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Introduction

On being the owner and operator of a woman’s brain

‘Can you write an article on why women feel like they’re losing their minds during menopause?’ asked the editor of a brain health website I was writing for a few years ago. ‘You’re our neuroscience writer, see what you can find out.’ My brief was straightforward: Write about the menopausal symptom ‘brain fog’ and its causes. When I set out to answer the question I rather naively assumed the answer would be simple – slow and hazy thinking, difficulty focusing, and forgetfulness (the more formal definitions of ‘brain fog’) could be blamed on ageing ovaries and waning hormones.

Digging into the research and speaking to women’s health experts, I learned that it wasn’t as simple as blaming brain fog on declining ovarian hormones. Levels of many hormones certainly do change with age and hormones impact how the brain works. However, each woman’s individual experience of menopausal brain-related symptoms depends on multiple interacting causes such as her general level of health and wellbeing, genetic makeup, previous experience of depression, how much sleep or exercise

she’s getting, relationships and support networks, reproductive history and other life events.

I also discovered ‘brain fog’ differs from what doctors call mild cognitive impairment (MCI), which is a symptom of unhealthy brain ageing. Similarities between brain fog and MCI can cause considerable angst as many women mistakenly assume their fogginess indicates the beginning of the descent towards Alzheimer’s disease (AD).

My wander into the world of women’s brain health got me thinking about so-called ‘baby brain’, a term rather like ‘brain fog’ that some of my friends use to describe pregnancy-induced fuzzy thinking and an inability to concentrate. What are the causes of ‘baby brain’, I wondered? Could we lay the blame solely on pregnancy hormones? Was it due to anxiety around giving birth? Or was a kicking baby merely a distraction?

My musings over ‘baby brain’ and ‘brain fog’ and their causes triggered a cascade of questions about womanhood, nature, nurture and neurobiology that I’d never before considered.

Was postnatal depression due to plummeting hormones after giving birth, lack of sleep, or loss of identity as a career woman?

What about puberty blues? Was the emotional turmoil of adolescence due to the menstrual cycle? Or starting high school? Or mean girls?

What happens to our brains during the menstrual cycle? What impact does the pill have on our emotions? Is hormone replacement therapy (HRT) good or bad? Does motherhood change our brains? What happens to our brains when we fall in love?

I realised I’d spent forty-odd years as the owner and operator of a woman’s body and brain, and over half of those years working as a neuroscientist, but I’d given close to zero consideration to how my neurobiology was sculpted by my life

as a girl and woman, and indeed how my female brain influenced my everyday life and experiences.

And so, the idea for this book was born.

My goal is to take you on a chronological tour across the lifespan to explore how our minds and brains are shaped and sculpted by our genes and hormones, our life experiences, society and culture, and our thoughts, feelings and beliefs. The story begins in the womb and chapters focus in turn on infancy and girlhood, puberty and the menstrual cycle, the teenage years, mental health, romance and sex, pregnancy and motherhood, menopause, and finally longevity and old age. My focus is unashamedly on the female lifespan, but naturally, many of the themes explored apply equally to males and females, including in utero life, child and adolescent development, mental health, love and ageing.

Where is all the women’s health neuroscience research?

Over the last decade writing about brain science, I’ve developed a tried and tested method for researching an unfamiliar topic. First, I’ll read the appropriate chapter in Principles of Neural Science, the neuro-bible beloved by brain geeks the world over. Then I’ll run a quick search on PubMed, an online search engine of biomedical literature, to find a recent review of the topic, typically written by a top scientist in the particular field, which will give me a feel for the topic’s controversies and consensus. Then I’ll feel confident enough to read and understand original research papers. Finally, I’ll seek out the experts themselves – the scientists, doctors and specialists who, despite their busy schedules, usually give generously of their time to answer my questions and fill in the gaps of my knowledge.

However, describing the neurobiology of women’s everyday lives hasn’t always been as straightforward as I expected when I began. My meander through the world of women’s health often left me bewildered. Time and time again I’d open the textbooks or scan the literature to find scant research on some of the questions I’d been most curious about.

For example, I assumed the literature would be replete with information on how the oral contraceptive pill affects women’s brains. A 2014 review summed up the current state of affairs with the title 50 Years of Hormonal Contraception: Time to Find Out What It Does to the Brain. Quite.

I proudly announced to Facebook the day I finally dived into the neurobiology of multiple orgasms. But it was not a deep dive. PubMed spat out only five literature reviews, three of which were devoted to the possibility of multiple orgasms in men. One was amusingly titled Multiple Orgasms in Men: What We Know So Far. (FYI: Orgasms don’t rate a mention in neuroscience textbooks and we don’t know much so far about women’s orgasms either.)

Despite my best efforts, I was unable to pin down the statistics for how many women suffer emotional turmoil in the days leading up to their period, aka premenstrual syndrome (PMS). I eventually narrowed the range down to somewhere between twelve per cent and ninety per cent.

I was positive I’d be able to tell my mid-life readers whether or not HRT would help protect against dementia or clear away their brain fog. We simply don’t have enough information about the benefits to brain health for any recommendations to be made. Why is the HRT literature so sparse when it comes to neurobiology and women’s health?

There are a number of reasons.

Historically, preclinical research (research conducted on lab animals such as rats, mice or monkeys) has mostly been

conducted on male animals. A 2009 survey of over 2000 animal studies found a significant male bias in eight out of ten biological disciplines. The bias was most pronounced in the field of neuroscience, where five and a half males were studied for every one female. Worryingly, pharmacology (the study of drugs) shares similar statistics, with five males studied to every one female.1

Clinical research (investigations conducted on humans) hasn’t fared much better. There are a few large, all-female projects such as the Women’s Health Study which I’ll discuss in later chapters, but for many years women were excluded from clinical studies and drug trials altogether. As one critic notes, ‘Many medical professionals can attest to the fact that for decades, the default human model subject was a 70-kg male.’2

This is alarming, because diagnoses for anxiety and depression are more than twice as common in women than in men, women have more strokes than men, twice as many women suffer from multiple sclerosis, and women have a higher susceptibility to adverse drug reactions compared with men. Indeed, between 1997 and 2000, eight out of ten drugs withdrawn from the US market were removed due to more severe adverse effects in women. The cumulative effect of excluding women from research studies, or assuming that biologically women are ‘little men’, is destructive.3, 4 As has been pointed out in the journal Nature, medical care as it is currently applied to women is less evidence-based or ‘robust’ than that applied to men.1

You’d be tempted to believe that straightforward sexism permeates the hallowed halls and ivory towers as readily as other global institutions. It does, but sexism isn’t the only reason for lack of gender equality. There are some legitimate reasons to skew the ratios. One reason is safety, because if women fall pregnant during a drug trial there is the potential for harming the

unborn baby. Another reason is that females – both animals and humans – complicate data gathering. Our cyclical reproductive hormones, especially during the fertile years between puberty and menopause, make our biology intrinsically more fickle than males. The menstrual cycle was once likened to ‘a pesky sort of feature essentially of the female, an unnecessary source of additional variability and one wisest to avoid’.5

To further complicate matters, in humans biological sex (anatomy and physiology) and gender (characteristics that a society or culture defines as masculine or feminine) are tightly entwined and hard to tease apart. As you’ll learn, it’s extraordinarily difficult to make statements such as, ‘It’s due to her hormones’, or ‘It’s all to do with cultural expectations.’ Rather than tackle the intricacies of female sex and gender, female hormones and culture, researchers often choose the easier route of focusing on males.

Finally, research on sex and gender was for a long time almost taboo. This was especially so in the neurosciences where many researchers were deeply concerned that their findings could be hijacked to support outdated and inaccurate stereotypes and discrimination. The fears were not unfounded. Women’s brains have historically been found wanting or biologically inferior compared to men’s, and such research has been co-opted to ‘keep women in their place’.6 One neuroscientist pointed out that exploring sex differences was once ‘a terrific way for a brain scientist not studying reproductive functions to lose credibility at best and, at worst, become a pariah in the eyes of the neuroscience mainstream’.5 I spoke to another who said she once believed including sex as a biological variable was ‘lazy’. This was before she came to the conclusion that studying the impact of a woman’s menstrual cycle on the brain might add a valuable dimension to her research.

Fortunately, the research community is taking steps to address the dearth of neurobiological research in women, and in this book you’ll meet some of the researchers at the forefront of the movement. Institutions such as the National Institutes of Health (NIH) in the United States and academic publications such as the Journal of Neuroscience Research now mandate the inclusion of sex as a biological variable in all research. The World Health Organization (WHO) clearly states that research into health of women and girls is a particular priority. Here in Australia, we have the Australian Longitudinal Study on Women’s Health, a survey of the physical, mental and psychosocial health of over 58 000 women across their lifespan. Finally, there are some fabulous research initiatives such as Stanford University’s Gendered Innovations project that exist to ‘harness the creative power of sex and gender analysis for innovation and discovery’.

How different are the differences between male and female brains?

Tell people you’re writing a book about the neurobiology of women’s everyday lives and you’re inevitably asked the question, ‘What are the differences between male and female brains?’

People are quick to rattle off a long list of attributes they believe are due to innate biological differences in the brains of men and women. We love the idea that all women have ‘female brains’, and all men possess ‘male brains’, and that in turn our brains govern our ‘feminine’ or ‘masculine’ behaviours, aptitudes, preferences and personality. You’ll be familiar with some of these ideas.

Because of their ‘female brains’ women are emotional, can’t read maps but can multitask, prefer people to things, don’t ask for promotions, and certainly aren’t cut out for computer coding or STEM careers.

Because of their ‘male brains’ men can’t read emotions, prefer things to people (except when it comes to porn), are more likely to be geniuses, and aggressively seek higher status in the workplace.

Clearly, we’re captivated by findings of sex and gender differences, especially when they’re accompanied by a brain-based explanation. (Really, what could make a more seductive newspaper headline than a combination of sex and neuroscience?)

My answer to the sex difference question always begins with me stating that this is not a book about the differences between male and female brains. This book unashamedly explores girls’ and women’s health through the lens of neurobiology.

I then like to explain that there is no such thing as a ‘male brain’ or a ‘female brain’. In fact, male and female brains are much more similar than they are different. We simply cannot sort people into two distinct groups based on their brain anatomy in the same way we can sensibly sort people into two groups based on the anatomy of their genitals. Instead, each of our brains are unique mosaics of different features, some male-like, some female-like, with plenty of features best described as androgynous.

The concept of a mosaic brain has received support from a group working at Tel Aviv University in Israel led by neurobiologist Daphna Joel. Her team used a type of brain-scanning technique called magnetic resonance imaging (MRI) to make hundreds of measurements of the brains of over 1400 adults. Joel’s team found there was extensive overlap of the distributions of women and men for all brain regions and connections measured. Some brain features were more common in females compared with males, some more common in males compared with females, and up to half of the 1400 brains contained features common in both.7

Forgive the stereotypical colour selection, but think of it like this: our brains are assembled of many hundreds of little parts

that are coloured pink if they are female-like and blue if they are male-like. Viewed from a distance, some women have brain mosaics that are strongly pink-tinged, others in men appear to be the bluest of blues, but most of us have brain mosaics coloured various shades of indigo, purple and mauve.

Another way to think about our brains is rather similarly to how we think about many of our habits, likes and dislikes, abilities and personality quirks: a mix of so-called ‘masculine’ or ‘feminine’ and gender-neutral characteristics. Each one of us is a unique mosaic and so is our brain.

There is a neat statistic that enables us to clearly assess the size of any sex difference. Now I’m very aware that for many of you, statistics may be dry and hard to conceptualise. Luckily neurobiologist Donna Maney has developed a nifty online tool you can use to give a clear illustration of the data. If you’re so inclined, you can find it at SexDifference.org.

For the statistically minded, the tool generates a d value, which is a measure of the size of the difference between two groups. Here is the important part: if there is no sex difference, the d value is zero. As the size of the sex difference increases, the d value gets bigger. As a rule, a d value of up to 0.20 is considered a small sex difference, 0.50 is a moderate difference, and over 0.80 is a large difference.

Let’s consider three examples of sex differences so you get the idea: adult height, connectivity between the left and right hemispheres of the brain, and maths scores at Year 3.

If I told you one of my parents was 191 centimetres tall and the other was 160 centimetres tall, you’d correctly guess the taller was my dad. There’s no argument that the average man is taller than the average woman. However, we all know some women are taller than some men. So, if I told you I had a sibling who was 183 centimetres tall, you might guess I had a brother, when in

fact I have a very tall sister. The large sex difference in average heights is reflected in a big d value of 1.91. Even so, there is still considerable overlap (about thirty-four per cent) between height distributions of men and women.

One popular claim is that women’s left and right hemispheres are ‘more connected’ than men’s hemispheres because we have a bigger corpus callosum (the fibre bundle that bridges the two sides of the brain). For some reason, this has been taken to mean women excel at multitasking and expressing empathy. In Figure 1, you’ll see there is a difference in the average connectivity between males and females, but it’s small. The d value is 0.31 with eighty-eight per cent overlap.

Another notion is that boys are better at maths than girls (apparently this explains why there aren’t many female software engineers working for Google). To test this claim I put the scores from the 2016 Year 3 NAPLAN numeracy test (an Australia-wide standardised test8), which is the year my oldest son completed the exams, into Maney’s SexDifference.org calculator. For my son’s cohort, the boys’ average maths score was ever so slightly higher than the girls’ average score. But the d value was 0.14, meaning the difference was trivial, and the overlap between distributions was ninety-four per cent. In other words, nearly half the girls scored higher marks than the average boy.

[image: Distribution curves]

Figure 1. Distribution curves for sex differences in adult height, left-right brain hemisphere connectivity and numeracy. Solid line = females. Dashed line = males. Adapted from sexdifference.org

The idea behind these statistics is not to bore you to tears but to give you a practical way to assess reported sex differences using a valid scientific tool. If you so wish to spend your time, any decent scientific report should contain all the data you need to plug into the calculator.

By introducing the concept of mosaic brains and the statistics of sex differences versus similarities, I’m not trying to minimise or sidestep discussions of any differences that do exist. Rather, I’d like to encourage you out of the habit of asking ‘Are we different?’ and instead ask more sophisticated questions such as, ‘What is the size of the difference? What are the similarities? What is my individual brain like?’

Clearly, the extent and nature of physical, psychological and behavioural differences in the brains of human females and males is highly controversial and politicised. Professor Margaret McCarthy, a neuroscientist who studies sex hormones and the developing brain, tactfully sums up the controversy by stating, ‘Sex differences in the brain are more than some would like and less than others believe.’9

Nature, nurture or neuroplasticity?

I’ve always been intrigued by how our brains are shaped by our lives, and how in turn our brains shape who we are. So, for my doctorate research I chose to explore the very earliest life events that influence how brain circuitry is sculpted. My doctoral thesis begins with the sentence, ‘My work will revisit the age-old nature versus nurture argument. What features of development depend on innate mechanisms, and what require experience?’

For three years I ran overnight experiments in a dusty ground-floor corner room in the University Laboratory of Physiology at

Oxford. I painstakingly documented the development of brain cells (neurons) and their connections (synapses) in the visual cortex (the part of the brain that processes vision). I hoped to define which aspects of brain circuitry were shaped by innate biological mechanisms (nature) and which depended on life experiences (nurture).

The final page of my thesis concludes, ‘In summary, it appears the circuitry of the brain changes during development. Both nature and nurture are involved.’ And when asked the inevitable question, ‘How’s the thesis?’ by my graduate friends over pints in a pub, all I could offer for my years of sleep deprivation was, ‘I found out the brain changes. It’s not nature or nurture. I think it’s probably a bit of both.’

My research didn’t add anything too unexpected to the field but the results were neatly in line with the extensive body of literature supporting the view nature and nurture are necessary for wiring up brain circuits during development.

That was twenty years ago, and today there’s no longer a philosophical debate about which matters more. Nature and nurture cooperate. They work in synergy. Our brain is sculpted by genes, hormones, molecules and the innate patterns of neural activity that make up the ‘nature’ program, and by our childhood experiences, social connections, education, culture, and the world around us, all of which make up the ‘nurture’ program. Together, nature and nurture sculpt a brain.

Your plastic mosaic brain

Closely related to the notion that the brains of men and women are different is the idea that any differences are permanently hardwired by genes or hormone exposure in the womb. The assumption is that nature matters, nurture doesn’t. The belief

that the brains of men and women are intrinsically different completely overlooks the fact that sex and gender, like nature and nurture, interact.

The misconception that sex differences are innate and therefore fixed flies in the face of the well-established fact that our brains are plastic and continue to change our whole lives. In one sense, brain development is never really ‘finished’ until we die. Every experience we have – from reading the words of this book, to entering puberty, to interacting with co-workers, to running a race, to loving a child – shapes our brains. The trillions of connections are continually flourishing or being pruned back, forming and re-forming, moulding and refining to fit our environment.

The pink and blue pieces of the brain mosaic are not hardened fragments of ceramic glued in place in the womb, guided to their final positions by genes and prenatal hormones. Instead, pieces are removed, remoulded, replaced, polished and honed throughout our lives. Our mosaic brains are plastic and distinctive artworks in progress.

Because the aim of this book is not to spend time exploring the science of sex differences (and similarities), nor to smash apart Mars versus Venus gender stereotypes, I recommend interested readers check out two excellent books: Delusions of Gender: The Real Science Behind Sex Differences by feminist psychologist Cordelia Fine,10 and Pink Brain, Blue Brain: How Small Differences Grow into Troublesome Gaps – and What We Can Do About It by neuroscientist Lise Eliot.11

A disclaimer

As a neuroscientist I was schooled not only in physiology, pharmacology and psychology, but also how to assess the weight

of evidence, consider various hypotheses and generate alternative explanations based on data. Academic papers also come with a series of disclaimers, outlining caveats of the work.

Here are mine, to keep in mind when reading this book:

Sex is biological and usually, but not always, straightforward. For some people, gender and sex are not as simple as ‘XX chromosomes make a girl’ and ‘XY chromosomes make a boy’. We’re now learning more about infants born with intersex conditions where their reproductive or sexual anatomy don’t fit the typical definitions of female or male.

Gender is much more complicated again. Gender is a combination of cultural, social, biological and psychological elements. Gender is how we look, act and feel. More often than not, gender and sex are aligned. In this case, a baby born with female genitals and presumably two X chromosomes grows up identifying as a girl or woman. Similarly, a baby born with a penis and presumably male XY chromosomes grows up identifying as a boy or man. People for whom gender identity and biological sex are in alignment are often referred to as ‘cisgender’. The terminology for people whose gender and sex don’t match varies, but includes terms such as transgender, non-binary and gender non-conforming.12

Sexual orientation is different again and includes feelings of attraction (emotional, psychological, physical and/or sexual) towards other people. A person may be attracted to people of the same sex, to those of the opposite sex, to those of both sexes, or without reference to sex or gender at all.12

Unless I state otherwise, when I use terms like ‘girl’ or ‘woman’ in this book, I’m referring to people who were born with female genitals, presumably with two X chromosomes; who were raised as girls and now identify as women. I’m very aware there are many people who don’t fit this traditional

classification, and including discussions of the neurobiology of intersex, transgendered or transsexual people would clearly enrich a book such as this; however, as there is often scant neuroscience research available, mostly this book is about cisgender girls and women.

Determination of sex and gender are complex and the science is only just catching up on the reality of the spectrum. For those readers curious to learn more about the science ‘beyond’ the textbook definitions of male and female, sex and gender, the September 2017 issue of Scientific American, ‘Sex and Gender: It’s Not a Women’s Issue’, provides a wonderfully useful overview.13

You’ll see I share some of my own stories in this book. I’m a cisgender straight woman, but I’m in no way implying my experiences represent the experiences of other women.






1.

In Utero

The Great Sperm Race

Armed with graph paper, a thermometer and a textbook understanding of the hormonal control of ovulation, I approached the business of trying to conceive with the earnest enthusiasm of a first-year PhD student. Fortunately, my body and husband cooperated and I’ve been a mum to two beautiful boys for the best part of a decade. While writing this chapter it came time for my husband to take our eldest son to the requisite ‘Where did I come from?’ evening at school. I waited impatiently at home and when they arrived back (and despite my best attempt at cool, nonchalant parenting), my son had barely walked in the door when I asked, ‘So, where DO babies come from?’

‘Well, it’s weird, embarrassing, but interesting too,’ he said. ‘The sperms swim up the channel. Half go the wrong way and die. The other half go the right way and find the egg, which is releasing a chemical. One sperm locks in and is the winner.’

The moment the winning sperm ‘locks in’ to the egg and bequeaths either an X or Y chromosome is life defining, and weird but interesting too. For most people, if you’re a biological

female, you inherited one X chromosome from your mother and one X from your father. If you are biologically a male, you inherited your X chromosome from your mother and the Y from your father.

The two sex chromosomes get their names because they look like the letters ‘X’ and ‘Y’ under a microscope. Along with another twenty-two pairs, chromosomes consist of two tightly wound double strands of DNA. DNA contains the instructions for our genes, and genes are the instructions for making proteins. Our complete DNA instruction manual contains surprisingly few genes – about 20 000 – of which one-third contain the instructions for building the brain.14

The average neuron makes tens of thousands of connections, called synapses, with other neurons. And even if we’re conservative, a brain of 86 billion neurons may contain as many as one hundred trillion synapses. If you’re savvy, you’ll realise that the maths don’t add up: we have too many synapses for too few genes.

It turns out the relationships between our genes, brains and behaviour are utterly complex. The DNA we inherited from our mother and father influences who we are, but not in a direct and simple way. In this book, we’ll explore how those trillions of synapses in the female brain make us who we are. You’ll see that while genes provide the basic biological instructions for life, many other biological, social and psychological elements interact, synergise and alter the expression of genes.

Implanting the egg

Strictly speaking, the fertilised egg is called a zygote. For its first six to seven days of life the zygote bumps and rolls down the fallopian tube dividing multiple times until it becomes a hollow

ball of cells, called a blastocyst. Once the blastocyst reaches the uterus it embeds in the uterine wall, where cells keep dividing until the ball organises into two layers: one layer becomes the embryo and the other becomes the placenta.15

The placenta is not merely an interface between a baby and her mother. It acts as a giant gland releasing an assortment of hormones and chemical messengers crucial for maintaining pregnancy and preparing mum-to-be for birth. The placenta’s first job is to manufacture the pregnancy hormone human Chorionic Gonadotropin (hCG). If you’ve ever anxiously waited for a thin blue line to appear after peeing on a pregnancy test, it’s an hCG chemical reaction you’re waiting for. hCG also triggers the cascade of hormones that stop your menstrual cycle.16

Because the placenta derives from the same cells as the baby-to-be, either XX or XY, it too has a biological sex. Placental sex determines how the placenta works and how it buffers the baby against maternal stress, infection and diet. The placenta is central to sex differences in prenatal growth and survival, and the female placenta appears to be somewhat protective compared to the male.17

The case of the neural tube is not yet closed

By the time your pregnancy test is positive, or you skip a period (roughly two weeks after conception, or four weeks from your last period), your baby’s brain has begun to form. The nervous system is one of the earliest body systems to begin development and is one of the last to finish – our brains continue to mature well into our twenties and thirties.

The human brain and spinal cord arise from the neural plate, which is a flattened layer of cells in the embedded

blastocyst. Following a well-orchestrated sequence of steps the flattened layer of cells folds, the edges bend to touch in the middle, close over and ‘zipper up’ to form a neural tube. Concerning ourselves with early events in brain development might seem overly detail-focused, but this phase is momentous because the entire nervous system emerges from the neural tube.

You may have heard the term ‘neural tube’ spoken of before, usually in a very serious tone alongside the phrases ‘take your folic acid supplements’ and ‘birth defect’. Rightly so. The intricate and complex process of neural tube closure can go very wrong, and folate appears to play a protective role. Folate is the naturally occurring form of Vitamin B9 and is called folic acid when manufactured.

If the neural tube fails to close correctly by twenty-eight days after conception a number of serious birth abnormalities can result, including spina bifida and anencephaly (literally meaning absence of brain). For all the evidence that folate prevents neural tube defects, the exact mechanisms by which the essential vitamin contributes to the zippering up of the neural tube is still a mystery. As some researchers have quipped, the case of folate and the neural tube is far from closed.18

You were destined to be female

You might be wondering when I’ll address female brain development. The main reason I’ve been using androgynous terms so far is because for the first month or so after conception, male and female embryos are indistinguishable. Bear with me, because to understand female brain development we must first discuss male embryonic development.

When XY embryos are six to eight weeks old, a gene on the Y chromosome called the ‘sex-determining region of the Y chromosome’, or SRY for short, turns on. SRY contains the instructions for building a protein called ‘testis determining factor’, which guides development of the testes. SRY kickstarts a cascade of dozens of genes that are turned on in male embryos and turned off in female embryos.19

Jenny Graves, a professor of genetics at La Trobe University, explains that even though SRY is just one gene, the downstream effects of SRY are much more profound than simply building testicles. ‘Male hormones, such as testosterone, are synthesised by the embryonic testis and have far-flung effects all over the developing body. Androgens turn on hundreds (maybe thousands) of genes that determine male genitalia, male growth, hair, voice and elements of behaviour,’ she says.20

In the absence of a Y chromosome the default developmental option is for the foetus to become a female.

‘Default’ is a term some people find a little dismissive.

To help unravel the complexities of male versus female prenatal brain development, I called Margaret McCarthy, a professor of neuroscience who studies the effects of hormones on brain development at the University of Maryland School of Medicine. McCarthy is one of the pioneers in the field and conducted some of the first studies on how sex hormones organise the developing brain. ‘Default does not mean passive,’ was one of the first things she said to me in a tone of voice that had me convinced she’s made that statement more than once. ‘Try using “the developing mammalian brain is destined for a female phenotype,” instead,’ she suggested.

So now we know, all embryos are destined to become female, unless the SRY gene in the Y chromosome turns on.

Ovaries develop in the absence of the Y male chromosome

An XX foetus has no Y chromosome, therefore no SRY gene; instead, other genes are turned on and off to actively promote the ovarian development program and suppress the testes program.

Ovaries are just one in a trio of structures that coordinate much of our reproductive lives. The trio goes by the name ‘Hypothalamic-Pituitary-Ovarian axis’ (HPO axis) and consists of ovaries, and two brain structures called the hypothalamus and pituitary gland.

Let’s take a brief look at the trio of structures, starting with the hypothalamus. It is found at the base of your brain under the thalamus (hence the name ‘hypo-thalamus’) next to its partner, the pituitary gland. Of all the regions of the brain, the hypothalamus is one of the busiest. It monitors and maintains the life essentials of temperature control, metabolism, hunger, thirst, aggression, sexual arousal, circadian rhythms and stress. It’s elaborately connected to other brain regions via neural pathways, and to the rest of the body by its rich supply of blood vessels, thus enabling it to coordinate the brain’s response to the body.

The close proximity of the hypothalamus and the pituitary gland is important, as hormones and other neurochemicals from the hypothalamus are secreted into a series of blood vessels that connect directly to the anterior pituitary. This portal allows for rapid and direct communication.

The anterior pituitary is often referred to as the ‘master gland’ because its hormones stimulate and coordinate glands, tissue and organs elsewhere, including the ovaries. But the term master gland is a misnomer, because the pituitary’s

master is the hypothalamus, which tightly controls all action that takes place.

Finally, we have the ovaries. They’re found tucked away in the lower abdomen, far, far away from the brain. Ovaries produce and release hormones and eggs (oocytes), and by halfway through her time in utero, a baby girl’s ovaries contain about five million oocytes. In a developmental theme that will shortly become familiar to you, two-thirds of these oocytes die off such that a newborn has about half to one million oocytes. By the time she reaches puberty, a girl’s oocyte count will have dwindled to a few hundred thousand. Give or take a few pregnancies, on average 450 eggs will be released over the course of her lifetime.

Ovaries respond to hormonal signals from the pituitary that arrive via the bloodstream by secreting hormones of their own – primarily oestrogen during the first half of the menstrual cycle, but also the hormone progesterone once ovulation is established. As they mature, they get better at responding to signals from the brain, and part of this maturation is reflected in the ‘settling’ of the menstrual cycle during early adolescence. It can take a few years for a mature ovulation cycle to be established.

From puberty, one of the most important roles of the HPO axis is to regulate release of ovarian hormones including oestrogen. Oestrogen isn’t a single hormone; rather oestrogens are a group of three hormones: oestradiol, oestriol and oestrone.

♀ Oestradiol is the main oestrogen manufactured by the ovaries. It is important for the development of secondary sex characteristics such as breasts, and for the menstrual cycle and pregnancy. Synthetic versions of oestradiol are used in contraceptive pills.

♀ Oestriol is made by the placenta. Oestriol is barely detectable unless you’re pregnant, when levels increase 1000-fold.

♀ Oestrone is another less-potent oestrogen produced by the ovaries and it doesn’t dominate till after menopause.

To keep things simple, and unless it’s important to differentiate between the three oestrogens, I’ll use the umbrella term ‘oestrogen’ throughout this book.

Sex hormones organise reproductive regions of the prenatal brain

Mother Nature is selfish. Her one and only goal is for us to have sex and make babies. To ensure dating and mating occurs, the parts of our brain that control reproduction, in particular the hypothalamus, become ‘masculinised’ or ‘feminised’ to match our male or female gonads.

Hormones influence how these reproductive brain circuits grow and respond. Prenatal life is the first of two life phases when the brain is super-sensitive to sex hormones. ‘We call this early period of hormone exposure the organisational period, as it organises or programs the brain to respond to hormones in adulthood,’ explains McCarthy. Many sex differences that do exist are developmentally organised and then activated, or revealed, by the action of hormones during the second phase, puberty.

During the prenatal period, the dominating influence is that of testosterone produced by foetal testes. Testosterone helps to ensure that the reproductive regions of the brain in males become masculinised. At the same time, and in the absence of testosterone, brain regions involved in reproductive behaviours in females become feminised.

What is the role of oestrogen in female brain development?

You might be wondering, if testosterone ‘masculinises’ the unborn baby boy, does oestrogen from foetal ovaries play a role in in ‘feminising’ the unborn baby girl?

Believe it or not, foetal oestrogen plays no role at all. Female embryos do not require ovarian hormones to become feminised (remember, they’re destined to become female). Oestrogen’s role in the developing female brain is thus a by-product of its absence, rather than presence.

Unborn babies’ brains are also shielded from the influence of maternal oestrogens (made by their mother and the placenta) by a molecule called alpha-fetoprotein, which is made in the liver of an unborn baby. It binds to oestrogen in the bloodstream and prevents maternal oestrogen crossing into the baby’s brain.21

Curiously, oestrogen is involved in organising the architecture of the male brain. Testosterone easily passes into unborn baby boys’ brains where it is converted to oestradiol by an enzyme called aromatase. It is now well established that the ‘female’ hormone oestradiol is responsible for ‘masculinising’ the male brain in utero.

Mother Nature is selfish. And she also has a sense of humour.

Joining the dots from brain to behaviour

Sex differences in achievement in maths, interest in technology subjects or ability in the sciences are often solely attributed to the presence (or absence) of testosterone in the womb. In 2005, Harvard University president Lawrence Summers controversially suggested that innate biological differences (namely, prenatal testosterone) explain why men have more career success in mathematics than women – he later resigned.

A Google software engineer trotted out the same argument in August 2017 to explain why fewer women succeed in STEM careers than men and to rail against diversity training – he was fired.

Most scientists who study sex differences agree the weight of evidence finds prenatal testosterone doesn’t directly determine adult academic achievement or career choice. Cordelia Fine points out that investigations of sex differences due to hormones are often correlational, and they tend to imply that hormonal level is the primary cause, rather than taking into account the fact that our biology is ‘entangled’ with our life experiences and social context.22

Prenatal hormones may provide ‘a small push in one direction’.11 That early ‘push’ can be either enhanced or entirely eliminated by how girls and boys are raised. My thinking is this: it was rare for women to work as politicians, lawyers and doctors even sixty years ago. There were few female scientists, engineers or mathematicians (and possibly very few women authoring neuroscience books). It’s clear to me that small sex differences apparent in the brains of unborn infants cannot reliably explain the enormous gender inequalities we see in society. Our society’s attitudes and cultural expectations of the capabilities of girls and women and our place in the workplace have changed dramatically. Prenatal hormone levels haven’t.

It’s proving much harder than you might think for neuroscientists to draw a straight line from prenatal hormones to brain to behaviour. We struggle to connect the dots in carefully controlled studies of rodents in the research lab, let alone in humans. This can be attributed most simply to the fact that extensive networks of brain cells control who we are and how we behave. One role of those networks is to integrate multiple sources of information. Throughout the lifespan, social, cultural

and psychological influences combine with biology in complex ways to determine how we think, feel and behave.

[image: The Bottom-Up]

Figure 2. The Bottom-Up Outside-In Top-Down Model.

I developed the Bottom-Up Outside-In Top-Down model for my students to provide a framework within which to consider how biological, psychological and social factors impact on the brain over the lifespan.

♀ Bottom-Up elements are the biological or physiological determinants of brain health, development and ageing. They include genes, hormones, the immune system, nutrition, exercise, sleep and other lifestyle choices we make.

♀ Outside-In elements include your social circle, living environment, life events, education, current circumstances, external stressors and family background.

♀ Top-Down elements include thoughts, emotions, personality, mindset and belief systems.

Not only do these many elements regulate the development, performance and health of the brain, each element influences others in dynamic ways.

For example:

♀ Our thoughts and feelings can influence our physical experience of pain, which is why outside-in stress can exacerbate top-down perceptions of bottom-up pain.

♀ Social connection can directly impact our brain health, which is why folks who are socially isolated are at greater risk of dementia.

♀ Our physical health and mood are intimately entwined, which is why bottom-up exercise is key for top-down emotional regulation and can be used to treat depression.

How to build a brain

If you’ve ever attended a neurosurgery (or watched one on YouTube), you might have noticed that living human brains are neither pink nor blue. They’re a pulsating purplish grey. The wrinkly outermost layer of cortex, the grey matter, gets its name from its appearance, and it contains cell bodies of neurons, their branching extensions called dendrites and other cell types called glia. A centimetre below the surface runs white matter consisting of nerve bundles that connect different regions of grey matter together.

Traditionally, the cortex
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