performed in the TSE Phenomaster cages (TSE Systems GmbH, Bad Homburg, Germany). The TSE Phenomaster cages comprised
of an indirect calorimetry system connected to a gas sensing unit to measure O2
consumption (VO2 ) and CO2 production (VCO2 ). A multi-dimensional infrared
beam system assessed the locomotor activity as the total number of beam breaks
in X and Y axis. Mice were single housed for 2 days prior to the experiment for
acclimatization to the new cage environment. Room temperature was set to 23
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◦

C; the light/dark cycle in the room was 12:12 h (lights off at 07:00 and lights on
at 19:00). Mice were separately placed in the TSE Phenomaster cages and had
ad libitum access to food and water. Mice were monitored for a total of 3 days.
Body weight of each animal was measured before and after the experiment. O2
consumption and CO2 production were calculated from the gas concentrations and
the air flow through the individual cage measured in parallel. Heat production,
locomotor activity and food intake were also monitored during this period. Data
were analyzed with Phenomaster software.

3.10.4

Amphetamine-induced locomotor activity

The locomotor response to a systemic amphetamine administration was tested in
an open field apparatus. First, the mice were allowed to habituate to the openfield arena for 30 min (baseline). Then, they were administered an i.p. injection of
saline (0.9% NaCl solution) and locomotor activity was measured for 30 min. The
mice were then administered 2.5 mg/kg (i.p.) d-amphetamine sulphate (AMPH,
Sigma-Aldrich, Switzerland) dissolved in 0.9% NaCl saline. The mice were placed
back in the open field arena and the locomotor response to the acute drug challenge
was measured for an additional 120 min. The locomotor activity was indexed by
the distance travelled in the entire arena, expressed as a function of 12 successive
10 min bins. All solutions for injection were prepared on the day of experiment
and were administered in a volume of 5 ml/kg body weight.

3.10.5

Conditioned place preference (CPP)

The CPP chamber consisted of two equally sized compartments with different colored walls and distinct floor textures that were separated by a small central area.
A digital camera was directly mounted above the CPP apparatus which captured
images at a rate of 5 Hz and transmitted them to the Ethovision tracking system
(Noldus Technology). The distance travelled and total time spent in each compartment were recorded by the Ethovision software. The experiment consisted of three
phases. During the pre-conditioning phase, all mice were allowed to freely explore
all the compartments for 15 min. The conditioning phase lasted for eight days
where the mice were conditioned to either cocaine or saline. During the conditioning phase, half of the animals from each group received the drug or vehicle in one
compartment while the other half received it in the other compartment. During
each of the four saline conditioning days (Day 1, 3, 5 and 7), an intraperitoneal
(i.p.) injection of saline (0.9% NaCl) was administered to the mice immediately
prior to confinement to the vehicle paired compartment for 30 min. On each of the
four cocaine conditioning days (Day 2,4,6 and 8), mice received an i.p. injection of
cocaine hydrochloride (SigmaAldrich, Switzerland) at a dose of 20 mg/kg before
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confining mice to the drug-paired chamber for 30 min. The central area was made
inaccessible by doors during conditioning. On the third phase, the preference test,
took place 48 hours after the last conditioning day, the mice were again given free
access to the entire apparatus without any injection for 30 min. The total time
spent in each compartment was recorded during this period.

3.10.6

Dissection of brain regions

Adult mice from both groups were euthanized, the brains were rapidly removed,
and 1 mm thick coronal sections were made. The slices were placed on an ice-chilled
dissection plate for the extraction of the brain regions using a 1 mm micropunch.
All brain areas of interest were dissected according to the Mouse Brain Atlas in
Stereotaxic Coordinates (Paxinos and Franklin, 2008) which were as follows: dSTR
(bregma +1.34 to +0.14 mm), Nac (bregma +1.60 to +0.98 mm), mPFC (bregma
+2.68 to +1.94 mm), Hypo (bregma -1.34 to -2.06 mm), SN (bregma -2.80 to -3.64
mm), VTA (bregma -2.92 to -3.64 mm), Amyg (bregma from -0.94 mm to -2.30
mm), V. hip (bregma -2.54 to -3.80 mm) and D. hip (bregma -1.22 to -2.46 mm)
and immediately frozen at -80◦ C.

3.10.7

Gene expression analysis of deltaFosB

The expression of delta FosB in dSTR and Nac of HFD and CTR offspring following
chronic cocaine exposure was assessed by quantitative real time PCR (q-RT PCR).
Total RNA from brain tissue was extracted using the Trizol-chloroform method
(Invitrogen, CA, USA) according to the manufacturer’s instruction and treated
with DNase (Biolabs INc, CA, USA) for 30 min at 37◦ C. Following RNA extraction, 1 g of total RNA was converted to cDNA using High Capacity cDNA Reverse
Transcription Kit [Applied Biosystems (ABI), Foster City, (CA)]. The qPCR reactions were performed using the SYBER Green master mix (ABI) in the presence
of primer pairs specific for the gene encoding for ∆FOSB. Endogenous control
m36B4 was used to normalize the expression of the selected genes. Real time PCR
reactions were conducted as follows: after a pre-denaturation and polymeraseactivation program (5 min at 95◦ C), forty cycles each consisting of 95◦ C for 3 s
and 60◦ C for 30 s were followed by a melting curve program (60 to 95◦ C with
heating rate of 0.1◦ C/sec). The relative expression of mRNA was calculated using
the 2-∆∆ Ct method. All primers were purchased from Microsynth AG, Switzerland. The primers used were as follows: ∆FOSB (forward, 50 - AGGCAGAGCTGGAGTCGGAGAT - 30 ; reverse, 50 - GCCGAGGACTTGAACTTCACTCG - 30 )
and m36B4 (forward, 50 - GCCGTGATGCCCAGGGAAGA - 30 ; reverse, 50 - CATCTGCTTGGAGCCCACGTT - 30 ).
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Immunohistochemistry

Adult behaviorally naı̈ve mice were deeply anaesthetized and perfused transcardially with phosphate buffer solution (PBS), followed by fixation with 4% phosphatebuffered paraformaldehyde solution containing 5% sucrose. After overnight fixation in the same fixative, the brains were cryoprotected using 30% sucrose solution and stored at 4◦ C. Later, the brains completely embedded in the cryomatrix
(O.C.T; Thermo Scientific) were cut coronally at 40 µm thickness. The slices
were first rinsed three times in PBS and then incubated with 0.5% H2 O2 for 30
min. Later, the slices were incubated with 50 mM ammonium chloride and subsequently with 50 mM glycine buffer, for 30 min each. The sections were incubated
overnight at 4◦ C in primary antibody diluted in 0.5 M Tris buffer, pH 8.0 containing 0.3% Triton X-100 and 4% normal goat serum. The following primary
antibodies were used: rabbit anti-tyrosine hydroxylase (TH) (Santa Cruz Biotechnology sc14007; diluted 1:500), rat anti dopamine transporter (DAT) (Chemicon
MAB369; diluted 1:1000), rat anti-dopamine D1 receptor (D1R) (Sigma Aldrich
D2944; diluted 1:1000) and rabbit anti-dopamine D2 receptor (D2R) (Chemicon
AB5084P; diluted 1:500). After overnight incubation with primary antibody and
three washing steps in 0.1 M PB, the sections were incubated at room temperature
for 1 h with the biotinylated secondary antibodies (Jackson Immunoresearch: diluted 1:500). The slices were then incubated in avidin-biotin-peroxidase complex
(Vectastain PK6100 standard kit; Vector Laboratories) for 30 min. After three
washing steps in 0.1 M PB, the sections were incubated for 5 min with 0.05%
3,3-diaminobenzidine (DAB), 0.03% Nickel ammonium sulfate and 0.02% H2 O2
diluted in 0.05 M Tris buffer (pH 8.0). After immunotaining, the sections were
dehydrated, and cover slipped with DPX mountant.

3.10.9

Densitometry

Microscopic analysis was conducted under strictly blind conditions. Images were
acquired at a magnification of 2.5 × (NA 0.075) using a digital camera (Axiocam
MRc5; Zeiss, Jena, Germany) attached to a Zeiss Axioplan microscope. Images
were loaded into Image J software (ImageJ, NIH, Maryland, USA) for analysis.
The pixel brightness was measured in non-immunoreactive areas of the forceps
minor of the corpus callosum (for prefrontal cortical measures), corpus callosum
(for dorsal striatal measurements) and anterior commissure (for nucleus accumbens
measures) as background area. The background-corrected relative optical densities
were measured per brain region. Quantification was performed in four to six
coronal brain sections and then averaged per brain area and animal.
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Steriological analysis

The number of TH-positive neurons was determined by means of unbiased stereological estimations using the optical fractionator method. With the aid of the
image analysis software Stereo Investigator (version 6.50.1; MicroBrightField), every section of a one-in-eight series was measured, resulting in an average of 5-6
sections per brain sample. The sampling parameters used were as follows: VTA
(counting frame, grid size, sampling site = 50 µm × 50 µm, 120 × 130, 10; respectively) and SN (counting frame, grid size, sampling site = 50 µm × 50 µm,
150 × 110, 20; respectively). The counting frames were placed randomly at the
intersections of the grid within the outlined structure of interest by the software.
The cells were counted at the magnification of 20 × [numerical aperture (NA),
0.40] according to the unbiased sampling rules and taken into the measurement
when they came into focus within the optical dissector.

3.10.11

Post mortem HPLC

The brain regions isolated from adult mice were suspended in 0.4 M perchloric
acid, sonicated and centrifuged at 10,000 × g for 20 min at 4◦ C. The supernatant
was then collected, filtered and stored at -80◦ C. The levels of dopamine (DA) and
its metabolites DOPAC and HVA were measured by a high performance liquid
chromatography (HPLC) system as previously described. The sample (20 µl from
each brain region) was injected by a refrigerated auto injector (ASI-100, Dionex,
CA, USA). The HPLC mobile phase contained: 250 ml HPLC- grade acetonitrile,
5l aqueous solution having 0.27 mM sodium ethylene-di-ammonium-tetra acetate,
0.43 mM triethylamine, 8 mM potassium chloride, and 0.925 mM octanesulphonic
acid, at pH 2.95. The mobile phase was passed through the system using a degasser
at a flow rate of 0.4 ml/min. Neurotransmitters were separated on a reversed-phase
column (125 mm × 3 mm YMC column, Nucleosil 120-3 C 18, YMC Europe
GmbH, Germany) and the concentrations were detected using the electrochemical
detector at an electrode potential of +0.70V. Data acquisition and calculations
were performed using a chromatography workstation (Chromeleon, Dionex, Olten,
Switzerland). Sample analysis was performed based on the position and height of
the peaks of the endogenous components in relation to the samples of calibrating
standard solutions.

3.10.12

Bisulfite sequencing analysis

Raw sequence reads were trimmed to remove both poor quality calls and adapters
using Trim Galore (v0.4.1, www.bioinformatics.babraham.ac.uk/projects/trim_
galore/, Cutadapt version 1.8.1, parameters: paired). Trimmed reads were aligned
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to the mouse genome (GRCm38) in paired-end mode to be able to use overlapping
parts of the reads only once. Alignments were carried out with Bismark v0.14.419
with the following set of parameters: paired-end mode: pbat. Reads were then
deduplicated with deduplicate bismark selecting a random alignment for position
that was covered more than once. CpG methylation calls were extracted from the
deduplicated mapping output, ignoring the first 6 bp of each read to reduce the
methylation bias typically observed in PBAT libraries using the Bismark methylation extractor (v0.14.4) with the following parameters (i) paired-end mode: ignore
6 ignore r2 6, (ii) single-end mode: ignore 6. CpG methylation calls were analyzed using R and SeqMonk software (http://www.bioinformatics.babraham.
ac.uk/projects/seqmonk/). 50 adjacent CpG running window probes were generated and percentage of methylation determined for probes containing at least
five reads and three CpG on the pooled replicate data. The methylation level was
expressed as the mean of individual CpG sites. Global CpG methylation levels
of pooled replicates were illustrated using bean plots. Promoters were defined as
the region -1 kb to the transcription start site as annotated in NCBIM37. For
analysis of specific genome features these were defined as follows: Genic (overlapping coding sequences) were divided into exonic and intronic, CpG islands (CGI),
promoters were defined as 1000 bp upstream of mRNAs, genic (overlapping coding
sequences) were divided into exonic and intronic, repeat locations were extracted
from the pre-masked RepeatMasker libraries (mm10 - Dec 2011 - RepeatMasker
open-4.0.5, http://www.repeatmasker.org/species/musMus.html). Repeat instances overlapping annotated genes in the Ensembl gene set were removed to
avoid mixing signals from genic expression with specific expression of repetitive
sequences. Enhancers were taking from the super enhancers definied in ES cells.
Graphing and statistics were performed using Seqmonk and RStudio.

3.10.13

In vitro fertilization

Spermatozoa extracted from HFD and CTR-F1 males were used to fertilize oocytes
isolated from superovulated C57BL/6 females. The females at PND 28 were superovulated by i.p. injection of 5 IU of equine chorionic gonadotropin (PMSG)
and 5 IU of human chorionic gonadotropin (hCG) with the PMSG injection timed
at 18:00 on day 1 and hCG at 18:00 on day 3, respectively. Next day, males were
sacrificed, the dense sperm was removed from cauda epididymis and capacitated
in 200 µl of Fertiup medium (Cosmo Bio) for 45 min at 37◦ C. Following capacitation, 2 µl of sperm solution was added to the IVF drop which comprised of 100 µl
HTF medium (Cosmo Bio) overlaid with embryo tested mineral oil (Sigma). Females were then sacrificed, the oviducts were dissected immediately and the oocyte
clutches were released directly into the IVF drop. The IVF reaction was conducted
for 4 hours at 37◦ C. Following the IVF reaction, the efficiency of fertilization was
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Figure 3.6: Amphetamine induced locomotor activity in the IVF offspring. The line plots show
the distance travelled (cm) in successive 10 min bins following baseline, saline and a systemic
injection of amphetamine in the open field. Data are represented as mean ± s.e.m. *P < 0.05.
N (F2 CTR) = 16 (8 m, 8 f); N (F2 HFD) = 16 (8 m, 8 f); N (F3 CTR) = 16 (8 m, 8 f); N (F3
HFD) = 16 (8 m, 8 f). m = male, f = female.

confirmed by the presence of the pronuclei and the 2nd polar body. Fertilized
oocytes were surgically transferred into pseudopregnant CD1 foster females previously mated with genetically vasectomized Prnm1GFP males and allowed to
develop to term.
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Figure 3.7: Hedonic responses to natural rewards. (a) and (b) show the HFD preference in F2
and F3 generation respectively. The bar plots depict the consumption of HFD and chow diet
per day normalized to body weight. (c) and (d) represent the sucrose preference in F2 and F3
offspring respectively. The bar plots show the mean sucrose consumption per day normalized to
body weight in three different concentrations (0.5%, 1% and 3%). Data are represented as mean
± s.e.m. ***P < 0.0001. N (F2 CTR) = 20 (10 m, 10 f); N (F2 HFD) = 20 (10 m, 10 f); N (F3
CTR) = 20 (10 m, 10 f); N (F3 HFD) = 20 (10 m, 10 f); m = male, f = female.
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Figure 3.8: Sensitization to cocaine in the F2 and F3 offspring. (a) and (b) represent the
cocaine induced locomotor activity in F2 and F3 offspring respectively. The line plots show
the distance travelled (cm) in successive 5 min bins on the first day and following 21 days of
cocaine withdrawal in response to a systemic injection of cocaine in the CPP paradigm. Data
are represented as mean ± s.e.m. *P < 0.05. N (F2 CTR) = 24 (12 m, 12 f); N (F2 HFD) =
24 (12 m, 12 f); N (F3 CTR) = 24 (12 m, 12 f); N (F3 HFD) = 24 (12 m, 12 f). m = male, f =
female. (See also Figure 3.2).

102

Chapter 3. Transgenerational effects of maternal overnutrition

Figure 3.9: Levels of dopamine (DA) and its metabolites (DOPAC and HVA) in post mortem
brain tissue of the F2 offspring. (a) shows the content of DA in the Hypo, mPFC, SN, Amyg, V.
hip and D. hip in the F2 offspring. (b) and (c) display the levels of DOPAC in the dSTR, Nac,
VTA as well as Hypo, mPFC, SN, Amyg, V. hip and D. hip respectively. (d) and (e) display
the levels of HVA in the dSTR, Nac, VTA as well as Hypo, mPFC, SN, Amyg, V. hip and D.
hip respectively. All monoamines contents are expressed as ng per mg fresh tissue weight. Data
are represented as mean ± s.e.m.*P < 0.05, **P < 0.001. N (F2 CTR) = 20 (10 m, 10 f);
N (F2 HFD) = 20 (10 m, 10 f). DA = dopamine, DOPAC = 3,4-Dihydroxyphenylacetic acid,
HVA = homovanillic acid, dSTR = dorsal striatum, Nac = nucleus accumbens, VTA = ventral
tegmental area, Hypo = hypothalamus, SN = substantia nigra, Amyg = amygdala, mPFC =
medial prefrontal cortex, V. hip = ventral hippocampus and D. hip = dorsal hippocampus. m
= male, f = female. (See also Figure 3.3).
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Figure 3.10: Levels of dopamine (DA) and its metabolites (DOPAC and HVA) in post mortem
brain tissue of the F3 offspring. (a) shows the content of DA in the Hypo, mPFC, SN, Amyg, V.
hip and D. hip in the F3 offspring. (b) and (c) display the levels of DOPAC in the dSTR, Nac,
VTA as well as Hypo, mPFC, SN, Amyg, V. hip and D. hip respectively. (d) and (e) display
the levels of HVA in the dSTR, Nac, VTA as well as Hypo, mPFC, SN and Amyg respectively.
All monoamines contents are expressed as ng per mg fresh tissue weight. Data are represented
as mean ± s.e.m. *P < 0.05, **P < 0.001, ***P < 0.0001. N (F3 CTR) = 18 (9 m, 9 f);
N (F3 HFD) = 18 (9 m, 9 f). DA = dopamine, DOPAC = 3,4-Dihydroxyphenylacetic acid,
HVA = homovanillic acid, dSTR = dorsal striatum, Nac = nucleus accumbens, VTA = ventral
tegmental area, Hypo = hypothalamus, SN = substantia nigra, Amyg = amygdala, mPFC =
medial prefrontal cortex, V. hip = ventral hippocampus and D. hip = dorsal hippocampus. m
= male, f = female. (See also Figure 3.3).
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Figure 3.11: Altered metabolic phenotypes in the F2 and F3- HFD offspring. (a) and (b) represent the total fat mass, subcutaneous and visceral fat depot in F2 and F3 offspring respectively.
(c) and (d) display the area under the curve (AUC) for the insulin sensitivity test in the F2 and
F3 offspring respectively. (e) and (f) show the concentration of triglycerides and free fatty acid
(FFA) in the F2 and F3 offspring respectively. Data are represented as mean ± s.e.m.*P < 0.05,
**P < 0.001. N (F2 CTR) = 12 (6 m, 6 f); N (F2 HFD) = 12 (6 m, 6 f); N (F3 CTR) = 12 (6
m, 6 f); N (F3 HFD) = 12 (6 m, 6 f). m = male, f = female. (See also Figure 3.4).
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Figure 3.12: Metabolic cage study in the F2 generation. The bar plots represent average O2
consumption (a), average CO2 production (b), mean heat production (c), respiratory exchange
ratio, RER (VCO2 /VO2 ) (d) and physical activity (e) in 12 h dark and light cycle. The food
intake per day was normalized to body weight (f). Data are represented as mean ± s.e.m.*P <
0.05, **P < 0.001. N (F2 CTR) = 12 (6 m, 6 f); N (F2 HFD) = 12 (6 m, 6 f). m = male, f =
female. (See also Figure 3.4).
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Figure 3.13: Metabolic cage study in the F3 generation. The bar plots depict average O2
consumption (a), average CO2 production (b), mean heat production (c), respiratory exchange
ratio, RER (VCO2 /VO2 ) (d) and physical activity (e) in 12 h dark and light cycle. The food
intake per day was normalized to body weight (f). Data are represented as mean ± s.e.m.*P <
0.05. N (F3 CTR) = 12 (6 m, 6 f); N (F3 HFD) = 12 (6 m, 6 f). m = male, f = female. (See
also Figure 3.4).
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Figure 3.14: Spem CpG methylation changes in F1 and F2 offspring. (a) and (b) show the
percentage of F2 DMRs found between F1 CTR and F1 HFD and F1 DMR found between F2
CTR and F2 HFD. The size of the dot represents the size of the DMR and the blue color scale
indicates the p-value of the DMR.
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Chapter 4. Sperm tsRNAs as potential vector

Abstract

Although there are growing evidence of maternal overnutrition induced obesogenic
and metabolic syndrome being conserved across multiple generations, very little
is known about transgenerational inheritance of maternal overnutrition induced
altered behavioral traits. Further, the epigenetic vector responsible for such phenotypic inheritance is not yet well defined. In this work, we identify sperm tRNA
derived small RNAs (tsRNAs) as a potential mediator for the transgenerational
inheritance of maternal high fat diet (HFD) induced altered hedonic and obesogenic phenotypes. The microinjection of sperm tsRNAs from F1 male born to 9
weeks HFD exposed dams into normal zygotes reproduces obesogenic phenotypes
and addictive like behaviors such as increased preference to palatable foods and
enhanced sensitivity to drugs of abuse in the resultant offspring. Deep sequencing
analysis of sperm RNAs reveal significantly higher level of tsRNAs, predominantly
50 tRNA halves in F1 male from HFD fed dams. In addition, we observe that some
of the differentially expressed sperm tsRNAs predicted targets, such as GRIN3A
and CHRNA2 which have been implicated in addiction pathology, show altered
expression in the striatal regions of the F1-HFD father and the resultant HFDtsRNA offspring, suggesting a functional correlation between the altered sperm
tsRNAs and the observed addictive like phenotypes.

4.2

Keywords

maternal overnutrition, hedonic behavior, obesity, epigenetic, sperm RNA, mice

4.3

Introduction

In recent years, there is growing interest on how the parental environmental insults
can induce long lasting physiological and behavioral changes in the progeny and
how these acquired traits are transmitted from parents to subsequent generations
through non-genomic mechanisms [341, 28]. A better understanding of such ancestral effects may provide insight into the etiology as well as new preventive and
therapeutic measures for various non-communicable diseases, such as obesity, cardiovascular and neuropsychiatric disorders [140, 145]. The changes in epigenetic
marks such as DNA methylation, histone modifications and non-coding RNAs in
sperm and oocytes have been implicated in the transgenerational transmission of
such altered phenotypes [245, 15].
The rising prevalence of maternal obesity or overnutrition is a major public
health concern of this millennium due to its long-term influence on the physiol-
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ogy and behavior of the offspring across generations [131]. Our recent published
works in mice have shown that offspring born to nine weeks high fat diet (HFD)
exposed dams develop obesogenic phenotypes and altered hedonic behaviors, such
as increased consumption of palatable foods and higher sensitivity to drugs of
abuse that are transmitted up to the third generation (F3) via paternal lineage
without any further exposure to HFD ([295],Chapter 3). In addition, we observe a
sustained reduction in striatal dopamine levels in all three generations, indicating
that a hypodopaminergic state of the mesolimbic reward system might partly be
responsible for the altered hedonic and obesogenic phenotypes ([295],Chapter 3).
However, similar to other models of early nutritional insults [310, 419], we have
observed only moderate changes in CpG methylation in F1 (first generation) and
F2 (second-generation) sperm between the offspring groups, suggesting that the
sperm methylome might not constitute the principle mode of transmission of these
phenotypes (Chapter 3).

Whilst changes in DNA methylation pattern and histone modifications have
been reported following a range of early life environmental exposures [310, 112, 323,
47], a causal link between these epigenetic marks in germ cells and the observed
phenotypes in the offspring still remains elusive. In this context, sperm RNAs
have gained wide attention recently since sperm RNAs can provide absolute proof
for the direct dissipation of information across generations [61]. The role of sperm
small non-coding RNAs (sncRNAs) in the regulation of DNA methylation, histone
modifications as well as mRNA transcription strongly suggests that sperm sncRNAs can be a potential vector of the gene-environment interaction [292]. Since
mature sperm harbors a diversity of sncRNAs such as microRNAs (miRNAs),
PIWI interacting RNAs (piRNAs) and tRNA derived small RNAs (tsRNAs) [51],
sperm RNA research has lately extended to identify the role of specific subpopulation of sncRNAs in the intergenerational epigenetic inheritance. More recently,
two independent studies have shown that paternal low protein or HFD could alter
the sperm tsRNAs level [357, 60] and such altered sperm tsRNAs alone are capable of transmitting paternal HFD induced impaired glucose tolerance phenotype
in the progeny [443, 60]. Given the persistence of strong obesogenic and addictive
like phenotypes in the offspring of HFD-fed dams until the third generation that
could not be explained by sperm methylome, we therefore, aim to investigate in the
present study whether sperm RNAs play a role for such phenotypic inheritance.
Furthermore, we have evaluated if specific subpopulations of sperm sncRNAs are
responsible for such transmission.
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Results
Hedonic and metabolic phenotypes in sperm total
RNA injected offspring

To determine whether sperm RNAs could be the potential mediator of the intergenerational transmission of maternal HFD induced altered phenotypes, we first
generated sperm total RNA injected offspring according to the scheme outlined in
Figure 4.1. We exposed F0 female mice to a HFD (HFD; 60% energy from fat,
Kliba 2127) or regular chow diet (CTR, Kliba 3430) for 9 weeks (3 weeks preconception, 3 weeks gestation and 3 weeks lactation). Subsequently, F1 offspring
from HFD and chow fed (CTR) dams were exposed to chow diet and water ad
libitum throughout their life. We isolated and purified total RNAs from sperm
of F1-HFD and F1-CTR offspring at postnatal day (PND) 70. The purified total RNAs from both groups were injected separately into normal fertilized mouse
oocytes to generate HFD-total RNA and CTR-total RNA offspring respectively
(RNA concentration was adjusted to 2 ng/µl). Upon weaning at PND 21, all total
RNA injected offspring were given ad libitum access to chow diet and water, unless
otherwise indicated. All behavioral and metabolic assessments commenced when
animal reached adulthood at PND 70.
Altered hedonic-like behaviors in the HFD-total RNA offspring
We first evaluated offsprings hedonic response to natural rewards in the HFD and
sucrose preference tests. All offspring groups consumed more HFD than chow diet
(P < 0.0001) and females consumed significantly more than males (P < 0.01) in
the HFD preference test. However, no difference was detected in HFD preference
between the HFD-total RNA offspring compared to the CTR-total RNA offspring
(Figure 4.2a). Similarly, when offspring were given a free choice of water and
sucrose solution, all offspring groups preferred the sucrose solution at all concentrations to water (P < 0.0001). However, no difference was observed in sucrose
preference between the groups (Figure 4.2b). Next, we assessed offsprings hedonic
response to drugs of abuse in the alcohol preference test and amphetamine sensitivity test. In the alcohol preference test, when offspring were given free choice
between alcohol solution and water, all offspring groups preferred the alcohol solution at all concentrations to water (P < 0.0001). Female consumed more alcohol
than males (P < 0.0001). Notably, both male and female HFD-total RNA offspring
showed significantly higher consumption of alcohol at higher concentrations compared to their CTR-littermates, indicating increased preference for alcohol in the
HFD-total RNA offspring (P < 0.0001; Figure 4.2c). Similarly, we could show that
HFD-total RNA offspring developed enhanced sensitivity to amphetamine in an
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Figure 4.1: Breeding scheme to generate sperm sncRNAs injected offspring. Female mice (F0)
were fed either HFD or chow diet for 3 weeks prior to mating, 3 weeks during gestation and
3 weeks during lactation to obtain F1-HFD and F1-CTR offspring respectively. To generate
offspring from sperm total RNA injection, sperm was isolated from F1-HFD and F1-CTR males
at PND 70. Following extraction and purification, sperm total RNAs from both groups were
injected separately into wild type fertilized oocyte to generate HFD-total RNA and CTR-total
RNA offspring. To generate offspring from specific subgroup of sperm RNAs, sperm total RNAs
from F1-HFD and F1-CTR males were separated on a 6% TBE gel. Individually collected
RNA fragments at sizes 73-95nt, 40-50nt and 30-40nt were purified and microinjected into male
pronuclei of normal fertilized eggs to generate tRNA, T40RNA and tsRNA offspring respectively
from both groups. The resultant sperm RNAs injected offspring from both HFD and CTR groups
were on chow diet since weaning, unless otherwise indicated. HFD- offspring groups refer to the
descendants of 9weeks HFD exposed F0 dams and CTR- offspring groups are the progeny of the
9weeks chow fed F0 dams. Colors of the mice are matched with the color codes used for the
groups in subsequent graphs. HFD = high fat diet; sncRNAs = small non-coding RNAs.

114

Chapter 4. Sperm tsRNAs as potential vector

open field paradigm. As depicted in Figure 4.2d, there was no difference in baseline spontaneous locomotor activity nor in response to a saline injection between
the offspring groups. Amphetamine-induced locomotor activity was significantly
increased in both male and female HFD-total RNA offspring compared to their
controls (P < 0.01). Together these findings demonstrate that total RNA from
the F1-HFD father sperm could convey the information to induce increased alcohol
preference and enhanced sensitivity to amphetamine in the resultant HFD-total
RNA offspring.
HFD-total RNA offspring showed obesogenic phenotypes
Given the fact that our data revealed altered hedonic response to drugs of abuse
in the HFD-total RNA offspring, similar to their fathers, we next characterized
their metabolic phenotype. As shown in Figure 4.3a, both male and female HFDtotal RNA offspring kept on chow diet gained significantly more weight compared
to the CTR-total RNA offspring from PND 35 to PND 63 (P < 0.0001). The
increased weight gain was due to an increased fat mass as measured by CT scan
(Figure 4.3c-g). Both male and female HFD-total RNA offspring displayed increased body fat content (P < 0.002), higher fat depot in subcutaneous (P <
0.001) and visceral fat (P < 0.03) as well as higher fat mass ratio (P < 0.02)
with no significant difference in lean mass (P = 0.07) as compared to their CTR
littermates. Furthermore, HFD-total RNA offspring showed higher blood glucose
levels (P < 0.03) than CTR following a systemic insulin injection in the insulin
tolerance test (Figure 4.3b; Supplementary Figure 4.9a). Notably, the impaired
insulin sensitivity was stronger in the male HFD-total RNA offspring (P < 0.005)
compared to the other groups. Consistent with these findings, HFD-total RNA offspring also displayed elevated fasted plasma insulin (P < 0.02), higher cholesterol
(P < 0.009) and lower FFA levels (P < 0.002) compared to their CTR littermates
(Figure 4.3h-j). No difference in plasma triglycerides level was detected between
the groups (P = 0.88; Figure 4.3k). These results indicate that HFD-total RNA
offspring developed obesity and the metabolic syndrome like phenotypes.

4.4.2

Characterization of hedonic and metabolic phenotypes in offspring generated from sperm RNA fragments injection

To further investigate which subpopulation of sperm sncRNAs are responsible for
the transmission of the altered phenotypes, we separated total RNAs isolated from
F1 male mice born to HFD and chow fed dams on 6% TBE gel and excised the
most prominent bands at size of 73-95 nt, 30-40 nt and 40-50 nt. The 73-95 nt predominantly contains tRNAs, 30-40 nt band is known to be enriched with tsRNAs
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Figure 4.2: Altered hedonic behaviors in total RNA injected offspring. (a) HFD preference:
An ANOVA revealed no main effect of group (F1,31 = 0.03; P = 0.86) and no group × diet
interaction (F2,62 = 0.05; P = 0.82) reflecting no difference in HFD consumption between HFDtotal RNA and CTR-total RNA offspring. (b) Sucrose preference: All offspring groups showed
increased sucrose consumption at all concentrations as supported by a main effect of solution
(F1,31 = 407.77; P < 0.0001) and concentration (F2,62 = 183.38; P < 0.0001). No difference was
observed in the sucrose preference between the groups [group effect (F1,31 = 0.03; P = 0.86) and
group × concentration (F2,62 = 0.58; P = 0.56)]. (c) Alcohol preference: An ANOVA revealed a
significant main effect of group (F1,31 = 20.88; P < 0.0001) and an interaction of group × solution
× concentration (F2,62 = 10.67; P < 0.001), indicating that HFD-total RNA offspring showed
increased preference to alcohol compared to the CTR. Post hoc analysis confirmed that both male
and female HFD-total RNA offspring consumed more alcohol at higher concentrations compared
to their CTR-littermates (HFD-total RNA vs CTR-total RNA, M: 5% alcohol, P < 0.003; 8%
alcohol, P < 0.007 and F: 5% alcohol, P < 0.0001; 8% alcohol, P < 0.02). (d) Amphetamine
sensitivity: The locomotor activity at baseline and following a saline injection was comparable
between the groups. Both male and female HFD-total RNA offspring showed enhanced locomotor
response to amphetamine compared to their CTR littermates as supported by a main effect of
group (F1,16 = 7.86; P < 0.02) and an interaction of group × 10 min bins (F11,176 = 0.82; P
< 0.05). N (5M, 5F) per group in amphetamine sensitivity test. N = HFD-total RNA (7M;
9F); CTR-total RNA (8M; 11F) in the rest of the experiments. Data are represented as mean ±
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. CTR = control, HFD = high fat diet, M = male,
F = female.
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Figure 4.3: Altered metabolic phenotypes in HFD-total RNA injected offspring. (a) Body
weight: HFD-total RNA offspring showed gradually increased body weight compared to the
CTR-total RNA offspring as supported by a significant main effect of group (F1,31 = 26.08, P
< 0.0001) and group × weeks interaction (F4,124 = 45.14, P < 0.0001). N (CTR-total RNA)
= 19 (8M, 11F); N (HFD-total RNA) = 18 (8M, 10F). (b) Insulin tolerance test: An ANOVA
yielded a significant main effect of group (F1,29 = 5.10, P < 0.03) indicating that HFD-total RNA
offspring had higher blood glucose level than CTR-total RNA following an insulin (i.p)injection.
A subsequent post hoc analysis depicted a stronger impairment of insulin sensitivity in the HFDtotal RNA male offspring (P < 0.005). N (CTR-total RNA) = 19 (8M, 11F); N (HFD-total RNA)
= 16 (8M, 8F). (c-g) Distribution of fat: HFD-total RNA offspring displayed a marked increase
in total fat (F1,27 = 11.95, P < 0.002), subcutaneous fat (F1,27 = 14.12, P < 0.001), visceral
fat (F1,27 = 5.69, P < 0.03) and fat mass ratio (F1,27 = 7.67, P < 0.02) with no difference in
lean mass (F1,27 = 3.47, P = 0.07). N (CTR-total RNA) = 17 (7M, 10F); N (HFD-total RNA)
= 14 (6M, 8F). (h-k) Plasma parameters: Metabolic profile quantified from plasma samples
collected from 6h fasted adult offspring. HFD-total RNA group showed higher fasted plasma
insulin (F1,20 = 7.59, P < 0.02), increased cholesterol (F1,20 = 8.74, P < 0.009), lower FFA
(F1,20 = 13.34, P < 0.002) level but no difference in plasma TG level (F1,20 = 0.001, P = 0.97)
compared to the CTR. N = (6M, 6F) per group. Data are represented as mean ± SEM. *P <
0.05, ** P < 0.01, *** P < 0.001. FFA = free fatty acid, TG = triglycerides, CTR = control,
HFD = high fat diet, M = male, F = female.
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and the RNA content of 40-50 nt is unknown. We purified separately the RNA
fragments from each excised band. The three different types of RNA fragments
isolated from 73-95 nt, 30-40 nt and 40-50 nt were microinjected separately into
normal fertilized oocytes at concentrations similar to the injected total RNAs to
generate tRNA-, tsRNA- and T40RNA- offspring from HFD and CTR groups respectively (Figure 4.1). The resultant offspring were kept on chow diet and water,
unless otherwise specified. The behavioral and metabolic experiments commenced
when the offspring reached at adulthood (PND 70).
Altered hedonic-like behaviors in the HFD-tsRNA offspring
We assessed offsprings hedonic response to natural rewards (HFD and sucrose) as
well as drugs of abuse (alcohol and amphetamine) in the same test paradigms to
identify which subgroup conserved the altered phenotypes similar to their ancestors. In the HFD preference test, a greater intake of HFD than chow diet was
detected in all offspring groups (P < 0.0001). Notably, HFD-tsRNA offspring
showed an increased HFD consumption compared to the CTR-tsRNA offspring
(P < 0.02; Figure 4.4a). Furthermore, the male HFD-tsRNA offspring showed a
stronger preference to HFD compared to their CTR-littermates (P < 0.03). In
contrast, the offspring from HFD- tRNA (Figure 4.4b) and HFD-T40 RNA (Figure 4.4c) group did not differ in their preference to HFD compared to the CTR
littermates. In the sucrose preference test, when offspring were given free access to
drink sucrose solution and water, all offspring groups consumed more sucrose than
water (P < 0.0001). Female drank more sucrose solution than males as supported
by a significant main effect of sex (P < 0.0001) (Figure 4.4d-f). HFD-tsRNA
offspring displayed higher consumption of sucrose solution compared to the CTRtsRNA offspring (P < 0.02; Figure 4.4d). The preference to sucrose solution at
all concentrations were more pronounced in male HFD-tsRNA offspring compared
to their CTR-littermates (0.5% sucrose, P < 0.0002; 1% sucrose, P < 0.0005;
3% sucrose, P < 0.009). Neither HFD-tRNA nor HFD-T40RNA offspring showed
any difference in sucrose consumption as compared to their CTR-littermates (Figure 4.4e,f).
When offspring were given free access to water and alcohol, all offspring groups
preferred alcohol to water (P < 0.0001). Offspring from HFD-tsRNA group showed
a marked increase in alcohol consumption as compared to the CTR-tsRNA offspring (P < 0.02; Figure 4.5a). Furthermore, we found that the female HFDtsRNA offspring had stronger preference to alcohol at higher concentrations compared to the other groups (5% alcohol, P < 0.04; 8% alcohol, P < 0.007). On the
contrary, the alcohol consumption in HFD-tRNA and HFD-T40RNA offspring was
comparable to that of CTR-littermates (Figure 4.5b-c). In the amphetamine sensitivity test, no difference was observed in spontaneous locomotor activity and the
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Figure 4.4: Altered hedonic responses to natural rewards in sperm RNA fragments injected
offspring. (a) HFD preference in tsRNA offspring: An ANOVA revealed a significant main
effect of diet (F1,33 = 730.03; P < 0.0001) and sex (F1,33 = 5.55; P < 0.03) indicating that all
offspring groups consumed more HFD than chow diet and females showed higher consumption
than males. HFD-tsRNA offspring showed a greater intake of HFD than CTR-tsRNA offspring
as supported by the main effect of group (F1,33 = 6.85; P < 0.02) and a group × diet interaction
(F2,66 = 6.33; P < 0.02). Post hoc analysis confirmed that male HFD-tsRNA offspring had
higher preference to HFD as compared to the other groups (P < 0.03). N = HFD-tsRNA (10M;
7F); CTR-tsRNA (10M; 10F). (b) HFD preference in tRNA offspring: Offspring from both
groups showed higher consumption of HFD compared to chow diet as confirmed by a significant
main effect of diet (F1,28 = 301.35; P < 0.0001). No difference was detected in HFD preference
between the groups as supported by no main effect of group (F1,28 = 0.86; P = 0.36) and no
group × diet interaction (F2,56 = 0.55; P = 0.47). N = (8M, 8F) per group. (c) HFD preference
in T40RNA offspring: No difference was observed in HFD preference between the groups (group
effect, (F1,28 = 0.61; P = 0.44) and group × diet, (F2,56 = 0.37; P = 0.55)). N = (8M, 8F) per
group. (d) Sucrose preference in tsRNA offspring: Offspring from both groups consumed more
sucrose than water (solution effect, (F1,31 = 142.21; P < 0.0001)). ANOVA revealed a significant
main effect of group (F1,31 = 7.31; P < 0.02) indicating that HFD-tsRNA offspring showed a
higher sucrose consumption than CTR-tsRNA offspring. Subsequent post hoc analysis yielded
that male HFD-tsRNA offspring had stronger sucrose preference compared to the others at all
concentrations (0.5% sucrose, P < 0.0002; 1% sucrose, P < 0.0005; 3% sucrose, P < 0.009). N =
HFD-tsRNA (10M; 7F); CTR-tsRNA (10M; 10F). (e) Sucrose preference in tRNA offspring: All
offspring groups showed a higher intake of sucrose over water as supported by a main effect of
solution (F1,28 = 161.30; P < 0.0001). No difference in sucrose preference was detected between
the groups (group effect, (F1,28 = 0.03; P = 0.86) and group × concentration, (F2,56 = 0.17;
P = 0.85)). N (8M, 8F) per group. (f ) Sucrose preference in T40RNA offspring: An ANOVA
revealed no significant main effect of group (F1,28 = 2.02; P = 0.17) and no main group ×
concentration interaction (F2,56 = 0.19; P = 0.83), reflecting that there was no difference in
sucrose consumption between the groups. N (8M, 8F) per group. Data are represented as mean
± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. CTR = control, HFD = high fat diet, M = male,
F = female.
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locomotor response after a saline injection between the groups (Figure 4.5d-f). A
significant increase in locomotor activity following a systemic amphetamine injection was found in both male and female HFD-tsRNA offspring compared to their
CTR littermates (P < 0.009; Figure 4.5d). Neither HFD-tRNA nor HFD-T40RNA
offspring showed any difference in locomotor activity in response to amphetamine
compared to CTR-tRNA and CTR-T40RNA offspring respectively (Figure 4.5e-f).
Overall, these data indicate that the injection of sperm 30-40 nt RNAs (predominantly tsRNAs) from F1 HFD males led the offspring to develop increased preference to palatable foods as well as enhanced sensitivity to drugs of abuse similar
to the their fathers.
HFD-tsRNA offspring showed altered metabolic phenotypes at normal
fed condition
We next evaluated the metabolic phenotype of the offspring born to different sperm
RNA fragments injection. The offspring were kept on chow diet and water from
weaning. The body weight was measured from PND 21 to PND 77. HFD-tsRNA
offspring gained significantly more weight over the weeks compared to the CTRtsRNA offspring (P < 0.004; Figure 4.6a). Furthermore, the weight gain was more
pronounced in the male HFD-tsRNA offspring, which was persistent since weaning
until adulthood (P < 0.0001). Consistent with these findings, HFD-tsRNA offspring displayed higher blood glucose levels compared with their CTR littermates
following a systemic insulin challenge, indicating an impaired insulin sensitivity in
the HFD-tsRNA group (P < 0.05; Figure 4.6d, Supplementary Figure 4.9b). The
effect was stronger in male HFD-tsRNA offspring compared to the other groups
(P < 0.002). Offspring from HFD-tRNA as well as HFD-T40RNA showed neither
any difference in body weight nor any alteration in blood glucose level following insulin challenge compared to the CTR-tRNA and CTR-T40RNA offspring
respectively (Figure 4.6b-f, Supplementary Figure 4.9d-e). Together these findings indicate that HFD-tsRNA group developed marked weight gain associated
with impaired insulin sensitivity among different sperm RNAs injected offspring.
Notably, the effects were stronger to that of F1-HFD fathers but similar to the
observed phenotypes in the HFD-total RNA offspring.
HFD-tsRNA offspring showed altered metabolic phenotypes after junk
food challenge
Since HFD-tsRNA offspring kept on chow diet showed significant weight gain as
well as higher preference to palatable foods in short term HFD and sucrose preference tests, we next evaluated their feeding behavior and food preference by
providing them ad libitum access to palatable junk foods (HFD and 1% sucrose)
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Figure 4.5: Altered hedonic responses to drugs of abuse in sperm RNA fragments injected offspring. (a) Alcohol preference in tsRNA offspring: An ANOVA yielded a significant main effect
of group (F1,28 = 6.32; P < 0.02) reflecting that HFD-tsRNA offspring consumed more alcohol
than CTR-tsRNA offspring. Follow up post hoc revealed that female HFD-tsRNA offspring had
stronger alcohol preference compared to the others at higher concentrations (5% alcohol, P <
0.04; 8% alcohol, P < 0.007). N = HFD-tsRNA (9M; 10F); CTR-tsRNA (7M; 6F). (b) Alcohol
preference in tRNA offspring: All offspring groups consumed more alcohol than water (F1,28 =
87.08; P < 0.0001). There was no difference in alcohol consumption between the groups as supported by main effect of group (F1,28 = 1.20; P = 0.28) and group × concentration interaction
(F2,56 = 1.72; P = 0.19). N (8M, 8F) per group. (c) Alcohol preference in T40RNA offspring:
HFD-T40RNA offspring did not differ in alcohol consumption at all concentrations compared to
the CTR-T40RNA offspring (main effect of group, F1,28 = 0.49; P = 0.48 and group × concentration interaction, F2,56 = 0.06; P = 0.94). N (8M, 8F) per group. (d) Amphetamine sensitivity
in tsRNA offspring: No difference in locomotor activity at baseline (F1,16 = 0.25; P = 0.62)
and following a saline injection (F1,16 = 1.17; P = 0.29) was detected between the groups. An
ANOVA revealed a significant main effect of group (F1,16 = 8.62; P < 0.009) and a significant
group × 10 min bins interaction (F11,176 = 3.39; P < 0.004) indicating that both male and female HFD-tsRNA offspring showed enhanced locomotor activity in response to an amphetamine
injection compared to their CTR littermates. (e) Amphetamine sensitivity in tRNA offspring:
HFD-tRNA offspring did not differ in baseline locomotor activity (group effect, F1,16 = 0.93;
P = 0.35), locomotor response after saline injection (group effect, F1,16 = 0.24; P = 0.63) and
enhanced locomotion after amphetamine challenge (group effect, F1,16 = 0.56; P = 0.47) as
compared to the CTR-tRNA offspring. (f ) Amphetamine sensitivity in T40RNA offspring: No
difference was observed in spontaneous locomotor activity (group effect, F1,17 = 1.11; P = 0.31),
locomotor response after saline (group effect, F1,17 = 0.10; P = 0.76) and locomotor activity
after amphetamine challenge (group effect, F1,17 = 0.01; P = 0.92) between the groups. N (5M,
5F) per group. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
CTR = control, HFD = high fat diet, Base = baseline, Sal = saline, AMPH = amphetamine, M
= male, F = female.
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Figure 4.6: Altered metabolic phenotypes in sperm RNA fragments injected offspring. (a) Body
weight in tsRNA group: An ANOVA yielded a significant main effect of group (F1,31 = 10.17,
P < 0.004) and its interaction with weeks (F9,279 = 5.36, P < 0.0001), reflecting that HFDtsRNA offspring gained more weight as compare to the CTR-tsRNA offspring. Male weighed
significantly more than female as revealed by a main effect of sex (F1,31 = 55.46; P < 0.0001).
N (CTR-tsRNA) = 16 (8M, 8F); N (HFD-tsRNA) = 20 (10M, 10F). (b) Body weight in tRNA
group: ANOVA revealed a significant main effect of sex (F1,39 = 103.74; P < 0.0001), indicating
that male offspring gained more weight than females over the weeks. No difference was detected
in body weight between the HFD-tRNA and CTR-tRNA offspring (group effect,(F1,39 = 3.57; P
= 0.07)). N (CTR-tRNA) = 23 (12M, 11F); N (HFD-tRNA) = 20 (11M, 9F). (c) Body weight
in T40RNA group: Offspring from HFD-T40RNA group did not show any difference in body
weight compared to the CTR-T40RNA group as supported by main effect of group (F1,37 =
0.001, P = 0.97). N (CTR-T40RNA) = 23 (15M, 8F); N (HFD-T40RNA) = 18 (10M, 8F).
(d) Insulin tolerance test in tsRNA offspring: HFD-tsRNA offspring showed significantly higher
blood glucose level following an i.p insulin injection, indicating impaired insulin sensitivity in
this group. This observation was supported by a significant group × time point interactions
(F5,145 = 2.37, P < 0.04). Follow up post hoc analysis depicted a stronger impairment of insulin
sensitivity in the male HFD-tsRNA offspring (P < 0.002). N (CTR-tsRNA) = 14 (7M, 7F);
N (HFD-tsRNA) = 19 (11M, 8F). (e) Insulin tolerance test in tRNA offspring: HFD-tRNA
offspring did not show any difference in insulin sensitivity compared to the CTR-tRNA offspring
(group effect, (F1,28 = 0.003; P = 0.95)). N = (8M, 8F) per group. (f ) Insulin tolerance test
in T-40RNA offspring: ANOVA revealed no significant effect of group (F1,28 = 0.05; P = 0.87)
indicating that the insulin sensitivity of HFD-T40RNA offspring was comparable to that of CTRT40RNA offspring. N = (8M, 8F) per group. Data are represented as mean ± SEM. * P <0.05,
** P < 0.01, *** P < 0.001. CTR = control, HFD = high fat diet, M = male, F = female.
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along with regular chow diet and water for 12 weeks (from postnatal week 5 to
16) in their home cages and characterized their metabolic phenotype. As control,
separate cohort of HFD-tsRNA and CTR-tsRNA offspring were given free access
to chow and water over the 12 weeks study period. The body weight and food
intake were measured every week during the experimental period. As depicted in
Figure 4.7b, both male and female HFD-tsRNA offspring did not show significant
difference in body weight as compared to the CTR-tsRNA offspring at the beginning of the junk food challenge. However, after 5 weeks of junk food exposure,
female HFD-tsRNA offspring showed a significant increase in body weight compared to the CTR-littermates and the difference was persistent over the 12 weeks
junk food exposure (P < 0.009). In males, a significant difference in body weight
commenced after 9 weeks of junk food challenge where the HFD-tsRNA group
gained progressively more weight than the CTR-tsRNA group (P < 0.004) and at
the end of 12 weeks, male HFD-tsRNA offspring weighed 14.99% more than their
CTR-littermates. The increased weight gain in male HFD-tsRNA offspring was
associated with increased total fat content (P < 0.004; Figure 4.7e), higher subcutaneous (P < 0.008; Figure 4.7f) and visceral fat depot (P < 0.002; Figure 4.7g)
as well as increased fat mass ratio (P < 0.01; Figure 4.7h) with no difference in
lean body mass (P = 0.08; Figure 4.7d) compared to the CTR-tsRNA offspring.
However, no difference in fat mass distribution was detected between the female
HFD-tsRNA and CTR-tsRNA group. Furthermore, male HFD-tsRNA offspring
developed impaired sensitivity to insulin following a 12 weeks palatable food exposure (P < 0.008; Figure 4.7c). Consisted with these findings, male HFD-tsRNA offspring showed elevated fasted plasma insulin level (P < 0.04; Figure 4.7i), marked
increase in plasma leptin level (P < 0.002; Figure 4.7j) and higher cholesterol level
(P < 0.01; Figure 4.7k). When we measured their food intake every week, the junk
food challenged mice consumed more HFD and sucrose solution than chow food
and water respectively (Figure 4.7n-o). No difference was detected in chow food
and water consumption between the groups. Notably, both male and female HFDtsRNA offspring showed significantly higher HFD consumption as compared to
their CTR-littermates (P < 0.0001; Figure 4.7n). Similarly, HFD-tsRNA offspring
showed marked increase in sucrose consumption compared to the CTR-tsRNA
offspring during the junk food choice period (P < 0.0001; Figure 4.7o). In the
chow-water fed cohort (control group), no difference was detected in the chow
(mean, HFD-tsRNA = 25.33 ± 0.34; CTR-tsRNA = 24.51 ± 0.35) and water
(mean, HFD-tsRNA = 30.99 ± 0.59; CTR-tsRNA = 29.73 ± 0.48) consumption
between HFD-tsRNA offspring and CTR-tsRNA offspring (data not shown). We
next measured their energy expenditure in the metabolic cage study. As shown in
Supplementary Figure 4.10 (a-e), the junk food challenged HFD-tsRNA offspring
did not show any difference in O2 consumption (P = 0.89), CO2 production (P =
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0.68), heat production (P = 0.86), RER (P = 0.11) and general locomotor activity
(P = 0.91) as compared to the CTR-tsRNA offspring. Together, these findings
demonstrate that upon free choice of junk food the HFD-tsRNA offspring exhibited
higher preference for palatable foods compared to the CTR-tsRNA offspring. The
long term preference and excessive consumption of palatable foods further exacerbated the obesity and other features of metabolic syndrome in the HFD-tsRNA
group. In addition, we observed that the obesogenic phenotypes were exacerbated
in the male HFD-tsRNA offspring compared to the other offspring groups.

4.4.3

Sperm sncRNA profiling of HFD and CTR F1 father
and functional correlation

To confirm whether sperm tsRNA is the major mediator of the altered hedonic
and metabolic phenotypes in the progeny, we next investigated sperm sncRNA
profiles (∼16-40nt) of the HFD and CTR F1 fathers by small RNA deep sequencing analysis. Analysis of the sequencing data revealed that the size distribution
of sequencing reads is similar between the HFD and CTR sperm (Figure 4.8a).
The principle component analysis of differentially expressed small RNAs showed
clear clustering of the sample groups (Figure 4.8b). In addition, sperm of both
groups contain significantly higher amount of tsRNAs (∼28-34nt) as compared
to the other sncRNAs population. Comparative analysis of sncRNAs between
HFD and CTR F1 sperm revealed slightly but yet significantly higher amount of
tsRNAs in the HFD compared to the CTR group (P < 0.04; Figure 4.8c), predominantly 50 tRNA halves (Supplementary Figure 4.11a). The differential expression
of several tRNA fragments was observed between HFD and CTR sperm and difference between source tRNAs as a whole was statistically significant for 13 tRNAs
(Figure 4.8d). Next, to understand how the sperm tsRNAs could induce altered
hedonic and metabolic phenotypes in the HFD-tsRNA offspring, we screened for
putative target transcripts of the differentially expressed tsRNAs. By assigning
score values to each transcript based on the different amount of targeting tsRNA
molecules between both conditions, we predicted 3306 transcripts to be upregulated and 2711 transcripts to be downregulated in HFD group as compared to the
CTR (Figure 4.8e).
Among them, we selected top 50 predicted targets from the upregulated and
down regulated transcripts and performed intensive literature search to identify
the most promising candidates based on their implications in development, epigenetic regulation, brain dopamine signaling pathways, metabolic function, addiction
pathology, obesity and related metabolic syndrome. We filtered out 7 potential targets (CHRNA2, VAV3, ZCCHC11, EEFA1, DHRS3, DAB2IP, GRIN3A) related
to neuronal development and addiction pathology and assessed their expression
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Figure 4.7: Altered metabolic phenotypes in HFD-tsRNA offspring following junk food challenge. (a) Exp. design: tsRNA offspring from both HFD and CTR groups were given free access
to HFD and 1% sucrose along with chow and water for 12 weeks, starting 2 weeks after weaning
(at postnatal week 5). (b) Body weight: ANOVA revealed a significant main effect of group
(F1,37 = 4.37, P < 0.05) and group × weeks interaction (F11,407 = 2.32, P < 0.006), indicating
that HFD-tsRNA offspring gradually gained more weight compared to the CTR-littermates following junk food challenge. Post hoc depicted that weight gain was more marked in the male
HFD-tsRNA offspring compared to the others (P < 0.004). N (CTR-tsRNA) = 21 (12M, 9F); N
(HFD-tsRNA) = 23 (13M, 10F). (c) Insulin tolerance test: ANOVA yielded a significant group
× time point interaction (F5,175 =2.74, P < 0.04) reflecting that HFD-tsRNA offspring had
higher blood glucose level than CTR-tsRNA offspring following an (i.p) insulin. Post hoc analysis depicted a stronger impairment of insulin sensitivity in the male HFD-tsRNA offspring (P <
0.008). N (CTR-tsRNA) = 17 (9M, 8F); N (HFD-tsRNA) = 22(11M, 11F). (d-h) Distribution
of fat: ANOVA yielded a significant group × sex interactions in total fat content (F1,38 = 5.21,
P < 0.03), subcutaneous fat (F1,38 = 4.71, P < 0.04), visceral fat (F1,38 = 5.23, P < 0.03) depot
and fat mass ratio (F1,38 = 4.74, P < 0.04). Post hoc revealed that male HFD-tsRNA offspring
developed a marked increase in total fat (P < 0.004), subcutaneous fat (P < 0.008), visceral fat
(P < 0.002) as well as fat mass ratio (P < 0.01) compared to their CTR-littermates. No difference
was observed in total lean mass between the groups (F1,38 = 2.25, P = 0.14). N (CTR-tsRNA)
= 21 (12M, 9F); N (HFD-tsRNA) = 22 (12M, 10F). (i) Plasma Insulin: ANOVA revealed a
significant main effect of group (F1,27 = 7.34, P < 0.02), indicating increased fasted insulin level
in HFD-tsRNA group compared to the CTR. Post hoc confirmed that male HFD-tsRNA had
higher insulin level compared to others (P < 0.04). N = (8M, 8F) per group. (j) Plasma leptin:
HFD-tsRNA group showed higher fasted leptin level compared to the CTR-tsRNA as supported
by a main effect of group (F1,18 = 11.28, P < 0.004) and group × sex interaction (F1,18 = 4.67,
P < 0.04). Post hoc analysis confirmed that male HFD-tsRNA offspring had higher leptin level
compared to others (P < 0.002). N (CTR-tsRNA) = 10 (6M, 4F); N (HFD-tsRNA) = 12 (7M,
5F). (k-m) Lipid profile: Male HFD-tsRNA offspring showed increased plasma cholesterol (P <
0.01) level compared to the others. N = (8M, 8F) per group. (n) Food intake: Both male and
female HFD-tsRNA offspring showed marked increase in HFD consumption over the weeks as
compared to the CTR-tsRNA offspring. This observation was supported by a significant main
effect of group (F1,39 = 29.77, P < 0.0001) and group × weeks interaction (F11,429 = 5.43, P <
0.0001). No difference was detected in chow food intake between the groups (F1,39 = 1.05, P =
0.31). (o) Solution intake: ANOVA revealed a significant effect of group (F1,39 = 25.88, P <
0.0001) and group × weeks interaction (F1,39 = 5.98, P < 0.0001), supporting that HFD-tsRNA
offspring drank more sucrose during experiment compared to CTR-tsRNA offspring. No difference was observed in water intake between the groups (F1,39 = 1.22, P = 0.87). N (CTR-tsRNA)
= 20 (12M, 8F); N (HFD-tsRNA) = 23 (13M, 10F). Data are represented as mean ± SEM. *P
< 0.05, **P < 0.01, ***P < 0.001. CTR = control, HFD = high fat diet, M = male, F = female.
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levels in the nucleus accumbens (Nac) and the dorsal striatum of F1 fathers and
tsRNA offspring. These brain structures were involved in initiation and maintenance of hedonic behaviors [102]. One of the candidate genes GRIN3A, that
has been implicated in neuronal plasticity in psychostimulant addiction [440, 279],
showed altered expression in the dSTR of F1-HFD and tsRNA-HFD offspring
(Figure 4.8f). The level of GRIN3A was higher in the F1-HFD male compared
to the F1-CTR male (P < 0.02), whereas the expression was lower in the HFDtsRNA offspring compared to their CTR-littermates (P < 0.05). Further, another
potential target CHRNA2, that is known to be involved in nicotine and alcohol
addiction [289, 216], was found to be increased in the dSTR of both F1 -HFD
fathers (P < 0.05; Figure 4.8g) and tsRNA-HFD offspring compared to the CTR
groups (P < 0.03; Figure 4.8g). In addition, the expression of CHRNA2 was significantly lower in the Nac of both F1-HFD (P < 0.05; Figure 4.8h) and tsRNA-HFD
offspring (P < 0.043; Figure 4.8h) compared to their CTR littermates. Several
other candidates (VAV3, EEFA1, ZCCHC11 DHRS3 and DAB2IP) that play an
important role in neurite growth and differentiation during early phase of development showed altered expression pattern in the Nac and/or dSTR of F1-HFD
fathers and HFD-tsRNA offspring compared to CTR-littermates (Supplementary
Figure 4.12a-d). Together, these findings suggest a possible functional association
between altered sperm tsRNAS levels in F1-HFD fathers and the observed altered
hedonic phenotypes in the resulting HFD-tsRNA offspring.

4.5

Discussion

We demonstrated here for the first time that obesogenic and altered hedonic phenotypes that were perpetuated in the progeny via the paternal lineage following a
maternal HFD insult, were sperm tsRNAs mediated. Among different subgroups
of sperm sncRNAs, microinjection of sperm tsRNAs from F1 HFD male into the
naı̈ve zygote could induce obesogenic phenotypes and addictive-like behaviors, for
instance, increased preference for palatable foods and enhanced sensitivity to drugs
of abuse in the resulting offspring, indicating that sperm tsRNAs are essential for
the transmission of such acquired traits to the subsequent generations. Furthermore, deep sequencing analysis of sperm sncRNAs of F1 HFD and CTR fathers
revealed that the HFD sperm had larger proportion of sperm tsRNAs, predominantly 50 tRNA halves as compared to the CTR sperm. Together, these findings
provide a direct link between sperm tsRNAs and the inheritance of maternal HFD
induced altered hedonic and metabolic traits in the progeny.
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Figure 4.8: Sperm sncRNAs profile in F1 fathers and differences in transcriptomes in brain of
F1 father and tsRNA offspring. (a) Length distribution of sncRNA sequence reads from F1-HFD
and F1-CTR males. Error bars indicate standard deviation. (b) Principal componants analysis
(PCA) based on 4822 differentially expressed sncRNA species. Singular value decomposition
(SVD) with imputation is used to calculate principal components. X and Y-axis show principal
component 1 (PC1) and principal component 2 (PC2) that explain 83.9% and 5.6% of the total
variance, respectively. (c) Composition of sncRNA transcriptomes. Error bars indicate standard
deviation. tRNA derived small RNAs (tsRNAs) constitute the majority of sncRNAs in both HFD
and control group. Most tsRNAs map to the 50 end of mature tRNAs. Inlet exemplarily shows
the relative sncRNA coverage of tRNA-Gly-GCC-2-8. (d) Heatmap displays relative expression
of tsRNAs derived from different tRNAs across HFD and control probes. Clustering bases
on average linkage. Distance measurement method is Pearson. (e) Scores for 6017 predicted
tsRNA target transcripts. Positive scores forecast higher expression in CTR sperm, negative
scores forecast higher expression in HFD. Exemplary target sites for CHRNA2 and GRIN3A are
shown. (f ) Altered expression of GRIN3A in the dSTR of F1- HFD (P < 0.02) and HFD-tsRNA
offspring (P < 0.05) compared to the CTR littermates. (g) The increased levels of CHRNA2 in
the dSTR of F1-HFD male (P < 0.05) and HFD-tsRNA offspring (P < 0.03) compared to CTR.
(h) Decreased levels of CHRNA2 in the Nac of F1-HFD (P < 0.05) and HFD-tsRNA offspring
(P < 0.04) compared to their CTR littermates. The statistical significance was calculated using
two-tailed Student t-test. N (F1-CTR) = 6; N (F1-HFD) = 6; N (CTR-tsRNA) = 12; N (HFDtsRNA) = 12. Data are represented as mean ± SEM. * P <0.05, ** P < 0.01. CTR = control,
HFD = high fat diet.
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Sperm tsRNA mediated transmission of altered hedonic phenotypes

The present study is the first to show that the microinjection of total RNAs or
tsRNAs from the sperm of F1-HFD male into naı̈ve fertilized oocyte could recapitulate the altered hedonic responses to drugs of abuse in the resultant offspring, indicating a true epigenetic inheritance. More specifically, we observed a
robust phenotype of enhanced sensitivity to amphetamine in both male and female HFD-total RNA as well as HFD-tsRNA offspring. Such enhanced locomotor
response to amphetamine was also observed in the F1-HFD offspring [295, 26] as
well as in the F2-HFD offspring conceived through conventional roots (Chapter 3).
Consistent with this observation, both male and female HFD-total RNA as well
as HFD-tsRNA offspring showed increased preference for alcohol as compared to
the CTR-littermates, similar to their ancestors [295, 26]. Conversely, HFD-total
RNA offspring did not show any difference in response to natural rewards, such
as HFD and sucrose, compared to their CTR littermates, unlike to the phenotypes observed in HFD-F1 ancestors [295, 260, 277]. In contrast, the injection
of isolated tsRNA from the HFD-F1 sperm could recapitulate their phenotypes of
enhanced preference to natural rewards in the male HFD-tsRNA offspring. Similar
pattern of phenotypic variation across generations was reported in several other
models of parental diet induced metabolic abnormalities [60, 50, 136]. In a paternal western diet (WD) induced obesity model, the immediate offspring derived
from the microinjection of sperm miR19 of WD father did not develop obesity
phenotype whereas the subsequent descendant showed the complete obesogenic
phenotype [136]. The possible explanations for such phenotypic variations among
the progeny could be: (1) the involvement of other regulatory machineries such as
amplification of RNA interference reactions, RNA dependent RNA polymerases or
other small noncoding RNAs that can silence or induce target mRNA expression
in different tissues [161] or (2) the rheostat effect for imprinted genes, which defines the inter-individual variability of gene expression with respect to epigenetic
alterations [20, 136].

4.5.2

Sperm tsRNA mediated transmission of altered metabolic phenotypes

Long term paternal dietary insults such as low protein diet [357], HFD [443, 60] or
western diet [136] exposure have shown the possible direct link between the altered
sperm sncRNA profiles and the acquisition of abnormal metabolic phenotypes in
the offspring. To date, very little is known how maternal overnutrition affects
offspring sperm RNA profile and its association with acquired phenotypes. Here,
we reported for the first time sperm sncRNA mediated transmission of maternal
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HFD induced altered metabolic phenotypes in the progeny. Notably, variation
in metabolic phenotypic inheritance was also evident like other models [136, 60].
The obesogenic phenotypes including increased body weight, marked adiposity,
insulin insensitivity and altered circulating metabolic parameters were more pronounced in the HFD-total RNA and HFD-tsRNA offspring reared on chow diet
compared to the mild phenotypes observed in HFD-F1 offspring [295]. Our daily
food consumption is challenged by the selection of energy dense, highly palatable,
heavily processed junk foods over healthy balanced diet. The easy availability
and increased preference for palatable foods aggravate the risk of obesity and the
metabolic syndrome in some individuals. We and other groups showed in rodent models that free choice calorie dense diets could induce overconsumption of
palatable foods that could aggravate obesity and diabetogenic phenotypes in the
animals [295, 19, 203]. In order to simulate human daily consumption, we provided the tsRNA offspring free access to palatable foods (HFD and 1%sucrose
solution) in parallel to healthy diets (chow diet and water). When tsRNA offspring were given a free choice for a longer time period, we noticed that both male
and female HFD-tsRNA offspring consumed significantly more HFD and sucrose
solution compared to the CTR-tsRNA offspring. The persistent overconsumption
of calorie dense palatable diets could exacerbate the weight gain in the HFDtsRNA offspring compared to others. However, the obesogenic phenotypes were
more pronounced in the male HFD-tsRNA offspring as compare to their female
littermates. The female HFD-tsRNA offspring initially showed overconsumption
of calorie dense diet but their food intake reached a plateau after 7 weeks, which
might prevent excessive weight gain and the progression of other metabolic abnormalities. Similar pattern of sex specific phenotypic inheritance has been noticed
in several recent models of maternal HFD insult [170, 92],(Chapter 3), however
the contribution of sex in different phenotypic outcomes remains elusive [93].

4.5.3

Altered sperm tsRNA content of F1 father and functional association with the observed phenotypes

In order to identify the mechanistic link of sperm tsRNA mediated inheritance of
altered hedonic and metabolic phenotypes in the progeny, we examined the small
RNA content of sperm from F1-HFD and F1-CTR fathers. Three recent reports
have shown that sncRNA content of murine sperm, in particular tsRNAs, is highly
sensitive to paternal dietary insults including low protein diet or HFD [443, 60,
357]. Consistent with their observations, our small RNA sequencing data revealed
a significantly higher amount of sperm tsRNA content in the F1-HFD father with
the predominance of 50 -tRNA halves compared to the F1-CTR father. However, in
paternal dietary models, fathers sperm (both mature and developing sperm cell)
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was directly exposed to the dietary insults for a longer period of time ranging from
6 weeks to 6 months [443, 60, 357]. In contrary, in our maternal HFD model, the
sperm from F1 males was indirectly exposed to HFD insults for a shorter duration
at their early stages of development that encompasses the intrauterine and early
postnatal weeks. It is remarkable that such short duration of exposure is sufficient
to induce changes in sperm tsRNAs content and capable of transmitting the altered
phenotypes to subsequent generations.
Our study further identifies predicted target transcripts of the differentially
expressed tsRNAs between F1-HFD and F1-CTR sperm. Seven of the candidate
genes, CHRNA2, GRIN3A, VAV3, ZCCHC11, EEFA1, DHRS3, DAB2IP-were
functionally related to neuronal growth, differentiation, axonal guidance, dendritic
spine formation and maturation in the developing brain [368, 185, 347, 176, 190,
401, 340] and showed altered expression in the Nac and dSTR of the F1-HFD and
tsRNA-HFD offspring. Notably, expression of CHRNA2 and GRIN3A is known to
be highly regulated during the early postnatal period (P3-P21), indicating a critical window for early life insults [368, 185, 433]. In addition to developing brain,
GRIN3A is highly enriched in the glutamatergic projections of mesocorticolimbic
dopaminergic circuits in the adult brain [302]. The protein encoded by GRIN3A,
i.e. NMDA receptor subtype 2, is known to modulate DA signaling in drug addiction [302, 152]. Up or downregulation of GRIN3A subunit of NMDA receptors in
the DA circuits in rodents have been reported to alter the glutamatergic tone in
dopamine signaling pathway and stimulate drug induced synaptic plasticity that
can trigger behavioral sensitization, self-administration and drug seeking behavior
in advanced stages of cocaine and methamphetamine addiction [279, 167, 440].
The persistent alteration of GRIN3A expression observed in the dSTR of F1-HFD
fathers and HFD-tsRNA offspring could cause similar circuit level adaptations in
the DA and the glutamatergic pathways, leading to the manifestation of addictive
like behaviors. In parallel, we also observed altered expression of CHRAN2 (also
known as nicotine acetylcholine receptor alpha subunit 2, nAChRα2) in the dSTR
and Nac of both HFD-F1 fathers and the resulting HFD-tsRNA offspring. Mutation in CHRNA2 in human has been reported to increase the risk of nicotine and
alcohol addiction [75, 445]. Global knock out of CHRNA2 in mice was shown to potentiate nicotine self-administration, food reinforcement behaviors and withdrawal
symptoms via the alteration of GABA, glutamate and DA signaling in IPN, habenula and mesoaccumbal pathways [216, 395, 230], suggesting that altered CHRNA2
expression might also contribute to the development of addictive phenotypes in our
model. Given that tsRNA could alter the gene expression via post-transcriptional
modifications [227], it could be possible that early life maternal HFD exposure
induced increased sperm tsRNA levels. In addition, it might initiate alterations
of these genes expression in the developing brain that ultimately impact neuronal
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development as well as central circuit level function and thereby influence hedonic
behaviors in the offspring. Although recent evidence suggests significant contribution of brain miRNAs and long noncoding RNAs in drug addiction, the role of
tsRNA is currently unknown [345]. Our findings provide a functional association
of altered sperm tsRNAs and addictive-like behaviors in the offspring, however,
to understand the complex underlying mechanisms through which sperm tsRNAs
induce such altered phenotypes still needs further investigations.
In conclusion, our findings demonstrate that sperm tsRNA is a potential vector
that contribute to the transmission of maternal HFD induced addictive-like behaviors and obesogenic phenotypes across generations, thereby emphasizing its role in
diverse pathological outcome. However, how and at which stages of sperm development this epigenetic mark is affected by maternal HFD exposure and how it could
carry the information of altered metabolic and hedonic traits to the next generation remains to be elucidated. In a recent report, Zhang et al., have shown that
DNMT2 (DNA methyltransferase2) mediated elevated RNA modifications (m5C
and m2G) could increase the level of sperm tsRNA following long term HFD exposure and thereby contribute to the transmission of paternal metabolic traits in
the offspring [443]. It will be therefore of great interest to examine whether such
RNA modifications machinery or other regulatory pathways for instance, interplay
between sperm tsRNA and other epigenetic marks [358] are involved in maternal
HFD induced alteration of sperm tsRNA profile and maintenance of such epigenetic memory in the subsequent generations.
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4.9
4.9.1

Online methods
Mice

Male and female C57BL/6N mice were purchased from Charles River (Charles
River, Germany) at the age of 10 weeks and were housed in cages at temperature
of 21 ± 1◦ C and humidity of 55 ± 5%. All mice were given standard chow (Kliba
3430) and water ad libitum and were maintained on 12:12h reversed lightdark cycle
with lights on at 7.00 pm. All animal experiments and procedures were approved
by the Zurich Cantonal Veterinarian’s Office, Switzerland.

4.9.2

Feeding and breeding design

To generate F1 offspring, 40 female mice (F0) were randomly divided into two
groups (20 in each group) to receive either a HFD (60% energy from fat, Diet Kliba
2127, energy content = 22 kj/g, protein (w/w): 26%, carbohydrates: 1%, fat: 38%)
or a standard chow diet (Kliba 3430, energy content = 13 kj/g, protein (w/w):
21%, carbohydrates: 39.8%, fat: 5%) for a total duration of 9 weeks (3 weeks prior
to conception, 3 weeks gestation and 3 weeks lactation). The shorter duration of
HFD exposure led the mother not to develop any obesogenic phenotypes as well as
any alteration in maternal behavior during gestation and lactation [295]. The 20
male breeders (F0) kept on standard chow diet were randomly chosen and allocated
as one male per 2 female breeders during the mating. The males were removed
from the mating cage once the pregnancy was confirmed by vaginal copulation
plug assessment to exclude paternal effect. Upon weaning at postnatal day 21,
F1 offspring were housed as 4 littermates of same sex per cage and were provided
with chow diet and water ad libitum throughout their life.

4.9.3

Sperm collection, RNA extraction, small RNAs isolation and sperm RNAs microinjection

Sperm isolation
Mature sperm was isolated from cauda epididymis of F1 male mice (N = Total
RNA, 8 HFD and 8 CTR; SncRNAs, 12 HFD and 12 CTR). The epididymis and
vas deferens were removed with the least amount of fat attached. The membrane
of cauda epididymis was punched and then squeezed to press out the sperm mass.
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The sperm mass from both cauda epididymis was then collected in M2 medium
(Sigma Aldrich, M7167) and incubated for 1h at 37◦ C to capacitate the sperm,
after which the upper 2/3rd of the fluid was collected to eliminate somatic cell
contamination. Finally, the sperm was pelleted by centrifugation at 10000 rpm at
4◦ C for 10 min and stored at -80◦ C.
RNA extraction
Total RNA from sperm sample was extracted using the Trizol-chloroform method
(Invitrogen, CA, USA) according to the manufacturers instruction. In brief,
the sperm pellet was suspended in Trizol reagent, treated with chloroform, homogenated, after which the upper aqueous solution containing RNA was carefully
collected. The RNA sample was then treated with DNAse (Biolabs INc, CA, USA)
for 30 min at 37◦ C to exclude any DNA contamination. The final RNA pellet was
suspended in 20 µl RNAse free water and stored at -80◦ C.
Sperm small RNAs isolation
Isolated sperm total RNA was dissolved in denaturing RNA loading buffer and
heated 65◦ C for 5 min before loading into the gel. 10-15 µg of total RNA was
loaded on a vertical 6% TBE gel with 19:1 acrylamide: bis- acrylamide, 8 M urea,
1× TBE buffer and was run at 15 W to ensure optimal temperature (60◦ C) for
sample denaturation. Prior to loading the samples, the gel was pre-run for 45
min. The approximate location of the desired RNA fractions was determined by
the position of small RNA markers (NEB) which were visualized by illuminating
the gel with long wave UV light on a fluorescent indicator plate. Each RNA
fragment was excised together with a gel slice and placed separately in the RNA
elution buffer (20 mM Tris-HCl (pH 7.5), 300 mM sodium acetate, 2 mM EDTA,
0.25% SDS). The elution was carried out overnight at room temperature. In the
purification step, the eluted sample was collected in a fresh tube and the RNA was
precipitated with 3 volumes of 96% ethanol. The pellet was then washed with 70%
ethanol and dissolved directly in 30 µl of RNA injection buffer (1 mM Tris-Cl, pH
7.5, 0.1 mM EDTA).
Zygotes and early embryo collection
C57BL/6J female mice aged 4 week underwent ovulation induction by intraperitoneal injection (i.p.) of 5 IU equine chorionic gonadotrophin (PMSG; FolligonInterVet), followed by i.p. injection of 5 IU human chorionic gonadotropin (hCG;
PregnylEssex Chemie) 48h later. For the recovery of zygotes, C57BL/6J females
were mated with males of the same strain immediately after the administration
of hCG. All zygotes were collected from oviducts 24h after the hCG injection,
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and were then freed from any remaining cumulus cells by a 12 min treatment
of 0.1% hyaluronidase (Sigma-Aldrich) dissolved in M2 medium. Mouse embryos
were cultured in M16 (Sigma-Aldrich) medium at 37◦ C and 5% CO2 . For micromanipulation, embryos were then transferred into M2 medium.
Sperm RNAs microinjection and embryo transfer
All microinjections were performed using a microinjection system comprised of an
inverted microscope equipped with Nomarski optics (Nikon), a set of micromanipulators (Narashige), and a FemtoJet microinjection unit (Eppendorf). Total sperm
RNAs or separated RNA fractions (tsRNA, tRNA and T40 RNA) were adjusted
to a concentration of 2 ng/µl and was microinjected individually into the male
pronuclei of fertilized mouse oocytes until 20-30% distension of the organelle was
observed. Embryos that survived the microinjection were transferred on the same
day into the oviducts of (8-16) week old pseudopregnant Crl:CD1 (ICR) females
(0.5 d used after coitus) that had been mated with sterile genetically vasectomized
males [147] the day before embryo transfer. Pregnant females were allowed to
deliver and raise their pups until weaning age.

4.9.4

Small RNA library preparation and sequencing

The small sperm RNA fraction with nucleotide length of 30-40 nt was isolated for
RNA sequencing. Small RNA libraries were constructed according to TruSeq Small
RNA Sample Preparation Kit (Illumina), the small RNA libraries were followed by
library quality validation for sequencing. Sequencing is performed by the Function
Genomic Center Zurich.

4.9.5

Small RNA-seq data processing and analysis

Initial data processing was conducted using a series of Perl scripts (in brackets)
which are part of the NGS TOOLBOX (Rosenkranz et al. 2015). Adapter sequences were trimmed from raw sequence reads searching for TGGAATTCTC(N)x3’ motifs (clip). Sequence reads <16 nt were removed (length-filter) and datasets
were collapsed to non-identical sequences while keeping information on sequence
read counts (collapse). Low-complexity sequences were removed (duster) and the
remaining sequences were mapped to the mouse genome (GRCm38p6) with bowtie
(v.1.2, [207]) using default settings. Mapped sequences were annotated with unitas
(v.1.5.0, -skip dust, [121]), which was also used to detect differentially expressed
sRNA sequences between CTR (N = 3) and HFD (N = 3) with Bonferroni-Holm
correction of alpha error.
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tsRNA target prediction

Based on their association with PIWI proteins [183, 158], we predicted tsRNA target transcripts applying targeting rules recently described for piRNAs [442] which
are more strict compared to the commonly applied miRNA targeting rules. We
run miRanda [174] with mouse cDNA data from Ensembl database (release 90)
and subsequently considered alignments which are in compliance with the criteria defined by Zhang and colleagues using the Perl script “miRanda wrapper”1 .
Having identified putative targets of the differentially expressed tsRNAs we assigned a score value to each target which describes the difference in the number
of molecules (measured in reads per million) targeting the transcript in HFD and
CTR condition. Positive score values imply a higher number of targeting tsRNA
molecules in HFD compared to CTR, which should result in downregulation of
the corresponding transcript in HFD. The opposite is true for negative score values. The absolute value of the score can be used as a proxy for the likelihood
that expression of the corresponding target is affected by differentially expressed
tsRNAs.

4.9.7

Behavioral experiments

HFD preference
During the test, mice were kept one per cage to measure individual food intake.
The mice were granted simultaneous free access to a laboratory chow diet and a
HFD for 3h along with water. The test was conducted for 4 consecutive days.
The weight of each type of food was measured before and after 3h of consumption.
The body weight was also measured every day. The intake of chow and HFD was
calculated as an amount of each food consumption in mg per gram body weight.
The average consumption during the last 3 days were used to analyze the food
preference.
Sucrose preference
The preference test was carried out in the animal home cage. The mice were
presented with 2 polypropylene tubes (15ml; Sarstedt, Germany). One tube contained plain drinking water and the second one contained a sucrose solution. Prior
to the test, mice were caged individually and had free access to food all the time.
Mice were habituated to drink from both tubes containing water for 2 days. On
day 3, one of the drinking tubes was filled with sucrose solution and the other one
with water and the mice were given free choice of either drinking sucrose solution
1

The script is freely
targetprediction/.

available

at

https://sourceforge.net/projects/piranha-
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or water for a period of 9 days. Three different concentrations of sucrose (0.5%,
1% and 3%) were tested and gradually increased in every 3rd day. The positions
of the tubes were reversed daily to reduce the side bias. The intake of water and
sucrose solution as well as body weight were measured daily. Sucrose and water
consumption was calculated as total sucrose or water consumption in mg per gram
body weight per day and averaged over the 3 days intake for each concentration.

Alcohol preference
The same protocol was used as for the sucrose preference test. Single housed
mice were acclimatized to cages with two 15ml tubes of water for 2 days. After
two days of habituation, mice were given a choice to drink from two tubes- one
containing water and the other containing either 2%, 5% or 8% ethanol. The
mice were exposed to each concentration of ethanol in ascending order for 3 days.
The position of the bottles was changed daily to exclude positional effects. The
water and ethanol consumption as well as body weight were measured daily. The
consumption was calculated as total alcohol consumed in mg per gram body weight
and averaged over the 3 days intake for each concentration.

Amphetamine sensitivity
The test was conducted in the open field paradigm. The test apparatus consisted
of four square shaped arenas (40 cm × 40 cm × 35 cm), made from grey colored
plastic laminated wood. A digital camera was mounted on top of the apparatus to
capture images at a rate of 5 Hz which were processed by the Ethovision software.
At the beginning, basal locomotor activity was recorded for 30 min. The mice
were then briefly removed and injected with 0.9% NaCl solution (intraperitoneal;
i.p) and tested for another 30 min. Following that, mice received an i.p injection of
d-amphetamine sulfate (0.5 mg/kg dissolved in 0.9% NaCl; i.p). The locomotion
was tested for 2h after the drug challenge. Data were indexed by the distance
travelled in the entire arena and summed for each successive 10 min bins.

4.9.8

Metabolic phenotype

Body weight
Body weights of each offspring were measured weekly from post-natal week 3 up
to post-natal week 11 with an electronic scale (Mettler PM 2000).
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Insulin tolerance test (ITT)
The mice were fasted for 6 hours before the experiment. During the test, an i.p
injection of insulin (Actrapid; Novo Nordisk A/S) at a dose of 0.75 unit/kg body
weight for chow treated males, 2 unit/kg body weight for junk treated males,
0.65 unit/kg body weight for chow treated females and 0.85 unit/kg body weight
for junk treated females was administered to the fasted mice. Blood glucose was
measured before (0 min) and 15, 30, 60, 90 and 120 min after the insulin challenge
in fresh tail vein blood using Accu-Chek Aviva device (Roche).
Fat distribution assay
The distribution of body fat was measured using a computed tomography (CT)
X-ray scanner (La Theta LCT-100; Aloka Inc, Japan). The scanner consisted of a
cylindrical view of 48 mm by 41 mm with a pixel resolution of 100 m on 480 × 480
pixel images. The X-ray source was set at 50 kV with a constant 1mA current.
Anesthetized mice were laid on supine position in on the transparent mouse holder
with the caudal end held towards the CT and the rostral end towards the anesthetic
tube where the gas anesthesia was maintained with 1.5% - 2.5% isoflurane. The
scan area was set based on sagittal pre-scan and fixed anatomical landmarks. A
whole body scan excluding the head and tail was performed at a rate of 4.5 s/image
for 5 min. The images were analyzed using the La Theta 2.10 software.
Metabolic cage study
TSE Phenomaster cages (TSE Systems GmbH, Bad Homburg, Germany) were
used for the measurement of energy expenditure. Mice were single housed for 2
days prior to the experiment for acclimatization to the new cage environment.
Mice were individually placed in the Phenomaster metablic cage unit for a total
of 3 days. The temperature was set to 23◦ C and the reversed light/dark cycle
12:12 h (lights off at 07:00 and lights on at 19:00) was maintained throughout
the experiment. Mice had food and water ad libitum. O2 consumption and CO2
production were calculated from the gas concentrations and the air flow through
the individual cage measured in parallel. Heat production, locomotor activity
and food intake were also monitored during this period. Data were analyzed with
Phenomaster software. O2 consumption, CO2 production and heat production was
normalized to lean body mass.
Plasma parameters measurement
Plasma sample was collected from 6h fasted mice. Plasma insulin and leptin were
measured using commercially available ELISA kits designed for mouse (Mouse In-
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sulin ELISA Kit, Crystal Chem, USA; Murine Leptin ELISA Kit, Invitrogen).
Plasma cholesterol (Roche, Switzerland), triacylglycerol (Hitachi, Switzerland)
and non-esterified fatty acids (Wako, Germany) were analyzed colorimetric assay
according to the manufacturers instruction.
Junk food choice test
In the junk food preference test, five weeks old HFD-tsRNA and CTR-tsRNA
offspring were given free access to HFD and 1% sucrose solution together with
regular chow diet and water for a duration of 12 weeks. The mice from same litter
and sex were housed together (3-4 mice/cage). On the starting day, the body
weight of the mice was measured (week 0). Equal amount of chow (10g/mouse)
and HFD (10g/mouse) were provided to each cage. In addition, 1% sucrose solution
and water were provided in separate bottles to the junk food challenged groups.
The control groups received equivalent amount of chow food and two bottles of
water for the same duration. Body weight and consumption of junk foods, chow
and water were measured every week. At the end of the experiment, distribution of
fat, insulin sensitivity, energy expenditure and plasma parameters were evaluated.

4.9.9

Dissection of brain regions

Adult F1 father and tsRNA offspring from both HFD and CTR groups were euthanized, the brains were rapidly isolated, and 1 mm thick coronal sections were
made. The slices were placed on an ice-chilled dissection plate for the extraction
of the brain regions using a 1 mm micropunch. All brain areas of interest were dissected according to the Mouse Brain Atlas in Stereotaxic Coordinates [111] which
were as follows: dorsal striatum (bregma +1.34 to +0.14 mm), nucleus accumbens
(bregma +1.60 to +0.98 mm), medial prefrontal cortex (bregma +2.68 to +1.94
mm), hypothalamus (bregma -1.34 to -2.06 mm), substansia nigra (bregma -2.80 to
-3.64 mm),ventral tegmental area (bregma -2.92 to -3.64 mm), amygdala (bregma
from -0.94 mm to -2.30 mm), ventral hippocampus (bregma -2.54 to -3.80 mm)
and dorsal hippocampus (bregma -1.22 to -2.46 mm) and immediately frozen at
-80◦ C.

4.9.10

Gene expression analysis

Total RNA from brain tissue was extracted using the Trizol-chloroform method
(Invitrogen, CA, USA) according to the manufacturers instruction and treated
with DNase (Biolabs INc, CA, USA) for 30 min at 37◦ C to exclude any DNA
contamination. Following RNA extraction, 1g of total RNA was converted to
cDNA using High Capacity cDNA Reverse Transcription Kit [Applied Biosystems
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Gene Name
ZCCHC11
CHRNA2
DHRS3
VAV3
EEFA1
DAB2IP
GRIN3A
m36B4

Primer Forward (50 -30 )
AACATGCACCACGCCATTTC
TGCTGACTCTTCGGTGAAGG
TGCACGTCAAAAGCATCAGC
AAAAGATTTCTGACGGCGGC
ATATAAGTGCGGCAGTCGCC
CATGAACGCGCAGTTGTTAGA
ACGTGTGGAAAAGAGCAGATG
GCCGTGATGCCCAGGGAAGA

Primer Reverse (50 -30 )
GTGGCACATCTGTCTGCTTG
TCCCCAGGAAGCAGACGATA
GGTTGGGAAACCTGACTCTCA
TGCCCATAAATAACCAATCTTTCC
CACAACACCTGCGTTCTGA
CTGCCAGATCCTTTTCTGCTTG
CGTTGGTTGTCGTGACTCAG
CATCTGCTTGGAGCCCACGTT

Table 4.1: Primer list
(ABI), Foster City, CA)]. The q-RT PCR reactions were performed using the
SYBER Green master mix (ABI) in the presence of specific primer pairs on an
Applied Biosystems ViiATM 7 q-RT PCR system. Data for tissue samples were
normalized to Endogenous control m36B4. q-RT PCR reactions were conducted
as follows: after a pre-denaturation and polymerase-activation program (5min
at 95◦ C), 40 cycles each consisting of 95◦ C for 3 sec and 60◦ C for 30 sec were
followed by a melting curve program (60◦ C to 95◦ C with heating rate of 0.1◦ C/sec).
The relative expression of mRNA was calculated using the 2-∆∆Ct method. All
primers were purchased from Microsynth AG, Switzerland. The primers are listed
in Table 4.1.

4.9.11

Statistical analysis

Statistical analysis was performed using the StatView software (version 5.0). Analysis of variance (ANOVA) followed by post-hoc comparisons (Fisher’s least significant difference) or factorial ANOVA was applied whenever appropriate. For the
weekly body weight measurement, a 2 × 2 × 5 (group × sex × weeks) repeated
measure ANOVA in the total RNA group, a 2 × 2 × 9 (group × sex × weeks)
repeated measure ANOVA in the sncRNA groups and a 2 × 2 × 12 (group × sex
× weeks) repeated measure ANOVA in the junk challenged tsRNA groups were
employed. To analyze the preference for HFD an 2 × 2 × 2 (group × sex × food)
ANOVA was used. For the sucrose and alcohol preference tests, a 2 × 2 × 2
× 3 (group × sex × preference substance × substance concentrations) repeatedmeasure ANOVA was used. The locomotion during the baseline and saline phases
prior to the amphetamine challenge was subjected to a 2 × 2 × 3 (group × sex ×
10-min bins) repeated-measure ANOVA. Amphetamine induced locomotor activity was subjected to a 2 × 2 × 12 (group × sex × 10-min bins) repeated-measure
ANOVA. To analyze the insulin sensitivity, a 2 × 2 × 5 (group × sex × time)
repeated measure ANOVA was conducted. In the junk food choice test, a 2 × 2 ×
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Figure 4.9: Area under curve (AUC) analysis of ITT data in different groups. The bar graph
shows the comparison of AUC between HFD and CTR groups for Figure 4.3b, 4.6d, 4.7c, 4.6f
and 4.6e respectively. Data are represented as mean ± SEM. * P < 0.05.

2 × 12 (group × sex × preference substance × weeks) repeated-measure ANOVA
was used. Two-tailed Student t-test was used to analyze the differences in gene
expression in different brain tissue. Statistical significance was set at P < 0.05. All
data were presented as means ± standard error of mean (SEM). In the behavioral,
metabolic and molecular tests, no difference was detected in the variance between
the HFD and CTR-RNA injected groups (F>1).
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Figure 4.10: Energy expenditure analysis in the offspring tested for junk food choice. (a) There
was no difference in VO2 consumption between the HFD-tsRNA offspring and the CTR-tsRNA
offspring (F1,84 = 0.02, P = 0.89). (b) No difference was observed in VCO2 production between
the groups (F1,84 = 0.12, P = 0.68). (c) Heat production was comparable between the groups
(F1,84 = 0.03, P = 0.86). (d) No difference was detected in RER between HFD-tsRNA offspring
and CTR-tsRNA offspring (F1,84 = 2.65, P = 0.11). (e) Male showed less activity than females
(F1,84 = 8.61, P< 0.005). No difference in activity was detected between the groups (F1,84 =
0.01, P = 0.92). Data are represented as mean ± SEM. CTR = control, HFD = high fat diet,
RER = respiratory exchange ratio, M = male, F = female.
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Figure 4.11: The expression profile of F1 sperm sncRNAs. (a) The relative expression of
different tRNA fragments in the HFD and CTR F1 sperm. (b-e) The scattered plots showing
the relative expression of tsRNAs, miRNAs, rRNA, and piRNAs between HFD and CTR sperm.
miRNA = microRNA; rRNA = ribosomal RNA; piRNAs = PIWI interacting RNAs; CTR =
control, HFD = high fat diet.
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Figure 4.12: Expression of potential candidate genes in the Nac and dSTR. The expression
of VAV3, ZCCHC11, EEFA1, DHRS3 and DAB2IP in the Nac and dSTR of F1 and tsRNA
offspring (a-d). (a) The levels of VAV3 (P < 0.05) and ZCCHC11 (P < 0.03) were increased in
F1-HFD compared to F1-CTR males in the Nac. (b) The levels of ZCCHC11 (P < 0.02), EEFA1
(P < 0.03) and DHRS3 (P < 0.04) were increased in F1-HFD compared to F1-CTR males in the
dSTR. (c) The expressions of VAV3 (P = 0.06) was tend to be reduced in tsRNA-HFD compared
to tsRNA-CTR offspring in the Nac. (d) The levels of VAV3 (P < 0.04), ZCCHC11 (P < 0.007)
and DAB2IP (P < 0.02) were reduced in tsRNA-HFD compared to tsRNA-CTR offspring in the
dSTR. The statistical significance was calculated using two-tailed Student t-test. N (F1-CTR)
= 6; N (F1-HFD) = 6; N (CTR-tsRNA) = 12; N (HFD-tsRNA) = 12. Data are represented as
mean ± SEM. * P < 0.05, ** P < 0.01. CTR = control, HFD = high fat diet.
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Abstract

Maternal obesity or overnutrition during critical periods of development predisposes the offspring to develop obesity and neuropsychiatric disorders later in life.
However, it still remains unclear during which phases of early development the
offspring are more vulnerable to develop such disorders. Here, we investigate in a
mouse model the effects of maternal high-fat diet (HFD; 60% energy from fat) at
different stages of pre-and/or postnatal development and characterize the behavioral, neurochemical and metabolic phenotypes. We observe that maternal HFD
(MHFD) exposure prior to conception has no deleterious effects on the behavioral and metabolic state of the offspring. Both early and late gestational HFD
exposure leads the enhanced sensitivity to drugs of abuse in the offspring. However, these addictive-like behaviors are more prominent following late gestational
HFD exposure, which is also concomitant with reduced striatal dopamine, and
its metabolites levels compared to early gestational HFD exposure and control
offspring. Conversely, offspring exposed to MHFD during lactation display the
metabolic syndrome and schizophrenia-like phenotype. The latter, is manifested
by impaired percentage prepulse inhibition, and latent inhibition as well as enhanced sensitivity to amphetamine. Additionally, offspring also display higher
body weight, increased adiposity, impaired insulin sensitivity, and abnormal lipid
profile. These effects are accompanied by higher striatal dopamine levels. Together, our data suggest that MHFD exposure during specific stages of development leads to distinct neuropathological alterations that determine the severity
and nature of poor health outcome in adulthood, which may provide insight in
identifying effective strategies for early intervention.

5.2

Keywords

maternal high-fat diet, mice, psychiatric disorders, obesity, dopamine

5.3

Introduction

The escalating growth of obesity is a global threat to the health and prosperity
irrespective of age and sex. At present, approximately 36.5% men and 38% women
worldwide are classified as obese [267]. It is even more alarming that the prevalence
of maternal obesity has risen dramatically over the past two decades. A recent
survey has reported that around 27% women of reproductive age are overweight
and 37% are obese in the United States [274] with a similar pattern in Europe [81].
Maternal obesity or overnutrition is one of the major determinants of poor
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pregnancy outcome [246]. Not only obesity during pregnancy negatively affects the
embryonic and fetal growth [336] but it may also have long lasting influences on the
health of the offspring. In this context, the interaction between the in utero milieu,
fetal and perinatal development and the increased risk of adult onset diseases has
been highlighted in recent years [297]. This theory, also known as ‘Developmental
Origin of Health and Disease’, postulates that the fetus makes permanent adaptations in the homeostatic system in response to suboptimal intrauterine conditions
leading to increased risk to develop non-communicable diseases later in life [18].
Emerging data from epidemiological studies have revealed the association between maternal obesity and the increased risk of obesity [116], cardio metabolic
diseases [155] and mental disorders [332, 333, 348] in the offspring during childhood,
adolescence and adulthood. However, human studies are limited in their ability to
determine the causal link between maternal obesity and the increased disease risk
in the offspring due to the presence of several confounding factors including shared
genetics, postnatal feeding habits and parental lifestyles. In addition, women who
gain weight prior to conception remain obese throughout pregnancy and lactation, which makes it difficult to determine the independent contribution of obesity
during different phases of pregnancy and lactation on the health of the progeny.
Therefore, studies in experimental animals are invaluable in identifying the specific
link between maternal obesity and adverse health outcomes in the offspring as well
as exploring the critical windows of vulnerability during development.
Indeed, studies in rodents have demonstrated that maternal HFD exposure
before and throughout pregnancy and lactation induces adiposity, hyperglycemia,
insulin resistance and dyslipidemia accompanied with pancreatic beta cell dysfunction as well as altered hepatic gene expression related to glucose and lipid
metabolism in the offspring [74, 39]. Recently, MHFD is shown to affect brain development and behaviors of the offspring such as impaired cognitive functions [390,
422, 432, 283], increased emotionality [296], addiction-like behaviors and motivational aspects [295, 410, 19, 260].
It is crucial to identify a specific developmental time window that is most vulnerable to the programming effect of MHFD exposure in order to advance potential
intervention at a specific period of development for the prevention and management of the disease process. Thus far, only a handful of studies in rodents have
investigated the effects of MHFD exposure during specific periods of gestation and
lactation. For example, differential effects on offsprings metabolic programming
following a pre-pregnancy short-term HFD exposure [159] or specific periods of
gestation [56] have been explored. MHFD exposure during lactation induces adiposity, insulin resistance and the disruption of hypothalamic development in the
offspring, although the mechanisms for such effects need to be further evaluated
[403, 133]. To date, no studies have investigated how maternal HFD exposure at
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specific stages of development affects the progression of a wide variety of mental
disorders in the offspring. The present study therefore, aims to investigate the independent effects of maternal HFD exposure during four different developmental
time windows: (i) preconception (3 weeks prior to mating), (ii) early (G0-G11)
and (iii) late gestation (G12-G21) as well as (iv) lactation (postnatal day 1-21),
on behavioral and metabolic programming of the offspring. Furthermore, we have
assessed the level of dopamine and its related metabolites in the brain reward
system of the adult offspring that are exposed to MHFD at different periods of
development. We have focused on the mesolimbic dopaminergic system because
of its well-established role of in the pathogenesis of obesity as well as neuropsychiatric disorders [179] and its special developmental trajectory during prenatal and
postnatal periods [307].

5.4
5.4.1

Materials and methods
Animals

Male and female C57BL/6N mice (Charles River, Germany) were housed four per
cage (same-sex) under standard conditions at 22◦ C on a 12:12-h light dark cycle
(lights on at 7 pm) and had ad libitum access to food and water. All mouse
experiments described in this study were carried out in strict accordance with the
recommendations in the Animal Welfare Ordinance (TSchV 455.1) of the Swiss
Federal Food Safety and Veterinary Office. It was approved by the Zurich Cantonal
Veterinary Office, Switzerland.

5.4.2

Feeding and breeding regime

Female mice were assigned to receive either standard laboratory chow (Kliba-Nafag
3430, Klibamühlen; major nutrients: 18.5% crude protein, dry matter 88%, crude
fat 4.5%, 54.2% NFE) or HFD (Kliba-Nafag 2127, Kaiseraugst, Switzerland; 60%
energy from fat; major nutrients: 23.9% crude protein, dry matter 92%, crude
fat 35%, 23.2% NFE) for the duration of breeding. For HFD exposure, females
were divided into four groups: a) preconception(PC): female dams received HFD
only 3 weeks prior to mating and switched to normal chow diet for the rest of
the period of gestation and lactation. b) 1st semester(Sem 1): female mice were
exposed to HFD only during the 1st half of gestation (from gestational day 0 to
gestational day 11. c) 2nd semester(Sem 2): pregnant dams received HFD only
during the second half of pregnancy (from gestational day 12 to gestational day 21).
d) lactation(Lact): dams received HFD only during lactation (from birth of the
pups until postnatal day 21). The control (CTR) dams were received laboratory
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chow diet during this 9 weeks period. The groups were summarized in Table 5.1.
The male breeders were exposed to normal chow diet and removed from the mating
cage as soon as the copulation plug was confirmed. We evaluated the metabolic
parameters of the dams that were exposed to HFD or chow diet at preconception,
early and late gestation and lactation in a separated cohort of mice [295]. No
difference in body weight, fat mass distribution, blood glucose and insulin as well
as plasma lipid parameters was detected between dams that were exposed to HFD
during different time lengths or chow (data not shown). The pups were weaned
at postnatal day 21 and were housed 4 littermates of same sex per cage. We did
not see any difference in the litter size of the pups in different treatment groups.
Pups from all maternal dietary groups were provided with chow diet and water ad
libitum throughout their life. All the experiments were conducted when the mice
reached adulthood (between PND 77-110). Ten offspring from both sexes from 10
different litters were allocated for the behavioral experiments to avoid sex and litter
effects. HFD preference test, sucrose preference test and alcohol preference test
were conducted chronologically with the same set of animals from each treatment
group. For the amphetamine sensitivity test, a separate set of mice was selected
from each group. The cognitive tests such as PPI, LI-active avoidance, LI-CTA
were conducted in a separate set of animals from each group. Behaviorally naı̈ve
animals were chosen from each sex and group for the metabolic and neurochemical
analysis. For all the experiments, a total of 5 independent cohort of offspring were
employed.

5.4.3

Behavioral experiments

HFD preference test
In the HFD preference test, mice were single caged in type II cages without bedding
for 3 h during the test period. Prior to the test, mice were habituated to the altered
home cage condition. During the test, mice were provided with both laboratory
chow diet and HFD for 3 h. The mice had ad libitum access to water. The weight
of the foods was measured before and after 3 h of consumption. The body weight
of each animal was also measured. The test was conducted for 4 consecutive days.
The data from last 3 days were averaged for analysis. The HFD preference was
calculated as percentage of HFD intake in relation to total food intake [410].
Sucrose preference test
The protocol for sucrose preference test was validated in our laboratory before
and described in detail [295]. The preference test was conducted in type II cages
(14 × 18 × 34.5 cm). The cage was provided with two 15 ml polypropylene drinking
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Period

Maternal Diet
Prepregnancy (3
weeks before
mating)

Preconception(PC)

HFD

1st Semester (Sem 1)

Chow Diet

2nd Semester (Sem 2)

Chow Diet

Lactation (Lact)

Chow Diet

Control (CTR)

Chow Diet

Gestation (3 weeks)

1st (G0 G11)
Chow
Diet
HFD
Chow
Diet
Chow
Diet
Chow
Diet

2nd (G12
- G21)
Chow
Diet
Chow
Diet
HFD
Chow
Diet
Chow
Diet

Lactation (3
weeks) (P 0−
P 21)

Offspring
Diet
weaningadulthood

Chow Diet

Chow Diet

Chow Diet

Chow Diet

Chow Diet

Chow Diet

HFD

Chow Diet

Chow Diet

Chow Diet

Table 5.1: Experimental design illustrating breeding scheme and dietary pattern. Control
(CTR) dams were maintained on standard laboratory chow diet during preconception, gestation
and lactation. In case of high fat diet (HFD) exposure, dams were exposed to HFD during specific
periods of gestation and lactation. In the preconception (PC) group, mothers were fed HFD 3
weeks prior to conception. In the 1st Semester (Sem 1) and 2nd Semester (Sem 2) groups, dams
were exposed to HFD during first and second half of pregnancy, respectively. In the lactation
(Lact) group, mothers were fed HFD only during lactation. Offspring from all groups were
maintained on standard chow diet from weaning until the end of the experiment. G = gestation;
P = postnatal day.
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tubes (Sarstedt, Germany). Mice were caged individually during the experiment
and had free access to food all the time. On day 1 and 2, both tubes contained
water and mice were habituated to drink from both tubes. From day 3, one of
the drinking tubes was filled with sucrose solution and the other one with water.
The test was extended for 9 days and the concentration of sucrose was gradually
increased in every 3rd day. The positions of the tubes were reversed after 24 h.
The consumption of water, sucrose and the body weight were measured every day.
The sucrose preference was calculated as percentage of sucrose consumption in
relation to total fluid intake.
Alcohol preference test
The same protocol was used as for the sucrose preference test [see above, [295]].
The alcohol preference was calculated as percentage of alcohol intake in relation
to total fluid intake.
Amphetamine-induced locomotor activity
The locomotor activity after systemic amphetamine injection was tested in the
open field arena as described elsewhere [295]. Animals were placed in the open
field arena and basal locomotor activity was recorded for 30 min. The mice were
then injected with 0.9% NaCl solution (intraperitoneal; i.p) and after 30 min of
locomotor assessment, mice were injected with d-amphetamine sulfate (0.5 mg/kg
dissolved in 0.9% NaCl; i.p). The locomotion was monitored for the next 2 h.
Data were indexed by the distance travelled in the entire arena and summed for
each successive 10 min bins.
Percentage prepulse inhibition (%PPI)
The sensory motor gating was examined using the prepulse inhibition (PPI) of
the acoustic reflex paradigm according to the protocol established before [293].
The test was conducted in four ventilated startle chambers (SR-LAB, San Diego
Instruments, San Diego, CA, USA). The motion inside the tube was recorded
by a piezoelectric accelerometer below the frame. The amplitude of the whole
body startle response was defined as the average of 100 ms accelerometer readings
collected from the pulse onset. At the beginning of the session, mice were placed
in the startle chamber and acclimatized for 2 min with a 65 dB background noise
level. After this habituation period, 10 blocks of 16 discrete trials were presented
in a pseudorandom manner to assess PPI. Each block consisted of four different
trial types: pulse alone (one trial for each pulse intensity: 100, 110 and 120 dB),
prepulse-alone trials (one trial for each prepulse intensity including +6, +12 and
+18 dB above background), prepulse-pulse trials (one trial for each prepulse-pulse
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combination) and a single no stimulus trial (only the background noise). %PPI
was indexed by the following formula:
[(startle during pulse − startle during prepulse-pulse)/startle during pulse] × 100
In addition, startle responses to pulse alone as well as prepulse alone trials were
also analyzed.

Latent inhibition in active avoidance paradigm
Selective attention was tested based on the latent inhibition (LI) in the two way
active avoidance paradigm as described elsewhere [293]. LI refers to a phenomenon
where repeated non-reinforced pre-exposure to a conditioned stimulus (CS) impairs
the subsequent development of a conditioned response (CR) following explicit pairings of the same conditioned stimulus (CS) and an unconditioned stimulus (US).
The apparatus consisted of four identical two-way shuttle boxes (model H10-11
M-SC; Coulbourn Instruments). Each box was separated in two identical compartments by an aluminum wall with an interconnecting opening (6.5×8 cm) that
allowed the animal to move freely from one compartment to the other. The floor
of each compartment was made of stainless steels (diameter 0.4 cm; spaced 0.7
cm) and connected to a constant current shock generator (model H10-1M-XX-SF;
Coulbourn Instruments) that delivered electric shocks of 0.3 mA (US). The CS
was an 83 dB white noise. The shuttle responses were detected by a series of photocells mounted on the side of both compartments. The experiment included two
phases: pre-exposure and conditioning phase. The animals from both treatment
groups were divided into two conditions: pre-exposure (PE) and non-pre-exposure
(NPE). In the pre-exposure phase, PE animals were placed in the shuttle chambers and received 50 presentation of 5 s white noise CS presented at a random
interval of 40 ± 15 s. The NPE animals spent equivalent period in the chambers
without any stimulus presentation. During the conditioning phase, the animals
were placed back to the same chambers and were presented with 50 conditioned
avoidance trials with an interval of 40 ± 15 s. A trial started with the onset of the
CS. If the animal shuttled within 5 s of CS onset, the CS was terminated and the
animal avoided the electric shock on that trial (avoidance response). Avoidance
failure immediately induced an electric foot shock presented in coincidence to the
CS. This could persist for a period of 2 s but could be ended by a shuttle response
during this period (escape response). To index the conditioned avoidance learning, the mean latent response across consecutive 10-trail blocks was calculated for
analysis.
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Latent inhibition in a conditioned taste aversion (CTA) paradigm
LI was also assessed in the CTA paradigm as previously described in detail elsewhere [243]. The testing was conducted daily between 10:00 and 16:00 in the dark
phase. The animals were gradually acclimatized to a water-deprivation schedule
over a 6-day period until they were kept on a 23 h water deprivation, which was
maintained throughout the experiment. Body weights were monitored daily. The
consumption was determined by calculating the difference in the weight of the
drinking tube before and after the test session. The experiment consisted of 4
phases: baseline, pre-exposure, conditioning and the test.
Baseline: On days 1-4, water was provided in both tubes for two 30 min sessions
at 12:00 and 16:00. The position of the water bottles was changed between the
sessions to minimize the side preference. At the end of day 4, the animals were
subdivided into two groups: pre-exposed (PE) and non-pre-exposed (NPE), with
their baseline drinking counterbalanced.
Pre-exposure: On day 5, PE and NPE animals were given access to 10% sucrose
and water respectively in both tubes in the first drinking session (12:00−12:30).
All animals received water in the second drinking session.
Conditioning: On day 6, all animals received 10% sucrose in both tubes for 30
min in the first drinking session, followed by an immediate i.p injection of 0.25
M lithium chloride (LiCl) solution at a dose of 2% body weight. LiCl induced
gastric nausea and served as US. All animals received water in the second drinking
session.
Test: On day 7, the mice were given free access to two drinking tubes, one
contained 10% sucrose and the other was filled with water in the first drinking
session. Percentage of sucrose intake was calculated by the following formula:
[sucrose (ml)/(sucrose + water (ml))] × 100
Reduced aversion in the PE animals compared to the NPE animals constituted
LI.

5.4.4

Metabolic phenotype

Body weight
Body weights of each offspring were measured weekly from PND 21 up to PND 77
with an electronic scale (Mettler PM 2000).
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Insulin tolerance test
The animals were food deprived for 6 h before the experiment. After measuring the
fasted blood glucose levels, insulin (Actrapid; Novo Nordisk A/S) was administered
i.p at a dose of 0.75 IU insulin/kg body weight in males and 0.6 IU insulin/kg body
weight in females. Glycaemia was measured 30, 60, 90 and 120 minutes after the
injection. Glucose level was measured in fresh tail blood using Accu-Chek Aviva
device (Roche).
Computed tomography (CT)
The distribution of body fat was measured using a computed tomography (CT) Xray scanner (La Theta LCT-100; Aloka Inc, Japan) as described before [295]. The
CT scanner measures the volumes of adipose tissue, bone, air and the rest based
on the differences in X-ray density and distinguishes between intra-abdominal and
subcutaneous adipose tissue. The X-ray source was set at 50 kV with a constant 1
mA current. A mouse holder with an outer diameter of 48 mm and inner diameter
of 41 mm was used, resulting in pixel resolutions of 100 m on 480×480 pixel
images. A pitch size of 1 mm was used. Following sedation with 4−5% isoflurane,
mice were laid in supine position in the mouse holder where the gas anesthesia
(1.5−2.5% isoflurane) was maintained during scanning. First, the scan area was
set based on sagittal pre-scan and fixed anatomical landmarks. A whole body scan
excluding the head and tail was performed at a rate of 4.5 s/image for 5 min. The
images were analyzed using the La Theta 2.10 software.
Plasma parameters
For the collection of plasma samples, mice were starved for 6 h prior to dissection.
The blood was collected by cardiac puncture in an aliquot containing 5 µl EDTA
(0.6 M) and centrifuged on 1000 × g for 10 min. To determine the plasma insulin level commercially available enzyme linked immunosorbent assay kit (ELISA;
Crystal Chem Inc, USA) was used. The plasma levels of cholesterol (Chol; Roche,
Switzerland), triglycerides (TG; Hitachi, Switzerland) and non-esterified free fatty
acids (NEFA; Wako, Germany) were measured by enzymatic colorimetric assays.
Lipid droplet size measurement
Adult mice were euthanized by CO2 . Adipose tissues were excised and stored in
aliquots at -80◦ C. The samples from visceral and subcutaneous adipose tissue were
rapidly thawed using a water bath and then fixed in 4% paraformaldehyde (Sigma
Aldrich) at pH 7.4. The tissue processing was performed according to the standard
protocol in a tissue processor (STP 120; Microm). The samples were embedded
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in paraffin and cut into 5 µm thin sections on a Hyrax M55 (Zeiss). Sections
were de-paraffinized and stained with haematoxylin and eosin on a Varistain 24-4
(Thermo Scientific) before mounting and drying. Images were obtained using an
Axioscope A.1 (Zeiss). The analysis of lipid droplet sizes was performed using
CellProfiler (www.cellprofiler.org).

5.4.5

Neurochemical analysis

Brain collection and tissue processing
Adult animals from all groups were euthanized by CO2 asphyxiation. At sacrifice, brains were rapidly extracted from the skull, placed on an ice chilled dissection plate covered with filter paper and cut with a sharp razor blade into 1 mm
thick coronal sections. The discrete brain regions including the dorsal striatum
(dSTR), nucleus accumbens (Nac), medial prefrontal cortex (mPFC), hypothalamus (Hypo), substantia nigra (SN) and ventral tegmental area (VTA) were isolated using a 1 mm micropunch. The brain regions were dissected according to the
Mouse Brain Atlas in Stereotaxic Coordinates [111] which were as follows: dSTR
(bregma +1.34 to +0.14 mm), Nac (bregma +1.60 to +0.98 mm), mPFC (bregma
+2.68 to +1.94 mm), Hypo (bregma −1.34 to −2.06 mm), SN (bregma −2.80 to
−3.64 mm), VTA (bregma −2.92 to −3.64 mm). Tissue punches from right and
left hemisphere were combined, weighed and collected in an aliquot containing icecold 300 µl 0.4 M perchloric acid (HClO4 ). The samples were homogenized using
a sonicator and centrifuged at 10,000 × g for 20 min at 4◦ C. The supernatant was
then collected and filtered through a 0.2 m nylon filter (Spritzenfilter, Semadeni
AG) to separate the insoluble residue. The supernatant was centrifuged again at
10,000 × g for 15 min at 4◦ C to remove any residue and stored at -80◦ C until
further processing.
Post mortem high performance liquid chromatography (HPLC)
The levels of dopamine (DA) and its metabolites (dihydroxyphenylacetic acid,
DOPAC; homovanillic acid, HVA) were measured by a HPLC system equipped
with an electrochemical detector (Decade II; Antec, Leyden, The Netherlands) as
previously described [293, 294]. The sample (20 µl from each brain region) was
injected via a refrigerated auto injector (ASI-100, Dionex, CA, USA). The mobile phase was pumped through the system at a flow rate of 0.4 ml/min using an
HPLC pump (P680, Dionex, CA, USA) which was connected to a degasser and
a pulse damper. Neurotransmitters were separated on a reversed-phase column
(125 mm×3 mm YMC column, Nucleosil 120-3 C 18, YMC Europe GmbH, Germany). Data acquisition and calculations were performed using a chromatography
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workstation (Chromeleon, Dionex, Olten, Switzerland).

5.4.6

Statistical analysis

Data were analyzed using the statistical software StatView (version 5.0). Analysis
of variance (ANOVA) followed by post hoc comparisons (Fisher’s least significant
difference) or restricted ANOVA was employed whenever appropriate. For the
weekly measurement of body weight, a 2 × 2 × 9 (maternal exposure × sex ×
weeks) for the preconception and the lactation groups and a 3 × 2 × 9 (maternal
exposure × sex × weeks) repeated measure ANOVA for the semester group were
employed. To analyze the preference for HFD a 2 × 2 × 2 (maternal exposure × sex
× food) for the preconception and the lactation groups and a 3 × 2 × 2 (maternal
exposure × sex × food) ANOVA for the semester group were used. For the sucrose
and alcohol preference tests, a 2 × 2 × 2 × 3 (maternal exposure × sex × preference
substance × substance concentrations) for the preconception and the lactation
groups and a 3 × 2 × 2 × 3 (maternal exposure × sex × preference substance
× substance concentrations) repeated-measure ANOVA for the semester group
were used. The baseline and saline phases prior to the amphetamine injection
were subjected to a 2 × 2 × 3 (maternal exposure × sex × 10-min bins) for the
preconception and the lactation groups and a 3 × 2 × 3 (maternal exposure × sex
× 10-min bins) repeated-measure ANOVA for the semester group. Amphetamine
induced locomotor activity was subjected to a 2 × 2 × 12 (maternal exposure ×
sex × 10-min bins) for the preconception and the lactation groups and a 3 × 2
× 12 (maternal exposure × sex × 10-min bins) repeated-measure ANOVA for the
semester group. To analyze the % PPI, a 2 × 2 × 3 × 3 (maternal exposure ×
sex × pulse level × prepulse level) for the preconception and the lactation groups
and a 3 × 2 × 3 × 3 (maternal exposure × sex × pulse level × prepulse level)
repeated measure ANOVA for the semester group were used. In the LI-active
avoidance paradigm, a 2 × 2 × 2 × 10 (maternal exposure × sex × pre-exposure
× 10-trials block) repeated measure ANOVA was employed. For the LI-CTA test,
a 2 × 2 × 2 (maternal exposure × sex × pre-exposure) repeated-measure ANOVA
was used. For the postmortem neurochemical analysis, the levels of dopamine,
DOPAC and HVA were analyzed by a 2 × 2 (maternal exposure × sex) factorial
ANOVA at each brain regions. Statistical significance was set at P < 0.05. All
data were presented as means ± standard error of mean (s.e.m).
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Figure 5.1: Effects of maternal HFD exposure prior to conception in the physiology and
behavior of the offspring. (A) No difference in body weight was detected between PC and CTR
group. N = (46m, 46f) CTR and N = (24m, 26f) PC. (B) HFD preference test: The bar graph
shows the offspring from both groups preferred HFD to chow. N = (10m, 10f) per group. (C)
Sucrose preference test: No difference was observed in the sucrose preference between CTR and
PC offspring. N = (10m, 10f) per group. (D) Alcohol preference test: Mice from preconception
HFD exposed dams did not differ in their preference to alcohol compared to CTR. N = (10m, 10f)
per group. (E) Amphetamine sensitivity: Mice from both groups exhibited enhanced locomotor
response to the amphetamine challenge with no difference between the groups. N = (5m, 5f) per
group. (F) Prepulse inhibition of acoustic startle reflex: The line plot shows the percent PPI as
a function of different pulse (100, 110 and 120 dB) and corresponding prepulse intensities (+6,
+12 and +18 DB above the background 65dB). The bar plot depicts the comparison of mean
PPI between the groups. No difference was detected in % PPI between groups. N = (10m, 10f)
per group. All values are means±s.e.m. f, female; m, male; PC = preconception; CTR = control;
HFD = high fat diet; PND = postnatal day.
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Results

The effects of preconception maternal HFD exposure

No difference in body weight was observed between the offspring born to preconception HFD fed dams and chow fed dams (Figure 5.1A). ANOVA revealed a
significant main effect of sex (F1,130 = 360.68; P < 0.001), reflecting that female
offspring weighed significantly less than the males. Body weights of all offspring
gradually increased during the 9 weeks as supported by a main effect of PND
(F8,1040 = 2498.39; P < 0.0001). Next, we analyzed the hedonic responses to natural rewards (HFD and sucrose) in the PC and CTR groups. In the HFD preference
test, ANOVA revealed a significant main effect of diet (F1,27 = 261.39; P < 0.0001).
The offspring from both groups did not differ in their preference to HFD (F1,28 =
0.02; P = 0.89; Figure 5.1B). Similarly, in the sucrose preference test, both offspring groups preferred the sucrose solution to water as supported by a main effect
of solution (F1,27 = 254.98; P < 0.001). No difference in sucrose preference was
detected between the PC and CTR offspring at all concentrations (F1,28 = 0.24;
P = 0.63; Figure 5.1C). Further, when offspring were given a free choice to drink
from water or alcohol solution, offspring from both groups consumed more alcohol
than water as indicated by a significant main effect of solution (F1,28 = 33.54; P
< 0.001). However, no difference was observed in alcohol preference between the
groups (F1,28 = 2.04; P = 0.17; Figure 5.1D). When the sensitivity to locomotor enhancing effect of amphetamine was evaluated, no difference in spontaneous
locomotor activity during the baseline and following the injection of saline was
observed between the offspring groups (Figure 5.1E). In response to a systemic
amphetamine challenge, locomotor activity increased in both groups and gradually decreased over the period of 2h. This observation was supported by a main
effect of 10-min bins (F11,176 = 49.19; P < 0.001). However, no difference was
detected in the enhanced locomotor activity in response to amphetamine between
CTR and PC offspring. We further evaluated the effects of preconception maternal HFD on sensorimotor gating as assessed by prepulse inhibition (PPI) of startle
in adulthood. As expected, the levels of prepulse inhibition were increased with
the increased level of prepulse intensities in both groups which was supported by a
main effect of prepulse intensity (F2,56 = 29.23; P < 0.0001) and a significant pulse
intensity × prepulse intensity interaction (F4,112 = 5.55; P < 0.0005). However,
no difference was detected in % PPI between PC and CTR offspring for each of
the three pulse intensities (Figure 5.1F).
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Figure 5.2: Effects of maternal HFD exposure during gestation in the physiology and behavior
of the offspring. (A) Body weight of the male and female offspring measured weekly from PND
21-77. N = (91m, 76f) Sem 1; N = (43m, 37f) Sem 2 and N = (30m, 36f) CTR. (B) HFD
preference test: The bar graph shows the offspring from all groups prefer HFD to chow. N
= (10m, 10f) per group. (C) Sucrose preference test: The bar plot displays the mean sucrose
preference in ascending concentrations (0.5%, 1% and 3%) in different groups. N = (10m, 10f)
per group. (D) Alcohol preference test: The bar graph shows the mean alcohol preference in
three different concentrations (2%, 5% and 8%). N = (10m, 10f) per group. (E) Amphetamine
sensitivity: The line plot shows the locomotor activity in the open field expressed as distance
traveled (cm) per 10-min bin during the baseline, following saline administration and following
a systemic amphetamine injection. N = (4m, 4f) per group. (F) Prepulse inhibition of acoustic
startle reflex: The line plot shows the percent PPI as a function of different pulse (100, 110 and
120 dB) and corresponding prepulse intensities (+6, +12 and +18 DB above the background
65dB). The bar plot depicts the comparison of mean PPI between the groups. N = (10m, 10f)
per group. All values are means ± s.e.m. *P < 0.05; **P < 0.001; ***P < 0.0001. f, female; m,
male; Sem 1 = 1st semester; Sem 2 = 2nd semester; CTR = control; HFD = high fat diet; PND
= postnatal day.
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The effects of maternal HFD during early and late
gestation

Male and female offspring from all groups gained weight from weaning until adulthood (PND 77) as depicted in Figure 5.2A and supported by a main effect of PND
(F9,2709 = 4146.96; P < 0.0001). Female offspring weighed significantly less than
the males which was supported by a significant main effect of sex (F2,301 = 537.39;
P < 0.001). However, no difference in body weight was detected among the offspring from 1st semester, 2nd semester and CTR groups (Figure 5.2A). In the HFD
preference test, a greater intake of HFD was observed in all offspring groups and
no difference was detected in HFD preference between the groups (F2,54 = 2.74; P
= 0.07; Figure 5.2B). Similarly, when offspring were given a free choice between
sucrose and water, all offspring consumed more sucrose than water. All offspring
groups displayed increased sucrose consumption as the sucrose concentration increased. These observations were supported by the main effect of solution (F1,51 =
287.96; P < 0.001) and concentration (F2,104 = 73.67; P < 0.0001). However, no
difference was detected between the groups in sucrose preference (Figure 5.2C).
In contrast, in the alcohol preference test, offspring exposed to HFD during 2nd
semester preferred more alcohol at higher concentrations compared to both 1st
semester and CTR offspring. This observation was supported by a main effect of
group (F2,51 = 3.65; P < 0.03). Post hoc analysis revealed that offspring exposed
to HFD during 2nd semester consumed more alcohol at higher concentrations compared to both CTR (CTR vs Sem 2: 5% alcohol, P < 0.02; 8% alcohol, P <
0.003) and 1st semester HFD exposed offspring (Sem 1 vs Sem 2: 5% alcohol, P <
0.0001; 8% alcohol, P < 0.02) (Figure 5.2D). In the amphetamine sensitivity test,
no difference was observed in the baseline locomotor activity and the locomotor
response after a saline injection between the groups. A significant increase in locomotor activity in the offspring born to HFD fed dams compared to the CTR
offspring was found as supported by a significant main effect of group (F2,17 =
3.13; P < 0.05) (Figure 5.2E). Post hoc comparisons between groups confirmed
that both 1st (P < 0.02) and 2nd (P < 0.001) semester HFD exposed offspring had
enhanced locomotor response to amphetamine compared to CTR offspring. We
further assessed the effects of maternal HFD during 1st and 2nd semester on sensorimotor gating in adulthood. As shown in Figure 5.2F, the %PPI increased as a
function of higher levels of prepulse intensities in both groups which was supported
by a main effect of prepulse intensity (F2,100 = 49.64; P < 0.0001). However, no
difference was observed in %PPI among the different groups for each of the three
pulse-prepulse intensities.
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Figure 5.3: Characterization of metabolic phenotype of the offspring exposed to maternal HFD
during lactation. (A) The line plots show the body weight of both male and female offspring
measured from PND 21-77. N = (24m, 26f) Lact; and N = (19m, 12f) CTR. (B) Insulin tolerance
test: The line plots depict the blood glucose level measured before (0 min) and after a systemic
insulin injection at specific time intervals (30, 60, 90 and 120 min). N = (6m, 6f) per group.
(C-G) Fat mass distribution: The bar graphs show the lean mass, total fat mass, subcutaneous
and visceral adipose tissue content as well as fat mass ratio measured by CT scan. N = (6m,
6f) per group. (H-K) Lipid droplets measurement in visceral adipocytes: The bar graphs show
the number and size of the lipid droplets in the large and small adipocytes. N = (6m, 6f) per
group. (L-O) Plasma parameters: Metabolic parameters measured from blood samples taken
from fasted lactation and control offspring. N = (6m, 6f) per group. All values are means s.e.m.
*P < 0.05; **P < 0.001; ***P < 0.0001. f, female; m, male; Lact = lactation; CTR = control;
PND = postnatal day; Sub. = subcutaneous; Visc. = visceral; TG = triglyceride; FFA = free
fatty acid.
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The effects of maternal HFD during lactation in the
metabolic phenotypes of the offspring

Both male and female offspring exposed to maternal HFD during lactation exhibited increased weight gain from PND 21 to PND 77 compared to the CTR offspring
as supported by a main effect of group (F1,81 = 12.38; P < 0.0008) (Figure 5.3A).
In addition, female weighed significantly less than male as revealed by a main effect
of sex (F1,81 = 92.15; P < 0.0001). An insulin tolerance test demonstrated that
Lact offspring showed higher blood glucose levels than CTR following an insulin
(i.p) injection. This observation was supported by a main effect of group (F1,20 =
4.61; P < 0.05) (Figure 5.3B). In addition, females had lower blood glucose level
compared to males in both groups as was supported by a main effect of sex (F1,20 =
12.66; P < 0.003). The CT-scan assessment revealed that offspring from the lactation group displayed increased body fat content (F1,20 = 4.46; P < 0.04), higher fat
depot in the subcutaneous (F1,20 = 4.82; P < 0.05) and visceral (F1,20 = 4.50; P <
0.05) adipose tissue as well as higher fat mass ratio (F1,20 = 6.53; P < 0.02) with
no significant difference in the lean body mass (Figure 5.3C-G). To support these
observations, the lipid droplet size in the visceral and subcutaneous adipose tissue
was analyzed (Figure 5.3H-K). An ANOVA revealed no difference in the number
of large lipid droplets in the visceral fat depot (main effect of group: F1,20 = 1.73;
P = 0.203). However, the size of the large lipid droplets was significantly bigger
in the Lact offspring compared to the CTR as supported by a main effect of group
(F1,20 = 6.40; P < 0.03). Lact offspring had less number of lipid droplets (F1,20 =
8.25; P < 0.01) in the small adipocytes but the size of the lipid droplets was larger
(F1,20 = 5.39; P < 0.04) compared to CTR offspring. In the subcutaneous adipose
tissue, neither the lipid droplets number nor their size differed between the groups.
Furthermore, significant alterations in the circulating metabolic parameters were
detected (Figure 5.3L-N). Lact offspring showed elevated fasted plasma insulin
(main effect of group: F1,19 = 5.08; P < 0.05), cholesterol (main effect of group:
F1,19 = 9.13; P < 0.008) and triglycerides (main effect of group: F1,19 = 7.98; P
< 0.02) levels. No difference in plasma free fatty acid was observed between the
groups (main effect of group: F1,19 = 0.71; P = 0.68) (Figure 5.3O).

5.5.4

Maternal HFD exposure during lactation affects behavior of the offspring

In the HFD preference test, no difference in HFD preference was detected between
the lactation and CTR offspring (F1,20 = 1.79; P = 0.19; Figure 5.4A). In the sucrose preference test, offspring from both groups preferred the sucrose solution in
the higher concentrations to water. These observations were supported by a main
effect of solution (F1,34 = 21.59; P 0.0001) and a main effect of concentrations
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Figure 5.4: Effects of maternal HFD exposure during lactation in the behavior of the offspring.
(A) HFD preference test: The bar graph shows mean HFD preference in the lactation and CTR
group. N = (6m, 6f) per group. (B) Sucrose preference test: The bar graph shows the mean
sucrose preference in different concentrations (0.5%, 1% and 3%). N = (10m, 10f) per group.
(C) Alcohol preference test: The bar plot displays the mean alcohol preference at three different
concentrations (2%, 5% and 8%). N = (12m, 12f) per group. (D) Amphetamine sensitivity:
The line plots show the distance travelled in successive 10 min bins following baseline, saline
and a systemic amphetamine injection in the open field paradigm. N = (5m, 5f) per group.
(E) Prepulse inhibition of acoustic startle reflex: The line graph shows the percent PPI as a
function of different pulse (100, 110 and 120 dB) and corresponding prepulse intensities (+6,
+12 and +18 DB above the background 65dB). The bar plot depicts the comparison of mean
PPI between the groups. N = (10m, 10f) per group. (F) LI-active avoidance: The line plot
shows the percentage of avoidance responses made during 100-trial test sessions in conditioned
two-way active avoidance paradigm. The bar graph shows the average of the total percentage
avoidance responses for the 100-trial tests. N = (10m, 10f) per group and condition. (G) LIconditioned taste aversion (CTA): The bar graph displays the percentage of sucrose consumption
in the pre-exposed and non pre-exposed mice from both lactation and CTR group. N = (10m,
10f) per group and condition. All values are means ± s.e.m. *P < 0.05; **P < 0.001; ***P
< 0.0001. f, female; m, male. CTR = control; Lact = lactation; HFD = high fat diet; PE =
pre-exposure; NPE = non pre-exposure.
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(F2,68 = 38.05; P < 0.0001) (Figure 5.4B). Further, in the alcohol preference test,
offspring from both groups drank more alcohol in the lowest concentration than
water as indicated by a significant main effect of concentration (F2,42 = 36.62; P
0.0001) (Figure 5.4C). As depicted in Figure 5.4D, no difference in spontaneous
locomotor activity at baseline and following injection of saline was detected between the offspring groups. Offspring exposed to HFD during lactation showed
significantly higher locomotor activity in response to amphetamine compared to
the CTR offspring as was supported by a significant main effect of group (F1,19 =
9.30; P < 0.008) and an interaction of group × 10-min bins (F11,209 = 4.67; P
< 0.0001). In the prepulse inhibition test, percent PPI was increased with the
increased prepulse intensities in both groups as indexed by a main effect of prepulse intensities (F1,35 = 51.74; P < 0.0001) (Figure 5.4E). Disruption of % PPI
was observed in the lactation group as the offspring showed overall reduction of
% PPI across all pulse-prepulse intensities compared to CTR (F1,35 = 6.91; P <
0.02). The % PPI was significantly reduced at the highest pulse intensity (120
dB) which was supported by an interaction of group × pulse intensities (F2,70 =
3.23; P < 0.05). A subsequent post hoc analyses revealed that % PPI deficit in
the lactation group at pulse 120dB was evident across all three prepulse intensities
(+6 dB, +12 dB and +18 dB) (6 dB: P < 0.0003; 12 dB: P < 0.009; 18 dB: P
< 0.002). We further assessed the associative learning ability by testing LI effect
in the active avoidance (AA) and conditioned taste aversion (CTA) paradigms.
In the LI-active avoidance experiment, acquisition of avoidance response was improved in all offspring from both conditions during acquisition over the 10-blocks
which was supported by a main effect of block (F9,504 = 185.11; P < 0.0001)
(Figure 5.4F). A reduction in the avoidance responses in the pre-exposed (PE)
compared to the non pre-exposed (NPE) groups constituted the LI phenomenon.
In general, NPE mice showed increased avoidance response learning compared to
the PE group as supported by the main effect of pre-exposure (F1,56 = 8.09; P
< 0.007). The ANOVA analysis revealed a significant interaction of group and
pre-exposure (F1,56 = 10.04; P < 0.004). A subsequent post hoc analysis revealed
that the PE group displayed reduced avoidance responses compared to the NPE
group in CTR offspring (P < 0.0001). In contrast, no difference was observed in
avoidance responses between the PE and NPE groups in the lactation offspring.
Further, the PE-lactation offspring group showed a significant higher avoidance
responses compared to PE-CTR offspring (P < 0.0008). Together, these findings
indicated that a disruption of LI was evident in offspring exposed to HFD during
lactation. In the LI-CTA paradigm, LI was indexed by the relative increase of sucrose consumption in the PE compared to the NPE animals. ANOVA revealed a
significant main effect of pre-exposure (F1,40 = 7.99; P < 0.008) that demonstrated
the overall existence of LI. In addition, a significant group × pre-exposure effect
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was observed (F1,40 = 6.44; P < 0.02) (Figure 5.4G). Subsequent post hoc comparisons indicated that the LI effect was evident in the CTR group (P < 0.0002),
i.e., the decreased suppression of sucrose intake in the PE compared to NPE CTR
mice. Such a difference was not evident in the lactation group. Moreover, the
PE-lactation group showed enhanced suppression of sucrose intake compared to
the PE-CTR group (P < 0.04). These observations suggested that the offspring
from dams fed HFD during lactation displayed impaired LI in the CTA paradigm.

5.5.5

Neurochemical alterations in the HFD exposed offspring during critical periods of development

We next measured and compared the levels of dopamine (DA) and its metabolites
(DOPAC and HVA) in each brain region (Nac, dSTR, VTA, SN, Hypo and mPFC)
of the different offspring groups. We observed that maternal HFD exposure during
different stages of development altered the levels of DA in the Nac in a group and
a sex specific manner as indicated by the main effect of group (F4,68 = 11.24;
P < 0.0001) and a main effect of sex (F1,68 = 16.00; P < 0.0002) as well as a
significant interaction of group × sex (F4,68 = 4.09; P < 0.006; Figure 5.5A). A
subsequent post hoc analysis yielded that both male and female offspring born to
HFD exposed dams during lactation had significantly higher levels of DA in the
Nac (P < 0.0001) compared to the CTR (Figure 5.5A). Sem 1 female offspring had
higher level of DA (P < 0.03) while Sem 1 male offspring had lower level of DA (P
< 0.05) in the Nac compared to the CTR. Both male and female Sem 2 offspring
showed lower dopamine level in the Nac compared to the CTR (P < 0.006) as well
as Sem 1 offspring (P < 0.03) (Figure 5.5A). In the dSTR, the level of DA was
altered among different groups as depicted by a main effect of group (F4,74 = 3.34;
P < 0.01; Figure 5.5A). Both male and female Lact offspring showed increased DA
level compared to the CTR (P < 0.006). In contrast, only male Sem 2 offspring
had lower DA level compared to the CTR (P < 0.05) as well as Sem 1 (P < 0.04)
offspring. In the VTA, ANOVA revealed a significant main effect of group (F4,71 =
6.14; P < 0.0004) and sex (F1,71 = 4.86; P < 0.04), indicating that maternal HFD
exposure at different time periods altered the level of dopamine in this region.
Following post hoc analysis showed that both 1st (P < 0.04) and 2nd semester
(P < 0.0001) offspring had higher DA level in the VTA compared to the CTR
(Figure 5.5B). A significant group and sex interaction (F4,76 = 2.53; P < 0.05) was
also detected in hypothalamic dopamine level where Sem 1 male (P < 0.02) and
Sem 2 female (P < 0.05) offspring showed lower dopamine level compared to the
CTR (Figure 5.5B). No difference in DA level was detected between PC and CTR
offspring in all six-brain regions.
The levels of DOPAC were also influenced by maternal HFD exposure at crit-
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Figure 5.5: Levels of dopamine and its metabolites in the offspring exposed to maternal HFD
during critical periods of development. Monoamines were measured in the Nac, dSTR, VTA,
SN, Hypo and mPFC by postmortem HPLC and expressed as ng/mg tissue weight. (A) and
(B) DA contents in the PC, Sem 1, Sem 2 and Lact offspring compared to the CTR. The inlets
show the DA level in the Nac, and hypothalamus of male and female offspring born to 1st and
2nd semester HFD exposed dams. (C) and (D) DOPAC levels in the PC, Sem 1, Sem 2 and
Lact offspring compared to the CTR. (E) and (F) HVA content in the PC, Sem 1, Sem 2 and
Lact offspring compared to the CTR. The inlets showing the sex dependent alteration of HVA
level in the Nac, VTA and Hypothalamus of Sem 1, Sem 2 and lactation offspring. N= (8m, 8f)
per group. All values are means±s.e.m. *P < 0.05; **P < 0.001; ***P < 0.0001. f, female; m,
male. Lact = lactation; CTR= control; HFD= high fat diet; Nac = nucleus accumbens; dSTR =
dorsal striatum; VTA = ventral tegmental area; Sn = substantia nigra; Hypo = hypothalamus;
mPFC = medial prefrontal cortex; PND= postnatal day.
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ical periods depending on different brain regions. In the Nac, ANOVA revealed
a significant main effect of group (F4,68 = 5.69; P < 0.0006), a main effect of
sex (F4,68 = 15.16; P < 0.0003) and a group × sex interaction (F4,68 = 6.50; P
< 0.0003). Subsequent post hoc analysis revealed a significantly higher DOPAC
level in the Sem 1 offspring as compared to the CTR (P < 0.0006) and Sem 2
(P < 0.03) offspring (Figure 5.5C). In the dSTR, significantly higher DOPAC levels were detected in the Sem 1 (P < 0.0001) and Sem 2 (P < 0.0001) offspring
but lower DOPAC level in the Lact (P < 0.05) offspring compared to the CTR
(Figure 5.5C). Further, a higher DOPAC level was observed in the VTA of Sem 2
offspring compared to the CTR (P < 0.003) and the Sem 1 (P < 0.0004) offspring
(Figure 5.5D). In the hypothalamus, Lact offspring showed increased DOPAC level
(P < 0.0001) whereas rest of the groups showed reduced levels of DOPAC (P <
0.03) compared to the CTR (Figure 5.5D).
The level of HVA was altered in the Nac of different offspring groups since a
significant group × sex interaction (F4,68 = 2.55; P < 0.05) was detected. Further,
post hoc analysis depicted that only male offspring from Sem 1 (P < 0.03) and
Sem 2 (P < 0.002) groups showed lower HVA content compared to the CTR
(Figure 5.5E). The level of HVA was also lower in the dSTR of Lact (P < 0.03)
(Figure 5.5E) and the mPFC of PC offspring (P < 0.03) relative to the CTR
(Figure 5.5F). In contrast, higher levels of HVA were observed in the VTA of the
female offspring from Sem 2 group compared to the CTR (P < 0.005) as well as
Sem 1 (P < 0.05) offspring (Figure 5.5F). In the hypothalamus, male offspring
from both Sem 1 (P < 0.04) and Sem 2 (P < 0.05) HFD exposed dams showed
lower HVA level whereas Lact female offspring showed increased HVA levels (P <
0.0007) compared to CTR (Figure 5.5F).

5.6

Discussion

In the present study, we evaluate whether short term MHFD exposure at different
time-windows leads to differential effects on brain, behavior and physiology of
the adult offspring. We observe that time specific MHFD exposure is associated
with profound metabolic alterations, enhanced addictive-like and schizophrenialike behaviors in the offspring later in life. Postmortem neurochemical analysis
further show that the metabolic and behavioral abnormalities are accompanied
with sustained alterations in DA levels in brain regions which are part of the
mesolimbic reward system. The main findings are summarized in Table 5.2.
We observe that only Lact offspring show significant weight gain from weaning
throughout adulthood compared to CTR offspring. Consistently, Lact offspring
show higher fat mass in subcutaneous and visceral fat depot as well as larger
lipid droplets in the small and large adipocytes of visceral fat. In addition, these
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Assessments
Body weight
Fat mas ratio
Insulin insensitivity
Lipid profile
HFD preference
Sucrose preference
Alcohol preference
AMPH sensitivity
Prepulse inhibition
LI-active avoidance
LI-conditioned taste
aversion
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Preconception
=
ND
ND
ND
=
=
=
=
=
ND
ND

1st Semester
=
ND
ND
ND
=
=
=
↑
=
ND
ND

2nd Semester
=
ND
ND
ND
=
=
↑
↑
=
ND
ND

Lactation
↑
↑
↑
↑
=
=
=
↑
↓
↓
↓

Table 5.2: Summary of phenotypes. The long-term effects of maternal HFD exposure during
preconception, 1st semester, 2nd semester and lactation in different aspects of behavior and
metabolism in adult offspring. = no difference between treatment and control (CTR) groups;
(↑) = increased relative to CTR; (↓) = decreased relative to CTR; ND = not applicable, further
experiments were not conducted.

offspring develop insulin resistance, which is accompanied by higher fasted plasma
insulin levels. The increase in adiposity along with insulin resistance might further
potentiate the development of hypercholesterolemia and hypertriglyceridemia in
this offspring group [211]. Notably, such metabolic abnormalities are apparent in
both male and female offspring. Our findings are in line with previous studies in
rodents showing that maternal HFD feeding exclusively during lactation have the
strongest effects on the development of obesogenic and or diabetogenic phenotypes
in both adult male and female offspring [403, 273, 286]. Conversely,we observe that
3 weeks preconception HFD exposure does not induce body weight differences
between the offspring. Opposed to our findings, an earlier study report that HFD
exposure for 3-4 weeks prior to conception increases weight gain, adiposity and
hepatic lipid droplet size with no changes in plasma lipid parameters of the adult
offspring [159]. The key difference between these studies is that our MHFD model
does not induce an obesogenic phenotype in MHFD dams [295]. Moreover, species
differences as well as fat and calorie content of the diet needs also to be considered.
Similar to the preconception group, no body weight difference is observed following
HFD exposure during early or late gestation compared to control offspring. One
possible explanation could be that the duration of exposure is too short (only
11 days) in both periods to induce metabolic abnormalities later in life. Our
findings corroborate earlier studies showing that HFD exposure during gestation
alone or defined periods of gestation induces minor or no alterations of plasma
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glucose, insulin and leptin levels with no changes in body weight or adiposity in
the offspring [56, 380]. In accordance with previous studies [4, 290], our data
suggest that the programming effect of obesity and the metabolic syndrome by
MHFD exposure might be initiated from the onset of pregnancy, however, the
crucial period is the dietary pattern during the lactation phase.
One of the major findings in the current study is the clear dissociation of behavioral phenotypes in the offspring exposed to MHFD at different time windows.
Neither the hedonic response to natural rewards nor the response to drugs of abuse
is altered following maternal preconception HFD exposure. Similarly, 2 months
preconception HFD exposure in rats does not alter motivational behaviors tested
in a progressive ratio task as well as in a sucrose preference test in the offspring
[331]. In contrast, MHFD during early and late gestation induces increased sensitivity to amphetamine whereas increased alcohol consumption is observed only
following late gestational MHFD exposure. Hedonic response to natural rewards
does not differ between the offspring groups. We have previously shown that long
term MHFD exposure (3 weeks prior to conception, and 3 weeks during gestation
and lactation) induces increased consumption of palatable foods (HFD and sucrose) as well as increased consumption and sensitivity to drugs of abuse (alcohol,
amphetamine and cocaine) [295].Taken together, these data imply that the developmental time period during late gestation (G12-G21) might be more vulnerable
for increased susceptibility to addictive-like behaviors following a HFD insult.
On the other hand, we have found that MHFD exposure exclusively during
lactation induces schizophrenia-like behaviors later in life. Offspring born to HFD
fed dams during lactation show PPI impairment as well as disruption of LI in
both active avoidance and conditioned taste aversion paradigms. In addition,
Lact offspring show increased amphetamine-induced locomotor activity. Disruption of PPI, which refers to sensory motor gating deficits, and deficiency of LI,
which reflects attention deficits have been commonly reported in schizophrenic
patients with marked positive symptoms [36, 314]. Human PET studies further
showed that a systemic low dose amphetamine can induce psychotic symptoms in
normal subjects and exacerbates the positive symptoms in schizophrenic patients
by stimulating striatal dopamine release [208, 37]. Such findings in human studies
are also documented in several rodent models of schizophrenia [242, 210]. Based
on these findings in human and rodent models, our data suggest that MHFD exposure during lactation predisposes the offspring to develop positive symptoms of
schizophrenia. Recent research from human case control and cohort studies provides a positive correlation between pre-pregnancy BMI, gestational weight gain
and increased predisposition towards schizophrenia in the adult offspring [191, 328].
However, no animal studies have been conducted so far to translate such observation. To the best of our knowledge, the present study is the first to show in
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a mouse model that MHFD exposure exclusively during lactation is sufficient to
induce schizophrenia related abnormalities in the offspring later in life.
Another key observation in the present study is that Lact offspring also develop
the metabolic syndrome in parallel to schizophrenia-relevant phenotypes. Different
studies have reported that schizophrenia is linked to multiple metabolic abnormalities including obesity, type 2 diabetes and cardiovascular diseases [240, 287]. The
presence of such metabolic abnormalities in schizophrenic patients is not solely due
to the antipsychotic drug treatment. Accumulating evidence report the occurrence
of metabolic dysfunction in the psychosis-prone subjects as well as in drug naı̈ve
schizophrenic patients, which might be linked to the environmental insults during
development [386, 338]. Indeed, Pacheco-Lopez, et al. [282] show in a mouse model
of maternal infection that adult male offspring develop schizophrenic like phenotype that is also accompanied with metabolic dysfunction in the form of increased
adiposity, excess food intake and altered glucose homeostasis.
The neural circuitry responsible for the pathophysiology of obesity and neuropsychiatric disorders is highly complex and involves multiple neurotransmitter
systems. However, convergence evidence suggest that the mesolimbic dopaminergic system plays a crucial role in the pathogenesis of addiction [238], schizophrenia [164] as well as obesity [406]. We therefore hypothesize that the behavioral
and metabolic abnormalities in the offspring exposed to MHFD during different
time windows might be partly explained by the neurochemical changes of DA in
the mesolimbic system. Although, we do not exclude that other neurotransmitter
systems are involved. MHFD exposure during preconception does not induce any
changes in DA level in the offspring. However, significant changes in DA and its
metabolites are detected in the 1st and 2nd semester HFD exposed offspring. In 1st
semester offspring, a dissociation between female and male offspring emerged in
the Nac region, lower DA and HVA levels are detected in male offspring and higher
DA levels in the female offspring compared to their controls whereas no difference
in DA levels is found in the dSTR. In the 2nd semester group, both male and female offspring show reduced DA levels in the Nac whereas only male offspring show
lower DA levels in the dSTR compared to the other groups. In addition, higher
DA and its metabolites levels are detected in the VTA of both 1st and 2nd semester
HFD exposed offspring compared to the CTR, suggesting a compensatory mechanism in this region to overcome altered DA levels in the striatum. Taken together,
our data indicate a hypodopaminergic state in the striatal regions, which is more
prominent in 2nd semester MHFD exposed offspring. Similar alterations in striatal
DA levels are reported in chronic methamphetamine users [429] as well as rodent
models of addiction following withdrawal from cocaine [1], amphetamine [172] and
ethanol [12]. Such a hypodopminergic mesolimbic system was also observed in our
previous model of 9 weeks maternal HFD insult [295]. The current findings ex-
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tend our previous observations that short-term MHFD exposure during early and
late gestation, in particular the 2nd half of gestation is sufficient to induce a hypodopaminergic state, which could potentiate the preference for alcohol consumption and increased sensitivity to drugs of abuse in the offspring later in life. On
the other hand, both Lact male and female offspring show higher basal DA levels
in the Nac and dSTR compared to CTR offspring. The levels of DOPAC and HVA
are significantly low in the dSTR of this offspring group. Besides other significant
changes, the higher DA levels in the Nac and dSTR together with lower DOPAC
and HVA levels in dSTR indicate a baseline hyperdopaminergic state in the striatal
regions. Such a hyperdopaminergic state of the striatal areas might play a crucial role to the emergence of positive symptoms of schizophrenia in this offspring
group. This interpretation is in line with studies showing that elevated baseline
striatal DA levels and increased presynaptic DA release in the Nac and dSTR following a challenge injection of amphetamine is correlated with positive symptoms
of schizophrenia in drug naı̈ve schizophrenic patients [164, 420] as well as in other
neuro developmental rodent models of schizophrenia [280]. Such hyperdopaminergic state might also explain the concomitant presence of the metabolic syndrome
in this offspring group. Abnormalities in the insulin signaling pathway and its
components for example, PIP2/PKC/PLC activity are strongly associated with
the pathophysiology and the hyperdopaminergic theory of schizophrenia. Based
on human clinical and imaging studies, it is postulated that elevated DA levels
observed in schizophrenic patients with positive symptoms could induce central
insulin resistance via the downregulation of PKC/PLC/AKT/GSK and glucose
transporter activity, leading to a hyperglycemic state. Such hyperglycemic state
might further precipitate the positive symptoms of schizophrenia by increasing the
activity of DA in limbic brain regions [125, 156]. Further, central insulin resistance
could potentiate the development of obesity and peripheral insulin resistance via
the disruption of insulin signaling in the brain structures involved in homeostatic
and hedonic control of food intake, alteration of hepatic lipogenesis and white adipose tissue metabolism [143, 179]. In view of these effects, we could hypothesize
that the hyperdopaminergic state observed in the Lact offspring could contribute
to the development of central insulin resistance via disrupting several components
of insulin signaling pathways, which further induced obesity and metabolic syndrome.
One of the limitations of the current study is that the underlying mechanism
responsible for the emergence of hyperdopaminergic and hypodopaminergic state
of the mesolimibic reward system following maternal HFD exposure at different
time windows remained essentially unexplored. From developmental perspective,
the mid brain dopaminergic (mDA) neurons development starts during G10- G13
in the mouse embryo where mainly the DA neurons proliferate and differentiate
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from the precursor cells. The migration, innervation in target regions and synapse
formation take place in the second half of gestation [307]. Whereas structural
and functional maturation including increased dopamine receptor concentrations
in the ventral and dorsal striatum occurs in the first 3 weeks of post-natal life [383].
One possible explanation would be that the excessive HFD consumption initiated
at different stages of development especially late gestation and lactation could
directly affect different stages of dopaminergic neurons development, which led
to differential outcome in dopamine function later in life. In addition, increased
oxidative stress and elevated levels of pro-inflammatory cytokines because of maternal HFD exposure during gestation and lactation might also negatively affect
the development of dopaminergic neurons [378, 30].
In conclusion, the present study for the first time encompass different stages
of perinatal development including preconception, early and late gestation as well
as lactation and report the effects of MHFD exposure in a broad spectrum of
metabolic, hedonic and attentional development of the offspring later in life. The
major findings of our study are: 1) short-term preconception HFD exposure does
not affect offsprings brain, behavior and physiology. 2) HFD exposure during
2nd half of gestation induces most features of addictive-like behaviors in the offspring which is further substantiated by the presence of lower striatal DA levels.
3) MHFD exposure during lactation leads to increased striatal DA levels, which
may precipitate the positive symptoms of schizophrenia-like symptoms and the
obesogenic trait in the offspring. Our data thus provide clear insight in to the
relative contribution of MHFD exposure at different stages of preconception, gestation and lactation to induce distinct brain pathology and phenotypes related to
metabolic and mental health related disorders. These observations urge further
investigations to identify the underlying mechanisms for such time specific MHFD
insult and to provide novel targets for early therapeutic interventions to be able to
reverse the epidemic of obesity in women at childbearing age and in turn alleviate
health consequences in the offspring.
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6

Discussion and outlook
6.1

General discussion

The work in this thesis has been driven by the rise of global obesity and it’s consequences. Global obesity prevalence has been rising at an alarming rate [424].
Increased body weight raises the risk of several non-communicable diseases, including type 2 diabetes, cardiovascular diseases, several cancer and mental health
related disorders. This in turn creates a huge economic burden to our health care
system. In addition, quality of life suffers to a great extent. Therefore, it is crucial
to identify the underlying causative factors responsible for recent escalating growth
of obesity worldwide. Whilst many genetic loci have been identified which have
significant contribution to obesity [215], it alone can not attribute to the dramatic
rise of obesity over the past few decades. Rather, it reflects an interplay between
many factors such as easy accessibility to calorie densed diet, sedentary life style,
lack of exercise, gene mutations and epigenetic modifications [426]. In recent years,
understanding the impact of early life dietary insults on the development of obesity
and associated co-morbidities in the offspring has gained wide attention in obesity
research [52].
With the escalating growth of obesity in all subpopulation, the risk of obesity
among women at child bearing age has also increased drastically [278]. Several epidemiological studies have reported that maternal obesity before and or throughout
pregnancy and lactation is strongly correlated with the increased predisposition to
obesity, metabolic syndrome and neuropsychiatric disorders in the offspring later
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in life [32, 116, 68]. However, the challenge in human epidemiological or casecontrol studies remains on dissecting the direct effects of maternal obesity on the
developing child due to the shared genetic factors and postnatal life styles. Furthermore, women who gain excessive weight before or during pregnancy and or
lactation, also do not change their feeding habits and continue to consume calorie
dense food throughout this period which makes it difficult to separate the effects
of maternal ‘overnutrition’ per se from those of maternal obesity. Likewise, it is
harder to identify in human studies the important windows for the developmental
programming of maternal obesity or overnutrition.
Studies on animal models, however, have provided more insights on the possible
causal link between maternal obesity or overnutrition and increased predisposition
to obesity and metabolic syndrome in the progeny. Emerging data from rodents
have reported that maternal HFD exposure before and or throughout pregnancy
and lactation induces increased adiposity, insulin resistance and poor glucose tolerance which are accompanied by altered pancreatic beta cell function, abnormal
circulating hormone levels, up regulation of inflammatory factors, altered function
of the appetite regulatory and hedonic feeding centers [88]. Whilst most of the
literature have explored the metabolic outcome in offspring, the long term impact
of maternal HFD on the developing brain and the subsequent risk to mental health
related disorders has come to light recently [96]. A mechanistic understanding of
how obesity or overnutrition at preconception, intrauterine and or lactation can
mediate offspring morbidity to obesity and mental health related disorders and
their complex relationship is crucial since these periods provide important windows for targeted intervention to overcome offspring disease risk.
There is growing body of evidence to suggest that the effects of maternal obesity
or overnutrition can be propagated across multiple generations. Recently several
rodent studies have demonstrated the intergenerational transmission of maternal
HFD induced increased body size, poor glucose tolerance and impaired insulin
sensitivity [170, 91, 130], although discrepancies in phenotypic outcome are evident. Further, to date very limited number of studies have investigated the impact
of maternal overnutrition on offspring brain and altered behaviors across multiple
generations. Among different possible mechanisms, epigenetic modification has received major focus, because it reflects the most likely mechanism by which a single
genotype can lead to different phenotypes with relatively short-term dynamic alteration of gene activity following early life environmental insults and also it plays
significant role in germline based non genomic inheritance [28]. However, there
is still large gap of knowledge regarding the specific role of epigenetic markers in
maternal obesity or overnutrition induced poor health outcomes in the progeny.
Based on the above stated facts, in this thesis, we have investigated in mice the
impact of maternal overnutrition on the brain, behaviors and metabolic function
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of the offspring across generations.

6.1.1

Overview of major findings

Our journey begins with the assessment of hedonic behaviors and metabolic phenotypes in the offspring exposed to perinatal maternal HFD insult. After observing
the obesogenic and addictive like phenotypes in the immediate offspring (F1), we
have extended our search to identify whether maternal HFD insult has transgenerational effects and found that the altered hedonic and metabolic phenotypes are
also transmitted in subsequent generations (F2 and F3) without any further HFD
exposure. We have also taken the initial steps towards finding the underlying
epigenetic marks such as CpG methylations, non-coding RNAs that act as causal
vector to the transmission of the observed phenotypes. In addition, we have dissected the stages of perinatal maternal HFD exposure and identified specific period
of development that are more vulnerable to induce addictive like behaviors and
altered metabolic phenotypes in adult offspring.
In the following sections, I will discuss the significance and limitations of each
study as well as some of the possible mechanisms involved in mediating such effects
in our MHFD model.

6.1.2

Effects of 9 weeks MHFD on immediate(F1) offspring

Recently, ubiquitous access to low cost hyper caloric highly palatable foods have
shifted the focus to understand the role of hedonic or central reward circuitry to
induce overconsumption and obesity. In the abundance of highly palatable foods,
the brain reward system often overrides the appetite regulatory center via hedonic
hunger and increases the desire to consume more palatable foods [407]. Emerging
evidence suggest that obesity and drug addiction share several common properties
(such as compulsive behaviors, loss of control in limiting intake) and common
circuit level adaptation [406]. Therefore, it is not surprising that they might share
common vulnerability. Disrupted mesolimbic reward system function in obesity
and drug addiction has been studied in detail, however, little is known about the
impact of maternal overnutrition on reward circuitry development and subsequent
consequences on hedonic behaviors and metabolic state of the offspring.
In Chapter 2, we provide strong evidence that 9 weeks maternal HFD (3 weeks
preconception, 3 weeks gestation and 3 weeks lactation) can program the mesolimbic reward system function that induces enhanced hedonic response to palatable
foods and drugs of abuse in adult offspring, which may partly explain the rapid
growth of obesity and drug addiction that do not derive from genetic predisposition.
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Our data revealed that offspring born to HFD exposed dams developed altered
hedonic responses to natural rewards as well as drugs of abuse (refer to Figure 2.2).
When mice were given a choice between water and sucrose, a significant increase
in sucrose consumption was observed in offspring born to HFD fed dams. Similarly, higher consumption of HFD over chow food was evident in HFD offspring.
We could further show that HFD offspring developed increased preference to alcohol when the animals were given free choice between alcohol and water. We
also assessed offspring’s response to psychostimulants such as amphetamine and
cocaine. We observed that HFD offspring showed enhanced locomotor activating
effects of amphetamine compared to control offspring. Furthermore, we depicted a
significant increase in cocaine-induced conditioned place preference response and
increased cocaine induced locomotor sensitization effects in the HFD offspring,
suggesting a higher degree of reinforcing effect of the drug in this offspring group.
While most studies have characterized the metabolic phenotypes and feeding
behaviors in HFD offspring that are confined to single choice diet, we have assessed
the metabolic parameters in a broad range post-weaning dietary regime (chowwater or HFD-water or a free choice HFD-1% sucrose-chow-water). We observed
that when offspring from both groups were reared on chow diet, HFD offspring
exhibited mild adipogenic phenotype shortly after birth and at PND 120. A post
weaning HFD exposure also did not exacerbate the obesogenic phenotypes in this
offspring group. However, a free choice palatable food exposure that mimics the
human condition more closely led the HFD offspring to develop most features of
metabolic syndrome such as, increased adiposity, insulin resistance, abnormal lipid
profiles and hepatic steatosis (refer to Figure 2.5), thus emphasizes the potential
role of the choice elements of palatable foods to the induction and maintenance of
hyperphagia and thereby exacerbation of obesity [439].
In the following paragraphs, I will discuss the observed addictive and obesogenic phenotypes of HFD offspring in the light of altered mesolimbic dopaminergic
system function.
Altered mesocorticolimbic dopaminergic system and the emergence of
addictive phenotypes
Dysregulation of dopamine signaling has been linked to the compulsive behaviors related to drug addiction as well as hedonic overeating [83]. According to
Figure 2.3, it is evident that perinatal maternal HFD exposure elicits alterations
in dopamine and related proteins expression (TH, DAT, D1R and D2R) in the
mesocorticolimbic reward system, most remarkably in VTA, Nac core and shell as
well as dSTR. Our results demonstrated that HFD offspring had reduced number
of TH-positive neurons, the rate limiting enzyme of DA synthesis, in the VTA.
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Dopaminergic neurons constitute 60-65% of all neurons in VTA and are the principal source of dopaminergic cell bodies of the mesocorticolimbic projections [226].
Therefore, lower TH level in VTA might result in reduced DA synthesis and subsequent lower dopamine levels in VTA, Nac and dSTR of HFD offspring. VTA
serves as one of the target sites of action for psychostimulant induced behavioral
sensitization. The effect of amphetamine and cocaine in VTA is dopamine and glutamate dependent. Systemic or direct administration of amphetamine or cocaine
into the VTA was shown to stimulate D1 receptors and activate VTA-DA neuronal
projection to PFC which in turn augment glutamate release from the glutamatergic afferents to VTA [431, 181]. We could speculate that the lower dopamine levels
observed in VTA might contribute to such circuit level alterations in dopaminergic and glutamateric projections in this region that might partly contribute to the
enhanced behavioral sensitization.
One of the major efferent projection site of VTA DA neuron is the Nac which
acts as a functional interface between motor and limbic system. Nac plays significant role in eliciting reinforcing effects of psychostimulants, translating emotional
stimuli to behaviors and influencing the inhibition of behaviors through the reciprocal projections with the VTA, amygdala, basal ganglia and PFC [73]. Activation of
both D1 and D2 receptors in the striatum is known to be involved in DA mediated
behavioral sensitization. We observed that offspring born to HFD exposed dams
showed increased D2R levels in the Nac core and shell. Furthermore, both D1R and
D2R levels were increased in dSTR of HFD offspring. D1R is the main postsynaptic target to mediate the action of amphetamine and cocaine in the Nac since D1R
knock-out mice show no effect to the locomotor stimulating effect of cocaine [46].
The induction of amphetamine sensitization can also occur through D1 receptor independent mechanism as blockade of amphetamine sensitization has been reported
with several D2 receptor antagonists [144, 394]. Accumbal D2R density was shown
to be elevated in rat sensitized to repeated cocaine injection [303]. Psychostimulant induced supersensitivity of postsynaptic D1 as well as D2 receptors and subsequent alterations of genes that regulate receptors signaling has been suggested
to be involved in long-term sensitization [399]. In a different neurodevelopmental
model, prenatal stress produced increased accumbal D2Rs density concomitant
with amphetamine-induced behavioral sensitization [153] and showed increased
vulnerability to develop amphetamine self-administration in the offspring [329].
The link between increased striatal D2R density and enhanced sensitivity to drugs
of abuse in HFD offspring was further supported by the PET study. We observed
a stronger reduction in striatal dopamine D2R radiotracers in the HFD offspring
compared to controls which can be interpreted as a measure of greater increase of
striatal dopamine release in response to amphetamine. These data provide more
clear insight that excessive striatal DA transmission at D2R level is involved in the
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augmented reaction towards drugs of abuse in HFD offspring. Furthermore, we
observed lower D1 and D2R expression in mPFC. The PFC has been consistently
shown to be involved in the induction of amphetamine sensitization as the lesioning of mPFC prevents the development of sensitization [45]. Similarly, lesions of
pre-limbic part of mPFC has been shown to prevent the sensitization following repeated cocaine administration [392]. Augmentation of mesocortical dopaminergic
as well as frontocortical VTA glutamatergic signaling are suggested to be involved
for such sensitization effects [393].
In addition, we observed increased deltaFosB expression in the Nac and dSTR
of HFD offspring following a sensitization intermittent schedule of cocaine (refer
to Figure 2.3 a). DeltaFosB is one of the well-characterized transcription factors
that have been implicated in psychostimulant induced cellular adaptations in Nac
and dSTR following chronic drug exposure. Overexpression of deltaFosB in the
dynorphin containing medium spiny neurons of Nac has been shown to mediate
behavioral sensitization responses to cocaine and amphetamine [264]. In addition,
increased accumbal deltaFosB can induce cocaine-self administration and cocaine
seeking behavior after prolonged period of abstinence [421]. The higher deltaFosB
level in striatal regions may therefore indicate that HFD offspring are more sensitive to the rewarding properties of cocaine. One suggested possible mechanism
by which deltaFosB may mediate such effects is the induction of AMPA receptor
expression to the surface of Nac neurons [187]. This might increase the excitability of Nac neurons via glutamatergic input from cortical and limbic afferents and
thereby execute enhance locomotor activity on subsequent drug exposure [34]. Detailed assessments of dopamine and glutamate signaling in these projection sites
following repeated cocaine or amphetamine exposure in our HFD offspring can
provide more insights for such link.
Collectively, the baseline lower dopamine level in VTA, Nac and dSTR and subsequent alteration of D2R and D1R receptors density in the striatum and mPFC
indicate a baseline hypodopaminergic state in the HFD offspring group. In human
addicts, a hypoactive mesolimbic DA system is considered as potential trigger to
decrease reward discrimination, elevate the reward threshold, enhance the effects of
reward prediction error and increase the response to prediction signals which may
underlie compulsive drug intake and drug seeking behaviors [201]. Hypoactivity
within ventral striatum and the interconnected cortico-striatal-thalamo-cortical
circuitry has been suggested to facilitate drug directed behaviors in addiction,
however the mechanisms are not yet completely understood. Electrophysiological
recordings during cocaine self administration sessions in rat reported that most
accumbal neurons that encode the instrumental task (Task activated neurons)
showed transient or tonic increases in firing rate while the other neurons that mediate non-drug related motivated behaviors did not show any activity dependent
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alterations [300, 299]. In contrast, the task activated accumbal neurons showed
relatively lower basal firing rate in between sessions. A relative sparing of a subset
of neurons from the inhibitory effects of repeated drug administration might be
associated with transient burst firing in subsequent exposure that facilitate enhanced sensitivity, drug seeking and taking behaviors [301]. This might explain
our findings that HFD offspring being in a basal hypodopaminergic state showed
higher preference and enhanced locomotor activity following exposure to drugs of
abuse.
Metabolic consequences in HFD offspring and the role of DA circuitry
A hypodopaminergic state in offspring born to HFD dams might be linked to
the observed obesogenic phenotypes. Studies in rodents have shown that chronic
HFD exposed mice developed increased body weight, which was correlated with
higher D2R density and lower striatal DAT and DA levels [370]. Recently, it has
been reported that insulin can interact with central reward system via modulating
dopamine action [374]. Direct administration of insulin in VTA can increase the
brain reward thresholds most likely by indirect suppression of DA neuronal activity through it’s action on opioid receptors and glutamatergic connections [44].
Furthermore, insulin is involved in upregulation of DAT through PI3K and mTOR
signaling which in turn reduces somatodendritic dopamine levels in the VTA [237].
These effects of insulin in VTA-DA neurons can reduce repressiveness to food cues
which may facilitate the counteracting overconsumption. In obesity and diabetic
animal models, it was shown that insulin resistance leads to reduced DAT expression and lower DA levels in the Nac, resulting in increased palatable food
intake [110].
In addition to insulin, leptin can also modulate mesolimbic dopaminergic activity via its action through lateral hypothalamic area (LHA) to induce obesity.
Leptin’s action on LHA neurons expressing leptin and neurotensin receptors that
project to VTA neurons increases TH activity and DA content, decreases the VTADA firing rate and thereby reduces food intake [387]. In leptin deficient ob/ob mice,
reduced DA levels in VTA and NAc and evoked DA release in the Nac following
food cues suggest that central leptin deficiency or resistance might play a crucial
role to alter the LHA-VTA-Nac circuitry that affect the hedonic feeding, leading
to obesity [157, 35]. Whether such an effect of insulin or leptin on the development
of hypodopaminergic mesolimbic reward system is present in our HFD offspring
requires further investigations.
Together, this work, to the best of our knowledge, is the first to collectively
report that maternal overnutrition (not obesity) during a period of 9 weeks induces
a hyporesponsive mesolimbic dopamine circuit which may underlie the enhanced
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Figure 6.1: (Continued on the following page.)
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Figure 6.1: Simplified diagram of neuropathological alteration in mesocorticolimbic reward system responsible for addiction phenotypes observed in offspring exposed to maternal HFD. Maternal HFD induces a baseline hypodopaminergic state that partially explain the observed addictive
like phenotypes and metabolic disorders. Other neurotransmitter system, such as glutamatergic
and GABAergic projections in the reward circuitry might play significant role. The possible
implications of different neuronal pathways for the observed phenotypes are discussed in details
in the main text. We admit that this is a simple illustration and the involvement of opioid
and cholinergic pathways in these circuitry as well as other brain regions for example various
hypothalamic areas, amygdala and hippocampus have not been shown due to the limitation of
available data. DA = dopamine, TH = tyrosine hydroxylase, D1R = dopamine receptor 1, D2R
= dopamine receptor 2, VTA = ventral tegmental area, NAC = nucleus accumbens, dSTR =
dorsal striatum, PFC = prefrontal cortex.

hedonic response to natural rewards and drugs of abuse in the offspring during
adulthood, leading to a higher vulnerability to develop obesity and addiction.

6.1.3

Transgenerational transmission of maternal high fat
diet effects

The next question that we asked whether maternally acquired altered metabolic
and addictive-like behaviors are transmitted to the subsequent generations which
might help us to better understand the dramatic rise of obesity as well as drug
addiction in the current society. Whilst there is a large body of evidence on maternal stress, infection and undernutrition induced inheritance of altered metabolic,
impaired cognitive and stress related behaviors across multiple generations and its
association with epigenetic modifications [112, 418, 310], only one study has reported so far the transmission of maternal HFD induced increased body size across
three subsequent generations [92]. Moreover, no studies have explored the transmission of addictive-like phenotypes across multiple generations following maternal
HFD exposure.
Our work presented in Chapter 3 demonstrates for the first time that maternal
HFD induced addictive-like and obesogenic phenotypes can be transmitted over 3
generations through paternal lineage in the absence of any further exposure to
HFD, indicating a true transgenerational epigenetic inheritance.
Our data could demonstrate that the addictive like behaviors, for instance,
increased alcohol preference, enhanced sensitivity to amphetamine as well as increased conditioned place preference to cocaine can be recapitulated in the F2
and F3 offspring born to HFD ancestors, similar to F1-HFD offspring (refer to
Figure 3.2). Unlike F1 generation, we observed that F2 and F3-HFD offspring
developed strong obesogenic phenotypes when they were reared on only chow diet
(refer to Figure 3.4). Notably, our data also revealed the persistence of lower DA
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levels and increased D2R density in the striatal regions in both F2 and F3 generations (refer to Figure 3.3). To the best of our knowledge, this is the first report
to show the persistence of a hypodopaminergic state of mesolimbic reward system
up to F3 generation following maternal HFD insult which most likely underlie the
observed phenotypes. While exploring the underlying mechanisms of such inheritance, we found that only a subgroup of differentially methylated regions (DMRs)
were conserved in F1 and F2 sperm and very few of them reached statistical significance (refer to Figure 3.5), indicating that DNA methylation changes in sperm
might not be the major mode of transmission for the observed phenotypes.
In the following sections, I will discuss some of the key features that were
observed while phenotypic characterization across generations and the significance
of sperm methylome in transgenerational inheritance.
Discrepancies of phenotypic inheritance across generations
Here, we revealed that F2 and F3 offspring born to HFD ancestors did not show
any difference in their hedonic response to HFD and sucrose as compared to the
control, unlike F1-HFD offspring. On the other hand, the metabolic phenotype
was more pronounced in HFD F2- and HFD male F3-offspring compared to the
mild phenotypes observed in HFD F1-offspring [295]. Such pattern of emergence
or disappearance of some phenotypes across generations have been reported in
several models of early life stress, infection and overnutrition [118, 418, 195]. One
suggested explanation for phenotypic variation is the degree of penetration of nongenomic modifications in germ cells and somatic cells [28]. That means, if the
non-genomic modifications are persistent in both germline and somatic cells, these
will induce phenotypes in the subsequent progeny (F1, F2, F3 and so on). In
contrast, if the non-genetic modifications are present only in germ line (F1) and
exclude the somatic cells, these modifications will transmit in subsequent the germ
cells which may also affect the somatic cells of the progeny, the phenotypes will
appear not in F1, but in F2, F3 and so on. The ‘rheostat effect’ or imprinted
genes, which defines the individual differences in gene expression with respect to
epigenetic alterations could be another possible explanations [20].
Sex specific effects across generations
We observed a clear gender segregation in the third generation HFD offspring,
where females showed addictive-like behaviors and male HFD offspring showed
an obesogenic phenotype. The hypodopaminergic state of the mesolimbic system
was more prominent in the F3-female HFD offspring. Such sex specific inheritance of phenotypes across generations have been reported in both human and
animal studies. For example, in Swedish Overkälix study, the risk of diabetes and
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cardiovascular diseases in male or female was dependent on exposure of paternal
grandparents to the abundance of food during puberty. Furthermore, the disease
phenotypes were transmitted from the grandfather to his grandsons, but not his
granddaughters [178]. Similar sexual dimorphism in phenotypic inheritance is also
evident in several rodent models of early life stressors [92, 170, 112, 255]. It is
well-known that several neuropsychiatric diseases such as addiction, depression,
schizophrenia have significant gender effects which emphasize the importance to
understand the mechanism by which such sex dependent dissociation of phenotypes occur following early life programming events. However, to date, no studies
have shown any definitive mechanistic link for such complex phenomena. Few
possible mechanisms by which early life insults may induce sex specific effects are:
a) developmental plasticity in male and female gamete, b) placental programming
effects and c) sex hormones.
Developmental plasticity in gametes: Differences in the maturation rates as
well as plasticity in the cellular and molecular events in the male and female germ
cells can be a possible determinant of sex specific inheritance [57]. As mentioned
in Chapter 1 (Figure 1.2), timing of epigenetic reprogramming event has notable
difference between sexes. While the first wave of demethylation starts at similar
stage in both premordial germ cells(PGCs), the remethylation completes earlier
in male PGCs than females. Similar delay in the second demethylation cycle
also occurs in female gamete following fertilization. Such sex specific plasticity
in epigenetic events during early developmental phases may contribute to sexual
segregation of phenotypes following gestational insults.
Placental programming: Recently, the critical role of placenta in transmitting
sex-specific information to the developing embryo has been studied in rodent models of maternal stress [255] and diet [225]. Differential expression of sex chromosome genes and dynamic cellular events early on development are two suggested
mechanisms by which sex differences could be driven by placenta in response to
maternal insults [16]. A significant reduction of X-linked gene OGT in male trophoblastic cells was reported to lower the histone repressive mark (H3K27me3) in
placenta, which could make the male chromatin more susceptible to dynamic transcriptional changes following early life stress, and thereby increases hypothalamicpituitary-adrenal stress axis activity and stress sensitivity as adult [163]. Genome
wide analysis of placental gene expression pattern in F3 offspring born to HFD
ancestors can be an option to find such link.
Gonadal hormones: Gonadal hormones, in particular fetal testosterone is known
to shape the sexually dimorphic brain via modulating cellular differentiation and
connectivity in the brain [232]. Therefore, disturbances in fetal testosterone levels
following early life environmental exposures probably could also affect sex specific
brain development and individuals behaviors later in life. Although we could not
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provide any causal link of such complex sex specific phenotypic segregation in our
model, our observation further emphasizes the necessity to dissect the complex
role that sex plays in the inheritance of acquired traits.
Sperm methylome in transgenerational phenotypic transmission
Sperm CpG methylation is so far the most well characterized epigenetic marks
due to its significant role in early life transcriptional reprogramming events, its
mitotic stability and easy quantification methods and therefore, it has been extensively studied in transgenerational epigenetic inheritance [281]. We compared
the differentially methylated regions between HFD and CTR sperm in F1 and
F2 generation and found that the most significant DMRS found in F1 HFD offspring showed a same trend of differential metylation in the F2 generation (refer
to Figure 3.5). However, we found only an overlap of 6 significant DMRS across
F1 and F2 generations, suggesting that sperm CpG methylation might not confer
the observed phenotypes across generations. Our findings confirm and extend the
prior observations in other models of early-life nutritional insults such as maternal and paternal undernourishment [310, 50] and paternal overnutrition [419] that
have shown moderate changes (aprox. 10-20%) in cytosine methylation in sperm.
Apparently a change from 10-20% methylation at a single CpG means that the
frequency of sperm with methylated CpG alters from 1 to 2 in every 10 sperm.
Such modest methylation differences over a small number of CpGs therefore, can
only allow penetrance of a phenotype across a set of siblings [359].
Another important factor that has been reported to interfere with the environmental influences on sperm methylome is the “epivariation”. In a paternal
low-protein diet model as well as a post-weaning different diets exposed model, it
has been shown that low protein or HFD does not affect the sperm methylation,
rather epivariation across tandem repeat regions and CpG island shore regions
between control animals that are not litter-mates have much stronger influence on
sperm methylome than diet [50, 359].
A growing number of studies have reported that early life environmental exposures can induce DNA methylation changes in the male germline and peripheral
somatic tissue [310, 112, 323]. However, at present, the direct proof to demonstrate
that altered sperm methylation can specifically modulate particular genes’ expression for a given phenotype in the progeny remains elusive for all such paradigms.
Several important aspects have been discussed in recent epigenetic research that
make it challenging to infer causal link from sperm methylome analysis. Here, I
have highlighted some of the suggested hypotheses: 1) Heterogeneity in methylation status in different tissue is one of the issue since each type of tissue and even
each cell type within a tissue may conserve its own methylation profile [95]. 2)
Sperm epigenome is highly plastic and has a wide window of maturation [318] that
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allows it to be repeatedly exposed to the environmental stressors and therefore high
variation can be expected based on the duration and severity of insult. 3) DNA
methylation at distal regions from the gene of interest or silent epimutation that
can be reactivated later in life by other machinery to alter gene activity are other
limiting factors [28]. 4) Inter-individual variation in CpG methyaltion pattern as
a consequence of DNA sequence polymorphism also needs to be considered [281].
5) Variation in detection methods is another drawback. Whilst the most sensitive genome wide high resolutions methylation assays are expensive and require
sophisticated analytic skills, the easy accessible techniques such as pyrosequecing
or 5-mc immunostaining most often provide little information about set of local
CpGs.
The discrepancies between changes in sperm methylation and the observed
phenotypes in HFD offspring have pointed out the fact that direct transmission
of methylation changes is not the only mechanism through which offspring phenotypes can be affected, rather it reflects the involvement of other epigenetic modifications such as chromatin remodeling, histone modifications and non-coding RNAs
that could induce sustained alterations in transcriptional regulatory networks early
in development [281].

6.1.4

Sperm sncRNA mediated transmission of maternal
HFD effects

Given that the strong metabolic and addictive-like behaviors as well as sustained
alternations of the mesolimbic dopaminergic circuitry were conserved across three
generations, we next asked the question whether other epigenetic carriers contribute to the heritability of such acquired traits. In particular, sperm small RNAs
(e.g. miRNAs, tsRNAs) has recently been reported as principal mediator of some
of the altered metabolic and stress related traits in the mouse models of prenatal
stress [118] and paternal dietary insults [136, 357, 60].
Our study presented in Chapter 4 is the first to show that sperm RNAs, in
particular tsRNAs are crucially involved in the intergenerational transmission of
maternal HFD induced addictive-like and obesogenic phenotypes, thus providing a
new aspect of their diverse functional relevance.
The microinjection of sperm tsRNAs from F1 male born to HFD exposed dams
into naı̈ve zygotes recapitulates addictive-like phenotypes such as increased preference to palatable foods and enhanced sensitivity to drugs of abuse in the resultant
offspring (refer to Figure 4.5). Similar to F1-HFD ancestors, HFD-tsRNA offspring
displayed strong obesogenic and metabolic syndrome like phenotypes following a
free choice palatable food test (refer to Figure 4.7). Deep sequencing analysis of
sperm small RNAs showed that F1-HFD males carry slightly higher but yet sig-
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nificant amount of tsRNAs as compared to the F1-CTR males (refer to figure 4.8).
This observation further supports that high content of sperm tsRNAs following
maternal HFD insult might underlie such phenotypic inheritance.
Emerging role of sperm tsRNAs in intergenerational phenotypic inheritance
Among different subpopulation of sperm RNAs, tsRNAs (tRNA derived small
RNAs) have been reported to constitute the major portion of small non-coding
RNAs [298] and therefore have been spotted with high importance in the inheritance of acquired traits. The sperm tsRNAs are mainly derived from 50 end of
tRNA, and range in size from 29 to 34 nt. Although the biological function is still
not clear, several studies have found a link between sperm tsRNA and obesity. A
recent human study has reported higher abundance of several tRNAs fragments
in the sperm of obese men as compared to the healthy lean person [87]. Similarly,
increased levels of tsRNAs were also observed in the adult rodents following long
term HFD exposure [60, 80]. Furthermore, two recent studies have provided their
potential role in intergenerational transmission of altered metabolic phenotypes. In
one study, Chen et al. reported that a subset of tsRNAs showed altered expression
profile and RNA modifications in HFD fed mice and the microinjection of sperm
tsRNA enriched fragments from HFD mice into naı̈ve fertilized zygotes reproduced
the metabolic disorders and altered gene expression of metabolic pathways in early
embryo and islets of resultant offspring [60]. In a different dietary model, Sharma
et al. showed that protein restriction in male mice affects the tsRNAs in mature
sperm, in particular 50 fragments of glycine-tRNA and these affected tsRNAs could
repress the genes associated with the endogenous retroelements (MERVL) in the
early embryo which might underlie the emergence of obesogenic phenotypes during
adulthood [357]. Consistent with their observations, we also found a significantly
higher tsRNA content in the F1 HFD sperm with the predominance of 50 -tRNA
halves compared to the F1 CTR and injecting the tsRNAs from HFD-F1 male
could induce obesogenic phenotypes in the resultant offspring as their fathers.
Notably, in both paternal HFD and protein restricted models, the adult male
mice (F0) were exposed to the dietary insults for a period of 6 weeks to 6 months
and the metabolic effects were observed in the immediate offspring (F1) [60, 357].
In respect to that, the significance of the findings in our maternal HFD model is two
fold: a) F1 male sperm were exposed to HFD exclusively during the early stages of
development which encompasses the intrauterine and early postanatal weeks and
yet such short exposure could induce significant alteration in tsRNA content. b)
The altered sperm tsRNAs could able to transfer maternal HFD induced abnormal
phenotypes in the subsequent generation (F2). Whether such effects can also be
transmitted in F3 generation via F2-HFD tsRNA sperm, will be an interesting
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aspect to explore for true transgenerational effects.
Whilst both studies have assessed the role of tsRNAs in the inheritance of
metabolic traits, we have shown here for the first time that the injection of sperm
tsRNAs from F1-HFD male could also mediate addictive like phenotypes in the
resultant offspring, suggesting that sperm tsRNAs might have a role in developing
brain and behaviors. Although our study could not show any mechanistic link,
we revealed a functional association for such effects. We identified several predicted target transcripts of the differentially expressed tsRNAs between F1-HFD
and F1-CTR sperm. Among them, the expression of one of the targets (nicotinic
acetylcholine receptor α subunit 2;CHRNA2) were found to be decreased in the
dSTR and increased in the Nac of both F1-HFD father and tsRNA-HFD offspring.
Mutation in CHRNA2 in human has been reported to increase the risk of nicotine and alcohol addiction [75, 445]. In rodents, global knock out of CHRNA2
in mice was shown to potentiate nicotine self-administration, food reinforcement
behaviors and withdrawal symptoms via the alteration of GABA, glutamate and
DA signaling in IPN, habenula and mesoaccumbal pathways [216, 395, 230]. In
case of alcohol addiction, activation of dopamine signaling in the mesolimbic reward system by ethanol was reported to involve indirect alosteric modulation of
nicotinic acetylcholine receptors activity in cholinergic pedunculopontine afferents,
local VTA GABAergic and VTA-DA neuronal projections to Nac [198]. Furthermore, the expression of CHRNA2 is known to regulate neuronal growth and maturation in the developing cortex, amygdala and hippocampus during the early
postnatal period (P3-P21) in mice, suggesting that CHRNA2 can be a susceptible
target for early life environmental insults [368]. In fact, one recent study has
shown that global deletion of CHRNA2 in mice can exterminate maternal nicotine induced hippocampal dependent learning and memory deficits in adolescent
male offspring [249]. Based on these literature, we could hypothesize that the
altered expression of CHRNA2 in the striatal regions of HFD-tsRNA offspring
might play a role in the development of addictive like behaviors. The role of tsRNAs in addiction is currently unknown. Therefore, it will be of great interest in
future to investigate the underlying complex mechanisms by which sperm tsRNA
could mediate maternal HFD induced such robust addictive like phenotypes across
generations.

6.1.5

Effects of high fat diet at critical periods of development

After observing the persistence of 9 weeks maternal HFD induced addictive like
behaviors, obesogenic phenotypes and altered mesolimbic dopaminergic system
function across 3 generations, in the final part of my thesis, I have explored the
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critical windows of development during which exposure to a maternal HFD is most
pernicious. Identification of such windows has significant implications for public
health policy in terms of advising and educating women about dietary preference
and weight management at preconception, during gestation and lactation. These
specific susceptible periods may also provide the possible opportunity to reverse
the effects by early nutritional interventions.
The work presented in Chapter 5 demonstrated the independent effects of maternal HFD exposure during four critical windows of development including preconception, early and late gestation as well as lactation on brain, behavioral and
metabolic programming of the offspring.
Maternal HFD exposure during 3 weeks preconception did not lead to any
difference between the offspring groups. HFD during 2nd semester (G12-21) largely
induced addictive like behaviors, such as increased alcohol preference and enhanced
amphetamine sensitivity as well as lower striatal dopamine levels. Maternal HFD
during lactation (PND 0-21) induced schizophrenic like phenotypes (e.g., impaired
prepulse inhibition, latent inhibition and increased amphetamine sensitivity) and
obesogenic and metabolic syndrome like phenotypes. In addition, these offspring
displayed higher dopamine levels in the striatal regions.
MHFD during gestation alone programs the hedonic behaviors
The relative impact of exposure to a maternal HFD before birth or during lactation on hedonic behaviors has been evaluated in a number of studies using a
cross-fostering paradigm. It was shown that offspring that were exposed to HFD
in utero developed increased fat preference independent of whether they were suckled by the chow fed dams or HFD fed dams [58]. Higher fat intake was further
accompanied by a significant increased proliferation of galanin neurons exclusively
during gestation which regulates fat intake in the hypothalamic appetite regulatory
center [58], indicating that maternal HFD only during gestation was enough to induce palatable food preference in the offspring. Two recent studies have also shown
that exposure to a maternal cafeteria diet during suckling period alone was sufficient to program higher intake of fat or carbohydrates when offspring were given a
free access to palatable foods [141, 133]. In contrast to these studies, we observed
that maternal HFD exposure during early (G0-G11) or late gestation (G12-G21)
or lactation did not alter offspring hedonic response to palatable foods (i.e, fat and
sucrose). The discrepancies between different studies and our observation could be
explained by the length of HFD exposure, the differences in dietary composition
and the cross fostering paradigm where switching pups to a foster mother might
also have a significant impact on their behaviors. On the other hand, we showed
here for the first time that maternal HFD exclusively during gestation could program increased hedonic response to drugs of abuse. Maternal HFD during early

6.1. General discussion

193

as well as late gestation induced increased sensitivity to amphetamine whereas
higher preference to alcohol was observed only following late gestational HFD exposure (refer to Figure 5.2). These behavioral phenotypes were further supported
by low dopamine turn over in the mesolimbic reward system (refer to Figure 5.5),
similar to the perinatal maternal HFD exposed cohort described in Chapter 2. In
early gestation HFD exposed group, lower DA and HVA levels in the Nac were
detected only in the male offspring whereas no difference in DA levels was found in
the dSTR. In late gestation HFD exposed group, both male and female offspring
showed reduced DA levels in the Nac whereas only male offspring showed lower
DA levels in the dSTR compared to the other groups. Collectively, these results
lead us to conclude that exposure to maternal HFD only during late gestation is
sufficient and essential to program a hypodopaminegic mesolimbic reward system
and thereby predisposes the offspring to addictive like behaviors.
MHFD exclusively during lactation induces metabolic syndrome like
phenotypes
We observed that maternal HFD exposure before conception or different stages
of gestation did not affect offsprings’ metabolism. In contrary, maternal HFD
during suckling period alone induced strong obesogenic phenotypes in the adult
offspring of both sex such as increased body weight, higher fat depot, impaired
insulin sensitivity, increased fasted plasma insulin and cholesterol level. Notably,
such metabolic abnormalities were more prominent than those observed in 9 weeks
maternal HFD exposed offspring (refer to Chapter 2) since the traits were emerged
in offspring reared on chow diet. Our findings are supported by other models of
maternal high fat high sucrose diet showing that short exposure to HFD during
this distinct period of early development is sufficient to predispose the offspring
for obesogenic or diabetogenic phenotypes later in life [403, 273, 286].The altered
metabolic phenotypes were paralled with increased DA turnover in the striatal
regions. Both male and female lactation offspring showed higher DA and lower
HVA and DOPAC levels in the dorsal and ventral striatum compared to CTR
offspring, indicating a baseline hyperdopaminergic state. Such hyperdopaminergic
state can be linked with higher fasted plasma insulin level which in combination
may induce increased food intake in this offspring group. Several studies have
shown that an acute systemic low dose insulin injection can stimulate DA uptake
in striatal tissue in 24h fasted rats and human DAT-transfected cells via altering
DAT mRNA levels in the VTA-Sn regions [23, 291, 253]. The hyperinsulinaemic
conditions can also stimulate the insulin receptors in arcuate nucleus of hypothalamus which may stimulate accumbal DA turnover indirectly through its connection
to the lateral hypothalamus [309]. Apart from abnormal insulin signaling, altered
levels of other hormones such as leptin, ghrelin, serotonin as well as increased free
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fatty acids in breast milk following postnatal HFD exposure might also affect the
hypothalamic-mesoaccumbal pathways, thereby predisposing to metabolic disorders [346, 33, 403]. Future studies are essential to clarify such mechanistic link.
In addition, offspring exposed to maternal HFD during lactation not only developed obesogenic phenotypes but also showed schizophrenic like behaviors such as
PPI impairment,disruption of LI and increased amphetamine-induced locomotor
activity (refer to Figure 5.4). These behavioral phenotypes were further supported
by the baseline hyperdopaminergic state of the striatum [164, 420]. Whilst maternal obesity or gestational weight gain has recently been positively correlated
with increased predisposition to schizophrenia in the progeny [191, 328], no animal model has been designed so far to translate such observation and explore
the underlying mechanism. We have shown here for the first time in a maternal
HFD mouse model that HFD exposure exclusively during lactation can program
hyperdopaminergic state of the mesolimbic system which may partially explain the
observed schizophrenia related abnormalities in the offspring later in life. Furthermore, the collateral presence of such behavioral abnormalities and the obesogenic
phenotypes in our lactation offspring substantiate the recent observations that
metabolic dysfunction can develop in the psychosis-prone subjects in the absence
of antipsychotic drug exposure [386, 338] and provide a link with developmental
insults. Although we could speculate that hyperdopaminergic mesolimbic reward
system might underlie for the development of schizophrenic and metabolic traits,
we did not test the possibilities whether these include a common circuit level adaptation following postnatal HFD and also involve other neurotransmitter systems
to exert such effects. Our observations, therefore, urge further studies to explore
these possibilities and to address dietary intervention at this period to reverse such
effects of MHFD.

In summary, the data presented in this thesis provide solid evidence illustrating
the sustained long term impact of maternal overnutrition on the hedonic behaviors and metabolic state of the offspring across multiple generations (Figure 6.2).
We have also provided plausible mechanisms implicated in these associations, including dysfunctions in the mesolimbic dopaminergic system (reduced baseline
dopamine level and increased D2 receptor expression). Notably, we have identified
sperm tsRNA as potential epigenetic mark responsible for the transgenerational
inheritance of such altered phenotypes. Furthermore, we have identified the vulnerable stages of HFD insults and provided clear evidence that maternal HFD
exposure only during gestation or lactation could induce addictive like behaviors
and obesogenic phenotypes respectively.
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Figure 6.2: (Continued on the following page.)

196

Chapter 6. Discussion and outlook

Figure 6.2: Summary figure illustrating the long term programming effects of maternal HFD
exposure on brain, behaviors and metabolism across generations. Perinatal maternal HFD exposure induces a hypodopaminergic mesolimbic reward system in F1 offspring, resulting in addictive
like behaviors and metabolic syndrome like phenotypes. These effects are passed to F2 and F3
offspring via paternal line with a prominent sexual segregation in F3 generation. Among different
epigenetic marks, sperm tRNA derived small RNAs are able to transfer these phenotypes in subsequent generations, indicating a germline based epigenetic inheritance. Exposure to maternal
HFD only during gestation (more specifically late gestation) leads to addictive like phenotypes
while exposure to HFD exclusively during lactation induces obesogenic phenotypes, thereby specifies the impact of maternal HFD at critical periods of perinatal development. DA = dopamine,
m = male, f = female, PC = preconception.

6.2
6.2.1

Future directions
Beyond dopaminergic system

In this thesis, we found altered dopamine, dopamine related proteins (TH, DAT,
D1 and D2) and it’s metabolites (DOPAC and HVA) expression in the mesolimbic
reward system of the offspring born to HFD ancestors that partially explained
the observed addictive-like behaviors. However, it is also important to explore
the other non-dopaminergic system of mesolimbic reward circuitry and beyond
to understand the underlying neuronal adaption for such complex phenotypes.
As described in details in Chapter 1, all drugs of abuse activate the mesolimbic
dopamine system, but large body of evidence suggests that dopamine-independent,
but dopamine like acute reinforcement effects also occur in alcohol, nicotine and
opiates addiction via indirect pathways in the VTA-Nac circuit [201]. For instance,
alcohol inhibits GABAergic interneurons and glutamatergic neuron’s activity in
the VTA and Nac respectively and thereby disinhbits VTA and Nac dopamine
neurons [62]. During chronic exposure, each drug induces long term potentiation
via increased activation and redistribution of AMPA glutamate receptors level
at at VTA dopamine neurons which has been directly related to drug sensitized
behaviors [265]. The dynamic changes of gulatamatergic system including lower
basal glutamate and increased release in reinstatement following withdrawal in the
PFC/Nac projections are the main drive to drug seeking behaviors [119]. Furthermore, opioids system is known to be another major player to stimulate hedonic
response to natural rewards and overconsumption of palatable foods and thereby
increases the risk to obesity [134]. Recent studies have reported that maternal HFD
exposure before and during pregnancy can increase the expression of both mu opioid receptor (MOR) and proenkephaline (PENK) in the VTA, Nac and PFC of the
offspring that drives increased preference for high fat high sugar food [410, 138].
Understanding the integration and adaptation of these multiple neurotransmitter
systems in central reward circuitry following maternal HFD exposure is a challenge
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for future studies. The advanced experimental tools such as virus mediated gene
transfer, selective mutations in specific brain circuits and optogenetics methods
will help us to better understand the complex circuit level neuronal adaptation
underpinning the altered hedonic response to palatable foods and drugs of abuse
in our model.

6.2.2

How maternal HFD induces epigenetic modification

One of the major unanswered questions in this work concerns how maternal HFD
alters sperm epigenetic marks. Currently, there is not much known about how any
kind of parental dietary insults (undernutrition or overnutrition) affect the germ
cell epigenome. Similar to our findings in Chapter 3, paternal low protein diet was
shown to induce moderate changes (∼20%-40%) in sperm methylome in several
other studies [310, 50], however, the question how such dietary insult could affect
global methylation was not explored. In case of small RNAs, it is even more complicated since small RNAs are reported to be shuttled to the maturing sperm via
extracellular vesicles (EVs) in the epididymis [357], indicating that dietary stimuli
can alter small RNA production in any cell types and the altered RNAs packed in
EVs can be transferred to sperm or surrounding tissue through circulation [117].
Recently, it has been shown that HFD can increase DNMT2 (tRNA methylatransferase) level in the caput epididymis which coincides with increased m5C RNA
modifications and increased sperm tsRNA levels in the long-term HFD exposed
adult male (F0) [443]. Whether such DNMT2 mediated RNA modifications are
also involved in altered sperm tsRNA production in F1-HFD offspring and if yes,
how and at which stages of development maternal HFD initiates these changes
remain to be explored.

6.2.3

How sperm tsRNAs could affect the phenotype in
next generation

The mechanistic link between altered germ cell epigenetic marks and the subsequent changes in the physiology and behavior of the progeny is currently a mystery.
We are also not able to answer how and at which time point sperm tsRNAs can
affect the hedonic and metabolic phenotype of the offspring. According to the
current literature, one possibility is that following fertilization the altered tsRNAs
that present in the mature sperm of F1-HFD male may fuse into the zygote and
initiate a cascade of molecular events that may affect cell proliferation, migration
and maturation of the developing embryo and eventually cause long term changes
in offsprings’ physiology and behavior [9]. Recently, Sharma and co-workers have
shown that injection of sperm tsRNAs from low protein diet males or synthetic
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tRF-Gly-GCC into the zygote can decrease the MERVL targeted genes expression that is essential for the early embryonic development, however, it remains
unresolved whether these effects have direct link with the observed phenotypes in
the adult offspring [357]. Alternatively, the altered epigenetic marks may persist
through development into adulthood and constantly regulate gene expression in
specific organ system and thereby related behaviors [330]. For instance, Chen et al.
showed in a paternal HFD model that similar pattern of gene expression profile was
persistent through early embryo to adulthood of sperm tsRNA injected offspring
that could affect the observed metabolic phenotype [60]. A stepwise analysis of
tsRNAs levels and predicted target genes expression from developing embryo up to
the adult brain might give us a clue regarding the specific time point of induction
of such insult. In recent years, activation of inflammatory pathways via epigenetic
modifications following early life insults, such as parental stress and infection is being considered as one of the common downstream pathways for altered metabolic
and behavioral phenotypes in the progeny [42, 63]. Maternal HFD induced increased inflammatory cytokines and interleukins in the fetal circulation [228] and
their critical role in the dopaminergic, melanocortinergic and serotoninergic sytem
development and function [30] suggest that inflammation might play a role in
epigenetic modifications and subsequent long-term behavioral consequences.

6.2.4

Complex interplay among various epigenetic marks

All the epigenetic processes such as DNA methylation and other covalent DNA
modifications, post translational histone modifications, non-coding RNAs and
chromatin remodeling, are essentially linked and interact with each other [117]. It
is therefore, highly unlikely that single epimutation (sperm tsRNAs in our model)
is responsible for the inheritance of such complex phenotype. Comparative analysis of our F1-sperm sncRNA sequencing and F1-sperm DNA methylome data may
be an option to find such link.

6.2.5

Reversal of the maternal HFD induced traits

To date, there is no effective therapeutics available to cure obesity. Although, microRNAs such as miRNA-143, miR-33 have been reported to reverse metabolic syndrome like phenotypes in rodents [259, 7, 175], we are still quite far to use epigenetic
marks as curative medicine in human. Until now, non pharamacological interventions such as physical exercise and changes in food habits are being considered as
the most effective preventive measures in obesity and related co-morbidites [342].
Physical exercise induced dynamic changes in DNA methylation and histone modifications can alter several metabolic genes expression (PGC1alpha, PPARdelta,
NRF-1, GLUT-4), [344, 82], proinflammatory cytokines (adipokyine, myokines,
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interleukines) [126, 272] levels in skeletal muscles, adipose tissue and hypothalamus that subsequently reduces abnormal adipogenesis, improves glucose and insulin sensitivity, facilitates energy expenditure and thereby protects from obesity
and metabolic syndrome. Furthermore, exercise induced improvement of cognitive
function has been linked with enhanced hippocampal neurogenesis, synaptogeneis
and activity dependent synaptic plasticity through increased BDNF expression
via epigenetic mechanisms [194, 171]. Therefore, implication of exercise intervention has become attractive to prevent the early life programming effect in the
offspring [388, 105]. In rodents, moderate to low intensity exercise before and during pregnancy has been reported to attenuate the metabolic malfunction effects of
the offspring induced by maternal low-protein or HFD diets [416, 107]. However,
studies combining maternal dietary insults and exercise to restore behavioral abnormalities in offspring are not found. In future, we can employ voluntary exercise
(for instance running wheel in home cage) in combination with 9 weeks HFD exposure in mother to explore whether such intervention can ameliorate the altered
hedonic behaviors and metabolic abnormalities in offspring across generations.

6.2.6

The role of oocyte and maternal lineage

Maternal overnutrition or obesity can also affect the development and morphology
of oocyte. Studies on rodents have found that preconception HFD exposure increases oocyte lipid content with higher oxidative stress that subsequently affects
embryonic differentiation and fetal development [223, 436]. From epigenetic point
of view, oocyte can play significant role in non-genomic inheritance because:1)
oocyte carries relatively more RNAs than sperm [292], 2) histones-protamine replacement does not occur and therefore can carry more information [117], 3) only
mitochondria suppliers to the developing embryo [8]. Despite of its potential role
in development and epigenetic inheritance, we did not investigate the maternal
lineage due to known confounding factors such as intrauterine milieu, hormonal
effects, maternal care, milk composition and the influence of maternal microbiota [117]. Future studies including IVF technique for oocyte and embryo transfer
as well as cross-fostering methods will be beneficial to explore the effects of HFD
exposure in the progeny through maternal lineage [28, 206].

6.3

Concluding remarks

The data presented in this thesis provide novel insights regarding the long-lasting
programming effects of maternal overnutrition on offspring hedonic behaviors and
metabolism that can be conserved across multiple generations via non-genomic
inheritance. Future works in these directions will help us to identify new biological
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markers and preventive measures targeting the most vulnerable period of insult
to reverse such overnutrition induced programming effects and in turn ameliorate
health outcome in offspring.
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[259] Anders M Näär. mir-33: A metabolic conundrum. Trends in Endocrinology
& Metabolism, 2018.
[260] L Naef, L Moquin, G Dal Bo, B Giros, A Gratton, and C-D Walker. Maternal high-fat intake alters presynaptic regulation of dopamine in the nucleus
accumbens and increases motivation for fat rewards in the offspring. Neuroscience, 176:225–236, 2011.
[261] Lindsay Naef, Lalit Srivastava, Alain Gratton, Howard Hendrickson,
S Michael Owens, and Claire-Dominique Walker. Maternal high fat diet

Bibliography

227

during the perinatal period alters mesocorticolimbic dopamine in the adult
rat offspring: reduction in the behavioral responses to repeated amphetamine
administration. Psychopharmacology, 197(1):83–94, 2008.
[262] Corina Nagy and Gustavo Turecki. Transgenerational epigenetic inheritance:
an open discussion. Epigenomics, 7(5):781–790, 2015.
[263] Eric J Nestler. Molecular mechanisms of drug addiction.
12(7):2439–2450, 1992.

J Neurosci,

[264] Eric J Nestler. Molecular neurobiology of addiction. The American journal
on addictions, 10(3):201–217, 2001.
[265] Eric J Nestler. Is there a common molecular pathway for addiction? Nature
neuroscience, 8(11):1445, 2005.
[266] Eric J Nestler. Transcriptional mechanisms of drug addiction. Clinical Psychopharmacology and Neuroscience, 10(3):136, 2012.
[267] Marie Ng, Tom Fleming, Margaret Robinson, Blake Thomson, Nicholas
Graetz, Christopher Margono, Erin C Mullany, Stan Biryukov, Cristiana
Abbafati, Semaw Ferede Abera, et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013: a
systematic analysis for the global burden of disease study 2013. The lancet,
384(9945):766–781, 2014.
[268] LM Nicholas and IC McMillen. The impact of maternal obesity and weight
loss during the periconceptional period on offspring metabolism. In Parental
Obesity: Intergenerational Programming and Consequences, pages 133–161.
Springer, 2016.
[269] LM Nicholas, JL Morrison, L Rattanatray, S Zhang, SE Ozanne, and
IC McMillen. The early origins of obesity and insulin resistance: timing,
programming and mechanisms. International journal of obesity, 40(2), 2016.
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Stanislav Stuchlik, Ivan Milenkovic, Jana Aradska, and Gert Lubec. Validation of dopamine receptor drd1 and drd2 antibodies using receptor deficient
mice. Amino acids, 49(6):1101–1109, 2017.
[374] Melissa A Stouffer, Catherine A Woods, Jyoti C Patel, Christian R Lee,
Paul Witkovsky, Li Bao, Robert P Machold, Kymry T Jones, Soledad Cabeza
De Vaca, Maarten EA Reith, et al. Insulin enhances striatal dopamine release
by activating cholinergic interneurons and thereby signals reward. Nature
communications, 6:8543, 2015.
[375] Brian D Strahl and C David Allis. The language of covalent histone modifications. Nature, 403(6765):41, 2000.
[376] Tatyana Strekalova, Rainer Spanagel, Dusan Bartsch, Fritz A Henn, and
Peter Gass. Stress-induced anhedonia in mice is associated with deficits in
forced swimming and exploration. Neuropsychopharmacology, 29(11):2007,
2004.
[377] Matthew Suderman, Patrick O McGowan, Aya Sasaki, Tony CT Huang,
Michael T Hallett, Michael J Meaney, Gustavo Turecki, and Moshe Szyf.
Conserved epigenetic sensitivity to early life experience in the rat and human
hippocampus. Proceedings of the National Academy of Sciences, 109(Supplement 2):17266–17272, 2012.
[378] Elinor L Sullivan, Kellie M Riper, Rachel Lockard, and Jeanette C Valleau.
Maternal high-fat diet programming of the neuroendocrine system and behavior. Hormones and behavior, 76:153–161, 2015.
[379] Elinor L Sullivan, M Susan Smith, and Kevin L Grove. Perinatal exposure to high-fat diet programs energy balance, metabolism and behavior in
adulthood. Neuroendocrinology, 93(1):1–8, 2011.
[380] Bo Sun, Ryan H Purcell, Chantelle E Terrillion, Jianqun Yan, Timothy H
Moran, and Kellie LK Tamashiro. Maternal high-fat diet during gestation

Bibliography

239

or suckling differentially affects offspring leptin sensitivity and obesity. Diabetes, 61(11):2833–2841, 2012.
[381] Miho M Suzuki and Adrian Bird. Dna methylation landscapes: provocative
insights from epigenomics. Nature Reviews Genetics, 9(6):465, 2008.
[382] Patricia Szot, Sylvia S White, Richard C Veith, and Dennis D Rasmussen.
Reduced gene expression for dopamine biosynthesis and transport in midbrain neurons of adult male rats exposed prenatally to ethanol. Alcoholism:
Clinical and Experimental Research, 23(10):1643–1649, 1999.
[383] Frank I Tarazi and Ross J Baldessarini. Comparative postnatal development
of dopamine d1, d2 and d4 receptors in rat forebrain. International Journal
of Developmental Neuroscience, 18(1):29–37, 2000.
[384] Joseph S Tash and Gerácimo E Bracho. Identification of phosphoproteins
coupled to initiation of motility in live epididymal mouse sperm. Biochemical
and biophysical research communications, 251(2):557–563, 1998.
[385] Sarah L Teegarden, Eric J Nestler, and Tracy L Bale. δfosb-mediated alterations in dopamine signaling are normalized by a palatable high-fat diet.
Biological psychiatry, 64(11):941–950, 2008.
[386] JH Thakore, JN Mann, I Vlahos, A Martin, and R Reznek. Increased visceral fat distribution in drug-naive and drug-free patients with schizophrenia.
International Journal of Obesity, 26(1):137, 2002.
[387] Jennifer L Thompson and Stephanie L Borgland. Presynaptic leptin action suppresses excitatory synaptic transmission onto ventral tegmental area
dopamine neurons. Biological psychiatry, 73(9):860–868, 2013.
[388] Ramires Alsamir Tibana, Octávio Luiz Franco, Rinaldo Wellerson Pereira,
James Navalta, and Jonato Prestes. Exercise as an effective transgenerational
strategy to overcome metabolic syndrome in the future generation: are we
there? Experimental And Clinical Endocrinology & Diabetes, 125(6), 2017.
[389] Jörg Tost. Dna methylation: an introduction to the biology and the
disease-associated changes of a promising biomarker. Molecular biotechnology, 44(1):71–81, 2010.
[390] Yusuke Tozuka, Mami Kumon, Etsuko Wada, Masafumi Onodera, Hideki
Mochizuki, and Keiji Wada. Maternal obesity impairs hippocampal bdnf
production and spatial learning performance in young mouse offspring. Neurochemistry international, 57(3):235–247, 2010.

240

Bibliography

[391] Thomas M Tzschentke. Review on cpp: Measuring reward with the conditioned place preference (cpp) paradigm: update of the last decade. Addiction
biology, 12(3-4):227–462, 2007.
[392] Thomas M Tzschentke and Werner J Schmidt. Differential effects of discrete
subarea-specific lesions of the rat medial prefrontal cortex on amphetamineand cocaine-induced behavioural sensitization. Cerebral cortex, 10(5):488–
498, 2000.
[393] Thomas M Tzschentke and Werner J Schmidt. Functional relationship
among medial prefrontal cortex, nucleus accumbens, and ventral tegmental area in locomotion and reward. Critical Reviews in Neurobiology, 14(2),
2000.
[394] Hiroshi Ujike, Kazufumi Akiyama, and Saburo Otsuki. D-2 but not d-1
dopamine agonists produce augmented behavioral response in rats after subchronic treatment with methamphetamine or cocaine. Psychopharmacology,
102(4):459–464, 1990.
[395] Montana Upton and Shahrdad Lotfipour. α2-null mutant mice have altered
levels of neuronal activity in restricted midbrain and limbic brain regions
during nicotine withdrawal as demonstrated by cfos expression. Biochemical
pharmacology, 97(4):558–565, 2015.
[396] Dianne MA Van den Heuvel and R Jeroen Pasterkamp. Getting connected
in the dopamine system. Progress in neurobiology, 85(1):75–93, 2008.
[397] Jordy van Enkhuizen, David S Janowsky, Berend Olivier, Arpi Minassian,
William Perry, Jared W Young, and Mark A Geyer. The catecholaminergic–
cholinergic balance hypothesis of bipolar disorder revisited. European journal
of pharmacology, 753:114–126, 2015.
[398] Pascalle LP Van Loo, Nynke Kuin, Rene Sommer, Harut Avsaroglu, Therese
Pham, and Vera Baumans. Impact of’living apart together’on postoperative
recovery of mice compared with social and individual housing. Laboratory
animals, 41(4):441–455, 2007.
[399] Louk JMJ Vanderschuren and Peter W Kalivas. Alterations in dopaminergic
and glutamatergic transmission in the induction and expression of behavioral
sensitization: a critical review of preclinical studies. Psychopharmacology,
151(2-3):99–120, 2000.

Bibliography

241

[400] Fair M Vassoler, Samantha L White, Heath D Schmidt, Ghazaleh SadriVakili, and R Christopher Pierce. Epigenetic inheritance of a cocaineresistance phenotype. Nature neuroscience, 16(1):42, 2013.
[401] Jesse V Veenvliet and Marten P Smidt. Molecular mechanisms of dopaminergic subset specification: fundamental aspects and clinical perspectives. Cellular and molecular life sciences, 71(24):4703–4727, 2014.
[402] Kimberly K Vesco, Patricia M Dietz, Joanne Rizzo, Victor J Stevens,
Nancy A Perrin, Donald J Bachman, William M Callaghan, F Carol Bruce,
and Mark C Hornbrook. Excessive gestational weight gain and postpartum
weight retention among obese women. Obstetrics & Gynecology, 114(5):1069–
1075, 2009.
[403] Merly C Vogt, Lars Paeger, Simon Hess, Sophie M Steculorum, Motoharu Awazawa, Brigitte Hampel, Susanne Neupert, Hayley T Nicholls, Jan
Mauer, A Christine Hausen, et al. Neonatal insulin action impairs hypothalamic neurocircuit formation in response to maternal high-fat feeding. Cell,
156(3):495–509, 2014.
[404] ND1 Volkow, GJ Wang, JS Fowler, D Tomasi, and R Baler. Food and
drug reward: overlapping circuits in human obesity and addiction. In Brain
imaging in behavioral neuroscience, pages 1–24. Springer, 2011.
[405] Nora D Volkow, Joanna S Fowler, and Gene-Jack Wang. The addicted human
brain: insights from imaging studies. The Journal of clinical investigation,
111(10):1444–1451, 2003.
[406] Nora D Volkow, G-J Wang, Dardo Tomasi, and Ruben D Baler. Obesity
and addiction: neurobiological overlaps. Obesity reviews, 14(1):2–18, 2013.
[407] Nora D Volkow, Gene-Jack Wang, and Ruben D Baler. Reward, dopamine
and the control of food intake: implications for obesity. Trends in cognitive
sciences, 15(1):37–46, 2011.
[408] Nora D Volkow, Gene-Jack Wang, Joanna S Fowler, Jean Logan, Samuel J
Gatley, Andrew Gifford, Robert Hitzemann, Yu-Shin Ding, and Naomi Pappas. Prediction of reinforcing responses to psychostimulants in humans
by brain dopamine d2 receptor levels. American Journal of Psychiatry,
156(9):1440–1443, 1999.
[409] Nora D Volkow and Roy A Wise. How can drug addiction help us understand
obesity? Nature neuroscience, 8(5):555, 2005.

242

Bibliography

[410] Zivjena Vucetic, Jessica Kimmel, Kathy Totoki, Emily Hollenbeck, and
Teresa M Reyes. Maternal high-fat diet alters methylation and gene expression of dopamine and opioid-related genes. Endocrinology, 151(10):4756–
4764, 2010.
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