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What’s Good for the Goose is Good for the Gosling?
Evolutionary Theory, Parent-Offspring Conflict and Genetic Disorders

Internal conflict often seems maladaptive; consuming time, energy and repose.

If so, why does it persist? — Haig 2006, Interpersonal Conflict

ABSTRACT

Conflict is ever present in nature, serving as an essential driver of adaptation. In this dissertation
| examine both intra- and interpersonal conflicts as they occur at the genetic level. Specifically,
what happens when, within a single individual, a gene inherited from one parent has a different
optimal strategy than a gene inherited from the other parent? This unigue circumstance leads to
a phenomenon known as genomic imprinting, whereby variation in the expression of a gene
depends on the sex of the parent from whom the gene was inherited.

This dissertation will explore the impact of genetic conflict on our human evolutionary
trajectory in three ways. First, | consider the natural history of Prader-Willi syndrome, a disorder
that results from lack of paternally derived expression on chromosome 15. This work was done
in collaboration with a Canadian endocrinology clinic specializing in the treatment of children
and young adults with Prader-Willi syndrome. While this disorder has been examined from an
evolutionary perspective in the past, new clinical guidelines for the progression of Prader-Willi
syndrome necessitated a reinterpretation of evolutionary conclusions, specifically regarding
timing of the onset of feeding-related behaviors.

Next, | go on to examine psychological symptoms in imprinting disorders. Here | focus on

differences in attentional demands between individuals with Prader-Willi syndrome and those
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with Angelman syndrome, a disorder resulting from a lack of maternally derived expression at
the same locus on chromosome 15. This work was done in collaboration with faculty and
students from the Evolutionary Psychology Lab at Harvard University, who were pursuing a
theory related to the evolution of music as an honest signal of parental attentional investment.
Here we use both experimental and survey data to collect and compare various psychological
and physiological measures relating to attention, responses to music, and sleep behaviors, from
both individuals with these disorders and their parents. This offers a unique look at how
imprinting impacts both the personal experience and family dynamics of a parent-offspring dyad.

In my final chapter | focus on ways in which genomic conflict is implicated in the
evolution of human childhood transitions. | pull from a broad spectrum of medical and genetic
data to present evidence for the theory that maternal/paternal conflicts have been involved in
the division of human childhood into three distinct phases: a nurseling phase from birth to
weaning; a weanling phase from weaning to adrenarche; and a juvenile phase from adrenarche
to gonadarche. This is in contrast to other apes, for whom weaning and adrenarche occur
simultaneously. | argue that the breakdown of these events in human maturation is a reflection
of the maternal preference for a compressed weaning period. | also review existing data on the
transition to sexual maturation from the kin conflict perspective.

Finally, | discuss the relationship between evolutionary biology and clinical science,
emphasizing ways in which collaboration between biologists and physicians enhances both fields.
Together, this dissertation represents an application of evolutionary theory to questions of

human health and wellbeing.



TABLE OF CONTENTS

I [ oY 4 o Yo [Vt { o o N R 1

1.1 What is Genetic Imprinting?

1.2 Evolution of Imprinted Genes

1.3 Genetic Imprinting and Human Disorders
1.4 Evolutionary Implications

1.5 References

2. Nutritional Phases in Prader-Willi Syndrome: Evolutionary and Clinical
INE eI PrETATIONS. ...ttt sttt et she et be e et et e enae e s 23

2.1 Abstract

2.2 Introduction
2.3 Methods
2.4 Results

2.5 Discussion
2.6 Conclusion
2.7 References

3. Music, Parental Investment & Genomic Imprinting in Humans

Genomic Imprinting is Implicated in the Psychology of MUSIC................c.cccuuu.... 42
3.1 Abstract

3.2 Introduction

3.3 Intragenomic Conflict and Disorders of Genomic Imprinting

3.4 Infant-Directed Song as Attentional Investment

3.5 Summary and Predictions

3.6 Methods

3.7 Results

3.8 Discussion

3.9 References

Validating the Relationship between Genomic Imprinting and Physiological
RESPONSES TO MUSIC.veeee ettt ettt ettt et enaenenes 74
3.10 Abstract

3.11 Introduction

3.12 Methods

3.13 Results

3.14 Discussion

3.15 Conclusion

3.16 References



4. The tempo of human childhood: a maternal foot on the accelerator and a paternal
fOOL ON the DraKe... .ottt e e et e e e e et e e e e e snaaeeee s 96
4.1 Abstract
4.2 Introduction
Box 4.1: Genomic Imprinting
4.3 Human Childhood in Comparative Perspective
Box 4.2: Adrenarche
4.4 Intergenerational and Intragenomic Conflicts of Nurseling and Weanling
Phases
4.5 Imprinting Effects on Pubertal Timing
4.6 Kin Considerations in Pubertal Timing
4.7 Fast Female Life-Histories?
4.8 Conclusion
4.9 References

LT B 1Yol U XY o o 1R 128

LISTING OF FIGURES:

1.1 ChromoSOmME 1501 1-13 iiieeieieeetieeeer ettt e e e ee st eesaeeseesesaestesteseeseestesee e sessessensensansens 8
3.1 The Genetics of Prader-Willi SYNAIrOmME ...ttt esr e e e 46
3.2 Method for Assessing Motion during the Listening SESSION....evveeeeeverereeieieerereaereeee e 56
3.3 Normalized motion while subjects (a) listened to spoken songs and (b) listened to

SUNE SONES vttt ettt et tette e ste e et bttt e ettt ste et beneteeetenaeeaeees e eaeees e eaeees e she e et be e ebeeebbeebe e s beteeseennnaan 63
3.4 Normalized heart rate after subjects (a) listened to spoken songs and (b) listened to

SUNE SONES ueeurteutestersrersseessaesesseesssesssesssaessessueesssesssesessesssssueesssesssesnssesssessesssesssesnssensnnessesesssenns 66

3.5 Scatterplots showing the relation between performance on the pitch test and (a)
receptive-vocabulary score and (b) approximate-number-system acuity in the

Prader-Willi syndrome cohort and two cohorts of typically developing children............... 68
3.6 Heart rate differences between post-speech and post-song trialS......ccceeeeeeveveenreevecveennenn. 84
4.1 The life history of (a) an ancestral hominin female and (b) modern human life

a1 Ey (oY Y2 USUR PRIt 102
4.2 The progression from birth to sexual maturation for great apes vs humans.................... 104
4.3 Unlike other apes, humans are able to care concurrently for both a nurseling and a

WEBNTING cetitietteeecte ettt et te e e e et et e s e e e stestesaeesaeseessesneestesbesns et assaessenne seeseesnnensersaans 106
4.4 A simplified map of the cluster of imprinted genes on human chromosome 15 & 14.....108
4.5 [Box 4.1] Example of a pedigree for an inactivating mutation in imprinted gene

LG R 99

LISTING OF TABLES:
2.1 Feeding patterns for 11 patients (5 F) over 34 visits during the first six months of

(o [S1VZ<] o] o] aT=T o | 0O OO PTU SRRSO 32
4.1 Data on age at adrenarche, weaning and average interbirth interval (IBl) for great
L= ST 101



ACKNOWLEDGEMENTS

Many thanks to Profs Max Krasnow, Robyn Hopkins and Naomi Pierce for their guidance
throughout the past six years. Special thanks to Max for allowing me to become an honorary
member of his lab, introducing me to methodology, analyses and people | would not have
otherwise had the opportunity to learn from. Psychology will always be my first academic home,
and finding a psych community at Harvard was integral to my academic and social success.

Good research requires support, curiosity, and collaboration across a community of scientific
peers. This PhD has been shaped by physicians, clinicians, scientists and participants across three
countries, two continents, and several seemingly disparate fields. | am grateful to everyone who
allowed me to pick their brains and were open to my style of interdisciplinary collaboration.

| am forever grateful to my husband, James Heggie, who supported me from afar for years, and
eventually moved to a new country to be with me while | pursued my work. Without his belief in
me | might well have quit many times. Without his cooking | would have struggled from
malnutrition.

Thank you to my parents, Joe Kotler and Bonnie Biteen, and my sister, Adrienne, for trying
tirelessly to understand what I've been doing for the past six years. Their enthusiam and
indefatigable interest was always appreciated. My father has proofread everything I've ever
written, including this dissertation. Thank you for making me a better communicator.

Having the support and respect of your peers is always an integral component of success, and for
me it was all the more meaningful when it came from the strong, intelligent, badass women |
met throughout my time at Harvard. | was lucky to be part of a lab chock full of exceptional
women (Ava Mainieri, Holly Ellmore, Dakota McCoy and Brianna Weir), and to be introduced to
many more along the way (Glenna Clifton, Mara Laslo, Kira Treibergs, Rhea Howard, Danielle
Truxaw and Annie Frost, to name just a few). | learned so much about science, leadership and
support from these people, which | will always carry with me.

Finally, | never would have landed at Harvard if it weren’t for David Haig. | read David’s 1993
paper as a 3" year undergraduate and was fortunate enough to hear him speak two years later.
From there | emailed him incessantly and gained a powerful ally in his wife Eneida, who | credit
with convincing him to let me become part of his group. Getting to know David as a scholar and
a person shaped who | am and who | will continue to become. | have been told it’s rare to find a
mentor who is so supportive of one’s academic curiosities and equally of one’s personal goals.
David showed me that it is possible to be brilliant and successful without sacrificing your
personal values, friendships or family life. Having the opportunity to get to know him has without
a doubt been the best part of my career at Harvard. | urge all four people reading this thesis to
look up his 1993 Quarterly Review of Biology paper; it will change your life.

Vii



INTRODUCTION

1.1 What is Genetic Imprinting?

Genetic imprinting is a phenomenon wherein the expression of certain genes varies depending
on the sex of the parent from whom the genes were inherited. This concept was first identified
in mice in the early 1980s%?: The pronuclei of single-celled mice embryos were replaced, such
that the embryos contained either two female pronuclei or two male pronuclei. In the control
trials, the pronuclei were removed from the embryos, but were replaced with pronuclei from an
individual of the matching sex to the original parent. These researchers found that, while the
control embryos developed normally, the embryos that included only male or only female
pronuclei did not complete embryogenesis. This indicates that the genetic material coming from
each parent was not equivalent; that is, for normal reproduction, each embryo required genetic
material of both male and female origins®. A similar experiment was able to identify the male
nuclear genome as the genetic “missing ingredient” for normal development of the trophoblast
and extraembryonic membranes, which are required for embryonic growth. In embryos that only
contained female nuclear material, the majority were still able to implant, but were very small
and poorly developed?. This again points towards differing functionality of genetic information
depending on the sex of the parent from whom it is inherited. Further, it hints at the different
evolutionary “interests” of maternally and paternally derived alleles: maternally derived alleles,
without the paternally derived contribution, produced a small, poorly developed embryo.

In 1989, it was discovered that two seemingly unrelated disorders, Prader-Willi syndrome



(PWS) and Angelman syndrome (AS), were caused by alterations in the same choromosomal
region®. The most surprising aspect of this discovery was that the determining factor in whether
an individual would develop PWS or AS was the sex of the parent from whom the offspring
inherited the abnormal chromosome?®. As scientists began to investigate this topic further, they
were able to identify specific chromosomal regions that would function differently if they were
inherited from the mother or the father. In 1991, researchers discovered the first genetically
imprinted genes in mice. These were the insulin-like growth factor Il (/gf2) genes®, which are only
expressed from the paternal allele, and the insulin-like growth factor Il receptor (/gf2r) and H19
genes, both of which are only active when derived from the mother’2. Since these discoveries
were made, over 100 imprinted genes have been found in mice®, and about 76 have been
identified in humans'®. These imprinted regions all seem to have certain similarities, both in

function and physical properties.

CHARACTERISTICS OF IMPRINTED GENES

Imprinted genes show a variety of characteristic traits. The majority of these genes function to
encode proteins that are involved in fetal growth and development!!. They also share physical
features. One distinguishing feature of imprinted genes is that they rarely occur alone. In fact,
more than 80% of imprinted genes are found to be physically linked in groups with other
imprinted genes*!. This is hypothesized to be related to the way in which the control of these
genes is coordinated!?. Some of these groupings of genes have been located near so-called
imprinting control regions (ICRs), which are loci thought to regulate the expression of these
imprinted regions!!. Other distinguishing characteristics of imprinted genes include significantly

increased number of “CpG islands” relative to non-imprinted regions*>. These are unmethylated



regions of DNA with highly concentrated cytosine-phosphate-guanine (“CpG”) sequences, which
have commonly been used as landmarks within the mammalian genome for identifying genes.
These CpG islands are also frequently located near clustered direct repeats*!. While neither of
these features are unique to imprinted genes, they are characteristic of these regions.

Various epigenetic markers have been examined as mechanisms involved with applying
and inheriting genomic imprints. Histone acetylation has been shown to contribute to the varied
expression of imprinted genes. The paternally inherited (silenced) copy of the H19 gene shows
significantly lower levels of histone acetylation relative to the maternally inherited (expressed)
copy of this gene'*. While such a clear pattern was not identified in the /Igf2 gene, treatment of
the cells with histone deacetylase inhibitors (chemicals that result in increased proportions of
histone acetylation in this region) caused the normally silent maternally imprinted gene to
become active®. Other epigenetic features have been noted with respect to the clustered
organization of these imprinted regions. DNA in imprinted regions has been shown to replicate
differentially in the S phase of the cell cycle; that is to say that the maternal and paternal copies
of these regions are not always copied at the same time!!. In fact, the paternally inherited DNA is
replicated first in the majority of cases in both mice and humans, regardless of which parental
allele is being expressed and which is being silenced*>!¢. Additionally, rates of meiotic
recombination appear to be much higher during male meiosis in imprinted regions?’.

Another landmark trait of imprinted genes involves distinct DNA methylation patterns
between the parental alleles, although there is still significant variability between imprinted
regions'!. In some cases the methylation will be introduced in the parental germ cells, and

remain consistent throughout all stages of development and between all tissue types, such as



the maternally-expressed Igf2r locus in mice'®. However, in other cases, methylation patterns
can vary throughout development and between tissue types, such as for the paternally-
expressed /gf2 gene and maternally-expressed H19 gene in mice®.

The connection between methylation and expression in imprinted genes is complex. For
example, there have been mixed results regarding whether increased methylation occurs in the
expressed allele or the silenced allele of the imprinted region; in addition, the timing of
methylation varies from gene to gene. One study found increased methylation in two regions of
the Igf2 gene on the paternally expressed chromosome®®. Similar results were found in one
region of the Igf2r locus, where increased levels of methylation were identified only in the active
maternal chromosome!®. Alternatively, studies on the H19 locus found that increased
methylation, most of which occurred after fertilization, was associated with repression of the
paternally inherited allele?. Cells with deficient DNA methyltransferase (and therefore an
inability to transfer methyl groups to the DNA) showed a reversal of the imprinting effects: the
normally silent paternal H19 allele became activated, and the normally active paternal Igf2 allele
and maternal Igf2r allele were both silenced??. Furthermore, there is at least one case of DNA
methylation-independent imprinting mechanisms recently identified in mice??. Because of this
complex variability, we can see that, while methylation plays an important role in the indication
and regulation of imprinted regions, the exact mechanisms remain unclear. This variability
underscores why imprinting is best defined as differential expression patterns, rather than as
presence or absence of methylation. There are evidently many mechanistic paths evolution has
taken to achieve differential expression based on parent-of-origin; what unites imprinted genes

is not the mechanism of imprinting but the evolutionary pressures that have put maternally and



paternally derived alleles at odds.

HOW ARE GENETIC IMPRINTS PASSED FROM PARENT TO OFFSPRING?
One unique feature of genetically imprinted alleles is that the gender-specific expression of the
parental alleles will continue to be inherited, going against the traditional laws of Mendelian
inheritance. For example, the maternally inherited Igf2r allele will always be expressed in her
offspring, regardless of which alleles that mother inherited from her parents, and irrespective of
random segregation during gametogenesis. Similarly, the paternally inherited Igf2r allele will
always be silenced. This leads to many interesting questions about how this inheritance occurs.
The imprinted expression is initiated during the development of the germ cells in both
males and females. This specific pattern of imprinting is maintained and modified after
fertilization throughout the somatic cells of the organism. However, as the offspring develops its
own gametes, the imprint that was inherited from the parental germ cells is erased, and a new
sex-dependent imprint is formed in the developing sperm or eggst’. The process of erasing and
re-establishing the imprint during the production of new gametes is thought to occur in two
phases: first the parentally-established imprint is erased, and then the new imprint is developed.
The main mechanism for this process appears to be demethylation of the germ cells, which
occurs very early in embryonic development?®. The new methylation of these regions occurs in
the developing germ cells late in fetal development and continues after birth. Interestingly, the
process of hypermethylation takes place at differing developmental stages for the alleles that
were originally paternally inherited versus those that were originally maternally inherited?*.
Furthermore, we know that not all imprints are controlled via methylation?®. Therefore, there

must be other identification mechanisms involved in differentiating between the two parental



alleles, but what exactly these are is not yet known.

1.2 Evolution of Imprinted Genes

The predominant explanation for the evolution of genes that follow this unique pattern of
inheritance was first proposed by David Haig, and is now known as the kinship theory of genomic
imprinting. Haig suspected that an offspring's paternally derived genes have differing interests
from their maternally derived genes and have therefore been acted upon differently by natural
selection. Specifically, he suggested that genes of paternal origin are likely to have been selected
to extract more maternal resources, because these genes are less likely to be found in maternal
siblings. However, a given allele in the mother will be present on average in half of her other
offspring, and should therefore be selected to conserve maternal resources for other
reproductive events. Because the maternally derived and paternally derived genes have an
unequal probability of being passed on to future offspring, the optimal strategy for these two
types of genes will be different, thereby leading to the evolution of differential gene expression
based on parent of origin®®. While various alternative explanations for the occurrence of these
unique genetic elements have been proposed?’=%°, the kinship theory has consistently
demonstrated the most explanatory power when it comes to the wide array of imprinted

regions30-32,

1.3 Genetic Imprinting and Human Disorders
As previously mentioned, many of the imprinted genes that have been identified so far encode

proteins that are involved in growth and development in humans and other mammals!®33.



Because genetic imprinting leads to differential expression of genes depending on the parent of
origin, errors affecting the expression of one of these alleles can lead to severe health problems,
from prenatal complications to endocrinological, cognitive and psychiatric concerns later in
life343>, In this manner, disorders can “reveal” the operation of imprinted genes and, in due
course, the underlying evolutionary conflict.

David Haig analogized the relationship between the maternally and paternally derived
alleles as a tug-of-war: over evolutionary time, both sides can pull and pull without the center of
the rope shifting substantially. But in an imprinting disorder, one side suddenly “lets go,” causing
the rope to fly to the opposite side. In this case, we are seeing the effects of only the maternally
derived or only the paternally derived contribution at a specific locus. Some of the most
tractable imprinting disorders to study were also some of the earliest to be described: Prader-
Willi Syndrome (PWS) and Angelman Syndrome (AS)3°. These disorders are both caused by errors
on the long arm of chromosome 15 at region g11-q13: PWS results from the absence of a
normally active set of paternally derived genes at this locus, whereas AS is due to the absence of
the maternally derived alleles®. Each of these disorders is complex, and involves altered
expression of various genes in this region (Fig 1.1). As a result of this complementary imprinting
in this region, many symptoms commonly found in AS and PWS align with our theoretical
expectations. For example, individuals with PWS tend to be hypotonic, low energy, demonstrate
hypersomnolence, and have distinct appetitive traits in line with our expectation of reduced
maternal demands. By contrast, individuals with AS show extreme hyperactivity and

psychological demands that are consistent with increased maternal demands, reflecting their



relatively high paternally derived contribution. The following section will explain how this pair of
disorders presents a remarkable case in support of the evolutionary theory of genetic conflict.
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Figure 1.1 Chromosome 15g11-13. Yellow represents non-imprinted regions, blue represents alleles that are active
when paternally derived, pink represents alleles that are active when maternally derived. ICR=imprinting control
region, Cen=centromere, Tel=telomere, BP1=first breakpoint, BP2=second breakpoint, BP3=third breakpoint. Type
| deletions occur between BP1 and BP2, Type Il deletions occur between BP2 and BP3.

Angelman Syndrome

Angelman syndrome was first described in 1965 by Harry Angelman, an English pediatrician. He
described three unrelated children that he had encountered, all of whom showed similar forms
of mental retardation, behavioral features, and physical abnormalities. He termed these patients
“puppet children”3’. Over 150 additional cases were identified in the following 25 years, and
several hundreds more have been diagnosed since then32. The typical course of development in
children with AS was recently summarized by Charles Williams and colleagues®®. They found that
prenatal problems in AS children are rare, and infants are typically born at a normal birth weight
with no obvious birth defects. The first notable abnormality seen in these infants is typically
feeding difficulties and poorly coordinated suckling. Developmental delays are usually noticed as
early as six months after birth and become quite evident within the first year of life. During this
time the child also manifests increased smiling and unsteady limb movements, and truncal
hypotonia. After the first year the child continues to progress in a delayed fashion, but without

any loss of previously acquired skills. While AS can be diagnosed within the first year of life, it is



more commonly identified when the child is between one and four years old3°. Diagnosis is
usually first considered on the basis of developmental and behavioral traits, but it is generally
recommended that diagnosis be confirmed through genetic testing (although it should be noted
that a normal result from a genetic screen does not exclude the possibility of an AS diagnosis;

see AS subtype category V below).

CAUSATION AND SUBTYPES

As seen in Figure 1.1, the PWS/AS region of chromosome 15 contains two maternally imprinted
genes, UBE3A and ATP10C. Both of these genes are maternally expressed, and have therefore
been implicated in AS*. However, only abnormalities of UBE3A expression have been clearly
shown to impact AS diagnosis. In fact, genetic testing shows a lack of UBE3A expression in over
90% of AS cases®®. This gene, which is maternally imprinted in the brain but not in other tissues,
encodes a ubiquitin protein ligase which is thought to play a role in targeting proteins for
degradation*!. Interestingly, DNA methylation is not the mechanism responsible for the
differential expression of UBE3A in the brain, leading to some speculation that this maternal-
specific expression is being regulated by other genes in this region (see PWS “Causation and
Subtypes”). There are four main genetic mechanisms known to be associated with AS, which
make up the four clinical subtypes.

The most common cause of AS is an interstitial deletion of maternal chromosome 15qg11-
g13, the region that contains the gene UBE3A; this occurs in about 75% of cases*2. Most of these
deletions occur de novo, and are about four megabases in length*!. These deletions leave only
the paternally imprinted alleles, which are not expressed. In rare cases, individuals may show a

larger deletion, often associated with chromosomal rearrangement. This group may have



inherited the chromosomal rearrangement from the mother, in which case she will be at
increased risk to have other AS children in the future®!.

The second class of patients (about 2%-3% of cases) have developed AS due to a paternal
uniparental disomy of chromosome 1538, This leads to a failure to inherit the maternal copy of
the UBE3A gene, usually due to a failure to inherit the entire maternal chromosome*!. These
cases are unlikely to persist within families**. This error is usually postzygotic, although some
cases are due to non-disjunction during meiosis. The uniparental disomy subtype is correlated
with significantly increased parental age at conception; while this may help explain the increased
likelihood of meiotic errors, the link between parental age and postzygotic duplication of
chromosome 15 remains unclear®!,

About 3%-5% of individuals develop AS through what is broadly known as “imprinting
defects”*2. This describes an error that occurs in the ICR of the maternal chromosome 15, which
results in methylation patterns resembling those of the paternally imprinted alleles (no DNA
methylation of the maternal locus)*2. The ICR found within chromosome 15q11-q13 is made up
of two elements: one which is involved in transforming a maternal imprint into a paternal
imprint, and one that switches paternal imprints to maternal imprints*!. About half of patients
with imprinting defects show a clear mutation in the ICR of this region, a subset of which are
confirmed familial cases*!. However, for the other half of patients the mechanism by which the
abnormal methylation patterns occurs remains unknown, although it appears to be due to a
spontaneous mutation, and is not commonly associated with familial cases*!. Interestingly,
patients with atypical clinical demonstration of AS and PWS characteristics have been

hypothesized to be mosaic for these ICR mutations*®.
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The fourth AS subtype is found in about 5%-10% of cases, and includes individuals with
mutations to the maternal UBE3A gene3®. These are usually truncating point mutations, but may
also occur from frame shift, nonsense, and splice site mutations*!. While these mutations can
occur de novo, they are especially common in AS cases with high rates of familial occurrences, as
these mutations can be passed down from mother to child*:.

There is a fifth “catch-all” category of AS, which is characterized by a lack of identifiable
abnormality in chromosome 15%2. This group is thought to be comprised of: (1) individuals with
UBE3A mutations in non-coding regions; (2) mutations elsewhere in the ubiquitin pathway that
affects UBE3A expression; (3) presently undetected mutations within the chromosome 15q11-
q13 region; and (4) patients who are misdiagnosed*>*3. However, due to the fairly high
frequency of type V patients (about 10%-14% of cases), it is unlikely that these are all simply
patients with alternative diagnoses; further investigation into the molecular mechanisms of this

class of AS is required®.

CLINICAL EXPRESSION

The vast majority of AS cases demonstrate four characteristic symptoms: severe developmental
delay, movement/balance impairments, non-verbal communication, and happy energetic
demeanor. There has been variability noted in a wide range of other traits, including abnormal
EEG, early life seizures, microcephaly, sleep disturbances, fascination with water, protruding
tongue, mouthing behaviors and hypopigmentation3®. Researchers hypothesized that this might
be explained by the different genetic mechanisms implicated in the cause of the disorder. In
2001, a paper was published outlining the major symptomatic differences between the five

genetic classes of AS*. The authors grouped the patients by genetic subtype and found that the
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description and severity of symptoms experienced by these patients was correlated with what
they referred to as the four major phenotypic groups. A consistent pattern was observed,
wherein type | patients (deletions) showed the most severe and most traditional expression of
symptoms, including the highest rates of severe seizures (90%), longer time before learning to
walk, and a complete lack of speech**. Further research has found that these patients also show
the highest rates of co-morbidity for autism spectrum disorder®®, as well as the most
pronounced cases of microcephaly, and the only cases of hypopigmentation.

Patients who fell into the second phenotypic group included both type Il (paternal
uniparental disomy) and type Il (imprinting defect) individuals, who were symptomatically
identical*. This group was associated with significantly milder symptom expression, including a
lower rate of seizures and an increased ability to speak®*. These patients also had a higher
average body mass index than the type | patients, to the point that an overgrowth-like syndrome
has been described in these individuals®®. Other studies have noted that due to the less severe
and somewhat less classical presentation of AS symptoms in these patients, type Il patients are
often misdiagnosed?*.

The third phenotypic group, which is made up of type IV patients (UBE3A mutations),
shows trait expression somewhere between that of the first and second phenotypic groups*.
They show high levels of seizures and a profound lack of speech, quite similar to what was found
in type | patients. However they also show high rates of obesity, motor skill development, and an
ability to follow simple commands in much the same way as type Il and Il patients. In general,

this class of patients appear to follow a more traditional phenotype, akin to what was seen in the
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type | patients, but with a milder expression of symptoms. This led to a suggestion that UBE3A
mutations may show pleiotropic phenotypic effects*.

Finally, while type V patients show no detectable genetic abnormalities, the symptom
expression in this group is the most statistically similar to the traits found in the patients with
type | deletions. They are well matched in both the presence and severity of symptoms, with the
exception of fewer seizures and some signs of increased motor development early in life in the
type V group*. This similarity in symptom severity to the type | deletion patients once again
indicates the likelihood of a molecular basis for a type V diagnosis, and not simply a misdiagnosis

of these patients.

Prader-Willi Syndrome
The characteristics associated with Prader-Willi Syndrome (PWS) were first documented in an
adolescent female in 1887, but the disorder itself did not officially appear in medical literature
for another 70 years?3. Prader, Labhardt and Willi reported nine individuals of various ages who
all showed very similar clinical traits to the female described previously (which led to the naming
of the disorder). Until very recently, PWS was divided into two main clinical stages: (1) poor
feeding, often associated with failure to thrive in infancy, followed by (2) hyperphagia and
extreme obesity. However, recent longitudinal studies now support a seven stage developmental
model of nutritional traits, beginning prenatally and following patients into adulthood®’.

While many of the primary symptoms associated with PWS are related to feeding and
growth behaviors, these individuals also experience many other problems, including: delayed

motor development (present in 90%-100% of cases); language deficiencies (including delayed
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language milestones and articulation abnormalities); mild to moderate intellectual disability
(present in 60% of cases); and frequent and severe learning disabilities*®. Other common
physical features include hypogonadism, generally leading to abnormal and incomplete pubertal
development and infertility, as well as short stature and growth hormone deficiency*®. Patients
with PWS also demonstrate characteristic behavioral disturbances. These regularly become
apparent during early childhood (70%-90% of cases), and include temper tantrums,
compulsiveness, stubbornness, great difficulty breaking routines, and controlling and
manipulative behaviors. ADHD-type behaviors are also common in this population, and generally
worsen until adulthood. Between 10%-20% of patients with PWS are likely to suffer from
psychosis during young adulthood*®. The average age at diagnosis is 2.5 years, although prenatal

testing is available for families who have previously had children with PWS*8,

CAUSATION AND SUBTYPES

PWS is often considered 'complementary' to AS because, just as AS is caused by abnormalities in
the expression of maternally imprinted genes on chromosome 15g11-13, PWS is caused by
atypical expression of paternally imprinted genes in this region (Fig 1.1). The maternal genes in
this region are normally silenced, meaning that the paternal contribution is vital to the proper
functioning of these alleles. In PWS, the expression of the paternal alleles is altered, which
typically happens in one of three ways. The most common cause of PWS is due to a 5-6 Mb de
novo deletion of the 15g11-q13 region of the paternal chromosome, typically between one of
two major breakpoints (as indicated on Fig 1.1). This occurs in about 65%-75% of patients*®. The
high frequency of deletions at these breakpoints is due to the presence of multiple copies of

tandemly repeated sequences at these points, which flank the deleted region. Deletions at other
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breakpoints occur in about 8% of deletion cases, with the varying sizes of the deleted region
influencing the phenotype of the individual®.

In patients with two normal-appearing chromosomes, further testing revealed them to
have two maternal copies of chromosome 15. This is now known as maternal uniparental
disomy, and is thought to cause about 20%-30% of PWS cases*®. This can occur as a result of an
error during egg production, leading to nondisjunction of the chromosome 15 pair during
meiosis. Fertilization of this egg would produce trisomy 15, leading to a spontaneous
miscarriage. To rescue the developing fetus, one copy of chromosome 15 is removed from the
cells; if the paternal copy is removed, the fetus is left with a maternal uniparental disomy for
chromosome 1533, This can also be associated with higher risks for other genetic conditions if the
mother was a carrier for a recessive condition on the duplicated chromosome 15.

Finally, about 3% of PWS cases are caused by an imprinting defect, or a mutation that
alters the ICR associated with the paternal genes at this locus*®. This is usually caused by a
sporadic mutation, but is occasionally due to a microdeletion in the ICR, in which case it may be
heritable.

In all of these cases, PWS is caused by improper expression of a number of genes on the
paternal chromosome 15. This region contains nearly one dozen imprinted genes or transcripts,
indicating that PWS is likely caused by the loss of function of several different genes. Several
non-imprinted genes are found in the 15g11-g13 region (Fig 1.1). These genes are thought to
modify the PWS genotype, and have been associated with various other genetic disorders.
Genetic research has identified several imprinted genes within the PWS-specific region of

chromosome 15, including five polypeptide coding genes, a cluster of six C/D box small nucleolar
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RNA genes (snoRNAs); and several antisense transcripts (including the antisense transcript to
UBE3A). Two of the sequences that have been the most studied with regard to PWS are a
polypeptide coding gene called SNURF-SNRPN, and two snoRNAs known as SNORD115 and
SNORD116.

The SNURF-SNRPN gene produces two different proteins, one of which is involved in
mRNA splicing in the brain, and one whose function remains unknown“®. Interestingly, exon 1
and the promoter region of the SNURF-SNRPN complex overlaps with the paternal ICR. This
region of the SNURF-SNRPN gene is encompassed by a CpG island, and is differentially
methylated depending on the parent of origin (unmethylated in the paternal expressed gene,
but methylated in the silenced maternal allele)*®. SNURF-SNRPN also hosts and regulates the
expression of the snoRNAs. Additionally, transcription of the SNURF-SNRPN gene initiates
transcription of the UBE3A antisense transcript, which is thought to lead the silencing of the
paternal UBE3A allele®®.

Four of the six snoRNA genes are present in single copies, with the exception of
SNORD115 (42 gene copies) and SNORD116 (29 gene copies)*®. While most snoRNA genes are
usually involved in the modification of ribosomal RNAs, these two genes do not appear to have a
ribosomal target; SNORD115 targets the serotonin 2C receptor mRNA, while SNORD116 has no
currently identified targets*®. Through careful examination of an AS family who also had a full
deletion of all 47 copies of SNORD115, this snoRNA has been shown to be non-essential for the
clinical presentation of PWS*. Various deficiencies of the paternally-expressed SNORD116 on

the other hand are known to cause PWS and PWS-like symptoms°. However, the majority of
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these cases lack enough clinical characteristics necessary for a proper PWS diagnosis, indicating

that other genes are also likely to play a role in forming the complete PWS phenotype®.

CLINICAL EXPRESSION

Clinical expression between PWS subtypes is generally less variable than those of the AS
subtypes. This is likely a reflection of the large number of genes involved in the presentation of
PWS, suggesting that each individual gene is responsible for a relatively smaller portion of the
phenotype. There are no symptoms that have been shown to occur exclusively in one of the
genetic subtypes®. Similarly to clinical findings in AS, the deletion subtype of PWS is typically
associated with more severe expression of symptoms. This includes more mild behavioral
problems such as self-injury and stealing®*°?, increased likelihood of hypopigmentation, typical
characteristic facial appearance, higher skill with jigsaw puzzles and lower verbal 1Q scores?®.
Certain features associated with the maternal uniparental disomy subtype include more
frequent post-term delivery, higher rates of psychosis and autism spectrum disorders, and
increased risk of social deficits®. Differences have also been noted between the two deletion
subtypes. Individuals with the larger deletion subtype show higher rates of physical symptoms of
depression*®>2>4 more evidence of specific obsessive-compulsive behaviors and poorer visual-
motor integration®>, and poorer psychologically adaptive behavior, intellectual ability, and
academic achievement®. These differences could indicate that the additional loss of about
500kb of genetic material in the type | deletions has a direct impact on the expression of certain
symptoms. However, discrepancies have been noted between comparative studies of the two

deletion subtypes, so further investigation may be required before conclusions can be drawn*,
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1.4 Evolutionary Implications
The kinship theory of genomic imprinting has been applied to humans primarily through the
study of PWS and AS. So far, this theory has proven quite successful in explaining many of the
symptoms seen in these disorders, including suckling difficulties, low birth weight, and failure to
thrive in infants with PWS>%°, and the positive affect, smiling and sociability in children with
AS*80 Specifically, traits in AS reflect increased maternal demands as a result of the
overrepresentation of paternally derived alleles. Being high energy, highly engaging, and using
psychological cues such as extended eye contact, these children are able to extract more
attention (and therefore more parental care) from their caregivers. By contrast, individuals with
PWS very rarely cry, sleep excessively, and refuse to nurse early in life, which are all traits
associated with reducing maternal demands and allowing the mother to become reproductively
active again sooner after birth.

Throughout my dissertation | attempt to extend this theory to examine individuals with
PWS, AS, and other imprinting disorders throughout later developmental stages. | applied kinship
theory to assess the age at which children are likely to progress through the nutritional phases,
both in individuals with PWS and typically developing children. | use novel data to explore the
impact of genomic imprinting disorders on symptoms in the psychological domain. | also
examine the implications of this theory for children with other types of disorders, including
endocrinological disruptions. In this way, | have worked at the intersection of evolutionary

theory and medical genetics to provide further insight into each respective field.
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2.1 Abstract

Prader-Willi syndrome (PWS) is caused by a lack of expression of paternally-expressed imprinted
genes at human chromosome 15q11-13 and is characterized by a switch from infant anorexia to
childhood hyperphagia. A recently proposed multiphase staging system recognizes gradual
changes between the anorexic and hyperphagic phases of PWS. We undertook to use clinical
records from an independent population to assess the multiphase system and explore the
implications for the evolution of distinctive features of human childhood. Medical records of
258 clinic visits by 55 patients with PWS were reviewed with a focus on appetite and feeding.
These clinical records were found to be inadequate for assigning patients into particular stages
of the multiphase system. Under the multiphase system, the onset of hyperphagia in PWS
appears to coincide more with the timing of adrenarche than weaning from the breast and this
timing should frame future evolutionary hypotheses. We discuss challenges encountered while
attempting to use clinical data to explore evolutionary questions, but also identify useful

information contained in the records.
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2.2 Introduction

Humans are one of the most genetically well-studied species, but major gaps remain in scientific
knowledge because of ethical and practical constraints on human experimentation. Gene
functions in other ‘model organisms’ can be probed by manipulations that will never, and should
never, be performed on human subjects. As a partial substitute, DNA copying errors (‘mutations’)
inevitably occur within the human population and come to medical attention when they affect
the health of affected individuals. Thus, medical case records contain extensive replication of rare
genetic events that are ‘natural experiments’ providing clues about gene function. These records
could, in principle, allow genetic functions in humans to be probed in ways analogous to
‘knockout’ experiments in other species, but subject to important constraints that such research
be clinically justified and do no harm. An aspiration for evolutionary medicine is to use data from
clinical genetics to provide insights into human evolution and then to use these evolutionarily-
informed insights to improve clinical practice.

Each patient is unique with individualized medical treatment shaped by their particular
symptoms and the idiosyncratic decisions of parents and physicians. Although case studies of
rare diseases can be considered natural experiments, medical records often resemble anecdotal
natural history more than records in an experimental notebook. One challenge is whether
useable information relevant to evolutionary questions can be extracted from data collected for
very different purposes. We undertook to explore this question using the medical records of a
group of patients with Prader—Willi syndrome (PWS), a rare disorder, with a frequency of
between one in 10,000 and 30,000 livebirths?.

In 1989, cytologically indistinguishable deletions of human chromosome 15g were shown
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to be associated with a diagnosis of PWS when the deletion occurred on the chromosome
inherited from a child’s father, but Angelman syndrome (AS) when the deletion occurred on the
chromosome inherited from the child’s mother. Therefore, PWS and AS were strongly suspected
of being caused by disordered expression of genes that were differentially expressed when
inherited via eggs or sperm?. In the same year, genomic imprinting was proposed to have evolved
in response to intragenomic conflict between genes of maternal and paternal origin3. Since then
the role of imprinted genes in the etiology of PWS and AS has been confirmed* and the
phenotypes of these genetically-paired syndromes have been interpreted as providing clues
about the role of kin interactions in the evolution of distinctive features of human childhood>8,
PWS particularly attracted attention of evolutionary biologists because its primary
symptoms involve perturbations of childhood appetite, suggesting that kin-mediated conflicts
have shaped the evolution of childhood feeding behaviors and that the phenotype of PWS may
provide clues about the roles of matrilineal and patrilineal kin in caring for ancestral children at
different stages of their development. PWS was traditionally characterized as having two
nutritional phases: an early phase in which infants fed poorly and were disinterested in food; and
a later phase in which children became hyperphagic, obsessed with food, and morbidly obese”.
The age at which children with PWS shifted from ‘anorexia’ to ‘hyperphagia’ was suggested to
begin in the second or third year of postnatal life>°. Previous attempts to interpret changing
appetite in PWS from an evolutionary perspective have been based on this two-phase model.
The early ‘anorexic’ phase was readily explicable in terms of maternal—paternal conflict over
infant care>®. Paternally-expressed genes (PEGs) from the PWS/AS chromosomal region were

proposed to have evolved to increase nutritional demands on mothers by promoting more
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intense suckling and frequent waking. In the absence of expression of these PEGs, infants with
PWS exhibit weak suck and prolonged sleep.

The later ‘hyperphagic’ phase posed a more formidable puzzle for evolutionary
interpretation. How could increased appetite in the absence of expression of PEGs be reconciled
with the theoretical prediction that PEGs increase costs to mothers or their kin? The
anthropological literature suggests humans typically introduced supplemental foods at about six
months, with cessation of breast-feeding in the third year!®. If the onset of hyperphagia is in the
second or third year, as envisaged in the two-phase model of PWS, appetite increased at roughly
an age at which our ancestors were being weaned from the breast. Therefore, Haig and Wharton
proposed that PEGs from the PWS region had been selected to delay weaning by causing infants
to resist substitution of alternative foods for breast milk®. As an alternative, Ubeda proposed that
weaning was evolutionarily associated with a shift from reliance of children on mothers for
nutrition to greater dependence on fathers and their kin®. A choice between these models
requires a better understanding of typical patterns of provisioning in the evolutionary past and a
better understanding of the phenotype of PWS.

A recent synthesis of the clinical experience of eminent researchers in the field has
replaced the two-phase model of nutritional development in PWS with a more complex model of
seven phases and sub-phases'®. These are (0) decreased fetal movements; (1a) hypotonia,
feeding difficulty and decreased appetite (0—9 months); (1b) improved feeding and appetite with
appropriate growth (9-25 months); (2a) increasing weight without enhanced appetite or
excessive caloric intake (2.1-4.5 years); (2b) increased appetite and caloric intake without

hyperphagia (4.5-8 yrs); (3) hyperphagia (after 8 years); (4) satiable appetite (present in only 2
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adults in the original dataset!®). From an evolutionary perspective, the initial improvement of
appetite in the new multiphase model coincides roughly with the ancestral period of human
weaning, but the onset of frank hyperphagia is too late to be explicable in these terms.

We undertook to assess the new model in a retrospective review of medical records at
one of the largest PWS clinics in Canada. The control of food intake is a major clinical concern for
patients with PWS and their caregivers, and our long-term hope is that a better understanding of
the evolutionary forces that have shaped developmental changes in human appetite may

provide insights into more effective treatment of excessive eating in PWS.

2.3 Methods

A total of 258 retrospective chart reviews were conducted of 55 patients with PWS (26 female,
29 male) at the Infant Child & Adolescent Nutrition Clinic (ICAN) in North York General Hospital
(Toronto). Patients varied in age from 6 weeks to 51 years (mean = 11.6 years), with 1-34 clinic
visits per patient (median = 6). All data collected in these chart reviews were based on the
standardized PWS collection sheets used at ICAN, as well as a thorough review of any external
testing, reports from specialists, and anecdotal reports from family or community staff recorded
in each patient’s file.

Genetic testing was conducted by local hospital facilities under the referral of the
families’” physicians, as per standard clinical practice. All patients had a phenotypic diagnosis of
PWS, but only 33 (60%) had undergone genetic testing. Of these patients, a genetic cause of
PWS was identified in 27 cases (n = 4 maternal uniparental disomy, n = 23 deletion), but no

genetic cause could be determined in six cases (18% of those tested). Most patients (14/21)
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whose first visit occurred before age 5 had a molecular diagnosis, while only 9/28 patients
whose first visit occurred after age 10 did. The difference in rates of genetic testing by age is
not surprising; genetic tests for PWS are usually conducted soon after birth and were not
standard practice, or had not yet been developed, when older patients were infants.

The standard treatment recommended to parents at ICAN is not to introduce
supplemental foods until 10 months of age because of hypotonia, which affects feeding. Upon
introduction of supplemental foods, a sheet is used that exchanges breastmilk or formula for
an equal calorie amount of purees to prevent excess weight gain. Parents are instructed in the

red-yellow-green system of food choices®.

2.4 Results

APPLICATION OF THE NEW STAGING SYSTEM

Our primary finding was that the chart reviews contained inadequate information to assign
individuals with PWS to one of the sub-phases described by Miller and colleagues. Our analysis
also identified some general difficulties with application of this staging system to clinical
populations. The new scheme is based on the impressions of authors with long clinical
experience of working with children with PWS and includes some subjective elements. For
example, the transition from decreased appetite (1a) to improved appetite (1b, 2a) to
enhanced appetite (2b) to hyperphagia (3) is a continuum without explicit criteria of where to
draw lines between stages. Moreover, some criteria used in staging are not routinely included
in medical records. For example, clinics usually do not record body fat measures for children

under the age of nine, by which point most children with PWS would already be in phase (3).
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Even were better data available, there is no clear guidance how clinicians should apply it to sort
their patients into nutritional phases. None of the statistical analyses provided by Miller and
colleagues demonstrate a linear progression of stages, nor do their analyses control for changes
with age. The categorization of stages is therefore somewhat arbitrary and creates ambiguity
when placing patients in a particular stage.

While the primary symptoms of PWS are related to feeding and growth, individuals with
PWS also exhibit characteristic behavioral disturbances, including temper tantrums, obsessions,
compulsions, sudden acts of violence, and poor social behavior. Such behavioral outbursts are
often related to food restrictions but can occur without obvious provocation'?, and can cause
familial and social disruptions. While behavioral interventions can be effective!, psychiatric
treatment is often implemented, including medication. Most patients in our study aged 15 years
or older were prescribed at least one psychiatric medication (45/83 visits), with most taking
combinations of drugs, sometimes twenty or more. Many psychiatric drugs are known to
suppress or enhance appetite. Without controlling for effects of medication while evaluating the
progression of PWS, physicians may misinterpret drug-induced changes of appetite as
ontogenetic stages of the disease. This is a particular concern for the later stages of the
multiphase system, which relies on subtle changes in appetite for patients in this age category.
Almost half of our patients (n = 20) had been prescribed Topirimate as adults (age 22—33 years)
specifically for its appetite suppressing effects. In fact, 28/55 patients had been on at least one
appetite modifying (suppressing or enhancing) drug; the heavy use of prescription medication in
this population creates uncertainty about whether observed changes in appetite in adults are

due to medication or are part of the unmedicated natural history of PWS.
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Other variations in treatment could also influence assignment of nutritional phases. For
example, twenty patients in our study spent their adolescence and adult years in group homes
where food intake was carefully controlled, including keeping food locked and out of sight, and
working with a dietician to implement predictable meal plans and schedules®. This has been
shown to help patients feel satisfied, allow them to shift their focus from food-oriented activities,
and help to control many behavioral problems!4. Because of the way these living situations are
designed, later nutritional phases (specifically phase 4 — an ability to feel full) might measure the
efficacy of treatment, not the natural progression of PWS. All of the 13 patients who reported the
ability to feel satiated during at least one clinic visit lived in food-secure environments (family
home or group home).

The only patient in our sample who was identified as living independently required
significant supervision and dietary control in order to maintain a healthy weight. This patient had
not ‘achieved’ phase 4 at the age of 49 yrs. Only two of 82 patients in Miller and colleagues’
population were considered to have entered the fourth and final stage. Thus, the evidence for

an adult satiety stage in the natural progression of PWS is weak.

OTHER CLINICAL FINDINGS

Our chart reviews provided a variety of evidence on feeding behaviors during the progression of
PWS. Of the eleven patients for whom we have feeding information from the first six months of
postnatal life (34 separate visits), only three mothers attempted to breast feed. Two of these
attempted to breast feed before their infants were two months of age, while the third did not
begin breast feeding until her six-month visit. These mothers were dedicated to making breast

feeding work, but none was fully successful (see Table 2.1 for a summary of infant feeding
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histories of these patients). Based on their medical records, only seven of the 55 individuals with
PWS in our study had a history of breastfeeding. Of this small group, three required nasogastric
intubation at birth, and all required supplementation by infant formula and/or expressed breast
milk during the breastfeeding period. A total of 24 infants were given expressed breast milk
(usually in combination with infant formula). Of these infants, seven were not only unable to
breastfeed, but also required assistance in bottle-feeding (e.g. Haberman bottle, compressible
bottle, syringe feeding, enlarged nipple hole).

We were unable to assess the age of transition to solid foods, although many parents
anecdotally commented that this transition was an easy one for their child with PWS. One
mother with twin boys noted that her son with PWS showed much more interest in solid foods
than his twin brother without PWS, while still showing the typical PWS aversion to fluids (absent
in his brother without PWS). Behaviors associated with the introduction of solid foods would be
an area of clinical and evolutionary interest for further exploration.

Individuals with PWS are often described as having a non-discriminating appetite, but 17
of our 55 patients (9 deletion cases, 1 maternal uniparental disomy, 7 unknown or not tested)
were described by parents or care workers as ‘picky eaters’ over 49 separate clinic visits. These
individuals ranged in age from 11 months to 32 years. Interestingly, one of our patients was
described by his mother as significantly more fastidious than his twin brother without PWS,

showing aversions to proteins and some fruits (34 months old). Food preferences showed clear
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Table 2.1: Feeding patterns for 11 patients (5 F) over 34 visits during the first six months of development. (EBM =
expressed breast milk.)

Gender Genetic subtype Age (months) NG tube Breast EBM Formula
35 v
Male mUPD > v v
5.33 v v
6 v
2 v v v
Male Deletion 3 v
4 v
5 v
3 v v
Female Deletion 4 v v v
6 v v v
2 v v v v
Female Deletion - v v
4.5 v v
6 v v
1.5 v v v v
Female mUPD 3 v v
4 v v
5 v v
Male Not tested 4 v ‘/_
5 v
2 v v
Male Not tested a v/ f
5 v
6 v v
Female Deletion 4 v v v
2 v v
3 v
Female Deletion 4 v
5 v
6 v v
Male mUPD/IC 4 v v
Male Deletion = / v v
5 v v

patterns with age: all picky eating between 11 to 29 months involved texture sensitivity (refusal
to eat meat or non-pureed/chunky foods). One possibility is that these patients had developed
oral aversions secondary to prolonged gastric feeding. An aversion to meat and dairy (including
milk) was quite common throughout the age groups, as well as an increased preference for

starchy foods.
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2.5 Discussion

Miller and colleagues present a more nuanced model of nutritional phases in PWS. Specifically,
their system of disease progression includes an ontogenetic separation of slow metabolism
(weight increase, phase 2a) from increased interest in food (hyperphagia, phase 2b). This gradual
shift in feeding behaviors has been noted to some extent in previous research, which found that
weight gain began at around age 4-5 months, and normalized between the ages of 15-30
months. Furthermore, it was noted that parental reports of increased interest in food and eating
behaviours beyond normal occurred after the age at which BMI started to increase beyond the
normal range!®. However, anecdotal reports from parents indicated eating behaviors that differed
qualitatively from a young age, leading the authors to consider the possibility that hypotonia
during infancy as well as timely implementation of strict feeding controls may have masked early
signs of hyperphagia in this group. They found that any relaxation of feeding controls, even at a
young age, resulted in increases in BMI®.

Previous evolutionary interpretations of the phenotype of PWS have been based on the
two-phase model of disease progression in which children with PWS change from disinterest in
food to hyperphagia at some time during the first three postnatal years. Haig and Wharton
suggested that PEGs from the PWS region had evolved to promote suckling during early infancy
and to resist introduction of alternative foods at the time of weaning®. The major benefit for
infants was conjectured to have been longer delays until births of younger sibs caused by
prolongation of their mothers’ lactational amenorrhea®. Conception is followed by birth nine
months later. The benefit for the suckling child of delaying the conception of a younger sib would

have been greatest during the first year but would have rapidly declined with postnatal age.
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Furthermore, this non-nutritional benefit of night waking and suckling would disappear once the
mother was pregnant with a younger sib (new pregnancy is a common reason for weaning in
non-contracepting populations’8).

The transition from poor appetite (stage 1a) to improved appetite (stage 1b) occurs at
about nine months of age in the multiphase model of Miller and colleagues. This early gain in
appetite is compatible with the model of Haig and Wharton that relates increase of appetite to
the ancestral age of weaning®. However, hyperphagia and associated behaviors do not become
prominent until about eight years (stage 3) and appear unlikely to be explicable in terms of
evolutionary conflicts associated with weaning from the breast to solid foods.

The onset of hyperphagia in PWS roughly coincides with middle childhood and
adrenarche® 21, Adrenarche occurs at around the age of weaning in great apes: bonobos wean
after four years?? with increases in adrenal androgens after five years?3; orangutans wean after
seven years?* with increases in adrenal androgens after eight years?>. Campbell noted that
increased production of adrenal androgens accompanies independence from mothers at
weaning in rodents and monkeys but occurs much later than weaning in humans?®. Early
hominins were probably weaned at adrenarche as occurs in other great apes. The origin of
‘complementary feeding’ can be conjectured to have allowed human mothers to conceive
another child before its older sib was nutritionally independent’. Thus, human weaning can be
considered to occur in two stages: from breast milk to a special infant diet and from this diet to
adult food. In this interpretation, the ‘five-to-seven-year-shift’ of middle childhood in modern
humans coincides with the second stage of weaning and is behaviorally homologous to the

increased independence that occurs at weaning from the breast in other great apes.
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Adrenarche occurs early in PWS?” implying that PEGs from the PWS chromosomal region
directly or indirectly inhibit production of adrenal androgens. We conjecture that behavioral
changes associated with adrenarche reduced the demands of our ancestors on their mothers’
time and attention, possibly including time spent by mothers in collecting and preparing special
foods. As a consequence, maternally-derived genes expressed in infants evolved to favor earlier
adrenarche than paternally-derived genes. It would be interesting to know whether changes in
appetite in PWS are correlated with changes in the production of adrenal androgens.

Food-seeking behaviors in PWS have been variously described as ‘foraging’ or ‘food-
stealing’?® but the alternative labels have very different connotations in everyday life and suggest
different evolutionary interpretations. ‘Foraging’ suggests a prosocial behavior that benefits kin
by reducing the costs of provisioning the child, whereas ‘food stealing” suggests an antisocial
behavior in which the child takes food from other group members’. Clarification of symptomatic
differences between these two descriptors might help further evolutionary understanding.
Observations that some individuals with AS develop hyperphagia?®*=3? and that a few males with
PWS develop anorexia nervosa®*** add further complications. Clearly, there is much still to be

learned about the natural history of appetite and food-related behaviors in PWS and AS.

FUTURE DIRECTIONS

Humans wean offspring sooner than their closest nonhuman relatives and consequently have
shorter interbirth intervals. As a consequence, care of successive offspring overlaps more than in
other great apes, made possible by social support of mothers and special post-weaning child
diets. Weaning is followed by a prolonged period of slow growth before our distinctive pubertal

growth spurt®>. We believe that the greatest contribution of evolutionary thinking to
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understanding phenotypic changes in PWS will come from viewing these changes within a
conceptual framework of increasing independence from maternal care during childhood and
associated changes in feeding.

The phenotype of infants with PWS fits evolutionary models in which PEGs have been
selected to enhance suckling and nightwaking because of a benefit to infant fitness at a cost to
maternal fitness>8. While our paper has focused on feeding behaviors, the phenotype of older
children with PWS promises to provide similar insight into kin-mediated trade-offs in the
evolution of other distinctive aspects of human childhood. For example, adrenarche occurs early
in children with PWS?” but puberty is generally considered to be delayed and incomplete3®3’.
Recently, mutations in the paternally-derived copy of MKRN3, a PEG from the PWS region, have
been identified as a major cause of precocious puberty3®, but early puberty is not a diagnostic
feature of PWS despite the absence of expression of MKRN3. This suggests that other imprinted
genes from the PWS region interact with MKRN3 in the timing and progression of sexual
maturation. An improved understanding of the dissociation of various aspects of adrenarcheal
and pubertal progression in PWS may provide insight into the complex selective forces acting on
the age of sexual maturation during human evolution. Going forward, evolutionary theory may
also be applied to other relevant PWS symptoms, including psychological perturbations, in order

to more fully understand the role of genetic conflict in human evolution.

2.6 Conclusion
Miller and colleagues’ new system raises important questions for both evolutionary research and

clinical practice, but we encountered difficulties in applying the new system to a different patient
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population. We found that treatment methods, including both behavioral strategies and
psychiatric medications, are important variables that need to be considered in describing the
‘natural’ progression of PWS. Furthermore, standard clinical collection tools often do not include
the information required to place individuals in the multiphase system, rendering it difficult to
implement in the context of current clinical practice.

Finally, we found little evidence for the final ‘satiable appetite’ phase, although GB notes
that hyperphagia, in his clinical experience, may be less intense in older patients. This might be
due, in part, to many years of behavioral modification training, but further research into this area
is warranted. The inclusion of this final stage of satiety could illicit anxiety and negative self-
perception in both patients and families of patients who fail to attain feelings of satiety. We
therefore consider inclusion of a satiety phase to be clinically premature before further research
shows that its achievement can be considered a realistic goal for adults with PWS.

From a methodological perspective, our pilot study identifies limitations of existing clinical
data for the evolutionarily-informed study of rare human diseases whose phenotypes develop
over many years. Because of the rarity of PWS, any particular clinic will have a relatively small
heterogenous group of patients of mixed ages. All will receive treatments that differ depending
on parental and physician choices, and control groups of untreated patients will be unavailable
for obvious ethical reasons. Moreover, accepted standards of care will change over time so that
cross-sectional studies confound age-differences with treatment differences.

Despite these caveats, clinical data do contain useable information about appetite in PWS.
The new multiphase system is likely to improve the quality of this information because of the

systems’ attention to subtle and gradual changes in appetite. Moreover, evolutionary analysis can
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suggest types of information that would be simple to collect and that would help better
understand the natural history of PWS. We are particularly interested in a possible relation
between markers of adrenarche and changes in appetite and behavior.

While some evidence supports the multiphase model of nutritional phases in PWS, more
work needs to be done before this system can be applied to clinical settings or evolutionary
guestions. Future studies should amend the statistical analyses to better adjust for age and to
demonstrate linear phase progression. Moreover, it is important to control for treatment
methodology, including both medication and behavioral interventions. Finally, clearer guidelines

should be developed to assure correct implementation of the new staging system by PWS clinics.
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MUSIC, PARENTAL INVESTMENT & GENOMIC IMPRINTING IN HUMANS

I. GENOMIC IMPRINTING IS IMPLICATED IN THE PSYCHOLOGY OF MUSIC
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3.1 Abstract

Why do people sing to babies? Human infants are relatively altricial and need their parents’
attention to survive. Infant-directed song may constitute a signal of that attention. In Prader-
Willi syndrome (PWS), a rare disorder of genomic imprinting, genes from chromosome 15q11-
gl13 that are typically paternally expressed are unexpressed, which results in exaggeration of
traits that reduce the offspring’s investment demands on the mother. PWS may thus be
associated with a distinctive musical phenotype. We report unusual responses to music in people
with PWS. Subjects (N = 39) moved more during music listening, exhibited greater reductions in
heart rate in response to music listening, and displayed a specific deficit in pitch-discrimination
ability relative to typically developing adults and children (N = 589). Paternally expressed genes
from 15911—qg13, which are unexpressed in PWS, may thus increase demands for music and
enhance perceptual sensitivity to music. These results implicate genomic imprinting in the

psychology of music, informing theories of music’s evolutionary history.
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3.2 Introduction

Music is a ubiquitous part of human culture that predates our recorded history. Musical
instruments rank among our most ancient artifacts; bone flutes excavated in Germany are
estimated to be about 40,000 years old!. The human auditory system is older by an order of
magnitude?, and the human vocal-production system is similar to those of many other
mammals3. It is thus likely that vocal music long preceded instrumental music, as Darwin and
Helmholtz speculated*?; although songs leave no fossils, they appear in many small-scale
societies, with remarkable diversity®.

Whereas humans of all ages produce and enjoy music, a peculiarity of the music faculty is
its omnipresence in infancy. Infants have robust music perception abilities (for reviews, see
Patel’; Trehub?®), and parents often sing to their infants® and children!® in a stereotyped style!®.
Anthropologists have documented infant-directed song across many cultures’*2, which is
consistent with predictions that it is a universal human behavior314,

Why do people sing to babies? Mehr and Krasnow proposed that infant-directed song
evolved in humans as a signal of caregiver attention to infants, driven by the dynamics of parent-
offspring conflict’. In the current study, we tested a key prediction of that theory: that
responses to music and music perception abilities should be atypical in populations with
disorders of genomic imprinting. In these rare disorders, imbalances in the typical expression of
maternally versus paternally inherited genes create a natural experiment ideal for testing

evolved differences in behavior driven by parent-offspring conflict.
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3.3 Intragenomic Conflict and Disorders of Genomic Imprinting

Evolutionary conflict is predicted between parents and offspring over the preferred amount of
parental investment?®; that is, parental actions that increase an offspring’s reproductive fitness
at a cost to the parent!’. Sexual reproduction causes asymmetric fitness interests in a family,
because an offspring is more related to itself than to its siblings, while its mother is equally
related to all her offspring. All else being equal, an offspring devalues returns to parental
investment made in siblings relative to itself, while a mother values returns to parental
investment in all her offspring equally. Further, an offspring’s maternally and paternally derived
genes have unequal probabilities of being found in its mother’s other offspring: That is, a mother
is equally related to all of her children, whereas the father of a particular child may be unrelated
to some of her other children. Paternally derived genes are therefore expected to have been
subject to selection favoring the extraction of more maternal resources than is optimal for the

mother or for maternally derived genes in offspring®®.

Because every autosomal gene is inherited sometimes from mothers and sometimes
from fathers, selection should favor unimprinted genes that perform well when averaged across
maternal and paternal roles. However, imprinted genes have effects that differ depending on the
sex of most recent parental origin. If the optimal level of gene expression is higher when the
gene is inherited from fathers than from mothers, then the gene is predicted to behave as a
paternally expressed gene (i.e., it is highly expressed when inherited from fathers and minimally
expressed when inherited from mothers). Conversely, if the optimal level of gene expression is
higher when the gene is inherited from mothers than from fathers, then the gene is predicted to

behave as a maternally expressed gene'®. Normal development evolved to depend on a balance
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between the antagonistic effects of maternally expressed and paternally expressed genes,
whereas maladaptive phenotypes are expected in conditions such as Prader-Willi syndrome
(PWS), in which expression of imprinted genes is perturbed®.

PWS provides a window into the dynamics of parent-offspring intragenomic conflict in
humans, because maternally expressed genes from chromosome 15q11—q13 are unopposed by
paternally expressed genes from the same region. In contrast to typical development (Fig 3.1a),
PWS results from deletion of paternally inherited 15q11—qg13 (Fig 3.1b), duplication of maternally
inherited 15q11—q13 (uniparental disomy; Fig 3.1c), or by imprinting center defects (Fig 3.1d)
that lead to the paternally derived chromosome carrying a maternal imprint?°. Although these
errors lead to pathological, maladaptive changes, they provide clues to the selective forces that
have acted on smaller changes in expression over time.

According to the conflict theory of the evolution of genomic imprinting, symptoms of
PWS are expected to nonrandomly cluster in the direction of adaptations that reduce parental
investment demands on mothers?>?2. Infants with PWS demonstrate dramatically reduced
nursing and crying and high rates of hypotonia and hypersomnolence®® %324, each of which
support this prediction. In the current study, we explored whether comparable effects were
present in music, a domain not previously tested in PWS but potentially relevant to parental

investment.
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Figure 3.1 The genetics of Prader-Willi syndrome (PWS). The
diagrams depict chromosome 15q11-ql13 in (a) typically developing
people and in (b—d) people with PWS. In most cases of PWS, (b)
the paternally expressed 15ql1-ql3 is deleted (approximately 65%—
75% of cases) or (c) the maternally expressed 15qll—-ql3 is
duplicated (approximately 20%-30% of cases). In the remaining
cases, there are (d) imprinting-center defects (indicated by diagonal
black lines), random mutations, or unspecified genetic causes (see
Cassidy et al., 2012). Black regions denote unimprinted genes, blue
regions denote paternally expressed genes, pink regions denote
maternally expressed genes, pink circles denote maternally inherited
imprinting centers, blue circles denote paternally inherited
imprinting centers, and gray regions denote unexpressed
(imprinted) regions. Cen = centromere; Tel = telomere.
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3.4 Infant-Directed Song as Attentional Investment

The natural environment contains many hazards that human infants are relatively helpless to
manage themselves. Instead, infants rely on their caregivers’ attentional vigilance to keep them
safe from harm, a state of affairs that likely was true for much of human ancestry. But parents
have other uses for their attention beyond ensuring infant safety; attention, like food, can be
considered a form of parental investment subject to parent-offspring conflict. The amount of
parental attention that is optimal is likely to be greater from an infant’s perspective than from its
parent’s perspective. Infants are thus expected to attempt to elicit more attention from a parent

than the parent wants to give'®'’.

Attention, however, is a covert property of the parent’s mind and is not directly
perceptible by offspring, and so it must be signaled. Just as arms-race coevolution between
peacocks and peahens over the overt signal (plumage) of an unobservable property (good genes)
crafted extravagant displays in peacocks and choosiness in peahens?®, arms-race coevolution
between parents and infants over overt signals of attention should result in both elaborate
signals in parents and a choosy, demanding appetite for those signals in infants. Studies of
people with Angelman syndrome, a genomic imprinting disorder in which paternally expressed
genes from 15q11-13 are unopposed (i.e., the pattern opposite that of PWS), support this
prediction: Children with Angelman syndrome smile more and make more adult-directed eye
contact than age- and cognitively matched children, both of which evoke higher levels of adult

attention?®.
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One fashion in which parents could signal their attention to infants is by singing to them
(for a full discussion, see Mehr & Krasnow!®). Song may constitute an honest signal of attention
because of opportunity costs (the parent is not interacting with someone else), structural costs
(the use of the vocal apparatus for song is incompatible with other strenuous activities), and/or
structural features (the parent’s proximity and orientation can be inferred when the parent is
not fully visible, as at night). If, ancestrally, parental song was a signal of attentional investment,
subject to parent-offspring conflict, then the psychology of music could be a target of parent-of-

origin effects in intragenomic conflict.

3.5 Summary and Predictions

The musical phenotype of people with PWS is thus predicted to differ from that of typically
developing people in a fashion consistent with reduced demand for attentional investment*®.
Reduced demand for attentional investment could manifest itself in one of two ways. First,
increased potency of engagement with music and response to music could enable parents to
invest relatively less while maintaining the same degree of effect on infants. Second, reduced
demand for attention could translate to an overall reduction in musical interest, thereby
producing a reduced demand for music. In the present experiments, we tested these hypotheses
against each other and against a null hypothesis that response to music in people with PWS is

comparable to that in typically developing people.

Two existing findings raise the possibility of an altered musical phenotype associated with
PWS, but do not yet distinguish between these hypotheses. When choosing from a list of

activities, parents of people with PWS report lower rates of music listening and music
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performance than do parents of people with Williams or Down syndromes?’. When freely listing
“nonsport activities” that their children enjoy, parents of people with PWS are less likely to
report musical activities than are parents of people with Williams syndrome or Down
syndrome?®. It is unclear, however, whether reduced parental reporting of active musical
activities reflects a general lack of interest in music or a more specifically altered psychology of
music in PWS. Indeed, musical behavior is not a unitary domain; it includes a suite of
psychological effects and motivations that are mediated by musical ability and a variety of
psychophysiological responses.

Thus, we aimed to characterize the musical phenotype in PWS by measuring three
variables: (a) increased motion while listening to music, representing an engagement response;
(b) reduced heart rate after listening to music, representing a relaxation response; and (c) tone
deafness, representing pitch-perception ability. The first hypothesis predicts that people with
PWS will engage more with music relative to typically developing people, and the effects should
be limited to music (i.e., other pleasant, vocally produced auditory stimuli should not elicit the
same effects). The second hypothesis predicts that people with PWS will engage less with music,
relative to typically developing people, and the effect should be again limited to music. Both
hypotheses predict that people with PWS will relax more following music listening (but not
following other auditory stimuli) than would typically developing people. Finally, a deficit in pitch
perception would be consistent with both hypotheses, for two different reasons: because
reduced discrimination between pitches might produce less choosy listeners, which would
reduce demand for high-quality singing (1st hypothesis), or because impaired pitch perception

might reduce interest in music in general (2nd hypothesis).
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3.6 Methods

SUBJECTS

This research was approved by the Committee on the Use of Human Subjects at Harvard
University. Subjects with PWS were recruited through the Latham Centers (Brewster, MA), a
residential care facility specializing in the treatment of PWS; clinical characterization of subjects
with PWS was provided by Latham Centers along with brief medical histories. Full genetic testing
was not available for all subjects; thus, we report analysis of the PWS cohort in the aggregate, as
opposed to distinguishing among the three known forms of PWS (i.e., paternal deletion,
maternal uniparental disomy, and imprinting-center defects — see Discussion). Data from
subjects in the PWS cohort were collected on site with a mobile laboratory.

Typically developing adults were Harvard University undergraduates, graduate students,
staff members, and Harvard Summer School students. Typically developing children were
recruited via Harvard’s Laboratory for Developmental Studies, which obtains subject information
from public birth records and recruits via hospitals, schools, museums, and other public spaces.
All typically developing subjects were tested in our laboratories at Harvard. All subjects were

provided with small gifts in exchange for their participation.

SAMPLES

We studied 39 people with PWS (12 female, 27 male; mean age = 28.2 years, SD = 10.1, age
range = 13.7-45.7 years) and compared them with several cohorts of typically developing
children and adults (overall n = 589; 355 female, 234 male; mean age = 17.2 years, SD = 5.75, age
range = 5.16-52.1 years). Both the rarity of PWS in the general population and the associated

difficulties of psychological testing in this population precluded us from determining a sample
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size before conducting the experiments; rather, we tested the maximum number of subjects
with PWS that were available to us through the Latham Centers.

We tested children and adults with PWS, as opposed to infants with PWS, because
although the musical effects we predict are targeted toward infancy, they likely persist through
childhood and adulthood®. Further, the rarity of PWS (between 1 in 10,000 and 1 in 30,000 live
births?°) makes the testing of infants prohibitively difficult. Data from the PWS cohort (n = 39)
were collected in two sessions about six months apart. The first session consisted of pilot testing
of a pitch-perception measure and a listening session; the second session consisted of a battery
of cognitive tests and a new pitch test.

Separate typically developing cohorts were recruited for the listening session (n = 153;
116 female; mean age = 20.0 years, SD = 4.96, age range = 15.5-52.1 years), and for the
cognitive battery session (adults: n = 248, 146 female, mean age = 20.6, SD = 2.72, age range =
17.8—-47.9 years; children: n = 188, 93 female; mean age = 10.5, SD = 2.52, age range = 5.16-17.0

years).

DATA EXCLUSIONS

For heart rate analyses, we excluded data from 2 people with PWS (1 for poor placement of the
physiology monitor and 1 for technical error) and from 6 typically developing people (1 for poor
placement of the physiology monitor and 5 for technical error). Thus, the sample for the
listening-session data included 184 subjects (PWS: n = 37; typically developing: n = 147), before
cleaning of the heart rate data (see the Physiological Monitoring section). Motion analyses were
conducted on 160 of the 192 subjects (PWS: n = 36; typically developing: n = 124) because video

and/or stimulus-synchronization data were not available from 29 typically developing subjects
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and 3 subjects in the PWS cohort, before cleaning of the motion data (see the Motion Analyses
section).

From the battery of cognitive tests, data were not available from 2 of the 39 subjects
with PWS: 1 declined to participate and the other was hospitalized at the time of testing. We
excluded none of the typically developing subjects, but receptive vocabulary scores were missing
from 14 subjects because of technical error. Thus, the overall sample for the cognitive battery
included 473 subjects (PWS: n = 37; typically developing adults: n = 248; typically developing
children: n = 188), but analyses using receptive vocabulary data included 459 subjects (PWS: n =

37; typically developing adults: n = 238; typically developing children: n = 184).

LISTENING SESSION

Subjects listened to a series of high-fidelity recordings of a female vocalist singing or speaking
the lyrics to 12 songs. Songs were chosen so that each subject heard familiar and unfamiliar
material in the genres of lullaby, play song, and folk song. Songs varied in length (M =45, SD =
7.5), but the pre- and poststimulus silent periods were held constant at 10 s each. Each subject
listened to 12 recordings of 6 sung tracks and 6 spoken tracks. The 12 recordings were presented
in a random order. We designed this method so that we could test whether effects were specific
to music listening in particular as opposed to one or more nonmusical features of the auditory

stimulus.

MUSICAL CONTENT
We selected 12 songs, 8 from infant-directed styles (lullabies or play songs) and 4 from an adult-

directed style (folk songs). For half of the repertoire in each style, we chose relatively obscure
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songs; we thus predicted that half of the songs would be familiar to subjects. In the typically
developing cohort, 38% of the songs were reported to be familiar. This percentage was higher in
the PWS cohort (50%), but it is unlikely that the PWS cohort’s reporting regarding familiarity was
accurate: subjects often reported knowing all the songs, including one that was composed for
use in an unrelated experiment??, so no subject could possibly have heard it before.

A professional female vocalist with extensive experience in jazz performance and voice
acting in productions for children (e.g., cartoons) recorded all stimuli. The recording session was
engineered by the technical director of the Harvard University Studio for Electroacoustic
Composition and was designed so as to provide as transparent a reproduction of the singer’s
voice as possible. Recordings were produced in a fully sound-isolated room at high fidelity (96
kHz, 24 bits), using a preamplifier (HV-3D; Millennia Media, Diamond Springs, CA) with two
microphones matched in gain and centered in a stereo mix. The microphones were a large-
diaphragm condenser (Mouse; Blue Microphones, Westlake Village, CA) and a small-diaphragm
condenser (SR40; Earthworks Audio, Milford, NH). This approach gave us the ability to
substantially edit the stimuli in postproduction without introducing audio artifacts that would
detract from the subjects’ experience of hearing a realistic, natural voice during the study.

In this fashion, we produced two versions of each song: The vocalist performed the song
in a style suited to the material—a lullaby or play song in an infant-directed manner and a folk
song in an adult-directed manner. The vocalist also spoke the lyrics of each song alone, without
the melody, also in the style suited to the material. In postproduction, working from the
uncompressed audio (Audition; Adobe, San Jose, CA), we made slight adjustments to the lengths

of each version, removed breaths, adjusted pitches and rhythms, and performed other
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miscellaneous edits to improve their quality. Final versions of each stimulus for use in the
experiment were created as 320 kbps constant-bit-rate MP3 files to ensure ease of presentation
in the mobile laboratory.

Subjects listened to one of four sets of songs that counterbalanced which particular
songs were sung and which were spoken. Songs were presented in a random order, with 10 s of
silence before and after each song and a short break between trials. During this break, the
experimenter asked the subjects to report whether the song was familiar and whether they had
enjoyed the song. All subjects sat in a comfortable chair such that head position was
approximately at the apex of a 24-in. equilateral triangle formed with two powered speakers
(AV40; M-Audio, Cumberland, Rl). The speakers were placed on isolation stands (IsoAcoustics,
Markham, ON, Canada), and driven by a Forte audio interface (Focusrite, Bucks, United
Kingdom). A large photo of a nature scene was placed behind the speakers to maintain visual

attention (image courtesy of Shimon Gonen Photography).

MOTION ANALYSES

All subjects were recorded with a front-facing camera at 60 frames per second at a resolution of
1,920 x 1,080 pixels (1080p). We down-rendered these videos, which resulted in video clips of
10 frames per second at a resolution of 426 x 240 pixels (240p), and computed a graph-based
map of visual saliency3® for each frame of the video in MATLAB (Figs. 4.2a and 4.2b). We
computed the absolute value of the change in saliency (i.e., a value from 0 to 1 for each pixel of
each frame) and summed these values for each frame. The camera was static, centered on the
subject’s face, and the subject was seated in front of a static background; thus, changes in

saliency values represented subject motion, measured at 10 Hz (Fig 3.2c). We also analyzed
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videos at higher resolutions (1,280 x 720 pixels and 853 x 480 pixels) to ensure that findings
were not attributable to the resolution of the rendering; results were comparable at other
resolutions, although we found that at these higher resolutions, large changes in saliency were
strongly exaggerated, which necessitated transformations. Thus, we used the 240p videos for
final analyses.

To characterize motion during the stimulus, we normalized saliency values to the 10 s
before the stimulus, which yielded units interpretable as standard deviations of change in
motion. To reduce the impact of extreme values, we removed all observations with z scores
greater than 5 or less than =5; this resulted in removal of 1.9% of the data but did not alter the
total number of subjects. Altering this threshold for trimming did not substantially affect the
direction or magnitude of the results. All computations were run on the Odyssey
supercomputing cluster supported by the Faculty of Arts and Sciences Division of Science,

Research Computing Group at Harvard University.
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Normalized Motion (2)

Figure 3.2 The method for assessing motion during the listening
session. Motion was characterized by measuring the change in
total graph-based visual saliency over time. Each frame of a video
recorded during each subject’s listening session was converted to a
saliency map, in which each pixel had a saliency value from 0 to 1.
Videos were pro-cessed at 10 Hz, and we computed the absolute
difference between the sum of each frame’s total saliency and that
of the previous frame. These values were normalized relative to the
10-s period before the stimulus presentation; thus, larger values
indicate more motion. The subject in (a), pictured in one frame
from his video, has Prader-Willi syndrome (PWS), and the saliency
map in (b) is for that frame, with each pixel's saliency value
depicted in grayscale from 0 (black) to 1 (white). The scatterplot in
(c) represents the detected motion for both this subject (red dots)
and a typically developing subject (blue dots) while each listened
to the same lullaby. The lines represent loess regressions for
each subject’s motion and the shaded areas around the lines
represent 95% confidence intervals of the mean.
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PHYSIOLOGICAL MONITORING

We measured heart rate using a wrist-mounted physiological monitor3! (E4; Empatica, Boston,
MA) that yields clinical-grade heart rate via photoplethysmography measured at 64 Hz. All but 1
subject with PWS tolerated this device. Interbeat intervals were computed by Empatica’s
proprietary algorithm, which automatically imputes missing data from the photoplethysmograph
signal and corrects for motion artifacts. Subjects wore the device on their nondominant hand
and sat without their legs crossed (to maximize blood flow). To minimize motion, we asked
subjects to place the device-equipped wrist on the table in front of them. Because the measure
of interest was the change in heart rate from before music listening to after music listening, we
normalized heart rate values in the 10-s poststimulus period to those in the 10-s prestimulus
period from the same trial. Scores could thus be interpreted as standard deviation changes in
heart rate as a result of listening to the stimulus.

Heart rate data were missing more often in some subjects than in others because the
quality of the physiological monitor’s signal was variable across subjects. This necessitated data
cleaning. We did so using two methods. First, we wanted to ensure that standardized heart rate
values were meaningful, so when fewer than five heart rate observations were present in the
prestimulus period, we dropped data from the corresponding poststimulus periods, on the
assumption that computing a standardized score with fewer than five observations would not
yield enough variance to make the standardized score interpretable. This cleaning reduced the
sample by 3 subjects in each cohort.

Second, as with the motion data, to reduce the impact of extreme values, we trimmed

the raw data set (i.e., before collapsing heart rate data across music and speech trials within
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each subject) by removing all observations with z scores greater than 5 or less than —5. This
resulted in removal of 1.2% of the data and a single subject in the typically developing cohort.
Thus, the final sample of heart rate data was reduced by 3 in the PWS cohort and by 4 in the
typically developing cohort, which resulted in final samples of 31 and 140, respectively. Adjusting
thresholds for exclusion and trimming did not substantially affect the direction or magnitude of
the results.

Whereas some data suggest that PWS is associated with abnormal autonomic nervous
system function®?, all heart rate measures that we undertook were within subjects; that is, for a
given subject, we compared average heart rate during a given interval with average heart rate
during the immediately preceding interval. This approach helped to rule out cohort-level bias

toward or against our hypotheses.

ASSESSMENT OF TONE DEAFNESS
Predicting it unlikely that subjects with PWS would agree to participate in the Montreal Battery
for the Evaluation of Amusia33, a commonly used test of tone deafness that takes about 45 min
to administer, we piloted a short-form, adaptive test3* with our PWS cohort. This test proved too
difficult for subjects, however, and yielded a high rate of attrition. Thus, we designed a new test
with reduced length and difficulty, so as to minimize attrition, and with design elements that
aimed to maximize the likelihood that even subjects with severe cognitive delays would
understand it.

On each trial, a reference tone (A4, or 440 Hz) was played three times, followed by a
comparison tone that was either higher or lower in pitch than the reference tone. Subjects were

asked “Did that sound go UP or DOWN?” Demonstration trials were included for all subjects,
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along with practice trials that included corrective feedback. Subjects could repeat practice trials
multiple times, to ensure that they understood the test; they began the test only after correctly
answering both items. Thirty-two test trials followed, at eight difficulty levels; the size of the
interval varied, from three semitones (i.e., 300 cents or 83.3 Hz) to a 64th tone (i.e., 3.125 cents
or 0.795 Hz), decreasing in size by half at each difficulty level (in units of cents). The first eight
trials were presented at the two easiest difficulty levels, in random order, and the remaining 24
followed, also in random order.

The direction of the pitch difference (up or down) was randomized at every trial. This
resulted in an even distribution of trial types when weighted by subject (number of up trials:
median = 16, interquartile ratio, or IQR = 14-18) and no difference in the distribution of trial
types across cohorts (subject-wise number of up trials—PWS: median =17, IQR = 15-18;
typically developing cohort: Mdn = 16, IQR = 14-18; z=1.39, p = .165, Wilcoxon rank-sum test).
Moreover, performance was unrelated to the number of up trials in either cohort (PWS cohort:
model x2(1) = 0.28, p = .596; typically developing cohort: model y%(1) = 2.82, p = .093; ordinal
logistic regressions).

Because of the random assignment of direction at each trial, it was also possible that
subjects would have different numbers of switch points across cohorts (i.e., because, by chance,
some subjects necessarily had more switches back and forth between up trials and down trials).
To ensure that this randomization did not confound our pitch-test analyses, we tested whether
there was any difference in the number of switch points across cohorts. As would be expected in
random assignment of 32 trial directions across many subjects, the median number of switch

points was 16 (IQR = 14-17), and the rates were comparable across cohorts (PWS cohort:
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median = 16, IQR = 15-17; typically developing cohort: Mdn =15, IQR = 14-17; z=1.19, p = .236,
Wilcoxon rank-sum test). Moreover, there was no relation between the number of switch points
and overall performance on the pitch test in either cohort (PWS cohort: model ¢?(1) =0.99, p =
.319; typically developing cohort: model y%(1) = 0.18, p = .669; ordinal logistic regressions).
There were two differences in test administration across the typically developing and
PWS cohorts: (a) Typically developing subjects completed the test on a computer, with
instructions printed in text, whereas subjects with PWS did so with the assistance of an
experimenter who read the text aloud; and (b) all typically developing subjects wore headphones
to listen to the tones, whereas 8 of the 37 subjects with PWS listened to the tones on speakers,
because they expressed discomfort with headphones. No difference in overall performance was
detectable in the PWS cohort across listening format, independent-samples t(35) = 0.62, p = .54.

When subjects wore headphones, the experimenter was unaware of the correct response.

VALIDATION STUDY

To validate the new tone deafness test, we administered it along with the MBEA to 271
members of the typically developing cohort (M = 19.6 years, SD = 3.76, age range = 10.3-47.9
years). Performance on the two tests was significantly correlated, r=.27, p <.0001. Using the
recommended tone deafness diagnostic criterion of 75.9% accuracy on the MBEA3, we also split
the typically developing cohort into two groups to test whether typically developing people who
were identified as tone deaf on that test (low-MBEA group; n = 51) performed worse on the
pitch test than their peers who were not tone deaf (high-MBEA group; n = 230). They did,
performing an average of 0.52 SD worse on the pitch test: The mean proportion of correct

responses on the pitch test for the low-MBEA group was .808 (SD =.096, 95% confidence
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interval, or Cl =[.781, .835]); for the high-MBEA group, the mean was .851 (5D =.079, 95% Cl =
[.841, .861]), independent-samples t(279) = 3.41, p = .0008. Thus, despite its short, simplified
format, the pitch test was able to distinguish between subjects who performed well on the

MBEA and those who did not, capturing variance attributable to tone deafness.

BATTERY OF COGNITIVE TESTS
We administered the Peabody Picture Vocabulary Test®®, a standardized test of receptive
vocabulary, along with a modified version of Panamath3®, a test of number acuity, as control
measures. We built the modified Panamath test specifically to match the new pitch test in
design. Instead of presenting two arrays of dots simultaneously, as is typical of Panamath3®, we
presented a reference array three times, followed by a comparison array, and asked “Were there
MORE dots or LESS dots?” As in the pitch test, there were demonstrations and required practice
trials with corrective feedback, followed by 32 test trials, four each of eight difficulty levels. The
first 8 trials, presented in random order, were taken from the two easiest difficulty levels (2
dots:3 dots and 3 dots:4 dots) and the remaining 24 trials were presented in random order, in
ratio sizes varying from 5 dots:6 dots to 9 dots:10 dots. Like the pitch test, the test of number
acuity was completed with the assistance of an experimenter in the PWS cohort and with printed
instructions on a computer in the typically developing cohort. For both cohorts, the
experimenter was unable to see the subjects’ computer screens during the test of number acuity
and thus was unaware of the correct answer and unable to influence subjects’” accuracy.

The test of receptive vocabulary was administered according to the instructions provided,
but on paper with the assistance of an experimenter for subjects with PWS and on a computer

for typically developing subjects. During the testing of the PWS cohort, the experimenter was
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always aware of the subject’s accuracy, to adapt the length of the test in real time (in keeping
with the design of the test of receptive vocabulary). Because the test is age-standardized in
typically developing populations, not in populations with developmental disabilities, we followed
the test authors’ recommendations to conduct analyses only on raw test scores (i.e., the total
number of correct answers after a baseline criterion set was achieved, stopping when

performance was at chance level®).

ANALYSIS STRATEGY

Statistical analyses were conducted in Stata. For all three types of outcome measures (motion,
heart rate, and pitch-perception skill), we used linear regression to examine the relation
between cohort and the outcome measure in question. For motion and heart rate analyses, no
covariates were used, but for pitch-perception analyses, we included scores on other cognitive
tests as covariates (see the Results section; this decision was made before data analysis began).
All regressions were bootstrapped with 40,000 replications and were stratified by cohort (PWS
cohort vs. typically developing cohort) so as to adjust for the cohorts’ different sizes. Last, to
ensure that no findings were attributable to the presence of influential observations, we

validated all findings with planned sensitivity analyses®’.

3.7 Results

ENGAGEMENT RESPONSE TO MUSIC

We computed a map of visual saliency®° for each frame of each subject’s video and computed
the absolute difference in total saliency from frame to frame as a measure of the amount of

motion, tracked at 10 Hz throughout the listening session (Figs. 3.2a, 3.2b, and 3.2c¢). All subjects’
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movement, normalized relative to the 10-s prestimulus period (as described in the Method
section), was reduced during music listening (M = -0.20, SD = 0.19, 95% Cl = [-0.24, —-0.16], in
units of standard deviations of change in saliency). The reduction in movement was significantly
different from zero, t(141) = 10.4, p < .0001. This is likely due to the fact that in the baseline
period, subjects sat in silence and were given no instruction, so subjects from both cohorts often
fidgeted and shifted in their seats. The comparison with baseline serves as a within-subjects
normalization to enable a direct comparison of the degree of motion across cohorts during
music listening.

People with PWS moved significantly more during music listening (M =—-0.11, SD = 0.30,
95% Cl = [-0.22, —0.02]) than did typically developing people (M =—-0.23, SD = 0.23, 95% Cl =
[-0.27, -0.19]), model x%(1) = 4.26, p = .039, R? = .034, B = 0.44 (Fig 3.3a; for detail on the choice
of regression models throughout the Results section, see the Analysis Strategy section).
However, this cohort difference was not present during speech recordings (PWS cohort: M =

—0.23,5D =0.22, 95% Cl = [-0.30, —0.15]; typically developing cohort: M =—-0.21, SD =0.21, 95%
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Figure 3.3 Normalized motion while subjects (a) listened to spoken songs and (b) listened to sung songs. Results are shown separately
tor the typically developing cohort and the Prader-Willi syndrome (PWS) cohort. The violin plots depict kernel-density estimations of
the normalized motion values, averaged by subject. The horizontal lines indicate the group means. The shaded boxes depict the 95%
confi-dence intervals of the means. The circles show values for individual subjects and are jittered to avoid overlap.
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Cl =[-0.25, —0.17]; model %%(1) =0.12, p = .72 (Fig 3.3b), and the within-subjects difference in
motion between song and speech recordings also differed between the PWS cohort and the
typically-developing cohort, model ¥?(1) = 6.20, p =.013, R? = 0.05, B = 0.51. Sensitivity analyses
revealed one highly atypical observation in the PWS cohort that influenced results toward our
predicted effect. To reduce the influence of that observation, we Winsorized it; the analyses
presented earlier in this paragraph and in Figure 3.2 include the Winsorized observation.
Analyses using the original values were slightly weaker, but remained statistically significant.
To ensure that the automatic motion detection reflected engagement with music, as
opposed to fidgeting or otherwise unmeaningful motion, human coders who were unaware of
both our hypothesis and the motion findings reported in the preceding paragraphs viewed all
music trials from both the PWS and typically developing cohorts. For each trial, the coders
indicated whether the subject moved in a fashion suggesting engagement with music (e.g.,
swaying to the beat). Trials on which coders specified that such engagement occurred had
substantially higher automatically detected motion (M = 0.16, SD = 0.75, 95% Cl = [0.03, 0.30], in
units of absolute change in total saliency) than trials on which coders specified that no
engagement occurred (M =—0.24, SD = 0.39, 95% Cl = [-0.26, —0.21], independent-samples
t(134.5) =5.80, p <.0001, d = 0.84). Moreover, subjects with PWS were rated as moving in
response to music on a higher proportion of trials (M =.196, SD = .280, 95% Cl = [.105, .287])
than were typically developing subjects (M =.119, SD = .195, 95% Cl = [.085, .154]). This
comparison was weaker than the automated analysis, given the relatively coarse human-coded
measure: using a common analysis with relaxed assumptions, it trended toward significance,

independent-samples t(163) = 1.92, p = .057, but the result was weaker using a more
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conservative (but more strictly accurate) ordinal logistic regression, model x?(1) = 2.54, p = .11,
odds ratio = 1.74. (Note that the manually coded analysis includes all 39 subjects in the PWS
cohort, whereas the automatic motion-detection analysis was restricted to 36 subjects.)
Together, these results demonstrate that subjects with PWS displayed more music-specific

engagement than did typically developing subjects.

RELAXATION RESPONSES TO MUSIC

All subjects displayed a marked drop in heart rate (normalized relative to the 10-s prestimulus
period, as described in the Method section) after listening to singing (M = —0.55, SD = 0.67, 95%
Cl = [-0.60, —0.40], in units of standard deviations of heart rate). The change in heart rate was
significantly different from zero, t(171) = 10.1, p < .0001. This drop was significantly larger for the
PWS cohort (M =-0.72, SD = 0.67, 95% Cl = [-0.97, —0.48]) than for the typically developing
cohort (M =-0.46, SD = 0.65, 95% Cl = [-0.56, —0.35]), model ¢*(1) = 4.19, p = .041, R* = 0.025, B
= 0.41 (Fig 3.4a); this analysis used the same regression approach as in the motion analyses. No
such difference in heart rate after listening to speech recordings was found between the PWS
cohort (M =-0.44, SD =0.75, 95% Cl = [-0.70, —0.18]) and the typically developing cohort (M =
—0.50, SD = 0.60, 95% Cl = [-0.60, —0.40]), model ¥*(1) = 0.17, p = .68 (Fig 3.4b). The within-
subjects difference in change in heart rate after song listening compared with after speech
listening differed significantly between the PWS and typically developing cohorts, model x?(1) =
3.19, p = .037 (one-tailed), R? = .02, B = 0.43. Sensitivity analyses revealed no atypical
observations. Thus, subjects with PWS displayed an increased relaxation response after listening

to music, but not after listening to highly similar nonmusical auditory stimuli.
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Figure 3.4 Normalized heart rate after subjects (a) listened to spoken songs and (b) listened to sung songs. Results are shown
separately for the typically developing cohort and the Prader-Willi syndrome (PWS) cohort. Heart rate values were normalized relative
to the 10 s before each trial, as in the motion analyses; lower values thus indicate larger reductions in heart rate. The violin plots
depict kernel densily estimations of the normalized heart rate values, averaged by subject. The horizontal lines indicate the group
means. The shaded boxes depict the 95% confidence intervals of the means. The circles show values for individual subjects and are

jittered to avoid overlap.

PREVALENCE OF TONE DEAFNESS
The mean proportion of correct answers on the pitch test was substantially lower in the PWS
cohort (M = .657, SD =.136, 95% Cl = [.612, .702]) than in the adults in the typically developing
cohort (M = .825, SD = .095, 95% Cl = [.817, .834]), model x?(1) = 70.3, p <.0001, R? = .339, B =
1.73, but reviews of medical charts revealed no known hearing impairments in the PWS cohort,
and they performed well above chance, t(36) = 7.05, p < .0001 (comparison with a proportion
correct of .5).

However, performance on both nonmusical cognitive tests was also lower for the PWS
cohort compared with adults in the typically developing cohort. Specifically, for receptive
vocabulary, the raw scores for the PWS cohort (M = 167, SD = 29, 95% Cl = [158, 177]) were

lower than those for the adults in the typically developing cohort (M =212, SD =6.62, 95% Cl =
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[211, 212]), model ¥?(1) = 87.5, p <.0001, R? = .606, B = 2.28. For Panamath approximate
number acuity, the proportion correct was lower for the PWS cohort (M = .661, SD = .131, 95%
Cl =[.618, .705]) than for the adults in the typically developing cohort (M = .892, SD = .079, 95%
Cl =[.882,.902]), model x2(1) = 114, p <.0001, R? = .442, B = 1.97.

Consequently, we tested an additional group of typically developing children (age range =
5-17 years; n = 188) with the same measures to assess the degree to which low performance on
the pitch test was attributable to general cognitive deficits in the PWS cohort. This new group’s
scores for receptive vocabulary (M = 173, SD = 28.5, 95% Cl = [169, 177]) were comparable with
those of the PWS cohort (M = 167, SD = 29.1, 95% Cl = [158, 177]), model x?(1) = 1.32, p = .251.
However, on the pitch test, the proportion correct for the PWS cohort (M = .657, SD = .136, 95%
Cl =[.612,.702]) was substantially lower than that of the typically developing children (M = .800,
SD =.104, 95% Cl = [.784, .815]), model x*(1) = 37.6, p <.0001, R? =.191, B = 1.17. This result
held after we included receptive vocabulary score as a covariate (Fig 3.5a), x%(2) =103, p <
.0001, R? = .347. In this model, PWS was associated with an average reduction of 1.07 SD in
performance on the pitch test, Wald (1) = 39.5, p < .0001. In this analysis, the five lowest
scores on the test of receptive vocabulary among the typically developing children were
clustered in an atypical fashion compared with the 183 other subjects in the typically developing
cohort. This atypical cluster reduced fit in the overall model by 9.8%; given the large size of the
typically developing cohort, we opted to remove the data for these 5 subjects from the analyses
reported earlier in this paragraph and shown in Figure 3.5 instead of Winsorizing them?’. Models

retaining the original values were statistically significant.
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We also compared the pitch-test performance of the PWS cohort with that of a
subsample of typically developing children (n = 46; mean age = 7.05 years, SD = 1.03, range =
5.16—-8.53 years). The subsample was of the lowest-performing typically developing children on
the approximate-number-acuity task, such that their scores (M = .690, SD = .120, 95% Cl = [.654,
.725]) were comparable with those of the PWS cohort (M = .661, SD =.131, 95% Cl = [.618,
.705]), model x2(1) = 1.06, p = .303. This comparison is particularly informative, because we built
the test of number acuity to match the structure of the pitch test (e.g., with three reference
arrays and a comparison-test array; see the Method section). Here again, the PWS cohort scored
significantly lower on the pitch test (M = .657, SD = .136, 95% Cl = [.612, .702]) than did these

typically developing children (M =.744, SD = .129, 95% Cl = [.706, .782]), model x%(1) = 8.93,
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Figure 3.5 Scatterplots showing the relation between performance on the pitch test and (a) receptive-vocabulary score and (h)
approximate-number-system acuity in the Prader-Willi syndrome (PWS) cohort (red dots) and two cohorts of typically developing
children (blue dots). The graphed lines indicate the predicted values for each group, derived from a bootstrapped multiple regression with
stratified resampling; the shaded areas above and below the lines indicate the bootstrapped 95% confidence bands for each regression.
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p =.0028, R? =.099, B = 0.63 (Fig 3.5b). This result held when we included number acuity as a
covariate (Fig 3.5b), model x?(2) = 27.6, p <.0001, R? =.199. In this model, PWS was associated
with an average reduction of 0.56 SD in performance on the pitch test, Wald ¥?(1) =7.22, p =
.007. Sensitivity analyses revealed no atypical observations.

Finally, the results of a multiple regression comparing performance on the pitch test
between the full cohort of typically developing children and the PWS cohort, adjusted for
performance on both of the nonmusical cognitive tests, was significant, model x?(3) =90.9, p <
.0001, R? = .328; PWS was associated with an average reduction of 0.99 SD in performance on
the pitch test, Wald ¥?(1) = 23.2, p < .0001.

Together, these results suggest that the reduction in pitch-perception ability associated
with PWS was not fully accounted for by receptive-vocabulary level or by numerical ability, as
assessed using methods highly similar to those of the pitch test. Moreover, the relation between
our pitch test and a standardized measure of tone deafness in a validation sample (see the

Method section) suggests that PWS is associated with increased prevalence of tone deafness.

3.8 Discussion

People with PWS showed increased engagement (more motion) during music listening and
increased relaxation (lower heart rate) after music listening, along with reduced pitch-perception
ability. This confirms a key theoretical prediction concerning the evolution of infant-directed
song!®; engagement and relaxation effects are interpretable as traits that decrease demand for
music, such that the same amount of song produces larger effects in subjects with PWS than in

typically developing subjects. Reduced pitch-perception ability has a more speculative
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interpretation: Infants with less sensitivity to pitch may be less choosy about the quality of the
singing required to elicit a calming response, further reducing demands for parental investment.
Together, these effects implicate intragenomic conflict in the psychology of music.

Given the association between tone deafness and self-reports of overt musical behaviors
and of skill in music performance33, future research aimed at fully characterizing the range of
music perception deficits in people with PWS should include tests of music production in
addition to pitch-perception and rhythm-perception tests. Indeed, in the course of this work, we
obtained several anecdotal reports of poor music performance skill in people with PWS.

Examination of larger cohorts of people with PWS will enable tests of musical response
and ability across the three forms of PWS, which will help to determine linkages between
musicality and specific imprinted genes in PWS. Moreover, demonstrating a converse effect in a
population with a disorder of paternally derived expression, especially Angelman syndrome,
would offer strong support for the role of intragenomic conflict in the evolution of infant-
directed song. Future work using the same methods to test musical response and perception in
people with nonimprinted genomic disorders (e.g., Down syndrome) would also help to
determine the specificity of the effects seen in PWS. In particular, this would help to determine
the robustness and specificity of the deficit of pitch perception.

If music effectively increases relaxation in people with PWS, then clinicians, educators,
and families may want to incorporate more music into their behavioral management and care. In
health-care settings, listening to music improves well-being in typically developing people®, and
it may be particularly well suited to the treatment of people with PWS, especially considering the

need for interventions addressing aggressive and violent behavioral outbursts®®. A more

70



complete understanding of the ultimate mechanisms responsible for music’s effects on arousal
and behavior will provide a basis for developing evidence-based music therapies grounded in

basic science.
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3.10 Abstract

Among the many ways in which music is used worldwide®?, one that appears to be universal is a
parent singing to an infant®*. Mehr and Krasnow proposed that the use of infant-directed song
to calm infants functions as an honest signal of parental attention, subject to the dynamics of
parent-offspring conflict, and that natural selection has shaped parent and infant minds
accordingly®. On this account, people with genomic imprinting disorders are expected to show
altered responses to music, because their behavioral phenotypes are associated with decreased
demands for parental investment (as in Prader-Willi syndrome, PWS) or increased demands for
parental investment (as in Angelman syndrome, AS). We previously showed that PWS is
associated with altered responses to music listening and altered music perception ability,
consistent with the first prediction®. Here, we test the second prediction by investigating
whether AS is associated with altered responses to music that lead to increased demands for
parental investment. Our findings suggest that individuals with AS respond in line with
predictions made by parent-offspring conflict theory, supporting the theory that music evolved

as a mediator of parent-offspring conflict for attention. These papers represent some of the first
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experimental applications of the kinship theory of genomic imprinting to the psychological

domain. Both evolutionary and clinical conclusions are discussed.

3.11 Introduction

Parent-offspring conflict arises due to the genetic differences between parent and offspring’.
From the perspective of a given gene in a parent, all offspring are equally likely to have inherited
copies of that gene. Thus, to maximize its fitness, a gene in the parent should ‘prefer’ an optimal
division of investment across offspring. By contrast, from the perspective of a given gene in an
offspring, it is definitely present in that offspring but has only a chance of being present in
siblings. Therefore, to maximize its fitness, a given gene in an individual offspring has been
selected to demand more than its ‘fair’ share of parental resources. Classically, this model of
parent-offspring conflict has been applied to conflicts over material resources, such as age at
weaning and infant demand for nursing®, but recent work suggests that parental attention could
also be a resource over which parents and children have conflicting interests.

Human infants are born relatively altricial, relying heavily on parents for the provision of
food and safety. In order to access these resources, a child must be able to attract their parents’
attention. Importantly, attention is a limited resource, as attention spent on one offspring
cannot be equally spent on another offspring or on the parents’ other tasks (such as
reproductive efforts). Given conflicting interests over the optimal amount of investment a parent
should deliver to a given offspring, infants should demand more attention than would be optimal
for the parent to provide. Any trait that would allow a parent to satisfy infant demands more

efficiently would be advantageous for the parents, allowing them to spend attentional resources

75



elsewhere. Over generations, infants who are better able to calibrate to the new parental
strategy would have an evolutionary advantage, leading to increased offspring demands for
attention. In turn, this would put pressure on parents to amplify the technology to better satisfy
this new level of demand.

Mehr and Krasnow® propose that infant-directed song (IDS) is the result of this arms-race
over the optimal provision of attentional investment, with infants evolving an appetite for
parental attention and parents evolving the motivation and capability to provide IDS as a signal
of their attention. They argue that IDS is a good signal of attention, thus a likely target of this
arms-race co-evolution, because it can signal attention in the absence of vision, honestly signals
the singer’s proximity and orientation, and is incompatible with other activities that would
demand attention®. Insofar as IDS is used to signal parental attention to offspring, it is plausible
that IDS evolved as an adaptation to mediate offspring demands of parental attentional
resources.

At present, three convergent forms of evidence support this proposal. First, infant-
directed song is used universally across cultures®*. Second, infant studies suggest that IDS is
more effective in delaying distress and inducing recovery than infant-directed speech®.
Clinically, parents report using singing to their infants and children frequently**?, and
encouraging maternal singing is commonly used in neonatal interventions?®3.

A third form of evidence supporting this proposal requires some explanation of
the phenomenon of genomic imprinting, where a gene differs in its expression depending on the
sex of the parent from whom it was inherited. The aforementioned clinical and anthropological

data existed prior to the current theory, and more convincing evidence for the evolution of IDS
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would come from using the theory to predict novel findings. One unique prediction concerns
genomic imprinting. In order to assert our claim that IDS is an evolved adaptation to mediate
infant attentional demands, we would expect to see differences in the musical phenotypes of
individuals with disorders of genomic imprinting, consistent with the disease phenotypes in
other domains.

As previously stated, genomic imprinting describes a phenomenon in which a gene differs
in its expression depending on the sex of the parent from whom it was inherited. The prevailing
theory to explain the evolution of these unique traits is David Haig’s kinship theory of genomic
imprinting**. Because one’s paternally derived alleles and maternally derived alleles are not
equally likely to be found across all relatives, natural selection will have favored differing optimal
levels of expression for alleles that are involved with resource acquisition. For instance,
paternally derived alleles are less likely to be present in mother (or maternal relatives) than are
maternally derived alleles. Therefore they have been selected to demand a higher level of
maternal investment for the offspring in which they are found*>. By contrast, a maternally
derived allele would benefit from demanding fewer resources from mother, thereby optimizing
its propagation by increasing overall maternal reproductive output. Evidence for this theory has
been found in plants®>*®, social insects'’, mice and other mammals*¥=2°, and humans?-2°,

Imprinting disorders — syndromes that result from atypical inheritance or expression of
typically imprinted genes — result in phenotypes consistent with atypical parental demands, and
serve as a model for examining traits related to parent-offspring conflict in humans®2>27.28_|f IDS
evolved in humans as a result of parent-offspring conflict over attentional investment, we would

be able to apply the predictions of the kinship theory of genomic imprinting to the evolution of
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IDS in the same way in which it is applied to other domains: people with imprinting disorders
may display modified parental demands through their responses to song.

Evidence from our previous work offers some support for this claim by examining musical
responses in young adults with Prader-Willi syndrome (PWS). PWS is a genetic disorder whereby
individuals only express the maternally inherited component of chromosome 15, the symptoms
of which are characteristic of reduced demands for parental investment®242>27_|n our previous
study, individuals with PWS showed different responses to music than did typically developing
adults®. Relative to the typically developing control group, individuals with PWS showed an
enhanced relaxation response (decrease in heart rate) to musical stimuli. This was interpreted as
a reduction in demand for attention, as the relaxation response suggested satiation to a given
musical attention cue (i.e. easier to satiate their attentional demands). While these results offers
preliminary evidence in support of the theory, the results presented in that paper do not offer
the specificity required to support the parent-of-origin effect on music perception. The existing
findings are also consistent with the plausible alternative hypothesis that chromosomal
abnormalities can result in changes to typical music perception that have nothing to do with
parent-of-origin effects or parent-offspring conflict.

In order to demonstrate a bi-directional effect of maternal and paternal demands, we
can compare groups missing maternally-expressed genes (MEGs) and those missing paternally-
expressed genes (PEGs) at the same region. This is because effects found in only one of these
two groups could be consistent both with bona fide effects of parent-of-origin effects and with a
plausible alternative hypothesis that chromosomal abnormalities alter behavior in ways that

have nothing to do with parent-of-origin effects. As PWS results from a lack of PEGs on
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chromosome 15q11-132°, we contrasted those results with data from individuals lacking MEGs at
the same location, a disorder known as Angelman syndrome (AS)3°. Because of the reciprocal
nature of their genetic etiology, PWS and AS are often termed “sister disorders”3?, though the
phenotypes they present are almost entirely different. While AS is typically associated with
hyperactivity3?, vastly reduced sleep in infancy and significant cognitive delays?3, people with
PWS demonstrate a more complex symptom profile, including hypersomnelence, hypotonia, and
an overall lack of social engagement®3=3>. Many of these symptoms are predicted by the kinship
theory of genomic imprinting®*273®, thereby making AS a prime candidate for our study in order
to compare outcomes against our previous results. Comparing results for these two groups
would allow us to investigate the hypothesis that parent-offspring conflict over resources in the
physical sense is also applicable to the psychological domain, as measured by alterations in
attentional demands.

In addition to the MEG-lacking imprinting disorder (AS) group, we also tested an
additional non-imprinted control group of children with Down syndrome (DS), a genetic disorder
resulting from trisomy of chromosome 2137. DS is a particularly relevant control condition in this
case because, although the disorder stems from atypical genetics, it is not a disorder of genomic
imprinting. Moreover, people with DS are cognitively similar to those with PWS, and are
therefore often used in the literature as a comparison group for social and cognitive
measures®®38, The current experimental design allows us to thoroughly assess the prediction
that IDS evolved as an adaptation to mediate offspring demands of parental attentional

resources.
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3.12 Methods

PARTICIPANTS

This research was approved by the Committee on the Use of Human Subjects in Research at
Harvard University. Participants with Angelman syndrome (AS) were recruited through the
Angelman Syndrome Foundation, a national organization focused on advancing the awareness
and treatment of AS, as well as Dr. Logan Wink’s clinic at Cincinnati Children’s Hospital, which
specializes in working with individuals with AS. Clinical characterization of participants with AS
was confirmed via copies of genetic testing conducted as part of the participants’ normal
treatment regimen. Participants with Down syndrome (DS) were recruited through the
Massachusetts Down Syndrome Congress, a local organization connecting people with DS and
their families to researchers and providers across the state, as well as through the LABBB
Collaborative, an educational program in Massachusetts specializing in special-needs students.
Data from participants in both cohorts were collected on-site, either at our facility on Harvard
University campus, at LABBB'’s high school campus, or at the Cincinnati Children’s Hospital with a
mobile laboratory. All participants were provided with small gifts in exchange for their

participation.

SAMPLES

Data reported here were gathered from 28 people with AS (11 female, age in years: M = 13.1, SD
=9.09, range: 2.10-34.0) and 28 individuals with DS (11 female, age in years: M =12.7, SD=8.7,
range: 1.0-30.7). To obtain this cohort, we recruited 38 participants with AS and 35 participants
with DS, but excluded 10 from the AS cohort and 7 from the DS cohort who chose not to remain

in the study before data collection was completed. After collecting the data, we removed an
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additional 7 participants from the AS group and 2 participants from the DS group who moved

throughout the experiment, making it impossible to record heart rate data.

The rarity of AS and the difficulty of psychophysiological testing in this population precluded us
from determining a fixed sample size before conducting the experiments. We did not use any
stopping rule based on ongoing analysis of data; rather, we tested the maximum number of
participants with AS who were available and sought to match that number with the DS sample (a
disorder that is more common in the population).

We tested children and adults, as opposed to infants, because although the musical
effects we predict are targeted toward infancy, they likely persist through childhood and
adulthood®. As opposed to many other infant-specific adaptations which become maladaptive
later in life, a response to infant-directed song is unlikely to be under negative selection pressure
later in development (see discussion in Mehr & Krasnow?). Further, the rarity of AS, which occurs
in approximately 1/10,000— 1/15,000 births®® and which is often undiagnosed until late infancy,
makes the testing of infants prohibitively difficult. Therefore, while we focused our recruitment
efforts towards younger individuals, we tested individuals of all ages who could provide genetic

testing confirming the molecular origins of their AS diagnosis.

LISTENING SESSION

Methods were identical to Mehr, Kotler, Howard, Haig & Krasnow® except as noted below. As
before, participants listened to a series of high-fidelity recordings of a female vocalist singing or
speaking lyrics to 12 songs. Participants listened to one of four counterbalanced sets of songs, to

balance the number of sung vs. spoken, lullaby vs. play song vs. adult-directed song, and familiar
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vs. unfamiliar stimuli. Songs were presented in random order, with 10 seconds of silence before
and after each song. At the end of the 12 trials, the experimenter asked the participant to report
whether each song was familiar [yes, no, unsure], and whether or not the participant enjoyed it
[disliked, just OK, liked]. In cases where the participants were too young or cognitively delayed to
respond to our questions, the caregiver answered these questions in their stead. Participants
were seated either alone or with a caregiver, at the participant’s discretion. All participants sat
such that that the position of the participant’s head was approximately centered between two
powered speakers (M-Audio AV40, placed on IsoAcoustics isolation stands, and driven by a
Focusrite Forte audio interface). While participants were free to move around the testing space,
caregivers were instructed to encourage the participants to stay centered in front of the
speakers as much as possible. Any caregiver who accompanied the participant into the room was
provided with classical music played over noise-cancelling headphones (KAT Percussion KTUI26)
to ensure that they were unable to hear and respond to the experimental tracks being played to

the participant.

PHYSIOLOGICAL MONITORING

We measured heart rate using the Empatica E4, a physiological monitoring device that yields
clinical-grade heart rate via photoplethysmography measured at 64Hz from a wristband*°. All but
one participant with AS tolerated this device. Inter-beat intervals were computed by Empatica's
proprietary algorithm, which automatically imputes missing data from the photoplethysmograph
signal and corrects for motion artifacts. Participants wore one device either on each ankle or
each wrist (at the participant’s discretion), wrapped in physiotherapy tape to discourage them

from tampering with the devices. Because the measure of interest was the change in heart rate
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from before music listening to after music listening, we normalized heart rate values in the 10-
second post-stimulus period to the 10-second pre-stimulus period from the same trial. Scores
were then interpreted as standard-deviation changes in heart rate as a result of listening to the
stimulus (see Mehr et al., 2017).

Heart rate data were missing more often in some participants than in others, because the
quality of the physiological monitor's signal was variable across participants. This necessitated
data cleaning. We did so with two methods. First, to ensure that standardized heart rate values
were meaningful, data from post-stimulus periods where fewer than 5 heart rate observations
were present in the pre-stimulus period were dropped, on the assumption that computing a
standardized score with fewer than 5 observations would not yield a reliable estimate of the
variance to make the standardized score interpretable. This cleaning reduced the sample by
3 participants in the AS cohort (2 for the speech condition and 1 for the speaking condition) and
2 participants in the DS cohort (across both conditions). Second, we trimmed the raw dataset
(i.e., before collapsing heart rate data across music vs. speech trials within each participant),
removing all observations with |z| > 5, to reduce the impact of extreme values. These data
cleaning methods are identical to those used in Mehr et al (2017). All heart rate measures that
we undertook are within-subjects; that is, comparing average heart rate during a given interval
to an immediately prior baseline interval for the same subject. This approach helps to rule out

cohort-level bias toward or against our hypotheses.
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ANALYSIS STRATEGY

Statistical analyses were conducted in Stata. We used t tests and linear regression to examine
the relation between cohort and heart rate. All regressions were bootstrapped with 40,000
replications, stratified by cohort so as to adjust for the cohorts’ different sizes. Last, to ensure
that no findings were attributable to the presence of influential observations, we validated all

findings with planned sensitivity analyses**.

3.13 Results
Throughout this section we analyze data from the AS and DS cohorts in conjunction with prior
data in PWS and typically-developing participants; those data are taken from our previous work

in these cohorts® and are publicly available at http://osf.io/gzyth.

Heart Rate Differences Post-Speech vs Post-Song
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Figure 3.6 Comparisons of standardized heart rate differences post-speech stimuli (blue),
post-song stimuli (red), and estimated mean cohort heart rate response to music listening
adjusted for the response to speech listening (beige) across the 4 cohorts. The AS group
shows no significant relaxation response across conditions, whereas the DS group responds
similarly to the TD and PWS groups in response to both speech and music.
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ANGELMAN SYNDROME

In sharp contrast to both typically-developing people and people with PWS, participants with AS
did not show any significant change in heart rate after listening to songs (Fig 3.6; M =-0.11, SD =
-.11, 95% Cl = [-0.34, -.12]; comparison to 0: t(26) = 0.98, p = 0.34; these and the below values
are reported in z-scores, normalized relative to the 10 second prestimulus period, see Methods).
In our previous work, we found much larger changes in heart rate after listening to songs in both
typically-developing people (M =-0.46, SD = 0.65, 95% Cl = [-0.56, -0.35]) and people with PWS
(M =-0.72,SD=0.67, 95% Cl = [-0.97, -0.48]).* When compared directly to the results in AS,
these negative changes in heart rate are significantly larger in both cohorts (comparison
between AS and typically-developing cohorts: Satterthwaite’s t(39.0) = 2.74, p = .009; between
AS and PWS cohorts: Satterthwaite’s t(56.0) = 3.70, p = .0005). These results confirm the
predictions laid out in the Introduction.

A comparable pattern of results was found in heart rate responses after listening to
speech: participants with AS showed no significant change in heart rate (Figure 1; M =0.03, SD =
0.57,95% Cl = [-0.21, 0.26]). Compared to our previous cohorts, this level of heart rate response
was significantly less than both typically-developing people (M =-0.44, SD = 0.75, 95% Cl = [-
0.70, -0.18]; Satterthwaite’s t(33.8) = 4.19, p = .0002) and people with PWS (M =-0.50, SD =
0.60, 95% ClI = [-0.60, -0.40]; Satterthwaite’s t(56.9) = 2.72, p = .009).

Because the pattern of heart rate responses in AS was similar across music and speech
listening — in contrast to the previous results in PWS, which were only found after music listening
—we proceeded with a multiple regression analysis in order to estimate whether there were

cohort-level differences in within-subjects’ change in heart rate after song listening vs. speech
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listening. Combining datasets across the present and previous results, these measures,
unsurprisingly, were significantly correlated (r =.33, p <.0001, N = 195). That is, participants who
responded more to song also responded more to speech. Thus, we proceeded with the
regression analysis and used it to compare estimates of cohort differences in heart rate response
after music listening, adjusting for heart rate response after speech listening. The regression was
bootstrapped with 40,000 replications that were stratified by cohort (AS, PWS, or typically-
developing), because the total number of observations per cohort varied (AS N = 24; PWS N = 31;
typically-developing N = 140). For simple interpretation, we used a non-constant model
predicting normalized heart rate after song listening from indicator variables for the three
cohorts, as well as the normalized heart rate after speech listening. The coefficients for each
indicator variable are thus interpretable as the estimated mean cohort heart rate response to
music listening, adjusting for the response to speech listening.

The results showed clear differences among the three cohorts in adjusted heart rate
responses to music listening (Fig 3.6). The model was significant (Wald x?(4) = 131.8, R* = .436, p
=1.60 x 10?7) with cohort-level effects following the same pattern as the raw comparisons
reported above: the AS cohort had no estimated change in heart rate following song listening (6
=0.02,z=0.20, p = .840), the typically-developing cohort had a moderate, negative estimated
change in heart rate (6 =-0.32, z=4.69, p = 1.37 x 107°), and the PWS cohort had a stronger,
negative estimated change in heart rate (6 =-0.58, z=4.79, p = 8.34 x 10%). Linear
combinations confirmed that the estimated heart rate after song listening in AS was significantly

higher than both the typically-developing
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cohort (B4if = 0.34, 95% Cl =[0.13, 0.56], z=3.11, p = .0018) and the PWS cohort (84iff = 0.60,
95% Cl =[0.31, 0.89], z=4.03, p = .00005).

In sum, not only is AS associated with a pattern of heart rate responses to music that is
different than both typically-developing people and people with PWS, but the pattern of
responses is not attributable to some general difference in heart rate response to stimuli. That is,
after adjusting for heart rate responses to speech, we found effects that are uniquely associated

with music listening.

DOWN SYNDROME

The DS group performed more similarly to the typically-developing (TD) and PWS groups in
response to both speech and music stimuli, showing a reduction in heart rate in both conditions
(singing: N = 25, M = -.60, SD = .66, 95% Cl = [-.87, -.32]; speech: N = 22, M = -.43, SD = .63, 95%
Cl =[-.70, -.15]. However, like the TD group but unlike the PWS group, we found no significant
within-subject differences between responses to speech and musical stimuli (N =21, M =-.24,
SD =.16, 95% Cl = [-.57, 0.09]). When including all four diagnostic groups in the linear model
described previously, we see that there is no significant difference between the responses from
the DS group and the TD participants (Bqirf = -.20, 95% Cl = [-.50, .09], z =-1.37, p = .170), or the
DS group and the PWS cohort (84iff = -.06, 95% Cl = [-.40,.29], z=-0.31, p = .757).

In summary, the DS group demonstrated a heart rate decrease to both speech and music
in a comparable fashion to the TD group. Importantly, there was significant variation within the
DS group, limiting our confidence in these results. Nevertheless, given the current findings, the
DS participants showed a relatively higher relaxation response than the AS group, falling

somewhere between the TD and PWS cohorts (Fig 3.6).
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3.14 Discussion

While music is largely believed to be a human universal, evolutionary theorists are beginning to
develop more substantive theories on the origins of music in human societies®. Here, music is
predicted to have evolved as a result of parent-offspring conflict, with music acting as an honest
signal to the child of parental attention. One of the clear predictions made by this theory is that
we would expect children with imprinting disorders to have varying physiological responses to
music listening relative to typically developing individuals, but not in response to hearing human
speech. Our previous study suggested this might be the case, by showing that, while both TD and
PWS individuals showed a drop in heart rate (HR) after song and after speech, the PWS group
showed a relatively larger drop after song. We proposed that this is an indicator of an increased
relaxation response after music in folks with PWS, a disorder whose symptoms are associated
with decreased parental demands in other domains. Our results strengthen those conclusions;
people with PWS are relatively easier to satiate per unit of attentional investment.

To accurately test these results, it was necessary to compare them with responses from
groups whose genetic syndrome is associated with increased parental demands across domains.
In this study, we show that, like the typically developing group but unlike individuals with PWS,
there is no difference whatsoever in change of heart rate after song versus speech in the AS
group. However, unlike both the typically developing individuals and the PWS participants, the
AS group does not show a significant drop in HR after listening to singing. These results show

that, on average, individuals with AS show no response to either audio stimulus. Under the
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parent-offspring conflict theory for evolution of song in humans, this suggests that individuals
with AS are showing no relaxation response to either forms of attentional investment. This is
exactly what we would expect given their phenotypes in other arenas (e.g. feeding, energetic
and growth?>4243) The responses of participants with AS indicate an inability to be satiated for a
given unit of parental attentional investment.

To the best of our knowledge, the current study is the first to measure physiological
responses to audio stimuli in individuals with AS, and the second to conduct these
measurements in individuals with genomic imprinting disorders of any kind. While it presents
methodological, theoretical and clinical advancements, it is not without its shortcomings. First,
the group size in the AS condition was small relative to the PWS and typically developing groups.
However, these sample sizes are significant relative to other experimental measures with the AS
population3®44,

While we began a preliminary analysis of a non-imprinting population (DS), extending the
comparisons to include more individuals with non-imprinted genetic disorders provided an
additional degree of certainty that the differences we see between the PWS and AS groups are
due to the parent-of-origin effects associated with these disorders, rather than spurious side
effects of major chromosomal deficiencies. The data presented here suggest that, as predicted
by kinship theory, the DS group appears to be largely similar to the TD group relative to either of
the genomic imprinting conditions. However, the significant variance of the DS group makes it
difficult to draw confident conclusions. Future research in this area should continue to consider
non-imprinted non-typical populations as a relevant control group.

These results are significant for what they indicate about human cultural and biological
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evolution, but they also have application value to the medical field. Music therapy is a commonly
applied treatment for a range of disorders, from cancer to autism*~*’. Music therapy has also
been specifically applied to children and young adults with imprinting disorders, to help with
both physical and behavioral/psychological symptoms*®4°. Basic research into these disorders as
presented here allows educators and parents to have a deeper understanding of physiological
and psychological profiles of these rare disorders, which in turn will impact the range of
supportive and educational services available to families and educators>.

While music has a variety of clinical applications, knowing that the same musical stimuli
may have differing physiological outcomes for individuals with different disorders can be
invaluable in achieving the most successful therapeutic outcomes. For example, understanding
the relaxation effects produced by song in individuals with PWS may allow parents and educators
to employ this technigque as a calming mechanism, as teenagers with PWS are prone to
behavioral outbursts3®. By contrast, while AS is sometimes treated as similar to autism, it may
advance medical and therapeutic understanding to know that music has no significant relaxation
effect for individuals with AS. It is also important for parents to understand these results, as it
will help prepare them with realistic expectations for the efficacy of music therapy in treating
certain aspects of the syndrome, especially those to do with hyperactivity and insomnia. By
contrast, music therapy can also be used to increase engagement, for example in the context of
physical or speech therapy!. These findings suggest that application of music therapy to the AS

population could be more successful in these arenas.
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3.15 Conclusion

This study is both relevant to basic evolutionary theory and has potential to lay scientific
groundwork for musical therapy interventions in the future. Music has important but variable
effects on folks with various genetic conditions. By understanding how evolutionary theory
impacts our predictions of imprinting disorders we can fine-tune our clinical offerings. The
application of evolutionary theory to medical questions informs therapeutic practices in these
(and potentially other) disorders, ultimately leading us towards the most successful clinical
outcomes. Furthering our understanding of the effects of musical engagement in individuals with
rare disorders will aid healthcare and education professionals to apply musical therapies in the
most targeted way possible.

The results presented in Chapter 3 offer the most robust support for the parent-offspring
conflict theory as applied to the evolution of human song. Individuals with genetic disorders that
result in symptoms of altered parental demands in physical domains show the same
directionality of symptoms in response to human song. This suggests that infant-directed song
may be thought of as an attentional resource over which parents and offspring negotiate,

potentially motivating other related adaptations in the psychological domain.
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4

THE TEMPO OF HUMAN CHILDHOOD: A MATERNAL FOOT ON THE ACCELERATOR, A PATERNAL
FOOT ON THE BRAKE

Co-Author: David Haig

Published: Evolutionary Anthropology (April 2018)

4.1 Abstract

Relative to other great apes, human life-history is characterized by early weaning and short
interbirth intervals (IBls). Weaning in great apes is accompanied by a rise of adrenal androgens. A
similar rise of adrenal androgens in human development (adrenarche) occurs at 5-8 years,
roughly one IBI after children are weaned. We propose that birth until adrenarche in modern
humans corresponds developmentally to the period from birth until weaning in great apes and
ancestral hominins. Under this hypothesis, humans achieved short IBls by subdividing ancestral
infancy into a nurseling phase (offspring fed at the breast) and a weanling phase (offspring fed
specially prepared foods). Imprinted genes influence the timing of human weaning and
adrenarche, with paternally-expressed genes promoting delays in childhood maturation and
maternally-expressed genes promoting accelerated maturation. These observations suggest that
the tempo of human development has been shaped by consequences for the fitness of kin, with
faster development increasing maternal fitness at a cost to child fitness. Mutations in two
paternally-expressed imprinted genes, MKRN3 and DLK1, have recently been identified as causes
of precocious puberty. These effects of imprinted genes suggest that the duration of the juvenile
period (adrenarche until puberty) has also been shaped by evolutionary conflicts within the

family.
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4.2 Introduction
Theories of life-history evolution typically assume that natural selection maximizes an
individual’s fitness, but natural selection does not maximize individual fitness when individuals
interact with kin because one must also consider the effects of changes in an individual’s life
history on the fitness of relatives. If delayed maturation has costs to kin, then natural selection
would favor earlier maturation than would be predicted by considerations of individual fitness
alone. Conversely, if delayed maturation benefits kin at a cost to individual fitness, then natural
selection would favor later maturation than that which maximizes individual fitness. But one
cannot simply replace individual fitness with inclusive fitness and maximize the latter because
inclusive fitness is calculated differently for each member of the family. Consider the evolution of
interbirth intervals (IBIs); that is, how long a mother remains nonpregnant post-partum. A
mother’s lifetime fecundity (her number of surviving offspring) will have benefited from shorter
IBls than what would maximize each individual child’s chances of survival. Therefore, the
duration of postpartum infertility will have been evolutionarily contested, with infants evolving
to act in ways that marginally increase the time until the arrival of a younger sibling, for example
by increased intensity of suckling and increased waking at night?. Since actions of mothers and
infants both influence the duration of IBls, the evolutionary outcome of this conflict need not
maximize the inclusive fitness of either party. Similar conflicts exist over optimal birth weights?,
the tempo of childhood maturation, and optimal timing of puberty>#.

Inclusive fitness was classically defined as the property of an individual that was the target
of natural selection in interactions among relatives who share some of their genes but not

others. Intragenomic conflicts arise when the shared and non-shared fractions of interactants’
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genomes benefit from different outcomes of an interaction. In such cases, one can define
different inclusive fitnesses for different genes within a genome>. In particular, an individual’s
genes of maternal and paternal origin have different relatedness to matrilineal and patrilineal kin
and therefore have different genic fitnesses in interactions with these kin. This intragenomic
conflict is expressed in the phenomenon of genomic imprinting, whereby a gene is expressed
differently when inherited from mothers or fathers (Box 4.1).

Human childhood has been conceptually divided into three major phases of progressively
greater independence from adults*®=: a nurseling phase from birth to weaning; a weanling
phase from weaning to adrenarche; and a juvenile phase from adrenarche to gonadarche. In this
review, we will refer to offspring in the youngest category as ‘nurselings’ rather than ‘infants’
because we will argue that the definition of infancy in great apes (birth to weaning) corresponds
to the combined nurseling and weanling phases of humans. Similarly, we employ ‘weanling” in
preference to ‘toddler’ or ‘child’ because toddler is used for a narrower range of ages and child is
commonly used for the entire period from birth to adolescence. We review evidence for an
important role of imprinted genes in the timing of weaning, adrenarche, and gonadarche. These
effects of imprinted genes strongly suggest that the durations of nurseling, weanling, and
juvenile phases have been subject to intergenerational and intragenomic conflicts mediated by
costs and benefits for kin. Moreover, the direction of effects of maternally-expressed genes

(MEGs) and paternally-expressed genes (PEGs) provide clues about the nature of these

evolutionary trade-offs.
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Box 4.1: Genomic Imprinting

Genomic imprints mark the subset @

of genes whose expression depends

on the sex of the parent from whom

the gene was inherited. The imprint | |

is a record of a gene’s sex-of-origin

. _ . * *

in the previous generation.

Insulin-like growth factor 2

(IGF2) can serve as an example. _l —/
IGF2 is an autosomal gene that is
* *

expressed when inherited from an

individual’s father but not when
inherited from an individual’s
mother®. A differentially-

methylated region (DMR) associated Figure 4.5 Asterisks represent an inactivating mutation in imprinted

with /GF2 undergoes cytosine gene IGF2. In typically developing individuals, IGF2 is expressed only
methylation when it passes through  when inherited from the male parent. While the mutation can be
inherited from either parent, only individuals who inherit the
mutation from their fathers display the disease phenotype. Those
who receive the mutated IGF2 allele from their mothers express
The methylated or unmethylated only the non-mutant copy inherited from their fathers, and
state of the DMR is inherited by therefore show typical development.

offspring, is stably maintained in somatic cells, determines which copy of the gene is expressed, but

a male germline but not when it
passes through a female germline.

is reset in the offspring’s germ cells'®. Thus, the methylated DMR that an offspring inherits from its
father and the unmethylated DMR that the offspring inherits from its mother both become
demethylated in germ cells if the offspring is female, but both become methylated in germ cells if
the offspring is male.

Some consequences of genomic imprinting can be illustrated by a multigenerational family
that segregated for an inactivating mutation of /GF2 and for intrauterine growth retardation (Fig
4.5). Individuals who inherited the mutation from their mothers underwent normal fetal growth
because the mutant gene copy was silenced by imprinting, but the non-mutant copy inherited from
their fathers was expressed. By contrast, individuals who inherited the mutation from their fathers
suffered intrauterine growth retardation because their paternal gene copies were inactivated by
mutation and their maternal gene copies by their unmethylated DMRs.

Over 315 imprinted genes have been identified in the human genome, with effects in more
than 45 tissue types!®?. At first sight, the existence of imprinting poses an evolutionary puzzle
because the individual foregoes the advantages of having a back-up gene copy in case one gene copy
is mutated. What advantage to an imprinted gene could justify this cost given that an individual’s
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Box 4.1: Continued

maternal and paternal gene copies are equally likely to be transmitted to the individual’s
descendants? This paradox can be resolved by recognizing that a gene’s expression in one individual
can have fitness consequences for non-descendant kin with different probabilities of carrying copies
of the individual’s maternal and paternal alleles'?.

Hamilton’s Rule predicts that a behavior will be favored by natural selection if rB > C where B
is the benefit of the behavior to the recipient, Cis the cost of the behavior to the actor, and ris the
probability that a gene responsible for the actor’s behavior has an identical-by-descent copy in the
recipient. Consider a behavior performed by an offspring that provides benefit B to its mother at cost
Cto the offspring’s own fitness and that is caused by an imprinted maternally-expressed gene (MEG).
A MEG has effects only when inherited from mothers in which case rm = 1. Therefore, the behavior is
favored by natural selection if B > C. If (on the other hand) the behavior is caused by an imprinted
paternally-expressed gene (PEG), then the coefficient of relatedness of the child’s paternal gene to
the mother is r, = 0 and the costly behavior is opposed by natural selection, no matter how great the
benefit to the mother. An unimprinted gene is constrained to have the same effects when it is
inherited from mothers and fathers. Therefore, an unimprinted gene that causes offspring to perform
the behavior will be favored (on average) when rB > C where r = (rm + rp)/2 = %. Thus, Hamilton’s rule
has different forms for unimprinted genes, for MEGs, and for PEGs. For simplicity, our analysis in this
paragraph assumes that a benefit to the mother is not associated with an indirect benefit to the
offspring’s father as occurs when females have multiple offspring with the same partner. However,
relaxation of this assumption does not affect the qualitative predictions that MEGs of offspring should
reduce demands on mothers (or the mother’s kin) or increase demands on fathers (or the father’s
kin), whereas paternally-expressed genes (PEGs) of offspring are predicted to have the opposite
effects. As a corollary, effects of imprinted genes on a life-history trait provide strong evidence that
the trait has been subject to evolutionary conflicts within the family.

4.3 Human Childhood in Comparative Perspective

Eruption of the first permanent molar (M1) occurs around the age of weaning in many
primates'® but occurs well before weaning in great apes to accommodate an extended period in
which offspring consume solid food as well as milk!!. For example, M1 of orangutans erupts at 4
years but weaning occurs after 7 years. Humans are highly atypical: infants are weaned at 2—3
years but M1 does not emerge until 6 years or thereabouts*?. Thus, weaning has been

accelerated in the human lineage relative to our closest relatives but there has been no
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corresponding acceleration in the tempo of molar eruption. As a consequence, human weanlings
must subsist on specially-prepared foods because their deciduous dentition is unable to process

an adult diet!3.

Table 4.1: Data on age at adrenarche, weaning and average interbirth interval (IBl) for great apes. (All ages in
years). Adrenarche and weaning are aligned in each species with the exception of humans. These data suggest that
adrenarche may play a role in the preparation for behavioral independence at weaning in juvenile apes. The
separation of weaning and adrenarche in humans reduces the IBI, giving the human mother an opportunity to fit
two births into the IBI of other great apes.

Species Age at First Birth!'7  Age at Adrenarche Age at weaning Average IBI
Bonobos 14.2 5 4-5 4-6
Chimpanzee 133 5 5 5
Gorillas 10.0 5 3-4 3-4
Orangutans 15.6 8 7-8 7-8
Humans 19.5 5-8 2-3 3.718

Chimpanzees, gorillas and orangutans all nurse their infants until the offspring become
nutritionally and socially independent juveniles'* (Table 4.1). Thus, these mothers care
intensively for only one offspring at a time and their IBls approximate the age of juvenile
independence. The interpolation of a weanling phase into human life history, during which
weaned offspring subsist on a special diet, has been considered a key evolutionary innovation,
because it enabled short IBls to coexist with prolonged childhoods (Fig 4.1). However, this
innovation required that mothers, or their surrogates, simultaneously provision both a nurseling
with milk and a weanling with specially-prepared foods. Current estimates vary, but generally
caregivers begin to supplement a child’s diet around 18-months and continue to introduce foods
until roughly the age of adrenarche®. The standard interpretation of how this was possible is
that women had support from other group members, who contributed time and resources to

the care of mothers and their offspring?6:’.
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‘ milk ‘ supplemental foods

Figure 4.1 (a) The life history of an ancestral hominin female is proposed to resemble that of the other great
apes. A female nurses an infant until the offspring becomes quasi-independent after weaning (coinciding with
adrenarche). It is only after this child is capable of self-support that the female is able to nurse her next
offspring. (b) The modern human life history involves early weaning onto a supplemental diet before an
offspring is self-supporting, thus freeing the mother to be able to nurse a younger sibling. A mother may thus
be engaged in the intensive support of two offspring simultaneously, providing the younger with milk and the
elder with supplemental foods. In the stylized version of this life history, it is not until the elder child goes
through adrenarche, and the younger child is weaned, that the mother is free to nurse her next child. The
intensive pattern of reproduction by human females was made possible by other group members providing
the mother with nutritional support during child care.
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Box 4.2: Adrenarche

Androgen production by the adrenal cortex varies markedly with age. During pregnancy, the fetal
adrenal cortex is a major source of dehydroepiandrosterone (DHEA) and its sulfate (DHEAS). These
weakly androgenic steroids are aromatized by the placenta to estrogens that are secreted into the
maternal circulation. The ‘fetal zone’ of the adrenal cortex regresses soon after birth, with DHEAS
falling to undetectable levels in infants!®. Secretion of DHEA(S) resumes from the newly-differentiated
zona reticularis of the adrenal cortex later in childhood®*. DHEAS is detectable as early as three years
of age in some children!®1% with levels rising to a peak at 24—30 years, followed by a gradual decline
into old age!®’. The physiological functions of these long-term changes in adrenal androgens are poorly
understood.

Although low levels of adrenal androgens can be detected from as early as 3 years, adrenarche is
usually said to occur at 5—8 years when serum DHEAS reaches levels readily detectable using standard
techniques®®®. This increase of DHEAS in mid-childhood has been termed ‘biochemical adrenarche’
while outward signs of androgenic activity such as pubic and axillary hair, ‘adult’ body odor and oily
skin have been termed ‘clinical adrenarche’'®. The phenotypic manifestations of clinical adrenarche
are probably responses to the conversion of DHEA to more active androgens in target tissues*'°. DHEA
is also believed to have endocrine functions that are independent of its conversion to potent sex
steroids*!. Clinical adrenarche is described as premature if it occurs before 8 years in girls and 9 years
in boys!®. ‘Premature adrenarche’ could be caused either by an earlier onset of adrenal androgen
synthesis with a subsequent ‘normal’ rate of increase or by an onset at the same age but with
accelerated increase in production. Either scenario would result in biochemical and clinical thresholds
being reached at younger ages.

Adrenarche is often conceptualized as a stage of sexual maturation because pubic and axillary
hair are considered sexual characters and activation of gonadal steroidogenesis (gonadarche) regularly
follows adrenarche. From this perspective, the physical manifestations of clinical adrenarche are
ascribed to early stages of puberty!®. But adrenarche is neither necessary nor sufficient for
progression to sexual maturity: children can undergo adrenarche without subsequent gonadarche or
gonadarche without prior adrenarche!?!13, We suggest that it may be more fruitful to think of
adrenarche as a gradual process that is part of social, rather than sexual, maturation. The resumption
of adrenal androgen synthesis from the zona reticularis at about 3 years coincides roughly with the age

of weaning in natural fertility populations and the timing of clinically premature adrenarche!*.

‘Biochemical adrenarche’ coincides with the transition to ‘middle childhood’**

and the cognitive and
emotional changes associated with greater independence and responsibility of the child that have
been characterized as the ‘five-to-seven-year shift.”*!® Thus biochemical adrenarche is a hormonal
correlate, and possibly a contributing cause, of these behavioral changes, with clinical adrenarche

serving as a phenotypic marker of these changes®®.

Hormonal changes also occur as primates undergo these nutritional shifts. Adrenal

androgens increase at about 5 years in semi-captive bonobos, chimpanzees, and gorillas*®1° and
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8 years in orangutans®, roughly corresponding with ages at weaning: 7-8 years in orangutans;
3-5years in the other great apes (Table 4.1). This correlation, based on limited data, suggests
that adrenal androgens may play a role in the increased independence observed at weaning in
juvenile apes'*?!, Despite significant variation in adrenarcheal timing??, adrenarche in humans is
considered to occur at 5-8 yrs (Box 4.2), long after weaning and at about the age of molar
eruption and shift to an adult diet. Because data on adrenal maturation in apes are sparse'#?3,
the hypothesis that adrenarche is a hormonal correlate of weaning in great apes (and by

implication in chimpanzee-human ancestors) must remain a conjecture until reliable longitudinal

data on changes in adrenal androgens are available for nonhuman primates.
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Figure 4.2 (a) The progression from birth to sexual maturation can be broken into three major stages for
most great apes. However, we describe human maturation as occurring over four stages (b). This has
evolved via the separation of weaning and adrenarche into two distinct processes. There is significant
variation in the ages at which each stage is met, but a rough estimate would be: nurseling (birth—2.5
years), weanling (2.5 years—7 years), juvenile (7 years—13 years), adult (puberty onwards).
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The pattern of adrenarcheal timing and dental eruption in humans and great apes can be
brought into a coherent framework if the mid-childhood transition in humans, associated with
molar eruption and biochemical adrenarche, is considered ‘homologous’ to the transition to
greater independence of juvenile apes at weaning. Human ‘weaning’ can then be considered to
have been dissociated into two phases: first, the transition from milk to a special diet at about 3
years; second, the gradual transition to an adult diet complete by about 7 years*. From this
perspective, the prolonged infancy of great apes corresponds to the combined nurseling and
weanling phases of human development (Fig 4.2). While adrenarche occurs at a similar age in
orangutans and humans, the average human IBl is less than half that of orangutans®?. The
combined duration of nurseling and weanling phases (birth to adrenarche) equals roughly two
human IBIs: when a mother became pregnant with her next child, her youngest child was being
weaned and her next youngest child was starting to provide for itself (Fig 4.1b). Human mothers
were thus responsible for the intensive care of two offspring at a time: a weanling and a
nurseling (Fig 4.3). Supplemental feeding of weanlings allowed human mothers to double their

effective fecundity relative to their closest simian relatives.
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Human mothers invest substantial time in
social interaction with nurselings and weanlings.
Changes in a child’s social behavior as it enters
the juvenile phase partially relieve mothers of
this attentional burden. Cross-culturally, middle-
childhood is marked by a shift in social
engagement from a primary focus on mothers to
increased interaction with peers®. Middle-

childhood also corresponds to the start of full-

time schooling in most developed nations. The igure 4.3 Unlike other apes, humanslare able to care
concurrently for both a nurseling and a weanling.

first day of school is often the first time that a

child spends extended time apart from its mother. In traditional societies, this is also the age at

which offspring begin to engage in economic work'®2?4. These transitions require the formation

of social bonds outside the family, with the child assuming responsibility for maintaining these

relations, thereby facilitating social and cognitive development beyond what the mother alone is

able to provide®.

Ancestral human juveniles would have exhibited increasing independence as they shifted
from exclusive reliance on parents or alloparents to foraging for themselves and partaking in
broader community resources?. Evolutionary theorists have previously considered the
participation of juveniles as helpers in human cooperative breeding?*?°. Children from modern

natural fertility populations typically produce about half of what they consume by age 5 to 7%°.

Such juvenile foraging’ would have significantly reduced the overall burden of maternal
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investment in caring for multiple offspring. Children of this age share food more equitably within
a group than do younger children?® and show an in-group sharing bias, as one would expect from
contributing members of the family unit?®. Ancestral communal groups were likely to have
included full-sibs and maternal half-sibs. Therefore, the willingness of juveniles to redistribute
resources would have further benefited maternal fitness by contributing to the care of
matrilineal sibs*,

Human sexual maturation is generally considered to be delayed relative to great apes (Table
4.1) but there is substantial variation within and between human populations?”?8. Estimates of
heritability indicate substantial genetic and environmental contributions to within-population
variation in age of puberty?’. Both sources of variation raise interesting evolutionary questions.
Does some form of frequency-dependent selection maintain genetic variation for age at
puberty? How much of the environmental variance is non-adaptive ‘noise” and how much

adaptive responses to environmental cues?

4.4 Intergenerational and Intragenomic Conflicts of Nurseling and Weanling Phases
Women in natural-fertility populations are infertile while nursing (lactational amenorrhea) with
weaning occurring on return to fertility (sometimes when the mother is already pregnant). Thus,
there is a strong correlation between the age at weaning and the IBl. Maternal fecundity would
be increased by earlier weaning because this would enable mothers to fit more births into a
given period, but the probability of child death or morbidity would also increase. Evolutionary
theory predicts intergenerational conflict between mothers and offspring over the timing of

weaning3® and intragenomic conflict within offspring genomes between genes of maternal and
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paternal origin®'. Similar conflicts are expected over the age of adrenarche, with earlier
adrenarche allowing a mother to concentrate her care on a younger infant. In this section, we
will discuss evidence that PEGs favor prolongation of the nurseling and weanling phases whereas

MEGs favor the reverse.

(a) Chromosome 15 MKRN3 MAGEL2 NDN NPAP1 SNRPN snoRNAs UBE3A
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Figure 4.4 A simplified map of the cluster of imprinted genes on human chromosome 15 and 14. Red alleles are
MEGs, blue alleles are PEGs. Green labels indicate known puberty promotors, purple label denotes known pubertal
inhibitor. (a) Chromosome 15: The gene cluster is flanked by repeated sequences (represented by dotted lines).
Recombination between the repeats in paternal meiosis results in deletion of the paternal copy of the cluster and
a diagnosis of Prader—Willi syndrome. Recombination in maternal meiosis results in deletion of the maternal copy
of the cluster and a diagnosis of Angelman syndrome. Mutations of the paternal copy of MKRN3 result in
precocious puberty whereas mutations of the paternal copy of MAGEL2 or deletions of the paternal cluster of
small nucleolar RNAs (snoRNAs) results in hypogonadism and incomplete puberty. Mutations of the maternal copy
of UBE3A are a cause of familial Angelman syndrome. (b) Chromosome 14: Temple syndrome (TS14) is caused by
uniparental maternal expression of genes in this region. DLKI mutations are associated with precocious puberty.
Genetic varients in DLK1 are associated with menarche timing in girls and age at voice-breaking in boys. Other
alleles in this region are responsible for characteristics traditionally associated with kinship conflict in genomic
imprinting, including maternal behaviours (MEG3/GTL2) and nonshivering thermogeneisis in newborn mice (DI/O3).
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Prader—Willi syndrome (PWS) and Angelman syndrome (AS) have attracted particular
attention as human disorders of imprinted genes with distinctive phenotypes in childhood?%3%33,
Most cases of PWS are caused by a deletion of a cluster of imprinted genes on the paternally-
inherited copy of chromosome 15 (paternal deletion) or by inheritance of both copies of this
cluster from the father (paternal uniparental disomy) (Fig 4.4). Therefore, the characteristic
phenotype of PWS can be ascribed to the absence of expression of PEGs. Maternal deletion or
maternal uniparental disomy of the same gene cluster result in AS with symptoms that can be
ascribed to the absence of expression of MEGs. Infants with PWS exhibit weak suck, disinterest
in feeding, and excessive sleepiness, whereas infants with AS exhibit excessive wakefulness. An
evolutionary interpretation is that PEGs (absent in PWS) were selected to favor intense suckling
and frequent waking to prolong lactational amenorrhea and delay weaning. By contrast, MEGs
(absent in AS) were selected to favor less frequent waking, earlier weaning, and shorter IBls. The
behavior of typically-developing children, who inherit copies of the gene cluster from both
parents, is determined by the balance of effects of PEGs and MEGs. When new mothers
complain of exhaustion, their fatigue can be considered an adaption (or extended phenotype) of
genes that the baby inherits from its father.

Effects of imprinted genes on the age of adrenarche have been less studied, in part because
adrenarche itself is less studied. Nevertheless, children with PWS produce more adrenal
androgens than typically-developing children as of three-yrs-old34. Thus, PEGs on chromosome
15 appear to inhibit the production of adrenal androgens, prolonging the weanling phase and
the duration of dependence on mothers. The absence of expression of these genes in PWS

causes threshold levels of adrenal androgens to be exceeded at younger ages, expressed
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clinically as precocious adrenarche. Silver Russell Syndrome (SRS) is another imprinting disorder
caused by uniparental maternal expression of alleles either on chromosome 7 or 11. Similarly to
PWS, patients with SRS are more likely to undergo early or premature adrenarche than the
average population®®. Further investigation of SRS and other imprinting disorders will test this
association between PEGs and adrenarcheal inhibition.

PWS is associated with characteristic age-related changes of appetite in which neonatal
anorexia (poor suck and disinterest in feeding) flips to excessive eating and obsession with food
in later childhood. This phenotypic progression was initially interpreted as the outcome of
evolutionary conflicts associated with weaning and the transition from breastmilk to
supplemental foods®?33, but we now consider the complex changes in appetite and food-related
behaviors in PWS to reflect evolutionary conflicts associated with the extended ‘weaning’ of
human development; first from the breast and then from supplemental foods?®. In this revised
schema of feeding behaviors, anorexia in nurselings with PWS changes to improved appetite in
weanlings, with the onset of extreme hyperphagia and ‘foraging’ delayed until the beginning of

the juvenile phase (after early adrenarche).

4.5 Imprinting Effects on Pubertal Timing

The juvenile phase begins with adrenarche and ends with gonadarche (commonly referred to as
‘puberty’, though the latter term is sometimes used to include both gonadarche and adrenarche)
(Fig 2). On average, gonadarche occurs at a younger age in girls (8—13 yrs) than boys (9.5-13.5
yrs)36. Some genetic effects on the timing of human puberty are sex-independent and others are

sex-specific. Many genetic variants associated with age at menarche are also associated with age
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at voice breaking in males, with the same direction of effects®’. As a consequence, early-
maturing girls tend to have early-maturing brothers and late-maturing boys tend to have late-
maturing sisters. While clinical understanding of the role imprinted genes play in pubertal timing
is still developing, this section considers preliminary evidence for effects of imprinted genes on
pubertal timing and the subsequent section considers how the timing of puberty may have
affected the fitness of relatives.

Central precocious puberty is clinically defined as presence of secondary sexual
characteristics before the age of 8 years in girls and 9 years in boys38. About half of all cases of
familial central precocious puberty carry a mutated paternal copy of MKRN3, a PEG from the
PWS/AS region of chromosome 1538, Furthermore, most children with uniparental maternal
disomy of chromosome 14 (known as Temple syndrome or TS14) undergo precocious puberty3°.
DLK1 is included in a cluster of imprinted genes on chromosome 14 (Fig 4.4). This gene was
recently found to be mutated in four female relatives who experienced precocious puberty, all of
whom inherited the mutated DLK1 allele from their father®°. In genome-wide association studies,
paternally-inherited variants at MKRN3 and DLK1 are correlated with age at menarche in girls
and voice-breaking in boys3”*1. These data suggest that expression of MKRN3 and DLK1 (both
PEGs) inhibits pubertal progression — puberty occurs at a younger age if either gene is inactive —
and that genetic variation at or near these loci is associated with normal variation in the age of
puberty. Such evidence of the important role imprinted genes play on pubertal timing suggests
that the tempo of sexual maturation had evolutionarily significant effects on the fitness of a
child’s kin, and that these effects were differentially experienced by kin from the maternal versus

paternal line (see Box 4.1).
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The association of inactivating mutations of MKRN3 with precocious puberty suggests that
expression of MKRN3 promotes pubertal delay. Occasional individuals with PWS undergo
precocious puberty*>*3, but most are described as undergoing incomplete puberty, expressed as
lack of a pubertal growth spurt, hypogonadotropic hypogonadism, cryptorchidism,
underdeveloped genitalia, and incomplete menarche*~%°. Thus, other PEGs from this
chromosomal region appear to promote, rather than inhibit, aspects of sexual maturation. Most
males with PWS exhibit primary testicular failure that becomes apparent after puberty®. A
careful study of a group of boys with PWS found that early stages of puberty were accelerated,
but pubertal progression arrested abruptly in mid-puberty>°. Female patients exhibit impaired
maturation of ovarian follicles*.

The rarity of precocious puberty in PWS, despite the absence of expression of MKRN3, is
probably explained by effects of other imprinted genes that are inactivated in typical cases of
PWS (Fig 4.4). Mutations in MAGEL?2, a close neighbor of MKRN3, are associated with
undescended testes and/or a micropenis in most boys>!. A small deletion that eliminated
paternal copies of MKRN3 and MAGEL2 in a girl, but spared most other genes that are typically
deleted in PWS, was associated with pubic hair and breast development at 7.5 years with
accelerated bone age, but without typical features of PWS>2. By contrast, deletions that spare
MKRN3 and MAGEL2 but remove nearby paternally-expressed snoRNAs are associated with
hypogonadism and typical features of PWS?3. These contrasting phenotypes suggest that effects
of non-expression of MKRN3 on pubertal timing are obscured in typical cases of PWS by effects
of non-expression of other PEGs whose usual function is to promote gonadal maturation and

steroidogenesis. The effect of MKRN3 mutations on pubertal timing are more pronounced in
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girls than boys38°4°>_ |t is possible that the effects of imprinted genes later in life are simply
byproducts of their adaptive value in early development. However, given the complex
mechanistic systems at play for imprinted genes, in which a given gene’s activation can be
specific both to tissue type and developmental stage>®°’, the robust effects of imprinted genes
on the timing of gonadarche suggests a more substantial adaptive role for these regions. The
complex pubertal phenotype of PWS, in which some aspects of maturation are accelerated and
others suppressed, suggests that effects of the pubertal transition on the fitness of kin have
been similarly complex. Natural selection will have acted both on when to become an adult and
on what kind of adult to become.

Unlike the ambiguous picture in PWS, individuals with TS14 clearly exhibit central precocious
puberty with accelerated bone age, increased height velocity, early breast development, early
menarche, and pubertal levels of reproductive hormones®®°°. In cases of TS14 associated with
microdeletions, DLK1 is the only gene in the minimal region of overlap, strongly suggesting that
absence of expression of DLK1 is responsible for precocious puberty®®. A recently reported
deletion of DLK1 was associated with premature pubarche and thelarche accompanied by
accelerated growth and advanced bone age in four girls who inherited the deletion from their
unaffected fathers. Pubertal development was arrested with long-acting GnRH-agonists in these
girls but their paternal grandmother, from whom they inherited the deletion, recalled that her

menarche had occurred at 9-10 years®.

4.6 Kin Considerations in Pubertal Timing

The previous section presented evidence that expression of two paternally-expressed imprinted
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genes (MKRN3, DLK1) delays the onset of human puberty. These observations suggest that
earlier sexual maturation increased individual fitness of ancestral hominins at a cost to patrilineal
kin or decreased individual fitness at a benefit to matrilineal kin®. This section discusses complex
evolutionary trade-offs that may contribute to imprinted expression of genes affecting the
timing of pubertal onset.

Other things being equal, earlier reproduction is better than later reproduction because an
individual might not survive to reproduce at an older age. Reproductive postponement is favored
if delay confers future benefits that more than compensate for the risk®°. Although the evolution
of prolonged human childhood has been widely discussed”?4%1.62 3 fully-satisfactory
evolutionary understanding of age at sexual maturity would need to account for substantial
variation of timing within human populations; the generally earlier age of puberty, and greater
variability of timing, for girls than for boys; the occurrence of a subset of girls with very early
puberty; and the direction of effects of imprinted genes. In this section, we will raise, but not
answer, two interrelated questions that bear on the effects of imprinted genes. First, was the
prolongation of human childhood ‘altruistic’ (benefiting kin at a cost to individual fitness) or
‘selfish’ (benefiting individual fitness at a cost to kin)? Second, were benefits or costs to kin
preferentially experienced by the maternal or paternal line?

Whether delayed puberty of her offspring would enhance or reduce a mother’s fitness
depends on direct effects of pubertal timing on the fitness of each child, as well as the extents to
which juveniles are a drain on maternal investment (‘another mouth to feed’) but also active
contributors to care of siblings (‘helpers at the nest’). The juvenile stage will have been a period

of ‘negotiation” between mothers and juveniles, and between maternal and paternal genes
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within juvenile genomes, over the balance between helping behaviors (favored by maternally
derived genes) and self-directed behaviors (favored by paternally derived genes). This can be
conceptualized as a tension between juvenile ‘work” and ‘play’. A further consideration is how
often children moved away from or remained with their mother and other kin after puberty,
because patterns of dispersal would have influenced opportunities for intergenerational
collaboration and competition. Reproductive competition between mothers and sexually-mature
daughters, including conflicts over who was to help raise whose offspring, was probably a minor
factor because of minimal overlap in fertility occasioned by menopause, especially in societies
where daughters left their parental homes to move into their husbands’ households®3.

There has been much discussion of proximate mechanisms of variation in pubertal timing in
response to environmental cues?®4%_ Anthropological evidence that older sibs enhance the
fitness of younger sibs is consistent with ‘helping at the nest’®”%8. In preindustrial Finland,
presence of older siblings increased the probability that a child survived to sexual maturity®°.
Nepalese girls with two or more siblings reach menarche later than girls with fewer than two
siblings’®. The latter observation is consistent with an evolved delay in maturation to provide
help, but could also be explained by slower development in larger sibships because of greater
competition for resources. It has been claimed that eldest daughters reach menarche at an older
age than youngest daughters, although support for this claim has been mixed®’!. Father-
absence, presence of half-brothers and step-brothers, and measures of paternal warmth have all
been associated with faster developmental trajectories in girls, including earlier age at menarche
and younger age at first birth® 7172 These factors are potential cues of lower relatedness to

younger children within the household’3, resulting in reduced contributions to the daughter’s
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inclusive fitness of ‘helping at the nest’: care of maternal half-sibs with different fathers provides
no genetic benefit to a child’s paternal genes.

The balance of selective forces may differ between the sexes. Anthropological case studies
have found that daughters preferentially help mothers with childcare and domestic activities’*
whereas sons tend to work outside the household”. In fact, across primates there is only one
example of young males consistently participating in child-care duties’®. Therefore, the labor of
boys and girls may affect different sets of kin. Compared to mothers with elder sons, mothers
with elder daughters have more children in total and more children later in life’*”’. Although
mothers with elder sons and mothers with elder daughters did not differ significantly in the
number of children they had in their first ten child-bearing years, mothers with elder daughters
produced more children in the subsequent fifteen years, coinciding with the time at which an
elder daughter could provide competent child care’’ (though sociological factors such as a

preference for sons may also play a role’®).

4.7 Fast Female Life-Histories?

Life-history theory predicts that the tempo of childhood maturation should be sensitive to cues
of costs and benefits of earlier versus later reproduction. In small-scale societies, better
conditions are typically associated with faster growth and earlier puberty’®, an association that
parallels dramatic increases in height and reductions in age of menarche over the past two
centuries in large-scale societies?’. These secular trends have been credited to improved
nutrition and escape from disease. On the other hand, girls in developed nations have been

proposed to undergo earlier maturation under stressful, high-mortality conditions’®°. In simple
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evolutionary models, the optimal age at sexual maturation will occur when the marginal benefit
of delay equals the marginal cost of delay. It would not be difficult to construct a model that
predicts girls with better prospects should reproduce earlier because they have increased
benefits of early reproduction, or a model that predicts girls with poorer prospects should
reproduce earlier because of increased costs of delay. Such models need not be strict
contradictions, because each could apply to a different segment of the population. This section
will briefly consider evidence that a subset of human females adopt an accelerated life-history
with possible health costs at an older age.

Premature adrenarche is about nine times more common in girls than boys®! and central
precocious puberty 15-20 times more common®2. Most cases of central precocious puberty in
girls are without obvious pathology and could plausibly reflect adaptive plasticity rather than
physiological malfunction, whereas most cases of central precocious puberty in boys are
associated with brain abnormalities such as hypothalamic tumors and are unlikely to represent
adaptive variation®. A significant proportion of girls with premature adrenarche progress rapidly
to menarche?’. Early adrenarche and menarche are both associated with prenatal growth
restriction followed by rapid postnatal growth®* and with increased adiposity and
hyperinsulinemia in childhood®. One possible interpretation is that adrenal and gonadal
maturation are both accelerated in these girls as part of an alternative life-history strategy that is
entrained by prenatal nutrient restriction followed by ready availability of food postnatally. The
rapid accumulation of fat and lean mass observed in these girls, relative to their peers, could
then be interpreted as a programmed preparation for early reproduction (rather than the

conventional view that sees obesity as the cause of early puberty).
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Early adrenarche has been considered a benign variant of normal development, but recent
studies have suggested that early adrenarche predicts insulin resistance, metabolic syndrome,
and polycystic ovary syndrome (PCOS) later in life®22%. These associations could be considered
costs of adaptations for early reproduction, except that PCOS is associated with reduced
fertility. The symptoms of PCOS—high levels of androgens, relative infertility, hirsutism, and
android fat patterning—exemplify the plasticity of female maturation 8. Both cultural and
genetic studies have identified PCOS as an ancient disorder, likely dating back 50,000 to 80,000
years®. The high frequency of PCOS in the general population, up to 10% women by NICHD
criteria®, has long been considered a challenge for evolutionary theory88°9=°> The reduced
fertility of this disorder results in women who are still able to reproduce, albeit with longer than
average IBIs. For this reason, PCOS has been proposed to represent an alternative life-history
strategy in which affected women produce fewer, but better provisioned, offspring®®. A recent
genetic study reported overtransmission of a risk allele to PCOS probands from heterozygous
mothers but not from heterozygous fathers®’.

Why should early puberty be more common in girls than boys? Is the pronounced sex-
difference in the frequency of precocious puberty related to the overall later maturation of boys
than girls? Genome-wide association studies find higher heritability and larger effect sizes for
early pubertal timing in girls, but for late pubertal timing in boys3’ suggesting greater
contributions of ‘normal’ genetic variation to early maturation in girls but later maturation in
boys. Within a group of small-scale societies, Walker and colleagues found greater plasticity of
female growth rates than male growth rates. They suggested that the sex difference might be

explained by the exigencies of male—male competition’®. If young males have limited prospects
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for reproductive success because mating is dominated by older, larger, and more experienced

males, then intrasexual competition may favor male maturation at older age and larger size.

4.8 Conclusion

The goal of this review has been to summarize current work across the fields of medicine,
anthropology, psychology and genetics that examine the complex transitions humans experience
from birth to adulthood. It is our hope that we have also added something novel, by exploring
the likely influence that kin conflict has had on the evolutionary trajectory of our developmental
pathway. Imprinted genes influence the timing of human weaning, adrenarche, and gonadarche.
This suggests that the tempo of human development has been shaped by effects on the fitness
of kin. While theories on developmental timing are beginning to recognize the importance of
accounting for kin conflict,’® most models of the evolution of human life history attempt to
predict how timing of key events would maximize individual fitness. But natural selection is not
predicted to maximize the fitness of individuals in the presence of intergenerational and
intragenomic conflicts over costs and benefits. In particular, alleles of maternal and paternal
origin are predicted to have partially antagonistic ‘goals’. Optimization models remain useful for
defining the ‘goals’ of particular actors, but the resolution of conflicts among actors will be
determined not only by the actors’ ‘goals’ but also by their ‘powers’ to influence outcomes. An
understanding of the outcomes of particular conflicts will require knowledge of both
mechanisms (how) and functions (why). Current models of the evolution of human life history
are beset by problems of too many degrees of freedom, because the values of key variables are

not constrained by available data. An appreciation of the roles of imprinted genes in life-history
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transitions, and the directions of their effects, will help to constrain the degrees of freedom of

future models.

4.9 References

10.

11.

12.

13.

14.

15.

Haig, D. Troubled sleep: Night waking, breastfeeding and parent-offspring conflict. Evol. Med.
Public Heal. 2014, 32-39 (2014).

Moore, T. & Reik, W. Genetic conflict in early development: parental imprinting in normal and
abnormal growth. Rev. Reprod. 1, 73—7 (1996).

Haig, D. Transfers and transitions: parent-offspring conflict, genomic imprinting, and the evolution
of human life history. Proc. Natl. Acad. Sci. 107, 1731-5 (2010).

Haig, D. Genomic imprinting and the evolutionary psychology of human kinship. Proc. Natl. Acad.
Sci. 108, 10878-85 (2011).

Gardner, A. & Ubeda, F. The meaning of intragenomic conflict. Nat. Ecol. Evol. 30, 1-9 (2017).

Campbell, B. Adrenarche and the evolution of human life history. Am. J. Hum. Biol. 18, 569—-89
(2006).

Hochberg, Z. Juvenility in the context of life history theory. Arch. Dis. Child. 93, 534-539 (2008).

Del Giudice, M., Angeleri, R. & Manera, V. The juvenile transition: A developmental switch point in
human life history. Dev. Rev. 29, 1-31 (2009).

Bogin, B. Patterns of Human Growth. (Cambridge University Press, 1999).
doi:10.1017/CB0O9780511600456

Dirks, W. & Bowman, J. E. Life history theory and dental development in four species of catarrhine
primates. J. Hum. Evol. 53, 309-320 (2007).

Van Noordwijk, M. a, Kuzawa, C. W. & Van Schaik, C. P. The evolution of the patterning of human
lactation: a comparative perspective. Evol. Anthropol. 22, 202—12 (2013).

Robson, S. L. & Wood, B. Hominin life history: reconstruction and evolution. J. Anat. 212, 394-425
(2008).

Lancaster, J. B. & Lancaster, C. S. in Parenting across the life span: biosocial dimensions (eds.
Lancaster, J., Altmann, J., Rossi, A. & Sherrod, L.) 187-205 (A. de Gruyter, 1987).

Campbell, B. Adrenarche in comparative perspective. Am. J. Hum. Biol. 23, 44-52 (2011).

Kennedy, G. E. From the ape’s dilemma to the weanling’s dilemma: early weaning and its

120



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

evolutionary context. J. Hum. Evol. 48, 123—45 (2005).

Kramer, K. L. Children’s Help and the Pace of Reproduction: Cooperative Breeding in Humans. Evol.
Anthropol. Issues, News, Rev. 14, 224—237 (2005).

Hrdy, S. B. Mothers and Others. (Harvard University Press, 2009).

Collins, D. C., Nadler, R. D. & Preedy, J. R. K. Adrenarche in the great apes. Am. J. Primatol. 1, 344
(1981).

Behringer, V., Hohmann, G., Stevens, J. M. G., Weltring, A. & Deschner, T. Adrenarche in bonobos
(Pan paniscus): Evidence from ontogenetic changes in urinary dehydroepiandrosterone-sulfate
levels. J. Endocrinol. 214, 55—65 (2012).

Prall, S. P. et al. Androgens and innate immunity in rehabilitated semi-captive orangutans (Pongo
pygmaeus morio) from Malaysian Borneo. Am. J. Primatol. 77, 642—650 (2015).

Kotler, J., Balko, K., Berall, G. & Haig, D. Nutritional Phases in Prader-Willi Syndrome: Evolutionary
and Clinical Interpretations. J. Evol. Med. 4, 1-7 (2016).

Houghton, L. C. et al. Childhood environment influences adrenarcheal timing among first-
generation Bangladeshi migrant girls to the UK. PLoS One 9, 109200 (2014).

Conley, A. J,, Bernstein, R. M. & Nguyen, A. D. Adrenarche in nonhuman primates: the evidence for
it and the need to redefine it. J. Endocrinol. 214, 121-31 (2012).

Kramer, K. L. Why What Juveniles Do Matters in the Evolution of Cooperative Breeding. Hum. Nat.
25, 49-65 (2014).

Kramer, K. L. & Otarola-Castillo, E. When mothers need others: The impact of hominin life history
evolution on cooperative breeding. J. Hum. Evol. 84, 16—24 (2015).

Fehr, E., Bernhard, H. & Rockenbach, B. Egalitarianism in young children. Nature 454, 1079-1083
(2008).

Parent, A. S., Franssen, D., Fudvoye, J., Gérard, A. & Bourguignon, J. P. Developmental variations in
environmental influences including endocrine disruptors on pubertal timing and neuroendocrine
control: Revision of human observations and mechanistic insight from rodents. Front.
Neuroendocrinol. 38, 12—36 (2015).

Parent, A. S. et al. The Timing of Normal Puberty and the Age Limits of Sexual Precocity: Variations
around the World, Secular Trends, and Changes after Migration. Endocr. Rev. 24, 668—693 (2003).

Towne, B. et al. Heritability of age at menarche in girls from the Fels Longitudinal Study. Am. J.
Phys. Anthropol. 128, 210-219 (2005).

Trivers, R. Parent-Offspring Conflict. Am. Zool. 14, 249-264 (1974).

Haig, D. Interbirth intervals: intrafamilial, intragenomic, and intrasomatic conflict. Evol. Med. Public

121



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Heal. 1-18 (2014).

Ubeda, F. Evolution of genomic imprinting with biparental care: implications for Prader-Willi and
Angelman syndromes. PLoS Biol. 6, 1678-1692 (2008).

Haig, D. & Wharton, R. Prader-Willi syndrome and the evolution of human childhood. Am. J. Hum.
Biol. 15, 320-9 (2003).

Siemensma, E. P. C., de Lind van Wijngaarden, R. F. a, Otten, B. J., de Jong, F. H. & Hokken-Koelega,
A. C.S. Pubarche and Serum Dehydroepiandrosterone Sulfate Levels in Children with Prader-Willi

Syndrome. Clin. Endocrinol. (Oxf). 31, 83—89 (2011).

Binder, G., Schweizer, R., Blumenstock, G. & Ferrand, N. Adrenarche in Silver-Russell syndrome:
timing and consequences. J. Clin. Endocrinol. Metab. 102, 4100-4108 (2017).

Carel, J. & Léger, J. Precocious Puberty. N. Engl. J. Med. 358, 2366—2377 (2008).

Day, F. R. et al. Genomic analyses identify hundreds of variants associated with age at menarche
and support a role for puberty timing in cancer risk. Nat. Genet. 10, 1-19 (2017).

Abreu, A. P. et al. Central precocious puberty caused by mutations in the imprinted gene MKRN3.
N. Engl. J. Med. 368, 2467-75 (2013).

Fokstuen, S., Ginsburg, C., Zachmann, M. & Schinzel, A. Maternal uniparental disomy 14 as a cause
of intrauterine growth retardation and early onset of puberty. J. Pediatr. 134, 689-695 (1999).

Dauber, A. et al. Paternally Inherited DLK1 deletion associated with familial central precocious
puberty. J. Clin. Endocrinol. Metab. 102, 1557-1567 (2017).

Perry, J. R. B. et al. Parent-of-origin-specific allelic associations among 106 genomic loci for age at
menarche. Nature 514, 92-97 (2014).

Ludwig, N. G. et al. A boy with Prader-Willi syndrome: unmasking precocious puberty during
growth hormone replacement therapy. Arch. Endocrinol. Metab. 60, 596—600 (2016).

Tauber, M. et al. Auxological and endocrine evolution of 28 children with Prader-Willi syndrome:
Effect of GH therapy in 14 children. Horm. Res. 53, 279-287 (2000).

Burman, P., Ritzén, E. M. & Lindgren, A. C. Endocrine Dysfunction in Prader-Willi Syndrome: A
Review with Special Reference to GH. Endocr. Rev. 22, 787—799 (2001).

Cassidy, S. B., Schwartz, S., Miller, J. L. & Driscoll, D. J. Prader-Willi syndrome. Genet. Med. 14, 10—
26 (2012).

Crino, A. et al. Hypogonadism and pubertal development in Prader-Willi syndrome. Eur. J. Pediatr.
162, 327-33 (2003).

Angulo, M. A, Butler, M. G. & Cataletto, M. E. Prader-Willi syndrome: A review of clinical, genetic,
and endocrine findings. J. Endocrinol. Invest. 38, 1249-1263 (2015).

122



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Siemensma, E. P. C., van Alfen-van der Velden, A. A. E. M. J.,, Otten, B.J,, Laven, J. S. E. & Hokken-
Koelega, A. C. S. Ovarian function and reproductive hormone levels in girls with Prader-Willi
syndrome: a longitudinal study. J. Clin. Endocrinol. Metab. 97, 1766—-1773 (2012).

Siemensma, E. P. C., de Lind van Wijngaarden, R. F. A,, Otten, B. J., de Jong, F. H. & Hokken-
Koelega, A. C. S. Testicular failure in boys with Prader-Willi syndrome: Longitudinal studies of
reproductive hormones. J. Clin. Endocrinol. Metab. 97, 452-459 (2012).

Eiholzer, U. et al. Hypothalamic and gonadal components of hypogonadism in boys with Prader-
Labhart-Willi syndrome. J. Clin. Endocrinol. Metab. 91, 892—898 (2006).

Fountain, M. D. et al. The phenotypic spectrum of Schaaf-Yang syndrome: 18 new affected
individuals from 14 families. Genet. Med. 19, 45-52 (2017).

Kanber, D. et al. A paternal deletion of MKRN3, MAGEL2 and NDN does not result in Prader-Willi
syndrome. Eur J Hum Genet 17, 582-590 (2009).

de Smith, A. J. et al. A deletion of the HBII-85 class of small nucleolar RNAs (snoRNAs) is associated
with hyperphagia, obesity and hypogonadism. Hum. Mol. Genet. 18, 3257-3265 (2009).

Settas, N. et al. Central Precocious Puberty in a Girl and Early Puberty in her Brother Caused by a
Novel Mutation in the MKRN3 Gene. J. Clin. Endocrinol. Metab. 99, E647-51 (2014).

Grandone, A. et al. A case of familial central precocious puberty caused by a novel mutation in the
makorin RING finger protein 3 gene. BMC Endocr. Disord. 15, 60—63 (2015).

Butler, M. G. Genomic imprinting disorders in humans: a mini-review. J. Assist. Reprod. Genet. 26,
477-86 (2009).

Peters, J. The role of genomic imprinting in biology and disease: an expanding view. Nat. Rev.
Genet. 15, 517-530 (2014).

Takahashi, I., Takahashi, T., Utsunomiya, M., Takada, G. & Koizumi, A. Long-acting gonadotropin-
releasing hormone analogue treatment for central precocious puberty in maternal unipaternal
disomy chromosome 14. Tohoku J. Exp. Med. 207, 333—338 (2005).

Kagami, M. et al. Temple syndrome: comprehensive molecular and clinical findings in 32 Japanese
patients. Genet. Med. 19, 1356-1366 (2017).

Kaplan, H. A theory of fertility and parental investment in traditional and modern human societies.
Am. J. Phys. Anthropol. 101, 91-135 (1996).

Bogin, B. Evolutionary Hypotheses for Human Childhood. Yearb. Phys. Anthropol. 40, 63—89
(1997).

Del Giudice, M. Middle Childhood: An Evolutionary-Developmental Synthesis. Child Dev. Perspect.
8, 193-200 (2014).

Cant, M. A. & Johnstone, R. A. Reproductive conflict and the separation of reproductive

123



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

generations in humans. PNAS 105, 5332-5336 (2008).

Tither, J. M. & Ellis, B. J. Impact of fathers on daughters’ age at menarche: A genetically and
environmentally controlled sibling study. Dev. Psychol. 44, 1409-1420 (2008).

Vandenbergh, J. G., Whitsett, J. M. & Lombardi, J. R. Partial isolation of a pheromone accelerating
puberty in female mice. J. Reprod. Fertil. 43, 515-523 (1975).

Mishra, G. D., Cooper, R., Tom, S. E. & Kuh, D. Early life circumstances and their impact on
menarche and menopause. Womens Heal. (London England) 5, 175—-190 (2009).

Kramer, K. L. The evolution of human parental care and recruitment of juvenile help. Trends Ecol.
Evol. 26, 533-540 (2011).

Lancy, D. F. Children as a reserve labor force. Curr. Anthropol. 56, 545-568 (2015).

Nitsch, A., Faurie, C. & Lummaa, V. Are elder siblings helpers or competitors? Antagonistic fitness
effects of sibling interactions in humans. Proc. R. Soc. B Biol. Sci. 280, 20122313 (2013).

Sunuwar, L., Saha, C., KC, A. & Upadhyay Dhungel, K. Age at menarche of subpopulation of
Nepalese girls. Nepal Med. Coll. J. 12, 183—186 (2010).

Bogaert, A. F. Menarche and father absence in a national probability sample. J. Biosoc. Sci. 40,
623-36 (2008).

Matchock, R. & Susman, E. Family Composition and Menarcheal Age: Anti-Inbreeding Strategies.
Am. J. Hum. Biol. 18, 481-491 (2006).

Moya, C. & Sear, R. Intergenerational conflicts may help explain parental absence effects on
reproductive timing: a model of age at first birth in humans. Peer/ 2, e512 (2014).

Turke, P. W. in Human Reproductive Behaviour: A Darwinian Perspective (eds. Betzig, L., Mulder,
M. B. & Turke, P.) 173—-188 (Cambridge University Press, 1988).

White, L. K. & Brinkerhoff, D. B. The Sexual Division of Labor: Evidence from Childhood. Soc. Forces
60, 170-181 (1981).

Lancy, D. F. The Anthropology of Childhood: Cherubs, Chattel and Changlings. (Cambridge
University Press, 2009).

Milne, F. H. & Judge, D. S. Brothers delay menarche and the onset of sexual activity in their sisters.
Proc. Biol. Sci. 278, 417-23 (2011).

Kembkes, A. Does the Sex of Firstborn Children Influence Subsequent Fertility Behavior?: Evidence
from Family Reconstitution. J. Fam. Hist. 31, 144-162 (2006).

Walker, R. et al. Growth rates and life histories in twenty-two small-scale societies. Am. J. Hum.
Biol. 18, 295-311 (2006).

Ellis, B. J. Timing of pubertal maturation in girls: An integrated life history approach. Psychol. Bull.

124



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

130, 920-958 (2004).

Oberfield, S. E., Sopher, A. B. & Gerken, A. T. Approach to the girl with early onset of pubic hair. J.
Clin. Endocrinol. Metab. 96, 1610-1622 (2011).

Latronico, A. C., Brito, V. N. & Carel, J.-C. Causes, diagnosis, and treatment of central precocious
puberty. Lancet Diabetes Endocrinol. 4, 265-274 (2016).

Neville, K. A. & Walker, J. L. Precocious pubarche is associated with SGA, prematurity, weight gain,
and obesity. Arch. Dis. Child. 90, 258-261 (2005).

Tam, C. S., De Zegher, F., Garnett, S. P., Baur, L. A. & Cowell, C. T. Opposing influences of prenatal
and postnatal growth on the timing of menarche. J. Clin. Endocrinol. Metab. 91, 4369-4373
(2006).

Shalitin, S. & Kiess, W. Putative effects of obesity on linear growth and puberty. Horm. Res.
Paediatr. 88, 101-110 (2017).

Ibafiez, L., Dimartino-Nardi, J., Potau, N. & Saenger, P. Premature adrenarche—normal variant or
forerunner of adult disease? Endocr. Rev. 21, 671-96 (2000).

Bremer, A. A. Polycystic ovary syndrome in the pediatric population. Metab. Syndr. Relat. Disord.
8, 375-94 (2010).

Fessler, D. M. T., Natterson-Horowitz, B. & Azziz, R. Evolutionary determinants of polycystic ovary
syndrome: part 2. Fertil. Steril. 106, 42—47 (2016).

Diamanti-Kandarakis, E. & Dunaif, A. Insulin resistance and the polycystic ovary syndrome
revisited: An update on mechanisms and implications. Endocr. Rev. 33, 981-1030 (2012).

Corbett, S. & Morin-Papunen, L. The Polycystic Ovary Syndrome and recent human evolution. Mol.
Cell. Endocrinol. 373, 39-50 (2013).

Casarini, L. & Brigante, G. The polycystic ovary syndrome evolutionary paradox: A genome-wide
association studies-based, in silico, evolutionary explanation. J. Clin. Endocrinol. Metab. 99, E2412—
E2420 (2014).

Day, F. R. et al. Causal mechanisms and balancing selection inferred from genetic associations with
polycystic ovary syndrome. Nat. Commun. 6, 8464 (2015).

Unlatirk, U., Sezgin, E. & Yildiz, B. O. Evolutionary determinants of polycystic ovary syndrome: part
1. Fertil. Steril. 106, 33—41 (2016).

Eggers, S., Hashimoto, D. M. & Kirchengast, S. An evolutionary approach to explain the high
frequency of the polycystic ovary syndrome (PCOS). Anthr. Anz 65, 169-179 (2007).

Casarini, L., Simoni, M. & Brigante, G. Is polycystic ovary syndrome a sexual conflict? A review.
Reprod. Biomed. Online 32, 350-361 (2016).

125



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Azziz, R., Dumesic, D. A. & Goodarzi, M. O. Polycystic ovary syndrome: An ancient disorder? Fertil.
Steril. 95, 1544—1548 (2011).

Kobaly, K. et al. Parent-of-Origin Effects on Glucose Homeostasis in Polycystic Ovary Syndrome. J.
Clin. Endocrinol. Metab. 99, 2961-2966 (2014).

Ubeda, F., Ohtsuki, H. & Gardner, A. Ecology drives intragenomic conflict over menopause. Ecol.
Lett. 17, 165174 (2014).

DeChiara, T. M., Robertson, E. J. & Efstratiadis, a. Parental imprinting of the mouse insulin-like
growth factor Il gene. Cell 64, 849-59 (1991).

Reik, W. & Walter, J. Genomic imprinting: parental influence on the genome. Nat. Rev. Genet. 2,
21-32(2001).

Wei, Y. et al. Metalmprint: an information repository of mammalian imprinted genes.
Development 141, 2516-2523 (2014).

Moore, T. & Haig, D. Genomic imprinting in mammalian development: a parental tug-of-war.
Trends Genet. 7, 45-9 (1991).

Mesiano, S. & Jaffe, R. B. Developmental and functional biology of the primate fetal adrenal
cortex. Endocr. Rev. 18, 378-403 (1997).

Bird, I. M. In the zone: Understanding zona reticularis function and its transformation by
adrenarche. Journal of Endocrinology 214, 109-111 (2012).

Palmert, M. R. et al. The longitudinal study of adrenal maturation during gonadal suppression:
Evidence that adrenarche is a gradual process. J. Clin. Endocrinol. Metab. 86, 4536—4542 (2001).

Remer, T., Boye, K. R., Hartmann, M. F. & Wudy, S. A. Urinary markers of adrenarche: Reference
values in healthy subjects, aged 3-18 years. J. Clin. Endocrinol. Metab. 90, 2015-2021 (2005).

Sulcova, J., Hill, M., Hampl, R. & Starka, L. Age and sex related differences in serum levels of
unconjugated dehydroepiandrosterone and its sulphate in normal subjects. J. Endocrinol. 154, 57—

62 (1997).

Voutilainen, R. & Jadskeldinen, J. Premature adrenarche: Etiology, clinical findings, and
consequences. J. Steroid Biochem. Mol. Biol. 145, 226-236 (2015).

Utriainen, P., Laakso, S., Liimatta, J., Jadskeldinen, J. & Voutilainen, R. Premature adrenarche -A
common condition with variable presentation. Horm. Res. Paediatr. 83, 221-231 (2015).

Auchus, R. J. & Rainey, W. E. Adrenarche - Physiology, biochemistry and human disease. Clin.
Endocrinol. (Oxf). 60, 288—296 (2004).

Prough, R. A, Clark, B. J. & Klinge, C. M. Novel mechanisms for DHEA action. J. Mol. Endocrinol. 56,
R139-R155 (2016).

126



112.

113.

114.

115.

116.

117.

118.

Witchel, S. F. & Plant, T. M. in Yen and Jaffe’s Reproductive Endocrinology: Seventh Edition (eds.
Strauss, J. F. & Barbieri, R. L.) 377-421 (Elsevier Inc, 2013). doi:10.1016/B978-1-4557-2758-
2.00018-4

Styne, D. M. & Grumbach, M. M. in Williams Textbook of Endocrinology (eds. Melmed, S.,
Polonsky, K., Larsen, P. & Kronenberg, H.) 1074-1218 (Elsevier Inc., 2016).

Kaplowitz, P. Diagnosing children with signs of early puberty: knowing when to test and when to
just monitor. Expert Rev. Endocrinol. Metab. 11, 297—-299 (2016).

Shiner, R. L. How shall we speak of children’s personalities in middle childhood? A preliminary
taxonomy. Psychol. Bull. 124, 308—-332 (1998).

Weisner, T. in The Five to Seven Year Shift: The age of Reason and Responsibility (eds. Sameroff, A.
J. & Haith, M. M.) 294-326 (Universtiy of Chicago Press, 1996).

Robson, S. L. & Wood, B. Hominin life history: Reconstruction and evolution. J. Anat. 212, 394-425
(2008).

Sellen, D. W. Evolution of infant and young child feeding: implications for contemporary public
health. Annu. Rev. Nutr. 27, 123—48 (2007).

127



DISCUSSION

5.1 Application of Kinship Theory

Clinical, psychological and anthropological investigations largely overlook the effects of kinship
conflicts. The work presented here incorporates evolutionary theories on kinship conflict into
our clinical understanding of genomic imprinting, and applies this understanding back to inform
theories on human evolution. The work presented here uses the kinship theory of genomic
conflict to streamline theories from anthropology, psychology and medicine regarding timing of
various indicators of human growth and maturation.

This work establishes novel evolutionary pressures resulting in the separation of weaning
and adrenarche during human development, and examines kinship factors motivating
asymmetrical genetic control over the timing of these transitions. This foundation allows for a
deeper understanding of the natural progression of Prader-Willi syndrome, from the early failure
to thrive stages towards the fully hyperphagic diagnosis associated with age at adrenarche.
Comparing Prader-Willi syndrome to Angelman syndrome using our novel approach showcases
how kinship theory can also be fruitfully applied to understanding psychological phenomena. It
also offers preliminary findings for ways in which the application of evolutionary theory can
advance clinical findings in these rare genetic disorders. The ability of evolutionary theory to
generate symptomatic predictions aids in advancing our understanding of these disorders, and,

potentially, in our range of clinical offerings. In sum, this work represents the progress made
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available as a result of incorporating an interdisciplinary approach to our understanding of

psychology, endocrinology, and evolutionary theory.

5.2 Evolutionary Medicine

While evolutionary medicine is relatively young as a formal discipline, the concepts it presents
are far from new. Veterinarians have been applying the concept of comparative medicine for
centuries, even as human physicians have traditionally hesitated to take part. Including
evolutionary concepts such as adaptation and natural variation into the way we conceptualize
health and disease will not only improve our clinical offerings, but will also reduce stigma for
various mental and physical ailments. Medical researchers often use words such as
“maladaptive” or “dysfunctional” in a way that would appear inaccurate to the rest of biology. A
trait can only be described as maladaptive given a complete understanding of the environmental
conditions in which that trait is being applied. This has been accepted for all other species, as
evolutionary biologists continue to consider their biology in terms of the specific ecology in
which these species are found. However, while it is common to identify biomedical traits such as
modified oxytocin pathways?, variation in circadian rhythms?, physiological responses like
preeclampsia®# and psychological traits such as variations in stress responses and parent-
offspring attachment>~ as “maladaptive,” these descriptions overlook the presence of natural
variation within the human species. Many of these traits which have traditionally been described
as maladaptive can be well explained as an alternative adaptive strategy®°.

In addition to broadening our understanding of the human condition, having an ultimate

evolutionary understanding of the function of a molecular or genetic mechanism will aid in our
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understanding of the proximate workings of these processes. Even purportedly atheoretic
models of mechanistic functioning are rife with assumptions about ultimate causes, as evidenced
by the liberal use of words like “maladaptive,” “dysregulated,” and “dysfunctional.” Having a
more accurate perception of the evolutionary history of a given process will allow for a more
accurate understanding. Furthermore, understanding the evolutionary underpinnings will aid in
medical understanding of ways in which we can most efficiently modify mechanisms for clinical
benefit.

For example, if one were to look at healthy peacocks with long tails and poorly peacocks
with short tails, one medical intervention might be to focus on treatments that elongate the tail
of the poorly males in order to increase their health. However, this is diametrically opposed to
the evolutionary predictions made by costly signaling theory*!, which states that low quality
males are not able to grow long tails because they cannot withstand the costs associated with
this trait. This example can be readily translated into a human model: diagnosing males with low
testosterone and prescribing them testosterone supplements is common practice!?; however,
the costs and benefits of these diagnoses and associated treatments are not clear'®'*. There are
many predictions around low testosterone as a life history strategy’>*® that have not been
explored from a clinical perspective. Therefore, overlooking the evolutionary perspective in this
case may be producing lower quality clinical interventions.

The medical model traditionally aims to direct everyone towards a given definition of
“normal,” whether that be with respect to psychological or physical characteristics. Doctors
recommend medications for children who are taking “too long” to go through puberty as well as

therapies for those who are experiencing these transitions “too young.” While there are many

130



factors to consider in making these recommendations, encouraging an appreciation for the
natural variation present across the human species and an understanding of how these
“problems” can often be beneficial under given circumstances will reduce stigma associated with
diagnoses of “outside the norm.” A key difference in how evolutionary theory considers ultimate
questions of the human condition is that natural selection acts on fitness, not on an organism’s
health; educating physicians on this model will aid in the development of more successful

treatments for both individuals and overarching public health concerns®=22.

5.3 Future Directions

This thesis serves as a starting point for asking questions from the multi-layered perspective of
kinship conflict. The work presented here advances our knowledge in these areas, as well as
addressing the dynamics of childhood maturation and psychological responses to attention. In
the past, this approach has been applied to other cases of maternal-fetal interactions, including
our understanding of human placentation??, nightwaking?*, and aspects of maternal health?>.
Going forward, there are many other opportunities to apply a kin conflict framework to clinical
and theoretical questions, including: maternal autoimmune responses; patterns of spontaneous
abortion; multi-generational effects of fetal-maternal microchimerism?®; variation in composition
and quantity of maternal milk production; psychological and physical constraints on inter-birth
intervals; and timing of late-life transitions (menopause). Examining these and other questions
through the lens of evolutionary kinship dynamics will allow researchers to more accurately

approach questions of both academic and applied clinical interest.
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